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Introduction

It is dif � cult to overstate the importance of the domestic dog to human societies. The� rst
wild animal to be domesticated, the dog, has been a key partner to humans for over
15,000 years. A hunter, a guardian, and a companiond most of the time. A sacred object,
or a food source when necessary. By far the most popular pet, but also a hard worker and
an effective guardian. Dogs impact many different aspects of human culture and have
done so for thousands of years. In addition to their functions as hunters, guardians, and
companions, dogs are important models of human disease. Their genomic diversity, their
extreme phenotypic variation, their lifespan, and their diverse shapes and sizes make them
important model organisms for biomedical research.

However, man’s best friend also needs to be protected against microbial invasion in the
same manner as any other mammal. Bacterial, viral, and parasitic infections have not gone
away. New diseases such as in� uenza and COVID continue to emerge. Maintenance of the
health of our companion species remains of ongoing concern. Dogs suffer allergies, in� amma-
tory diseases, autoimmune diseases, and immunode� ciencies just as humans do. Old age and
senescence are inevitable. The current allergy epidemic in humans also affects our dogs.
Inappropriate breeding practices have resulted in the development of many congenital
diseases just as they have produced inappropriate changes in skull anatomy in some breeds.
Few dogs live for longer than 15 years and spontaneous cancers are a major cause of prema-
ture mortality.

Dogs are not very different from us humans when it comes to their immune systems.
Lymphoid organs have similar functions. T, B, and NK cells have similar roles. Immunoglob-
ulins only differ in minor respects although gene numbers and chromosomal locations may
be very different. Despite this, adaptations to carnivory have resulted in some signi� cant dif-
ferences in immunity within the gastrointestinal tract and in its accompanying microbiota.
Canine vaccines and new technologies are critically important in preventing infectious dis-
eases. After many years of frustration, human cancer immunotherapy is beginning to yield
signi� cant results. Hopefully, effective canine immunotherapy will not be far behind.
Autoin � ammatory diseases, chronic arthritis, and in� ammatory bowel diseases all have a
direct impact on canine health.

In writing this book, I sought to draw together the current information on the immune
defenses of the dog and� t this information into currently accepted immunological and vet-
erinary practices. One of the � rst steps was simply to con� rm that important proteins, well
recognized and described in humans and laboratory rodents, actually exist in the dog. This
is not always the case, most notably in the very different structure of in � ammasomes and
some NK cell and Fc receptors. The implications of these differences for canine immunity
are still unclear and deserve investigation.

xiii



Vaccination is a major responsibility of veterinarians. Vaccines are the only proven and
effective infectious disease preventatives. Continuing research and development in this
area is critical. It is an area in which the veterinary profession has excelled. Notwithstanding
this, vaccine skeptics are increasingly hesitant to vaccinate their dogs. They are concerned
about safety and reject scienti� c evidence. The consequences of this reluctance remain to
be seen but one may reasonably expect a resurgence in cases of canine infectious diseases
once herd immunity drops below an effective level. It may not happen soon or suddenly,
given the current high level of canine vaccination coverage in developed countries, but
undoubtedly both dogs and humans will eventually suffer the consequences. Ignorance of
matters immunological can have dire results.

It is my hope therefore, that by drawing together the current evidence-based science
regarding the canine immune system, this book will provide strong support for ongoing
studies designed to maintain and improve, the health and well-being of our friends and
companions.

INTRODUCTIONxiv
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The evolution and domestication of
dogs

This chapter reviews the origins of the caniformes and the eventual domestication of the
gray wolf ( Canis lupus). Where and when this happened is a matter of ongoing debate.
The consensus is that the wolf was� rst domesticated about 33,000 years ago in East Asia.
Domesticated wolves then moved westward across Eurasia, into Europe and the Middle
East, south into Oceania, and sometime later into North America. Domestication was likely
a slow process. These early dogs appear to have bred with wolves even after domestication.
As human hunter-gatherers became farmers, the roles of dogs began to diversify from
hunters to guardians, to herders. Thus, breeds selected for different qualities emerged. This
process of phenotypic selection was greatly accelerated over the past 300 years. Nevertheless,
outbred village dogs persist in many countries. Dogs like other carnivores have had to adjust
their immune defenses to protect against the hazards of carnivory.

Domestic dogs are unique among the mammals in their remarkable phenotypic diversity.
They exhibit an enormous range of sizes from the smallest Chihuahua to the largest Irish
Wolfhound. They also show an enormous diversity in shapes including different skull
lengths and body proportions. Their structural and behavioral diversity re � ects an enormous
genomic diversity that has effects on multiple body systems including the immune system.
Nevertheless, dogs are a single species of mammal directly related to gray wolves,Canis
lupus.

The origins of the caniformes

The Carnivora, an order of � esh-eating mammals, probably diverged from the other
placental mammals, most likely from the Perissodactyls, about 75 million years ago (mya)
during the late Cretaceous period (Murphy et al., 2020) (Fig. 1.1). Like many other mammals,
they were initially small unobtrusive creatures at a time when dinosaurs dominated the
planet. They began their major expansion and diversi� cation after the dinosaurs had been
eliminated by the K-Pg asteroid strike around 66 mya. The � rst carnivores that evolved dur-
ing the Paleocene were probably small weasel-like creodonts. Around 70 mya, however, the
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crown group split into two clades, the cat-like Feliformia, and the dog-like Caniformia. Dur-
ing the Oligocene (38e 24 million years ago) these two clades diversi� ed further. The main
modern lineages established their presence and become the primary terrestrial predators
across Eurasia and North America (Murphy et al., 2020). The Caniformes successfully spread
through all the continents (and oceans) and gave rise to multiple species so that they now
demonstrate an enormous variety of morphologies, behaviors, and lifestyles.

The Feliformes and the Caniformes are differentiated by the structure of their ear bones as
well as other features of their skulls. Thus, in the Feliformes, the auditory bullae are double
chambered, consisting of two bones separated by a septum. The Caniformes in contrast have
an undivided auditory bulla formed from a single bone. They also share some, presumably
ancestral, traits including the presence of carnassial teeth (a paired upper premolar and the
� rst lower premolar).

The Caniformes currently consist of about 220 extant species out of a total of 270 known to
have existed (Agnarsson et al., 2010). They include top predators such as wolves, dogs, and
some iconic species such as polar bears, sea lions, and giant pandas. They are found in all the
continents and occupy all major habitat types (Fig. 1.2).
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FIGURE 1.1 The evolution and phylogeny of the carnivores in relation to other placental mammals. Mammalian
paleontologists continue to differ regarding the precise timing of these divergences. Recent molecular dating studies
have tended to push back divergence dates signi� cantly when compared to estimates based on the fossil record.
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The Caniformes are classi� ed into two infraorders that diverged about 50 mya. The Can-
oidea consist of the Canidae that contain the dogs, wolves, and foxes, and the Arctoidea that
includes the Ursidae, the bears (including the Giant Panda); the Mustelidae that include ot-
ters, weasels, wolverine, mink, and ferrets; the Procyonidae include the raccoons; in addition
to diverse families of marine pinnipeds d the Otariidae (fur seals), Odobenidae (walrus), and
Phocidae (the true seals). The 35 species of extant canids are genetically quite similar having
only diverged about 10 mya (Ostrander & Wayne, 2005). They fall into three distinct phylo-
genetic groups; the fox-like species, the wolf-like species, and the South American species.
While the dog family has chromosome numbers that range from 38 to 78, the domestic
dog, coyotes, wolves, and dingoes all have 78 (39 pairs). All members of the genusCanispro-
duce fertile hybrids. Dogs possess approximately 19,000 protein encoding genes, a slightly
lower number than in humans ( Ostrander & Wayne, 2005).

The fossil record shows that wolves appeared in Eurasia about 800,000 years ago during
the Middle Pleistocene. They appeared in North America, much later, about 100,000 years
ago. The oldest wolf fossils have been found in Siberia and Alaska, so it is believed that
they originated in that region ( Ersmark et al., 2016). The wolves diverged into multiple sub-
populations based presumably on habitat, diet, prey, and climate. They are a highly adapt-
able species. They clearly thrived in diverse environments and have been continuously
present in Eurasia and North America since their arrival. There is evidence however that a
population bottleneck occurred about 23,000 years at the time of the last glacial maximum.
The population recovered rapidly but the new wolves were genetically distinct from the pre-
vious populations ( Koblmüller et al., 2016).

Dogs and wolves

Seals and sea lions

Skunk

Raccoons

70   60   50   40   30   20   10   0 Million years ago

Feliformes

Giant panda

Bears

Mustelids

FIGURE 1.2 The phylogeny of the caniformes.
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The domestication of the wolf

The wolf is the � rst mammal species to be domesticated and the only large carnivore to
have done so. The process of wolf domestication was not instantaneous, and it almost
certainly occurred multiple times in multiple locations. Nevertheless, all modern dogs are
believed to be descended from a population of Pleistocene wolves. This source population
probably inhabited Northeast Asia (Beringia). However, it is also clear that there has subse-
quently been signi� cant genetic � ow to and from the modern gray wolf ( Agnarsson et al.,
2010). This probably occurred on multiple occasions but there is little consensus on where
and when it happened.

The rapid changes in global climate that occurred in the late Pleistocene when the Ice Age
ended and temperatures rose, resulted in the expansion of vast grasslands across central Eur-
asia. Mass extinctions occurred around that time with a loss of many of the dominant mega-
fauna. However, the gray wolf survived. The species subsequently expanded out of Beringia
and so gave rise to modern wolf populations. Dogs appear to have originated from one of the
wolf populations that went extinct around that time. One study however has con � rmed that
no modern wolf from any region was genetically closer to the dog than any other suggesting
that the ancestor of the dog is now extinct (Bergström et al., 2020). During this period of climate
� uctuations, however, the fossil record also begins to show the development of structural vari-
ation among the wolves. For example, a gene involved in craniofacial development spread
through wolf populations beginning about 40,000 years ago. Within 10,000 years it went
from very rare to 100%. It is still present in modern wolves and dogs ( Bergström et al., 2020).

Extant gray wolves (C. lupus) fall into three lineages: The American, the Eurasian, and the
Domestic dog. The North American gray wolf appears to have diverged � rst, probably dur-
ing the Glacial maximum w 23,000 years ago when sea level was at its lowest and wolves
could travel from East Asia to North America, just as humans did. The Eurasian wolf and
dog groups diverged subsequently. Eurasian dogs form a monophyletic clade that is a sister
taxon to the Eurasian gray wolf. Thus, while it is accepted that dogs originated in Eurasia,
when, how, and where, remain a matter of dispute. Paleontology clearly demonstrates that
wolves were present across Northern Eurasia. Despite the last glacial maximum their range
appears to be unrestricted. However, wolves that lived south of the continental ice sheets did
develop some morphological differences as seen in modern Mexican wolves (Ersmark et al.,
2016). Mitochondrial analysis shows that dog sequences form multiple distinct clades. This
has been interpreted to imply a single domestication event and many subsequent inter-
breeding events (Ostrander & Wayne, 2005).

When did this happen?

Modern humans migrated into Europe and Asia out of Africa about 55,000 e 45,000 years
ago where they would have � rst encountered Eurasian wolves. Attempts at dating canine
domestication are based on both genetic and fossil data. Genomic analysis generally indicates
earlier divergence dates than does the fossil record. For example, genomics suggest that the

1. The evolution and domestication of dogs4



divergence between the ancestral wolf and the dog likely began between 40,000 and 27,000
years ago (Fig. 1.3).

Mitochondrial genome studies place the wolf-dog divergence date between 18,800 and
32,000 years ago (Thalmann et al., 2013). More recent estimates based on the calculated mu-
tation rate in wolves suggested an earlier split that occurred between 36,900 and 41,500 years
ago (Koch et al., 2019). These estimates thus agree that the wolf-dog split occurred well before
the last glacial maximum, 20,000 years ago.

It should also be pointed out, however, that dogs likely had a long prehistory when they
would have been indistinguishable phenotypically from their wolf ancestors. Common skull
morphological markers are unreliable (skull size and shape, tooth crowding, skull length).
Likewise isotopic inferences of diet may be problematical since wolves are omnivorous at
times. Remember too that the wolfe dog split would not necessarily have coincided with
domestication. The transition from wolves to dogs was not instantaneous but a process
and some continue to argue that the very early fossil canid skulls represent wolves rather
than dogs. It is often very dif � cult to distinguish dog from wolf skeletons. However, quan-
titative morphological studies on a limited number of early skulls have indicated signs of
domestication such as a shorter skull with a wider palate and cranium, and smaller canine
teeth that clearly distinguish them from sympatric Pleistocene wolves and so support an early
domestication date (Galeta et al., 2021). Short skulls (brachycephalic) are only found in do-
mestic dogs. Long skulls (dolichocephalic) are not only a feature of wolves but also some
modern breeds such as Greyhounds and Salukis.

Where did this happen?

Wolves, unlike the ancestors of other domesticated mammals, had a wide distribution
across Eurasia. Thus, there were multiple wolf populations ranging from Europe to East

40                           30                          20                           10                           0     
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FIGURE 1.3 The apparent
timing of dog domestication
based on the molecular and fossil
records. As a result of the last ice
age, Eurasia would have been
unusually cold between 30,000
and 15,000 years ago, a factor that
may have encouraged the
domestication of the wolf, to ev-
eryone’s bene� t. The Behring
land bridge would have existed at
the time of the last glacial
maximum about 20,000 years
ago. This would have enabled
humans and their dogs to colo-
nize North America around this
time.
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Asia (Bergström et al., 2020). Studies of 72 ancient wolf genomes suggest that these wolf pop-
ulations were highly connected throughout the Late Pleistocene (129,000 tow 12,000 years
ago) so that their diversity was much less than today’s wolves (Bergström et al., 2022). Over-
all, dogs are more closely related to ancient wolves from eastern Eurasia than those from the
western part of the continent suggesting that domestication � rst occurred in the east.

However, it has also been found that dogs in the Near East and Africa have derived half
their ancestry from a population related to southwest Eurasian wolves. This may be the result
of a second, independent domestication event, or simply admixture from local wolves. None
of these ancient wolves are a genetic match for the modern dog implying that the exact pro-
genitor population has yet to be identi � ed (Bergström et al., 2022).

While genomic analyses suggest that the domestication process began in East Asia begin-
ning around 15,000 years ago, the earliest dog-like fossils from Europe and Siberia are dated
to > 30,000 years ago. The earliest dog remains have been dated from Belgium,w 31,000 years
ago and from the Altai mountains of Central Asia 33,000 years ago (VonHoldt et al., 2010).

Central Asia

The well-preserved remains of a dog have been found in the Razboinichya Cave in the
Altai mountains of Central Asia. Its structure is almost identical to that of a fully domesti-
cated dog in Greenland dated to 1000 years ago. The skeleton has been dated to 33,000 years
ago by radiocarbon dating (Ovodov et al., 2011). DNA analysis suggested that it was more
closely related to modern dogs than to wolves. Skulls from what appears to be domesticated
dogs have also been excavated from the Eliseevichi I site in central Russia near Bryansk. This
appears to have been a human settlement dated to 13,000e 17,000 years ago (Sablin & Khlo-
pachev, 2002). These animals were about the size of Great Danes with very broad skulls.

Europe

Another set of early dog remains have been excavated from the Goyet cave site in Belgium.
They have been dated to between 36,000 and 31,000 years ago. They were large (w 20 kg)
dogs resembling a Siberian husky in shape. Isotopic analysis suggested that they consumed
horse, musk ox, and reindeer but not seafood. Carbon 14 dating gives a calibrated age of
35,700 before the present so this is the oldest domesticated mammal identi� ed to date. Hu-
man remains are found in the same location. Knife cuts on one ulna indicate that the animal
was probably dismembered by a human in order to obtain its meat ( Germonpre et al., 2021).
The skull of a dog from the same site and dated to 36,000 years ago suggests that this was a
domesticated dog based on the wear on its teeth.

A dog skull from Predmosti in the Czech Republic dated to 28,500 years ago shows tooth
wear consistent with domestication and the feeding of reindeer bones rather than meat and
fat. The people of Predmosti also appear to have eaten dogs and several dog skulls have been
excavated from the site. These skulls differ from wolves in that they have shorter snouts,
broader crania, and more crowded teeth. They would have resembled large huskies. Some
of these dogs may have been ritually buried.

The earliest unambiguous skeletal remains that are clearly dogs comes from a site at Bonn-
Oberkassel in Germany dated to 15,000 years ago. At this site, domestication of the dog is
unequivocal since the animal was buried together with a man and a woman.

1. The evolution and domestication of dogs6



East Asia

In addition to the evidence from wolf genomes, here are other data that relate to the origins
of the domestic dog. One approach has been to determine whole genome sequences from
diverse breeds, village dogs, and gray wolves. These DNA studies have demonstrated that
sequences from dogs in southern East Asia have a greater level of genetic diversity than
dogs from other regions. This implies that domestic dogs originated in that region, 33,000
years ago (Wang et al., 2016). These sites are south of the Yangtse river. It has been suggested
that a subset of these ancestral dogs subsequently migrated to the Middle East, Africa, and
Europe. One of these lineages then migrated eastward to Siberia and Northern China before
traveling to the Americas with the � rst human immigrants. Another migration probably
moved southward to the islands of Oceania and Indonesia. The initial domestication event
could have occurred in East Asia with the subsequent interbreeding events occurring else-
where in Eurasia.

An East Asian origin has been disputed since the dog fossils described above are consistent
with an origin from European wolves. They appear to be older than those in China. However,
fossil � nding depends on geological features in addition to the level of archeological activity.
Using genomic data from the Y chromosomes and mitochondria from over 5000 dogs,
including a set of 549 village dogs, Shannon et al. have produced evidence that dogs were
� rst domesticated in Central Asia, somewhere between Nepal and Mongolia. The high ge-
netic diversity in neighboring regions such as India and South Asia is consistent with this
(Shannon et al., 2015). These studies have also indicated that the American and Oceanic
dogs are derived almost exclusively from Eurasian stockd not from North American wolves.
Conversely village dogs from India, Vietnam, and Egypt show minimal evidence of Euro-
pean mixtures.

Mitochondrial DNA studies therefore suggest that the initial domestication of the dog
likely began in east Asia about 33,000 years ago. Additional genomic studies also suggest
that dogs are more closely related to East Asian wolves than to European wolves. However,
ancient European wolves do share some genes with Basenjis and some village dog popula-
tions. Interestingly, studies also have shown that the Japanese wolf (Canis lupus hodophilax)
appears to be more closely related to the domestic dog than any other wolf species (Gojobori
et al., 2021). This species became extinct about 100e 120 years ago. It was a unique subspecies
of the gray wolf closely related to Siberian wolves. Japanese wolves show introgression of
genes into East Asian dog breeds. It is calculated that up to 5.5% of modern dog breeds in
East Asia are derived from Japanese wolf ancestry. Other investigators have suggested
that Indian wolves ( Canis lupus pallipes) may be ancestral to some domestic dog breeds.

It should be pointed out that the occurrence of multiple domestication events involving
different wolf subspecies are consistent with the known origins of modern dog breeds.
Thus, Akitas, Huskies, and Malamutes likely originated in Beringia, while Shar Peis and Sa-
lukis originated in China. That said, diverse breeds of different origins such as Basenji,
Chihuahua, Bassett Hound, and Borzoi have also signi� cant gene sharing with European
wolves. The Basenji, a Middle Eastern/African breed, shows the greatest amount of gene
sharing with Middle Eastern wolves.

The domestication of the wolf 7



Middle East

East Eurasia was likely not the only location of dog domestication. As described above,
studies on ancient wolf genomes as well as studies on genome-wide SNP and haplotype anal-
ysis have suggested that at least some breeds originated in the Middle East (vonHoldt et al.,
2010). This claim is based on the observation that dogs from this region possess a higher pro-
portion of multi-locus haplotypes unique to gray wolves. However, there is also evidence
that signi � cant interbreeding resulting in allele sharing occurred with local wolf populations
in both Asia and Europe. A speci� c haplogroup of dogs appears to have arrived subsequently
in Europe from the ancient Middle East along with the spread of farming from that region
(Perri, et al., 2021).

Dogs themselves appear to have diverged into a West Eurasian and East Eurasian lineages
between 17,000 and 24,000 years ago. They fall into three ancestral lineages (Perri et al., 2021):
Western European found in European, Indian, and African dogs; an East Asian Lineage typi-
� ed by Dingoes and Oceanic dogs; and an Arctic lineage seen in Huskies and ancient Amer-
ican dogs.

Adult dogs and puppies have been found buried with humans at prehistoric sites in Israel
including Eynan (Ain Mallaha), dated at 12,000 and Hayonim Terrace at 13,000 years ago.
These were clearly dogs and probably represent much later stages of domestication (Davis
& Valla, 1978).

That said, the events of 15,000 years ago such as the gradual increase in global temperature
and the retreat of the ice sheets promoted the transition from hunter-gatherers to a sedentary
farming lifestyle and was almost certainly accompanied by a change in the role of dogs from
hunters to guardians and was probably accompanied by signi � cant phenotypic changes. It
was accompanied by genotypic changes as well. For example, at some stage, some dogs
adapted to a diet higher in carbohydrates. Some dog breeds possess four copies of the
alpha-2B-amylase (AMY2B) gene, as opposed to one or two in wolf populations. This enzyme
is involved in starch digestion and probably represents an adaptation of some breeds to a
starch-rich diet in agrarian societies (Axelsson et al., 2013; Freedman et al., 2014).

The domestic dog (Canis lupus familiarus)

The domestication process

The domestication of the dog long preceded the development of agriculture and the sub-
sequent domestication of herbivores such as the aurochs, sheep, goat, and pig. Domestication
is a process rather than an event. The process probably began with interactions between
wolf/dog species and human hunter-gatherers between about 35,000 and 15,000 years ago
during the Pleistocene epoch. Two theories have been put forward to explain this process.
One suggests that orphaned wolf cubs may have been raised by humans and, over time,
and several generations, successfully achieved social compatibility.

Alternatively (or additionally) some wolf populations may have responded to the survival
advantages of associating with early human hunter-gatherers. Wolves are opportunistic scav-
engers. During the last ice-age 25,000e 15,000 years ago, when in high latitudes the climate
was very cold and dry, it is suggested that the less timid wolves came closer to human camps
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in order to forage for food scraps. Over generations, they would have passed along genes that
encoded this docile behavior. This self-domestication process likely began with a symbiotic
association between wolves and human hunter-gatherers during the last ice-age, long before
humans took up farming.

Prince Maximilian of Wied, was an early German explorer who traveled among the Native
Americans in 1832. He described the domestication process among Native American Plains
Indians thus.

“ The dogs whose� esh is eaten by the Sioux, are equally valuable to the Indians. In shape
they differ very little from the wolf and are equally large and strong. Some are of the real wolf
color; others black, white or spotted with black and white. And differing only by the tail be-
ing rather more turned up. Their voice is not a proper barking, but a howl, like that of the
wolf, and they partially descend from wolves. Which approach the Indian huts, even in
the daytime, and mix with the dogs. . they showed their teeth if anyone approached
them” (Maximilian, 1906) Other travelers at that time described the Native American dogs
as indistinguishable from wolves.

Both humans and wolves form complex social groups. Some wolf populations probably
preadapted themselves to domestication by scavenging around human camp sites and settle-
ments. This would have selected wolves for increased boldness. Less fearful individuals
would have approached settlements more closely and consequently scavenged more success-
fully. They may have learned to read human behavioral cues. Presumably the initial steps
involved commensalism. Both wolves and humans may have shared food in the form of un-
wanted meat from the kills of large herbivores. Small human groups would have been unable
to consume large dead herbivores before the meat rotted. Likewise starving humans may
have been sorely tempted by a recent wolf kill. Mutual tolerance could have resulted in a de-
gree of socialization between humans and some individual wolves. Wolves would have been
attracted to human campsites by discarded food remains. The less aggressive, more tolerant
animals would have, in effect, self-domesticated. Adaptations to a scavenging lifestyle
would, in addition to tameness, have resulted in smaller body size and a lower age of repro-
duction (Shannon et al., 2015). Humans would have found their tame wolves useful for
guarding camps and for hunting purposes. The earliest behavioral changes in domesticated
dogs would likely have resulted from the adoption of orphan puppies, selective breeding,
and recurrent selection of the most docile, subordinate, and friendly individuals, perhaps
re� ecting alterations in some neural genes as well as those encoding oxytocin receptors
and other neurotransmitters. This would have reduced both fear and aggression.

Humans probably also observed the success of wolf packs in hunting the large herbivores
and adapted some of their techniques. Eventually this too may have resulted in limited coop-
eration. Domesticated dogs had the potential to greatly improve the hunting effectiveness of
humans. They were very much faster, they had a much better sense of smell, and effective
night vision. This way they could � nd prey much more readily. Humans, on the other
hand, had much more ef� cient killing weapons. Dogs would also have protected carcasses
from other scavengers. Finally, humans are often picky about the bits of dead animals they
consume. Presumably, they like us prefer to eat straited muscle. Other bits of organs, bones,
and skin may have been rejected if food was abundant. Commensal wolves would not have
been so fastidious and readily consumed discarded tissues from human kills.
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While dog domestication began prior to the development of agriculture, this change would
have made scavenging behavior even more pro� table. At some point, dogs would have been
used for protection, perhaps as a source of food, and eventually as companions. As humans
adopted agriculture and established permanent settlements, rubbish dumps would have also
made scavenging even more pro� table. The initial domestication events and selective
breeding would have occurred during the early socialization period and likely led to a genetic
bottleneck common to all dogs. As human societies evolved and hunter-gatherers in the Mid-
dle East transitioned to farming and the consequences of settled agriculture, a second bottle-
neck occurred as initial efforts were made to generate breeds with more useful traits
(Lindblad-Toh et al., 2005).

It is also important to note that for many human societies, dogs were (and still are) consid-
ered good to eat. They are reported to constitute a very tasty stew! They appear to have been
especially important as a food source in the Americas where other sources of animal protein
were not readily available. For example, the Aztecs and Olmecs bred dogs speci� cally for
their meat! Many Native American tribes considered puppy meat a delicacy. Thus, Hernando
de Soto, who was the � rst European to visit what is now the Southeastern United States,
described being fed dog meat as an honored guest of the local villagers. At Cahokia Mounds,
a large pre-columbian city near modern St. Louis, the remains of 1400 butchered dog car-
casses have been found (Lobell & Powell, 2010). Dogs were also a signi� cant protein source
on many Paci� c Islands including Tahiti, Hawaii, and New Zealand. It is currently estimated
that about 30 million dogs are slaughtered each year for human consumption. Ten million of
these are consumed in China (Humane Society International, 2023). In addition, dog meat is
consumed in Korea, Vietnam, Indonesia, and to a limited extent in Nigeria and even
Switzerland (Philips, 2014). Most notably the Lychee and Dog Meat Festiva in Yulin, China,
marks the summer solstice. On this occasion thousands of dogs (and cats) are consumed! In
other societies and situations, dogs were probably only eaten as a last resort in times of
famine.

Dog breeds

By the end of the last ice age 11,000 years ago at least four different canine lineages appear
to have developed in different geographic regions of the world ( Bergström et al., 2020):
Northern Europe, East Asia, Middle East, and North America. In many cases, these lineages
correspond to the known migration patterns of early human populations. Subsequent selec-
tive breeding has resulted in extreme variations in body size, weight, and skeletal propor-
tions. Nearly 400 dog breeds are now of� cially recognized but there are many more local
variants and races. They have an incredibly diverse phenotype with animals differing
more than 40-fold in size. Each has a unique morphology, size, and behavior. These modern
breeds are no longer derived from a single geographic region. Domestication, adaptation to
domestic life, and aggressive phenotypic selection have resulted in incredible phenotypic di-
versity among modern dogs (Fig. 1.4).
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Ancient breeds

One distinctly divergent group of dogs are the breeds that originated in the Middle East.
Much of the documentation on early dog breeds comes from ancient Egypt where dogs were
valued for both cultural and religious reasons. They were employed as hunters and

FIGURE 1.4 The relationships of modern dog breeds. Breeds that form unique clades are combined into triangles.
For all other branches, a gold star indicates 90% or better, black star 70%e 89%, silver star 50%e 69% bootstrap
support. Breeds are listed on the perimeter of the circle. A small number of dogs do not cluster with the rest of their
breed, indicated as follows. * Cane paratore, þ Peruvian hairless dog, @ country-of-origin salukis,^ miniature
Xoloitzcuintle. From Parker, H. G., Dreger, D. L., Rimbault, M., Davis, B. W., Mullen, A. B., Carpintero-Ramirez, G.,&
Ostrander, E. A. (2017). Genomic analyses reveal the in� uence of geographic origin, migration, and hybridization on modern
dog breed development.Cell Reports, 19(4), 697e 708.https://doi.org/10.1016/j.celrep.2017.03.079. With permission.
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watchdogs as well as pets. Over time, dogs came to have a spiritual role as evidenced by the
common custom of dog burials. In Egypt, mummi � ed dogs were often buried with their
owners. Egyptian dogs were associated with Anubis, the Jackal-headed God of death and
the afterlife. Anubis was depicted as a “ super-dog” or as a human with a dog head. Dog im-
ages and remains date from the earliest periods in the Nile Valley. Egyptians also domesti-
cated jackals, likely sharing food scraps with animals around human settlements. Dog
sacri� ces are well documented in ancient China, Greece, Lycia (modern Turkey), and even
in medieval Hungary ( Lobell & Powell, 2010). Dogs had signi� cant spiritual signi � cance in
many different cultures. They ranged from Cerberus, the three-headed dog that the Greeks
believed guarded the entrance to Hades, to the Aztecs who believed that the dead ascended
to the afterworld by holding onto a dog ’s tail. They also believed that the dog god Xoloti � rst
brought humans into the world by digging a hole into the underworld ( Lobell & Powell,
2010)

Several different types of dogs appear in the Egyptian records. These include the Basenji,
Greyhound, Ibizan hound, Pharaoh Hound, Saluki, Whippet, and Molossian. The Molossian
dog was of Greek origin and served as a War Dog. In addition, there would likely have been
plentiful village dogs d pariahs.

The Basenji was probably developed in Central Africa as a pack hunter and watchdog.
Some Pharaohs also owned Basenjis as shown in Egyptian carvings dated to 4e 5000 years
ago. They were used for hunting antelope. Salukis were also used by nomads to hunt foxes,
hares, and gazelles. These greyhound-like dogs are fast with good endurance. The Greek gen-
eral, Xenophon, used harrier-like dogs in conjunction with nets for catching hares.

The process of domestication, especially once humans assumed a settled agricultural life-
style, involved strong selection for speci� c canine phenotypes. The radiation of modern dog
breeds has proved dif� cult to resolve because of their recent origins as well as a lack of reli-
able information. Many have originated by crossing between geographically separated dog
stocks. Nevertheless, several breed clusters are readily discernible based on an obvious
phenotype or a distinct function: Spaniels, scent hounds, sight hounds, mastiffs, terriers, re-
trievers, and herding dogs.

Several breeds retain a signi� cant amount of wolf genetic information in their genome.
These include Basenji, Afghan hound, Samoyed, Saluki, Canaan dog, New Guinea Singing
dog, Dingo, Chow, Shar Pei, Akita, Alaskan Malamute, Siberian Husky, and American
Eskimo dogs. These are genetically distinct from other dog breeds (vonHoldt et al., 2010).
They are all relatively ancient breeds that originated over 500 years ago preceding the
massive phenotypic selection of the Victorian era.

Modern breeds

Selectively breeding dogs in unusual shapes and sizes is not a new phenomenon. Recent
excavations at a Roman villa in England found the remains of 15 small to medium-sized
dogs. One was just 7.8 inches tall from paw to shoulderd about the size of a Chihuahua
with bowed legs resembling those of a Dachshund (Anderson, 2023). Most Roman dogs of
this era were usually the size of a Labrador or Greyhound (Lobell & Powell, 2020). It appears
that the development of new dog breeds and simply keeping dogs as pets was a hobby of
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some rich Romans and their successors. Some became companions and lapdogs. They were
also a status symbol. Cavalier King Charles Spaniels are a prime example of this.

Beginning about 250 years ago, industrializing western societies began to breed dogs for
their size, color, and shape in addition to their function. Intensive phenotypic and behavioral
selection led to hundreds of different breeds being created. Pedigree tracking was used to
ensure breed purity by maintaining small, closed breeding populations. Phenotype selection
in many cases was driven by arbitrary selection and the esthetic views of breeders (Boyko,
2011). The pace of selection and drift was enormously accelerated. As a result, the dog has
become an important model for complex trait analysis including immune-mediated diseases.
Over 2.5 million single nucleotide polymorphisms (SNPs) have been typed in dogs and as a
result, the loci underlying many of their complex traits have been identi � ed (Boyko, 2011).
Despite the fact that most dog breeds have existed for less than 200 years, the level of genetic
diversity, the � xation index (or inbreeding coef� cient) (FST) across multiple dog breeds is
28%, a relatively high number and twice that found in human populations. (However, this
applies to the species as a whole.) Individual purebred dogs may show signi� cantly reduced
diversity as a result of inbreeding through demographic selection, the use of popular sires,
and recent population bottlenecks (Boyko, 2011). For comparison, the FST between Eurasian
and North American wolves is a relatively low 9.9%.

There are signi� cant differences in morbidity between breeds with low and high
inbreeding coef� cients as well as differences between brachycephalic (Fadj, ¼ 31.9%) and
non-brachycephalic breeds (Fadj ¼ 24.5%). In general, smaller, less-inbred breeds are healthier
than larger more inbred breeds (Bannasch et al., 2021).

Dogs were � rst bred for hunting, herding, guarding, and consequently, obedience. Subse-
quently they have been bred for certain physical characters such as size, skull shape, coat co-
lor, and texture. Some are popular and hence common and abundant, whereas others are
rare. In the case of rare breeds and even some common breeds where linebreeding is com-
mon, inbreeding can be a major issue. As a result of these breeding programs and resulting
genetic bottlenecks, modern dog breeds suffer from a disproportionate number of inherited
diseases including cancers such as lymphomas, blindness, heart disease, cataracts hip
dysplasia, deafness, and epilepsy as well as autoimmune diseases and several immunode� -
ciency syndromes (Lindblad-Toh et al., 2005) (Chapter 24).

Large runs of homozygosity increase the chances that recessive mutations will become
homozygous and hence expressed. Excessive homozygosity reduces MHC diversity and
hence the range of foreign antigens that a dog can respond to. There is more haplotype
sharing within dog breeds than between breeds. Thus, excessive inbreeding has tended
to simplify the genetic architecture of dogs by signi � cantly increasing runs of homozygos-
ity ( Mooney et al., 2021). This, however, impairs immunity. Even the commonest breeds
can have much reduced MHC diversity comp ared to that of village dogs and probably
of their canine ancestors. Individuals seeking to maintain the health of breeds should
also consider MHC diversity and immune � tness in addition to more obvious phenotypic
characteristics.

Detailed analysis of the genomes of multiple dog breeds has identi� ed 23 distinct clades
(Fig. 1.4). Many of these have been in� uenced by geographical factors. For example,
there is evidence for the presence of genes from new-world dogs within some modern
breeds. Breeds that share similar phenotypic features often share allelic patterns
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(Parker et al., 2017). As pointed out above, this has been a two-step process with an ancient
process of selecting for function, and a much more modern process involving breeding for
selected physical attributes.

Village dogs

While the predominant dogs in developed countries belong to speci� c and highly
selected breeds, that is not the case elsewhere. Village and street dogs in Africa and South
Asia represent populations of dogs that are essentially human commensals. They live in
conditions similar to those that must have applied during the � rst wave of canine domes-
tication. They have not been subjected to selective breeding nor do they receive veterinary
care. These dogs appear to be complex mixtures of village dogs with several non-native
breeds. They are adapted to local conditions including infectious diseases. These dogs
demonstrate neutral genetic diversity. Their diversity is similar to that of pooled European
breeds. Some differences may occur in dogs from different villages, but these probably
re� ect geographical and anthrogenic factors rather than pathogen-mediated selection
(Vychodilova et al., 2018).

Oceanic canids

Unique dog populations exist in Australia, New Zealand, Melanesia, Micronesia, and Pol-
ynesia. They all appear to have originated in East Asia. The New Guinea Singing Dog is
native to the highlands of that island. Once considered to be a distinct species, it is now
considered to be closely related to the Dingo from neighboring Australia. Their name is
derived from their propensity for chorus howling. The Dingo and New Guinea Singing
Dog breeds were probably established well over 4000 years ago and live in areas where
wolves are absent. The� rst dogs arrived in New Zealand along with the arriving Polyne-
sians. According to Captain Cook, the British explorer, these dogs were maintained exclu-
sively for food.

Dingoes were present in Australia for thousands of years prior to European colonization,
and it has been long assumed that they had arrived with the � rst human inhabitants. Besides
humans and bats, they are the only native Australian placentals. They were originally given
the Latin name, Canis dingo. However, the earliest evidence of modern humans in Australia
dates from 6500 years ago (Shipman, 2021). Dingoes appear to have made the voyage much
more recently w 4000 years ago. They likely came from New Guinea where their relatives, the
singing dogs live. The oldest canid remains found in Australia date from 3905 to 3446 years
ago. Dingoes were likely at an early stage of domestication when they arrived in Australia
and were probably considered a meat source. Thus, they readily underwent feralization.
Dingoes have limited genetic diversity, and they are very different from village dogs in Africa
and Asia (Shipman, 2021). Genomic studies suggest that the dingo lineage diverged from
other dogs about 8000e 11,000 years ago. They may represent an intermediate stage between
wolves and fully domesticated dogs. Like wolves they have only a single copy of the AMY2B
gene (Ballard & Wilson, 2019).
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American canids

Globally, dogs and humans commonly migrated together. It is seen with the peopling of
the Americas (Perri et al., 2021). Dogs almost certainly accompanied the � rst human groups
moving from Siberia to North America across the Behring land bridge. Thus, native American
dogs likely originated in East Asia. The earliest remains of domestic dogs in North America
have been carbon dated to 13,100 years ago (Fedje et al., 2021). The last glacial maximum with
the lowest sea levels occurred about 20,000 years ago. Given the timing of human migration
to the Americas and the fact that they were accompanied by their dogs suggests that they
must have been domesticated prior to that time w 23,000 years ago. Dogs carrying a speci� c
mitochondrial DNA signature (haplogroup A2a) accompanied the Paleo-Inuit as they moved
into the Arctic about 5000 years ago (Perri et al., 2021).

The evolution of carnivory

In consuming dead prey, carnivores inevitably ingest some of its microbiota as well as any
parasites and pathogens present. Any opening in the intestine will release large quantities of
bacteria. In general, most of these will be nonpathogenic commensals. However, there is a
signi� cant chance of ingesting potential pathogens and parasites, especially if their prey is
freshly killed. The immune and digestive systems of carnivores must adapt accordingly.

It must not be assumed that carnivores preferentially eat healthy animalsd quite the con-
trary. Wolves prey on the young, the old, the weak, and the sick. Animals on the verge of
death are easy pickings and require much less risk and energy expenditure to kill. In effect
this results in selective predation on sick and parasitized prey. Some model systems have
suggested that in some environments, predators may only survive as a result of the
continuing availability of sick prey. In effect some may have evolved to speci � cally clean
up the damage caused by pathogens. For example, studies on the behavior of wolf popula-
tions on Isle Royale in Lake Superior have clearly demonstrated that wolves selectively pre-
date on old moose suffering from osteoarthritis (Hoy et al., 2022). The more severe the
arthritis, the greater the predation. Likewise, wolves appear to be largely responsible for
the control of tuberculosis in wild boar populations in parts of Spain ( Tanner et al., 2019).

Wolves do not care to distinguish between the almost dead and the recently dead. A
logical extension of this principle resulted in the rise of carrion eaters. The decomposing
body of a large mammal provides anaerobic bacteria with an ideal environment in which
to multiply. On the other hand, it will contain no more viable viruses. Parasites such as Toxo-
plasma may accumulate over the predator’s lifetime. Hunting of multiple prey over time may
result in infections by both diverse pathogens and parasites. The consequences of this are
potentially catastrophic.

Wolves must have adapted to their increased exposure to pathogens. These adaptations
have been both behavioral and immunological. Thus, an improvement in the sense of smell
enabled them to identify sick prey as a result of their distinctive odors. Other obvious changes
include the maintenance of a relatively low, bactericidal gastric pH, an ability to regurgitate
easily, the development of a specialized microbiota, and a signi� cant enhancement of their
innate immune defenses. Carnivores generally have gastrointestinal systems that rapidly
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expel or pass food, with simple stomachs and relatively short intestines. Such changes may
increase food passage rate and perhaps reduce the opportunities for parasites to be trans-
mitted. Carnivores may also be able to detect parasites by their odors.

Wolves are capable of eating a lot of meat at one feeding eventd as much as 20 pounds. If
some is left over, they will cache as much as 15 pounds by burying it in the ground. This pre-
vents scavengers such as ravens from stealing it. It also keeps the maggots away and pro-
vides a food reserve if prey is scarce, such as in winter. Dogs do the same when burying a
bone in the backyard. Guided by their sense of smell, they will return to it when hungry.
This process will effectively destroy most viruses and many parasites but will permit bacteria,
especially soil anaerobes to grow. Modern humans would certainly never consider exhuming
and consuming rotten stored meat. The risks are far too great. Wolves, and dogs, however,
must have a digestive and immune system that can handle this challenge.

Another disadvantage of being at the top of the food chain is an increased exposure to car-
cinogens. As a result, cancer risk is signi� cantly greater in dogs than in other domestic ani-
mals (Chapter 20). Carnivores may accumulate environmental carcinogens derived from their
diet. A high-fat, low- � ber diet is also a recognized risk factor for increased cancer risk. There
is no evidence that dogs possess any specialized anticancer mechanisms suggesting that there
has been minimal selection for anticancer immunity. This is likely because cancers tend to
develop late in post-reproductive life.

It was also inevitable that the aggressive genotypic selection associated with the establish-
ment of dog breeds would also in � uence their resistance and susceptibility to infectious dis-
eases. Dog breeds were never selected for resistance to endemic diseases. However, this may
well have evolved naturally. Thus, the protozoan disease Leishmaniasis (Leishmaniosis) is a
regional disease. It has been observed that there are signi� cant breed differences in suscepti-
bility to this infection. Thus, Boxers and American Foxhounds are much more susceptible to
severe Leishmaniasis than other breeds (Alvarez et al., 2022). These variations appear to be
due to differences in the cytokine pro� les generated in these dogs relative to other breeds.
Similar breed differences in susceptibility to another protozoan, Babesia canishave also
been reported from endemic areas. Thus, Beagles, Fox Terriers, and outbred mongrels are
resistant, whereas Cocker Spaniels, Yorkshire Terriers, Dobermans, and Pekinese appear to
be relatively susceptible. Likewise German Shepherd Dogs are highly susceptible to severe
Ehrlichiosis (Martinod et al., 1986).
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Canine ontogeny, reproduction, and
lactation

The gestation period of the dog is relatively short and, as a result, the immune system of
the puppy is by no means fully developed at birth. Puppies must therefore use the early post-
natal period to permit their immune system to complete its development. This also means
that early microbial colonization must be controlled by passive immunization from the
mother rather than by the puppy ’s own immune defenses. In their altricial state, their eyes
do not open for 10e 14 days. Unlike their prey species, neonatal wolves (and dogs) must
be hidden in dens and protected by their mothers until their physical and immunological
development permits them to fully enter the big wide world.

Canine pregnancy

The gestation period of the dog is 60e 63 days after mating. Final maturation of canine oo-
cytes takes place within the oviduct 2e 3 days after ovulation. The blastocyst reaches the
uterus between days 7 and 10 days after fertilization. Uterine implantation occurs about
17 days post-conception. The developing embryo develops a zonary endotheliochorial
placenta which forms a band of tissue that completely encircles the fetus. The fetal chorionic
epithelium is in contact with the endothelium of the maternal capillaries while the endome-
trial epithelium disappears. Dogs also develop placental hematomas (or hematophagous or-
gans) at the margins of the placenta beginning around day 28 (Sarli et al., 2021). These
hematomas contain blood from which the developing fetus can obtain metabolites and
iron. Fetal phagocytes digest any maternal blood cells that leak from the blood vessels
(Enders & Carter, 2004).

Dogs are unique in that they make no placental steroids, and as a result, they are
completely dependent on a constant supply of luteal progesterone (P4) for the maintenance
of pregnancy. The corpus luteum is therefore solely responsible for a successful pregnancy.
The uterus is exposed to high levels of P4 for the� rst 15e 30 days of pregnancy, but these
subsequently decline slowly (Kowalewski et al., 2020).
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For any successful pregnancy to occur, mammalian mothers must be prevented from
mounting a lethal immune response against the paternal antigens expressed by her fetus
and its placenta. As placentas evolved and progressively became more invasive, the impor-
tance of this maternale fetal immune tolerance became more signi� cant. Control of any rejec-
tion process must be achieved if the bene� ts of the closest possible proximation of the fetal
and maternal blood systems are to be obtained. Suppression of the maternal graft rejection
process occurs within the decidua, that part of the uterine wall that is in contact with, or
even actively invaded by placental trophoblast cells. Among the uterine genes with enhanced
expression in the preimplantation uterus are those that regulate the immune and in� amma-
tory responses (Graubner et al., 2017). These result in functional changes in immunological
modulation.

Within the canine uterus, the presence of the embryo before implantation is associated
with limited proin � ammatory activity. Implantation is associated with local suppression of
in� ammation caused by increased Treg and NK cell activities and suppressed M1 macro-
phage activity. It has also been shown that implantation is associated with upregulated levels
of FoxP3, IL-12a, ENG (endoglin), and CDH1(cadherin 1). However, CD4, CCR7, and IL-8 are
downregulated ( Pereira, Nowaczyk, Ay, et al., 2021). Thus, implantation is associated with
increased immunomodulatory and antiin � ammatory signals accompanied by a rise in Tregs
and a decline in the expression of CD4 and MHCII (Pereira, Nowaczyk, Payan-Carrera, et al.,
2021).

Between 30- and 40-days gestation, the concentration of in� ammatory cytokines in
maternal blood drops, possibly as a result of the effects of prolactin which has antiin� amma-
tory properties (Pereira et al., 2019). There is progressive downregulation of the proin � amma-
tory cytokine IL-1 b and upregulation of the immunosuppressive cytokine IL-10 ( Pereira,
Nowaczyk, Ay, et al., 2021; Pereira, Nowaczyk, Payan-Carrera, et al., 2021). As pregnancy
proceeds, expression of several other factors such as CD206, CD4, and TLR4 are upregulated.
In effect, there is a progressive increase in M2 macrophages, and regulatory T-cell activity as
pregnancy proceeds.

The maternal thymus undergoes involution during pregnancy and this involution is also
required for a successful pregnancy (Pereira et al., 2019). There is a progressive reduction in
all her major lymphoid cell populations. The thymic cortex shrinks while the medulla appears
to enlarge. It has been suggested that the pregnant maternal thymus produces more Treg cells
that suppress any attack on the placenta and increase immunological tolerance of the fetus.
The thymus recovers by the end of lactation (Laan et al., 2016).

Many of these changes in immune responsiveness are induced by progesterone. Progester-
one concentrations increase through estrus and then decline in both pregnant and non-
pregnant bitches. However, in pregnant animals they decline very slowly until about days
62e 63. At this time, impending parturition causes a rise in plasma prostaglandin F2 alpha.
This causes luteolysis, progesterone levels drop steeply, and parturition is triggered. Proges-
terone itself is an important regulator of immunity. Thus, it preferentially activates immuno-
regulatory cells such as M2 macrophages. These increase production of IL-3, IL-4, and IL-10,
all of which are associated with suppression of Th1 responses. Prostaglandins also suppress
the production of the immunostimulatory cytokine, IFN- g. While obligatory for a successful
pregnancy, high progesterone levels in bitches may make them more susceptible to parasitic
diseases such as Leishmaniasis (Bertolo et al., 2022).
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One such expressed gene is the immunosuppressive molecule indolamine 2,3-dioxygenase
(IDO). Treg cells upregulate IDO expression in dendritic cells. IDO is a heme-containing
enzyme expressed in large amounts in the placenta. It catalyzes the oxidation of the essential
amino acid tryptophan into L-kynurenine. IDO expression is under the control of IFN- g,
TNF-a, and the chorionic gonadotrophins (Munn et al., 1998). The IDO substrate, tryptophan,
is an essential amino acid. As a result of its degradation, IDO can eliminate pathogens by
nutrient depletion. However, tryptophan is also essential for normal immune function
so that IDO also plays an immunosuppressive role and can promote tolerance to the fetus.
T cells are especially susceptible to tryptophan depletion. They become locked in the G1
phase and cannot proliferate. IDO also inhibits Th1 and Th17 responses and promotes
apoptosis of cytotoxic T cells. Thus, it causes a skewing away from a type 1 toward a
type 2 immune response. IDO may also be involved in the initial invasion of the endome-
trium by trophoblastic cells ( Durr & Kindler, 2013).

As the immune system adjusts to a state of pregnancy, changes occur in the maternal in-
� ammatory response. For example, both � brinogen and C-reactive protein levels increase
steadily over time in pregnant bitches (Holst et al., 2019). Circulating neutrophil and blood
monocyte numbers also increase signi� cantly through pregnancy to peak around days
45e 55 after which they decline slowly until parturition. These neutrophils show increased
expression of the cell surface antigen, CD18 while monocytes increase their expression of
CD18 and CD49d. Lymphocytes also increase their expression of CD49d. In the last third
of pregnancy there is an increase in the production of immunosuppressive IL-10 from Treg
cells (Pereira et al., 2019).

Allograft in � ammatory factor is a highly conserved protein produced by T cells that
regulates vascular in� ammatory responses during pregnancy. It is present in uterine mac-
rophages and is signi� cantly elevated in the early pregnant canine uterus (Graubner
et al., 2017). Several chemokine genes are also upregulated. These include CXCL16, a
chemokine whose receptor is found on T cells and NK cells, and it in� uences cell
migration.

At parturition, luteolysis occurs, progesterone P4 levels drop, and as a result, maternal in-
� ammatory pathways become reactivated. IL-3, IL-8, NF-kB, and TGF-b-mediated pathways
are turned back on (Kowalewski et al., 2020). These result in increased apoptosis and
decreased cell adherence at the feto-maternal interface. Placental separation and birth follow
rapidly.

Ontogeny of the canine immune system

In utero

The thymus of the developing puppy begins to differentiate between days 23 and 33 of
gestation and is subsequently in� ltrated with thymocytes around day 35 ( Santos Roballo
et al., 2019). Blood lymphocytes can respond to phytohemagglutinin by 45 days post-
conception, and these cells can be found in lymph nodes at the same time. The spleen begins
to develop around 27e 28 days and is populated by lymphocytes after 52 days. Thymic seed-
ing of T cells to the secondary lymphoid organs and the development of humoral immune
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responses are therefore relatively late phenomena in the dog when compared to other mam-
mals (Fig. 2.1).

Fetal Beagle puppies injected with a variety of foreign antigens on gestation days 41, 47,
and 51 produced no antibodies. Puppies that received keyhole limpet hemocyanin (KLH)
on day 55 and then subsequently boosted 21 days after birth mounted only a primary
response. However, fetuses infected withBrucella canison gestation day 50 produced agglu-
tinating antibodies by day 59. The ability to reject allografts also develops around day 45,
although rejection is slow at this stage, and fetal puppies may be made tolerant by intrauter-
ine injection of an antigen before day 42 (Shrifrine et al., 1971). Puppies can however mount
an antibody response at birth. Thus, 1-day-old pups injected with KLH mounted a secondary
immune response when boosted 40 days later. Likewise, puppies vaccinated with bovine
herpesvirus at birth produced neutralizing antibodies within 2 weeks.

The early neonatal period

Newborn puppies are neurologically and immunologically underdeveloped. Their eyes
and ears are closed. They spend the� rst 2 weeks of life sleeping and feeding. They move
very little and suckle every 3e 4 h. There seems to be very little difference in brain activity
while sleeping and awake. They are unable to regulate their body temperature. However,
they do develop an olfactory imprint of their mother and littermates. During this time,
puppies put on a lot of weight. Thus, in the � rst 24 h after birth the canine small intestine
doubles in weigh as it � lls with colostrum and microbes, and its enterocytes proliferate to
maintain its integrity ( Rossi et al., 2021). Prenatal puppies also have very little adipose tissue,
but this increases rapidly over the � rst month of life. This is not only an energy source but
also a defense against hypothermia. Neonatal adipose tissue exerts diverse metabolic and
regulatory functions through the secretion of multiple adipokines.

Thus, puppies are born with an incompletely developed immune system so it must
continue to develop and begin to function during the early postpartum period ( Day, 2007).
Newborn puppies, while not totally agammaglobulinemic, have very low IgG levels in their
blood (0.3 g/L) as compared to the adult dog 8 e 25 g/L ( Chastant & Mila, 2019)
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FIGURE 2.1 The ontogeny of the puppy immune system through pregnancy and into the early neonatal period.
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Puppies begin to synthesize their own antibodies by 14e 21 days of age (Pereira et al., 2019)
(Fig. 2.2). Neonatal pups have lower numbers of T cells in their lymph nodes, spleen, and pe-
ripheral blood compared to adult dogs. These low numbers are associated with a lack of
CD8þ T cells and a high CD4þ :CD8þ ratio immediately after birth. Over their � rst weeks,
CD8þ cell numbers increase progressively in all their secondary lymphoid organs. As a result,
the relative proportion of B cells decreases. These T and B cells are actively synthesizing DNA
as measured by H3 thymidine incorporation, but this also declines over time ( Faldyna et al.,
2005) (Fig. 2.2).

Canine colostrum

Dogs have an endotheliochorial placenta that limits the transfer of immunoglobulins to the
developing fetus. However, some maternal immunoglobulin transfer does occur in utero. At
most, about 15% of a puppy’s serum IgG is directly transferred from the mother to the puppy,
but the rest must be obtained after birth through colostrum.

During late pregnancy, the mammary glands develop under the in � uence of estrogens and
progesterone. Colostrum secretion only begins when progesterone levels drop at birth. Nutri-
tional components are synthesized within the mammary gland itself, whereas immunological
components such as immunoglobulins, leukocytes, growth factors, and cytokines are actively
transferred from the bloodstream (Tizard, 2001).

Immediately after giving birth, the bitch must expose her nipples to her newborn puppies.
However, these are not sterile. Not only have they been in contact with the den � oor but also
with her oral bacteria. Beginning about a week prior to giving birth the bitch begins to repeat-
edly lick her nipples. Her saliva has signi � cant antimicrobial activity due to molecules such as
lysozyme, lactoferrin, and IgA. This licking will also ensure that her puppy ’s intestinal tracts
are rapidly seeded by her oral bacteria (Hart & Hart, 2018).
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FIGURE 2.2 Immunoglobulin levels in neonatal puppies. From: Chastant, S.,& Mila, H. (2019). Passive immune
transfer in puppies.Animal Reproduction Science, 207, 162e 170. With Permission.
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Colostrum consists of the accumulated mammary gland secretions obtained over the� rst
48 h after birth. It tends to be yellowish and more viscous than milk re � ecting its high protein
concentration. While the intestinal tract is fully formed at birth, it is functionally immature
and is undergoing colonization by its microbiota. As a result, digestive functions are minimal
but increase progressively over time.

The developing puppy drinks amniotic � uid prior to birth. However, once born, puppies
are at risk of dehydration, hypothermia, and hypoglycemia unless provided with adequate
� uids, warmth, and food. They obtain � uids and nourishment by suckling colostrum.
They are also at a high risk of infection at a time when their surfaces are being colonized
by environmental and especially maternal bacteria. It has been estimated that up to 20% of
live-born puppies die before 21 days. Most of these deaths (fading puppy syndrome) occur
within the � rst week (Langer, 2009). They result from multiple causes such as hypothermia,
starvation, dehydration, infections, or congenital defects. There is no assurance that all
puppies in a large litter will receive adequate amounts of colostrum. Thus, by 2 days it is esti-
mated that up to 20% of puppies may have inadequate passive immunity while 30% have
suboptimal growth.

Nutritional needs

The most important sources of energy in colostrum are its diverse lipids and carbohy-
drates. However, it is also a critical water source as well as providing growth factors and
some digestive enzymes. The� uid serves to maintain vascular volume. Puppies are also
born with very little glycogen stored in their liver cells. Thus, they depend upon maternal
colostrum if they are to survive. It also has a laxative effect that serves to expel meconium.
The stomach of a newborn puppy has a capacity of 40e 50 mL/kg. To provide satisfactory
growth, the volume of colostrum that must be ingested daily is 120 mL/kg to provide for
an energy intake of 212 kcal/kg/day. Canine colostrum has an energy value at least 20%
higher than milk. This is needed to maintain baseline weight and any surplus can be applied
to growth. Maternal colostrum in the dog provides 1800 kcal/L and it has to be consumed
every 3e 6 h (Rossi et al., 2021). As colostrum progressively switches to milk, its energy con-
tent drops to about 1100 kcal/L by 7 days. About 50% of these calories come from proteins
and 40% from lipids. Lactose is the principal carbohydrate but its concentration, 1.5%
(30 g/L) is relatively low compared to herbivore milk. Canine colostrum contains about
132 g/L of lipid. The nutritional and immunological qualities of colostrum are not correlated.

Immunological needs

Colostrum is key to the transfer of immunoglobulins from the mother to her puppies.
Colostrum has � ve times the immunoglobulin concentration of canine milk. The important
proteins in colostrum are casein and immunoglobulins. Immunoglobulins account for
20%e 37% of total protein. Trypsin inhibitors are found in colostrum but not milk (1000-
fold higher than in milk) ( Chastant & Mila, 2019) (Fig. 2.3). As in other carnivores, canine
colostrum contains high concentrations of IgG (60%e 75%) with lesser quantities of IgA
(35%e 40%) and IgM (5%). IgE is undetectable (Fig. 2.3).
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Immunoglobulin G

The IgG concentration in maternal serum is 8.1� 4.3 g/L and ranges from 4.3 to 30.9 g/L.
Colostrum concentrates IgG so that its average concentration is 2.8 times higher than in
maternal serum. This IgG is stored in the mammary alveoli until it is released when lactation
begins. The initial IgG concentration is about 15e 30 g/L in the bitch colostrum, but this drops
by 50% over the � rst 24 h (Chastant-Maillard et al., 2017). By 7 days colostral IgG has drop-
ped to about 6 g/L and by 14 days to 0.6 g/L ( Chastant & Mila, 2019). After this time the in-
testine has become impermeable to intact proteins. Rossi also reports that immunoglobulin
absorption is reduced by 50% at 4 h after birth (Rossi et al., 2021).

In one study, the mean colostral IgG concentration in a sample of 180 pairs of mammary
glands (three to � ve samples per bitch) was 20.8� 8.1 g/L. This, however, varied greatly be-
tween individual bitches ranging from 8.0 to 41.7 g/L ( Mila et al., 2015). There was no
apparent in� uence of breed size, litter size, age of the dam, or serum IgG concentration.
The concentrations varied widely between individual glands in a single animal (variation co-
ef� cient 42%� 32.1%). The quality of colostrum also varied between bitches and teat pairs.
Age, breed, and litter size have minimal effects on colostral quality. However, IgG concentra-
tions from different teat pairs varied between 0.8 and 61 g/L ( Rossi et al., 2021). There was no
signi� cant difference between anterior or posterior pairs. As lactation proceeds, these IgG
concentrations progressively decline as the colostral IgG is depleted. As a result, the IgG con-
centration in canine milk is less than 5% of that in maternal colostrum.

These ingested immunoglobulins are not only protective, but they also probably exert an
imprinting effect on the B-cell repertoire of the developing puppy. Thus, they will delay in-
teractions between these immature B cells and some common environmental antigens until
the B cells are able to fully respond (Fink et al., 2008).

Immunoglobulins A and M

Most IgA and IgM in colostrum are produced by B cells and plasma cells that have
emigrated from the maternal Peyer’s patches and reside within her mammary glands where
they produce antibodies directed against intestinal commensals and pathogens (Usami et al.,

FIGURE 2.3 The relative immunoglobulin content of canine serum, colostrum, and milk.
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2021). As a result, IgM and IgA levels remain relatively constant. As colostrum transitions to
milk, this IgA eventually becomes the predominant immunoglobulin (90%), with much
smaller amounts of IgG and IgM (5% each) (Chastant & Mila, 2019). As a result of the absence
of pancreatic proteases, immunoglobulins in the puppy gut remain intact and functional for
many weeks. Thus, the continuing intake of milk protects the intestinal tract from potential
pathogens and also helps shape the composition of the intestinal microbiota.

Other bioactive immune compounds present in canine colostrum include antimicrobials
such as lysozyme and lactoferrin. Beta-lactalbumin is a potential antiviral that may be able
to prevent pathogen adhesion. Alpha-lactalbumin is an immunomodulatory protein ( Rossi
et al., 2021), Lactoperoxidase is an antimicrobial enzyme that synergizes with immunoglob-
ulins. Colostrum also contains growth factors such as insulin-like growth factor, epidermal
growth factor, and nerve growth factors ( Chastant & Mila, 2019). Canine colostrum contains
high levels of gamma-glutamyl transferase and alkaline phosphatase. These are 100x and 10x
higher than in maternal blood.

Canine colostrum also contains many cells, including macrophages, neutrophils, and lym-
phocytes (Chastant & Mila, 2021). Canine colostral neutrophils have been assessed for their
functional activities against the tachyzoites of Neospora caninum. These tachyzoites induce
neutrophil extracellular trap (NET) formation and the NETs can ensnare the tachyzoites.
Thus, they serve as an early defense mechanism and help protect neonatal puppies against
Neospora invasion (Demattio et al., 2022). Colostral T cells likely serve as a passive source
of cell-mediated immunity. This has been well demonstrated in other mammals ( Reber
et al., 2008a, 2008b). Ingested colostral T cells probably in� uence the early neonatal develop-
ment of the puppy thymus ( Ghosh et al., 2016).

Neonatal immunoglobulin concentrations

The puppy intestinal wall is fully open to the transfer of colostral immunoglobulins for the
� rst 4e 6 h after birth but as the enterocytes mature, this transfer declines and eventually ends
by 16 h postpartum (Chastant & Mila, 2021). Within 2 days of birth, the average puppy serum
IgG concentration rises to 6e 16 g/L ( Chastant & Mila, 2019). Young puppies can absorb
w 40% of ingested colostral IgG at birth, 20% at 4 h, 9% at 12 h, and none by 24 h (Chastant
& Mila, 2019). 85%e 95% of a puppy’s serum IgG is of colostral origin.

The termination of intestinal transfer is due to the replacement of FcRn-bearing enterocytes
by cells that do not express this receptor. It also results from the maturation of the enterocyte
brush border as well as the tight junctions between the epithelial cells (Baumrucker et al.,
2022). Canine FcRn is an MHC class I related protein (Chapter 9). It is a heterodimer consist-
ing of a 32.3 kDaa chain and a 13 kDab2M chain (Fig. 2.4). The FcRn on neonatal enterocytes
translocates from the basal to the apical aspect of glandular cells thus allowing the IgG to be
captured from the intestinal lumen and then transported across the enterocytes to the blood-
stream (Fig. 2.4).

Colostral exosomes

In addition to its obvious contents of proteins, lipids, and cells, canine colostrum is also
rich in small vesicles or exosomes (Villatoro et al., 2020). These are nanovesicles composed
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of a lipid bilayer with a cytosolic content produced by different cell types. Their cargo in-
cludes multiple proteins and lipids in addition to nucleic acids such as miRNA. Once within
the neonatal intestine, these vesicles can be absorbed intact by intestinal epithelial cells and
enter the bloodstream through vascular endothelial cells. Colostral exosomes may be spher-
ical or cup-shaped. They vary in size between 37 and 140 nm in diameter. Proteomic analysis
indicates that they are complex structures containing at least 800 proteins. When added to
cultures of canine bone marrow or adipose tissue in vitro, they alter the proliferation and
secretory pro� les of the mesenchymal stem cells. They cause adipocyte cultures to increase
their production of IL-8, MCP-1, IFN- g, TNF-a, and NGF-b. They cause the cultured bone
marrow cells to increase production of IL-12p40, IL-6, IL-8, MCP1, and SCF (Villatoro
et al., 2020). They also exert a potent antioxidant effect on canine� broblasts in vitro. They
in� uence angiogenesis, chemotaxis, and the migration of immune cells. They appear to stim-
ulate adipose tissue development and neurogenesis. Thus, these exosomes have the potential
to play critical roles in the postnatal development of neonatal puppies.

Proteinuria

Maximal intestinal protein absorption occurs during the � rst 8 hours after birth. As this
intestinal absorption is taking place, a simultaneous proteinuria also occurs (Schaefer-Somi
et al., 2005). This results from the absorption of very small proteins such as b-lactoglobulin
that are then excreted in the urine. In addition, the glomeruli of newborn puppies are perme-
able so that their urine contains intact immunoglobulin molecules. This proteinuria ceases
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with the termination of intestinal absorption. Urine from puppies collected 24 h after birth
contains relatively large amounts of IgG, IgM, and IgA. The amount declines over time so
that IgM is undetectable in urine by 14 days, although there may still be signi � cant amounts
of IgG and IgA still present. Over the � rst 2 weeks of life, the puppy ’s glomeruli mature and
acquire the ability to retain macromolecules.

Epimeletic vomiting

A bitch rearing puppies undergoing weaning often assists the process by epimeletic (care-
giving) vomiting. This generally begins about a month after birth and may continue for up to
5 months. Puppies appear to stimulate her vomiting re� ex by licking their mother ’s mouth.
This vomiting may occur just prior to proestrus and sometimes even during estrus. Under
some circumstances epimeletic vomiting may also be undertaken by male dogs. It generally
occurs when a bitch somehow perceives that her puppies are hungry. While not yet studied,
this form of feeding almost certainly has signi � cant effects on the developing intestinal micro-
biota of her puppies (Korda, 1972).

Duration of maternal immunity

Maternal antibodies, absorbed from the puppy ’s intestine, reach maximal levels in serum
by 12e 24 h after birth. These levels then decline slowly through normal protein catabolism.
The half-life of canine antibodies to distemper and canine adenovirus is 8.4 days. Experience
has shown that, on average, the level of maternal antibodies to distemper in puppies declines
to insigni � cant levels by about 10e 12 weeks, although this may range from 6 to 16 weeks. In
a population of puppies, the proportion of susceptible animals therefore increases gradually
from a very few or none at birth to almost all at 10 e 12 weeks.

Because maternal antibodies exert a negative feedback on B-cell functions, it is not usually
possible to successfully vaccinate very young animals. If protection is required at this stage,
the mother may be vaccinated during the later stages of pregnancy, the vaccinations being
timed so that peak antibody levels are achieved at the time of colostrum formation. Once a
puppy is born, B-cell responses and successful active immunization can occur only after pas-
sive immunity has waned. Since it is impossible to predict the exact time of loss of maternal
immunity, the initial vaccination series will generally require administration of multiple
doses. Current guidelines for essential canine vaccines, for example, indicate that the� rst
dose of vaccine should be administered at 8e 9 weeks of age, followed by a second dose 3e
4 weeks later, and concluding at about 16 weeks of age. (These are not, strictly speaking,
booster doses. They are simply designed to trigger a primary response as soon as possible
after maternal immunity has waned.) All puppies should then receive a booster dose
12 months later or at 1 year of age. It is unclear whether maternal antibodies can block re-
sponses to all intranasal vaccines. Despite high levels of circulating maternal antibodies,
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maternal interference with B-cell responses does not always occur, and nasal antibody pro-
duction is often unimpaired. The earliest recommended age to vaccinate a puppy with a
reasonable expectation of success is therefore at 8 weeks (Day et al., 2010). Colostrum-
deprived orphan puppies may be vaccinated at 2 weeks of age (Fig. 2.5).
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3

Canine innate immunity

Innate immunity relies on rapid cellular and humoral responses to microbial invasion.
Thus, dogs employ sentinel cells that can detect molecules associated with invading bacteria
and viruses. Sentinel cells sound the alarm by releasing cytokines! These attract leukocytes,
that converge on the invaders and destroy them in the process of in� ammation. In � ammation
is central to the innate defense of the animal body. Once the invaders have been eliminated,
some of these leukocytes may also help repair damaged tissues. It is this combination of
microbial-induced tissue damage as well as in� ammation that release cytokines into the cir-
culation and results in the set of canine behaviors that we call sickness.

Sentinel cells

The body employs sentinel cells whose job it is to detect microbial invaders and damaged
or dying cells. Once invaders are detected, the sentinel cells emit signals in the form of cyto-
kines that trigger in � ammation and attract white blood cells. In addition, these cells make
many different antimicrobial proteins such as complement components, defensins, and cath-
elicidins, that can either kill invaders directly or promote their destruction by phagocytic
cells. Some of these antimicrobial molecules are present in normal tissues while others are
produced in response to tissue damage.

The innate immune system lacks speci� c memory and as a result, each episode of infection
tends to be treated identically. “ Trained” immunity is an exception to this rule ( Chapter 10).
The intensity and duration of innate responses such as in� ammation therefore remain un-
changed no matter how often a speci� c invader is encountered. These innate responses
also come at a price, the pain of in� ammation plus the fever, fatigue, and malaise of sickness.
More importantly, however, the innate immune responses are one of the triggers that stim-
ulate antigen-presenting cells to initiate the adaptive immune responses and eventually result
in strong long-term protection.

Among the most important of the sentinel cells are macrophages and dendritic cells. These
cells are located throughout the body and so can detect and capture bacteria, viruses, or fungi
invading by many different routes ( Fig. 3.1).
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Pattern recognition molecules

Pattern recognition molecules on sentinel cells, as their name implies, recognize the pres-
ence of conserved molecules associated with microbial invaders (Fig. 3.2). The most impor-
tant of these are the toll-like receptors (TLRs). Dogs possess a complete set of nine TLRs
(TLR-1-9). Of those dog TLR genes that have been sequenced, TLR4 is 65%e 77% homologous
to that in humans while TLR2 is 88% homologous (Jungi et al., 2011). Mammals have only a
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single functional TLR2 gene but there is also an upstream TLR2 pseudogene present in the
dog. This gene duplication event must have occurred before the divergence of the marsupials
since the upstream pseudogene is also present in the opossum. TLR2 can be activated by Lep-
tospira, a common canine pathogen. The expression of these pattern recognition molecules is
signi� cantly enhanced by chronic in� ammation such as anal furunculosis (House et al., 2008).

TLR4 is expressed in canine lungs, liver, spleen, synovia, and intestine. It is variably
expressed on normal canine platelets but upregulated when these are activated by thrombin
or ADP (Li et al., 2019). Sixteen TLR4 SNPs have been identi� ed in dogs. Canine TLR4 also
binds to Leptospira lipopolysaccharide (Novak et al., 2022). The most polymorphic of the
canine TLRs is TLR5 with 51 identi� ed SNPs (Cusco et al., 2014). It has 64.7% homology
with the human protein. TLR5 responds to bacterial � agellin (Zhu et al., 2020). These poly-
morphisms in TLR4 and TLR5 have been associated with susceptibility to in� ammatory
bowel disease (IBD) in German Shepherd dogs. Only protective TLR5 SNPs have been asso-
ciated with IBD in 38 other dog breeds (Cusco et al., 2014). A very large number (294) of var-
iants have been discovered among all the canine TLRs. None of these appear to have
signi� cant effects on TLR function. Of these sequence variants, 64 are nonsynonymous, 73
are synonymous, and 67are modi� er variants. 12.5% of the nonsynonymous TLR variants
are dog breed speci� c while 6.25% are wolf speci� c.

Canine TLR7 has been cloned and shows 86% sequence homology with human TLR7. It is
expressed in the intestines, lung, pancreas, skin, kidney, liver, lymph nodes, spleen, adrenal,
and peripheral blood ( Okui et al., 2008). Its expression varies greatly between individual
dogs.

Canine TLR9 has also been cloned and shows 76% homology with humans. It is expressed
in blood mononuclear cells and lymph nodes, and weakly in the spleen. It has not been
detected in intestine, heart, skin, muscle, stomach, or bladder (Hashimoto et al., 2005).

Dogs also express two nucleotide-binding oligomerization domain (NOD), leucine-rich
repeat receptors (NOD1 and NOD2). These receptors also detect intracellular PAMPs.
Although TLRs and NLRs differ in their location and function, they both react to microbial
PAMPs and trigger innate responses to invaders. For example, NOD2 expression is greatly
increased in dogs with lymphoplasmacytic colitis ( Okanishi, 2013).

Retinoic acide inducible gene 1(RIG-1)-like receptors are a family of PRMs that recognize
short triphosphorylated ssRNA and dsRNA. As a result, they act as sensors of viral invasion.
One member of the RIG-1 family is MDA5 (melanoma differentiation e associated protein 5).
Canine MDA5 can detect and respond to the RNA of canine in� uenza virus (Fu et al., 2020;
Wang et al., 2021). It acts synergistically with TLR3 to activate the IRF3/NF- kB pathways and
thus IFN-b production in response to canine in� uenza virus.

In � ammasomes

The � rst steps in in� ammation occur when PAMPs and DAMPs bind to pattern recogni-
tion receptors on sentinel cells and initiate the assembly of the large multiprotein complexes
called in� ammasomes. In� ammasomes are molecular machines that initiate and then regu-
late in� ammatory responses. In� ammasome-mediated responses are important in controlling
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microbial infections as well as in regulating some metabolic processes. However, canine
in� ammasomes are uniquely different.

Structure

In� ammasomes consist of multiple peptide chains arranged in a star-like fashion. Each
chain consists of three subcomponents (Fig. 3.3). These are pathogen sensor proteins
(PRRs) that recognize the PAMPs and DAMPs; adaptor proteins that signal to the cell; and
effector proteins such as pro-caspases that activate the cytokines. Once the in� ammasome
complex is assembled, binding of its ligand to the sensor protein ensures that the caspase-1
is activated and cytokines such as TNF-a, IL-1b, and IL-18 are produced, activated, and
released.

Many different in � ammasomes have been characterized in mammals, each generated by
different PAMPs and DAMPs, and each consists of slightly different components and thus
generate different cytokines and proin� ammatory molecules. For example, one type senses
pathogens by using ALR (AIM2-like receptor) proteins as sensors. AIM2 peptides detect cyto-
plasmic DNA. A second type of in � ammasome uses NLR peptides such as NLRP1, -3, -6, and
-7 as sensors. These also contain an adaptor ASC (apoptosis-associated speck-like peptide)
and an effector protein, caspase-1.

Functions

When a PAMP binds to its corresponding TLR, signals are passed to the cell. As a result,
in� ammasomes assemble, signal transduction cascades are initiated, and proin� ammatory
cytokines are produced by the cell. Each step in the process involves multiple biochemical re-
actions involving different in � ammasomes. Additionally, the cell surface TLRs use different
signaling pathways than do the intracellular TLRs. All extracellular TLRs except TLR3 use an
adaptor protein called MyD88 to activate the transcription factors, nuclear factor kappa-B
(NF-kB), and IRF3. NF-kB activates the genes for three cytokines, interleukin-1 (IL-1),
interleukin-6 (IL-6), and tumor necrosis factor-alpha (TNF-a). IRF3 activates the gene for
interferon-b (IFN-b) (Kawasaki & Kawai, 2014).
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FIGURE 3.3 The structure of selected in� ammasomes. Note that AIM2 is absent while NLRC4 is truncated in
dogs. This may affect the ability of the canids to mount excessive in� ammatory responses.
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Although some in � ammasomes require TLR-mediated activation and downstream NF-kB
mediated transcription of pro-IL-1 and IL-18, others do not require this transcriptional acti-
vation step (Vrentas et al., 2018). Once activated, caspase 1 acts on pro-IL-1 and pro-IL-18,
to generate the active forms of these cytokines (Bryant & Fitzgerald, 2009).

Canine in� ammasomes

Members of the carnivora differ from other mammalian families in that they have reduced
in� ammasome activity. Key in� ammasome pathways are missing! They express a unique
caspase 1/4 hybrid protein and lack some key NLRs. Among the NLR family of in � amma-
somes, dogs possess NLRP3, 6, 9, and 12. They also possess an NLRC4 gene. However,
canine NLRC4 is much shorter than the human molecule. It lacks two domains that are
responsible for activating caspase 1. Thus, human NLRC4 is 1026 amino acids in length,
whereas the canine molecule contains only 315 amino acids. Dogs also express a unique
caspase-1/-4 hybrid protein. Because NLRC4 is defective, the activation process that occurs
in dogs is driven by caspase-8 rather than by caspase-1/-4 (Digby et al., 2021). As a result of
this alteration in caspase use, canine in� ammasome pathways are downregulated. Thus cas-
pase 1/4 activates gasdermin without causing pyroptosis and caspase 8 is inef� cient at pro-
cessing interleukin-1b.

In order to detect intracellular viral DNA, mammals commonly employ two proteins with
PYHIN domains such as AIM2 and IFI16 as innate DNA sensors. IFI16 is directly associated
with IFN- b-inducing viral RNA motifs. In its absence, the production of the transcription fac-
tors IRF3 and NF-kB are inhibited. Interestingly, AIM2 also appears to be absent in dogs.
Likewise, IFI16 is truncated in the dog. These appear to result from a series of frameshift
mutations.

It has been suggested that these“ defects” in in � ammasome activities may serve to reduce
the severity of some in� ammatory responses in the dog (Cui & Zhang, 2021) (Fig. 3.3). Under
some conditions, in response to some pathogens such as coronaviruses, dogs may mount a
relatively mild, nondamaging in � ammatory response (Cui & Zhang, 2021). This may also
promote the carriage of potential zoonotic pathogens.

Pyroptosis

Pyroptosis is a form of programmed cell death characterized by the formation of pores in
the cell membrane and the escape of IL-1b and IL-18 through these pores. Unlike apoptosis,
pyroptosis triggers in � ammation. This is normally a defensive process that prevents replica-
tion of intracellular microbial invaders. Pyroptosis is triggered by the formation of a speci � c
type of in � ammasome, that activates several different caspases. These caspases, in turn,
cleave a pore-forming effector protein called gasdermin D to generate an active fragment.
The activated gasdermin fragments bind to cell membrane lipids and oligomerize to form
large, ring-shaped pores in the plasma membrane. These pores permit the escape of cell con-
tents and cytokines into the tissues. The dying cells eventually rupture as a result of increased
osmotic pressure thus releasing the rest of their contents into the tissues (Evavold et al., 2018).

The pyroptosis pores thus permit the escape of in� ammatory mediators such as IL-1b,
HMGB-1, and ATP that act as alarmins and so activate local immune cells. They also release
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both nuclear and mitochondrial DNA. The latter is a potent proin � ammatory DAMP since its
nucleotide composition re� ects its microbial origins (Fig. 3.4).

In addition to the differences described above, NLRP functionality is compromised in the
carnivora (Digby et al., 2021). Thus, the NLR family of apoptosis inhibitory proteins (NAIPs
and NLTC) are pseudogenes in the Canidae. In� ammasome activity induces pore formation
but is uncoupled to cell lysis in the Carnivora. Thus, dogs cannot make the gene products
required for pyroptosis. In dogs, gasdermin pores form but do not induce cell death ( Evavold
et al., 2018). Some gasdermin family members (GSDMB and GSDME) are also defective in
dogs. These canine gasdermins lack the cleavage sites for caspase 1 and granzyme A.

Necroptosis

Necroptosis is a form of programmed necrosis triggered by death receptors such as the
TNF receptor, nucleic acid sensors, or by TLR-signaling. They activate threonine kinases
and form molecular complexes called necrosomes. Together with proteases and kinases,
necrosomes generate a pore-forming protein which inserts itself into the cell wall and allows
the escape of cellular contents. Necroptosis is characterized by cell and organelle swelling
eventually resulting in rupture of the cell membrane. This alerts the immune system by
the release of danger signals. It is, in effect a back-up cell death program that is used
when apoptosis fails. Like pyroptosis, necroptosis causes in� ammation because of the escape
of intracellular DAMPs such as HMGB-1 and interleukin 33 (IL-33) into the surrounding tis-
sues. Interestingly, dogs also lack certain key components of this pathway, most notably a
mixed-lineage kinase domain-like pseudokinase (MLKL). In its absence, cell membrane
rupture cannot occur (Dondelinger et al., 2016). The absence of necroptosis in dogs suggests
that they may use an alternative pathway to kill cells.

Studies on populations of village dogs from Northern Kenya investigated possible link-
ages between the major innate immunity genes,NOS3, IL6, TLR1, TLR4, TLR7, and TLR9,
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FIGURE 3.4 The release of damage-associated molecular patterns (DAMPs or alarmins) from dead, damaged,
and dying cells.
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Ly96 and MYD88 as well as three MHC class II genes, and the presence of several important
disease agents, canine distemper virus,Hepatozoon canis, Micro� liariae, and Neospora caninum
(Necesankova et al., 2016). It was found that three SNPs within the MYD88 gene and one
within a TLR4 SNP were associated with more than one infection. The most signi� cant asso-
ciations were those betweenMYD88, the canine distemper morbillivirus, and micro � lariae. It
appears that these genes and their products play an important role in resistance to these in-
fections in dogs. MYD88 plays a critical role in the interferon responses to morbillivirus repli-
cation. Interestingly there was no obvious association detected between the MHC class II
genes and disease resistance, but this was a very outbred population of dogs with extreme
MHC polymorphism so that any contributions of individual haplotypes to resistance would
have been dif� cult to identify.

Antimicrobial peptides

Antimicrobial peptides are key contributors to the innate immune defenses. The most
important of these are the defensins. Small cysteine-rich proteins 18e 45 amino acids in
length. They are classi� ed into two types, alpha and beta. The defensins work by binding
and disrupting bacterial membranes. Analysis of the canine genome has identi� ed 43
b-defensin genes (CBD) and pseudogenes arranged in four gene clusters. Theb-defensin
genes are numbered,CBD1, and CBD 102to CBD 142. Two additional canine defensin genes
are sperm associated. One of the canine defensin gene clusters is located on chromosome 16
(Leonard, Affolter, & Bevins, 2012).

Defensins are expressed in many canine tissues (Machado & Ottolini, 2015). These include
the testes, kidney, palatine tonsil, ear canal, trachea, lung, gastrointestinal tract, liver, spleen,
mononuclear cells, bone marrow, and skin (Sahi et al., 2005). One of these defensins, CBD
103, has been shown to have antibiotic activity against E.coli, many species ofStaphylococci,
Streptococci, Micrococcus, and Bacilli as well as Pseudomonas aeruginosa, Enterococcus faecium,
Lactobacillus acidophilus, Actinobacillus actinomycetem comitans, Porphyromonas gingivalis, Bur-
kholderia cepacian, and Bordetella bronchisepticain addition to fungi such as Candida albicans,
Saccharomyces cerevisiae, and Malassezia pachydermatis(Aono et al., 2019).

Beta-defensins are expressed at high levels in dog skin. They not only act as endogenous
antibiotics but they also promote chemotaxis and wound healing ( Linde et al., 2008). Canine
skin and respiratory epithelium expresses large quantities of CBD103. Interestingly, the pres-
ence of atopic dermatitis in dogs has no effect on skin defensin levels. This is different from
humans where defensin levels are reduced in atopic skin.

Dogs possess a single cathelicidin gene (K9CATH). It is expressed in epithelial cells and
leukocytes (Van Harten et al., 2018). Its product is present at high levels in bone marrow
with lower levels in gastrointestinal tract, spleen, liver, testes, and skin. In other mammals,
cathelicidins contain a sequence that enables them to respond to vitamin D3. This sequence
is absent from canine cathelicidin. Canine cathelicidin has broad spectrum antibacterial activ-
ity. Its targets include S aureus, E. coli, and L. monocytogenes(Sang et al., 2007).

Defensins have been identi� ed in the urogenital tract of dogs where they play a role in
sperm maturation and capacitation. Sperm binds certain b-defensins on their surface. These
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sperm-bound defensins are important in promoting sperm migration through cervical mucus
and binding to oviduct epithelial cells ( Leonard, Marks, et al., 2012). CBD102 expression is
limited to the testes. It is present in Sertoli and Leydig cells and almost certainly plays a
role in the defense of the male reproductive system (Sang et al., 2005).

Three defensins, CBD1, CBD103, and CBD108, are present in canine respiratory tract
epithelial cells. These three are also readily expressed in skin cells. CBD 103 has antimicrobial
activity against Bordetella bronchiseptica(Erles & Brownlie, 2010). CBD103 is expressed
throughout the canine nasal cavity, as well as in respiratory and olfactory epithelia. Both
forms of CBD103 cause membrane blebbing, condensation of intracellular contents, and
cell wall lysis in E. coli and Staph aureus(Aono et al., 2019).

Defensins and coat color

Despite the great range of hair colors seen in dogs such as Golden and Labrador Re-
trievers, they are generated by a relatively simple mechanism involving just two types of
pigment, black eumelanin and yellow pheomelanin. Two genes control this pathway, Agouti
and Melanocortin 1 receptor (Mc1R)acting through a ligand receptor system. If Mc1R signals to
melanocytes are blocked by the agouti peptide, the melanocytes will produce pheomelanin
and the dog will have a yellow coat. If the signals are unimpeded, the melanocytes will pro-
duce eumelanin and the dog will have a black coat (Fig. 3.5).

A third gene in � uences the melanocortin pathwayd a gene in the locus that encodes the
b-defensin, CBD103. In Golden and Labrador Retrievers, the gene encoding CBD103 occurs
in two forms. One allele (k) is normal. The other allele (K) has a 3-base pair deletion and
so lacks a glycine residue at its N-terminus (CBD103DG23). This mutant can bind with
high af� nity to Mc1R on the surface of melanocytes. If this happens, then the agouti peptide

Mc1 R

Agouti

Agouti

Mutant defensin
CBD103� G23

Melanocyte

Melanocyte Eumelanin

PheomelaninMc1 R

Normal defensin
    CBD103

FIGURE 3.5 The effect of the mutant defensin geneCBD103DG23, on coat color in dogs. This mutation may
confer resistance to canine distemper in wolves.
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is prevented from binding, Mc1R is activated, the melanocytes make eumelanin, and the dog
grows a black coat (Candille et al., 2007).

The three base pair deletion mutation in CBD103correlates with a black coat color in 38
different breeds. These breeds also show signi� cant gene copy number variation ranging
from two to four copies per diploid genome. There appears to be no difference in the bacte-
ricidal activities of the two CDB103 alleles, but they may affect susceptibility to canine dis-
temper (Leonard, Marks, et al., 2012).

Studies on gray wolves have demonstrated a relationship between possession of a black
coat and resistance to canine distemper virus (CDV) (Cubaynes et al., 2022). As in dogs,
coat color is determined by the genotype at the K locus gene CBD103. The ancestral wild
type gene K allows Agouti and McR1 to interact resulting in the normal gray coat color. The
mutation in the K gene prevents this interaction and results in dominant inheritance of the
black allele. It is believed that the mutant K gene entered North American wolves about
7250 years ago. However, it clearly confers a selective advantage on affected wolves since it
has been conserved and spread incredibly rapidly. It is believed that, in gray wolves, the K lo-
cus encodes the mutant defensin CBD103 that confers relative immunity to canine distemper
virus. A seropositive wolf is likely to be black 32% of the time compared to 25% for a seroneg-
ative wolf, especially in older age groups. CDV is highly virulent and lethal to juvenile dogs
and wolves. Computer modeling has shown that the proportion of black wolves increases
following outbreaks of CDV in wild wolf populations such as those in Yellowstone National
Park. Other canine pathogens may also have contributed to the selective advantage conferred
by the K gene (after all, CDV only emerged about 300 years ago) (Cubaynes et al., 2022).

The canine complement system

The canine complement system appears to be similar to that in other mammals. It consists of
multiple proteins, many of which are pro-enzymes. When they encounter bacterial surfaces,
bacterial carbohydrates, or antigen-bound immunoglobulins, these proenzymes are activated
in a cascade fashion. The system plays a critical role in the elimination of invading microorgan-
isms. The three activating pathways, the alternative, the lectin, and the classical pathways all
are focused on activating the third component of complement, C3. C3 is the most abundant of
the complement proteins and is central to the protective effects of the system. Canine C3 is a
heterodimer consisting of an a chain of 126 kDa and ab chain of 72 kDa. The canine C3a chain
is cleaved by C3b inactivator into two fragments of 65 and 40 kDa. This is comparable to the
molecular structure of human C3 (Gorman, McConnell, & Lachmann, 1981). Likewise, C3
levels in healthy normal dogs and dogs with protein-losing nephropathy are not statistically
different (Acierno et al., 2006). A congenital C3 de� ciency has been identi� ed in Brittany Span-
iels. Affected spaniels suffer from overwhelming infections ( Chapter 24).

Complement components, like other proteins, have multiple allelic variations and collec-
tively these variants form a dog ’s “ complotype” (Harris et al., 2012). These variations may
in� uence an animal’s susceptibility to infectious and in � ammatory diseases.

There are three codominant allotypes of canine C3 (F, FS, and S) at a single autosomal lo-
cus located on chromosome CFA 20 (Kay et al., 1985). Thus, it is unlinked to either the MHC
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or the C6, C7 complex (Gorman, Hobart, & Lachmann, 1981). Canine C4 has at least� ve al-
lotypes and its genes are located within the MHC class III region on chromosome CFA 12. It
consists of three peptide chains of 90e 95, 72, and 33 kDa, respectively. Thea chain of canine
C4*1 is 95 kDa, but only 90 kDa in C4*2 and C4*4. C4*4 is the most prevalent allotype being
found in about 50% of dogs. The beta and gamma chains of C4 are identical in these allotypes.
There is an association between C4*4 allele expression, low serum C4 levels, and the devel-
opment of autoimmune polyarthritis in dogs ( Day et al., 1985).

Canine C6 is encoded by a single autosomal locus and has seven codominant alleles (Shi-
bata et al., 1995). Eleven alleles of canine C7 encoded by two linked loci have been identi� ed
(Harris et al., 2012). The C6 and C7 gene loci are located close together on chromosome CFA 4
(Eldridge et al., 1983).
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4

Canine leukocytes and blood groups

Leukocytes

Dogs, like humans and unlike the major domestic herbivores, are a species in which neu-
trophils predominate in the bloodstream. It is unclear why they should be so different, but it
likely results from a carnivorous diet, increased exposure to potential pathogens, and alter-
ations in the intestinal microbiota.

Neutrophils

As in other carnivores, neutrophils are the most abundant leukocytes in dogs sometimes
accounting for 75% of the blood leukocytes. Mature canine neutrophils are round cells about
10e 12 mm in diameter (Fig. 4.1). They have a nucleus with three to � ve connected lobes con-
taining condensed heterochromatin. The cytoplasm stains a very light blue with conventional
Romanowsky stains. It is packed with large numbers of poorly staining granules. Nuclear
morphology changes as the neutrophils age. In immature cells the nuclei are simply
elongatedd horseshoe-shaped band forms. As they mature, strictures develop, and the nu-
clear lobules become apparent. Increasing numbers of immature band forms in the blood
result from bone marrow stem cell activation and are indicative of an ongoing innate immune
response. This is often accompanied by increased monocyte and eosinophil numbers as well.
Elevated neutrophil counts over 25,000/mL are also indicative of infection. Canine neutro-
phils uniquely express the cell membrane protein CD4 (Rzepecka et al., 2019). Other in� am-
matory changes in neutrophils include alterations in cell size, a basophilic cytoplasm, the
presence of Döhle bodies, and unusual nuclear morphology. These changes are especially
associated with infections (Aroch et al., 2005; Fig. 4.1). (Döhle bodies are blue or grayish-
blue cytoplasmic inclusions that consist of free ribosomes or aggregated fragments of rough
endoplasmic reticulum.)

Leukocyte counts change signi� cantly in puppies during their � rst months of life. For
example, at birth, neutrophil counts are almost three times higher than lymphocyte counts.
However, during the following week neutrophil numbers drop while lymphocyte numbers
climb. As a result, lymphocytes predominate by 1 week-of-age. Neutrophil numbers reach
adult levels by 1 month of age. In addition, their phagocytic activity is relatively high
(Fig. 4.2).
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The canine segmented neutrophil count is signi� cantly associated with an SNP within the
geneDCL1 (Rho GTPasee binding protein) (White et al., 2015). DCL1 encodes part of the dynein
motor complex that binds to the pro-apoptotic Bim protein which is part of the Bcl-2 family. It
thus affects the lifespan of neutrophils.

Lymphocytes

Lymphocytes are the second commonest leukocyte found in canine blood (Fig. 4.3). Most
appear to be typical “ small” lymphocytes, 6e 18 mm in diameter, with a rounded nucleus and
a thin rim of pale blue cytoplasm. The nuclear chromatin appears compacted. While these
small lymphocytes are about the diameter of an erythrocyte some may be somewhat larger
with a less condensed nucleus. These so-called reactive lymphocytes may be observed in
dogs undergoing an active immune response. They tend to be larger with a more basophilic
cytoplasm re� ecting increased numbers of ribosomes and implying increased protein synthe-
sis. Plasma cells are rare in canine blood. Some canine lymphocytes may contain multiple
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FIGURE 4.2 White cell numbers in the
blood of puppies between birth and 90-days-
of-age. From: Toman, M., Faldyna, M., Knoti-
gova, P., Pokorova, D.,& Sinkora, J. (2002).
Postnatal development of leukocyte subset
composition and activity in dogs.Veterinary
Immunology and Immunopathology , 87, 321
e 326. With Permission.
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FIGURE 4.1 The granulocytes
from peripheral blood smears
from a dog. Giemsa stain. Cour-
tesy Dr. M.C. Johnson.
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small, pink cytoplasmic granules clustered in one region. These are probably natural killer
cells (Table 4.1).

Lymphocyte numbers generally exceed adult levels in puppy blood for the � rst 3 months
of life. However, CD8 þ T-cell numbers are relatively low, while CD21 þ B-cell numbers are
relatively high. Neonatal canine lymphocytes can respond to mitogens such as concanavalin
A (Toman et al., 2002). The proportion of lymphocytes is highly variable but can reach as high
as 50%. Much of this difference is due to CD21þ B cells. The proportion of puppy CD8 þ

T cells is low at birth but gradually climbs to reach adult levels ( Fig. 4.3).
Canine lymphocyte counts are associated (P ¼ 5.9� 10� 7) with an SNP located on chromo-

some CFA19. This is located very close to the gene encoding alpha-1,6-Mannosyl-
glycoprotein-beta-1,6-N-Acetyl-Glucosaminyltransferase (MGAT5). This protein negatively
regulates T-cell activation and autoimmunity ( White et al., 2015).

Monocytes

Monocytes account for about 5% of the leukocyte count in adult dogs. They range from 15
to 20 mm in diameter. Monocytes are generally larger than neutrophils. Their nuclear shape is
variable ranging from round to band shaped, to S-shaped. Unlike neutrophils their chromatin
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FIGURE 4.3 The relative proportions of leuko-
cytes in canine peripheral blood and the composition
of circulating T-cell subsets.

TABLE 4.1 Canine leukocytes. Reference intervals.

Cell type Normal adult dogs Total/ ml Percent

Leukocytes 6e 14.5� 109/L 6000 e 17,000

Neutrophils 3.1e 9.5� 109/L 3000 e 11,500 43e 77

Lymphocytes 1.5e 4.7� 109/L 1000 e 48,000 12e 40

Monocytes 0.1e 0.9� 109/L 150 e 1250 4e 10

Eosinophils 0.1e 1.4� 109/L 100 e 1250 0e 7

Basophils 0.01e 0.08� 109/L 0 e 100 0e 1.3

Data fromSchalm’s veterinary hematology (7th ed.). (2022). Wiley Blackwell.
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is much less condensed. Their cytoplasmic staining depends on the amount of rough endo-
plasmic reticulum and the presence of ribosomes. They may contain a few clear cytoplasmic
vesicles as well as some blue-staining small granules clustered to one side.

Canine monocyte numbers are signi� cantly associated with a gene locus found on chro-
mosome CFA17 located near thehematopoietic-speci� c protein 1 binding protein 3 (HS1BP3).
This may have implications for lymphocyte activation by antigen-presenting monocytes.

Eosinophils

Eosinophils are found in small numbers in healthy dog blood, but their numbers vary
greatly depending upon the parasite burden. They tend to be larger than neutrophils
(10e 15 mm in diameter) with multiple eosinophilic cytoplasmic granules ( Fig. 4.1). Their nu-
cleus usually has two or three lobes, and these can be obscured by their granules. Their gran-
ules are round, loosely packed, and vary in size. Only about 10% of canine eosinophil
granules possess a distinct core.

Some dogs, especially greyhounds and related sighthounds such as Whippets and Italian
Greyhounds, have unusual clear, unstained granules in their eosinophils (Giori et al., 2011).
They fail to stain with eosin and as a result appear to have pale gray or clear granules in
blood smears (Fig. 4.4). These eosinophils thus appear to be vacuolated. They have been
found in 9/20 Greyhounds, 10/29 Italian Greyhounds, and 5/24 Whippets d in effect the fre-
quency of these cells did not differ between these related breeds. They are also occasionally
reported in other breeds. Nevertheless, they also appear to be fully functional. Greyhound
puppies appear to have normally staining eosinophils, but they lose these as they age so
that adult dogs have a high proportion of unstained granules. These unstained granules
may cause confusion when performing differential leukocyte counts and can result in the cells
being undercounted or regarded as “ toxic” neutrophils. Ultrastructural studies on Grey-
hound eosinophils reveal no unusual structural features and they stain positively for alkaline
phosphatase (Lazbik & Couto, 2005). The presence of these unusual granules possibly re� ects
the differential properties of commercially available stains. It may also be an artifact caused
by cells that degranulate prematurely while being sampled ( Fig. 4.4).

Basophils

Basophils are rare in canine blood. They too are larger than neutrophils and similar in size
to eosinophils (10e 15 mm in diameter) (Fig. 4.1). They tend to have a long, bilobed or

A  “gray” eosinophilNormal eosinophil

FIGURE 4.4 A normal eosinophil and a “ gray”
eosinophil in a blood smear from a golden retriever. It is
possible that these are simply prematurely degranu-
lated cells. Courtesy of Dr. M.C. Johnson.
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convoluted nuclei. Their cytoplasm contains multiple round granules that may partially hide
their nucleus. They appear to contain fewer granules than in other mammals. The granules
stain with basic dyes with variable intensity.

Platelets

Blood platelets play a key role in hemostasis and thrombosis as well as managing vascular
injury. They are abundant in canine blood at 186e 545� 103/ mL. On stained smears, they are
small, variably sized, round or oval cell fragments.

Unusual, very large “ platelets” (> 6 mm) about the size of a red blood cell (macroplatelets)
are found in blood smears from about 33% of Cavalier King Charles Spaniels (Fig. 4.5). Sur-
veys suggest that about half of this breed are also thrombocytopenic (< 100,000/mL). This
macrothrombocytopenia is the result of a mutation in the gene encoding beta-1-tubulin
(TUBB1) that results in defective megakaryocyte fragmentation. The condition is inherited
as an autosomal recessive trait. The same mutation has also, to a lesser extent, been identi� ed
in Norfolk Terriers, Shih Tzus, Chihuahuas, Jack Russell Terriers, and Cairn Terriers. The mu-
tation is benign and has no obvious effect on blood clotting or the health of these dogs. Grey-
hounds tend to have lower blood platelet counts than other breeds (Cowan et al., 2004;
Fig. 4.5).

It has become increasingly apparent that platelets play key roles in the defense of the
body against microbial pathogens. Activated p latelets can release antiviral proteins such
as kinocidins and thrombocidins ( Aquino-Dominguez et al., 2021). They can phagocytose
viral pathogens and produce lethal reactive oxygen. They play important roles in autoim-
mune and in � ammatory diseases such as immunothrombosis and vasculitis as well as
in sepsis (Li et al., 2011). Canine platelet-rich plasma and platelet lysates have
signi� cant antibacterial effects against bothGram-positive and -negative bacteria (Attili
et al., 2021).

FIGURE 4.5 Transmission electron micrographs of (A) A giant platelet and (B) A normal sized platelet from a
Cavalier King Charles spaniel. Each shows normal morphology. (� ) 20,000. Scale¼ 1 mm. From: Cowan, S. M., Bartges,
J. H., Gompf, R. E., Hayes, J. R., et al. (2004). Giant platelet disorder in the Cavalier King Charles Spaniel.Experimental
Hematology , 32(4), 344e 350. With Permission.
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Fate of foreign material

Macrophages are located throughout the body and so can detect and capture bacteria or
fungi invading by many different routes. For example, bacteria injected intravenously are
rapidly removed from the blood. In dogs, 80% e 90% are trapped and removed in the liver.
The bacteria are removed by the macrophages (Kupffer cells) that line the sinusoids of the
liver. The process occurs in two stages. Bacteria are� rst phagocytosed by blood neutrophils.
These neutrophils are then ingested and destroyed by the Kupffer cells (Gregory & Wing,
2002).

Large viruses or bacteria may be cleared completely by a single passage through the liver.
The spleen also� lters blood. It is a more effective � lter than the liver, but since it is much
smaller, it traps much less material. There are also differences in the type of particle removed
by the liver and spleen. Splenic macrophages express high levels of antibody receptors (CD64)
so that particles opsonized with antibody are preferentially removed in the spleen. In contrast,
phagocytic cells in the liver express CD35, a receptor for complement C3, so that particles
opsonized by C3 are preferentially removed in the liver. The clearance of particles from the
blood is regulated by soluble opsonins such as� bronectin, or mannose-binding lectin.

White cell counts and cytopenias

Signi� cant age-related changes occur in canine leukocyte counts over the� rst few months
of life. Lymphocyte counts tend to be signi � cantly higher in young dogs as their immune sys-
tem continues to develop. Puppies under 6 months of age may have lymphocyte counts in the
range of 2000 to 10,000/mL. Old dogs may have lower leukocyte counts than young adult an-
imals. Diurnal and seasonal changes in these counts are minimal. Counts may increase some-
what in late pregnancy and then decrease during lactation. Females in diestrus tend to have
higher eosinophil counts than at other stages of the estrus cycle (Wilson et al., 2012). Neutro-
phil and lymphocyte counts are marginally elevated in estrus ( Shah et al., 2019).

Some canine infectious diseases can cause a neutropenia. These include fungal or viral dis-
eases such as canine parvovirus infection and some early cases of canine hepatitis and distem-
per (Brown & Rogers, 2001). Rickettsia such asEhrlichia caniscan also cause a signi� cant
decline in blood neutrophil numbers, especially in chronic infections. Many cases of canine
neutropenia are associated with the use of cytotoxic antitumor drugs such as carboplatin
or vincristine ( Brown & Rogers, 2001).

Exercise or excitement can trigger the release of epinephrine. The epinephrine can cause
the release of sequestered neutrophils resulting in a temporary leukocytosis, associated
with a neutrophilia and lymphocytosis. Stress associated with the release of endogenous glu-
cocorticoids can also cause a moderate leukocytosis, neutrophilia, monocytosis, lymphope-
nia, and eosinopenia.

Activation

Neutrophils must be activated before they attack and destroy invaders. Thus, when neu-
trophils bind to endothelial cell integrins and are stimulated by CXCL8, or C5a, they secrete
elastase, defensins, and oxidants. The elastase promotes their adhesiveness. The oxidants acti-
vate tissue proteases, which in turn release TNF-a from macrophages. The TNF-a, in turn,
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attracts more neutrophils thus providing feedback ampli � cation. Platelet activating factor
also activates neutrophils con� rming the close functional linkage between neutrophils and
blood platelets (Okabayashi et al., 2021).

In cases of infection or in� ammation, canine neutrophils undergo toxic changes such as a
diffuse basophilia, foamy vacuolation, and the development of Döhle bodies. The basophilia
re� ects the presence of ribosomes and ongoing protein synthesis. The vacuolation re� ects
changes in the neutrophil granules that make them more stainable. All these changes re� ect
cell activation and are associated with the occurrence of a neutropenia (Aroch et al., 2005).

Primary immune-mediated neutropenia is an uncommon canine disease. It is diagnosed
based on a severe neutropenia and exclusion of other, secondary causes. Dogs may be treated
with immunosuppressive therapy, but relapses are common (Devine et al., 2017).

As described in Chapter 24 an inherited cyclic neutropenia occurs in Gray collies. It has
also been reported to occur in six healthy Belgian Tervurens (Chiens de Berger Belge). Likewise,
a severe chronic neutropenia resulting from a G-CSF de� ciency has been reported in a young
Rottweiler. A bone marrow aspirate from this dog showed a de � ciency of myeloid progenitor
cells and incomplete maturation of the granulocyte series. An assay for G-CSF failed to detect
the growth factor ( Lanevschi et al., 1999).

Extracellular traps

In addition to phagocytosis, neutrophils can trap and kill extracellular bacteria. Some neutro-
phils undergo a form of cell death termed NETosis as an alternative to apoptosis or necroptosis
(Papayannopoulos & Zychlinsky, 2009). After activation by CXCL8 or lipopolysaccharides,
neutrophil oxidants release the contents of the azurophil granules. These enzymes rupture
the nuclear and plasma membranes and as a result, the cell releases long strands of sticky nu-
clear chromatin and its associated proteins into the extracellular � uid. The neutrophils die
within 3 e 8 h. The released chromatin strands form a network of decondensed DNA called
neutrophil extracellular traps (NETs) ( Tan et al., 2021). On occasion, neutrophils may also
release NETs in a rapid, oxidant independent process that is not suicidal (Fig. 4.6).

The NETs are coated with antimicrobial protei ns, including citrullinated histones and
bactericidal granule components such as elastase, myeloperoxidase, cathepsin G, lactofer-
rin, and gelatinase. Nets also activate the alternative complement pathway. As a result,
these NETs can not only bind tightly to bacterial surfaces but can also kill them. It is
believed that neutrophils can sense the size of their microbial targets and resort to NETosis
when their targets are “ too large to eat.” They also use NETs to trap and kill fungi such as
Candida albicansand protozoa such as Leishmania. Pyometra in dogs also results in neutro-
phils generating NETS within the endometrium to capture the inducing bacteria ( Rebordão
et al., 2017).

NETs play a very important role in containing microbial invaders by acting as physical
barriers, and so preventing their spread from their initial invasion sites. However, under
some circumstances, excessive neutrophil trap formation may cause tissue damage. They
can interact with activated platelets, and the resulting NET-platelet clumps can be deposited
on vessel walls to cause a vasculitis and immunothrombosis. They also impair clot lysis (Jeff-
ery & LeVine, 2018). They can be deposited in the kidneys to cause glomerulonephritis.
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Normally, however, once their task is completed, NETs are degraded by DNase and normal
blood � ow is eventually restored.

Erythrocytes

The antigenic molecules expressed on the surface of red blood cells are called blood group
antigens or erythrocyte antigens (EAs). There are many different blood group antigens, and
they vary in their antigenicity, some being more potent and therefore of greater importance
than others. The expression of blood group antigens is controlled by genes and inherited in
conventional fashion. For each blood group system, there are a variable number of alleles.
Although most blood group antigens are integral cell membrane components, some are
also found free in serum, saliva, and other body � uids and passively adsorbed onto red
cell surfaces. Examples of a soluble blood group antigens are the DEA7 antigens of dogs.

Dogs may make antibodies against some foreign blood group antigens even though
they may never have been exposed previously to foreign red cells. These “ natural ” anti-
bodies (or isoantibodies) are derived, not from previous contact with foreign red cells, but
from exposure to cross-reacting epitopesthat are commonly encountered in nature (May-
nard et al., 2012). Many blood group antigens, for example, are also common structural
components of plants, the intestinal microbiota, or parasitic helminths. The presence of
these natural antibodies is not, however, a uniform phenomenon, and not all blood group
antigens are accompanied by the production of natural antibodies to their alternative
alleles.

Blood groups

In dogs, seven red cell antigens are internationally recognized (DEA1, 3, 4, 5, 6, 7, 8), but
others have been described. (An older nomenclature called them by the traditional alphabetic
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system, A, Tr, B, C, D, F, J, K, L, M, and N.) (Colling & Saison, 1980) DEAs 3, 4, 5, and 6 are
inherited as one gene-two allotype systems with expression dominant over the negative
phenotype. DEA8 has not been extensively studied and may be an artifact.

DEA1

DEA1 is a glycoprotein with a molecular weight of 85 kDa ( Corato et al., 1997). For many
years it was believed that the DEA1 system contained two alleles, DEA1.1 and DEA1.2. How-
ever, when this system was studied by � ow cytometry, and immunochromatography, it was
found that there was a great diversity in the amount of DEA1 expressed on red cells. In fact, it
was found that DEA1.2 was simply a weak DEA1.1 (Acierno et al., 2014). A single mono-
clonal antibody can recognize all the alleles within the DEA1 system. Thus, the variation
within the DEA1 system is quantitative rather than qualitative. DEA1 testing results should
therefore be recorded as weak or strong. The prevalence of DEA1 varies greatly among
breeds and geographically. Naturally occurring antibodies to DEA1 do not occur.

About 33%e 40% of the dog population in the United States are strongly DEA1 positive,
and in general, these dogs are universal recipients. Dogs that are DEA1 negative are universal
donors. DEA1-positive blood should never be transfused into a DEA1-negative dog. If so, the
recipient will become sensitized to DEA1, and high-titered antibodies will be produced. Sub-
sequent transfusion of positive blood into such an animal may lead to a severe hemolytic re-
action (Harrell et al., 1997). Similarly, if a DEA1-negative bitch is sensitized by incompatible
transfusions and mated to a positive dog, hemolytic disease may occur in her puppies.

DEA3 is relatively rare in North America with only about 10% of dogs being DEA3-
positive. It is encoded by a single locus, with two alleles. Japanese breeds such as Akitas,
Shikuko, and Shiba tend to have more DEA3-positive individuals. Likewise, Greyhounds
may also have a high prevalence of DEA3 (Novais & Magron, 2018). Anti-DEA3
antibodies have been reported to be present in 2%e 20% of DEA3-negative dogs
(Blais & Penedo, 2022).

The DEA4 system is encoded by one locus, with two alleles. It encodes a protein of
32e 40 kDa. It is very common since 100%e 97% of dogs are DEA4-positive. As a result, nat-
ural antibodies to DEA4 do not occur. A universal donor would be an animal negative for all
the DEA groups except DEA4. DEA5 is also a one locus, two allele system. DEA5-positive
dogs usually constitute less than 25% of the population. Up to 10% of DEA5-negative dogs
have antibodies against this blood group. Antibodies to DEA3 and DEA5 are found in about
10% of negative dogs, but these are usually of low titer and not of clinical signi � cance
(Symons & Bell, 1992). DEA6 is a one locus, two allele system. About 60%e 75% of dogs
are DEA6-positive. There are large differences in its prevalence between breeds. Natural an-
tibodies to DEA6 have not been reported.

DEA7 (the Tr system) is a two allele, three phenotype system that differs signi� cantly from
the others. Its phenotypes are Tr, O, and null. Its prevalence is highly variable ranging from
6% to 82% in different dog populations (Spada et al., 2017). DEA7 is not an integral cell mem-
brane protein. DEA7 is a soluble antigen related to the human A, cattle J, sheep R, and pig A
systems. DEA7 is produced by lymphocytes, secreted into plasma, and adsorbed onto red
cells (Novais & Magron, 2018). Two alleles belong to the systemd Tr and O. An epistatic
secretor gene controls their expression. When healthy female dogs with a prior history of
multiple pregnancies were tested, the only antibodies detected were directed against
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DEA7. However, the prevalence of these antibodies was similar in dogs with a prior history
of pregnancy and control dogs. This suggests that pregnancy does not sensitize dogs to these
antigens and that females with a prior pregnancy can be employed as blood donors. DEA7
consists of three peptides of 53, 58, and 66 kDa (Corato et al., 1997). Natural antibodies to
DEA7 are found in 20%e 50% of DEA7-negative dogs.

Dal

A blood group system called Dal has been identi� ed on the basis of antibodies produced in
Dalmatians following blood transfusions ( Goulet et al., 2017). Surveys have shown about
85%e 100% of Dalmatians and 43%e 78% of Dobermans are Dal-positive, depending upon
location. The Dal þ phenotype is inherited in an autosomal dominant fashion. Dal � dogs
appear to be mainly Dalmatians (w 11%), Lhasa Apsos (14%), Dobermans, and Shih Tzus
(57%). No natural antibodies to Dal have been identi� ed (Goulet et al., 2017). It has been re-
ported that a delayed transfusion reaction (severe hemolytic anemia) occurred when a Dal�

Lhasa Apso inadvertently received Dalþ blood (Walton et al., 2022).

Kai

Two additional canine blood groups (Kai 1 and Kai 2) unrelated to DEA have been iden-
ti � ed through the use of monoclonal antibodies. Only one of these antigens can be expressed
on a red cell at any one time. About 94% of North American dogs are Kai 1þ /Kai 2-. 5% are
Kai 1-/Kai 2- and 1% are Kai 1-/Kai 2 þ . No natural antibodies directed at these antigens
have been reported, although they will induce an antibody response when transfused into
an incompatible dog. Their clinical signi � cance is unclear (Lee et al., 2017).

Blood transfusions

Blood is easily transfused from one dog to another. If the donor red cells are identical to
those of the recipient, no immune response results.

If, however, the recipient possesses preexisting antibodies to donor red cell antigens, the
transfused cells will be attacked immediately. The preexisting antibodies are usually of the
IgM class. When these antibodies bind red cell antigens, they can cause agglutination or he-
molysis, or stimulate opsonization and phagocytosis of the transfused cells. In this case acute
reactions occur within 24 h. In the absence of preexisting antibodies, the transfused red cells
will stimulate an immune response in the recipient. The transfused cells will circulate until
antibodies are produced and will then be eliminated in a delayed response. A second trans-
fusion with identical foreign cells results in their immediate destruction.

The rapid destruction of large numbers of foreign red cells can lead to serious illness. The
severity of hemolytic transfusion reactions ranges from a mild febrile response to rapid death,
depending on the amount of incompatible blood transfused. Early recognition of the problem
can avert the most severe consequences. The most severe reactions occur when large volumes
of incompatible blood are transfused to a sensitized recipient. This results in complement
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activation and lysis of the transfused cells. Large amounts of free hemoglobin escape, result-
ing in hemoglobinemia and hemoglobinuria. The lysed red cell membranes may trigger blood
clotting and disseminated intravascular coagulation. Complement activation also results in
anaphylatoxin production, mast cell degranulation, and the release of vasoactive molecules
and cytokines. These molecules may provoke shock with hypotension, bradycardia, and ap-
nea. The animal may show sympathetic responses such as sweating, salivation, lacrimation,
diarrhea, and vomiting. This may be followed by a second stage in which the animal is hy-
pertensive, with cardiac arrhythmias as well as increased heart and respiratory rates. If such a
reaction is suspected, the transfusion must be stopped immediately. It is important to main-
tain urine � ow with � uids and a diuretic because the free hemoglobin may cause renal
tubular destruction. Recovery follows elimination of the foreign red cells.

Transfusion reactions can be almost totally prevented by blood typing the donor and recip-
ient and prior testing of the recipient ’s serum for antibodies against the donor’s red cells. The
procedure is called cross-matching. It is recommended that canine blood donors be negative
for DEA1, 3, 5, and 7. Unless the blood type of the recipient is known, universal donor blood
should only be used, and a cross-match performed on all recipients.

Canine blood typing has been greatly simpli � ed by the availability of commercial blood
testing kits. These include testing cards, immunochromatography tests, and the use of typing
gels (Seth et al., 2012).

The card agglutination test uses cards with shallow wells containing lyophilized mono-
clonal antibodies such as anti-DEA1. A drop of anticoagulated whole blood is dropped
into a well and after about 2 min, a positive response is revealed by agglutination.

In immunochromatography, whole blood is allowed to perfuse across a membrane in
which a line of monoclonal antibody has been printed. Positive cells will thus form a colored
line when captured by the monoclonal antibody.

Gel typing involves placing a suspension of the red cells on top of a matrix gel column
containing speci� c antiblood group antibodies. Matrix gel agglutination relies on performing
the agglutination test on top of a viscous gel layer. Nonagglutinated red cells will sink
through the gel, whereas agglutinated cells remain as a layer on top of the gel (Kessler
et al., 2010). The test is positive if the antibody prevents the tested blood cells from passing
through the gel.

In some cases, blood typing is best done in a laboratory. Agglutination at 4� C and hemo-
lytic and antiglobulin tests have been used for the detection of canine blood groups. The
source of complement can be either fresh dog or rabbit serum. Blood from the donor is centri-
fuged and the plasma discarded. The red cells are then resuspended in saline and recentri-
fuged. This washing procedure is repeated (usually three times), and eventually a 2%e 4%
suspension of red cells in saline is made. These donor red cells are mixed with recipient serum
and incubated at 37� C for 15e 30 min. If the donor red cells are lysed or agglutinated by the
recipient’s serum, no transfusion should be attempted with those cells. It is occasionally
found that the donor ’s serum may react with the recipient’s red cells. This is not of major clin-
ical signi� cance because transfused donor antibodies are rapidly diluted within the recipient.
Nevertheless, blood giving such a reaction is best avoided.
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Hemolytic disease of the newborn

DEA1-negative bitches may develop high titered antibodies as a result of DEA1-positive
blood transfusions given for clinical purposes. There is no evidence that dogs can become
sensitized by transplacental leakage of erythrocytes from an A-positive fetus. Disease then
occurs when a sensitized DEA1-negative bitch is subsequently bred to a DEA1-positive
male. Once sensitized, her anti-red cell antibodies are concentrated in her colostrum.
When a DEA1-positive puppy suckles immediately after birth, these colostral antibodies
will be ingested and absorbed through the intestinal wall and enter its bloodstream. Anti-
bodies, directed against the DEA1 antigens, then cause rapid destruction of their red cells.
The resulting disease is called hemolytic disease of the newborn (Whiting & David, 2000).

The puppies that drink this colostrum will develop a hemolytic anemia after 3 e 10 days
(Blais et al., 2009). Affected puppies are anemic, they develop hepatomegaly and splenomeg-
aly. The degree of anemia varies and if suf� ciently severe, puppies may die. Blood smears
show erythroblastosis, reticulocytosis, and spherocytosis. The red cells test positive for anti-
bodies by an indirect antiglobulin test. The serum of affected puppies may contain detectable
anti-DEA1 antibodies for as long as 32 days (Young et al., 1951).

Parentage testing

Under some circumstances it is necessary to con� rm the parentage of a speci� c dog. One
way of doing this is by examining the blood group antigens of an animal and its alleged par-
ents. The method is based on the principle that since blood group antigens are inherited, they
must be present on the red cells of one or both parents. If a blood group antigen is present in a
tested animal but absent from both its putative parents, parentage must be reassigned. Simi-
larly, if one parent is homozygous for a speci� c blood group antigen, this antigen must inev-
itably appear in the offspring. However, it must be recognized that blood typing procedures
can only exclude, never prove, parentage.
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5

The acute phase response and
sickness in dogs

When a dog is invaded by bacteria or viruses, they trigger the production of cytokines
from sentinel cells. This initial cascade of cytokines not only acts locally but it also results
in a systemic response. The three key in� ammatory cytokines TNF-a, IL-6, and IL-1b not
only cause local in� ammation but they also act on the brain and the liver. As a result,
dogs suffer malaise, lassitude, fatigue, loss of appetite, and muscle and joint pains, as well
as developing a fever. In addition, their liver produces diverse acute-phase proteins.

Effects on the brain

Interleukin-1 b (IL-1b), IL-6, and TNF-a, signal to the brain using two pathways. One
pathway acts through the sensory neurons that serve damaged tissues. Stimulation of the
vagus nerve by IL-1b can signal directly to the brain. (IL-1 will not trigger a fever if the vagus
nerve is cut.) Lipopolysaccharide binding to TLR4 on intestinal cells can also trigger these
vagal signals. As a result, they initiate fever, nausea, and other sickness responses in the
brain. Alternatively, these cytokines can either diffuse directly into the brain from the blood-
stream or be produced within the brain itself. These in� ammatory cytokines act directly on
brain cells to modify behavior and alter pain perception. Type 1 interferons can also enter
the brain and trigger malaise, depression, and sickness behavior.

The response of dogs and wolves to sickness has been broadly affected by their pack
behavior. The strategies they employ, such as avoiding strange conspeci� cs, reduce exposure
to introduced pathogens. Odors clearly signal � tness and health and so can affect their
behavior. Sickness adversely affects their hunting abilities and stamina. Sick animals are
obliged to conserve energy by staying in the den. Assuming a curled-up position will mini-
mize heat loss. Reducing grooming saves energy and conserves water. Other pack members
will recognize these signs of sickness and avoid these individuals. There may be a limited
amount of food sharing. However, strange conspeci� cs with evidence of sickness are not
tolerated (Hart & Hart, 2021).
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Fevers

The most obvious systemic response to infection is the development of a fever resulting from
an increase in metabolic rate. In the dog, a body temperature greater than 103� F (39.4� C) is
considered signi� cant. Many cytokines can trigger this. They include IL-1a, IL-1b, IL-6,
IFN-a, TNF-a, and TNF-b. These cytokines induce cyclooxygenase-2 production in the pre-
optic nucleus of the hypothalamus as well as in the limbic system. This results in local
prostaglandin-E2 (PGE2) production. The PGE2 acts on warm-sensitive neurons to slow their
� ring rate and so alter the body’s thermostatic set-point. The changes in the set-point result
in behavioral changes. For example, febrile animals conserve heat by vasoconstriction and in-
crease their heat production by shivering, thus raising their body temperature until it reaches
the new set-point.

Fevers and innate immunity

Combating infection requires a major shift in metabolic priorities. Thus, development of a
fever, 2� C above baseline body temperature, requires a 20% increase in basal metabolism. Given
that sickness consistently suppresses food intake, dogs must mobilize reserves of protein and
energy to support the initial innate response as well as this increased thermogenesis. Fevers
are protective in that they enhance many innate and adaptive immune responses. Fever reduces
virus replication and increases the sensitivity of bacteria to complement-mediated lysis. Fever
increases blood� ow to infected tissues thus speeding the mobilization of effector cells (Evans
et al., 2015). A high body temperature enhances many neutrophil functions. It promotes their
release from the bone marrow, their trans-endothelial migration, and their chemotactic re-
sponses so increasing their accumulation within tissues. Fever range temperatures stimulate
their respiratory burst. Warm temperatures also enhance multiple macrophage functions
such as phagocytosis, release of NO and cytokines, and the expression of TLR2, TLR4, and
MHC molecules. Warmed macrophages upregulate their production of TNF- a through the ac-
tions of HSP70. Fever upregulates phagocytosis by dendritic cells (DCs) and their expression of
TLR2 and TLR4. It enhances DC migration to lymphoid organs. Activated DCs enhance CD4 T-
cell proliferation and direct them toward Th1 responses (Walter et al., 2016).

Fevers and T-cell functions

Higher body temperatures increase the binding af� nity of many immune system
receptore ligand pairs. As a result, they enhance lymphocyted speci� cally T cell, behavior,
and effectiveness. Fevers enhance the passage of T cells across high endothelial venule walls,
promote immunological synapse formation, and inhibit T-cell apoptosis. Fevers act on T cells
through a pathway that involves heat shock protein 90 (HSP 90) and a4 integrins. Thus, when
mouse T cells are held at 40� C for 12 h, they develop an increased ability to bind to integrins.
As a result, these heat-treated T cells develop an enhanced ability to migrate across mem-
branes. When mice are exposed to elevated temperatures for 6 h, their T cells show increased
adherence to high endothelial venules and traf� cking into lymph nodes and Peyer ’s patches.
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Canine T cells incubated at 41� C demonstrated increased expression of the IL-2 receptor
CD25 when compared to cells incubated at lower temperatures (Majchrzak et al., 2018).

Fever range temperatures also enhance CD8 effector cell differentiation. Fever range tem-
peratures modulate cytokine production by T cells. Thus, when primed CD4 þ T cells are
maintained at a moderate fever temperature (39� C) they tend to function as Th2 cells produc-
ing IL-4, IL-5, and IL-13 while suppressing production of the Th1 cytokine IFN- g. This is also
associated with upregulation of the transcription factor GATA3 and downregulation of
another transcription factor, Tbet.

It is also clear that febrile temperatures control the differentiation and plasticity of Th17
cells. As a result, they produce greater quantities of IL-17F and IL-22. These cells and the in-
terleukins they produce, play a critical role in stimulating acute in � ammation and neutrophil
activation. Treatment with antipyretic drugs reduces Th17 cell differentiation in vivo ( Wang
et al., 2020). Changes in body temperature also in� uence B-cell responses but this is largely a
consequence of alterations in helper T-cell functions.

Lethargy

While on balance, the ability to develop a fever is a positive adaptive response, it does
result in a temporary inability of an animal to function normally in a social context. Thus,
sickness behavior has signi� cant costs for gregarious mammals such as wolves and dogs
and important ecological consequences.

In addition to causing a fever, in � ammatory cytokines, especially IL-1, promote the release
of sleep-inducing molecules. Thus, sick dogs sleep more. This response reduces the energy
demands on an animal and increases that available for defense and repair (Herz & Kipnis,
2016).

IL-1, IL-18, and leptin suppress the hunger centers in the hypothalamus and so are respon-
sible for the loss of appetite associated with infections. The bene� ts of this are unclear but it
may permit the dog to be more selective about its food.

IL-1, IL-6, and TNF-a also act on skeletal muscle to increase protein catabolism and release
free amino acids. Although this results in myalgia and muscle wastage, the newly available
amino acids are available for increased antibody and cytokine synthesis. If animals are sub-
jected to long-term, low-grade in � ammation they will be exposed to chronic, low doses of
TNF-a. As a result, they lose weight, become anemic, and protein depleted. TNF-a inhibits
the uptake of lipids by pre-adipocytes and causes mature adipocytes to lose stored lipids.
TNF-a is thus largely responsible for the weight loss seen in dogs with cancer or chronic para-
sitic and bacterial diseases.

Effects on the liver

Acute-phase response

Under the in � uence of in� ammatory cytokines, and especially IL-6, hepatocytes synthesize
many new proteins (Eckersall & Bell, 2010). Because this increase is associated with acute
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infections and in� ammation, these newly produced proteins are called acute-phase proteins
(APPs). APPs are also synthesized in lymph nodes, tonsils, and the spleen as well as by blood
leukocytes. The increase in APP levels begins about 90 min after injury or the onset of sys-
temic in� ammation and subsides within 48 h. It may also occur following prolonged stress
such as con� nement. Many acute-phase proteins have been recognized in dogs, and many
are important components of the innate immune system (Mantovani & Garlanda, 2023).
They include soluble PRMs, complement components, clotting molecules, protease inhibitors,
and iron-binding proteins. For example, canine macrophages can produce complement com-
ponents, serum amyloid A, iron transporters, a1-antitrypsin, and IL-1RA ( Ceron et al., 2005).

Canine acute phase proteins

The most signi� cant positive acute phase proteins in the dog are pentraxins such as C-
reactive protein (CRP), serum amyloid A (SAA), haptoglobin, alpha-1 acid glycoprotein,
� brinogen, and ceruloplasmin (Ceron et al., 2005) (Fig. 5.1).

Pentraxins: Pentraxins are a family of three P-type lectins that act as soluble pattern-
recognition molecules (Du Clos, 2013). Two of the most important are C-reactive protein
(also called PTX1) and pentraxin 3 (PTX3). C-reactive protein (CRP) is the major acute-
phase protein in dogs. It increases 100-fold in diseases such as pyometra-associated sepsis,
babesiosis, leishmaniasis, parvovirus infections, and colibacillosis. Canine CRP has a molec-
ular weight of approximately 100 kDa. It has a discoid pentameric structure ( � ve 22-kDa non-
covalently bound subunits arranged in a circle) with two faces. Two of the � ve subunits are
glycosylated. Thus, in effect, there are two isotypes of canine CRP. One of 25 kDa that is gly-
cosylated and one of 22 kDa that is not. One face of the CRP disk binds phosphocholine, a
common side chain found in all cell membranes and many bacteria and protozoa. The other
face binds to the antibody receptors FcgRI and FcgRIIa on neutrophils. CRP also tends to
form stacks. CRP thus acts as an opsonin and promotes the phagocytosis and removal of
damaged, dying, or dead cells in addition to invading microorganisms. CRP can bind to bac-
terial polysaccharides and glycolipids and to necrotic cells, where it activates complement
C1q. (Its name derives from its ability to bind and precipitate the C-polysaccharide of Strep-
tococcus pneumoniae.) CRP also has an antiin� ammatory role since it inhibits neutrophil
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FIGURE 5.1 The rise in C-reactive protein
levels in six dogs following anesthesia and
surgery (red line) and in six dogs undergoing
anesthesia alone (blue line).From Burton, S.
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superoxide production and degranulation and blocks platelet aggregation. CRP stimulates
� brosis and may promote healing by enhancing the repair of damaged tissue. Its concentra-
tion in normal dogs is usually less than 5 mg/L ( Caspi et al., 1984) (Fig. 5.1).

Pentraxin 3

Pentraxin 3 (PTX3) is produced in response to TNF-a, IL-1b, and some microbial compo-
nents. It is produced by monocytes/macrophages, neutrophils, endothelial cells, and stromal
cells. PTX3 levels rise faster than CRP in acute-phase responses since it is stored preformed
and rapidly released from neutrophil granules. PTX3 can bind to diverse bacteria, fungi,
and viruses and promote their phagocytosis. High PTX3 levels are associated with disease
severity and mortality in human patients suffering from a systemic in � ammatory response
syndrome (Bastrup-Birk et al., 2013). PTX3 has been identi� ed in dogs where it is found in
crevicular � uid.

Serum amyloid A

Serum amyloid A, an apolipoprotein of 15 kDa, normally plays a role in cholesterol trans-
port. It is also a major acute-phase protein in dogs. Thus, canine SAA concentrations may in-
crease up to 1000-fold in bacterial diseases. It reaches a peak concentration after 24e 48 h
before decreasing. The functions of SAA are unclear, but it binds to TLR2 and may also
act as an endogenous TLR4 agonist (Cheng et al., 2008). This leads to NF-kB activation
and the production of multiple in � ammatory cytokines. SAA recruits lymphocytes to in � am-
matory sites and induces enzymes that degrade the extracellular matrix. SAA is a chemoat-
tractant for neutrophils, monocytes, and T cells. It regulates the intensity of in� ammation by
inhibiting myeloperoxidase release and lymphocyte proliferation.

HMGB1

High-mobility group box-1 (HMGB1) is protein with several distinct functions. It is a
chromatin-associated transcription factor that controls DNA folding. It also acts as a ligand
for the receptor for advanced glycation end products (RAGE) and so activates several cell
signaling pathways and triggers sickness behavior. Although IL-1, IL-6, and TNF- a have
long been known to cause septic shock and sickness behavior, it is now clear that these three
molecules induce the slow release of HMGB1 from macrophages (Sha et al., 2008). HMGB1
has been implicated in food aversion and weight loss by its actions on the hypothalamice
pituitary axis. It mediates endotoxin lethality, joint pain, and macrophage activation. The
in� ammation induced by necrotic cells is caused in part by the escape of HMGB1 from dis-
rupted nuclei and damaged mitochondria ( Yang et al., 2005). Canine HMGB 1 is a 24 kDa
protein with an amino acid sequence that is 100% identical to human HMGB1. Its gene is
located on canine chromosome 25 (Escobar et al., 2003). HMGB1 is thus an acute phase pro-
tein but unlike CRP that peaks at 24 h, HMGB1 increases slowly following surgery to peak at
about 72 h. It reaches especially high levels in dogs suffering from a systemic in� ammatory
response syndrome (Ishida et al., 2011).
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Iron-binding proteins

One of the most important factors that determines the success or failure of bacterial inva-
sion is the availability of iron. Most pathogenic bacteria, such as Staphylococcus aureus, Escher-
ichia coli, Bacillus anthracis, Pasteurella multocida, and Mycobacterium tuberculosis, require iron
for growth. As a result, bacteria and their hosts compete for the same metal. The result of
this competition may determine the outcome of an infection ( Cassat& Skaar, 2013).

Iron concentrations in canine blood are normally very low d 212.2 mg/dL ( Chikazawa
et al., 2013). Almost all of the available iron is bound to iron-binding proteins such as trans-
ferrin, lactoferrin, hepcidin, siderocalin, haptoglobin, and ferritin.

Iron is usually absorbed from food by duodenal enterocytes. It binds to cell surface ferro-
portin and is transported to the bloodstream where it is bound by transferrin. Most of this
iron is incorporated into hemoglobin in red cells. Less than 10% of a dog’s needs are, how-
ever, met by importing dietary iron. Most are derived by recycling aged or damaged red cells.
Aged red cells give up their iron when ingested by splenic macrophages. The macrophages
phagocytose these cells and catabolize the hemoglobin using hemoxygenase. They release the
iron obtained from hemoglobin into the circulation via ferroportin. The exported iron binds to
transferrin and is carried to erythroblasts for use in new red cell production ( Ganz & Nemeth,
2015).

Dogs respond to microbial invasion by producing two additional acute-phase proteins,
hepcidin and haptoglobin. Hepcidin is produced by hepatocytes under the in � uence of IL-
1 and IL-6. It binds to ferroportin and triggers its internalization and degradation. Hepcidin
also suppresses intestinal iron absorption by downregulating ferroportin expression in enter-
ocytes (Johnson et al., 2010). In healthy individuals, hepcidin production is regulated by sys-
temic iron availability, or by erythropoietic signals and hypoxia. During infections, however,
IL-6 and IL-1 stimulate the hepcidin promoter. As a result, hepcidin increases, ferroportin de-
creases, iron absorption by enterocytes is blocked, and macrophages can no longer export
their iron ( Drakesmith & Prentice, 2012). Dogs possess two isoforms of hepcidin, but it is un-
clear whether they have different functions. Iron availability for red blood cell production
drops, and a hypoferremia develops. Chronically infected animals become anemicd the ane-
mia of infection. This is usually a mild normocytic, normochromic, nonregenerative anemia
(Chikazawa & Dunning, 2016).

Mammals may also capture iron by stealing bacterial siderophores. Thus, during bacterial
infections, the liver, spleen, and macrophages synthesize a protein called lipocalin 2. Lipoca-
lin 2 (also called siderocalin) binds the bacterial siderophore enterochelin with very high af-
� nity. Lipocalin 2 is essential for limiting the growth of enterochelin-producing bacteria such
as E. colibut does not affect bacteria that employ other methods to acquire iron. (It is inter-
esting to note that canine lipocalin 2 is a major human allergen!)

Haptoglobin

Haptoglobin is a moderate canine APP that increases 5e 10-fold and peaks around 48e 72 h
before declining slowly. Haptoglobin binds free hemoglobin and as a result, limits the
amount of iron available to growing bacteria. It may inhibit neutrophil phagocytosis and
chemotaxis. Free hemoglobin also has a proin� ammatory effect, so its removal prevents
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excessive in� ammation. Dog haptoglobin has a molecular weight of 81 kDa and is similar to
human haptoglobin 1e 1. It differs in that it is a noncovalently linked heterodimer with a gly-
cosylated a-chain. Normal healthy dogs have a normal haptoglobin level that is relatively
much higher than in other domestic mammals (0.60 � 0.55 mg/mL) and this can rise to
over 11.6� 3.2 mg/mL in arthritic dogs ( Ceron et al., 2005). Serum ferritin is also considered
to be a moderate APP in dogs although there is little data to support this.

Fibrinogen

Fibrinogen is a b-globulin consisting of a glycoprotein trimer linked by interchain disul � de
bonds. It plays a key role in blood clotting. The canine protein is very similar to human � brin-
ogen. It is a signi� cant acute-phase protein in the dog. Levels of� brinogen and its plasmin-
PTX3e mediated degradation fragment, D-dimer are elevated in the blood of dogs with DIC
(Mantovani & Garlanda, 2023).

Ceruloplasmin

Ceruloplasmin is a 151 kDa a2-glycoprotein encoded by a gene on chromosome 23 in dogs.
It contains about eight atoms of copper per molecule. It is a more sensitive APP than� brin-
ogen. Ceruloplasmin is a copper binding protein that out-competes invading bacteria for this
essential element. It is a moderate APP in the dog.

Protease inhibitors

Large quantities of proteases are released by injured and broken cells as well as by acti-
vated leukocytes. These need to be neutralized. Two important proteases that are also acute
phase proteins in dogs are alpha-1-acid glycoprotein (AGP) and inter-a-trypsin inhibitor
heavy chain 4 (ITIH4). A highly glycosylated protein of 43 kDa in the dog, AGP is an antiin-
� ammatory protein as well as promoting the production of IL-1 receptor antagonist and thus
suppressing excessive in� ammation. In pregnant dogs, haptoglobin, ceruloplasmin, CRP,
and � brinogen levels all increase midway through gestation. ITIH4 is a moderate acute phase
protein (Soler et al., 2016). There is a fourfold increase in ITIH4 levels after major surgery
(ovariohysterectomy or mastectomy) in dogs.

Calprotectin

Canine calprotectin consists of paired proteins of 10 and 15 kDa belonging to the S100/cal-
granulin protein family (S100A8 and S100A9). They are present in large amounts in neutro-
phil and immature macrophage cytosol. They are released into the circulation by activated
neutrophils and macrophages during infections. Thus, calprotectin is an endogenous
DAMP. Its serum concentration correlates with the number of activated neutrophils in a
lesion. In normal healthy canine blood this ranges from 0.6 to 11.8 mg/L ( Heilmann et al.,
2019). Its concentration is increased in canine systemic in� ammatory response syndrome
and sepsis. Its concentration also increases in the feces of dogs with in� ammatory bowel
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disease. Calprotectin has antibacterial and antifungal activity. It has been puri� ed and
partially characterized in the dog ( Heilmann et al., 2008).

Negative APPs

Some serum protein levels fall by greater than 25% during acute in� ammation. These are
called “ negative” acute-phase proteins. They may drop rapidly over the � rst 24 h or decline
slowly over several days. Two of the most important in dogs are albumin and transferrin. The
decline may be due to decreased production or increased catabolism. The albumin tends to
decline gradually and is especially signi� cant in chronic diseases. It serves as a source of
amino acids that can be used on demand, such as during infections and in� ammation. Trans-
ferrin is an iron-transporting molecule. A third negative APP in the dog is adiponectin.

Breed differences

Few signi� cant age differences have been reported in APPs in dogs although Yorkshire ter-
riers and Dachshunds are reported to have lower levels of AGP compared to Poodles, Cocker
Spaniels, Labrador Retrievers, and German Shepherds. As a result, the AGP levels in dogs
range widely from 40 to 1070 mg/L ( Ceron et al., 2005) No signi � cant sex differences have
been reported in CRP levels, but as pointed out above, APPs increase in pregnancy.

Protein misfolding diseases

Amyloidosis is the name given to the deposition of insoluble proteins in body organs.
These deposits appear as amorphous, eosinophilic, hyaline proteins in cells and tissues. Am-
yloid proteins are produced as a result of errors in the folding of newly formed protein
chains. These misfolded chains eventually aggregate to form insoluble� brils. Electron micro-
scopy shows that amyloid proteins consist of � brils, formed by peptide chains cross-linked to
form b-pleated sheets. This molecular conformation makes amyloid proteins extremely insol-
uble and almost totally resistant to proteases. Consequently, once deposited in cells or tissues,
amyloid is almost impossible to remove. Amyloid in � ltration eventually leads to gradual cell
loss, tissue destruction, and death. Amyloidosis may involve multiple organs, or it may be
localized, involving only a single organ ( Herczenik & Gebbink, 2008).

At least eight different proteins have been shown to misfold and form amyloid � brils in
dogs. The most important of these proteins is the acute-phase protein, SAA. Fragments of
SAA tend to accumulate, misfold, form � brils, and then be deposited extracellularly in or-
gans. As a result, amyloidosis develops in response to long-term, persistent in� ammationd
reactive amyloidosis. This material, the most common form in dogs, is called amyloid A.
Reactive (AA) amyloidosis is associated with chronic in� ammatory diseases such as osteomy-
elitis, chronic abscesses, and pneumonia. Pentraxin 2 (serum amyloid P) binds and stabilizes
AA amyloid � brils.

Familial amyloidosis of Shar Pei dogs consists of reactive amyloid deposited in renal
glomeruli, the renal medulla, the pancreas, and the liver following repeated chronic
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in� ammatory episodes triggered by the release of excessive hyaluronic acid. Other forms of
localized amyloidosis are recognized in dogs. For example, AL amyloidosis caused by aggre-
gates of immunoglobulin light chains has been reported to occur in association with mye-
lomas but is very uncommon. AL amyloidosis in dogs is usually deposited in the skin and
ears (Geisel et al., 1990). Amyloid deposits may also form in the brain of old dogs. They
consist of Ab-amyloid deposited in the media of leptomeningeal and cortical arteries.
Aged dogs may also develop amyloid deposits in the heart, gastrointestinal tract, and lungs.
These appear to be derived from apolipoprotein A1 (Woldemeskel, 2012).

In � ammatory disease syndromes

Tissue injury as a result of trauma can result in the immediate activation of innate immune
responses. These responses serve to limit further damage and initiate healing. However, they
can also drive further complications. The innate responses to trauma fall into two phases. In
the � rst phase, additional tissue damage may occur as a result of a systemic in� ammatory
response. The tissue damage results in the activation of neutrophils and macrophages.
ROS are generated as a result of their oxidative burst. This may cause additional damage.
In the second phase there is a compensatory antiin� ammatory response syndrome. As a
result, the animal may become immunosuppressed. This can result in sepsis and septic shock
leading to organ failure ( Hietbrink et al., 2006; Huber-Lang et al., 2018).

Systemic in� ammatory response syndrome

In� ammation is an important and necessary defensive process. However, if it is uncon-
trolled, in � ammation can lead to organ damage and death. When dogs die from infectious
diseases or malignancies, death is not always attributable to a direct effect of the pathogen
or its toxins but may be a result of a systemic in� ammatory response syndrome (SIRS)
(Fig. 5.2). After massive tissue damage, large amounts of cellular components including
HMGB1, mitochondria, proteases, and oxidants may escape into the bloodstream and trigger
a hyperin� ammatory response. These DAMPs activate sentinel cells and as a result generate
large quantities of in� ammatory mediators such as TNF-a, IL-1b, IL-18, IFN-g, CXCL8, and
IL-6 (Lee & Cron, 2023). They also generate large amounts of the complement fragment, C5a.
The cytokines and C5a in turn trigger the activation of more T cells and the release of yet
more cytokines, leading to even greater cell destruction. Combinations of TNF-a plus IL-
18, interferon-g, or IL-1b are especially lethal. Animals develop high fevers, cytopenias,
and coagulopathies. This “ cytokine storm” (hypercytokinemia) can result in multiple organ
failure, overwhelming systemic in � ammation, and death. The most important of these cyto-
kine storms are generated by massive tissue trauma. However, many viruses such as in� u-
enza, and parvovirus, can also trigger excessive cytokine release and death (Babyak &
Sharp, 2016). Dogs with SIRS develop tachycardia, tachypnea, leukopenia, and a fever.
Thus, puppies with severe parvoviral enteritis resulting in diarrhea, dehydration, and hypo-
volemia can develop lethal SIRS (Paul et al., 2023). They develop hyponatremia, hypoalbumi-
nemia, and hypoproteinemia as well as a disrupted acid:base balance (Fig. 5.2).
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Bacterial septic shock

Septic shock (sepsis) is the name given to a SIRS with infections, and complicated by
reduced blood pressure and unresponsiveness to� uid therapy. It accounts for about 9% of
human deaths in the United States and is a correspondingly important cause of canine deaths.
Severe infections may cause excessive triggering of TLRs leading to a massive and uncon-
trolled release of HMGB1. Other cytokines involved are TNF-a and IL-1b, with IFN- g,
IL-6, IL-3, and CXCL8 in a supporting role. These cytokines in turn stimulate nitric oxide syn-
thase 2 (NOS2), leading to an increase in serum nitric oxide and COX-2, and resulting in
massive prostaglandin and leukotriene synthesis. This excessive mediator release causes se-
vere acidosis, fever, lactate release in tissues, an uncontrollable drop in blood pressure,
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FIGURE 5.2 The pathogenesis of the systemic in� ammatory response syndrome. In effect, the syndrome results
from overexpression of multiple cytokines. These cytokines trigger a series of events that result in widespread cell
death and multiple organ failure.
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elevation of plasma catecholamines, and eventually renal, hepatic, and lung failure. Tissue
damage, severe systemic in� ammation, and the release of damaged cell fragments all act
to raise blood levels of tissue factor, a key initiator of coagulation. Vascular endothelial cell
apoptosis may cause their detachment from the basement membrane. The cytokines activate
the vascular endothelium so that procoagulant activity is enhanced, leading to blood clotting.
The nitric oxide causes vasodilation and a drop in blood pressure. The prostaglandins and
leukotrienes cause an increase in vascular permeability. This combination may result in
disseminated intravascular coagulation (Lewis et al., 2012). It is of interest to note that in
dogs suffering from pyometra, both C-reactive protein levels and HMGB-1 levels are
elevated. However, in dogs that subsequently suffer sepsis, the CRP levels are elevated but
not HMGB-1 levels. HMGB-1 levels were correlated with the total white count in both
groups. This suggests that these two proteins are independently regulated (Karlsson et al.,
2013).

Multiple organ dysfunction syndrome

Multiple organ dysfunction syndrome (MODS) is de � ned as altered organ function in an
acutely ill animal such that homeostasis cannot be maintained without intervention ( Osterbur
et al., 2014). It is usually a sequel to severe sepsis or septic shock but can also develop as a
result of major trauma or anything else that will induce a systemic in � ammatory response
syndrome. It is characterized by hypotension, insuf� cient tissue perfusion, uncontrollable
bleeding, and organ failure caused by hypoxia, tissue acidosis, mitochondrial dysfunction,
and cytopathic hypoxia, tissue necrosis, and severe local metabolic disturbances. The re-
ported incidence of MODS in dogs is about 4% in trauma and 50% in sepsis cases. The path-
ogenesis of MODS is unclear, but it appears to result from immune system dysregulation and
subsequent mitochondrial dysfunction. The immune system dysregulation may be due to
overregulation of the in � ammatory response and a compensatory antiin� ammatory response
as well as the excessive release of neutrophil reactive oxygen species leading to lethal tissue
damage. MODS can affect the liver, respiratory system, brain, adrenal, the heart, and the kid-
neys. It permits bacterial translocation from the gastrointestinal tract and disseminated intra-
vascular coagulation. Its development is associated with a poor outcome (Fig. 5.3).

The sensitivity of mammals to septic shock varies greatly. Species with pulmonary intra-
vascular macrophages tend to be more susceptible than dogs, which lack these cells and are
relatively insusceptible to lung injury ( De Clue et al., 2011).

Disseminated intravascular coagulation

Disseminated intravascular coagulation (DIC) is a severe clinical syndrome characterized
by dysregulation of the clotting and � brinolytic cascadesd an imbalance between bleeding
and clotting! (Berthelsen et al., 2011) It is a feature of pancreatitis, envenomation, immune-
mediated hemolytic anemia and hemangiosarcomas. The clotting cascade is initially triggered
by injury to vascular endothelial cells caused by ischemia, chemical mediators or by the
release of neutrophil NETS. It also results from the excessive production of a transmembrane
glycoprotein called “ tissue factor” (TF). TF is normally masked and does not trigger blood
clotting in healthy tissues. However, TF is released on exposure to cytokines, especially
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IL-1 and TNF-a. It is also released by massive tissue damage or by exposure to bacteria and
bacterial endotoxins in Gram-negative sepsis (Fig. 5.4). The TF transforms prothrombin to
thrombin to form � brin thrombi. Simultaneous downregulation of anticoagulant systems re-
sults from reduced antithrombin synthesis (it is a “ negative” acute-phase protein). Activation
of the clotting cascade leads to the formation of � brin, NETs, and platelet microthrombi in
small blood vessels throughout the body. These clots cause intravascular thrombosis and
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can lead to ischemia, impaired organ perfusion, and widespread damage (Wada, 2004)
(Fig. 5.4).

At same time, the excessive thrombin released activates plasminogen to generate plasmin,
that causes� brinolysis. When the microthrombi break down, they release � brin breakdown
products such as D-dimer, that promote hemorrhage. In addition, the newly formed thrombi
consume clotting factors and platelets. As a result, normal clotting does not occur, and uncon-
trolled bleeding may result. Plasmin also activates the complement and kinin systems and
these also promote, in� ammation, hypotension, and increased vascular permeability. The
occurrence of DIC carries with it a poor prognosis.
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Canine cytokines

The immune responses require that many different cells interact with one another. These
conversations are mediated, not only by celle cell contact but also through the release of
diverse soluble signaling proteinsd cytokines. As a result, cells of the immune systems
generate many different cytokines that control their behavior and interactions ( Myers &
Murtaugh, 1995). Unlike hormones, that tend to affect a single target cell type, cytokines
affect many different cell types. In addition , immune system cells rarely produce a single
cytokine at a time and cells thus respond to complex cytokine mixtures. The composition
of these cytokine mixtures and the messages delivered also vary over time as the cytokine
environment changes. The most obvious and important role of cytokines in dogs is to
trigger the processes of acute in� ammation and sickness behavior in response to microbial
invasion. The four major cytokines generated by responding sentinel cells are TNF-a, IL-1,
IL-6, and IL-18. They act in concert to produce the most effective in� ammatory response
possible.

In � ammatory cytokines

Tumor necrosis factor-a

Canine tumor necrosis factor-a (TNF-a) is a protein of 17 kDa produced by endothelial
cells, macrophages, T cells, B cells, and� broblasts in response to TLR stimulation. It contains
234 amino acids and has 90.8% sequence identity to human TNF-a (Soller et al., 2007). TNF-a
is encoded by a gene consisting of four exons on chromosome CFA 12 located within the DLA
class III region. The active cytokine consists of a 35 amino acid cytoplasmic domain, a 21
amino acid transmembrane domain, and a 177 amino acid extracellular domain. It is initially
assembled intracellularly to form a noncovalently linked homotrimer that is expressed on the
cell surface. The membrane-bound molecule is subsequently cleaved from the cell surface by
a protease called TNF-a convertase. The bioactive cytokine is a 55 kDa trimer. TNF-a acts
through two receptors: TNFR1 is found on diverse cells, where it can bind both soluble
and membrane-bound TNF-a; and TNFR2 that is restricted to the cells of the immune system
and responds only to membrane-bound TNF-a (Fig. 6.1).

C H A P T E R

73
The Immunology of the Dog
https://doi.org/10.1016/B978-0-443-23681-5.00006-8

© 2024 Elsevier Inc. All rights are reserved, including those for text
and data mining, AI training, and similar technologies.



Soluble TNF-a in turn triggers the release of chemokines and cytokines from nearby cells
and promotes the adherence, migration, attraction, and activation of leukocytes. Subse-
quently, TNF-a facilitates the transition from innate to adaptive immunity.

TNF-a is an essential mediator of in� ammation because, in combination with IL-1, it trig-
gers changes in small blood vessels. A local increase in TNF-a causes the classic signs of
in� ammation, including heat, swelling, pain, and redness. Circulating TNF- a can depress car-
diac output, induce microvascular thrombosis, and cause capillary leakage. TNF-a acts on
neutrophils to enhance their ability to kill microbes. It attracts neutrophils to sites of tissue
damage and increases their adherence to vascular endothelium. It stimulates macrophage
phagocytosis and oxidant production. TNF- a induces macrophages to increase its own syn-
thesis together with that of IL-1. It ampli � es and prolongs in� ammation by promoting macro-
phage synthesis of enzymes such as NOS2 and COX2, and it also activates mast cells. Mast
cell-derived TNF is required for neutrophil recruitment to in � amed skin because it activates
endothelial cells and triggers chemokine release (Dudeck et al., 2021).

As its name implies, TNF-a can kill some tumor cells as well as virus-infected cells. In high
doses, TNF-a can cause septic shock. Other important members of the TNF-a family include
TNF-b (or lymphotoxin); CD40L; and FasL (CD95L).

The gene encoding canine TNF-a has several unique features. For example, a polymorphic
tetranucleotide microsatellite (GAAT) n is present in the � rst intron of the TNFA gene. Surveys
of multiple breeds have identi � ed four alleles with � vee eight tandem repeated sequences.
Their frequency varies greatly between breeds. TNF-a is produced by adipocytes as are
two other cytokines, resistin and IL-6. In studying the genes encoding these three proteins,
12 novel polymorphisms have been found in the TNFA gene (including 1 missense SNP), 8
in the RETN gene (1 is a missense SNP), and 4 in the IL-6 gene. These SNPs are correlated

FIGURE 6.1 TNF-a, its sources, and its functions.
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with body condition scores. Two of these SNPs located in the noncoding region of the TNFA
gene are associated with obesity in Labrador Retrievers (Mankowska et al., 2016).

Interleukin-1

When stimulated by microbial products through CD14 and TLR4, sentinel cells also syn-
thesize cytokines belonging to the interleukin-1 family ( Dinarello et al., 2010). The most
important of these are IL-1a and IL-1b. IL-1b is synthesized as a large precursor protein
that is cleaved by caspase-1 to form the active 17.5-kDa molecule. The canine IL-1b molecule
has 62.8% sequence identity to the human, and it contains 267 amino acids (Soller et al., 2007).
10- to 50-fold more IL-1b is produced than IL-1a, and whereas IL-1b is secreted, IL-1a re-
mains attached to the cell surface. As a result, IL-1a only acts on cells that directly contact
macrophages. (This is known as juxtacrine signaling) (Fig. 6.2). Canine IL-1a has 68.5%
sequence identity to the human molecule and contains 266 amino acids (Soller et al., 2007).
Like TNF-a, IL-1b acts on nearby cells to initiate and amplify in � ammation. For example,
it acts on vascular endothelial cells to make them adhesive for neutrophils. IL-1b also acts
on macrophages to stimulate their synthesis of NOS2 and COX2 (Dinarello, 2018). Transcrip-
tion of IL-1 b messenger RNA (mRNA) occurs within 15 min of ligand binding. It reaches a
peak 3e 4 h later and levels off for several hours before declining (Sims & Smith, 2010)
(Fig. 6.2).

During severe infections, IL-1b circulates in the bloodstream where, in association with
TNF-a, it is responsible for sickness behavior. Thus, it acts on the brain to cause fever,

INTERLEUKIN-1

PROMOTES INFLAMMATION

  Collagen synthesis
  Chondrocyte activity
  Fibroblast activity
  Bone resorption

  Tumor cells
  Fibroblasts
  Keratinocytes
  Mesangial cells
  Glial cells
  Vascular smooth
             muscle

  Mucus production
  Lipoprotein lipase
  Acute-phase protein synthesis
  Mobilizes amino acids

  IFN-�  synthesis
  Integrin expression

  Th2 cell cytokine production
  Eosinophil degranulation
  Basophil degranulation

  Fever
  Drowsiness
  Loss of appetite
  Malaise

AFFECTS CELL GROWTH

AFFECTS THE BRAIN

AFFECTS LEUKOCYTES

AFFECTS METABOLISM

KILLS CELLS

AFFECTS BLOOD FLOW

Macrophages
and many others

INTERLEUKIN-1

FIGURE 6.2 IL-1b, its sources, and its functions.
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lethargy, and malaise. It acts on muscle cells to mobilize amino acids, causing pain and fa-
tigue. It acts on liver cells to induce the production of acute-phase proteins (Dinarello, 2018).

The most important IL-1 receptors are CD121a and CD121b. CD121a is a signaling recep-
tor, whereas CD121b is not. CD121b thus binds IL-1 but nothing more happens! If soluble
CD121b binds IL-1, it acts as an antagonist. IL-1 activity is also regulated by IL-1 receptor
antagonist (IL-1RA), a protein that binds and blocks CD121a. IL-1RA is therefore an impor-
tant regulator of IL-1 activity and in � ammation. It reduces mortality in septic shock and
graft-versus-host disease and has antiin� ammatory effects (Heaney & Golde, 1996).

IL-1 is a member of a large family of cytokines that regulate innate immune responses.
Other important family members include IL-1RA, IL-18, IL-33, IL-36, IL-37, and IL-38. All
these cytokines signal through closely related receptors. Some, like IL-36, have a proin� am-
matory effect, while others such as IL-37 have antiin� ammatory effects.

Interleukin-6

Canine interleukin-6 is a glycoprotein of 22e 28 kDa produced by macrophages, T cells,
and mast cells. It is encoded by a gene located on chromosome 14 containing 5 exons. It is
187 amino acids in length and shares 58% sequence identity with human IL-6. Its production
is triggered by bacterial endotoxins, as well as by IL-1 and TNF-a. Like the other in� amma-
tory cytokines, IL-6 is multifunctional ( Murakami et al., 2019). Thus, it promotes in� amma-
tion, especially in response to tissue damage and severe infections, and it is a major
mediator of fever, the acute-phase response, and septic shock. IL-6 receptors are found on
T cells, neutrophils, macrophages, hepatocytes, and neurons. IL-6 also has an antiin� amma-
tory role in that it inhibits some activities of TNF- a and IL-1 and promotes the production of
the suppressive cytokine IL-10. It has been suggested that IL-6 regulates the transition from a
neutrophil-dominated process early in in � ammation to a macrophage-dominated process
later (Kaplanski et al., 2003).

IL-6 signals to target cells through a heterodimeric receptor with an antigen-binding chain
(IL-6Ra) and a signal transducing component, gp130. This can be done in two ways. In its
classic signaling pathway the IL-6 can signal directly to target cells such as leukocytes and
hepatocytes through the heterodimer. In its trans-signaling pathway, soluble IL-6Ra can
bind and form soluble complexes with IL-6. These circulating complexes can then act on
any target cells that express gp130. (gp130 is ubiquitous so many cell types can respond to
IL-6.) IL-6 is released by skeletal muscle cells in response to exercise where it exerts an anti-
in� ammatory role (Wolf et al., 2014). The IL-6 receptor family also includes the receptors for
IL-11, IL-27, IL-35, and IL-39 (Murakami et al., 2019).

Interleukin-18

Canine interleukin-18 is an IL-1 family member of about 22 kDa (193 amino acids) consti-
tutively produced by macrophages and monocytes. It is also produced by keratinocytes and
other epithelial cells. Like IL-1b, it is synthesized as an inactive 24 kDa precursor and then
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activated by cleavage by caspase 1. Like the other cytokines listed here, IL-18 promotes
in� ammation by promoting nitric oxide and chemokine production. However, it does not
induce a fever. IL-18 also activates Th1 and NK cells through NF-kB to promote the produc-
tion of IFN- g, TNF-a, IL-1, CD95L, and several chemokines. This can lead to positive feed-
back where the IL-18 and IFN-g reinforce each other’s activities. IL-18 activity is regulated
by a naturally occurring, high-af � nity, IL-18-binding protein ( Dinarello et al., 2013; Hayden
& Ghosh, 2008).

Regulatory cytokines

When an adaptive immune response is mounted, cytokines derived from antigen-
presenting cells such as dendritic cells determine which helper T-cell subsets are activated
and hence whether a dog will mount a type 1 or type 2 immune response. Cytokines that pro-
mote type 1 responses include IL-12 and IFN-g. These activate the transcription factor Tbet.
Cytokines that induce type 2 responses include IL-4, IL-33, and TSLP. These activate the
GATA3 transcription factor.

Type 1 immune response inducers

Interleukin-12

IL-12 is a member of a family of related proteins that also includes IL-23, IL-27, IL-35, and
IL-39 (Tait Wojno et al., 2019). These are all heterodimeric proteins. For example, IL-12 is
formed by two chains, p35 of 23.6 kDa and p40 of 36.3 kDa. Mature canine p35 contains
197 amino acids. It shares 86% homology with the human molecule. The p35 chain is an a-
helical protein with homology to IL-6 and G-CSF. Mature canine p40 contains 307 amino
acids. It shares 85% homology with the human molecule. When linked as a heterodimer to
p19 it forms IL-23 (Parham et al., 2002). Some of these chains are shared with other family
members. All the members of the family regulate T-cell function. Thus, IL-12 and IL-27
generate Th1 cells, whereas IL-23 generates Th17 cells (Tait Wojno et al., 2019).

Interferon-g

There is only one type II interferon in dogs, IFN- g. Its major function is the mediation of
Th1 cell responses. Canine IFN-g is a nonglycosylated homodimer with 4 chains of 166 amino
acids and a molar mass of 16.9 kDa. Each chain is encoded by four exons. Its gene is located
on chromosome CFA 10 (Klotz et al., 2017). IFN-g is mainly produced by Th1 cells, CD8þ

cytotoxic T cells, and natural killer (NK) cells, with lesser amounts from antigen-presenting
cells, B cells, and natural killer (NK) T cells. It activates cells through the JAK-STAT receptor
pathway ( Villarino et al., 2017). It promotes macrophage activation, suppresses Th2 cells, and
enhances NK cell activities.
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Type 2 immune response inducers

Interleukin-4

Canine IL-4 is a 13e 18 kDa monomeric glycoprotein produced by Th2 cells and mast cells.
Its targets are T cells, B cells, and macrophages. Canine IL-4 shares only 46% sequence homol-
ogy with the human molecule. Signaling through STAT6, IL-4 activates the Th2-speci� c tran-
scription factor GATA3. GATA3 is the master regulator of Th2 differentiation. IL-4 promotes
IgG and IgE production, inhibits IFN- g expression and Th17 cell production. IL-4 is essential
for antibody production because it activates B cells. IL-4 shares overlapping intracellular
signaling pathways and biological functions with IL-13 ( Fig. 6.3).

Interleukin-33

Canine IL-33 is a 28.1 kDa protein belonging to the IL-1 family. Its gene is located on
canine chromosome 11. It is produced by many different cell types, especially keratinocytes,
bronchial epithelial cells, and enterocytes. It is also present in vascular endothelial cells (Har-
aldsen et al., 2009). IL-33 is not secreted like a conventional cytokine but is stored in the cell
nucleus where it regulates DNA transcription. It is only released by cell death, injury, or
stress. It can also be released by living cells following activation of their protease-activated
receptors (Enoksson et al., 2011). It promotes allergic diseases while playing a protective
role in helminth infections ( Liew et al., 2016).

IL-33 functions as an alarmin when it escapes from damaged or dying cells (Lunderius-
Andersson et al., 2012). It is especially potent at activating ILC2 cells, but it also activates
DC2 cells, Th2, and Tfh cells as well as Tregs and mast cells. The release of IL-33 by epithelial
cells therefore results in the development of type 2 immunity and allergic in � ammation. IL-33
is a key inducer of the type 2 cytokines, IL-4, IL-5, and IL-13. (IL-33 together with IL-25 and
TSLP all promote Th2 responses, but IL-33 is by far the most potent.) When IL-33 is exposed
to neutrophil and mast cell proteases, it is converted into short potent peptides. These

FIGURE 6.3 IL-4, its sources, and its functions.
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peptides also promote type 2 activity by stimulating mast cell and ILC2 cell production of IL-
5, IL-6, and IL-13, and thus triggering an eosinophilia.

IL-33 promotes IgE-mediated degranulation of mast cells as well as IgE production, eosin-
ophilia, and goblet cell proliferation. Additionally, it induces mast cell production of leuko-
trienes and cytokines and as a result, can trigger acute allergic attacks in the absence of
allergen. IL-33 also binds to sensory neurons triggering intense pruritus and scratching
behavior. IL-33 is thus a key mediator of atopic disease.

TSLP

Thymic stromal lymphopoietin (TSLP) is a 15 kDa member of the IL-2 family that regulates
type 2 in� ammation at mucosal barriers. It is expressed by bronchial and colonic epithelial
cells, mast cells, keratinocytes, tuft cells, and lung� broblasts. Its greatest expression is in
bronchial smooth muscle cells and in keratinocytes. TSLP production is upregulated in
in� amed skin. TSLP is produced by keratinocytes and mast cells in response to antimicrobial
peptides such asb-defensins and cathelicidin. Its release is also stimulated by many allergens
(especially those with protease activity), infections, and some chemicals.

TSLP may be considered a master regulator that triggers and maintains allergic in� amma-
tion on barrier surfaces (Ebina-Shibuya & Leonard, 2023). Its activities overlap signi � cantly
with the other two regulatory cytokines, IL-33 and IL-25. Like IL-33, TSLP activates type 2
dendritic (DC2) cells. It stimulates their cytokine production and so promotes IgE production.
The activated DC2s also secrete chemokines that attract neutrophils and eosinophils. TSLP
also causes DC2 cells to release the chemokines CCL17 and CCL22 that speci� cally attract
Th2 cells. TSLP stimulates basophil production in the bone marrow and over 70% of activated
basophils express TSLP receptors. TSLP receptors are expressed on the dorsal root ganglia
neurons and sensory nerve endings. Thus, when keratinocytes release TSLP, it can act on
nearby neurons to cause severe itching (Ziegler et al., 2013).

T-cell products

Once presented with antigen and appropriately co-stimulated with cytokines, helper
T cells differentiate into several different families with different roles to play in immunity
(Fig. 6.4). Each family produces its own mixture of cytokines that determines the next step
in the adaptive immune response. Some helper T cells secrete a mixture of Th1 and Th2 cy-
tokines. These cells may be precursors of Th1 and Th2 or cells that are in transition between
the two populations. Some IL-2-secreting T cells may switch to become IL-4-secreting cells
after exposure to antigen, implying a change in phenotype from Th1 to Th2. The principal
molecules that control this switch are IL-4 and IL-12. When cultured in the presence of
IL-4, undifferentiated helper cells become Th2 cells. When cultured in the presence of
IL-12, they become Th1 cells. Mixed cell populations are most obvious early after initiation
of an immune response, whereas Th1 and Th2 subsets are more obvious in chronic diseases
where the antigens are persistent (Fig. 6.4).
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Th1 cells

Type 1 helper cells characteristically produce TNF-a, IFN-g, and IL-2.

Interleukin-2

Canine IL-2 is a protein of 15.6 kDa encoded by a gene located on chromosome 19 that con-
tains four exons. It has 86% homology to the human molecule. IL-2 is produced by activated
CD4þ Th1 cells. Some is also produced by CD8þ cells, NKT cells, dendritic cells, and mast
cells (Fig. 6.5). Its targets are T, B, and NK cells and macrophages. IL-2 is a potent stimulator
of T-cell proliferation, IFN- g production, and antibody production by B cells. It enhances the
cytotoxicity of CD8 þ T and NK cells. It promotes T-cell differentiation into Th1 and Th2 sub-
sets while also inhibiting Th17 differentiation. IL-2 is essential for the survival of regulatory
T cells as well as for activation-induced cell death. Thus, it has a broad range of essential func-
tions (Boyman & Sprent, 2012; Mitra & Leonard, 2018) (Fig. 6.5).

Th2 cells

Type 2 helper cells characteristically produce IL-4, IL-5, IL-9, and IL-13.

FIGURE 6.4 Antigen processing
cells activate selected T-cell pop-
ulations by releasing a complex
mixture of cytokines, once differenti-
ated, these T-cell populations in turn
exercise their effects by secreting a
speci� c mixture of other cytokines.
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Interleukin-9

Interleukin-9 is a glycoprotein of about 40 kDa produced by T cells (Fig. 6.6). A subset of
Th2 cells that can be stimulated to produce large quantities of IL-9 have been called Th9 cells.
These Th9 cells are generated by a combination of IL-4 and TGF-b. IL-25 and TSLP treatment
of these cells also induces IL-9 release and so enhances allergic responses. Other cells that can
produce IL-9 include ILC2 cells, and a subset of mucosal mast cells (Pajulas et al., 2023)
(Fig. 6.6).

FIGURE 6.6 IL-9, its sources,
and its functions.

FIGURE 6.5 The origins and functions of Interleukin-2.
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IL-9 affects Th2 and ILC2 cells by promoting their differentiation; Th1 cells in which it re-
duces differentiation; mast cells where it promotes mediator release; and eosinophils where it
promotes their development and survival. The main function of the IL-9-producing cells is
probably to defend against parasitic helminths. It is, however, present in the blood of allergic
dogs where it enhances in� ammation by activating mast cells. Th9 cells play important roles
in the development of atopic dermatitis, allergic contact dermatitis, and food allergies.

Interleukin-5

Interleukin-5 is a glycoprotein mainly produced by activated Th2 cells, mast cells, NKT
cells, and eosinophils. In humans it promotes eosinophil production and basophil differenti-
ation. In the dog it is an alpha helical glycoprotein that forms a covalently linked hetero-
dimer. It is synthesized from a 134 aa precursor. It shares 62% homology with human IL-5
(Dougan et al., 2019).

Interleukin-13

Canine IL-13 is a protein of 111 amino acids. It shares 61.8% sequence homology with hu-
man IL-13 (Yang et al., 2000). IL-13 is produced by activated Th2 cells, cytotoxic T cells, NK
cells, mast cells, eosinophils, and dendritic cells. It has biological activities similar to those of
IL-4, because it acts through a receptor (CD213) that shares a common a chain with the IL-4R.
It regulates IgE synthesis and mucus secretion in the airways and intestine. It has antiin� am-
matory properties.

Th17 cells

A subset of helper T cells generate type 3 immune responses. These are primarily antibac-
terial in � ammatory responses mediated by IL-17.

Interleukin-17

Six related cytokines belong to the IL-17 family (IL-17A through IL-17F), but the two most
important members are IL-17A and IL-17F. IL-17A is involved in the development of autoim-
munity, in � ammation, and some tumors. IL-17F is mainly involved in mucosal defense. IL-
17E (also known as IL-25) promotes Th2 responses (Fig. 6.7).

Canine IL-17A is secreted as a disul� de-linked homodimer of about 30 kDa produced by
Th17 cells. (The predicted MW of the monomer is 14.8e 15.2 kDa.) It is also secreted as a
40 kDa heterodimer together with IL-17F. It is 81% identical to human IL-17 in its amino
acid sequence. It contains 130 amino acids. IL-17 binds to a family of cell surface receptors
(IL-17RA thru RE) that signal through NF- kB (Hayden & Ghosh, 2008). Endothelial cells
and macrophages are the main targets of these cytokines since IL-17 plus TNF-a can stimulate
them to produce proin � ammatory chemokines, G-CSF, GM-CSF, IL-1, and IL-6, in� amma-
tory mediators such as acute-phase and complement proteins, and antibacterial defensins.

IL-17 is crucial for coordinating host defenses against many bacteria and fungi. For
example, Th17 cells play a key role in defense against pathogens such asKlebsiella pneumoniae,
Salmonella enterica, Mycobacterium tuberculosis,and Candida albicans. It is believed that they do
so by triggering recruitment of in � ammatory cells leading to rapid pathogen eradication.

6. Canine cytokines82



Engagement of dectin-1 and -2 drives Th17 responses in fungal infections. Th17 cells also play
important roles in many autoimmune diseases such as rheumatoid arthritis (McGeachy et al.,
2019).

Treg cells

Regulatory T cells produce two major suppressive cytokines, IL-10 and TGF-b.

Interleukin-10

Canine IL-10 is a noncovalently linked homodimeric protein. Each monomer is 18.9 kDa
containing 178 amino acids. It has been cloned and shares 80% sequence homology with hu-
man IL-10 (Fig. 6.8).

IL-10 inhibits both innate and adaptive immune responses. It is produced by macrophages
(especially M2 macrophages) and classical dendritic cells in response to microbial products
(Fickenscher et al., 2002). It is also produced by multiple T cell subsets, including some pop-
ulations of helper T cells in response to high antigen doses and IL-12. It is produced in espe-
cially large amounts by Treg cells in response to TGF-b. Small amounts of IL-10 may also be
produced by B cells, mast cells, neutrophils, and natural killer (NK) cells (Ouyang & O’Garra,
2019).

IL-10 downregulates MHC class II and co-stimulatory molecule expression on dendritic
cells and macrophages and hence impairs antigen presentation. IL-10 or IL-10-treated den-
dritic cells can induce a long-lasting, antigen-speci� c, anergic state when T cells are activated

FIGURE 6.7 Interleukin-17 plays a complex role in triggering protective in � ammatory responses.
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in its presence. IL-10 inhibits the synthesis of the Th1 cytokines, IL-1, IFN-g, and TNF-a and
the Th2 cytokines IL-4 and IL-5. Thus, it can regulate both Th1 and Th2 responses. IL-10 also
inhibits the production of IL-5, CXCL8, IL-12, granulocyte-macrophage colony-stimulating
factor (GM-CSF), and granulocyte colony-stimulating factor (G-CSF). It downregulates the
production of IFN- g and TNF-a by NK cells (Castillo & Kolls, 2016). Normal IL-10 levels
in canine serum range from 11.2 to 71.5 ng/L (Kjelgaard-Hansen et al., 2007).

Transforming growth factor- b

TGF-b comprises a family of three glycoproteins (TGF-b1, TGF-b2, and TGF-b3). They are
secreted as inactive precursors that are activated on the cell surface by proteases after binding
to integrins (Fig. 6.9). TGFs are produced by platelets, activated macrophages, neutrophils, B
cells, and T cells and act on T and B cells, dendritic cells, macrophages, neutrophils, and� -
broblasts. Canine TGF-b1 is a disul� de linked homodimer. It contains 390 amino acids and
has 91% identity to the human molecule (Manning et al., 1995) (Fig. 6.9).

TGF-b regulates macrophage activities. It may be either inhibitory or stimulatory, depend-
ing on the presence of other cytokines. Thus, it can enhance integrin expression as well as
phagocytosis by blood monocytes. On the other hand, it suppresses the respiratory burst
and NO production. It blocks monocyte differentiation and the cytotoxic effects of activated
macrophages. TGF-b is required for optimal dendritic cell development and regulates the
interaction between follicular dendritic cells and B cells. TGF-b inhibits T proliferation and
stimulates their apoptosis. Apoptotic T cells release TGF-b, contributing to the suppressive
environment. TGF-b in� uences the differentiation of Th subsets. It not only tends to promote
Th1 responses and the production of IL-2 in naïve T cells but it also antagonizes the effects of

FIGURE 6.8 The origins and functions of Interleukin-10.
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IFN-g and IL-12 on memory cells. It also controls the development and differentiation of B
cells, inhibiting their proliferation, inducing apoptosis, and regulating IgA production.
TGF-b also plays an important role in the immunosuppression that occurs in many tumor-
bearing dogs (Batille & Massagué, 2019).

Other in� ammatory cytokines

Four cytokines play a critical role in triggering and regulating allergic in � ammation. These
are IL-33, and TSLP described above and IL-25, and IL-31. All four promote Th2 and ILC2
activation as well as cytokine production ( Stanbery et al., 2022).

Interleukin-25

IL-25 is an 18 kDa member of the IL-17 family (its alternative name is IL-17E). Its major
sources are Th2 cells, epithelial cells, tuft cells, and innate lymphoid cells. It is also produced
by alveolar macrophages, dendritic cells, mast cells, basophils, eosinophils, keratinocytes,
and mucosal epithelial cells. Its release is triggered by exposure to proteases such as tryptase.
Mast cells produce IL-25 after cross-linking of their Fc� RI. Basophils also produce it after IgE
receptor cross-linking (Borowczyk et al., 2021).

FIGURE 6.9 TGF-b and its functions.
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IL-25 induces dendritic cell responses that initiate and sustain type 2 responses. Unlike
other members of the IL-17 family that attract neutrophils, IL-25 attracts eosinophils as
well as inducing an eosinophilia and promoting IgE production. It is a major activator of
type 2 innate lymphocytes (ILC2). Eosinophils produce IL-25 after treatment with IL-5 and
GM-CSF. Repeated intranasal application of IL-25 results in the production of IL-5 and -13
and the induction of airway hypersensitivity. IL-25 also activates Th2 cells and ILC2 cells
and induces their IL-9 production. Other targets of IL-25 are � broblasts and epithelial cells,
which it induces to secrete eotaxins that can recruit both eosinophils and Th2 cells
(Catalan-Dibene et al., 2018).

Interleukin-31

IL-31 is a protein of 18 kDa and a member of the IL-6 family. It is produced by activated
Th2 cells, mast cells, macrophages, basophils, and dendritic cells. Its receptors are expressed
on keratinocytes and other epithelial cells, eosinophils, activated macrophages, and especially
on dorsal root ganglia neurons and peripheral neurons. When activated they signal to cells
through the Janus kinase pathway. IL-31 is a potent inducer of itch and skin in� ammation.
IL-31 is released by Th2 cells partially in response to histamine acting through H2 receptors.
IL-31 activity in dogs can be blocked by the monoclonal antibody, Lokivetmab.

Inhibition of JAK-STAT signaling can have immunosuppressive and antiin � ammatory ef-
fects. This may be useful in suppressing unwanted immune responses or in� ammation.
Drugs directed against speci� c JAK proteins can have profound antiin � ammatory responses
(Villarino et al., 2017). For example, oclacitinib (Apoquel) is a synthetic selective inhibitor of
JAK1 and JAK3 that blocks signal transduction and inhibits the itching caused by IL-31.

Chemokines

Chemokines are a family of at least 50 proteins of 8e 10 kDa (Baggolini, 1998). They coor-
dinate the migration of leukocytes into in � ammatory sites and within lymphoid tissues and
hence dictate the course of many in� ammatory and immune responses (Luster, 2019). Che-
mokines are produced by sentinel cells, including macrophages and mast cells. They are clas-
si� ed into four subfamilies on the basis of their amino acid sequences. For example, the alpha
(or CXC) chemokines have two cysteine (C) residues separated by a single amino acid (X),
whereas the beta (or CC) chemokines have two contiguous cysteine residues. (Chemokine
nomenclature is based on this classi� cation, each molecule or receptor receiving a numerical
designation. In addition, ligands have the suf � x “ L” [e.g., CXCL8], whereas receptors have
the suf� x “ R” [e.g., CXCR1].)

In� ammatory chemokines are mainly involved in leukocyte recruitment. Other chemo-
kines promote new blood vessel growth. Some are homeostatic and are found in normal tis-
sues where they regulate cellular migration and homing (Baggolini, 1998).

One of the most important chemokines is CXCL8 (also called interleukin-8). In the dog it is
11.3 kDa in size (101 amino acids) with 69% homology to the human molecule. CXCL8 at-
tracts and activates neutrophils, releasing their granule contents and stimulating their
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respiratory burst. Another important CXC chemokine is CXCL2 (macrophage in � ammatory
protein-2, MIP-2), which also attracts neutrophils (Ishikawa et al., 1993).

CC chemokines act predominantly on macrophages and dendritic cells. Thus, CCL3 and
CCL4 (MIP-1a and -1b) are produced by macrophages and mast cells. CCL4 attracts CD4þ

T cells, whereas CCL3 attracts B cells, eosinophils, and cytotoxic T cells. CCL2 (monocyte
chemotactic protein-1, MCP-1) is produced by macrophages, T cells,� broblasts, keratino-
cytes, and endothelial cells. It attracts and activates monocytes, stimulating their respiratory
burst and lysosomal enzyme release. Canine CCL5 is a 7.9 kDa protein that attracts mono-
cytes, eosinophils, and some T cells. It activates eosinophils and stimulates histamine release
from basophils.

Two chemokines fall outside the CC and CXC families. Canine lymphotactin (XCL1) is a C
(only one cysteine residue) chemokine, that is chemotactic for lymphocytes. It contains 99
amino acids and is heavily glycosylated, so it has a molar mass of 18e 23 kDa. Its receptor
is XCR1. It is speci� cally chemotactic for T cells. Canine fractalkine (CX3C ligand 1) is a
CXXXC (two cysteines separated by three amino acids) chemokine, that triggers adhesion
by T cells and monocytes. Its receptor is CX3CR1. It is a disul� de-linked homodimer. The
monomer contains 362 amino acids and a molecular mass of 38.2 kDa. It shows 66% identity
to the human molecule. The whole fractalkine molecule has a molecular weight of
64e 69 kDa. It acts as a chemoattractant and adhesive molecule (Maeda et al., 2012).

Most chemokines are produced in infected or damaged tissues and attract other cells to
sites of in� ammation or microbial invasion. It is likely that the chemokine mixture produced
by damaged or infected tissues regulates the precise composition of incoming in� ammatory
cell populations. In this way, the body can adjust the in � ammatory response to maximize the
destruction of different microbial invaders. Many chemokines, such as CXCL4, CCL20, and
CCL5, are structurally similar to the antimicrobial defensins and, like them, have antibacterial
activity ( Gangur et al., 2002).

Interferons

Among the most important innate defenses against viral invasion is the interferon system.
Interferons are antiviral cytokines. There are three types of interferons, type I that include,
most importantly, IFN- a and IFN-b, type II IFNs that include IFN- g, and type III IFNs that
include the IFN- l s. The most important sources of type I interferons are plasmacytoid den-
dritic cells. The interferons are generated in response to PAMP and DAMP signaling through
PRMs such as TLRs, RIG-1, and MDA5. They signal through speci� c adaptor proteins such as
MyD88 and TRIF to activate IRFs � 3 and � 7, as well as NF-kB. These are translocated into
the nucleus where they initiate the synthesis of multiple cytokines and type I interferons
(Table 6.1).

The interferons bind to cell surface receptors, heterodimers of IFNaR1 and IFNaR2. The
receptors in turn activate a signal transduction cascade to eventually form a complex called
interferon stimulated gene factor 3 (ISGF3). This in turn binds to the promoter region of spe-
ci� c target genes. When interferons act on cellular targets they upregulate hundreds of
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interferon-stimulated genes (ISGs)d the interferome. The interferome is complex and most
importantly differs signi � cantly between different mammalian species.

Type I interferons

Type I interferons include multiple forms of IFN- a and IFN-b, as well as multiple single
gene products such as IFNs-� and k. There are 10 functional IFN-a genes and two truncated
pseudogenes in dogs (Yang et al., 2013). They are clustered together with IFN-� , and IFN-b on
chromosome CFA 11. The IFN-k gene is located 4.7 mb from this cluster (Klotz et al., 2017)
(Fig. 6.10). All are involved in the regulation of immune responses in addition to having anti-
viral activities. It is unclear if and how the IFN- a gene products differ in their biological ac-
tivities. IFN- a is produced in large quantities by plasmacytoid dendritic cells (pDCs) and in
much smaller amounts by lymphocytes, monocytes, and macrophages. IFN-b can be pro-
duced by almost any virus-infected cell. (There is only one isoform in dogs.) IFN-k is pro-
duced by keratinocytes (Fig. 6.10).

IFN-� is a member of the type I family whose expression is limited to reproductive and
brain tissues. It has potent antiviral activity on both homologous and heterologous cells. It
acts through the JAK/STAT pathway. It plays a role in protecting the female reproductive
tract where it is expressed constitutively. It also shows signi� cant antiproliferative activity
against A72 canine tumor cells and MDCK cells (Yang et al., 2013). In most cases these mol-
ecules act on virus-infected cells to inhibit viral growth. The trophoblast interferons also regu-
late the maternal immune response to the fetus. The canine IFN-� molecule has been
functionally characterized (Yang et al., 2013).

TABLE 6.1 The characteristics of canine interferons.

Characteristics IFN- a IFN-b IFN- � IFN-k IFN-g IFN- l

Interferon type Type I Type I Type I Type I Type II Type III

Gene structure 1 exon
(intronless)

2 exons 1 exon
(intronless)

4 exons 1 exon

Number of
subtypes

5 1 1 1 1 1

Pseudogenes 2 0 0 0 0 2

Length of mature
peptide

172e 191 186 147 209 166 190

Receptor IFNAR
(IFNAR1/
IFNAR2)

IFNGRIFNGR1/
IFNGR2

IFNLRIL28RA/
IL10RB

From Klotz, D., Baumgärtner, W.,& Gerhauser, I. (2017). Type I interferons in the pathogenesis and treatment of canine diseases.Veterinary
Immunology and Immunopathology , 191, 80e 93. With permission.
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Type III interferons

Two canine type III interferons have been characterized, IFN-l 1 and IFN-l 3. There is one
other IFN-l gene on chromosome CFA 24, but it has yet to be characterized (Yang et al.,
2013). IFN-l 1 is induced by vesicular stomatitis or in � uenza infection of viral infection of
MDCK cells. (Madin e Darby canine kidney (MDCK) cells are a cell line derived from an adult
female Cocker Spaniel by Stewart Madin and Norman Darby in 1958.) It closely resembles
human IFN- l 1 with 80.5% sequence identity. The type III interferons are mainly produced
by epithelial cells on mucosal surfaces. They signal through a unique receptor complex con-
sisting of IL-10Rb and IL-28Ra. While structurally unrelated to type I interferons, they share
signaling pathways and induce a similar gene response pro� le (Ichihashi et al., 2013). Their
effects are most apparent at intestinal and respiratory epithelia and at the bloode brain bar-
rier. They thus serve as a� rst line of defense against viral invasion (Fan et al., 2014). Canine
IFN-l 1 has potent antiviral activity against canine parvovirus and in � uenza viruses. It in-
duces Mx proteins among its ISGs. It also has signi� cant antiproliferative activity against
A72 canine tumor cells and MDCK cells. Like the type I interferons, canine IFN-l 1 acts
through the JAK-STAT and MAPK signaling pathways. They have however only
15%e 20% amino acid identity with the type I interferons ( Fan et al., 2014). Canine IFN-l 3
has also been characterized. It possesses potent activity against canine coronavirus, canine
parvovirus, and canine distemper virus ( Kim et al., 2022).

Cytokine receptors

In general, most cytokines use receptors that act through tyrosine kinases. However,
within this group, there are subfamilies that share subunits and functions. For example,

FIGURE 6.10 The chromosome locations of the canine interferon genes.From Klotz, Baumgärtner, W.,& Gerhauser, I.
(2017). Type I interferons in the pathogenesis and treatment of canine diseases.Veterinary Immunology and Immunopa-
thology, 191, 80e 93. With permission.
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members of the IL-1/TLR receptor family participate in the dog ’s responses to injury and
infection. The family can be split into the molecules that are IL-1R-like (IL-1R1, IL-18R)
and the molecules that are toll-like (TLR). Ligation of these receptors, triggers activation of
the transcription factor NF- kB and generates in� ammasomes (Wietek & O’Neill, 2007)
(Fig. 6.11).

Another cytokine receptor family shares a common beta (bc) chain. Thebc family includes
among its members the receptors for granulocyte-macrophage colony-stimulating factor
(GM-CSF), IL-3, and IL-5 (Pant et al., 2023). These regulate in� ammatory responses and he-
matopoiesis (Dougan et al., 2019). In yet another receptor family, a common gamma chain
(gc) is shared by the receptors for IL-2, IL-4, IL-7, IL-9, IL-15, and IL-21 (Leonard et al.,
2019). These receptor chains dimerize in the presence of the ligand and form complexes
with a group of kinases called Janus kinases (JAKs). JAKs in turn phosphorylate a cytosolic
protein called STAT (signal transducers and activators of transcription). The STAT then di-
merizes to form an active transcription factor. Depending on the speci� c JAKs and STATs
used these may enhance or suppress cytokine signaling. This is called the JAK-STAT
pathway.

The members of the group II cytokine receptor family have a very different structure. They
bind interferons (a, b, g, and l ) and members of the IL-10 cytokine family (IL-19, -20, -22, -24,
-26). These receptors also form heterodimers in the presence of the ligand and signal through
the JAK-STAT pathway (Ouyang & O’Garra, 2019).

FIGURE 6.11 The mode of action of
the key signal transduction factor, NF-kB.
Upon appropriate activation, I kk degrades
the inhibitor I kB so that the NF-kB can
enter the nuceleus and activate multiple
genes involved in in� ammation and
immunity.
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7

Antigen processing cells: Dendritic
cells and macrophages

In addition to being uncomfortable and damaging, in � ammation is not a foolproof pro-
cess. If its body is to be defended effectively, a dog must have defenses that detect and elim-
inate all microbial invaders without the damage and discomfort associated with
in� ammation. This is the task of the adaptive immune system.

In order to trigger adaptive immunity, a sample of foreign material must � rst be captured,
processed, and presented in the correct fashion to cells that can recognize it. This is the re-
sponsibility of antigen-processing cells. Antigen-processing cells are attracted by microbial
products and tissue damage and are activated by the same stimuli that trigger in� ammation.
Indeed, dendritic cells and macrophages serve both as sentinel cells and as antigen-
processing cells. Once an invader has been eliminated, the dog can then develop adaptive im-
munity against a second attack by the same organism.

The organisms that trigger adaptive immune responses are of two types. One type is typi-
� ed by the bacteria that invade the body from outside and then grow in the tissues and extra-
cellular � uid. These exogenous antigens are processed by specialized antigen-processing
cells. A second type of invading organism is typi � ed by viruses that invade a cell and force
it to make viral proteins. These endogenous antigens are processed by the cells in which they
are produced.

The body employs three cell types: dendritic cells, macrophages, and B cells, to process
exogenous antigens (Fig. 7.1). Each of these cell types possesses specialized, antigen-
binding receptors. These receptors, encoded by the major histocompatibility complex
(MHC), present antigens to T cells. MHC class I molecules present endogenous antigens.
MHC class II molecules present exogenous antigens (Fig. 7.1).

Dendritic cells

Dendritic cells (DCs) process exogenous antigens and thus initiate adaptive immune re-
sponses. DCs are at least 100 times more effective antigen-presenting cells than macrophages
or B cells. As a result, DCs are the only antigen-processing cells that can activate T cells that
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have never previously encountered an antigen (naïve cells) and they are therefore essential
for initiating primary immune responses.

Location and structure

Dendritic cells are found in all organs except the brain, parts of the eye, and the testes.
They are especially prominent in lymph nodes, skin, and mucosal surfacesd sites where
invading microbes are most likely to be encountered. Their dendrites intertwine so that
they collectively form antigen-trapping webs.

Cultured canine DCs are characterized by having a small cell body with many long
cytoplasmic dendrites. The dendrites enhance antigen trapping and maximize contact be-
tween DCs and T cells. Canine DCs lack lysosomal vesicles and phagocytic vacuoles.
They have a large Golgi and extensive endoplasmic reticulum. Dog dendritic cells also
contain unique structures in their cytosol t hat have not been described in other species
(Fig. 7.2). These consist of periodic ultrastructures that form electron-dense granules
with a honeycomb like appearance. They are present in both monocyte-derived and
bone marrowe derived DCs. These structures are rare in canine macrophages and have
not been found in canine neutrophils. Their function is unknown ( Isotani et al., 2006)
(Fig. 7.2).

FIGURE 7.1 This dark redcell in the epidermis of a dog is a Langerhans cell stained for the protein vimentin. Note
that its dendrites extend between the epidermal cells so that it can effectively trap antigens.Courtesy Dr. K.M. Credille.
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Subpopulations

The most important populations of canine DCs are derived either from bone marrow stem
cells or from blood monocytes. Other important subpopulations are found in the skin (Lang-
erhans cells) and in lymphoid organs (follicular DCs). Each subpopulation expresses different
surface receptors, and each produces a diverse and complex mixture of cytokines and
chemokines.

Bone marrow e derived DCs

Most canine DCs are derived from CD34þ hematopoietic stem cells in the bone marrow.
Their production is stimulated by either GM-CSF, or by a cytokine called Fms-like tyrosine
kinase 3 ligand (� t3L). The developing cells differentiate and emerge as subpopulations opti-
mized to trigger either type 1 or type 2 immune responses (Summer� eld et al., 2014). � t3L is
an essential growth factor for the development of both conventional DCs and plasmacytoid
DCs. These cells have typical DC morphology including cytoplasmic processes, a large Golgi,
and endoplasmic reticulum (Mielcarek et al., 2007).

Monocyte-derived DCs

Blood monocytes are the precursors of both tissue macrophages and some DCs. Which cell
type is produced depends on the cytokines encountered by the monocyte as it differentiates.
The main function of these DCs is antigen presentation and induction of T-cell responses
(Wang, Chi, Liao, et al., 2007).

Canine DCs can be generated in vitro from CD14þ blood monocytes by stimulation with
IL-4 and GM-CSF. This can also be achieved by exposure to LPS or TNF-a. Both methods
generate cells with typical DC morphology ( Ricklin Gutzwiller et al., 2010). These
monocyte-derived DCs are CD1c� , CD11c� , and CD14-positive as are macrophages. Howev-
er, CD40 expression is restricted to DCs only. Canine monocytes express CD1a, CD11b,

FIGURE 7.2 Ultrastructural analysis of a canine monocyte and monocyte-derived dendritic cell by transmission
electron microscopy. (A) Monocyte on day one in culture (magni � cation 2000� ). (B) Cultured dendritic cell stimu-
lated with cytokines at 7 days in culture showing characteristic cytoplasmic projections (magni � cation 2000� ). (C)
Periodical microstructure (arrowhead) in the cytoplasm represents a unique feature of canine monocyte-derived
dendritic cells (magni � cation 50,000� ). From Qeska, V., Baumgartner, W.,& Beineke, A. (2013). Species-speci� c proper-
ties and translational aspects of canine dendritic cells.Veterinary Immunology and Immunopathology , 151(3e 4),
181e 192. With permission.
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CD11c, CD14, CD45RA, CD80, and variably MHCII. When they differentiate into DCs, CD1c,
CD86 and TLR3 are upregulated, while CD11b, CD11c, CD14, and CD45RA are downregu-
lated (Summer� eld et al., 2014). TLR3 is also highly expressed on canine monocyte-derived
DCs but not on monocytes themselves.

Canine IL-12 can generate DCs from monocytes as can a mixture of TGF-b, IL-6, IL-1b, and
IFN-g (Qeska et al., 2013). As these DCs differentiate under the in� uence of IL-12, they in-
crease their expression of CD1a, CD40, CD80, and CD83. MHC class II and CD86 expression
remain unchanged. However, this also depends upon the stimuli. For example, LPS and TNF-
a-stimulated monocytic DCs express MHC II, CD11c, CD80, and CD86. In contrast to
humans, canine DCs express CD14 when cultured. However, CD14-negative DCs have
been isolated from canine blood (Qeska et al., 2013).

DC products

Canine DCs produce many different cytokines. The precise mixture depends on the stim-
ulus employed. Thus, large amounts of IL-10, IL-12, IL-13, and IFN-a are produced by
lipopolysaccharide-stimulated canine DCs. As in other species, depending upon whether
they are Type 1 or Type 2 DCs, they can also secrete T cell polarizing cytokines (Isotani
et al., 2006) (Fig. 7.3).

Plasmacytoid DCs

Plasmacytoid DCs (pDCs) are long-lived cells found in blood, bone marrow, and
lymphoid organs. Their classi� cation as dendritic cells is disputed since they use different
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transcription factors from classical DCs (Summer� eld et al., 2014). They lack myeloid anti-
gens but retain some lymphoid characteristics. pDCs serve as an early warning system for
viral infections since they are rapidly activated by viral nucleic acids. They respond to viruses
by synthesizing massive amounts of the type I interferons (IFN-a and IFN-b). (Ten to a hun-
dredfold more than other cell types.) They are also major producers of type III interferons
(IFN-l ). pDCs have a unique ability to link innate and adaptive immunity. After producing
large amounts of type I interferon, they are still able to differentiate into mature DCs that can
stimulate naïve T cells. Because pDCs secrete large amounts of IFN-a, they also activate nat-
ural killer (NK) cells ( Reizis, 2019). pDC numbers increase dramatically during in � ammation
and infection. pDCs have been identi� ed in canine mammary carcinomas.

Langerhans cells

Langerhans cells are specialized, long-lived antigen-presenting cells found in the skin
(Fig. 7.1). Their long dendrites form a network that is ideally situated to capture foreign an-
tigens. Langerhans cells in� uence the development of local in� ammatory responses, such as
allergic contact dermatitis. They express multiple pattern-recognition receptors, including the
C-type lectins langerin, and DC-SIGN that can bind bacteria, fungi, and some viruses. Once
antigens are captured, the Langerhans cells migrate to draining lymph nodes, where they
present the antigen to T cells. Canine Langerhans cells express CD1c, CD11c, CD80, and
MHC II as well as E-cadherin. In contrast to other mammals, canine Langerhans cells do
not express S100 proteins. Some immunologists regard Langerhans cells simply as specialized
macrophages. Cytoplasmic Birbeck granules, considered characteristic of human Langerhans
cells, have not been described in dog DCs.

Follicular DCs

Specialized DCs called follicular DCs (fDCs) are found in the germinal centers of the spleen,
lymph nodes, and Peyer’s patches. They are also found around infection sites and chronic in-
� ammatory reactions. In animals that have previously been exposed to an antigen and possess
antibodies, follicular DCs take up immune complexes and then shed them in membrane ves-
icles called exosomes (Hodge et al., 2022). B cells can take up these exosomes and after process-
ing the antigen, present it to antigen-sensitive T cells (O’Neill & Quah, 2008). Follicular DCs can
retain antigens on their surface for more than 3 months. They also integrate signals from toll-
like receptors (TLRs) and other sources to support effective germinal center responses.

Dendritic cell maturation

Although many DC subpopulations have been characterized, their most important prop-
erties are based on their state of maturity. Thus, immature DCs are specialized, ef� cient,
antigen-trapping cells. As they mature, DCs undergo cellular reorganization and become
specialized, ef� cient, antigen-presenting cells.

Immature DCs

Newly generated DCs migrate from the bone marrow to lymph nodes or other tissues.
Here they act as disposable antigen-trapping cells. If they do not encounter antigens, they
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die in a few days. If, however, they encounter antigens and are stimulated by tissue damage
or in � ammation, they mature rapidly. Immature DCs have receptors that help them carry out
their functions. These include the receptors for interleukin-1 (IL-1R) and tumor necrosis factor
(TNFR), chemokine receptors, C-type lectins, Fc receptors (FcgR and Fc� R), mannose recep-
tors (CD206), and heat-shock protein receptors, as well as toll-like receptors (Fig. 7.4).

Although the most important functions of DCs are to trap, process, and present antigen to
the cells of the immune system, they must also be able to kill any invaders they catch. DCs
can kill invaders by producing superoxide and mounting a respiratory burst.

DCs mature in response to interleukin-1 (IL-1) and tumor necrosis factor-a (TNF-a) as well
as to PAMPs and DAMPs. Injured and in � amed tissues release heparan sulfate that binds to
TLR4 and also activates DCs. Breakdown of nucleic acids generates uric acid, another potent
dendritic cell activator. Immature DCs are attracted to areas of in� ammation by chemokines,
defensins, and HMGB1.

DCs capture antigens and cell fragments by phagocytosis, by pinocytosis (cell drinking),
and by binding to cell surface receptors. They also capture apoptotic cell bodies. Activation
of TLRs by PAMPs ensures that ingested foreign material is processed in such a way that it
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triggers adaptive immunity. Foreign material that does not activate TLRs is not processed
and will not trigger an adaptive response.

The pH in the phagosomes of conventional phagocytic cells such as neutrophils and mac-
rophages are highly acidic and optimized for proteolytic destruction of foreign material. The
pH within dendritic cell phagosomes is, in contrast, relatively alkaline since these phago-
somes do not fuse with lysosomes. Proteases are inhibited at these high pH levels, and as
a result, the ingested proteins are not completely degraded but peptides are preserved for
presentation to T cells by MHC class II molecules.

Mature DCs

Canine dendritic cells are potent T-cell stimulators (Qeska et al., 2013). Once they have
captured and processed antigens, immature DCs carry these antigens to sites where they
can be recognized by T cells. The activated DCs are attracted to lymphoid organs by chemo-
kines. Infection or tissue damage also promotes the migration of antigen-bearing DCs to
lymph nodes or the spleen. Mature DCs also produce chemokines that attract T cells. The
DCs embrace the T cells in a net of dendrites. During this time, the T cells examine the
DCs for the presence of antigenic peptides. If the T-cell receptors can bind the presented pep-
tides, the T cells will be triggered to respond.

As DCs mature, their MHC molecules also move to the cell surface. Cell surface expression
of their co-stimulatory molecules also increases. As a result, MHC molecules and MHC-
peptide complexes are found at levels 100 times higher on mature DCs than on other cell
types such as B cells or macrophages. Their expression of co-stimulatory molecules such as
CD86 may also rise 100-fold.

Mature DCs are the only cells that can trigger a primary T-cell response. One reason for
this is that mature DCs assemble complete T-cell activation complexes (antigen-loaded
MHC plus co-stimulatory molecules) within the cell before they are carried to the cell surface.
Mature DCs also express DC-SIGN (CD209), a C-type lectin that binds a ligand called inter-
cellular adhesion molecule-3 (ICAM-3 or CD50) on naïve T cells. DC-SIGN permits transient
binding between DCs and T cells. It allows a single dendritic cell to rapidly screen thousands
of T cells to � nd the few that are expressing a compatible antigen receptor. Because of their
potency, only a few DCs are needed to trigger a strong T-cell response. Thus, one dendritic
cell may activate as many as 3000 T cells. Mature canine DCs are better at stimulating T cells
than are immature DCs. Bone marrowe derived DCs are better at it than monocyte-derived
DCs. Mesenchymal stem cells can suppress canine DC functions. Thus, they can act on
monocyte-derived DCs to suppress their response in vitro to LPS (Wheat et al., 2016).

cDC1 and cDC2 cells

When classical DCs stimulate helper T cells, they generate three signals. The� rst signal is
delivered when T-cell antigen receptors bind antigen fragments attached to MHCII mole-
cules. The second signal provides the T cells with additional critical co-stimulation through
cell surface molecules such as CD40 and CD80/86. The third signal determines the direction
in which naïve helper T cells will develop and is provided by secreted cytokines. For
example, some microbial antigens trigger DCs to secrete IL-12. These are called cDC1 cells
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since their IL-12 activates Th1 cells and triggers type 1 responses. Other microbial antigens
induce DCs to secrete IL-1, and IL-6. These cytokines stimulate Th2 differentiation and are
produced by cDC2 cells. They stimulate type 2 responses.

Canine macrophages

Macrophages and their precursors, the blood monocytes, are the most accessible and best
understood antigen-processing cells. Once antigens are taken up by macrophages, most are
destroyed but a portion is processed and presented to sensitized T cells. Macrophages, how-
ever, are unable to engage in prolonged interactions with T cells. As a result, they cannot acti-
vate naïve T cells. In addition, antigen processing by macrophages is inef� cient since much of
the ingested antigen is destroyed by lysosomal proteases and oxidants. Indeed, macrophages
can be considered cells with other priorities. Their � rst responsibility is to kill invaders. Mac-
rophages are a heterogeneous family of cells that play key roles as sentinel cells, regulators of
in� ammation, and as antigen-presenting cells (Fig. 7.5).

Monocytes

Canine blood monocytes can be readily isolated and cultured in vitro ( Goto-Koshino et al.,
2011). They consist of three distinct subpopulations (Rzepecka et al., 2019). These subpopu-
lations differ in their expression of MHCII and CD4 molecules. One population (Mo1) is
MHCII þ , CD4� . Another population (Mo2) is MHCII þ , CD4þ . The third population (Mo3)
is MHCII � , CD4þ . Mo1 cells are larger than the other two cell types while Mo3 cells are
the smallest. Mo1 cells constitute 54%e 85% of the monocyte population. The Mo2 and
Mo3 subpopulations account for only 12.01% and 18.54%, respectively, but their basal ROS
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production is signi � cantly higher. It is suggested that these three subpopulations likely have
different functions.

Macrophages

Canine macrophages are readily cultivated from bone marrow (Tipold et al., 1998). They
characteristically express CD14 and MHCII. MHCII expression but not CD14 is enhanced by
exposure to canine IFN-g. These cells actively phagocytose IgG-coated erythrocytes, generate
superoxide, and secrete TNF-a. When canine macrophages phagocytoseListeria monocyto-
genesor Salmonella entericaDublin there appears to be no elevation of nitrite production. In
addition, there is very weak iNOS staining in cells exposed to S Dublin plus IL-1 (Tipold
et al., 1998). Thus, under these circumstances, canine macrophages appear to be low iNOS
responders. This not however always the case (Tan et al., 2006).

Although macrophages are competent phagocytes, their phenotype can be modi� ed by
different activating pathways. As a result, macrophages can be polarized into two functional
subpopulations. Classically activated or M1 macrophages are proin� ammatory effector cells.
Alternatively activated or M2 macrophages have antiin � ammatory effects and play a role in
tolerance induction, resolving in � ammation, and tissue repair (Fig. 7.6). This polarization is
not necessarily permanent. Macrophages can switch their phenotype under the in� uence of
other cytokines and microbial products. M1 and M2 cells should perhaps be considered
the extremes of a spectrum of phenotypes rather than distinct subpopulations. M1 cells are
produced early in the innate immune process when in� ammation is required. M2 cells, on
the other hand, tend to appear late in the process when healing is required (Porcheray
et al., 2005) (Fig. 7.6).

Immature macrophage precursors, canine M0 cells, are small roundish cells, about 8mm in
diameter and no cytoplasmic extensions. The majority of M1 cells are ameboid in shape with
a mean size of 15mm and numerous � brillary cytoplasmic processes up to 5 mm in length.
Canine M2 cells are heterogeneous with mixed morphologies including round, ameboid,
and bipolar spindle shaped up to 35 mm in length ( Heinrich et al., 2017). M2 cell cultures
also contain large 40mm cells with extensive cytoplasm and numerous evenly distributed
processes up to 7mm in length.

A third macrophage phenotype, consisting of regulatory macrophages, is generated by
exposure to interleukin 10 (IL-10). They have potent antiin� ammatory activity.

M1 macrophages

When macrophages ingest invading bacteria, they produce enzymes and oxidants that kill
the invaders. This response, however, may be insuf� cient to kill some specialized invaders.
For example, bacteria such asL. monocytogenes, M. tuberculosis, and Brucella canis, and proto-
zoa such asToxoplasma gondii,can survive and multiply inside normal macrophages. Anti-
bodies are ineffective against these organisms, so protection against this type of infection
requires additional macrophage activation.

M1 macrophages become fully activated in two stages. The initial activation steps are trig-
gered by exposure to PAMPs and DAMPs from invading bacteria and damaged tissues as
described previously. Molecules that trigger M1 polarization include lipopolysaccharides,
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CpG DNA, microbial carbohydrates, and heat-shock proteins as well as many DAMPs.
Different levels of M1 activation are recognized, depending on the triggering agent, and
some bacteria, such asMycobacterium tuberculosis,are better able to activate macrophages
than others. Thus, when monocytes � rst move into in � amed tissues they produce increased
amounts of lysosomal enzymes, increase phagocytic activity, increase their expression of anti-
body and complement receptors, and secrete more proteases (Mosser & Edwards, 2008).

The cytokines produced by these activated macrophages, especially TNF-a and IL-12, acti-
vate natural killer (NK) cells. NK cells in turn secrete IFN- g, which activates macrophages
still further. Some TLR ligands can also activate pathways that result in IFN-b production.
This endogenous IFN-b also promotes M1 cell polarization. Stimulation of Th1 cells by IL-
12 will also trigger IFN- g production. These Th1 cells also produce IL-2, which further pro-
motes M1 polarization and complete activation. Table 7.1.

Macrophages are activated by IFN-g through the JAK/STAT pathway and IFN- g exposure
alters the expression of more than 1000 macrophage genes. Activated macrophages secrete
proteases, that activate complement. They secrete interferons as well as thromboplastin, pros-
taglandins, � bronectins, plasminogen activator, and the complement components C2 and Fac-
tor B. They increase expression of MHC class II, delay production of phagosomal proteases and
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promote antigen loading onto MHC molecules, so enhancing antigen presentation. M1 macro-
phages are enlarged and show increased membrane activity (especially ruf� ing), increased for-
mation of pseudopodia, and increased pinocytosis (uptake of � uid droplets). They move more
rapidly in response to chemotactic stimuli, and they are attracted by many different chemo-
kines. They are more avidly phagocytic than normal cells (Heinrich et al., 2017).

Canine M1 cells produce greatly increased amounts of nitric oxide synthase 2 (NOS2). The
NOS2 gene can be upregulated 400-fold by a combination of IFN-g and mycobacteria. M1
cells also generate large amounts of ROS, and their function is further enhanced by exposure
to GM-CSF, and type I interferons (Fig. 7.7). The sustained production of ROS permits M1

TABLE 7.1 Effects of cytokines on macrophage functions.

Cytokine Major sources Effect

IL-2 Th1 cell Activates

IFN-g Th1 cell, NK cell Activates

IFN-a/ b Macrophages, T cells Activates

TNF-a Macrophages, Th1 cells Activates

TNF-b Th1 cells Activates

GM-CSF Many cell types Activates

IL-4 Th2 cells Suppresses

IL-10 Th2 cells, macrophages Suppresses

IL-13 Th2 cells Suppresses

TGF-b T cells Suppresses
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FIGURE 7.7 The production of reactive nitrogen metabolites by macrophages.
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macrophages to kill bacteria, fungi, protozoa, and some helminths but at the cost of some tis-
sue damage (Chow et al., 2022) (Fig. 7.7).

The nitric oxide can destroy nearby tumor cells and intracellular bacteria such as
L. monocytogenes. Treatment of a dog with E. coli endotoxin results in a signi� cant increase
in liver iNOS activity by 4 h and in the heart by 6 h. This suggests that NO may also play
a key role in endotoxic shock in the dog (Preiser et al., 2001). Likewise, endotoxin adminis-
tration to dogs results in a NOS-mediated lung injury. iNOS and nitrotyrosine are readily
detected in the lung interstitium by immunohistochemistry 24 h after administration
(Numata et al., 1998). It has also been demonstrated that iNOS is signi� cantly upregulated
in dogs infected with Borrelia burgdorferi. This infection results in arthritis developing in
some dogs and NO likely contributes to the in � ammatory process (Harter et al., 2013).
IFN-g-activated canine macrophages can also inhibit the growth of intracellular bacteria by
down-regulating their transferrin receptors (CD71), degrading ferroportin, and reducing
the concentration of intracellular ferritin, their major iron storage protein ( Tipold et al., 1998).

M2 macrophages

M2 cells differ in receptor expression, cytotoxic function, and cytokine production from M1
cells. They are generated by exposure to M-CSF, IL-4, and IL-13. M2 cells do not produce NO
but instead convert arginine to ornithine using the enzyme arginase. M2 cells upregulate their
production of IL-8, IL-10, IL-1RA, and MCP1. M2 cells are regulatory and antiin � ammatory,
and they promote the resolution of in � ammation and wound repair. They are protective in
some parasitic diseases by assisting in walling off parasites such as schistosomes (Chow
et al., 2022) (Table 7.1).

TGF-b from M2 cells stimulates extracellular matrix (ECM) production by � broblasts. M2
cells also secrete the matrix component� bronectin. They secrete transglutaminase, which
promotes ECM cross-linking, and osteopontin, which promotes cell binding to the ECM.
Arginase is involved in proline and polyamine synthesis. Proline is required for ECM
construction, whereas polyamines are required for cell proliferation. M2 cells secrete
platelet-derived growth factor (PDGF), insulin-like growth factor (IGF), and TGF- b, all of
which promote cell proliferation. They secrete � broblast-like growth factor- b (FGF-b), TGF-
a, and vascular endothelial growth factor (VEGF), which promote angiogenesis. Thus, the cy-
tokines secreted by M2 cells promote resolution of in� ammation and wound repair and have
antiin � ammatory, � brotic, proliferative, and angiogenic properties.

In laboratory rodents, M2 macrophages have been subdivided into three subpopulations,
a, b, and c. M2a cells are promoted by IL-4, IL-13, and fungal or helminth infections. M2b cells
are promoted by IL-1 receptor ligands and LPS. The M2c subclass is promoted by IL-10, TGF-
b, and glucocorticoids. M2a macrophages secrete IL-10, TGF-b, and IL-1RA. M2b macro-
phages secrete IL-6, IL-10, TGF-b, and express CCL1. M2c macrophages express high levels
of IL-10 and TGF-b and as well as CD163 and CD206 (Herrmann et al., 2018). Canine mac-
rophages can be readily activated toward the M2a phenotype. These cells are believed to
play a key role in type 2 immune responses and canine allergies.

M2 macrophages are also unique in that they can fuse with other macrophages and as a
result differentiate into multinuclear osteoclasts in bone. They can also fuse with other mac-
rophages to form multinucleated giant cells in other tissues. Giant cells play important roles
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in chronic in � ammation and the removal of foreign bodies (> 45 mm) that are too large to be
destroyed by single cells. Langhans giant cells are a subtype that contains a horseshoe-shaped
ring of nuclei and are found in chronic canine granulomas such as tubercles and granuloma-
tous leptomeningitis.

B cells

In addition to their role as antibody producers, B cells are also effective antigen-presenting
cells. Following antigen binding, the BCR is internalized and either degraded or transported
to an intracellular compartment, where MHC class II molecules and antigen fragments
combine. These antigen-MHC class II complexes are then carried to the B-cell surface and pre-
sented to helper T cells. If an antigen presented by an APC binds to a BCR, the antigen may
be extracted from the presenting cell and endocytosed by the B cell. This antigen is delivered
to endosomes where it also complexes with MHC class II molecules. Since all the antigen re-
ceptors on a single B cell are identical, each B cell can bind only a single antigen. This makes
them much more ef� cient antigen-presenting cells than macrophages that must present any
foreign material that comes their way. This is especially true in primed animals, in which
large numbers of B cells can bind and present a speci� c antigen. As a result, B cells can acti-
vate helper T cells with 1/1000 of the dose of antigen required to activate macrophages
(Batista & Harwood, 2009).

Other antigen-processing cells

T cells may also be activated by many different “ nonprofessional” cell types. These include
neutrophils, eosinophils, basophils, T cells, endothelial cells, � broblasts, NK cells, smooth
muscle cells, astrocytes, microglial cells, platelets, and some epithelial cells such as thymic
epithelial cells and corneal cells. Their effectiveness may depend on the local environment.
Thus, � broblasts may be very effective antigen-processing cells when located within granu-
lomas. Presumably, co-stimulation can come from other nearby cells in this cytokine-rich
environment. Vascular endothelial cells can also take up antigens, synthesize IL-1, and under
the in� uence of IFN-g, express MHC class II molecules. Even skin keratinocytes can secrete
IL-1, express MHC class II molecules, and present antigen to T cells.

Antigen processing

The MHC class II pathway

The presentation of exogenous antigens to canine T cells is mediated by MHC class II mol-
ecules of the DLA system. These are cell surface receptors that bind processed peptide frag-
ments. Although many cells can phagocytose foreign antigens, only those that can express
antigen fragments bound to MHC class II molecules will trigger a T-cell response. As
described previously, the most ef� cient antigen-processing cells are thus mature MHC class
IIþ DCs (Watts, 2005). MHC class II molecules bind peptides from processed antigens and
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present them to helper cells. T helper cells recognize and respond to these peptides only if the
peptides are bound to MHC class II molecules. If a peptide is presented to T cells in the
absence of MHC class II, the T cells will be turned off or die, and tolerance may result
(Pishesha et al., 2022).

Exogenous antigen-processing involves multiple steps. First, the antigen must be endo-
cytosed and taken into phagosomes. These phagosomes then fuse with lysosomes. The
ingested proteins are broken up by lysosomal proteases into peptide fragments of varying
length. The endosomes containing these peptide fragments then fuse with other endosomes
carrying newly synthesized MHC class II mole cules to generate the lysosome-MHC class II
compartment (MIIC). An MHC class II antigen-binding groove can hold a peptide of 12 e 24
amino acids as a straight, extended chain that projects out of both ends of the binding
groove. Side chains from the peptide bind in pockets on the walls of the binding groove
(Fig. 7.8).

Unlike most new transmembrane proteins that are expressed minutes after assembly,
MHC class II molecules are retained inside the cell for several hours until they are needed.
Once the antigen peptide binds to an MHC molecule, the MIIC vesicle moves toward the
cell surface. When it reaches the surface the MHC-peptide complex is exposed and available
for inspection by any passing T cell.

It has been calculated that an antigen-processing DC contains about 2� 105 MHC class II
molecules that can present peptide fragments to T cells. If co-stimulation is provided, a single
T cell can be activated by exposure to as few as 200e 300 of these peptide-MHC complexes. It
is therefore possible for a single antigen-processing cell to present many different peptides to
different T cells simultaneously.

LPS stimulated DCs produce IL-1b, IL-10, IL-12, IL-13, and TNF-a. TNF-a stimulated DCs
produce IL-2. IL-4, IL-12, IL-13, TGF-b, and IFN-g. They thus determine immune response
polarization ( Wang, Chi, & Chu, 2007).

Histiocytosis and histiocytomas

Dogs may suffer from diseases in which macrophages or DCs proliferate excessively.
These are called histiocytomas or histiocytosis.

is endocytosed

Antigen

2. Antigen is
   fragmented
   into peptides

3. Antigen fragment binds
to MHC class II

4. Antigen bound to
MHC II is presented 
to Th2 cells

FIGURE 7.8 The processing of exogenous antigen by an antigen-presenting cell. Ingested antigens are taken into
phagosomes where they are fragmented by proteases. Peptides are then carried to the endosomal compartments
where the antigenic peptides are placed in the binding grooves of MHC class II molecules. The antigen-MHC
complexes are then carried to the cell surface where they are presented to helper T cells.
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Langerhans cell histiocytosis is a nonneoplastic reactive lesion whose trigger is unknown
but may be an infectious agent. This condition is not premalignant, and it may occur in cuta-
neous or systemic forms. Both forms of Langerhans cell histiocytosis present with a lesion or
lesions in the skin or subcutis, but systemic histiocytosis also involves other tissues. Cuta-
neous histiocytosis shows no breed predilection, occurs in adult dogs between 3 and 9 years
old, and is characterized by the development of nonpainful solitary or multiple nodules in the
skin or subcutis. These lesions tend to occur on the head, neck, extremities, perineum, and
scrotum. In contrast, systemic histiocytosis tends to occur in large breeds such as Bernese
Mountain dogs, Rottweilers, Golden Retrievers, and Labradors. The age of onset is between
4 and 7 years. The lesions develop in the skin, mucous membranes, eyes, nasal cavity, spleen,
lung, liver, bone marrow, and spinal cord. Histologically these lesions characteristically
contain a mixture of cell types. The cells express CD1, CD11c, MHC class II, CD4, and
CD90, a phenotype typical of Langerhans cells (Kaim et al., 2006). The lesions also contain
T cells and neutrophils (Faller et al., 2016). As many as 30% of cutaneous cases and 10% of
systemic cases spontaneously regress following in� ltration by CD4 þ T cells and the produc-
tion of Th1 cytokines such as IL-2, TNF-a, and IFN-g, as well as NOS2, and subsequent
recruitment of cytotoxic T cells.
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The canine lymphoid system

Although antigens are trapped and processed by dendritic cells, macrophages, and B cells,
adaptive immune responses are actually mounted by lymphocytes. Lymphocytes are respon-
sible for the production of antibodies and for cell-mediated immune responses. The lymphoid
organs must therefore provide an environment for ef � cient interaction among lymphocytes,
antigen-presenting cells, and foreign antigens as well as sites where lymphocytes can respond
optimally to processed antigens.

Sources of lymphocytes

Canine lymphoid stem cells are � rst detected in the fetal omentum, liver, and yolk sac. In
older fetuses and in adult dogs, these stem cells are mainly found in the bone marrow. The
bone marrow has multiple functions in adult dogs. It is a hematopoietic organ containing the
precursors of all blood cells, including lymphocytes. It is also a primary lymphoid organ (a
site where newly produced lymphocytes can mature). Like the spleen, liver, and lymph
nodes, the bone marrow is also a secondary lymphoid organ where circulating antigen can
be trapped. It is lined by a layer of cells covering the bone surface, endosteum, and this con-
tains aggregates of osteoblasts and osteoclasts. It contains many dendritic cells and macro-
phages. It also contains large numbers of antibody-producing cells and is therefore a
signi� cant source of antibodies.

Bone marrow

Because of these multiple functions, the bone marrow is divided into a hematopoietic
compartment and a vascular compartment. The hematopoietic compartment contains stem
cells for all the blood cells as well as macrophages, dendritic cells, and lymphocytes and is
enclosed by a layer of adventitial cells. Dog bone marrow occasionally contains lymphoid ag-
gregates. In older animals these adventitial cells may become so loaded with fat that the
marrow may have a fatty yellow appearance.

In young dogs, their hematopoietic bone marrow is primarily found within their long
and � at bones. However, as the animals age the medullary cavity becomes progressively
� lled with adipocytes and the hematopoietic tissue tends to be con� ned to the trabecular
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cavities of � at bone and the epiphysis and metaphysis of the long bones (Pereira et al.,
2019). There is no exclusive B-cell development site in the canine bone marrow, although
it is suggested that precursor B cells develop at the outer edge of the marrow and migrate
to the center as they mature and multiply. PET/CT scans of the skeletal regions of healthy
adult dogs show that the greatest proportion of proliferative marrow (43%) is located
within the vertebral column. There is also signi � cant activity within the proximal humer-
us (10%), followed by the ossa coxarum (7%), ribs (5%), proximal femur (4%), and ster-
num (3%) (Rowe et al., 2019).

Primary lymphoid organs

As puppies develop, newly produced, immature lymphocytes migrate from the bone
marrow to the primary lymphoid organs where they mature. Thus, T cells and B cells are
initially differentiated based on the primary organ in which they mature. All T cells mature
in the thymus. B cells, in contrast, mature within the bone marrow and Peyer ’s patches in
dogs.

Thymus

Dogs have a bilobed thymus located within the anterior thoracic cavity, cranial to the
heart (Fig. 8.1). It develops in utero after its epithelial precursors � rst appear at post-
conception day 23. At that time, epithelial palisades form from the endodermal epithelium
(Bodey et al., 1987). Several days later lymphopoiesis is � rst detectable and the epithelial
cells begin to form reticular networks. Thus, the immigration of lymphoid stem cells into
the thymus begins around this time. By day 38 the � rst Hassall’s corpuscles are seen, as
is the differentiation of the developing thymus into cortex and medulla ( Bodey et al.,
1987). Mast cells are� rst seen in the organ on day 35 gestation, especially in the interlob-
ular connective tissue. Small clusters of neutrophils appear in the thymus 3 weeks after
birth.

The size of the thymus changes over time, its relative size being greatest in the newborn
animal. The thymus continues to grow in neonatal puppies to reach its maximum absolute
size at about 6 months of age. However, once the dog reaches sexual maturity (6e 23 months),
it then begins to involute, as thymic parenchyma is removed leaving prominent epithelial
structures such as connective tissue cords and cysts together with adipose tissue. This is espe-
cially obvious in the medulla. In newborn puppies the thymus contains 12% CD4 þ cells and
3% CD8þ cells. About 5% of thymic cells are CD34þ lymphoid progenitors ( Faldyna et al.,
2005). The involution rate is highly variable so there is a great diversity of thymic develop-
ment and atrophy between dogs (Haley, 2017). Thymic remnants can still be found in adult
animals (Sisson& Grossman, 1953).

The maternal thymus undergoes involution during pregnancy. There is a reduction in all
the thymic cell populations, both lymphoid and nonlymphoid. This may play a role in pro-
moting maternal tolerance of her fetus. The thymus recovers postpartum, usually by the end
of lactation (Pereira et al., 2019).
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Structure

The thymus consists of lobules of loosely packed epithelial cells, each covered by a connec-
tive tissue capsule (Fig. 8.2). The outer part of each lobule, the cortex, is densely in� ltrated
with lymphocytes (thymocytes), but the inner medulla contains fewer lymphocytes, and
the epithelial cells are clearly visible. Within the medulla are also found round, layered bodies
called Hassall’s corpuscles. These contain keratin, and the remains of a small blood vessel
may be found at their center. Keratinization of the Hassall ’s corpuscles is especially evident
in dogs (Fig. 8.3). An abnormally thick basement membrane and a continuous layer of epithe-
lial cells surround the capillaries that supply the thymic cortex. This barrier prevents circu-
lating foreign antigens from entering the cortex. No lymphatic vessels leave the thymus.
Epithelium-free areas located just under the capsule may be prominent in some dogs (Haley,
2017) (Figs. 8.2 and 8.3).

FIGURE 8.1 Anatomy of the canine thymus. From Miller and Evans.The anatomy of the dog. Elsevier. With
Permission.
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Function

The neonatal thymus is the source of T cells. T-cell precursors originate in the bone marrow
but then enter the thymus. Once within the thymus, the thymocytes divide rapidly. Of the
new cells produced, most die by apoptosis, whereas the survivors, 5%e 25%, remain in the
thymus for 4e 5 days before leaving and colonizing the secondary lymphoid organs.

T cells that enter the thymus have two con� icting tasks. They must recognize foreign an-
tigens but at the same time must not respond to normal body constituents. A two-stage se-
lection process in the thymic medulla accomplishes this feat. Thus, T cells with receptors

FIGURE 8.3 Hassall’s corpuscle from a
normal thymus from a 2-month-old male Pit
Bull. It is surrounded by thymic medullary
tissue. Courtesy of Dr. Brian Porter.

FIGURE 8.2 A section of the thymus
from a 2-month-old male Pit Bull. Each lobule
is divided into a cortex rich in lymphocytes,
hence staining darkly, and a somewhat less
dense and pinker medulla containing many
epithelial cells. Original magni � cation � 10.
Courtesy of Dr. Brian Porter.
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that bind self-antigens strongly and that could therefore cause autoimmunity undergo death
by apoptosis. Likewise, T cells with receptors that cannot bind any major histocompatibility
complex (MHC) class II molecules and thus cannot react to any processed antigen are also
killed. The T cells that survive this “ negative selection” process can still recognize speci� c
MHC class IIe antigen complexes with moderate af� nity and are stimulated to grow d a pro-
cess called positive selection. These selected T cells eventually leave the thymus, circulate in
the bloodstream, and eventually colonize the secondary lymphoid organs.

The autoimmune regulator

Medullary thymic epithelial cells (mTECs) are unique since they collectively express thou-
sands of protein coding genes. In addition, these cells have a very high level of autophagy. As
a result, they present developing T cells with an enormous diversity of normal cellular pro-
teins. Thymic epithelial cells and dendritic cells within the thymic medulla use a unique pro-
tein called the autoimmune regulator (AIRE). Canine AIRE is a protein of 56 KDa containing
584 amino acids encoded on chromosome CFA 31, that binds to chromatin and regulates
gene transcription in such a way that a huge diversity of self-proteins is expressed by a single
mTEC. AIRE promotes this promiscuous gene transcription. As a result, mTECs can collec-
tively present the developing T cells with many of the normal proteins that they are liable
to encounter when they leave the thymus and circulate through the body. In this way, the
mTECs ensure that self-reactive T cells are exposed to many normal tissue antigens and as
a result, most self-reactive cells are eliminated. This system thus ensures that most T cells
leaving the thymus cannot recognize nor respond to normal body components.

Peyer’s patches

Peyer’s patches (PPs) are lymphoid organs located in the walls of the small intestine.
Canine intestines contain 26 to 29 PPs. They are round or oval structures in the duodenum
and jejunum but elongate toward the ileum and vary in size from 2 � 10 to 36� 14 mm
(HogenEsch et al., 1987). They are randomly distributed along the small intestine. Dogs
also have a single, very large ileal PP. This is located about 9e 10 cm from the pylorus.
This ileal PP is about 25e 30 cm long and forms a single continuous structure that extends for-
ward from the ileocecal junction. It is about 10 mm wide at the anterior end but widens until
it involves the entire circumference of the ileum. Thus, in dogs 80%e 90% of the intestinal
lymphoid tissues are found in the ileal PP.

The duodenal and jejunal PPs consist of multiple, large pear-shaped lymphoid nodules
covered by large domes and separated by densely cellular interfollicular areas (HogenEsch
& Felsburg, 1992). The domes extend into the mucosa. The dome epithelium contains few
goblet cells but many intraepithelial leukocytes. These consist of some B cells with cyto-
plasmic IgA and many IgG þ B cells.

The lymphoid follicles consist of germinal centers, each with a distinct corona consisting of
densely packed small lymphocytes. Each germinal center has a central light zone and a basal
dark zone. The light zone contains lymphoblasts, reticulum cells, and macrophages. The dark
zone consists of densely packed small lymphocytes and lymphoblasts. The jejunal PPs are
similar in structure to the duodenal PPs, although the lymphoid nodules are more elongated.
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The duodenal PPs also have invaginations in the dome epithelium that are absent from the
jejunal patches (Pabst et al., 2005). These extend into the submucosa where they are sur-
rounded by solitary lymphoid nodules ( HogenEsch et al., 1987) (Fig. 8.4). While surrounded
by IgA þ plasma cells there are very few of these cells within the germinal centers themselves.
T cells are largely restricted to the interfollicular areas and corona (HogenEsch & Felsburg,
1992) (Fig. 8.4).

The single long ileal PP has small, elongated domes and poorly developed interfollicular
areas separating very large follicles. The coronas are thinner and less obvious. The domes of
only a few follicles extend into the mucosa. T cells are present in the corona, the interfollicular
areas with fewer in the domes and the germinal centers. The ileal PPs contain fewer T cells
than the proximal PPs (HogenEsch & Felsburg, 1992).

Lymphoglandular complexes

Lymphoglandular complexes are also present in the walls of the canine large intestine and
cecum. These consist of submucosal masses of lymphoid tissue penetrated by radially branch-
ing extensions of mucosal glands. These glands penetrate both the submucosa and the
lymphoid nodule. They are lined by intestinal columnar epithelium containing goblet cells,
intraepithelial lymphocytes, and M cells. Their function is unknown, but they contain
many plasma cells, suggesting that they are sites of antibody production. Dogs also have
many prominent aggregated lymphoid nodules within the colon and rectum. The normal,
healthy canine gastric mucosa also contains multiple lymphoid nodules about 1 mm in diam-
eter (Kolbjørnsen et al., 1994). They are most numerous in the fundus. They consist of about
42% B cells, 22% CD4þ T cells, and 3% CD8þ T cells. Lymphoid aggregates may also form as a
result of chronic gastritis caused by Helicobacter pylori.

FIGURE 8.4 Intestinal lymphoid tissue in
the small intestine of a 2-year-old female
Labrador Retriever. Courtesy of Dr. Brian
Porter.
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Secondary lymphoid organs

In contrast to the primary lymphoid organs, the secondary lymphoid organs arise late in
fetal life and persist in adults. Examples of secondary lymphoid organs include the spleen,
the lymph nodes, and the tonsils, as well as lymphoid aggregates in the intestinal, respira-
tory, and urogenital tracts. These organs contain dendritic cells that trap and process antigens
and lymphocytes that mediate the immune responses (Baum, 1918). The structure and loca-
tion of these organs facilitates antigen trapping and provides an optimal environment for the
initiation of immune responses. Secondary lymphoid organs are connected to both the blood
and lymphoid systems, thus allowing them to trap circulating antigens.

Lymph nodes

Structure

Lymph nodes are round or bean-shaped� lters placed within lymphatic vessels in such a way
that they can sample antigens carried in the lymph. Each lymph nodes is surrounded by a
capsule beneath which is a reticular network � lled with lymphocytes, macrophages, and den-
dritic cells and through which lymphatic sinuses penetrate. A subcapsular sinus is located
immediately under the connective tissue capsule. Other sinuses pass through the body of the
node but are most prominent in the medulla. Afferent lymphatics enter the node around its
circumference, and efferent lymphatics leave from a depression or hilus on one side. The blood
vessels supplying a lymph node also enter and leave through the hilus (Figs. 8.5 and 8.6).
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FIGURE 8.5 The major structural features of a typical canine lymph node.
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The interior of lymph nodes is divided into a peripheral cortex, and a central medulla, sepa-
rated by a paracortex. B cells predominate in the cortex, where they are arranged in lymphoid
follicles. In lymph nodes that have been stimulated by antigen, some of these follicles form
germinal centers. Germinal centers are round, ovoid clusters of cells divided into a light and
dark zone (Fig. 8.6). Germinal centers develop when a few antigen-speci� c B cells enter a follicle
and then divide rapidly to become the centroblastsd these form the dark zone. This is the site
where B cells proliferate and undergo somatic mutation. The centroblasts eventually produce
nondividing lymphocytes that migrate to the light zone. The light zone is the site where immu-
noglobulin class switching and memory B-cell formation occurs. Light zones are rich in antigen-
trapping follicular dendritic cells (fDCs) and CD4 þ T cells (Figs. 8.7 and 8.8).

T cells and dendritic cells predominate in the paracortex. The cells are arranged in cords
between the lymphatic sinuses. At the center of each paracortical cord is a high endothelial
venule (HEV). These vessels are lined with tall, rounded endothelial cells quite unlike the � at-
tened endothelium found in conventional blood vessels. HEVs are surrounded by concentric
layers of � broblastic reticular cells and a narrow space called the perivenular channel.

The lymph node medulla contains lymphatic sinuses separated by medullary cords con-
taining many plasma cells, macrophages, and memory T cells.

Lymph nodes are very busy places with cells migrating in and out in response to a multi-
tude of chemical signals. These signals are delivered through the reticular� bers that provide
the structural scaffolding of the lymph node. These � bers are hollow and serve as conduits for
the rapid transmission of signaling molecules. The conduits consist of bundles of collagen� -
bers ensheathed by� broreticular cells (Roozendaal et al., 2009). The � broreticular cell wall is
not continuous, so that dendritic cells can insert their dendrites through the gaps and sample
any antigens within the lymphatic � uid. The conduits provide for the rapid delivery of

FIGURE 8.6 The major structural features of a typical canine lymph node (Histologic section). Courtesy of Dr.
Brian Porter.
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FIGURE 8.8 Histologic section showing a
typical germinal center from the cortex of a
canine lymph node. Courtesy of Dr. Brian
Porter.
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soluble antigens from the afferent lymph to the lumen of HEVs and enable these antigens to
reach deep into a node (Harwood & Batista, 2009).

Function

Lymph nodes trap antigens and facilitate the interactions between antigen-presenting cells
and antigen-sensitive T and B cells. Each cell must be guided to their appropriate contacts
with great precision. A complex mixture of chemokines directs these cells. Thus, chemokines
drive the emigration of lymphocytes from HEVs into the lymph node. Dendritic cells, once
they encounter antigen, are also guided into lymph nodes by chemokines. For example, den-
dritic cells are attracted to the paracortex, where they present their antigen to T cells.

Lymph nodes also contain innate lymphoid cells that are located close to the macrophages
lining the lymphatic sinuses. They thus are exposed to IL-18 released when the macrophages
encounter invaders. The innate lymphocytes in turn rapidly increase IFN- g secretion that ac-
tivates the macrophages still further and enhances their antimicrobial activities.

Both B and T cells are highly active and motile. The T cells in the paracortex and B cells in
the cortex are guided by follicular dendritic cells. Chemokines control the relocation and
recirculation of lymphocytes and ensure that they end up in the right place. For example,
T cells are attracted to the perifollicular area of the cortex. B cells, on the other hand, are
attracted to the interior of germinal centers. When T cells are activated, they too may enter
germinal centers where they “ help” B cells respond to antigens. Other secondary lymphoid
organs employ different homing receptors. For example, canine mucosal addressin cell adhe-
sion molecule-1 (MAdCAM-1) is a homing receptor found in blood vessels within PPs and in
the mesenteric lymph nodes of dogs. Lymphocytes that recirculate to the intestine express
high levels of the MAdCAM-1 ligand ( Miura et al., 2005).

Soluble antigens entering the node through its afferent lymphatics � rst pass into the sub-
capsular sinus. From there they enter the conduit network and are carried into the cortex.
Larger antigens such as viruses are captured by macrophages within the subcapsular sinus.
These macrophages carry the viral particles through the sinus� oor and directly present them
to B cells in the underlying follicles. The B cells then migrate to the T celle B cell boundary,
where they receive speci� c T-cell help. B cells can also enter the paracortex directly from
HEVs. There is a specialized population of follicular dendritic cells clustered around these
blood vessels so that immigrating B cells can survey any antigens they may be carrying.
This is also a perfect location to receive T-cell help.

When bacteria invade tissues, the resident dendritic cells are activated and migrate to the
draining lymph node where they accumulate in the paracortex and cortex. These dendritic
cells form a web through which antigens must pass. Captured antigens are presented by
the dendritic cells to T cells. T cells are initially activated in the paracortex, whereas the B cells
remain randomly dispersed in the primary follicles. Both cell populations then migrate to the
edges of the follicles where they interact. Once antibody production is stimulated, the prog-
eny of these B cells move to the medulla and begin to secrete antibodies. Some of these
antibody-producing cells may escape into the efferent lymph and colonize downstream
lymph nodes. Several days after antibody production is � rst observed in the medulla,
germinal centers appear in the cortex.
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Adherence to follicular dendritic cells is the predominant means of antigen trapping once a
dog has been sensitized by previous exposure to an antigen. In a secondary response the
germinal centers become less obvious as activated memory cells emigrate in the efferent
lymph. Once this stage is completed, the germinal centers redevelop.

Lymphocyte circulation

Lymphocytes, especially T cells, are highly mobile. They migrate from the bone marrow to
the thymus and secondary lymphoid organs; they circulate around the body in blood and
lymph and move from lymphoid organs to sites of microbial invasion. T cells constantly
circulate around the body in the blood and tissue � uid and are the predominant lymphocytes
in canine blood (Fig. 4.3). As they travel, they survey the body for foreign antigens and pref-
erentially home to sites of microbial invasion and in � ammation.

Circulating T cells leave the bloodstream by two routes. T cells that have not previously
encountered antigens (“ naïve” T cells) bind to HEV in lymph nodes. The high endothelial
cells in these vessels are not joined by tight junctions but are linked by discontinuous
“ spot-welded” junctions. This means that lymphocytes can pass easily between the high
endothelial cells. Circulating lymphocytes can adhere to these high endothelial cells and
then migrate into the paracortex. The emigration of lymphocytes from HEVs resembles
that of neutrophils in in � amed blood vessels. Thus, the cells initially roll along the endothelial
surface binding to selectins. As they roll, they become activated and express integrins. As a
result, they decelerate, stop, and then emigrate. The number and length of HEVs are variable
and controlled by local immune activity. Thus, stimulation of a lymph node by the presence
of antigens results in a rapid increase in the length of its HEVs. If, however, a lymph node is
protected from antigens, its HEVs shorten.

In contrast to naïve T cells, memory T cells leave the bloodstream through conventional
blood vessels in tissues and are then carried to lymph nodes through afferent lymphatics.
They leave the lymph nodes through the efferent lymphatics. These efferent lymphatics even-
tually join together to form large lymph vessels. The largest of these lymph vessels is the
thoracic duct, which drains the lymph from the lower body and intestine and empties it
into the anterior vena cava.

In the case of the dog, popliteal afferent lymph contains less than 3000 cells/ml, whereas
efferent lymph from the same lymph node contains 0.5e 4.3 � 106 cells/ml. Of these, 98% are
lymphocytes (Knox & P� ug, 1983). Canine thoracic duct lymph contains about 6000 cells/ml
(Haynes & Field, 1931). Of these, 95%e 99% are small lymphocytes. Presumably their compo-
sition is similar to that found in blood. In healthy adult dogs, the great majority of circulating
lymphocytes are T cells. They constitute 46%e 84% of the total lymphocyte population. About
7%e 30% are B cells, while the remainder are innate lymphoid cells. Of the T cells 92% are
a/ bþ and 7.6% are g/ dþ . Likewise, 17%e 87% are CD4þ , while 16%e 40% are CD8þ . The
normal CD4:CD8 ratio in dog blood is 4.7.

Lymphosomes

It is possible to map the body regions (lymphosomes) drained by each lymph node based
on the tracing of injected colored dyes. Thus, the lymphatic vessels draining a speci� c region
of the body all converge on the same subgroup of regional lymph nodes. Ten super� cial lym-
phosomes have been identi� ed in the dog (Suami et al., 2013). Bacteria causing an infection
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within a speci � c lymphosome are carried to a speci� c set of nodes to be disposed of. Like-
wise, the path of metastatic tumor cells can also be traced through a speci� c lymphosome
to its draining node ( Fig. 8.9).

Spleen

The spleen is the largest secondary lymphoid organ in the dog. It is located in the ante-
rior left side of the abdominal cavity between the stomach and the rib cage. The body of
the spleen is attached to the stomach by the splenic ligament. The presence of an acces-
sory spleen in dogs has been reported tooccur in 3% (41/1372) of individuals ( Spangler
& Culbertson, 1992). The dog spleen is of the sinusal type and thus can store a large
amount of blood for quick release in emergencies. It is therefore classi� ed as a storage
spleen. Storage spleens are found in dogs andother carnivores that require a reserve of
red cells to be readily available while chasing their prey. They have a thick muscular
outer capsule with many well-developed tra becule made of smooth muscle penetrating

FIGURE 8.9 Color-coded diagram of 10 super� cial lymphosomes in the dog with arrows showing the direction of
lymph � ow. From Suami, H., Yamashita, S., Soto-Miranda, M. A.,& Chang, D. W. (2013). Lymphatic erritories (lympho-
somes) in a canine: An animal model for investigation of postoperative lymphatic alterations.PLoS One, 8(7), e69222.https://
doi.org/10.1371/journal.pone.0069222
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the splenic parenchyma. This smooth muscle may contract the spleen so it can store enor-
mous quantities of blood (up to 1/3 of the dog ’s blood volume) and be emptied rapidly
(Fig. 8.10).

Within the capsule is the splenic red and white pulp. The capsule consists of elastic tissue
� bers with abundant smooth muscle cells that take up about two-thirds of the thickness of the
capsule (Onkar & Govardhan, 2013). There are many thick trabecule that are also rich in
smooth muscle � bers. It contains few elastic � bers (Udroiu & Sgura, 2017) (Fig. 8.11).

The white pulp

The spleen can be considered a specialized� lter for blood-borne antigens. The � ltering
process removes particles such as microorganisms, cellular debris, and aged blood cells.
This � ltering function, together with highly organized lymphoid tissue, makes the spleen
an important component of the canine immune system.

Arteries entering the spleen pass through the muscular trabecule before entering the white
pulp and branching into arterioles. Immediately on leaving the trabecule, each arteriole is

FIGURE 8.10 The anatomy of the canine
spleen. From Miller and Evans.The anatomy of the
dog. Note that its size varies greatly depending upon
its blood content. With permission.
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surrounded by a layer of lymphoid tissue called the periarteriolar lymphoid sheath. The cen-
tral arteriole eventually leaves this sheath and branches into penicillary arterioles.

The white pulp is abundant (although less prominent than in humans), and sinusoids are
obvious within the marginal zone. The stroma is formed by reticular � bers. The white pulp
contains both B and T cells, which accumulate in their speci� c zones under the in� uence of
chemokines. They aggregate around the splenic arterioles to form the periarteriolar lymphoid
sheaths that consist largely of T cells. Within these, sheaths the T cells interact with dendritic
cells and passing B cells. The B-cell areas, in contrast, consist of round primary follicles scat-
tered through the sheaths. These follicles are sites where germinal center formation, clonal
expansion, isotype switching, and somatic hypermutation occur.

The white pulp is separated from the red pulp by a marginal sinus, a reticulum sheath, and
a marginal zone of cells. This marginal zone is an important transit area for white cells mov-
ing between the blood and the white pulp. It is also rich in macrophages, dendritic cells, and
B cells. Most of the blood that enters the spleen� ows into the marginal sinus and through the
marginal zone before returning to the circulation through venous sinuses. This � ow pattern
ensures that these antigen-presenting cells can capture any blood-borne antigens and deliver
them to the B cells in the marginal zone. The white pulp is involved in adaptive immune re-
sponses, whereas cells of the marginal zone can participate in both innate and adaptive re-
sponses. White pulp does not contain HEVs. Instead, lymphocytes enter the white pulp
through the marginal zone, although the route by which they leave is unclear.

The red pulp

In addition to its immune functions, the spleen also stores red cells and platelets, it recycles
iron, and undertakes red cell production in the fetus. Macrophages in the red pulp specialize
in removing aged red blood cells and so regulate iron recycling.

The red pulp consists of a three-dimensional mesh of venous sinuses and splenic cords.
The cords contain large numbers of lymphocytes, macrophages, plasma cells, and

FIGURE 8.11 A low power section of the
spleen of a 6-week-old male Doberman
Pinscher. Note the thick muscular capsule
and trabecule. The white pulp is marked by
dense accumulations of blue-staining lym-
phocytes. Courtesy of Dr. Brian Porter.
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erythrocytes. It contains abundant ellipsoids and penicillary arteries. Dog red pulp has prom-
inent venous sinuses. It has a relatively small periarteriolar lymphoid sheath and relatively
few nodules (Udroiu, 2017). The red pulp and marginal zone of the dog spleen contain ellip-
soids and penicillary arteries (Onkar & Govardhan, 2013). The arterial capillaries open
directly into these venous sinusoidsd a closed circulation. This is a similar structure to that
observed in the human spleen (Fig. 8.12).

Ellipsoids are found in both the marginal zone and red pulp. They are spherical or ellip-
tical structures surrounded by two or three sinuses. These specialized capillary segments sur-
round the penicillary arteries within the red pulp. They contain macrophages and serve as
highly ef � cient � lters. Thus, they can capture particles such as fat droplets, bacteria, and im-
mune complexes (Sorby et al., 2005).

SinusoidSinusoid

Penicillary 
artery

Sheathed artery

Sinusoid

Sinusoids

Trabecular vein

FIGURE 8.12 The circulation pattern
through the ellipsoids and sinusoids in the red
pulp of the canine spleen.
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Tonsils

Dogs have three different tonsils, one lingual, paired palatine tonsils, and a pharyngeal
tonsil (Casteleyn et al., 2011). The canine lingual tonsil is small and simply consists of a
diffuse aggregation of lymphocytes at the base of the tongue. These lymphocytes may in� l-
trate the overlying strati � ed squamous epithelium. The palatine tonsils are located on the
lateral walls of the oropharynx. They are smooth tonsils that are partially concealed in a
fold of mucosa, the tonsillar fossa. This forms a cavity around the tonsil (Fig. 8.13). Some
tonsillar tissue can extend into the wall of the sinus. The overlying strati � ed squamous
epithelium is relatively thin and in � ltrated with lymphocytes. The palatine tonsil contains
both primary and secondary lymphoid follicles separated by interfollicular regions. The over-
lying strati � ed squamous epithelium is also densely in� ltrated with lymphocytes. The
pharyngeal tonsil is located on the dorsal surface of the nasopharynx above the openings
of the Eustachian tubes. It is not prominent and is covered with smooth pseudostrati � ed
epithelium without any tonsillar fossae ( Castelyn et al., 2011). It contains � at aggregations
of lymphoid cells with both primary and secondary lymphoid follicles. The overlying epithe-
lium is not in � ltrated with lymphocytes ( Fig. 8.13).

Other secondary lymphoid organs

Secondary lymphoid organs of the dog include not only the spleen, tonsils, and lymph
nodes but also the bone marrow and lymphoid tissues scattered throughout the body,
most notably in the digestive, respiratory, and urogenital tracts. The lymphoid tissues of
the intestinal tract constitute the largest pool of lymphocytes in the body, but the bone
marrow also contains very large numbers of lymphocytes. Fat-associated lymphoid clusters
are small secondary lymphoid nodules within adipose tissues underlying serosal membranes
such as the mesentery. Bronchus-associated lymphoid tissues in the form of bronchial

FIGURE 8.13 A section of a palatine
tonsil from a 7-year-old male Shi Tzu. Note
how thin is the overlying epithelium. Cour-
tesy of Dr. Brian Porter.
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lymphoid aggregates are found in the bronchial submucosa, often at bifurcation points. There
are no organized lymphoid tissues within the canine nasal cavity. However, the nasal mucosa
contains many lymphoid cells, especially IgA-positive plasma cells.
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9

The canine MHC: The DLA system

Resistance to infectious diseases is a very strongly inherited trait. After all, a lethal infec-
tion effectively removes susceptible individuals from the gene pool. “ Survival of the � ttest”
applies most strongly to animals defending themselves against infectious agents. As a result,
many genes promote resistance to infection.

In order to trigger adaptive immunity, protein antigens must � rst be processed. They are
broken up inside cells, and the peptides generated bound to appropriate antigen-presenting
receptors. These antigen-presenting receptors are cell-surface glycoproteins encoded by the
genes of the major histocompatibility complex (MHC). Antigens can only trigger an adaptive
immune response when bound to MHC molecules. These peptide-MHC complexes are then
presented to T-cell antigen receptors and if recognized, trigger an immune response. Since
each MHC molecule acts as a peptide receptor, their genes determine which peptides can
bind and so trigger adaptive immunity. The ability of pathogens to evade, escape, or subvert
immune defenses places strong selection pressures on MHC genes and has resulted in their
rapid evolution.

Major histocompatibility complex

All mammals possess an MHC. Each contains about 200 expressed genes arranged in three
clusters or regions (I, II, and III). The class I region contain genes coding for MHC molecules
expressed on most nucleated cells. They serve as receptors for endogenous antigens. Genes in
the class II region encode polymorphic MHC molecules usually restricted to professional
antigen-presenting cells such as dendritic cells, macrophages, and B cells. They act as recep-
tors for exogenous antigens. Genes within the MHC class III region code for a mixture of pro-
teins, many of which are important in innate immunity such as the complement system. The
collective name given to the proteins encoded by MHC genes depends on the species. In dogs
they are called Dog Leukocyte Antigens (DLAs).

The entire canine MHC spans 3.9 megabases (mb) compared to 4.6 mb in humans and
3.3 mb in cats. As in other mammals, it is arranged in three regions in the order -class II-
class III-class I- and is located in the pericentromeric region of chromosome CFA 12 (Yukhi
et al., 2007). However, a few class Ie related MHC genes are found on other chromosomes.
For example, an inverted sequence containing about 500 base pairs (bp) is located on
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chromosome CFA 35. It contains four pseudogenes but no functional class I genes (Yukhi
et al., 2007). These genes separated from the main MHC as a result of a chromosomal break
located betweenTRIM 39 and TRIM 26. A similar break is present in cats suggesting that this
break and inversion occurred before the divergence of felids and canidsw 70 mya. Two addi-
tional class I related genes are located on chromosomes CFA 7 and 18 (Wagner, 2003).

MHC class I molecules

DLA class I molecules are expressed on most nucleated cells. For example, they are present
on lymphocytes, platelets, granulocytes, hepatocytes, kidney cells, and sperm. They are not
usually found in red cells, gametes, neurons, or on trophoblast cells. Some cells, such as
myocardial and skeletal muscle cells, may express very few class I molecules.

Structure

DLA class I molecules are heterodimers consisting of two linked glycoprotein chains. A
45 kDa a-chain is paired with a much smaller 12 kDa chain called b2-microglobulin ( b2M).
The a-chain is inserted in the cell membrane. It consists of� ve domains: three extracellular
domains called a1, a2, and a3, each about 100 amino acids long; a transmembrane domain;
and a cytoplasmic domain. The antigen-binding site is formed by the folded a1 and a2 do-
mains. The b2M chain consists of a single domain and stabilizes the structure (Fig. 9.1).

Dogs have seven DLA class I genes of which four are functional. The other three are pseu-
dogenes. The four functional class I genes are numbered, DLA-88, -12, -64, and -79. Three,
DLA-88, -64, and -12, are found on chromosome 12. DLA-79 is located on chromosome 18
(Fig. 9.2) (Wagner et al., 2002) (Figs. 9.1 and 9.2).

One of the four functional class I genes, DLA-88, is highly polymorphic with more than 140
alleles recognized (131 in the dog only, 3 shared, and 6 in the gray wolf only). The other three
genes are much less diverse. DLA-79 has 11 alleles, DLA-12 has 15, while DLA-64 has only six
(Miyamae et al., 2017; Wagner, 2003; Wagner et al., 2002). Dogs thus have a relatively few
functional MHC class I genes and rely almost exclusively on allelic polymorphism in DLA-

FIGURE 9.1 The structure of a class I MHC molecule on a cell membrane. Its antigen-binding site is formed by
the folding of both its a1 and a2 domains.
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88 to generate diversity in antigen binding. Two of the class I pseudogenes, DLA-12a and
DLA-53, appear to have been generated independently after diverging originally from
DLA-79 (Miyamae et al., 2017) (Box 9.1).

There are two distinct DLA-88 and DLA-12 haplotype structures. Gene conversion or un-
equal crossing over has resulted in a combined DLA88-12 haplotype (DLA-88/DLA-12).
Likewise, gene duplication has resulted in the development of paired DLA-88 haplotypes
(DLA-88/DLA-88L), with 93.6% nucleotide identity. Their expression levels are similar.
Thus, many DLA haplotypes contain two copies of the DLA-88 gene. It is also suspected

FIGURE 9.2 The arrangement of the DLA class I and class II regions. The number of identi� ed alleles differs
greatly between different genes. These alleles are classi� ed based on the amino acid sequences lining the antigen-
binding grooves in each gene and hence determine which peptides can, or cannot, bind and trigger an immune
response.

BOX 9.1

R u l e s f o r n a m i n g D L A a l l e l e s

By international agreement, canine alleles
are numbered. They are generally preceded
by the name of the speci� c locus and an
asterisk. Five or six digits are used to char-
acterize them. These numbers are based on
their amino acid sequences. Thus, for
DLA88*501:01, the � rst three digits (501)
indicate the major type of allele. The fourth
and � fth digits (01) indicate the allele subtype

while a sixth digit, if necessary, indicates
whether the allele is expressed. The desig-
nation of the major type of the allele refers to
the sequences within the antigen-binding
hypervariable regions in exon 2. The sub-
type designation is based on amino acid dif-
ferences located within the same exon but
located outside the antigen-binding region
(Ballingall et al., 2018).
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that some dog haplotypes may have identical exon sequences but differ in their intron se-
quences. As many as 43 alleles of DLA-12/88L have been identi� ed (Miyamae et al., 2023).

When DLA-88 was typed in 428 dogs, it was shown that 129 were homozygous for their
DLA class I alleles (Kennedy et al., 2012). The majority of these dogs (82%) had a single
DLA-88 allele, however, 18% (77) had two, with approximately equal numbers of homozy-
gotes and heterozygotes. This suggests that within a breed there may be as many as four
DLA-88 haplotypes.

Antigen presentation

Class I genes are critical for the binding and presentation of exogenous antigenic proteins
to helper T cells. The peptide binding motif of DLA-88 has been analyzed in detail (Barth
et al., 2016). All DLA-88 alleles show extreme polymorphism in exons 2 and 3 that code
for the peptide binding groove on the a1 and a2 domains. The sides of the groove are formed
by two antiparallel a helices, while the base is formed by ab-pleated sheet (Fig. 9.3). It pref-
erentially binds nonamers (65% of bound peptides). However, it can also bind peptides
ranging from 8 to 12 amino acids in length but with decreasing frequency (8 amino
acidsd 5.9%, 10d 15%, 11d 11.3%, and 12d 2.0%) (Barth et al., 2016). Positions 2 and 9 within
the groove are the main anchor points with hydrophobic amino acids leucine and valine at
these positions. The class I allele DLA-88*501:01 has also been shown to possess two major
antigen anchor positions. This speci� c allele is common in Boxers and Golden Retrievers.
Close examination of the peptide binding site in DLA88*508:01 (a predominant allele in
Golden Retrievers) demonstrated that it has large � exible pockets composed of both

FIGURE 9.3 A view (from above) of
the antigen-binding groove on an MHC
class I molecule. The� oor of the groove is
formed by an extensive b-pleated sheet.
The walls of the groove are formed by
two parallel a helices. This structure is
formed by the folding of the a1 (blue) and
a2 (yellow) domain of the a chain. Cour-
tesy of Dr. B. Breaux.
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hydrophobic and hydrophilic residues. It also possesses an unusuala2 helical structure with
a large coil in the TCR contact region (Xiao et al., 2016) (Fig. 9.3).

DLA polymorphism

Polymorphism in the DLA class I a1 and a2 domains results from variations in the nucle-
otide sequences between MHC alleles. These sequence variations result from point mutations,
reciprocal recombination, and gene conversion. Point mutations are simply changes in indi-
vidual nucleotides. Reciprocal recombination involves crossing over between two chromo-
somes. In gene conversion, small blocks of DNA are exchanged between different class I
genes in a nonreciprocal fashion. The donated DNA blocks may come from nearby nonpoly-
morphic class I genes, from nonfunctional pseudogenes, or from other polymorphic class I
genes. Class I MHC genes have the highest mutation rate of any germline genes yet studied
(10� 3 mutations per gene per generation in mice). This high mutation rate implies that there
are signi� cant advantages to be gained by having very polymorphic MHC genes.

The DLA88 genes are classi� ed into two groups, DLA-88*0 and DLA-88*5. The two differ
in a three amino acid sequence (LQW) in thea2 domain of DLA-88*5 that results in the addi-
tion of one more amino acid in the peptide binding site. X-ray crystallography of one speci � c
allele, DLA-88*001:04, shows that the presence of the LGW sequence results in a shallower
antigen-binding groove and, most unusually and uniquely, a leucine is exposed at the top
of the a2 domain helix that can affect T-cell binding and so in� uence immune responses in
any DLA-88*5-positive dogs. It has been speculated that this unique structure has evolved
in response to the threat of canine venereal sarcoma (Chapter 20). The sarcoma cells lack
this leucine residue so that they will be rejected by DLA-88*5-positive dogs. In addition,
the anchor residues for ligand binding are located at positions 2 and 3 within the peptide-
binding groove ( Sun et al., 2023).

Nonpolymorphic MHC class I molecules

Canine cells express many nonpolymorphic class I molecules. Some are encoded by genes
within the MHC class I region, others by genes on other chromosomes. These genes probably
originated from polymorphic class I precursors by duplication. They code for proteins whose
overall shape and antigen-binding groove are similar to those in polymorphic MHC class I
molecules. Some act as pattern recognition receptors for commonly encountered, microbial
PAMPs. For example, they encode MICA and MICB, specialized proteins that are involved
in signaling to natural killer (NK) cells but do not bind antigenic peptides ( Chapter 10).

CD1 molecules are a family of antigen-presenting receptors expressed on dendritic cells. Their
function is to present lipid antigens to T cells (Chapter 10). Dogs possess 13 CD1 genes of which
four are functional. They are located on chromosome CFA 38 (Reinink & Van Rhijn, 2016).

Likewise, FcRn is a nonpolymorphic class I molecule that acts as an antibody (Fc) receptor
on epithelial cells. It is expressed on mammary gland epithelium and on the enterocytes of
newborn puppies (Chapter 2).
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MHC class II molecules

The canine classical and extended class II region spans about 711 kb. Expression of DLA
class II gene products is normally restricted to the professional antigen-presenting cells (den-
dritic cells, macrophages, and B cells) but can be induced on T cells, keratinocytes, and
vascular endothelial cells. DLA class II molecules are constitutively expressed on nearly all
resting adult T cells. Their expression is enhanced in rapidly dividing cells and in cells acti-
vated by exposure to interferon-g such as M1 macrophages. Other genes within the class II
region code for molecules involved in antigen processing. These include the transporter pro-
teins TAP1 and TAP2 and some proteasome components (Fig. 9.2).

MHC class II molecules consist of paired peptide chains calleda and b. The genes for the
a-chains are designated A, and the genes for theb-chains are called B. The three mammalian
class 2 receptors are labeled DP, DQ, and DR. A“ complete” MHC class II region, in theory,
would therefore contain six genes in the three paired loci. However, dogs only possess four
complete and functional class II genes,DRA1, DRB1, DQA1, and DQB1 and lack functional
DPA and DPB genes.

Class II polymorphism

Polymorphism is very much greater in the DLA class II region than in the class I region.
Three of the genes are highly polymorphic and there have been 241DRB1 alleles, 39
DQA1 alleles, and 117DQB1 alleles identi� ed (Kennedy et al., 2012; Wagner et al., 2002).
DRA1, in contrast, is monomorphic and thus does not differ between individual dogs. The
three polymorphic class II genes collectively encode multiple alleles and, of course, many
more haplotype combinations.

Polymorphism also occurs in the promoter regions of DRB1, DQA1, and DQB1 (Berggren
& Seddon, 2005). It is especially high in the binding sites for transcription factors. There are
associations between theDQB1 promoters and exon 2 alleles in wolves indicating linkage
disequilibrium in this speci � c region. The DRB1 and DQB1 promoter regions have lower
levels of polymorphism. A variable site has also been identi� ed in the TNF-a response
element of the DQA1 promoter region.

Haplotypes

Each dog has two sets of these three class II genes, one from each parent. The complete set
of six alleles constitute its MHC haplotype. The antigen-binding site on a class II MHC pep-
tide is located on exon 2, so sequencing of this exon is used to characterize its haplotype. It
has been found that most dog breeds possess four to� ve major haplotypes. One is usually at
high frequency (50%e 70%) with the others ranging from 20% to 1%. Common breeds with
large populations are more diverse and as a result tend to have more haplotypes (Kennedy
et al., 2002a, 2002b). Conversely uncommon breeds, especially if they have undergone selec-
tive line breeding or gone through recent population bottlenecks tend to have fewer. There is,
however, great interbreed variation. Some haplotypes are ubiquitous and found in many
breeds, while others are limited to just a few breeds. Some haplotypes may be geographically
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restricted (Kennedy et al., 2002a, 2002b). The most frequent haplotype is DRB1*006:01,
DQA1*005:01, DQB1*007:01 (Ballingall et al., 2018). Analysis of over 10,000 dogs of 204
different breeds has identi� ed at least 157 different haplotypes. Each of which has been iden-
ti � ed in more than one homozygous dog or at least three heterozygous dogs. Twenty-two of
these class II DLA haplotypes have a frequency greater than 1% (Table 9.1). There are only
three haplotypes shared between the dog and the gray wolf and two of these are among
the common 22 (Table 9.1).

The frequency of individual DRB1 alleles varies greatly between breeds. Thus, 83% of West
Highland White Terriers are DRB1*01 compared to only 9% of collies (Kennedy et al., 1999).
No breed had more than nine of the 22 DRB1 alleles tested, and several breeds had only two.
Of the 176 DRB1 alleles, 107 are found in the dog only, while 53 are found in one or more
other canid species. Eleven are found in both the dog and other canids. Each DRB1 allele
is found in at least one haplotype, and many are present in multiple haplotypes.

In the case of DQA1, there is much less interbreed variation. Haplotype analysis shows 44
different DRB1/DQA1 combinations. At least one class II haplotype lacks DQB1, whereas
other haplotypes contain two DQB1 genes (Kennedy et al., 2007a, 2007b). The haplotype

TABLE 9.1 Predisposing haplotypes to immune-mediated diseases.

DOG breed Disease

Predisposing haplotypes

DRB1 DQA1 DQB1

Collies Dermatomyositis 002:01 009:01 001:01

Dobermans Hepatitis 006:01 004:01 013:03

German Shepherds Super� cial keratitis 015:01 006:01 003:01

German Shepherds In� ammatory bowel disease 015:01 006:01 003:01

Gordon Setters SLE 018:01 001:01 008:02

NS Tolling Retrievers Adrenalitis 015:02 006:01 023:01

NS Tolling Retrievers Rheumatic disease 006:01 005:01:1 020:01

Pugs NME 010:01:1 002:01 015:01

Samoyed Diabetes mellitus 015: 006: 019:01

Schnauzer Thyroiditis 012:01 001:01 002:01

Terrier breeds Diabetes mellitus 009: 001: 008:

Susceptible breeds Warm IMHA 006:01 001:01 007:01

Susceptible breeds Cold IMHA 015:01 006:01 003:01

As a species with a remarkably diverse phenotype, dogs have major variations in the amino acids lining the antigen-binding
groove of their MHCs. Depending on the population size and breeding history they have the greatest sequence variation in exon
2, and thus great haplotype variation. Some of these MHC class II haplotypes are associated with susceptibility to immune-
mediated disease in dogs, presumably because their amino acid sequence determines whether or not they can bind an antigen
and as a result, whether an animal can respond to a speci� c self-antigen.
Data from Kennedy, L. J., Ollier, W. E. R., Marti, E., Wagner, J. L.,& Storb, R. F. (2012). Canine immunogenetics. In E. A. Ostrander,&
A. Ruvinsky (Eds.),The genetics of the dog(2nd ed.). CAB International.
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lacking DQB1 is found in 19% of Central Asian Shepherd Dogs. Dogs that are heterozygous
for two DQB1 genes may therefore possess at least three such genes. Analysis of DQ haplo-
types has shown that certain DQA1-DQB1 combinations are preferred, suggesting that the
conformation of these chains must be correct to result in dimerization.

Pseudogenes

The DLA class II region also contains two, nonfunctional but closely related (98% identical)
pseudogenes,DRB2 and DQB2 (Wagner et al., 2002). The DRB2 pseudogene is not present in
all canine haplotypes. The canine class II region also contains pseudogenes encodingDPA1,
DPB1, and DPB2 (Debenham et al., 2005).

Other class II genes

Other nonclassical genes that are located within the class II region includeTAP, DOA, DOB,
and LMP-2 (Gojanovich et al., 2013). TheDOA and DOB genes encode a heterodimer found in
lysosomes in B cells. This molecule does not directly bind antigenic peptides but appears to
serve a regulatory function. The DOA locus is highly conserved among the canids suggesting
signi� cant stabilizing selection (Soll et al., 2005). The LMP-2 gene encodes a low molecular
weight proteasomal subunit protein that is essential for endogenous antigen processing.

The transporter proteins, TAP1 and TAP2 that play a critical role in antigen processing,
have been characterized in the dog. The two molecules assemble into a heterodimer with
the peptide binding pocket between them. Both TAP genes are polymorphic and some exhibit
alternative splice variations. Thus, � ve TAP1 and four TAP2 variants have been found in
dogs. Only two heterozygotes have been noted, both in ancient Asian breeds (Gojanovich
et al., 2013). Their function is to translocate antigenic peptides from the cytosol of an antigen
processing cell into the lumen of the endoplasmic reticulum. The peptides are then trans-
ferred to MHC class II molecules and carried to the cell surface.

Structure

MHC class II heterodimers consist of two peptide chains, a and b. Each chain has two
extracellular domains (one constant and one variable), a connecting peptide, a transmem-
brane domain, and a cytoplasmic domain. A third peptide chain, called the invariant (Ii)
or g-chain, is associated with the intracellular assembly of class II molecules (Fig. 9.4).

MHC class II molecules have an antigen-binding groove formed by their variable a1 and
b1 domains. Its walls are formed by two parallel a-helices, and its� oor consists of ab-sheet.
Polymorphism results in variations in the amino acids forming the sides of the groove. These
variations are generated in the same way as in class Ia molecules.

Thus, theDLA-DRA gene contains 5 exons encoding 244 amino acids. TheDLA-DQA1 gene
also consists of 5 exons that encode 269 amino acids.DLA-DRB1 consists of 8 exons encoding
296 amino acids (Kennedy et al., 2012). The polymorphism of DLA-DRB1 is mainly located in
exon 2. Their class II region also contains two, nonfunctional but closely related (98%)
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pseudogenes,DRB2and DQB2(Wagner et al., 2002).DRA1, DRB1,and DRB2 are located 195 kb
downstream of the other DR loci. The DRB2pseudogene is not present in all haplotypes.

Breed differences

The phenotypic diversity of dogs is matched by the diversity of the DLA system ( Gough
et al., 2018). Populations of outbred indigenous street dogs show enormous diversity. Thus,
their highest haplotype frequency is 12%, and on average there are about 15 haplotypes with
frequencies of 2%e 10% and another 30 haplotypes with < 2% frequency in village dog pop-
ulations. Only four haplotypes have been found in dingoes. This is likely a consequence of a
major founder effectd the original population imported to Australia must have been rela-
tively small ( Kennedy et al., 2012).

In contrast, pure bred dogs have an average of seven haplotypes. The frequencies of the
commonest haplotypes range from 12% to 72%. Many breeds have a frequency of> 40%
for a single haplotype. As in outbred dogs, there is also a tail of rare haplotypes in these
breeds. At one extreme are Rottweilers which have only two haplotypes at frequencies of
58.2% and 41.8%. At the other extreme is the Husky with 10 haplotypes with frequencies
of < 2%. The Saluki has one major haplotype at a frequency of 37.9% together with 12 hap-
lotypes with frequencies of 2%e 10% and 15 with frequencies of< 2%.

When DLA alleles are investigated in other canid species it has been found that many class
II MHC alleles are shared, not only with the gray wolf, as expected, but also with more
distantly related canids including Ethiopian wolves ( Canis simiensis), Dohle (Cuon alpinus);
African wild dog ( Lycaon pictus), and the Bush dog (Speothos venaticus). Many of the DRA al-
leles are also shared with the maned wolf (Chrysocyon brachyurus) and several species of fox
(Kennedy et al., 2009). There is also clear evidence for positive selection of theDLA-DQA1
gene in the golden jackal (Canis aureus) (Stefanovic et al., 2021).

FIGURE 9.4 The structure of an MHC class II heterodimer on a cell surface. Note that the antigen-binding site is
formed by the variable domains from both a and b peptide chains.
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MHC class III molecules

The cluster of genes located within the DLA class III region encode proteins with many
diverse functions. Some are important in innate immunity such as the genes for the comple-
ment components, factor B, C4, and C2. They also include genes that encode cytokines such
as tumor necrosis factor-a (TNFA), several lymphotoxins (LTA and LTB), and some NK cell
receptors as well as heat shock protein 70 (Wagner et al., 2002) (Fig. 9.5).

Some class III DLA genes can also be highly polymorphic. Thus, a large number of SNPs
have been identi� ed in the TNF-a gene. These polymorphisms have been identi� ed in mul-
tiple dog breeds and are associated in many cases with speci� c DLA class II haplotypes.
Thus, there are 10TNFA SNPs in the German Shepherd dog. Two of these are common
(8%e 39%). The canine 21-hydroxylase gene also shows signi� cant polymorphism. This
enzyme is involved in adrenal corticosteroid synthesis (Takada et al., 2002).

MHC molecules and canine disease

Autoimmune diseases

The development of autoimmune disease in dogs is in� uenced by both environmental and
genetic factors. It is unusual for autoimmune diseases to result from single mutations that
result in a loss of both central and peripheral tolerance. Genome-wide association studies
(GWAS) and risk-associated single nucleotide polymorphisms (SNPs) have shown that
autoimmune diseases generally depend upon the inheritance of multiple gene loci encoding
low-risk susceptibility alleles. Linkage studies have shown many associations between
autoimmune diseases and speci� c genes. However, by far the strongest associations are
associated with the genes contained within the MHC (Marson et al., 2015).

Genome-wide association studies have identi� ed hundreds of loci that encode risk factors
for autoimmune diseases. Many of these are shared by multiple diseases and perhaps identify

FIGURE 9.5 The arrangement of
selected genes within the DLA class III
region on canine chromosome 12.
These genes all play a role in innate
and adaptive immunity.
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common pathways. It is clear however that the associations so far identi� ed do not account
for all genetic effects and the effect size at any individual locus may be very small. For
example, the concordance of autoimmune disease in identical human twins ranges from
12% to 67%. This suggests a major role for environmental factors as well as epigenetic events
in determining susceptibility ( Xiang et al., 2017).

MHC genes that affect susceptibility to autoimmune diseases in old, postreproductive an-
imals do not offer a selective disadvantage, and MHC-linked predispositions are generally
easier to identify in older dogs. Some MHC alleles appear to protect against autoimmunity,
and any predisposition to autoimmunity results from the net effect of both enhancing and
protective genes.

Susceptibility determinants also include genes that code for cytokines, cytokine receptors,
co-stimulators, molecules that regulate apoptosis, molecules that regulate antigen clearance,
and members of cytokine or antigen-signaling cascades. Few diseases result from a defect in a
single gene. Other diseases result from inherited complement de� ciencies. More commonly,
genes in� uence the severity of disease, and no speci� c gene is necessary or suf� cient for dis-
ease expression.

The development of autoimmunity is also in � uenced by epigenetic factorsd those factors
that regulate gene expression within cells. The most important of these is DNA methylation.
The addition of methyl groups to DNA may activate or suppress gene functions and hence
in� uence autoimmune disease risk. Studies on discordant monozygotic twins with type 1 dia-
betes mellitus (T1DM) or systemic lupus erythematosus (SLE) have found differences in gene
methylation patterns between affected and unaffected twins. It is however unclear whether
these differences are the causes or the results of differences in disease susceptibility (Catch-
pole et al., 2013).

Breed predispositions

Many modern dog breeds were developed as a result of aggressive selection for desired
characteristics, both structural and behavioral. This selection usually occurred without regard
to other characteristics such as disease resistance. This has resulted in inbreeding and a loss of
genetic diversity (Gough et al., 2018).

Autoimmune diseases are much more common in purebreds than in mixed breed dogs.
The heritability of some canine autoimmune diseases may be as high as 50%. Their lack of
genetic diversity has had two effects. First, it permits deleterious autosomal recessive genes
to be expressed, as is seen in an increased prevalence of immunode� ciency syndromes and
other immunological disorders ( Chapter 24). Second, it results in a loss of MHC polymor-
phism. For example, DRB1*04 is found in most Boxers, DRB1*240:1 may be restricted to
Akitas, DRB1*01 predominates in West Highland White Terriers, and DQA*020:3 is restricted
to Dobermans. There is a high prevalence of DQA*010:2 in Irish Wolfhounds and Chows, and
DRB1*010:1 is common in Irish Setters. This limited haplotype diversity ensures that these
breeds can only respond to a relatively narrow range of antigens, thus reducing their resis-
tance to infectious agents and increasing their susceptibility to immunologic diseases (Wiles
et al., 2017).

The three major classes of immune-mediated disease (autoimmunity, immunode� ciency,
and atopy) are encountered in some dog breeds more commonly than in others. Old English
Sheepdogs are unusually prone to develop autoimmune blood diseases. Certain immune
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diseases, such as polyarteritis nodosa and hypothyroidism, have familial associations. Many
dogs, especially those from rare breeds with small populations, have very restricted MHC
polymorphism that increases autoimmune disease susceptibility. These genes may be located
in all three MHC regions, but class II genes are by far the most important (Pedersen et al.,
2015).

There are several recognized associations between susceptibility to autoimmunity and
canine class I DLA alleles. For example, systemic lupus type 1 diabetes mellitus (T1DM) is
associated with possession of the DLA alleles -A3, -A7, -A10, and -B4; antinuclear antibody
production is associated with DLA-A12; SLE is associated with DLA-A7.

The prevalence of diabetes mellitus varies greatly between different dog breeds (Denyer
et al., 2020). Five breeds have been identi� ed as having one or more class II DLA haplotypes
associated with diabetes susceptibility. Thus, four associated haplotypes have been identi� ed
in the Cocker Spaniel. One of these haplotypes is shared with Border Terriers. In three breeds
that are known to have the highest risk of developing diabetes mellitus, Samoyed, Tibetan
Terrier, and Cairn Terrier there was no apparent association with DLA haplotypes. Thus,
the DLA system only appears to be associated with the development of diabetes in some
breeds but is likely not a major factor (Holder et al., 2015).

Some breeds such as Boxers, German Shepherds, and Golden Retrievers are resistant to
type 1 diabetes. Several SNPs are also associated with diabetes susceptibility in Miniature
Schnauzers, West Highland White Terriers, Border Terriers, and Labradors. Possession of
the class II haplotype DQA1*004/DQB1*013 is associated with resistance to canine diabetes.
The common alleles found in Samoyed, Cairn, and Tibetan Terriers; breeds that are prone to
diabetes are DLA-DRB1*009, DQA1*001, and DQB1*008 (Kennedy et al., 2006).

Possession of the class I allele, DLA-79*00102, is associated with susceptibility to multiple
immune-mediated diseases (hemolytic anemia, thrombocytopenia, polyarthritis, and atopic
dermatitis). Canine autoimmune polyarthritis is also associated with certain C4 alleles located
in the MHC class III region ( Threlfall et al., 2015).

Italian Greyhounds

Italian Greyhounds develop an autoimmune polyendocrine syndrome. It is associated
with SNPs within the DLA complex. Two speci � c haplotypes containing DRB1*00203 and
DRB1*029:01 have been associated with the increased disease risk in some of these dogs (Ped-
ersen et al., 2012).

Nova Scotia Duck Tolling Retrievers

Nova Scotia Duck Tolling Retrievers, a highly inbred breed, have a predisposition to both
immune-mediated rheumatic disease (IMRD) and steroid-responsive meningitis-arteritis
(SRMA). The rheumatic disease results in a nonerosive polyarthritis and the dogs also
develop antinuclear antibodies (ANA). Their MHC class II locus is also closely associated
with the development of SLE-related disease. Thus, one MHC haplotype, DLA-
DRB1*006:01/DQA1*005:01:1/DQB1*020:01, is found in increased frequency in ANA-
positive IMRD dogs. Only 13 MHC genotypes were found in the entire tested population
of this breed and the genotype homozygous for the above haplotype was found in 48.5%
of IMRD dogs compared to 11.5% of control dogs.
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Portuguese Water Spaniels

Primary hypoadrenocorticism (Addison ’s Disease) in Portuguese Water Spaniels is signif-
icantly affected by these genetic realities. This breed originated with only 31 founders and 10
animals are responsible for 90% of the current gene pool. The breed-speci� c disease incidence
is 1.5%. They have two disease-associated loci on chromosomes 12 and on chromosome 27.
One locus is within the MHC, while the other is associated with CTLA-4 production ( Boag
et al., 2020).

Bearded Collies

Two autoimmune diseases, primary adrenocorticism and symmetrical lupoid onychodys-
trophy, occur in multiple dog breeds but Bearded Collies have an especially high prevalence
of these diseases. Predisposing MHC risk haplotypes that have been identi� ed in this breed
include DQA1*00101 in association with DQB1*002:01 or in association with DQB1*00802.
These risk haplotypes are also associated with the development of diabetes mellitus and hy-
pothyroidism in other breeds ( Gershony et al., 2019).

German Shepherd dogs

Canine chronic super� cial keratitis is an immune-mediated disease affecting the eyes. It is
most prevalent in female German Shepherd dogs. Investigations have shown that affected
dogs frequently possess the MHC class II haplotype, DLA-DRB1*015:01/DQA1*006:01/
DQB1*003:01. Both overall homozygosity as well as homozygosity for this haplotype increase
the risk of a dog developing keratitis. Homozygosity for this haplotype increases the risk over
eightfold ( Jokinen et al., 2011).

French Bulldogs

Certain MHC class II genotypes are associated with chronic enteropathy in French Bull-
dogs. This is a group of diseases of unclear etiology but associated with recurrent gastroin-
testinal disease and enteric in� ammation. These genotypes appear to be associated with
disease susceptibility and the development of chronic canine enteropathy. Thus, one haplo-
type present in French Bulldogs appeared to be protective; DLA-DRB1*002:01-
DQA1*009:01-DQB1*001:01. This haplotype has also been reported as being protective
against Doberman hepatitis (Nakazawa et al., 2021).

Sex genes

Sex hormones have signi� cant effects on immune function, and it is unsurprising therefore
that they in � uence the development of autoimmune diseases. This is obvious in humans
where systemic lupus (SLE) and rheumatoid arthritis are especially prevalent in women. Es-
trogen and prolactin play a role in SLE by promoting B-cell proliferation. Testosterone and
other prolactin inhibitors have an opposite effect. Sex hormones can also alter the expression
pattern of PD-1, a regulator of T-cell cytotoxicity.

One possible reason for the increased predisposition of females to develop autoimmune
diseases may be attributed to the gene encoding the pattern recognition receptor, TLR7
located on the X-chromosome. SNPs in the TLR7 gene are closely linked to the development
of SLE (Wilbe et al., 2009).
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In dogs there are four distinct “ genders.” Intact and neutered males and intact and spayed
females. The relationship between spay/neutering and the development of autoimmune dis-
ease has been investigated in a population of over 90,000 dogs. Compared to intact dogs,
spayed or neutered dogs had a signi� cantly greater risk of developing hypoadrenocorticism,
hypothyroidism, immune-mediated hemolytic anemia, and thrombocytopenia. Spayed fe-
males were at greater risk than neutered males for hypothyroidism and thrombocytopenia.
Spayed females also had a greater risk of developing SLE when compared to intact females.
There was no signi� cant difference in risk between neutered and intact dogs for immune-
mediated polyarthritis, myasthenia gravis, or the pemphigus complex.

Neutering increases the risk of hypoadrenocorticism, autoimmune hemolytic anemia, hy-
pothyroidism, in � ammatory bowel disease, and thrombocytopenic purpura in both males
and females. In the diseases where both males and females were at higher risk, neutered fe-
males had up to twice the risk of neutered males. Addison’s disease was a greater risk for
neutered males than for neutered females. Unlike humans, intact female dogs had only a
slightly greater risk of developing autoimmune disease than intact dogs. Neutering is associ-
ated with increased life-expectancy, but neutered and spayed dogs do have an increased risk
of developing some autoimmune diseases (Sundburg et al., 2016).

Canine behavioral immunity

Dogs have an extraordinary olfactory ability. They possess approximately 1300 odor re-
ceptor genes, and these genes are highly polymorphic. They are present on 24 of the dog chro-
mosomes but major gene clusters are located on CFA 18 and CFA 21 (Quignon et al., 2003).
Dogs are estimated to express 220 million scent receptors and as a result, some breeds are
capable of incredible feats of olfactory recognition. It has been estimated that their capacity
for odor detection is at least 10,000 times that of a human. Dogs sniff each other and thus
detect a complex mixture of odors. Dogs are well known for their ability to smell speci � c
odors and are widely employed for that purpose including drug snif � ng dogs, bloodhounds,
as well as search and rescue dogs.

Body odors are generated by the microbiota on body surfaces, by the anal glands, by
breath, by food and feces, by sweat, by the gonads and urine, and by the immune system.
Exhaled air contains hundreds of different volatiles. These odors are emitted by different
areas of the body and, in effect, can provide an odor � ngerprint that dogs can detect. The
molecules that carry this information are small volatile peptides. These peptides can bind
to the antigen-binding grooves of MHC class I molecules. Dogs use this odor mixture to
detect information about another individual ’s gender, status, health, and individuality.

Disease detection

Dogs can detect volatile organic compounds related to many diseases in humans. Changes
in the composition of these volatiles and thus odor generally re� ect sickness-induced meta-
bolic changes. Different volatiles are generated by infectious diseases as well as by the pres-
ence of cancer cells. Trained dogs can readily detect the odor of some cancers in human urine.
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Many infectious agents, both bacterial and viral cause a characteristic odor in infected per-
sons. In virus infections, odors are generated by infected cells. In bacterial diseases they are
generated both by the immune system and by the bacteria. In one study, dogs detected
different pathogens in humans (Escherichia coli, Enterococcus, Klebsiella, Staphylococcus aureus)
with an overall sensitivity of close to 100% and a speci� city of over 90% (Jendrny et al., 2021).
Typhoid victims are reported to smell like baked bread. Some tuberculosis victims are re-
ported to smell of stale beer. Dogs can readily detect these odors. This unique ability has
been inherited from their wolf ancestors.

Presumably wolves are able to detect sick pack members by their smell and so avoid them.
Likewise, when hunting, they are able to identify sick prey and target the slowest and weak-
est victims.

Mate choice

It has long been recognized that laboratory mice prefer mates that have a different MHC
haplotype (Leinders-Zufall et al., 2004). The MHC class I region contains genes coding for
pheromone olfactory receptors. As a result, their MHC haplotype affects the recognition of
peptide ligands causing individual odors in an allele-speci � c fashion and thus in� uences their
mating preferences. Such matings preferentially generate heterozygote advantage and are
believed to be the fundamental selective force diversifying MHC genes.

In dogs the situation is somewhat different. Mate choice is generally determined by the
owner. As a result, studies have failed to demonstrate any evidence for prenatal diversifying
selection in a dog population (Niskanen et al., 2016). This does not, of course, mean that
diversifying selection does not occur in village dog populations nor in wolves where animals
make the choice.

Dog appeasing pheromone, also called apasine, is a mixture of fatty acid esters secreted by
cells in the intramammary sulcus during lactation. It has an appeasing effect both on puppies
and on other adults. Thus, it assists in establishing the maternal-puppy bond.
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Innate lymphoid cells

Some lymphocyte populations serve as environmental sensors and defenders of body sur-
faces. As such they interact with the microbiota and are able to respond to foreign antigens
immediately they are produced. These innate lymphoid cells (ILCs) are critical components of
a dog’s immune defenses. Innate lymphoid cells fall into two functional groups. One group
serves as helper cells. They regulate immune responses to the intestinal microbiota and play
important roles in allergic disease, autoimmunity, and obesity. The second group consists of
cytotoxic cells. These cells are a� rst line of defense against viruses, some intracellular bacte-
ria, fungi, and parasitic worms. They also eliminate stressed or damaged cells and play a ma-
jor role in defense against tumors.

Innate helper cells

Innate lymphoid cells, in their role as helper cells, play an important part in the very early
stages of antimicrobial immune responses. They also contribute to tissue repair and defense
as well as the maintenance of epithelial integrity on body surfaces (Colonna, 2018). These
“ helper” ILCs are classi� ed into three groups. Group 1 that defends against viruses, intracel-
lular bacteria, and parasites. Group 2 that defends against helminths; and Group 3, that pro-
motes immunity to extracellular bacteria ( Artis & Spits, 2015). All three groups have been
identi � ed in dogs (Fig. 10.1).

Group 1 innate lymphoid cells

Group 1 ILCs are located under body surfaces such as beneath the surface of the intestinal
mucosa where they are scattered through the lamina propria. They develop from lymphoid
stem cells through the use of the transcription factor T-bet (Fig. 10.2). When stimulated, group
1 ILCs produce large amounts of the Th1-associated cytokines, interferon-g, and TNF-a. They
do this in response to activation by IL-12, IL-15, and IL-18 from dendritic cells (DC1 cells). As
a result, they can activate macrophages and trigger type 1 immune responses. ILC1 cells
differ from NK cells in that they do not produce perforins and so are not cytotoxic. ILC1 cells
are essential for defense against many viruses, intracellular bacteria and protozoa, and some
cancers. They also antagonize type 2 responses. ILC1 cells can be converted into ILC3 cells by
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exposure to IL-23, IL-1b, and retinoic acid. Conversely, ILC3 cells may turn into ILC1 cells
under the in � uence of IL-12, IL-15, and IL-18. NK cells are closely related to group 1 ILCs
since they too produce IFN-g and rely on T-bet for gene transcription. NK cells can be con-
verted to ILC1 cells by exposure to TGF-b.

Group 2 ILCs

Group 2 ILCs are found in the lungs, skin, bone marrow, liver, mesenteric fat, and small
intestine (Splits & Mjosberg, 2022). They arise from lymphoid stem cells through the use of
two unique transcription factors, GATA-binding protein-3 (GATA3) and retinoic acid
receptor-related orphan receptor-a (ROR-a). ILC2s produce large amounts of the Th2-
associated cytokines IL-5 and IL-13 and smaller amounts of IL-4 and IL-9 in response to
thymic stromal lymphopoietin (TSLP), IL-25, and IL-33 from epithelial cells. As such, they
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FIGURE 10.1 The origin and classi� cations of the innate lymphoid cell populations in the dog.
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FIGURE 10.2 The functions of ILC1 cellsd antimicrobial defense on body surfaces.
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regulate the activities of Th2 cells, M2 macrophages, and eosinophils. ILC2 cells are required
for the development of early innate immunity to parasitic helminths (ILC2s are the major
source of IL-13 during helminth infections) as well as regulating type 2 immune responses
such as asthma and allergic disease. They maintain the commensal stability of the parasitic
mite, Demodex canis, within dog hair follicles and their loss may result in the development
of demodectic mange (Box 10.1). ILC2s play a key role in regulating type 2 immunity.
Thus, they control eosinophil production and so can induce an eosinophilia. They also pro-
mote mucus production by goblet cells, alternative activation of macrophages, and tissue
repair (Jarick et al., 2022). ILC2s can be readily converted into ILC1s by IL-12, and this can
be reversed by IL-4 (Belz, 2016) (Fig. 10.3).

ILC2 cells have been identi� ed in dogs. They upregulate expression of the genes encoding
IL-4, IL-5 and IL-13 and use the transcription factor GATA3. They express the characteristic
ILC phenotype, CD45þ , CD11be , CD5e , CD21e , and CD25þ . Canine ILC2 cells respond to
stimulation with recombinant human IL-2 and canine IL-33 by upregulating their GATA3
expression (Früh et al., 2020).

BOX 10.1

D e m o d e c t i c m a n g e

Demodexspp are ubiquitous commensal
mites that live within the hair follicles and
sebaceous glands of many mammals, espe-
cially dogs. The mites multiply and their
larvae spread to nearby hair follicles unless
constrained by a functional host immune
system. This infestation is normally asymp-
tomatic but acute demodectic mange, can
accompany malnutrition and immune
dysfunction. Studies on mice have shown
that the numbers of these mites is normally
held under control by an ongoing innate
immune response involving the activities of
group 2 ILCs and their production of the
speci� c cytokine IL-13. Thus, ILC2 cells are
abundant in the skin where they normally
play a role in tissue repair and wound heal-
ing. They are present in very large numbers
in mite-infested skin. In the absence of these

cells or IL-13, the Demodex mites can cause
local in� ammation. Interleukin 13 produced
by the ILC2 cells is coupled to the follicle hair
cycle and restrains stem cell proliferation. In
the absence of IL-13, Demodex colonization
results in increased epithelial cell prolifera-
tion and instead of mounting repair pro-
cesses, in� ammation is triggered and mange
results. This appears to be a result of
compensatory increases in ILC1 and ILC3
responses mediated by IFN-g and IL-22,
respectively.
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Group 3 ILCs

Group 3 ILCs are primarily involved in the defense of body surfaces. They are found in the
mucosa of the gastrointestinal tract (lamina propria, tonsils, and Peyer’s patches) as well as in
the lungs and skin. They use RORgt as their transcription factor and their maintenance and
function depends on signals from the aryl hydrocarbon receptor.

ILC3s produce IL-17 and IL-22 in response to stimulation by TSLP and IL-23 and thus
resemble Th17 cells in their cytokine pro� le. They play a central role in immunity on mucosal
surfaces by resisting extracellular bacteria and fungi. They do this by producing IL-22. On
exposure to IL-22, enterocytes produce defensins that protect the intestinal epithelium.
ILC3-derived IL-22 also inhibits T cell e mediated intestinal in � ammation by suppressing
those cells that respond to antigens from commensal bacteria. IL-22 from ILC3s also inhibits
the growth of segmented � lamentous bacteria (Valle-Noguera et al., 2021).

Because they are required for the development of lymph nodes, Peyer’s patches, and iso-
lated lymphoid follicles, ILC3s are also called lymphoid tissue inducer (LTi) cells. In this role
they regulate differentiation of B cells. They activate dendritic cells and so in� uence IgA class
switching on surfaces. In the spleen, ILC3s express the B cell growth factors BAFF, APRIL,
and CD40L and stimulate IgM production ( Lane et al., 2009; Withers, 2011). There is also ev-
idence for the presence of a population of innate regulatory cells (ILCregs) in the intestines
that control in � ammatory responses through the release of IL-10 (Wang et al., 2017).

Natural killer cells

Dog NK cells are medium to large lymphocytes with electron dense cytoplasmic granules
that contain granzyme B and perforin ( Huang et al., 2008) (Fig. 10.4). They are produced by
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FIGURE 10.4 Transmission elec-
tron microscopy of canine CD94þ NK
cells showing their electron dense
granules. From Graves, S. S., Gyurkocza,
B., Stone, D. M., Parker, M. H., et al.
(2019). Development and characterization
of a caninespeci� c anti-CD94 (KLRD1)
monoclonal antibody.Veterinary Immu-
nology and Immunopathology, 211 , 10
e 18. With permission.
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bone marrow stem cells and are found in peripheral blood, lymph nodes, spleen, lung, liver,
and bone marrow but not in the thymus. Canine NK cells constitute about 2.5%e 15% of
canine peripheral blood mononuclear cells (Gingrich et al., 2019). They are activated by
IL-2, IL-12, IL-15, and IL-21 in dogs. Both IL-15 and IL-21 stimulate their proliferation,
receptor expression and cytotoxic functions. Their characteristic cell surface phenotype is
CD3� , CD56þ , and NKp46þ . However, because they express many different combinations
of inhibitory and activating receptors and reside in many different tissues, the canine NK
cell population is highly diverse, and it has been estimated that there may be as many as
30,000 distinct NK cell phenotypes in any given individual ( Freud et al., 2017). Much of
this diversity is a result of the random expression of different MHC-receptors. NK cells
can lyse distemper-infected target cells as well as cancer cells from thyroid adenocarcinomas,
melanomas, osteosarcomas, and mammary carcinomas (Michael et al., 2013). They are
cytotoxic against cell targets such as canine thyroid adenocarcinoma cells without
MHC restriction.

In addition to being cytotoxic, canine NK cells are major producers of cytokines, especially
interferon-g and TNF-a. They also produce multiple chemokines (Mace, 2023). NK cell activ-
ities are regulated by cytokines. For example, IL-2 and IL-4 enhance their cytotoxicity,
whereas IL-3 promotes NK survival. Although NK cells are active in the nonimmune animal,
virus infections or interferon inducers enhance their activity. When macrophages phagocy-
tose invading organisms and produce TNF-a and IL-12, these cytokines then induce IFN-g
production by NK cells. The IFN- g enhances NK activity further by promoting the rapid dif-
ferentiation of pre-NK cells. Canine interleukin 15 has been cloned and sequenced. The re-
combinant protein enhances both the proliferation and antitumor cytotoxic effects of
canine NK cells (Lee et al., 2015).

Phenotype

NK cells consist of multiple subpopulations with different degrees of maturity and activa-
tion state. As a result, their cell surface phenotype, as determined by� ow cytometry, varies
greatly in its composition. To make matters even more confusing, dogs possess CD8þ T cells
with NK-like activities.

CD5

CD5 regulates TCR signaling in the dog. Canine NK cells, in contrast, express very little CD5
(Gingrich et al., 2019). Thus, CD5bright cells are T cells, and CD5dim cells appear to be NK cells
(Huang et al., 2008). Canine CD5dim cells constitute about 15% of canine blood mononuclear cells.
They grow well in the presence of IL-2, IL-15, and irradiated K262 feeder cells (Shin et al., 2013).
The phenotype of these cells is CD3þ /CD8 þ /TCR ab� /TCR gd� /CD4 � /CD21 � /CD11c þ / � /
CD11dþ / � /and CD44 þ . Other studies on CD5dim, CD3� , CD21� large granular lymphocytes
have shown similar properties. However, the CD5 dim phenotype is not completely speci� c for
NK cells in the dog. Many CD5 dim cells may not be NK cells. Gene expression analysis shows
that activated NK cells expanded from a CD5-depleted starting population express canonical
NK cell markers similar to CD3 � CD56þ human NK cells. Sorted CD5dim cells are more homoge-
neous whencompared toCD5-depletedcells but theyalso retaindistinctgeneexpression patterns
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when compared to NKp46þ cells (Gingrich et al., 2021). The CD5 gene is located on chromosome
CFA 18 (Gingrich et al., 2019).

CD3

CD3 is the multichain signal transducing component of the T cell antigen receptor. As such
it is a de� ning marker for T cells. However, in the dog, things are different. Thus, a subset of
canine CD5dim cells is also CD3þ . These CD3þ cells produced more IFN-g (Lee et al., 2018).
However, despite expressing CD3, these cells lack functional TCRs. Perhaps canine NK cells
only express CD3 at certain developmental stages. Alternatively, these CD3þ cells may be
functionally active, whereas CD3� cells are exhausted.

Natural cytotoxic receptors

NKp46 is a canine NK cell marker largely concordant with NK cell markers in humans
(Gingrich et al., 2021). NKp46 is however only a marker for mature NK cells and NKp46
does not identify all canine NK cell subsets. Foltz et al. have also identi� ed CD3� ,
NKp46þ and CD3� , NKp46� subsets. The NKp46þ population accounts for 2%e 3% of
PBMCs. They are highly cytotoxic (Foltz et al., 2016). Dogs also have a minor population
of blood lymphocytes that is NKp46 e that has reduced cytotoxicity against canine osteosar-
coma cells but has a similar cytokine secretion pattern to the NKp46þ cells. As stated previ-
ously, transcriptome studies also show that CD5dim is not speci� c for canine NK cells but
NKp46 is (Foltz et al., 2016). Other natural cytotoxic receptors expressed on dog NK cells
include NKp30, NKp44, and CD244.

NCR1

An important NK cell phenotypic marker in the dog is NCR1. Widely considered to be a
pan-speci� c NK cell marker in mammals, NCR1 is also expressed on primate, mouse, and
ruminant NK cells. It is expressed on both CD3þ and CD3� cells in the dog so its expression
is not limited to NK cells. A small, CD3 � , granzyme Bþ , NCR1þ population ( w 2.5%) has been
identi � ed in canine peripheral blood (Grondahl-Rosado et al., 2015, 2016). NCR1 expression
however increases signi� cantly on exposure to IL-12 and IL-15. Grondahl et al. have demon-
strated that NCR1 is an activating receptor on a subset of canine NK cells (Grøndahl-Rosado
et al., 2016).

IL-12 induces expression of NCR1 (Foltz et al., 2016). These activated NCR1þ cells can kill
canine tumor cells. They produce IFN-g in response to IL-12. They also produce TNF-a, IL-8,
IL-10, and GM-CSF. On exposure to IL-12 nearly all granzyme Bþ cells become NCR1þ .

Some T cell subpopulations may also express NCR1 as well (Grondahl-Rosado et al., 2016).
Present in healthy and lymphosarcoma-bearing dogs, NCR1þ cells also express the Fc recep-
tor CD16 and the natural cytotoxicity receptors NKp30, NKp44, and NKp80. They can kill
canine tumor cells without prior sensitization ( Foltz et al., 2016).

NK cell cytotoxicity can be triggered by activation of NCR1 alone. Its speci � c ligands are
unclear, but it appears to bind the hemagglutinin of in � uenza virus suggesting that it is a
pattern recognition receptor.
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Other NK cell markers

C-type lectin-like CD94 (KLRD-1) found on NK cells forms a heterodimer with NKG2A
that then acts as a receptor for MHC class II proteins. The KLDR-1 gene is conserved in
the dog, but the situation regarding NKG2A is unclear. Anti-human CD94 reacts with about
7.7% of canine leukocytes (Graves et al., 2019). Some canine CD5dim cells are CD94þ , NKp46þ

CD3þ and may be NKT cells.
NKC1 is also considered a cytotoxic cell receptor. Culturing of lymphocytes in the pres-

ence of IL-2 and IL-15 stimulates NKC1 expression while additional incubation with IL-12 re-
sults in almost all the CD3� /granzyme B þ cells expressing NKC1. NKC1 appears to be an NK
activating receptor in the dog. These NKC1 cells produce IFN-g on exposure to IL-12. NCR1
is expressed on only 2%e 3% of CD5dim cellsd perhaps these are just activated T cells induced
by exposure to cytokines.

Some of the reports regarding the phenotype of canine NK cells are inconsistent. Thus,
there are populations of CD3þ , CD5dim CD21� cytotoxic cells and CD3� , CD5� , CD21�

NK cells. The � rst population can be further divided by their response to cytokine stimulation
into non-T non-B NKT cells. They use T-bet and EOMES (eomesodermin) as transcription fac-
tors to produce granzyme B and IFN-g. They also express NK receptors such as NKG2D and
NKp30 (Lee et al., 2018).

Target cell recognition

NK cells do not make the enormous diversity of antigen receptors employed by T and B
cells. Instead, they use two types of receptors to distinguish normal from abnormal cells.
One type detects the presence of MHC class I antigens by target cells; the other detects
“ stress” molecules on unhealthy cells such as tumor or infected cells (Fig. 10.5). Canine NK
cells thus recognize abnormal cells using two different strategies. One is a“ missing self”
strategy by which NK receptors bind MHC class I molecules expressed on healthy cells,
and as a result this inhibits NK cell killing. If, however, a cell fails to express MHC class I,
then these inhibitory signals are not generated, and the target cell will be killed. This occurs,
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FIGURE 10.5 The major canine NK cell MHC receptors and their ligands.
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for example, when a virus suppresses cellular MHC class I expression to avoid destruction by
cytotoxic T cells. Likewise, tumor cells that fail to express MHC class I are also killed by NK
cells. The second NK cell strategy employs receptors that recognize stress-induced proteins
on cells. When the NK cells detect these stress proteins, an activating signal is generated,
and the NK cells kill the stressed cells. Cells infected by viruses and intracellular bacteria,
as well as some cancer cells express these stress proteins.

NK cell MHC receptors

NK cell MHC receptors are encoded by genes within two clusters of loci. One type is
encoded by genes located within the leukocyte receptor complex. The other type is encoded
by genes on a different chromosomed the natural killer complex. Mammals differ in which of
these two complexes is of greatest importance. In the dog and its relatives, the natural killer
complex is most important.

The leukocyte receptor complex

The leukocyte receptor complex (LRC) is located on dog, dingo, and wolf chromosome 1
(Jelinek et al., 2023). In other mammals, it contains the genes encoding the killer-cell
immunoglobulin-like receptors (KIRs) ( Fig. 10.6). However, canids have no functional KIR
genes in this locus (Jelinek et al., 2023). Nor have they been found in the current canine
genome (Gingrich et al., 2019). The canine LRC complex also lacks the NLRP7 gene (a compo-
nent of in� ammasomes) and has a relatively high frequency of pseudogenization of the IgA
Fc receptor gene (FCAR) and leukocyte receptor cluster member 9 (LENG9). The complex in
dogs does however contain genes encoding four functional leukocyte immunoglobulin-like
receptors (LILRs). These bind MHC class I and class II molecules. They include three LILRB
genes and one LILRA gene. An additional LILRA pseudogene is found in dogs but not in the
dingo. In the wolf, the cluster of genes from LILRB3 to FCAR is duplicated. The NCR1 gene is
also located within the LRC.

The natural killer complex

In dogs the NKC receptor gene complex is located on chromosome CFA 27 and is 2.4 Mb
in size (Gingrich et al., 2019). It contains 22 genes. These include 9 KLR genes, 10 CLEC-type
genes, one CD69 gene, and one OLR1 (oxidized low-density lipoprotein receptor) gene (Hao
et al., 2006).

The C-type lectin superfamily is divided into 17 groups. The NKC contains genes encoding
group V. Some of these group V lectinsd the KLRs, function as MHC class I receptors (Hao
et al., 2006). In addition to the KLR genes, the NKC also contains 10 C-type lectin (CLEC)
genes whose functions are largely unknown, except that their products do not appear to
act as NK cell receptors. One of the CLEC genes (CLEC2D) apparently codes for the ligand
of one of the KLR genes (KLRB1). The KLR genes cluster at one end of the group V segment
except for KLRB1and KLRF, which are intercalated among the CLEC2genes (Fig. 10.6). These
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individual genes appear to have expanded and contracted by duplications and deletions dur-
ing evolution.

Dogs have only a single copy of the Ly49gene that possesses an ITIM domain. However, it
also has a cysteine to tyrosine conversion in position 168. These conserved cysteines are
considered critical, so the canineLy49 gene may well be a nonfunctional pseudogene (Gag-
nier et al., 2003).
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FIGURE 10.6 The arrangement of the LRC and NKC
gene loci in dogs.Data from Jelinek, Al, Futas, J., Burger, P.
A., & Horin, P. (2023). Comparative genomics of the leuko-
cyte receptor complex in carnivores.Frontiers in Immu-
nology. https://doi.org/10.3389/� mmu.2023.1197687; Hao,
L., Klein, J.,& Nei, M. (2006). Heterogeneous but conserved
natural killer receptor gene complexes in four major orders of
mammals.Proceedings of the National Academy of Sci-
ences of the United States of America, 103(9), 3192e 3197.
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NKG2/CD94 receptors

A third family of MHC-binding receptors found on canine NK cells consist of C-type lec-
tins that belong to the NKG2 receptor system and are linked to CD94 to form heterodimers.

NKG2D (KLRK1) proteins are activating receptors that bind to nonclassical MHC class I
proteins produced by stressed cells. The canineKLRK1 gene is also located on chromosome
CFA 27 (Gingrich et al., 2021). However, the NKG2D protein has not yet been detected on
dog NK cells.

The two most important of the NKG2D ligands are polymorphic MHC class I-like mole-
cules called MICA (major histocompatibility complex, class I chain-related A) and MICB
coded for by MHC class I genes. Unlike conventional class I molecules, these do not bind anti-
genic peptides. While minimally expressed on normal, healthy cells MICA and MICB are
expressed in large amounts by stressed cells. These stresses may include DNA damage
due to ionizing radiation or alkylating agents, heat shock, and oxidative stress. They are
also overexpressed in tumor cells and virus-infected cells. When these ligands bind to
NKG2D, they override the inhibitory effects of conventional MHC class I molecules and
trigger NK cytotoxicity. NKG2D is also expressed on activated g/ d and a/ b T cells, suggest-
ing that they too have a role in innate immunity. It may be that the combination of g/ d T cells
and NK cells kills tumors on surfaces, whereas a combination of a/ b T cells and NK cells is
most effective within the body.

CD94 (also called KLRD-1) is a C-type lectin that serves as one chain of the NKG2A het-
erodimer. Its gene is found on chromosome CFA 27 adjacent to that of KLRK1 and it is
expressed on dog NK cells.

Fc receptors

Canine NK cells can also recognize and kill target cells using an antibody-dependent
pathway employing the low af � nity immunoglobulin receptor, CD16 (Fc gRIII). CD16 is a
38-kDa transmembrane protein. When antibodies bind to target cells, the bound antibody
links to NK cell CD16, triggers a cytotoxic response and the target cells are killed. NK cells
can spontaneously release their CD16 so that the NK cell can detach from an antibody-
coated target cell after it has delivered its lethal hit. Canine CD16 is expressed at high levels
on a subset of monocytes and lymphocytes. The CD16-positive lymphocytes are T cells
(CD3þ CD8þ CD5dim a/ bTCRþ ), and NK cells (CD3� CD5� CD94þ ). CD16 is not expressed
on canine B cells (Hullsiek et al., 2022).

Effector mechanisms

NK cells can act as“ serial killers” and a single NK cell can thus kill multiple targets. Once
activated, NK cells kill target cells through either the perforin/granulysin/NK-lysin pathway
or through contact-dependent death receptors. These include Fas-Fas ligand (CD95L), and
TRAIL-R1/R2 on target cells. Cytotoxic granules are stored preformed in resting NK cells
(in contrast to cytotoxic T cells, which only produce theirs on demand). Once an NK cell
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encounters a target cell, a synapse forms at the contact site. Activating KIRs induce the MHC
molecules to form a ring around a cluster of adhesion molecules. At the center of the synapse,
there is a supramolecular activation complex (SMAC) through which the NK cell lytic granule
contents can pass. Receptors and signaling molecules also segregate in the central SMAC,
whereas integrins and talin accumulate in the peripheral SMAC.

The cytotoxic proteins, perforin, and granulysin are found in canine NK cell granules, and
their expression is increased by exposure to IL-2 and IL-12. Canine perforin is a protein of
70e 72 kDa (slightly smaller than that produced by humans). Its gene containing 1629 bp is
located on chromosome CFA4. It produces small (5e 7 nm dia) channels in target cell surfaces.
Presumably granzymes are injected into the target cells through these perforin channels (Neta
et al., 2010).

Unlike T and B cells that circulate as resting cells and so require several days to become
fully activated, NK cells are “ on call” and can be rapidly activated by IFNs released from
virus-infected cells or by IL-12 from stimulated macrophages. As a result, NK cells promptly
attack tumors and virus-infected cells. They participate in innate defenses long before
antigen-speci� c primary adaptive responses can be generated. Because they produce
numerous cytokines and chemokines, they also modulate other aspects of the immune
system,

NK cells kill some tumor cells, foreign cells, and virus-infected cells. Thus, they are active
against canine distemper virus. NK cells can also destroy some cultured tumor cells, and
there is a positive correlation between this activity in vitro and resistance to tumor cells
in vivo. Stressors such as surgery may also depress NK activity and so promote tumor
growth. NK cells also play an important role in the maintenance of pregnancy (Chapter 2).

NK cells can kill bacteria, fungi, and parasites in addition to the abnormal cells described
above. Thus, NK cells are cytotoxic for fungi such as Cryptococcus or Aspergillus. This is
mediated by secreted perforins. It appears that NK cells bind bacteria through cell surface re-
ceptors such as NKp46 and NKG2D. Their perforins and granzymes can kill bacteria such as
Mycobacterium tuberculosis, Pseudomonas aeruginosa, E. coli, Staphylococcus aureus, and Listeria
monocytogenes(Mody et al., 2019). Granzyme B can activate a cell death program in many bac-
teria by cleaving vital conserved biosynthetic and metabolic enzymes. As a result, it disrupts
bacterial protein synthesis, folding and degradation. Because it destroys so many proteins,
bacteria are unlikely to develop resistance to NK cell attack (Dotiwala et al., 2017).

NK cell exosomes

Activated canine NK cells shed exosomes. These are membrane vesicles about 136 nm in
diameter. Thus, when cultured canine CD3� , CD5dim cells were grown in the presence of
IL-2, IL-15, and IL-21, exosomes are shed into the supernatant. Their contents include perforin
1 and granzyme B. When administered to mice carrying canine mammary tumors there were
changes in tumor initiation, progression, and decreased tumor size (Lee et al., 2021).

Trained immunity

Blood monocytes and NK cells increase in numbers in response to stimulation. They
decline once invaders have been eliminated. Some may, however, persist, develop a“ mem-
ory,” and mount a form of secondary response to some antigens. For example, in mice, NK
cells bearing a KIR speci� c for cytomegalovirus can expand their numbers in response to viral
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antigen. Thereafter, these NK“ memory” cells can persist in both lymphoid and nonlymphoid
tissues for several months. These self-renewing memory cells are reactivated on reexposure to
the viral antigen. Adoptive transfer of these reactivated NK cells leads to a rapid expansion of
their numbers and protective immunity to cytomegalovirus.

As described previously, NK cells employ multiple activating receptors with different
speci� cities (Moorlag et al., 2018). Thus, an NK cell initially activated through one receptor
may well be reactivated through a different receptor. For example, NK cells initially activated
through a KLR may be reactivated through NKG2D. This NK “ memory” response could be
more accurately described as training rather than memory (Hu et al., 2022). There is also
some evidence that this trained immunity may be vertically transmitted ( Katzmarski et al.,
2021).

Innate immune memory is not restricted to mouse NK cells. It has also been demonstrated
in canine monocytes (Paris et al., 2020). In vivo treatment of cultured blood monocytes with
PAMPs that target dectin-1, TLR2, or TLR4 for 24 h was followed 6 days later with immune
challenge with bacterial LPS or an immunostimulating peptide (Pam3CysSerLys4). TNF-a
production was measured. The monocytes previously trained by exposure to a b-glucan
from E. gracilisproduced signi � cantly more (30� ) TNF-a than untrained cells. In fact, the
trained cells also produced increased amounts of IL-6 and IL-1b. The training also increased
reactive oxygen species production and increased the phagocytic activity of the macrophages.

In other situations, beta glucans can act on hematopoietic stem cells through GM-CSF to
induce persistent myelopoiesis following a secondary challenge with lipopolysaccharide or
infection. In vitro, monocytes can be treated with beta glucans. After several days’ rest,
they can be restimulated, and their production of cytokines and reactive oxygen species
measured. Cells primed in this way showed enhanced stimulation after exposure to unrelated
stimuli as shown by increased production of reactive oxygen species. This trained immunity
is dependent upon epigenetic remodeling and rewiring of cellular metabolic pathways result-
ing in a persistent in� ammatory phenotype as shown by increased expression of the IGF1 re-
ceptor and the accumulation of intracellular mevalonate (Bekkering et al., 2018).

NKT cells

Natural killer T cells (NKT cells) combining the properties of NK cells and T cells are pre-
sent in dogs. They are innate-like T cells that express both NK cell markers and a TCR of
limited diversity. There are two functionally distinct NKT cell subsets.

Type 1 NKT cells

Type I NKT cells are T cells that express a TCR consisting of an invarianta-chain associ-
ated with diverse b-chains. These T cells respond to lipid, lipopeptide, and glycolipid anti-
gens presented by a family of MHC class I-like molecules called CD1. Morphologically
these cells are large lymphocytes containing electron-dense granules (Graves et al., 2019).

CD1 proteins are nonpolymorphic DLA class I proteins expressed on professional antigen-
presenting cells such as epidermal Langerhans cells. They are also expressed in the canine
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thymus. They have a similar overall structure to other MHC class I molecules with an alpha
heavy chain associated with b2-microglobulin. They have an antigen-binding groove formed
by two parallel alpha-helices (Wegrecki, 2023). They serve as lipid-recognizing, antigen-
presenting molecules (Porcelli & Modlin, 1999). The CD1-lipid presentation system allows
the immune system to respond to diverse antigenic lipids, glycolipids, and lipoproteins
such as bacterial lipopeptides. It thus complements the MHC-peptide presentation system.
Some CD1 proteins present lipid antigens to conventional T cells while others present lipids
to NKT cells (Zajonc, 2016). Type I NKT cells can promote immunity in response to lipid an-
tigens from infectious agents and tumor cells. They are found in the liver, spleen, blood, and
especially in adipose tissue (Bentley et al., 2019). Most are found in the sinusoids of the liver.

The canine CD1 locus is located on chromosome CFA 38. It contains 13 genes. Nine encode
CD1a of which four are functional: canCD1A2, canCD1A6, canCD1A8, and canCD1A9
(Schjaerff et al., 2016). (The remaining four encode CD1b through CD1e.) In dog skin, can-
CD1A8 expression is higher than canCD1A6while canCD1A2is not expressed at all. These
gene products also differ in the shape of their antigen-binding groove suggesting that they
can bind different glycolipids ( Looringh van Beeck et al., 2008). CD1-positive cells play an
important role in pathological conditions such as atopic dermatitis and allergic contact
dermatitis (Reinink & Van Rhijn, 2016).

A population of CD3 þ T cells that respond to a-galactoceramide bound to mouse CD1d
have been identi� ed in canine peripheral blood, spleen, and liver (0.004%, 0.028%, and
0.045%) (Yasuda et al., 2009). They use semiinvariant receptors with an invariant TCR alpha
chain. These appear to be canine NKT cells.

In the absence of prior antigenic stimulation, NKT cells respond more rapidly than conven-
tional T cells. They produce proin� ammatory cytokines such as IFN-g and TNF-a as well as
antiin � ammatory cytokines such as IL-4 and IL-10. As a result, they can modulate immunity
in a broad spectrum of diseases. NKT cells trigger chemokine and cytokine release, enhance
NK function, and promote dendritic cell maturation and B cell responses. NKT cells inhibit
the development of Th17 cells and regulate IL-17 production. NKT cells secrete IL-12 that
acts on neutrophils to decrease their production of IL-10. They play a role in allergies, anti-
tumor immunity, autoimmunity, and antimicrobial immunity, especially to mycobacteria.
Thus, they link the T cell system with the innate NK cell system. Type I NKT cells also express
receptors for in� ammatory cytokines produced by antigen-presenting cells. They can be acti-
vated either in combination with TCR-mediated signals or even without such signals.

Type II NKT cells

Type II NKT cells use diverse TCRs where both a- and b-chains contribute equally to an-
tigen binding. Their functions are predominantly antiin � ammatory, and they recognize
diverse hydrophobic antigens. The type II cells also suppress the type I cells, suggesting
that they have an immunoregulatory role ( Dhodapkar & Kumar, 2017).

Another line of NKT cells has also been cultured from dogs (Lin et al., 2010). These were
derived from a subset of CD8þ T cells in peripheral blood and from IL-2-activated killer cells.
These cells are CD3þ , CD4� , CD21� , CD5dim , a/ b TCRþ , and g/ d TCR� . However, the cells
from peripheral blood also express characteristic NK cell receptors, NKp30, NKp44, NKG3D,
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and CD16. The activated cells also express NKG2D and CD56 and showed consistent cyto-
toxic activity.

The neural cell adhesion molecule CD56 or N-CAM is a cell surface glycoprotein that is
considered critical marker for identifying NK cells in other mammalian species, especially
humans, in which it is believed to assist NK cells to bind to target cells. Dogs, however,
do not express CD56 on their NK cells. They do possess a functional CD56 gene, and its struc-
ture closely resembles human CD56 (96% homology). However, while it is expressed at high
levels in the central nervous system it is not present on dog NK cells (Bonkobara et al., 2005).
CD56 is, however, expressed on a subset of canine CD3þ T cells (Otani et al., 2002).

MAIT cells

Mucosal-associated invariant T (MAIT) cells are another innate-like T cell population that
interfaces between conventional T cells and NK cells. They are mainly CD8þ and express
semiinvariant TCRs (their b chains are variable, their a chains are not) that recognize deriv-
atives of ribo� avin synthesis. These derivatives are produced by the intestinal microbiota.
MAIT cells can be activated by many cytokines and are engaged in antibacterial and antiviral
mucosal immunity ( Wang et al., 2023).

Dogs possess MAIT cells (Eschke et al., 2023). They are found in peripheral blood and are
CD8aþ . They also express high levels of Fc� RI (Fc epsilon receptor I). Their lack of expression
of CD8b suggests that they are innate T cells. They express TRBV25-1, TRBV28, and CXCR6,
and have a highly restricted TCR repertoire, a phenotype typical of MAIT cells in other spe-
cies. Dog MAIT-like cells, like their NKT cells, have a skewed receptor alpha chain (TRA)
junctional length. Thus, the MAIT TRA is formed from 16 amino acids, while the NKT cells
have a TRA length of 13 amino acids. The other T cell populations have TRA junctional
lengths of 14 or 15 amino acids. Many mammals express an invariant receptor on their
MAIT cells called MR1. It binds vitamin B metabolites and presents them to T cells. In
dogs the MR1 gene is a nonfunctional pseudogene (Reinink & Van Rhijn, 2016).

References
Artis, D., & Spits, H. (2015). The biology of innate lymphoid cells. Nature, 517, 293e 301.
Bekkering, S., Arts, R. J. W., Novakovic, B., et al. (2018). Metabolic induction of trained immunity through the meval-

onate pathway. Cell, 172, 135e 146.
Belz, G. T. (2016). ILC2s masquerade as ILC1s to drive chronic disease.Nature Immunology, 17, 611e 612.
Bentley, E. G., Pugh, G., Gledhill, L. R., & Flynn, R. J. (2019). An analysis of the immune compartment within bovine

adipose tissue.Developmental& Comparative Immunology. https://doi.org/10.1016/j.dci.2019.103411
Bonkobara, M., Sato, T., Takahashi, N., Kasahara, Y., et al. (2005). Characterization of cDNA and the genomic

sequence encoding canine neural-cell adhesion molecule, CD56/N-CAM.Veterinary Immunology and Immunopa-
thology, 107(1e 2), 171e 176.

Colonna, M. (2018). Innate lymphoid cells: Diversity, plasticiity, and unique functions in immunity. Immunity, 48,
1104e 1117.

Dhodapkar, M. V., & Kumar, V. (2017). Type II NKT cells and their emerging role in health and disease. Journal of
Immunology, 198, 1015e 1021.

Dotiwala, F., Santara, S. S., Binker-Cosen, A. A., Li, B., et al. (2017). Granzyme B disrupts central metabolism and
protein synthesis in bacteria to promote an immune cell death program. Cell, 171, 1125e 1137.

References 159



Eschke, M., Moore, P. F., Chang, H., Alber, G., & Keller, S. M. (2023). Canine peripheral blood TCRab T cell atlas:
Identi � cation of diverse subsets including CD8Aþ MAIT-like cells by combined single-cell transcriptome and
V(D)J repertoire analysis.Frontiers in Immunology. https://doi.org/10.3389/ � mmu.2023.11233656

Foltz, J. A., Somanchi, S. S., Yang, Y., Aquino-Lopez, A., et al. (2016). NCR1 expression identi� es canine natural killer
cell subsets with phenotypic similarity to human natural killer cells. Frontiers in Immunology. https://doi.org/
10.3389/� mmu.2016.00521

Freud, A. G., Mundy-Bosse, B. L., Yu, J., & Caligiuri, M. A. (2017). The broad spectrum of human natural killer cell
diversity. Immunity, 47(5), 820e 833.

Früh, S. P., Saikia, M., Eule, J., Mazulis, C. A., et al. (2020). Elevated circulating Th2 but not group 2 innate lymphoid
cell responses characterize canine atopic dermatitis.Veterinary Immunology and Immunopathology, 221. https://
doi.org/10.1016/j.vetimm.2020.110015

Gagnier, L., Wilhelm, B. T., & Mager, D. L. (2003). Ly49 genes in non-rodent mammals.Immunogenetics, 55, 109e 115.
Gingrich, A. A., Modiano, J. F., & Canter, R. J. (2019). Characterization and potential applications of dog natural killer

cells in cancer immunotherapy. Journal of Clinical Medicine. https://doi.org/10.3390/jcm8111802
Gingrich, A. A., Reiter, T. E., Judge, S. J., York, D., et al. (2021). Comparative immunogenomics of canine natural killer

cells as immunotherapy target. Frontiers in Immunology. https://doi.org/10.3389/ � mmu.2021.670309
Grøndahl-Rosado, C., Bonsdorff, T. B., Brun-Hansen, H. C., & Storset, A. K. (2015). NCRþ cells in dogs show pheno-

typic characteristics of natural killer cells. Veterinary Research Communications, 39, 19e 30.
Grøndahl-Rosado, C., Boysen, P., Johansen, G. M., & Brun-Hansen, H. (2016). NCR1 is an activating receptor

expressed on a subset of canine NK cells.Veterinary Immunology and Immunopathology, 177, 7e 15.
Graves, S. S., Gyurkocza, B., Stone, D. M., Parker, M. H., et al. (2019). Development and characterization of a canine-

speci� c anti-CD94 (KLRD1) monoclonal antibody. Veterinary Immunology and Immunopathology, 211, 10e 18.
Hao, L., Klein, J., & Nei, M. (2006). Heterogeneous but conserved natural killer receptor gene complexes in four major

orders of mammals. Proceedings of the National Academy of Sciences of the United States of America, 103(9), 3192e 3197.
Hu, S., Xiang, D., Zhang, L., Wang, s, et al. (2022). The mechanisms and cross-protection of trained innate immunity.

Virology Journal. https://doi.org/10.1186/s12985-022-01937-5
Huang, Y.-C., Hung, S.-W., Jan, T.-R., et al. (2008). CD5-low expression lymphocytes in canine peripheral blood show

characteristics of natural killer cells. Journal of Leukocyte Biology, 84, 1501e 1510.
Hullsiek, R., Li, Y., Snyder, K. M., Wang, S., et al. (2022). Examination of IgG Fc receptor CD16A and CD64 expression

by canine leukocytes and their ADCC activity in engineered NK cells. Frontiers in Immunology. https://doi.org/
10.3389/� mmu.2022.841859

Jarick, K. J., Topczewska, P. M., Jakob, M. O., Yano, H., et al. (2022). Non-redundant functions of group 2 innate
lymphoid cells. Nature, 611, 794e 799.

Jelinek, Al, Futas, J., Burger, P. A., & Horin, P. (2023). Comparative genomics of the leukocyte receptor complex in
carnivores. Frontiers in Immunology. https://doi.org/10.3389/ � mmu.2023.1197687

Katzmarski, N., Dominguez-Andres, J., Cirovic, B., Renieris, G., et al. (2021). Transmission of trained immunity and
heterologous resistance to infections across generations.Nature Immunology, 22(11), 1382e 1390.

Lane, P. J. L., McConnell, F. M., Withers, D., Gaspal, F., et al. (2009). Lymphoid tissue inducer cells: Bridges between
the ancient innate and the modern adaptive immune systems. Nature Immunology, 2(6), 472e 477.

Lee, J., Lee, S.-A., Gu, N.-Y., Jeong, S. Y., et al. (2021). Canine natural killer cell-derived exosomes exhibit antitumor
activity in a mouse model of canine mammary tumor. BioMed Research International. https://doi.org/10.1155/
2021/6690704

Lee, S.-H., Shin, D.-J., & Kim, S.-K. (2015). Generation of recombinant canine interleukin-15 and evaluation of its ef-
fects on the proliferation and function of canine NK cells. Veterinary Immunology and Immunopathology, 165, 1e 13.

Lee, S.-H., Shin, D.-J., Kim, Y., Kim, C.-J., et al. (2018). Comparison of phenotypic and functional characteristics be-
tween canine non-B, non-T natural killer lymphocytes and CD3þ CD5dim CD21� cytotoxic large granular lympho-
cytes. Frontiers in Immunology. https://doi.org/10.3389/ � mmu.2018.00841

Lin, Y.-C., Huang, Y.-C., Wang, Y.-S., Juang, R.-H., et al. (2010). Canine CD8 T cells showing NK cytotoxic activity
express mRNAs for NK cell-associated surface molecules.Veterinary Immunology and Immunopathology, 133,
144e 153.

Looringh van Beeck, F. A., Zajonc, D. M., Moore, P. F., Schlotter, Y. M., et al. (2008). Two canine CD1a proteins are
differentially expressed in skin. Immunogenetics, 60, 315e 324.

10. Innate lymphoid cells160



Mace, E. M. (2023). Human natural killer cells: Form, function and development. The Journal of Allergy and Clinical
Immunology, 151(2), 371e 385.

Michael, H. T., Ito, D., McCullar, V., Zhang, B., et al. (2013). Isolation and characterization of canine natural killer
cells. Veterinary Immunology and Immunopathology, 155, 211e 217.

Mody, C. H., Ogbomo, H., Xiang, R. F., Kyei, S. K., et al. (2019). Microbial killing by NK cells. Journal of Leukocyte
Biology, 105, 1285e 1296.

Moorlag, S., Roring, R. J., Joosten, L. A. B., & Netea, M. G. (2018). The role of the interleukin-1 family in trained im-
munity. Immunological Reviews, 281, 28e 39.

Neta, M., Wen, X., Moore, P. F., & Bienzle, D. (2010). Structure and sequence variation of the canine perforin gene.
Veterinary Immunology and Immunopathology, 133, 314e 320.

Otani, I., Niwa, T., Tajima, M., Ishikawa, A., et al. (2002). CD56 is expressed exclusively on CD3þ lymphocytes in
canine peripheral blood. Journal of Veterinary Medical Science, 64(5), 441e 444.

Paris, S., Chapat, L., Pasin, M., Lambiel, M., et al. (2020).b-glucan induced trained immunity in dogs. Frontiers in
Immunology. https://doi.org/10.3389/ � mmu.2020.566893

Porcelli, S. A., & Modlin, R. L. (1999). The CD1 system: Antigen-presenting molecules for T cell recognition of lipids
and glycolipids. Annual Review of Immunology, 17, 297e 329.

Reinink, P., & Van Rhijn, I. (2016). Mammalian CD1 and MR1 genes.Immunogenetics, 68, 515e 523.
Schjaerff, M., Keller, S. M., Fass, J., Froenicke, L., et al. (2016). Re� nement of the canine CD1 locus topology and inves-

tigation of antibody binding to recombinant CD1 isoforms. Immunogenetics, 68, 191e 204.
Shin, D.-J., Park, J.-Y., Jang, Y.-Y., Lee, J.-J., et al. (2013). Ex vivo expansion of canine cytotoxic large granular lym-

phocytes exhibiting characteristics of natural killer cells. Veterinary Immunology and Immunopathology, 153,
249e 259.

Splits, H., & Mjosberg, J. (2022). Heterogeneity of type 2 innate lymphoid cells. Nature Reviews Immunology, 22,
701e 712.

Valle-Noguera, A., Ochoa-Ramos, A., Gomez-Sanchez, M. J., & Cruz-Adalia, A. (2021). Type 3 innate lymphoid cells
as regulators of the host-pathogen interaction. Frontiers in Immunology. https://doi.org/10.3389/
� mmu.2021.748851

Wang, S., Xia, P., Chen, Y., Qu, Y., et al. (2017). Regulatory innate lymphoid cells control innate intestinal in� amma-
tion. Cell, 171, 201e 216.

Wang, X., Liang, M., & Song, P. (2023). Mucosal-associated invariant T cells in digestive tract: Local guardians or de-
stroyers? Immunology, 170(2), Article 1670179.

Wegrecki, M. (2023). CD1a-mediated immunity from a molecular perspective. Molecular Immunology, 158, 43e 53.
Withers, D. R. (2011). Lymphoid tissue Inducer cells.Current Biology, 21(10), RR381e R382.
Yasuda, N., Masuda, K., Tsukui, T., Teng, A., & Ishii, Y. (2009). Identi� cation of canine natural CD3-positive T cells

expressing an invariant T-cell receptor alpha chain.Veterinary Immunology and Immunopathology, 132, 224e 231.
Zajonc, D. M. (2016). The CD1 family: Serving lipid antigens to T cells since the Mesozoic era.Immunogenetics, 68(8),

561e 576.

References 161



This page intentionally left blank



11

Canine humoral immunity

The division of the adaptive immune system into two major branches is based on the an-
imal ’s need to recognize two distinctly different forms of foreign invaders, extracellular and
intracellular. Some invaders such as bacteria largely replicate outside cells in tissue� uids.
Here they are attacked by antibodies. Antibodies are produced by B cells. B cells are found
in large numbers in the cortex of lymph nodes, in the marginal zone in the spleen, in the
bone marrow, throughout the intestine and in Peyer ’s patches. Unlike T cells, relatively
few B cells are present in canine blood (Fig. 4.3). T cells go hunting for invaders, B cells
wait for the invaders to come to them. Each B cell carries thousands of identical antigen-
binding receptors on its surface. Each B cell, therefore, can only bind and respond to a single
antigen. If a B cell encounters an antigen that binds its receptors, it will, with appropriate co-
stimulation, respond by secreting these receptors into body � uids, where they function as
antibodies.

B cell antigen receptors

Each B cell is covered with about 200,000e 500,000 identical antigen receptors (BCRs). Un-
like the TCRs, these BCRs can bind antigens when in solution. Antibodies are simply soluble
BCRs released into body� uids.

BCRs are immunoglobulins; glycoproteins of 160e 180 kDa consisting of four linked pep-
tide chains. These chains consist of two identical pairs: two heavy chains, each 60 kDa in size,
and two light chains, about 25 kDa each. Immunoglobulin peptide chains are connected and
fold in such a way that the basic molecule consists of three globular regions (two antigen-
binding Fab regions and a single Fc region) linked by � exible hinges. The chains are joined
together to make a Y-shaped bivalent receptor.

As in other mammals, canine immunoglobulins have multiple specialized tasks. As a
result, dogs make � ve different classes of immunoglobulin. These are named alphabetically,
IgG, IgM, IgA, IgE, and IgD. Their structural differences lie in their individual heavy chains
that are denoted by Greek lettersg, m, a, � , and d. IgG is the predominant immunoglobulin in
canine blood. IgA is the predominant immunoglobulin on body surfaces. IgE is a specialized
antibody that mediates anti-parasite immunity and allergies. IgM and IgD are produced
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during primary immune responses. IgM is found in the bloodstream; IgD is found on body
surfaces (Table 11.1).

Canine heavy chains

Immunoglobulin heavy chains are constructed from four or � ve domains each of about 110
amino acids. The N-terminal domain is the variable (V H) domain. The remaining domains
show few sequence differences and thus are constant (CH) domains. All these domains are
encoded by genes located in the IGH locus. The domains are labeled, from the N-terminal
end, VH, CH1, CH2, CH3 (and CH4). Three constant domains are present ina and most
d chains, whereas m and � chains have four. Light chains consist of paired variable (VL)
and a constant (CL) domains.

Since heavy and light chains are linked, the domains in each chain come together to form
paired structures by which antibody molecules can exert their biological functions. Thus,
heavy chain (VH) and light chain (V L) variable domains come together form the antigen-
binding site, and the CH1 and CL domains together stabilize this antigen-binding site. The
paired CH2 domains of IgG contain sites that activate the classical complement pathway
and that bind to Fc receptors on phagocytic cells. The paired heavy chains also regulate
the transfer of IgG into colostrum as well as antibody-mediated cellular cytotoxicity.

When immunoglobulin molecules act as BCRs, their Fc region is embedded in the B cell
surface membrane. These cell-bound immunoglobulins differ from the secreted form in
that they have small transmembrane domains attached to their heavy chain C-terminus.
These contain the hydrophobic amino acids that associate with the cell-membrane lipids.

One important feature of the immunoglobulins is that their Fab regions can swing freely
around the center of the molecule. This hinge consists of a short domain of about 12 amino
acids located between the CH1 and CH2 domains. The hinge region contains hydrophilic and
proline residues that cause the peptide chain to unfold and make this region readily acces-
sible to proteases. This region also contains the interchain disul� de bonds that bind the
four peptide chains together. The mchains of IgM do not possess a hinge region.

TABLE 11.1 Canine immunoglobulin classes.

Immunoglobulin class

Property IgM IgG IgA IgE IgD

Molecular weight 900,000 180,000 360,000 200,000 180,000

Subunits 5 1 2 1 1

Heavy chain m g a � d

Largely synthesized
in

Spleen and
lymph nodes

Spleen and
lymph nodes

Intestinal and
respiratory tracts

Intestinal and
respiratory tracts

Spleen and
lymph nodes

Serum concentration
mg/mL

70e 270 1000e 2000 20e 150 2.3e 4.2 400 ng/mL
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Genes

Immunoglobulin heavy chains are encoded by genes within the IGH locus. The canine
IGH locus is located on chromosome CFA 8 and it is in reverse orientation. The entire canine
IgH locus spans 1425 kb.

Two genes are required to code for each immunoglobulin heavy chain. One codes for the
variable domain (and thus the antigen-binding site), whereas a separate gene encodes the
constant domains. Dogs have four IGHG genes and hence four IgG subclasses, named
IgG1, IgG2, IgG3, and IgG4 in order of abundance. In addition, dogs have IGHA, IGHM,
IGHD, and IGHE genes (Fig. 11.1).

The IGHC genes encode the constant-region genes, one for each heavy chain class and sub-
class. They are arranged in the order 50-IGHM-IGHD-IGHG-IGHE-IGHA -3’. Thus, the gene for
the mchain (IGHM ) is followed by the gene for the d chain (IGHD), and these are followed by
the g chain genes and so on.

Each constant gene contains multiple exons encoding the sequences for each of the heavy
chain domains including one or two for the hinge region, as well as exons encoding the trans-
membrane and intracellular domains expressed by cell-bound immunoglobulins. A complete
IgM constant region gene (IGHM) therefore consists of� ve exons, whereas an IgA constant
region gene (IGHA) contains four.

Unlike the constant region genes, the immunoglobulin V H region genes are encoded by
three linked gene segments. Three different gene segments, IGHV, IGHD, and IGHJ, are
required to form a complete gene encoding an immunoglobulin V H domain. Thus, the
IGH locus contains large numbers of IGHV gene segments as well as multiple IGHJ

V D J LC

M D G E A

5'
IGH

IGK

IGL

M     D     G1  G2    G3   G4    E      E     A

261

5 9

89 6 6
3'

400 kb

1425 kb

1245 kb 35 kb 3kb 141 kb

2523 kb 45 kb

27

FIGURE 11.1 The organization of the canine immunoglobulin gene loci.
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segments. These are situated 30 to the IGHV genes. Several short segments, called IGHD (D
for diversity), are located between the IGHV and IGHJ regions.

As they mature, B cells undergo two DNA recombination events. The � rst, called V(D)J
recombination, assembles the gene encoding the VH domain of the BCR and links it to the
IGHM gene. This occurs while the B cells are developing within the bone marrow. Once an-
tigens activate the B cells, a second DNA recombination event occurs. This second event re-
sults in a switch in the class of BCR from IGHM to one of the other immunoglobulin heavy
chains produced by a B cell. This class switch recombination does not affect the antigen-
binding site.

Variable regions

Structure

In each of the Fab regions, a groove is formed between the heavy and light chain variable
domains, VH and VL. This groove forms the antigen-binding site. When the amino acid se-
quences of these V domains are examined in detail, it is clear that their sequence variation
is largely con� ned to three small regions each containing 6e 10 amino acids, within the var-
iable domain. These regions are said to be hypervariable. Between the three hypervariable
regions are relatively constant regions called framework regions.

The hypervariable regions on paired light and heavy chains determine the shape of the
antigen-binding site and thus the speci� city of antigen binding. Since the shape of the
antibody-binding site is complementary to the conformation of the antigenic determinant,
the hypervariable sequences are also called complementarity determining regions
(CDRs). Each V-domain is folded in such a way that its three CDRs come into close con-
tact with the antigen. The CDRs from both light and heavy chains contribute to the bind-
ing of an antigen, although the heavy chain contributes most to the process. Because
immunoglobulins are bilaterally identical, the CDRs on each of the Fab regions are also
identical. Thus, the molecule has two identical antigen-binding sites and binds two iden-
tical epitopes.

The canine IGHV repertoire is similar among different breeds (Martin et al., 2018). Canine
V domain CDR3 regions are shorter than in humans but longer than in mice (Steininiger et al.,
2014). In dogs, the IgG VH CDR3 has a mean length of 13e 14 amino acids. The canine IgM VH
CDR3 has a mean length of 12:25 amino acids. In general, the CDR3 sequence is biased to-
ward the use of small, negatively charged amino acids. The amino acids, tyrosine, glycine,
and serine at the base of the CDR3 loop are strictly conserved.

Genes

The canine IGHV region contains at least 89 IGHV gene segments, 6 IGHD gene segments,
and 6 IGHJ gene segments (Hwang et al., 2018). The IGHV segments can be classi� ed into
four subfamilies (IGHV1-4) based on their sequence. The IGHV repertoire is heavily biased
(90%) toward use of the IGHV3 subfamily, followed by IGHV4, IGHV1, and IGHV2 ( Steini-
niger et al., 2014). There is also preferential pairing of certain V and J genes. Dogs have at least
43 functional and 37 pseudogenes among their IGHV gene segments (Martin et al., 2018). All
the functional IGHV segments are transcribed in the same direction as the constant genes
with the exception of one reversely transcribed pseudogene (IGHV3-4).
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The canine IGHD cluster is dominated by IGHD2 (30%). Canine IGHJ gene usage is domi-
nated by IGHJ4 (75%) (Hwang et al., 2018). The number of novel alleles among the canine
IGHV genes is at least 1723, while 12 IGHJ alleles have been identi� ed (Martin et al.,
2018). The canine IGHV region has a gene/pseudogene ratio of about one, which is consistent
with other IGH loci and quite different from the 4:1 ratio in the light chains.

Canine light chains

Immunoglobulin light chains are constructed from two domains, each containing about
110 amino acids. The sequences in the C-terminal domains are identical and are therefore con-
stant domains (CL). In contrast, the sequences in the N-terminal domains differ in each B cell
and so form variable domains (VL).

Lambda light chains

Mammals also make two types of light chains, called k (kappa)and l (lambda). Ninety percent
of the light chains used by dogs are lambda. The canine lambda (IGL) locus is located on CFA 26
and is very large (2583 kb). It contains at least 261 IGLV gene segments. 71 are functional, 15 are
open reading frames, and 175 are pseudogenes. The functional IGLV genes are classi� ed into
seven subfamilies. IGLV1 is the largest subfamily with at least 86 members. As in other IGL
loci there are nine pairs of IGLJ and IGLC genes downstream (Martin et al., 2018). Many of
the IGLV gene segments are inverted with respect to the J-C clusters. The most frequent IGL
CDR3 length in dogs is 11 amino acids (Steininiger et al., 2014). The number of novel alleles iden-
ti � ed so far, among the canine IGLV gene segments is 2347 (Martin et al., 2018).

Kappa light chains

The canine kappa (IGK) locus is located on CFA 17 and is relatively small, being only
400 kb in length. It has a somewhat unusual structure since it contains 27 IGKV gene seg-
ments, 16 of which are functional, located upstream of 5 IGKJ and a single IGKC gene,
and an additional cluster of 9 IGKV segments downstream, of which eight are functional
and inverted with relation to the J and C genes (Fig. 11.1). 14 of the 17 functional gene seg-
ments are members of the IGKV2 subfamily while two belong to the IGKV4 subfamily. The
IGKV4 subfamily V segments are located within the downstream cluster ( Martin et al., 2018).
This seems to make no functional difference. Inversions and block duplications appear to be
characteristic of the canine IGK loci (Martin et al., 2018). The most frequent IGK CDR3 length
in dogs is 9 amino acids (Steiniger et al.). The number of novel alleles in the canine IGKV gene
segments is 107 (Martin et al., 2018).

Class switch recombination

During the course of a B cell response, the class of immunoglobulin produced by each B
cell changes. This“ class switch” results from a change in the use of the heavy chain constant
genes.
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During an antibody response, immunoglobulins are synthesized in a standard sequence.
Thus, a responding B cell � rst uses theIGHM gene to make IgM BCRs. The remaining genes
located 30 to IGHM are ignored. In dogs, the B cell also transcribes theIGHD gene and can
then express both IgM and IgD. As the immune response progresses, responding B cells even-
tually switch to using the IGHG, IGHA, or IGHE genes and so become committed to synthe-
sizing IgG, IgA, or IgE.

Two signals are needed to initiate class switching in a B cell. First, the B cell must receive
an activation signal generated when CD40 on the B cell binds to CD154 on a helper T cell.
Second, the speci� c class switch is determined by signals from cytokines, especially from
IL-4, and IFN-g. Signals from CD40 and the antigen activate the recombinase in the B cell
while signals from the cytokine receptors, by activating speci� c promoter regions, target
the recombinase to a speci� c heavy chain gene.

B cell antigen receptors and soluble immunoglobulins

Immunoglobulins are � rst produced as cell bound BCRs and are subsequently secreted as
antibodies. The heavy chains of BCRs have a hydrophobic transmembrane C-terminal
domain that attaches them to a B cell surface. This domain is absent from the secreted anti-
body. The switch between the two forms results from the differential splicing of exons. For
example, the IGHM gene encodes two short exons: called CmS and CmM located 30 to Cm4.
CmS codes for the C-terminal domain of the secreted form, whereas CmM codes for the hy-
drophobic domain of the membrane-bound form. When IgM is made, all the C mexons are
� rst transcribed to messenger RNA (mRNA). To produce membrane-bound IgM, the
mRNA for the C mS exon is deleted, and the Cm4 exon is spliced directly to the CmM exon.
To produce secreted IgM, the exon coding for the CmM domain is deleted, and translation
is stopped after Cm4 and CmS are read.

B cell activation

BCRs cannot signal directly to their B cell since their cytoplasmic domains contain only
three amino acids. However, their heavy chain CH4 and transmembrane domains associate
with two glycoprotein heterodimers formed by pairing CD79 a (Ig-a) with CD79 b (Ig-b).
These heterodimers act as the signal transducers of the BCR. The CD79b chains are identical
in all BCRs. The CD79a chains differ depending on their associated heavy chains (Clark et al.,
1992) (Fig. 11.2). Antigen-BCR binding and cross-linking of two receptors exposes activating
sites (ITAMs) on CD79a and CD79b. Phosphorylation of these ITAMs by src kinases leads to
activation of a phospholipase C and a G-protein. Subsequent hydrolysis of phosphatidylino-
sitol and calcium mobilization generates a protein kinase C and calcineurin and activates the
transcription factors NF-kB and NF-AT (Tedder et al., 1994). This eventually results in cell di-
vision and immunoglobulin production d providing the B cell also receives appropriate cos-
timulatory signals from other sources (Gold, 2002). Although the binding of antigen to a BCR
is an essential� rst step, this alone, is insuf� cient to activate B cells. Complete activation of a B
cell requires co-stimulation by helper T cells and cytokines; by complement; and by PAMPs.
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T cell help

When helper T cells “ help” B cells they promote several different B cell activities. They
start the process that leads to B cell division and differentiation into antibody-secreting cells.
They stimulate B cell proliferation and survival by signaling through CD40L, IL-21, and IL-4.
T cell “ help” also triggers somatic mutation within germinal centers and thus increases anti-
body binding af � nity. In order to do all this, however, the helper T cells must themselves be
stimulated by the antigen. This antigen can be presented by one of the professional antigen-
presenting cells, such as dendritic cells, macrophages, or even by B cells. Thus, a B cell can
capture and process antigen, present it to a T cell, and then receive co-stimulation from the
same T cell.

Cytokine secretion

Type 2 helper T (Th2) cells produce multiple cytokines that activate B cells. The most
important of these are IL-4, IL-5, IL-6, IL-13, and IL-21. IL-4 stimulates the growth and differ-
entiation of B cells and enhances their expression of MHC class II and Fc receptors. It also
induces immunoglobulin class switching and thus stimulates IgA and IgE production. IL-5
promotes the differentiation of activated B cells into plasma cells. It stimulates IgG and
IgM production and enhances IL-4-induced IgE production. IL-5 selectively stimulates IgA
production in mucosal B cells. IL-6 is needed for the � nal differentiation of activated B cells
into plasma cells. It acts together with IL-5 to promote IgA production and with IL-1 to pro-
mote IgM production. IL-13 has biological activities like those of IL-4 because their receptors
share a common a-chain. This stimulates B cell proliferation and increases immunoglobulin
secretion. IL-13 is required for optimal induction of IgE, especially if IL-4 is low or absent.
IL-21 is produced by several Th populations including both Tfh cells and Th17 cells. It in-
duces the differentiation of B cells into plasma cells and memory B cells. It stimulates IgG pro-
duction in conjunction with IL-4. IL-21 also promotes the IgM to IgG class switch while IL-4
induces the switch to IgE.

� ��  �  

CD79 CD79

B cell

FIGURE 11.2 The role of the CD79 complex in B cell antigen receptor signal transduction.
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Cell e cell signaling

Cytokines alone cannot fully activate B cells. Complete activation also requires signaling
between Th cells and B cells through receptor pairs such as CD40 and CD154. CD154 is
expressed on activated helper T cells while its receptor CD40 is expressed on resting B cells.
CD40 must receive a signal from CD154 for the B cell to begin its cell cycle and upregulate its
IL-4 and IL-5 receptors. The signals from CD154 synergize with those from IL-4 and IL-5 re-
ceptors to drive B cell activation, memory cell development, and immunoglobulin class
switching. CD28, also found on helper T cells, also provides co-stimulation by signaling
through CD86 on activated B cells (Fig. 11.3).

Complement help

Activation of B cells also requires signals from the complement system transmitted
through CD21/CD19 on the B cell surface. CD21 is a receptor (CR2) whose ligand is C3d.
CD19 is its accompanying signaling component. If an antigen with C3d attached binds to
CD21, a signal is transmitted through CD19 to the B cell. Stimulation of a BCR plus
CD19/CD21 lowers the threshold for B cell activation 100-fold. The importance of comple-
ment in stimulating B cells is emphasized by the observation that Brittany Spaniels de� cient
in the complement component C3 have very low IgG levels (Chapter 24).

TCR
T cellB cell

IL-4

Proces

CD40 CD154

CD86 CD28

IL-4R

Immunoglobulin
tion  and
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BCR
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produc
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FIGURE 11.3 The sequence of events that occurs when an antigen-processing B cell interacts with a helper T cell.
During a primary immune response, antigen is processed by a dendritic cell and presented to the helper T cell.
During a secondary immune response, the B cell itself can act as an antigen-presenting cell. Co-stimulators, such as
CD154 and CD28, engage serially to trigger IL-4 secretion by the T cell and IL-4 receptor expression by the B cell.
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TLR help

Although BCR-antigen-binding plus T cell co-stimulation trigger initial B cell division,
they cannot induce a prolonged, self-sustaining B cell response. Complete activation of B cells
also requires coordinated signals from their toll-like receptors (TLRs). The B celle stimulating
ligands include � agellins, lipopolysaccharides, and CpG DNA. Signaling through TLR4 en-
hances B cell antigen presentation, promotes germinal center formation, and is required for
optimal antibody production against T-dependent antigens. TLR signaling to memory B cells
increases antibody production, but it does not appear to be required for IgA and IgE produc-
tion. Thus, TLR signaling can substitute in part for T cell help ( Pasare& Medzhitov, 2005).

B cell responses

The BCR generates signals whose intensity depends on the properties of the antigen and
the amount of co-stimulation received. The af� nity of a BCR for its antigen in � uences B cell
proliferation and antibody secretion. On the other hand, receptor occupancy in� uences MHC
class II expression and signal transduction. The direction of the immunoglobulin class switch
also depends on signals received from Th1 or Th2 cytokines.

A newborn puppy with few B cells has available only a limited variety of clonotypes, but
their diversity increases with age as a result of increased use of alternative sets of V genes and
of somatic mutation. This diversity is also increased by signals from the intestinal microbiota.
In an adult dog the number of B cells within a given clonotype depends on their exposure to
different antigens over the animal’s lifetime. Thus, the most used clonotypes will increase
greatly in number and there may be as many as 104 responsive B cells per clonotype.
Conversely, the numbers of unused clonotypes will remain very small, and an individual an-
tigen may have as few as 10 responsive B cells in their spleen or bone marrow.

In most newborn puppies, each B cell initially expresses both IgM and IgD BCRs on its sur-
face with about 10 times as many IgD molecules as IgM. These unstimulated B cells may
secrete small amounts of monomeric IgM.

When appropriately stimulated and co-stimulated, B cells undergo repeated division. This
division is asymmetric so that one daughter cell gets lot of antigens while the other daughter
cell gets very little or none. The cell that gets lots of antigen then differentiates into a plasma
cell. The cell that gets very little antigen continues the cycle of dividing and mutating and
eventually becomes a memory cell. The cells destined to become plasma cells develop a rough
endoplasmic reticulum, increase their rate of protein synthesis, and secrete large quantities of
immunoglobulins. Within a few days, these responding cells switch from making IgM to
making another immunoglobulin class. This switch occurs within the germinal center and
leads to production of IgG, IgA, or IgE.

Class switching is controlled by IL-4, IFN- g, and TGF-b. IL-4 alone is insuf� cient for class
switching, and additional signals are required from CD40 and CD154. IFN- g from Th1 cells
effectively suppresses the effects of IL-4. IFN-g acts by promoting the production of the B cell-
stimulating cytokines B cell activating factor (BAFF) and “ a proliferation-inducing ligand ”
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(APRIL). Canine BAFF plays a major role in B cell proliferation and survival. The active pep-
tide contains 152 amino acids and shares 91.5 identity with the human molecule. Its three-
dimensional structure is also very similar to its human counterpart ( Shen et al., 2011). Canine
APRIL is a protein of 250 amino acids and 27 kDa with 86% homology to its human counter-
part (Wang et al., 2009). Like BAFF, APRIL plays an important role in supporting the survival
and proliferation of B cells.

Plasma cells

Plasma cells develop from antigen-stimulated B cells and are mainly located in the second-
ary lymphoid organs. Early plasma cells (plasmablasts) can be identi� ed in the lymph node
cortex and paracortex and in the marginal zone in the spleen. As B cells differentiate, plasma
cells emigrate from these areas to the spleen, the medulla of lymph nodes, and especially to
the bone marrow where they can persist for months or years. During this time, many persist
in producing speci � c antibodies. The bone marrow provides a cytokine environment where
plasma cells can survive for long periods (Fig. 11.4).

Plasma cells are ovoid cells, 8e 9 mm in diameter. They have a round, eccentrically placed
nucleus with unevenly distributed chromatin. As a result, the stained nucleus resembles a
clock face or cartwheel. Plasma cells have an extensive cytoplasm that is rich in rough endo-
plasmic reticulum and so stains strongly with basic dyes and pyronin. They have a large,
pale-staining Golgi apparatus. Plasma cells can secrete up to 10,000 molecules of immuno-
globulin per second. The immunoglobulin produced by a plasma cell is of identical binding
speci� city to the BCRs on its parent B cell.

Plasma cells with cytoplasmic globules (Russell bodies) are called Mott cells. They appear
to be unable to secrete their immunoglobulin contents. Mott cells are characteristically found

FIGURE 11.4 Plasma cells in the me-
dulla of a dog lymph node. Their cytoplasm
is rich in ribosomes and so stains intensely
with pyronin, giving a dark red appear-
ance. Original magni� cation � 450. From a
specimen kindly provided by Drs. N. McArthur
and L.C. Abbott.
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in dogs suffering from B cell lymphomas ( Kim et al., 2022). Plasma cells with a pink fringe of
cytoplasm are called “ � ame” cells. In the dog, bone marrow plasma cells increase in cases of
multiple myeloma, and in chronic infections such as visceral Leishmaniasis andEhrlichia canis
infections.

Memory B cells

Some B cells persist long after a primary immune response has occurred and serve as
memory cells. Memory cell precursors remain in the lymph node cortex, proliferate, and
form germinal centers (Barnett et al., 2012). These memory cells are� rst screened for their
ability to bind antigen. This induces CD154 on nearby T cells, which in turn promotes expres-
sion of bcl-2. Bcl-2 protects them against apoptosis and allows them to survive and differen-
tiate into memory cells.

There are several types of memory B cells. One population consists of small, long-lived
resting cells with IgG BCR. These cells, unlike plasma cells, look like generic lymphocytes.
Their survival does not depend on antigen contact. On exposure to antigen, they proliferate
and differentiate into plasma cells without undergoing further mutation. It has been calcu-
lated that in a secondary immune response, the clonal expansion of memory B cells results
in 8- to 10-fold more plasma cells than does a primary immune response.

A second memory B cell population consists of large, dividing cells with IgM BCRs. These
cells persist in germinal centers, where their continued survival depends on exposure to an-
tigen on follicular dendritic cells. There are two distinct populations of plasma cells: a short-
lived population that lives for 1 e 2 weeks and produces large amounts of antibodies shortly
after antigen exposure, and a long-lived population that can survive for months or years.
These antibodies provide immediate immunity to microbial pathogens. The short-lived cells
are found in the spleen and lymph nodes soon after immunization. The long-lived plasma
cells, in contrast, accumulate in the bone marrow. These long-lived plasma cells probably
develop from a population of self-renewing, slowly dividing memory B cells. These memory
B cells require a functional BCR to survive, suggesting that constant low-af� nity antigen
binding keeps them alive. The survival of these memory cells is directly relevant to the dura-
tion of immunity following vaccination.

If a second dose of antigen is given to a primed animal, it will encounter large numbers of
memory B cells, that respond in the manner described previously for antigen-sensitive B cells.
As a result, a secondary immune response is much greater than a primary immune response.
The lag period is shorter since more antibodies are produced, and they can be detected
earlier. IgG is also produced in preference to the IgM characteristic of the primary response
(Box 11.1).

Regulatory B cells

Under appropriate circumstances canine B cells can assume a regulatory/immunosuppres-
sive phenotype (Jang et al., 2021). Thus, LPS-primed B cells from canine peripheral blood
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express IL-10 on their surface, express programmed death ligand-1 PD-1L as well as TGF-b.
Macrophages cultured with these B cells signi� cantly downregulated their expression of the
proin � ammatory cytokines such as TNF-a and upregulated expression of IL-10. These Breg
cells effectively repolarized canine M1 macrophages to M2 macrophages. Thus, these cells
have a potent antiin� ammatory phenotype.

Studies on foxhounds suffering from visceral leishmaniasis have identi� ed a subset of Breg
cells that express high levels of IgD on their surface and produce IL-10 in the absence of anti-
genic stimulation. These IgDhi B cells effectively suppressed Th1 responses in these dogs and
precipitated T cell exhaustion (Schaut et al., 2016).

Germinal centers

A key feature of the humoral immune response is the progressive increase in antibody
binding af � nity over time. This process takes place within germinal centers. Thus, germinal
centers are sites where antigen-driven B cell proliferation, somatic mutation, and positive-
and negative-selection of B cell populations occur (Berek, 1992). Germinal centers are divided
into two zones based on cell staining, a light zone containing dendritic cells, some B cells and
Tfh cells, and a dark zone that mainly consists of dividing B cells (Fig. 8.6). In the early stages
of the reaction, B cells stimulated by antigen and Tfh cells migrate to the dark zone. There
they proliferate and as they do so, they mutate their antibody V genes. B cells divide every

BOX 11.1

I n t e n s e e x e r c i s e a n d i m m u n o g l o b u l i n l e v e l s

The complex effects of intense, prolonged
exercise and training on antibody production
are well seen in dogs undergoing long
endurance dogsled races such as the Alaskan
Ididarod Trail (1150 miles within 10
e 14 days). The proportion of dogs with low
total globulin within 12 h after racing (32%)
was signi� cantly greater than before racing
(18%). In 23.5% of these dogs, it remained
low when measured 4 months after the race.
Serum IgG concentrations were also lower
immediately before the race (8.21 mg/mL)
and immediately after racing (7.97 mg/mL)
than 4 months later (18.9 mg/mL).

Presumably these low IgG levels also re� ect
the consequences of intense training prior to
the event. Likewise, serum IgM and IgE were
higher before racing, although IgA was
higher after racing. There is also evidence of
increased in� ammation in these dogs after
racing. It has been reported that participating
dogs may be more susceptible to infections
resulting in pneumonia and diarrhea.

Reference

McKenzie, E., Lupfer, C., Banse, H., et al. (2010).

Hypogammaglobulinemia in racing Alaskan sled dogs,

Journal of Veterinary Internal Medicine , 24, 179e 184.
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6e 8 h so that within just a few days a single B cell develops into a clone of several thousand
cells. During this phase of rapid B cell division, the BCR V region genes mutate randomly,
once per division (Dale et al., 2019). This repeated mutation generates B cells whose BCRs
differ from the parent cell. Once these cells have been clonally expanded, a process that takes
10e 20 days, they migrate to the light zone where they are presented with antigen by the den-
dritic cells. Because of their altered V regions, some of these B cells bind the antigen with
greater af� nity, while others bind it less strongly. A process of selection thus occurs. If a mu-
tation has resulted in greater binding af � nity, this stimulates more B cell proliferation. Thus,
cycles of rapid somatic mutation and selection lead to a rapid improvement in antigen
binding d a process called af� nity maturation. These antigen-selected B cells eventually leave
the germinal center to form either plasma cells or memory B cells. In contrast, those B cells
with BCRs that have reduced antigen binding undergo apoptosis. Thus, the B cell population
that emerges from a germinal center is very different from the population of cells that entered
it. In addition to somatic mutation of BCR V genes, BCRs also undergo class switching within
germinal centers. Germinal centers eventually dissipate after the B cell response has peaked
(Elsner & Shlomchik, 2020).

Myelomas

If a B cell turns cancerous, it may develop into a clone of immunoglobulin-producing
plasma cells (Fig. 11.5). Plasma cell tumors are called myelomas or plasmacytomas. Because
myelomas arise from a single precursor cell or clone, they secrete a homogeneous immuno-
globulin called a myeloma protein. On serum electrophoresis, this homogeneous myeloma
protein will appear as a sharp, well-de � ned peak. This is called a monoclonal gammopathy.

Myeloma proteins may belong to any immunoglobulin class. For example, IgG myelomas
are most common but IgA, and IgM myelomas have also been reported in dogs. Light disease

FIGURE 11.5 A section of a myeloma
tumor mass in a dog. Original magni � cation
� 600. These cells are clearly plasma cells.
Courtesy of Dr. Brian Porter.
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is caused by a myeloma in which light chains alone are produced or the production of light
chains is greatly in excess of the production of heavy chains (Harris et al., 2021). Similarly,
there is a very rare form of canine myeloma in which IgA Fc fragments alone are produced
(Hoenig, 1987). This condition is erroneously termed heavy chain disease. Occasionally
myeloma serum contains more than one monoclonal peak as myeloma proteins can poly-
merize (Kato et al., 1995).

Myelomas account for less than 1% of all canine tumors. Their clinical presentations
include bleeding disorders, renal failure, and hypercalcemia. Other signs include lethargy,
recurrent infections, anemia, lameness, bone fractures, and neurological signs, including de-
mentia and peripheral neuropathy. The most common clinical manifestation in dogs is exces-
sive bleeding as a result of a thrombocytopenia and a loss of clotting components as they bind
to myeloma proteins. The presence in serum of abnormally large quantities of immunoglob-
ulins results in a hyperviscosity syndrome, which is especially severe in animals with IgM
myelomas (macroglobulinemia). As a result of the increase in blood viscosity, the heart
must work harder, and congestive heart failure, retinopathy, and neurological signs may
result. Because myeloma cells stimulate osteoclast activity, the presence of tumors in bone
marrow may lead to severe bone destruction (Fig. 11.6). Multiple radiolucent osteolytic le-
sions and diffuse osteoporosis develop and are readily seen by radiography. These lesions
result in pathological fractures. Light chains, being relatively small, are excreted in the urine.
Unfortunately, they are toxic for renal tubular cells and, as a result, may cause renal failure.

FIGURE 11.6 A radiograph of a canine
humerus, showing the round, radiolucent
areas where bone has been eroded by the
presence of a myeloma. Courtesy of Dr.
Claudia Barton.
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The light chains may be detected by electrophoresis of concentrated urine or, in some cases,
by heating the urine. Light chains precipitate when heated to 60� C but redissolve as the tem-
perature is raised to 80� C. Proteins possessing this curious property are called Bencee Jones
proteins, and their presence in urine suggests a myeloma. They occur in about 40% of canine
cases. Nonsecretory myelomas are occasionally diagnosed in dogs.

Because of the overwhelming commitment of the body’s immune resources to the produc-
tion of neoplastic plasma cells, as well as the replacement of normal marrow tissue by tumor
cells and the negative feedback induced by elevated serum immunoglobulins, dogs with my-
elomas are immunosuppressed and anemic.

Plasmacytomas can be treated with speci� c chemotherapy. The drug of choice is
melphalan, an alkylating agent that inhibits both RNA and DNA synthesis. Prednisone
may be used in association with melphalan. In unresponsive cases, cyclophosphamide or
thalidomide may also be employed. In humans, major improvements in survival have
resulted from the use of monoclonal antibodies against B cell antigens (Papavasiliou &
Schatz, 2002).

Polyclonal gammopathies

In contrast to monoclonal gammopathies, which are usually produced by a myeloma,
polyclonal gammopathies are observed in many different canine diseases. Polyclonal gam-
mopathies are characterized by an increase in all immunoglobulins as a result of excessive
activity of many different clones of plasma cells. Causes of polyclonal gammopathy include
autoimmune diseases such as systemic lupus erythematosus, rheumatoid arthritis, and myas-
thenia gravis, as well as infections such as tropical pancytopenia due toEhrlichia canis, and
chronic bacterial infections such as pyometra and pyoderma.

IgG4-related diseases are a group of in� ammatory disorders characterized by excessive
IgG4 production. Affected dogs develop abnormalities in innate immunity including activa-
tion of macrophages, mast cells, basophils, and dendritic cells. The IgG4 antibodies can acti-
vate macrophages that then cause extensive tissue� brosis (Chapter 21).

English bulldogs

English bulldogs may develop an unusual B cell lymphocytosis. This was initially consid-
ered to be a sign of a B cell chronic lymphocytic leukemia. However, the B cells are not mono-
clonal but polyclonal ( Rout et al., 2020). In a study of 84 cases with a CD21þ lymphocytosis
among 195 English bulldogs, 58/83 cases had polyclonal or restricted polyclonal, immuno-
globulin gene rearrangements suggesting that this was a nonmalignant expansion. The me-
dian age of affected dogs was 6.8 years and of these 74% were male. Their median
lymphocyte count was 22,400/ mL and ranged from 2000 to 384,000/mL. B cells accounted
for 67%e 99% of these blood lymphocytes. (normal lymphocyte counts are > 5000/mL.) The
B cells were MHC IIe and CD25-low. Over half of the cases (57%) had a splenomegaly or
splenic masses and 11% had a lymphadenopathy. 71% were hypergammaglobulinemic.
23/30 had greatly elevated IgA with or without IgM polyclonal or restricted polyclonal
gammopathy patterns where restricted protein bands were observed on electrophoresis
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among a polyclonal background. IgG levels were normal or low. Given its restriction to En-
glish Bulldogs, this leukocytosis probably has a genetic basis (Rout et al., 2020).

Immunoglobulins

Immunoglobulin G

Dogs have four IGHG genes and hence make four IgG subclasses, named IgG1, IgG2,
IgG3, and IgG4 in order of abundance (Table 11.2) (Bergeron et al., 2014). IgG1 accounts
for 92.5% of all canine IgGs (Tang et al., 2001). Their four heavy chain constant domains
are very similar with 73% e 81% amino acid homology between subclasses. However, their
hinge regions are very different with only 19% e 35% amino acid homology. There are no du-
plications of the hinge region as seen in humans (Tang et al., 2001). However, the number of
cysteine residues in their hinge regions is 3, 2, 7, and 3, respectively.

The four igG subclasses differ in their functional activities (Bergeron et al., 2014). For
example, their half-lives range from 21 days for IgG1 and IgG4, to 20 days for IgG2 and
7 days for IgG3. These biological differences result from variations in their Fc regions. For
example, IgG3 and IgG1 can bind complement C1q strongly in vitro and hence activate
the classical complement system resulting in cell lysis. IgG4 cannot do this while IgG2
only does so with low af � nity. IgG3 is the only subclass that cannot bind to the neonatal
Fc receptor FcRn. Subclasses IgG1 and IgG3 can bind to Fc receptors I and III and so mediate
ADCC. Only IgG2 can bind Staphylococcal protein A with high af � nity.

It has generally been assumed that once an antibody molecule has formed, its structure re-
mains unchanged until it is destroyed by catabolic processes. That assumption is incorrect.
The IgG4 subclass in humans can exchange regions with other antibody molecules to
generate a hybrid antibody with two different Fab arms. As a result, this antibody can

TABLE 11.2 Biological properties of canine IgG subclasses.

Biological properties IgG1 IgG2 IgG3 IgG4

Cytolytic activity (ADCC) � / þ þþþ þþþ __

C1q binding � / þþ þþ þþ � / þ

FcgR1 (CD64) þ þþ þþ � / þ

FcgRIIb (CD32) þ þ þ þ

FcgRIII (CD16) e þ � / þ e

FcRn þþ þþ � / þ þþ

React with protein A � / þ þþþ e e

React with protein G þþ þþ þþ þþ

From International Immunogenetics Information System (http://www.imgy.org/IMGTindex/Clan.php) page on the dog. From Bergeron, L. M.,
McCandless, E. E., Dunham, S., Dunkle, W., et al. (2014). Comparative functional characterization of canine IgG subclasses.Veterinary
Immunology and Immunopathology , 157, 31e 41.
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cross-link two different antigens. IgG4 is the least abundant human IgG subclass. This ex-
change of Fab arms between IgG4 molecules is dynamic. Thus, a homogeneous IgG4 anti-
body, when administered to a human, will rapidly begin to swap arms. It is not known
whether this occurs in dogs.

Immunoglobulin M

IgM has the second highest blood concentration after IgG. When attached to the B cell sur-
face and acting as a BCR, IgM is a 180-kDa monomer. However, the secreted form of IgM
consists of� ve (occasionally six) 180-kDa units linked by disul� de bonds in a circular fashion.
Its total molecular weight is then 900 kDa. A small polypeptide called the J chain (15 kDa)
joins two of the units to complete the circle. Each IgM monomer is of conventional immuno-
globulin structure and consists of two l light chains and two mheavy chains; m chains differ
from g chains in that they have an additional, fourth constant domain (C H4), as well as an
additional 20 amino acid segment on their C-terminus but have no hinge region. The comple-
ment activation site on IgM is located on the CH4 domain.

Immunoglobulin A

IgA is mainly produced by plasma cells located under body surfaces. Thus, it is made in
the walls of the intestine, respiratory tract, urinary system, skin, and mammary gland.
Although produced in large amounts, most IgA is secreted into the intestine, bronchi, or
milk. As a result, its serum concentration is lower than that of IgM. IgA monomers have a
molecular weight of 150 kDa, but they are normally secreted as dimers. Each IgA monomer
consists of two light chains and two a heavy chains containing three constant domains. In
dimeric IgA, the two monomers are joined by a J chain. Higher polymers of IgA are occasion-
ally found in serum.

IgA is transported through epithelial cells into external secretions bound to the polymeric
immunoglobulin receptor (pIgR) (secretory component). Secretory component is a peptide
that binds to IgA dimers to form secretory IgA (SIgA). SIgA is the major immunoglobulin
in the external secretions of the dog. As such, it is of critical importance in protecting the in-
testinal, respiratory, and urogenital tracts, the mammary gland, and the eyes against micro-
bial invasion. IgA does not activate the classical complement pathway, nor can it act as an
opsonin. It can, however, agglutinate particulate antigens and neutralize viruses. IgA pre-
vents the adherence of invading microbes to body surfaces.

The canine IGHA gene sequence is 1.5 kb in length and includes three constant region cod-
ing exons (Patel et al., 1995). The dog IgA heavy chain shares 70% amino acid sequence iden-
tity with human IgA. The C H3 domain is the most highly conserved. Unlike other
mammalian IgA genes, the hinge region of canine IgA is fused with the 50 end of the CH2
domain and is only 10 amino acids long. A cysteine residue at position 311 in the CH2 domain
is responsible for linkage to secretory component as in the human.

Four allelic variants of the canine IGHA gene have been identi� ed (Peters et al., 2004).
These variants are all located within the hinge region and differ in the coding region of the
hinge. Two of the variants resulted in a shortening of the hinge region. Heterozygous indi-
viduals may express two variants. Their functional signi � cance is unknown.
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Immunoglobulin E

IgE, like IgA, is mainly made by plasma cells located beneath body surfaces. It is a typical
Y-shaped, four-chain immunoglobulin with four constant domains in its � heavy chains and a
molecular weight of 190 kDa. Most IgE is bound to tissue mast cells and occurs in extremely
low concentrations in serum. As a result, IgE cannot act simply by binding and coating an-
tigens, as the other immunoglobulins do. IgE triggers acute in� ammation by acting as a
signal-transducing molecule.

The canine IGHE constant region is encoded by four exons extending over 1.7 kb
(Martinez-Orellana et al., 2019; Patel et al., 1995), each encoding a heavy chain domain. Over-
all, it shares 57% identity with the human gene (Patel et al., 1995). The CH3 domain is the
most conserved while CH2 is the least.

Biochemical and genetic studies on polyclonal canine IgE have identi� ed two canine IgE
subclasses, IgE1 and IgE2 (Peng et al., 1997). These can be distinguished by their reactivity
with monoclonal IgE antiglobulins and by binding to protein A (a staphylococcal
immunoglobulin-binding protein). While sharing the major characteristics of IgE such as
heat lability, molecular weight, mast cell binding, and reactivity with polyclonal anti-IgE,
they differ in their reactivity with monoclonal antibodies, and their isoelectric points. These
differences are not due to altered glycosylation. They also appear to have different biological
properties in that IgE2 levels are highly variable when compared to IgE1 in ragweed-
sensitized dogs.

Examination of the canine genome focusing on the IgE heavy chain gene locus con� rms
the existence of two functional IgE heavy chain genes,IGEH1 and IGEH2. The biological sig-
ni� cance of this gene duplication remains unclear. The existence of two IgE subclasses may
account in part, for the relatively high levels of IgE in dogs when compared to other
mammals.

Immunoglobulin D

IgD is an immunoglobulin of ancient origin found in many, but not all, mammals ( Ohta &
Flajnik, 2006). Dogs have a functional IGHD gene, and they produce small amounts of IgD.
Most of canine IgD is located on the surface of immature B cells where it appears to serve as
an antigen receptor. Serum IgD levels in healthy dogs are reported to average
41.4� 124.27 ng/mL in females and 391.33� 1873.22 ng/mL in male dogs (Martinez-
Orellana et al., 2019). There are no signi� cant differences associated with age or breed.

The IgD heavy chain constant regions each consist of a 416 amino acid polypeptide
encoded by seven exons. These exons are, in order, 50-CH1-H1-H2-CH2-CH3-M1-M2-3’.
Thus, it contains three constant domains and a long hinge region encoded by two exons
(Rogers et al., 2006). The second half of the dog hinge region contains a conserved cysteine
also found in ungulates. The complete genomic sequence spans 8.25 kb. Only two amino
acids differ between dog and human IgD heavy chains. Thus, in humans, positions 56 and
63 are methionine and glutamate, while in the dog they are lysine and aspartate. The canine
sequences are, in general, similar to those in IgD in horse, pig, cow, and sheep (but not to
rodents that lack the CH2 domain). CH1 and the hinge region are the least conserved. Rem-
nants of a CART motif (conserved antigen receptor transmembrane motif) are present in the
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dog transmembrane domain. Its predicted MW including the transmembrane domain is
45,409 Da. It has four potential N-glycosylation sites (Rogers et al., 2006; Martinez-Orellana
et al., 2019).

The role of IgD has so far de� ed explanation but it probably regulates B cell responses.
IgM to IgD class switching has been described in the upper respiratory mucosa of humans
(Wan et al., 2021). This generates IgD-producing plasma cells whose products bind respi-
ratory bacteria. The circulating IgD also binds to basophils and induces them to produce
cathelicidins, IL-1, IL-4, and BAFF. Thus, in humans, IgD orchestrates a defense system
at the interface between innate and adaptive immunity ( Yang et al., 1995). Recent studies
have also shown that the IgD produced in the intestine is active against the intestinal bac-
teria. Microbiota-associated IgD class switching can also be detected in the nasal mucosa.
Thus, IgD may play a role in regulating the normal microbiota ( Choi et al., 2017). Some
IgD-positive B cells produce IL-10 and hence can suppress Th1 responses (Schaut et al.,
2016).

Antibody receptors

The biological activity of immunoglobulins depends largely upon their ability to interact
with cell surface receptors. Four different IgG receptors have been described in the dog.
All are multichain glycoproteins. One chain usually binds the antibody, whereas the other
chains are used for signal transduction. The genes for the low af� nity Fc receptors are clus-
tered together on chromosome CFA 38 (Nimmerjahn & Ravetch, 2006).

CD64 (FcgRI) is a high af� nity IgG receptor. In dogs it is expressed on neutrophils and
monocytes but not lymphocytes (Hullsiek et al., 2022). It tends to preferentially bind IgG2
and IgG3.

CD32 (FcgRII) is expressed on B cells, dendritic cells, and myeloid cells. It has a moderate
af� nity for IgG and will therefore only bind immune complexes. CD32a is expressed on mac-
rophages and neutrophils, where it promotes phagocytosis. It is also expressed on platelets
where it triggers their activation. CD32b is found on B cells, where it is an inhibitory receptor
and regulates antibody production. CD32 is also expressed on dendritic cells and stimulates
dendritic cell maturation and antigen presentation. Alternative gene splicing has resulted in
multiple transcript variants.

CD16 (FcgRIII) is a 38-kDa transmembrane protein that binds IgG with low af � nity. It
is expressed on granulocytes, NK cells, and macrophages and T cells but not on B cells.
Signaling through CD16 can trigger NK cell activation and consequent ADCC. Canine
CD16 is expressed at high levels on a subset of monocytes and T cells (Hullsiek et al.,
2022).

FcgRIV is a receptor for IgG found in humans, chimpanzees, rats, dogs, cats, pigs, and cat-
tle. This receptor binds IgG2 antibodies with moderate af� nity, but it does not bind IgG1 or
IgG3. It is expressed exclusively on neutrophils, macrophages, and dendritic cells (Nimmer-
jahn et al., 2005). Its functions are unknown.

In many mammals, IgA-antigen complexes bind to monocytes and macrophages, dendritic
cells, neutrophils, and eosinophils through a low-af � nity receptor, FcaR1 (CD89). CD89 has
yet to be characterized in the dog. Its gene (FCAR) is found within the Lymphocyte Receptor
Complex but appears to be a pseudogene (Chapter 10).
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Fc� RI is a high-af� nity IgE receptor found on mast cells. It plays an important role in al-
lergies. CD23, or Fc� RII, in contrast, is a low-af� nity IgE receptor expressed on activated B
cells, platelets, eosinophils, macrophages, NK cells, dendritic cells, and possibly even T cells.

The polymeric Ig receptor (PIgR) and the neonatal Ig receptor (FcRn) are Fc receptors
involved in immunoglobulin transport across epithelial surfaces such as the intestinal epithe-
lium. They are described in Chapters 2 and 13.
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12

T cells and cell-mediated immunity

Antibodies bind to invading organisms in blood or tissue � uids, hastening their destruction.
However, not all foreign organisms are found outside cells. All viruses and some bacteria
grow inside cells at sites inaccessible to antibodies. Antibodies are therefore of limited use in
defending dogs against such invaders. Viruses and other intracellular organisms must be elimi-
nated by other mechanisms. For this, the body uses two different cell-mediated processes.
Either infected cells are killed rapidly by T cells so that the invader has no time to grow or,
alternatively, infected macrophages develop the ability to destroy the intracellular organisms.
In general, organisms such as viruses that enter the cell cytosol or nucleus are killed by cytotoxic
cells, whereas organisms such as bacteria or parasites that reside within endosomes are destroyed
byactivated macrophages.T cells mediate bothprocesses. The antigens that trigger these immune
responses are synthesized within infected cells and are thus considered endogenous antigens.

T cells

In the bloodstream of newborn puppies, neutrophil numbers are three times greater than
lymphocytes. But this changes by the end of their � rst week when lymphocytes begin to pre-
dominate. The percentage of B cells (CD21þ ) in newborn puppies is 40% and decreases as the
animals age (Faldyna et al., 2001). The percentage of CD8þ T cells in newborn puppies, av-
erages 7.7% after birth but increases as the animals age. Both reach normal adult levels of
46%e 84% T cells (CD3þ ) and 7%e 30% B cells by 3 months. Of these T cells, 43.7� 5.7%
are CD4þ , while 15.9 � 5.5 are CD8þ . Some breed differences are also seen. Thus, lymphocyte
percentages tend to be higher in Beagles and Dachshunds than in Dalmatians and German
Shepherd dogs. German Shepherd dogs have the lowest absolute lymphocyte counts and
the greatest neutrophil:lymphocyte ratio compared to other breeds (Faldyna et al., 2001).

While similar in overall structure, canine T cells consist of multiple populations with many
different functions and cell surface phenotypes. T cells can readily switch their phenotypes
thus ensuring that the animal can be � exible in the nature of the immune response it mounts.
For example, speci� c T cell populations determine whether a dog mounts a type 1, 2, or 3
immune response. They also regulate these responses to ensure that they are not inappro-
priate or cause tissue damage. However, all T cells express speci� c antigen receptors that pro-
vide their key activating signal.
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Antigen receptors

a/b and g/d T cells

T cell antigen receptors (TCRs) each consist of an antigen binding component and a signal
transducing complex (CD3). The antigen binding component consists of covalently linked
heterodimers with either a and b chains or g and d chains. T cells employ either a and b
chains or g and d chains to bind processed antigens on MHC receptors. The TCR antigen-
binding V regions share a similar structure, but their constant domains are very different.
They also share some components of the signal transducing CD3 complex (Morath & Scha-
mel, 2020).

In dogs, a/ b T cells far outnumber g/ d T cells in peripheral blood and lymphoid organs.
On average, newborn puppies have 1.7%e 2.5% g/ d T cells (Faldyna et al., 2001). In older
crossbred puppies g/ d T cells account for 2.92� 2.27% of white blood cells (133� 86
cells/ ml) (Marchetti et al., 2020). The numbers of g/ d T cells drop further in old dogs,
10e 13 years-of-age to 0.42� 0.08% (10� 3 cells/ ml) (Majchrzak et al., 2018).

The presence of CD4 and CD8 molecules on T cells determines whether they act as helper
cells or effector cells (Chopp et al., 2023). Canine CD4 is a single pass type 1 membrane glyco-
protein of 56e 58 kDa and 463 amino acids encoded by a gene on chromosome CFA 27. It
shares 56% homology with human CD4. Canine CD8 is a heterodimeric protein with an alpha
chain of 34 kDa and a 30e 35 kDa beta chain. The alpha chain shares 63% amino acid identity
with human CD8 and contains 239 amino acids. The beta chain contains 155 amino acids.

a/b T cells

Detailed phenotypic analysis through � ow cytometry has shown that canine a/ b T cells
can be classi� ed into 22 distinct subpopulations (or clusters) based on their cell surface
phenotype. They can be subdivided into three phenotypic groups: CD4-dominant, CD8
dominant, and CD4/8 mixed ( Eschke et al., 2023).

The CD4-dominant groups contain the well-recognized T helper and Treg subsets. Other
clusters contain central memory CD4þ T cells, cytotoxic CD4þ T cells, Th1 cells, Th2 cells, and
Treg cells. Some of these clusters have unknown functions.

The CD8-dominant groups include central memory cells, effector memory cells, exhausted
cells, and NKT cells. The mixed cell clusters are either proliferating or terminally exhausted.
Many have unknown functions ( Eschke et al., 2023).

The antigen-binding chains

Each individual T cell expresses about 30,000 identical TCRs on its surface. Each TCR is
constructed from two components, an antigen-binding component and a signaling
component.

The four T cell antigen-binding chains (a, b, g, and d) are similar in structure, although
they differ in size as a result of variations in glycosylation. For example, the a chain is
43e 49 kDa, the b chain is 38e 44 kDa, the g chain is 36e 46 kDa, and the d chain is 40 kDa.
Each chain is constructed from four domains. The N-terminal domains contain about 100
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amino acids and their sequence varies greatly among T cells. This is a variable (V) domain,
and its function is to bind peptides presented by MHC molecules. The second domain con-
tains about 150 amino acids and is a constant (C) domain. A third, very small domain consists
of 20 hydrophobic amino acids passing through the T cell membrane. This transmembrane
domain contains a very conserved sequence, the Conserved Antigen Receptor Transmem-
brane (CART) motif that plays a key role in TCR signal transduction. The cytoplasmic
C-terminal domain is only 5 to 15 amino acids in length. The paired antigen receptor chains
are linked by a disul � de bond between the constant domains to form a stable heterodimer. As
a result, a groove is formed between the two V domains that serves as the antigen binding
site. The precise shape of this binding site varies among different TCRs because of variations
in the amino acid sequences of their V domains (Fig. 12.1).

Within each V domain are complementary determining regions (CDRs) where the amino
acid sequences are very highly variable. The antigen-binding site of the TCR is formed by the
CDRs from the two chains that form the walls of the groove. The rest of the V domain that
separates the CDRs have a relatively constant sequence. They provide structural stability and
are considered framework regions.

Each of these TCR chains is encoded by three or four gene segments called variable (V),
diversity (D), joining (J), and constant (C) segments. The V domains are encoded either by
linked V, D, and J gene segments or by just V and J gene segments. For example, thea
and g chains are encoded by three segments TRA (or TRG) V, J, and C. In contrast, theb
and d chains use an additional TRB or TRD D gene segment. In general,g/ d T cells have
much less receptor diversity than a/ b T cells (Chastant & Mila, 2019).
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FIGURE 12.1 The basic structure of a T cell antigen
receptor that recognizes a foreign peptide presented by
an MHC class I molecule.
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Each TCR variable domain has seven distinct subregions. Three hypervariable CDR loops
and four framework regions. Two of the CDR loops, CDR1 and CDR2, are encoded solely by
the germline sequences of the V gene segment. The third CDR loop, in contrast, is generated
by VDJ or VJ combinations. As a result, it is larger, more variable, and plays the major role in
antigen binding.

TCR genes

a/ b T cells and g/ d T cells arise from a common precursor and the TCR class switch is
mediated by signals within the thymus. Cells with a/ b TCRs rearrange and express TRA
and TRB genes, whereasg/ d T cells express TRG and TRD genes. This pattern of TCR expres-
sion is conserved throughout the mammals. Thus, the four TCR peptide chains are each
encoded by genes located within three gene loci. The TRA/D locus codes for both a and
d chains since the TRD genes are embedded within the TRA locus. Developing T cells
committed to the a/ b TCR lineage delete their TRD genes by looping-out and so switch to
using their TRA genes. Some of the V genes in the TRA/D locus may be used in either a
or d TCR chains (Fig. 12.2).

The TRB locus encodes onlyb chains, while the TRG locus encodes onlyg chains. All three
TCR loci contain V, J, and C genes, while the TRB and TRD loci also contain D genes. Each of
the three TCR loci may contain two or more constant region genes as well. In the TRA/D lo-
cus one C gene codes for TRAC and the other for TRDC. The TRB and TRG loci in contrast,
may contain multiple C genes. For example, there are eightTRGC genes in dogs.

TRA/D genes

The TRA/D locus in the dog is located on chromosome CFA 8. The TRDD, TRDJ, and
TRDC genes are� anked by TRDV genes and the downstream TRDV gene is inverted with
respect to the others. This block lies upstream of a cluster of TRAJ genes as well as the single
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FIGURE 12.2 The structure of the TCR gene loci in the dog.
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TRAC gene. The C-distal end of the locus appears to have undergone block duplications.
There are 56 TRV genes, of which 5 are clearlyTRDV genes. There are twoTRDD, four
TRDJ, one TRDC, and one TRAC gene. Dogs have 59TRAJ genes. Additionally, dogs have
776 TRAV alleles, 11TRDV alleles, and 9TRAJalleles (Martin et al., 2018).

TRB genes

The canine TRB locus on chromosome CFA 16 is relatively small (271 kb) compared to
620 kb in the human (Pegorier et al., 2020). It contains only a single cluster of D-J-C segments,
whereas humans have two (Matiasovic et al., 2009). There are 38TRBV genes (22 functional)
followed by 2 TRBD genes, 12TRBJgenes (9 functional) and 2 functional TRBCgenes (Pego-
rier et al., 2020). When dog tissues are examined, 31 of theseTRBV genes can be detected in
the thymus and spleen transcriptome suggesting that they are functional and subjected to
editing and splicing. There is also a single TRBV gene located downstream from the C
segment in opposite orientation. This arrangement is seen in many other mammals and is
at least 93 million years old. 132 canineTRBV alleles have been identi� ed (Martin et al., 2018).

TRG genes

The canine TRG locus is about 460 kb in length. It consists of 40 genes with 21 of them
functional and 19 pseudogenes. It has 16TRGV, 16 TRGJ, and 8 TRGC genes arranged in
eight cassettes aligned in tandem and in the same transcriptional orientation and separated
from each other by a 10e 35 kb gap (Antonacci et al., 2020). Each cassette consists of V-J-J-
C genes except for a single J-J-C cassette located at the 30 end of the locus that lacks the
TRGV gene segment (Massari et al., 2009). The cassettes are closely spaced and in the
same transcriptional orientation. The TRGV genes belong to 8 different subgroups. However,
the TRG locus also contains LINE1 (long interspersed nuclear elements) elements evenly
spaced along the entire sequence. These transposable elements account for about 20% of
the TRG locus size. If some of these are active, they could potentially render this locus some-
what unstable. Eight of the 16 TRGV genes are functional and belong to four different sub-
families. Only 7 out of the 16 TRGJ genes are functional, 7 are pseudogenes while 2 are
ORFs. Six of the eight C genes are functional.TRGC1 is an open reading frame while
TRGC6is a pseudogene. The structure of this locus suggested that it has evolved as a result
of repeated duplication events (Martin et al., 2018). 75 TRGV alleles and 7TRGJalleles have
been identi� ed in the dog (Martin et al., 2018).

Endogenous antigens

MHC class I pathway

One function of T celle mediated immune responses is the identi� cation and destruction of
cells producing abnormal or foreign proteins. The best examples of such cells are those infected
by viruses. Viruses take over the protein-synthesizing machinery of infected cells and use it to
make new viral proteins. To control virus infections, cytotoxic T cells must be able to recognize
these viral proteins. T cells can indeed recognize and respond to these endogenous peptide an-
tigens but only if they are � rst processed and bound to MHC class I molecules.
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The MHC class I molecule antigen binding site differs from that on MHC class II molecules
in that it is closed at each end. As a result, long peptides cannot project out of the ends.
Because of this, MHC class I molecules only bind peptides containing about nine amino acids.
In order to do so, these peptides must bulge out in the middle. Overall, however, the antigen-
binding sites on MHC class II and class I molecules function in a similar manner.

Living cells continually break up and recycle the proteins they produce. As a result,
abnormal proteins are removed, regulatory peptides do not accumulate, and amino acids
are recycled. As a � rst step, the protein must be tagged. To do this, ubiquitin, a small
(8.6 kDa) protein found in all eukaryote cells, attaches to lysine residues in target proteins.
Additional ubiquitins then attach to the protein-bound ubiquitin so that several ubiquitin
molecules are linked. A chain of four ubiquitin molecules appears to be optimal for process-
ing. These polyubiquitinated proteins are marked for destruction since they are recognized
by enzyme complexes called proteasomes.

Proteasomes are a family of multimolecular complexes whose function is to degrade un-
wanted intracellular proteins. To this end they use the ubiquitin-protease system. Different
forms of proteasomes are present in different cell types. In general, however, they are tubular
structures each with an inner chamber that contains the protease activity and two outer rings
that regulate which proteins can enter and be destroyed. Ubiquitinated proteins bind to the
outer rings, the tagged protein is unfolded, and the ubiquitin is released and reused. The
unfolded protein is inserted into the inner chamber, where it is cut into 8- to 15-amino acid
long peptides. Most of these peptide fragments are recycled into new proteins. For about
one in one million molecules, however, the peptides are rescued from further breakup by
attachment to transporter proteins. Two transporter proteins are used: TAP-1 and TAP-2
(TAP stands for transporter for antigen processing). TAP-1 and TAP-2 form a heterodimer
that binds peptide fragments and transports them into endosomes. Ideally an 8- to 10-amino
acid peptide precisely � ts the binding site on the heterodimer. In this case, the peptide is loaded
into the TAP dimer, carried to a newly formed MHC, and if it � ts the MHC antigen-binding
site it is transferred. Once loaded on the MHC, the MHC-peptide complex is carried to the
cell surface by its normal secretory pathway where it is displayed for many hours ( Fig. 12.3).
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FIGURE 12.3 A simpli � ed view of the processing of endogenous antigen. Endogenous antigen is� rst broken
down into small peptides and inserted into the antigen-binding groove of MHC class I molecules. When presented on
a cell surface, antigen bound to MHC class I molecules triggers a cytotoxic T cell response.
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A cell can express about 106 MHC-peptide complexes on its surface at any one time. A mini-
mum of about 200 MHC class I molecules loaded with the same viral peptide is required to acti-
vate a cytotoxic T cell. Thus, the MHC-peptide complexes can provide passing T cells with fairly
complete information on the proteins being made by a cell. Analyses of peptide binding
indicate that the groove of a class I protein can bind over a million different peptides with
signi� cant af� nity. The number is not unlimited however because each MHC type usually
shows preferences for certain peptides. In fact, out of the many peptides generated from the pro-
teome ofa pathogen,only a few“ immunodominant ” peptidesare recognized by the host’s T cells.

If these peptides are not recognized by T cells, no response is triggered. If, however, the
peptidee MHC complex can trigger a T cell ’s antigen receptors (TCRs), then that T cell will
respond. For example, when a virus infects a cell, T cells may recognize the viral peptides
expressed on the cell surface. The T cells that respond to these endogenous antigens are
CD8þ . They use their surface CD8 to bind to MHC class I molecules on the infected cells,
thus promoting intercellular signaling and eventually the killing of the infected cells.

Helper T cells

To respond fully to an endogenous antigen, a CD8þ T cell must also be co-stimulated by
CD4þ helper cells. Co-stimulation is only effective when both the CD8þ and CD4þ T cells
recognize antigen on the same antigen-presenting cell. Thus, a helper T cell� rst interacts
with an antigen-presenting dendritic cell through CD40 and its ligand, CD154 ( Clarke,
2000). The helper T cells activate the target cells, upregulate their expression of MHC class
I, and stimulate their production of IL-12. Once activated, target cell MHC class I e linked pep-
tides bind to CD8þ T cells. For complete activation, the cytotoxic T cells require three signals.
The � rst is an antigen-speci� c signal from the antigene MHC class I complex on the target
cell. The second is IL-12 from activated dendritic cells. The third signal comes from IL-2
and IFN-g produced by the Th1 cells. Only after all three signals are received, can the
CD8þ T cell respond fully. IL-12 is a key cytokine produced by macrophages, DCs, B cells,
and neutrophils. IL-12 determines Th1/Th2 polarization. Th1 cells develop when it is present.
Th2 cells develop when it is absent (Figs. 12.4 and 12.5).

Different levels of stimulation trigger different activation responses in CD8 þ T cells. As
with helper cells, the duration of the stimulus is important. Although activated cytotoxic
T cells can be triggered by brief exposure to antigen, naïve T cells must be stimulated for
several hours before they respond. The required stimulation time may be shortened by
increasing TCR occupancy or by providing additional co-stimulation. Once activated, naïve
CD8þ T cells begin to divide. They undergo multiple rounds of division to generate large
numbers of cytotoxic effector cells. It has been calculated that they undergo as many as 19
cell divisions in the week following antigen-exposure and they probably divide every
4e 6 h. All this is regulated by extracellular signals from the TCR, as well as the cytokine envi-
ronment. These activated cells migrate to peripheral sites and differentiate into effector and
memory cells. Short-lived effector cells form the bulk of the population, and these will mostly
die once infections are cleared. Cells that may have received less stimulation survive and
become long-lived memory cells.
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FIGURE 12.4 The production and functions of Th1 cells.
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Canine CD40L-de� ciency

The importance of CD40e CD40L interactions in dogs is well demonstrated by the conse-
quences of their failure. A 1-year-old Shih Tzu dog presented with tachypnea, dyspnea, and
progressive weight loss. Investigation showed that it was suffering from severe Pneumocystis
pneumonia. The animal’s immunoglobulin levels were within the normal range. Immuno-
logic analysis conducted to determine the cause of this dog’s immunode� ciency identi� ed
an X-linked CD40 ligand (CD154) de� ciency (Merrill et al., 2020). Given the fact that
CD40L de� ciency is associated with Pneumocystis infections in humans and mice, the inves-
tigators sequenced the CD40L gene and identi� ed a hemizygous nonsense mutation. The fre-
quency of this mutation in male Shih Tzus ranges from 1% to 4%. Canine CD40 has been
characterized. It is a single transmembrane spanning glycoprotein that contains 185 amino
acids and has a molar mass of 33 kDa. CD40L expressed by activated T cells induces the
maturation of dendritic cells and promotes their production of IL-12 ( Wijewardana et al.,
2013). The canine CD40L molecule contains 151 amino acids and has a molar mass of 19 kDa.

Cytotoxic T cells

Once fully activated, CD8þ T cells leave lymphoid organs and seek out infected cells by
themselves. When they recognize an antigen expressed on another cell, the T cells kill their
target. The density of peptidee MHC complexes on a target cell required to stimulate T cell
cytotoxicity is much lower than that needed to stimulate cytokine production. Thus, a
T cell binding to a single peptidee MHC complex may be suf � cient to trigger killing. Presum-
ably cytotoxic T cells need to be highly sensitive to viral peptides so that they can kill infected
cells as rapidly as possible.

Once cytotoxic T cells encounter a target cell, a synapse forms at the point of contact (Padhan
& Varma, 2010). This synapse has two“ centers.” One part of the central zone contains clustered
TCR-CD8 complexes. The other attracts secretory lysosomes that release their contents into the
synaptic space and so destroy the target cell. Both are surrounded by an activation complex rich
in adhesion molecules that forms a“ gasket,” preventing the accidental escape of cytotoxic mol-
ecules. Within seconds after contacting a T cell, the organelles and the nucleus of the target show
apoptotic changes, and the target is dead in less than10 min. Cytotoxic T cells can disengage and
move on to kill other targets within 5 e 6 min. In addition, several cytotoxic cells can join in
killing a single target ( Brodovitch et al., 2013). Cytotoxic T cells kill their targets through two
apoptosis pathways. The perforin pathway is used to destroy virus-infected cells, whereas
the CD95 pathway is mainly used to kill unwanted surplus T cells.

Perforin pathway

Within a few minutes of binding to a target, the T cells orientate their microtubule organizing
center, their Golgi complex, and their granules toward the target cell. The cytoplasmic granules
migrate to the center of the synapse. Here they fuse with the T cell membrane in such a way that
the toxic granule contents are injected into the target. Cytotoxic T cell granules contain several
lethal molecules, of which the most important are perforins, granzymes, and granulysin.
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Perforins are pore-forming glycoproteins produced by cytotoxic T cells and natural killer
(NK) cells (Neta et al., 2010). The gene for canine perforin is located on chromosome CFA 4
and encodes a protein of 555 amino acids with a membrane attack complex and protein kinase
domains. It has 75% homology to human perforin and 85% homology to cat perforin. Perforins
insert themselves into the target cell membrane and oligomerize to form tubular transmem-
brane channels. Between 19 and 24 perforin monomers aggregate to form a circular membrane
attack complex that forms large (130e 200 Å) pores in target cell membranes. Although the size
of the central pore of the polyperforin permits granzyme monomers and dimers to enter target
cells, killing also occurs at low perforin concentrations. It is believed that perforins may also
release granzymes from target cell endosomes. Perforin activity in cytotoxic T cells is enhanced
by IL-2, IL-3, IL-4, and IL-6 and to a lesser degree by TNF-a and IFN-g.

Granzymes are serine proteases found in T cells, where they account for about 90% of the
total granule contents. Canine granzyme A is a homodimer of about 60 kDa whose gene is
located on chromosome CFA 2. Canine granzyme B is a monomer of 27.8 kDa whose gene
is located on chromosome CFA 8. It has three potential isoforms. Granzyme A is the most
abundant and triggers apoptosis of target cells. It destroys histones and releases a nuclear
DNase. It is this enzyme that causes the DNA damage. Granzyme B then enters the target
cell, either by injection through the central pore of the perforin complex or by endocytosis. It
activates pro-apoptotic bcl-2 proteins, triggering the release of mitochondrial cytochrome C.
The cytochrome C generates an apoptosome that in turn activates caspase 9 and the effector
caspase cascade. The effector caspases activate endonucleases that cause DNA fragmentation
and cell death. Canine granzyme B is protein of 27.8 kDa, containing 250 amino acids. Three
potential isoforms have been identi� ed in the dog.

Granulysin is an antibacterial lipid-disrupting peptide found in the granules of cytotoxic
T cells and NK cells. Granulysin can kill target cells as well as a wide variety of extracellular
bacteria, fungi, and parasites. It shares homology with a family of proteins that attack lipid
membranes called saposins. Saposins do not form pores but activate lipid-degrading en-
zymes such as sphingomyelinases. An increase in saposins therefore increases ceramide con-
tent, and ceramide can induce cell membrane degradation and apoptosis. For example,
cytotoxic T cells can control Listeria monocytogenesand Mycobacterium tuberculosisinfections
simply by killing infected cells. It is possible that living bacteria released from these killed
cells might infect healthy cells. To avoid this, the T celle derived granulysin kills not only
infected macrophages but also any bacteria that happen to be inside them.

TNF-b (also called lymphotoxin- a [LT-a]) is also secreted by canine T cells and has a
similar mode of action to CD95L. Structural changes in the target cell are seen by 2e 3 h,
and by 16 h more than 90% of target cells exposed to TNF-b are dead.

CD95 pathway

The second mechanism of T celle mediated cytotoxicity involves the binding of a T cell sur-
face protein called CD95L (Fas ligand or CD178) to a target cell death receptor called CD95 (Fas).
CD95L in dogs is a 17.3 kDa homotrimeric type II transmembrane protein. CD95L is expressed
on activated CD8þ T cells and NK cells. It binds to CD95 on target cells. When the cells touch,
CD95L binds to CD95, and the CD95 trimerizes. This leads to the formation of a death-inducing
signaling complex (DISC) that activates initiator caspases-8 and -10. These in turn activate
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caspase-3 and trigger the apoptosis cascade. The CD95L-CD95 system regulates T-cell survival.
Unwanted surplus or self-reactive T cells are conveniently eliminated once they have served
their functions. For example, when activated T cells have completed their task of killing their
targets, they themselves undergo CD95-mediated apoptosis.

Regulation

T cell interactions with their targets are regulated by positive co-stimulation from CD28
and negative signals from CTLA-4. In some cancers where T cell cytotoxicity is insuf� cient
to kill the cancer cells, blockage of CTLA-4 by monoclonal antibodies, will enhance T cell
cytotoxicity and so induce long-term tumor remission ( Chapter 20).

Another molecule that limits T cell cytotoxicity is called programmed cell death-1 (PD-1,
CD279). This is a T cell receptor that binds to ligands (PD-L1 and PD-L2) on target cells and
then inhibits signaling from the TCR. Upregulation of PD-1 is a normal consequence of T cell
activation and is required to terminate an immune response. Persistent viral infections and
some cancers induce strong stable expression of PD-1 on activated T cells. This leads to T cell
exhaustion, failure of activation, and a loss of T cell function. When PD-L1 is expressed on tumor
cells, it protects them from attack by cytotoxic T cells. Conversely, inhibition of PD-1 signaling
will enhance T celle mediated destruction of certain cancers. Both CTLA-4 and PD-1 are
regarded as immune checkpoint molecules and their inhibition by monoclonal antibodies has
resulted in successful cancer treatments in dogs (Maekawa et al., 2021). Canine PD-1 contains
456 amino acids but because of differential glycosylation migrates on electrophoresis as two
bands of 77.93 and 149.69 kDad re� ecting a monomer and a homodimer.

Other mechanisms of cellular cytotoxicity

T celle mediated cytotoxicity is not the only way by which the immune system can destroy
abnormal cells. For example, cells that possess the antibody receptors FcgRI or FcgRII may
bind to target cells or bacteria through speci� c antibodies and then kill them. These cytotoxic
cells may include monocytes, eosinophils, neutrophils, B cells, and NK cells. The mechanism
of this antibody-dependent cell-mediated cytotoxicity (ADCC) is unclear. However, neutro-
phils and eosinophils probably release lethal oxidants and toxic granule contents. ADCC is
slower and less ef� cient than direct T celle mediated cytotoxicity, taking 6 e 18 h to occur.

Whether a macrophage participates in ADCC depends on its Fc receptors and its degree of
activation. Macrophage-activating cytokines such as IFN-g or granulocyte-macrophage
colony-stimulating factor (GM-CSF) promote ADCC. Macrophages may also destroy target
cells in an antibody-independent process. For example, when they ingest bacteria or para-
sites, macrophages release nitric oxide, proteases, and TNF-a. The nitric oxide will kill nearby
bacteria and cells, whereas the TNF-a is cytotoxic for some tumor cells.

Delayed hypersensitivity reactions

When certain antigens are injected into the skin of a sensitized animal, an in� ammatory
response, taking many hours to develop, may occur at the injection site. This is a
T celle mediated response called delayed hypersensitivity. Delayed hypersensitivity reactions
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are classi� ed as type IV hypersensitivity reactions. An important example of a delayed hypersen-
sitivity reaction is the tuberculin response, the in� ammatory skin reaction that follows an intra-
dermal injection of tuberculin. In dogs, the best site for a tuberculin test is the skin behind the ear.

Th17 cells

The third major population of CD4 þ T cells produce IL-17 and hence are called Th17 cells
(Crome et al., 2010). Th17 cells are conventional small lymphocytes that are abundant in
mucosal surfaces. Their presence in these surface tissues is regulated by the gut microbiota
(Bettelli et al., 2008). They mediate type 3 immune responses (Schnell et al., 2023; Annunziato
& Romagnani, 2015) (Fig. 12.6).

The development of Th17 cells is promoted by IL-23. IL-23 triggers the production of a
unique transcription factor called ROR-gt. Th17 growth is then promoted by IL-1 b, IL-6,
and IL-21 (McGeachy et al., 2019). These molecules induce the Th17 cells to produce a
mixture of cytokines, namely IL-17A, IL-17F, IL-21, and IL-22 (Parrish-Novak et al., 2002).
Th17 cells have two major functions: they mediate in� ammation, and they are potent B
cell helpers. Cytokines of the IL-17 family play a key role in protective type 1 responses to
extracellular bacteria and assist in the clearance of many fungi. Under some circumstances,
Th17 cells may convert into IFN-g-producing Th1 cells. Likewise, they can differentiate
into regulatory T cells (Tregs) once in� ammation is resolved (Annunziato & Romagnani,
2010; Gagliani et al., 2015). The balance between Th17 and Treg cells is critical to maintaining
homeostasis during immune and in � ammatory responses. Many g/ d T cells produce IL-17,
and these may be found in signi� cant numbers under mucosal surfaces.
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FIGURE 12.6 The production and functions of Th17 cells.
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Type 3 responses mediated by IL-17 play a key role in immunity to extracellular bacteria
and fungi since it recruits neutrophils through its actions on stem cells. IL-17 also stimulates
the production of GM-CSF leading to a neutrophilia. It promotes the recruitment and survival
of macrophages, and it stimulates the production of proin � ammatory cytokines and antibac-
terial peptides from many cell types. It attracts neutrophils and macrophages (but not eosin-
ophils) to in � ammatory sites. Th17 cell growth is normally controlled by Treg cells as well as
by the suppressive cytokines, IL-10, TGF-b, and IL-35. Dysregulated IL-17 production con-
tributes signi � cantly to chronic in � ammatory diseases in dogs such as asthma, systemic
lupus, and rheumatoid arthritis ( Mills, 2023).

Double positive T cells

There is a small population of CD4þ CD8þ T cells in the dog. They can be subdivided
further according to their level of expression of CD4 and CD8 (Rothe et al., 2017). These sub-
sets differ in their activation status as well as phenotype. The CD4bright , CD8bright subset have
a high frequency of effector memory cells. Expression of granzyme B occurs exclusively in
CD4dim , CD8abright cells. FoxP3 Tregs are CD4bright , CD8adim cells.

Double negative T cells

Some canine T cells express neither CD4 nor CD8. The role of these double-negative, CD4�

CD8� , T cells is unclear, but they are believed to be involved in the interactions between the
innate and adaptive immune responses. In dogs, CD4 is expressed on neutrophils and mac-
rophages but not on monocytes. There are a high proportion of double negative (DN) a/ b
T cells in both blood and lymphoid organs ( Rabiger et al., 2019). Some of these DN cells
are FoxP3þ suggesting that they play a regulatory role. Thus 80% of FoxPþ , a/ bþ CD4,
CD8� T cells co-express CD25, another Treg marker. Some also express the transcription fac-
tor GATA3. These double-negative cells also produce IFN-g when stimulated. A second,
much smaller, population of DN cells is a g/ d T cell subset expressing GATA-3 that does
not produce these cytokines.

Memory T cells

In contrast to the prolonged antibody response mediated by B cells and plasma cells, the
effector phase of T cell responses is relatively brief. Indeed, cytotoxicity occurs only in the
presence of the viral invader. This is logical. Sustained unneeded cytotoxic activities or over-
production of cytokines could cause severe tissue damage.

Naïve CD8þ T cells are long-lived resting cells that continuously recirculate between the
bloodstream and lymphoid organs. Once they encounter antigen, they multiply rapidly in
an effort to keep pace with the growth of invading pathogens. The number of responding
cells may increase more than 1000-fold within a few days. They reach a peak 5e 7 days after
infection when pathogen-speci� c, cytotoxic T cells can make up 50%e 70% of the total CD8þ

T cell numbers. As with other lymphocytes, asymmetric division results in two daughter cells
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with different fates ( Ciocca et al., 2012). In the case of CD8þ cells this results in the generation
of both effector and memory effector T cells. The effector cells are derived from the daughter
cell closest to the antigen-presenting cell. The memory T cells are derived from the daughter
distal to the APC. The proximal cell has increased glycolytic activity and increased expression
of effector molecules. The distal cell has increased lipid metabolism, increased expression of
antiapoptotic molecules and lives very much longer.

Once the infection has cleared, most of these effector cells are super� uous. Therefore, up to
95% of them undergo apoptosis 1e 2 weeks after infection. Elimination of these excess T cells
is a tightly controlled process involving the CD95 cell death pathway.

The number of surviving memory cells is directly related to the intensity of the primary
response. In general, only 5%e 10% of the peak number of cytotoxic T cells survive as mem-
ory T cells. Survival may be a function of duration of exposure to antigen. Cells exposed to
antigen for prolonged periods may die, whereas cells exposed only brie� y may live. The
observation that chronic viral infections can exhaust T cells and impair both cytotoxicity
and memory is consistent with this idea.

Memory T cells can be distinguished from naïve T cells by their phenotype, by secreting a
different mixture of cytokines, and by their behavior. For example, memory T cells are
CD44þ and express high levels of IL-2Rb, a receptor that binds both IL-2 and IL-15. They
express increased amounts of adhesion molecules, so they can bind more ef� ciently to
antigen-presenting cells. They produce more IL-4 and IFN-g and respond more strongly to stim-
ulation of their TCR. They continue to divide very slowly, in the absence of antigen. This divi-
sion requires cell-bound IL-15 and is inhibited by soluble IL-2. IL-15 is a unique cytokine that
persists for very long periods attached to its receptor on T cells. It thus acts as a persistent stim-
ulus for the memory cell microenvironment and stimulates nearby cells by cell e cell contact. The
balance between IL-15 and IL-2 regulates the persistence of memory T cells. In the absence of IL-
15, memory cells undergo apoptosis. In humans the CD8þ memory cell half-life is 8e 15 years.
CD45RA and CD62L have been used as markers to de� ne canine memory T cell subsets
(Withers et al., 2018). (CD45RA is a transmembrane tyrosine phosphatase whose presence in-
dicates that a cell has not encountered antigen while CD62L indicates lymph node homing capa-
bility and thus antigen experience.) Memory T cells can be classi� ed into central memory,
effector memory and terminally differentiated memory cells ( Bauman et al., 2022) Central mem-
ory T cells are CCR7þ , and CD62Lhi (Hartley & Tarleton, 2015).

Over an animal’s lifetime, immunological memories accumulate. Older animals have more
memory cells than young animals and are thus much better prepared to respond to antigens
than younger animals. Repeated vaccination generates new memory cells. However, the size
of the memory cell compartment expands to accommodate them. Previously generated mem-
ory cells are not removed to make space for the newcomers (Schenkel& Masopust, 2014).

Regulatory T cells

Regulatory T cells (Tregs) play a critical role in controlling immune responses and main-
taining the balance between peripheral tolerance and immunity. In addition to suppressing
autoimmunity, they are implicated in tissue repair and regeneration. In their absence,
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multiorgan autoimmune disease or uncontrolled in � ammation results. Some of these Treg
cells develop naturally, whereas others are induced by cytokine exposure (Belkaid & Tarbell,
2009) (Fig. 12.7).

Canine Treg cells are typical lymphocytes that express both CD4 and CD25 (thea-chain of
the IL-2 receptor) (Wu et al., 2019). All activated T cells express CD25, but Treg cells are the
only ones that express it when naïve. Their most characteristic feature, however, is their use
of the specialized transcription factor called FoxP3. Thus, freshly isolated canine CD4þ

CD25high T cells are enriched in FoxP3. These cells are suppressive in vitro and can downre-
gulate CD4þ T cell proliferation. They possess the transcriptomic signature of Tregs and ex-
press nearly all the con� rmed Treg-speci� c transcripts such asil2ra, foxp3, ikzf2, ctla4, il10,
lgals3, tigit, nrp1, lag3, icam1, and tnfrst18 found in humans and mice (Wu et al., 2019).
Thus, they almost certainly function in a very similar manner. FoxP3 þ Treg cells constitute
about 4.3% of the blood lymphocytes in normal dogs and up to 7.5% in the blood of
tumor-bearing dogs (Biller et al., 2007).

There are many T reg subpopulations and they employ multiple suppressive mechanisms
(Dikiy & Rudensky, 2023). Natural Treg cells originate in the thymus (tTregs), whereas pe-
ripheral Treg cells (pTregs) are produced in secondary lymphoid organs, especially the intes-
tine. The intestine is a major site of pTreg development, and specialized intestinal dendritic
cells promote this through pathways that use a combination of TGF-b and retinoic acid, a
metabolite of vitamin A. The retinoic acid is generated by the bacterial microbiota in the
gut and is required for normal T cell function. Changes in the microbiota may therefore
reduce the pTreg population while increasing the Th17 cell population. Intestinal pTreg cells
develop from naïve T cells in response to antigen and co-stimulation by IL-2 and TGF-b.
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Dendritic cells
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FIGURE 12.7 The production and functions of Treg cells.
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These signals induce the transcription of FoxP3. FoxP3 in turn induces transcription of the
genes for CTLA-4, TGF-b, and IL-10. pTregs are scattered throughout the body. They account
for roughly 5% of circulating T cells and 10% of lymph node T cells in the dog.

Tregs suppress immune responses through multiple pathways (Dikiy & Rudensky, 2023).
Thus, tTreg cells inhibit immune responses through direct cell-to-cell contact. This may be
mediated by delivery of suppressive molecules through gap junctions, by binding of
membrane-bound suppressive cytokines such as TGF-b, by producing cytotoxic granzymes
and perforins, or by CTLA-4 reverse signaling through CD80.

A second set of pathways, inhibition by suppressive cytokines, is used predominantly by
pTreg cells. These cytokines include IL-10, TGF-b, and IL-35 as well as competitors for cyto-
kine receptors. IL-10 is the most important of these suppressive cytokines. As a result of all
these mechanisms, Treg cells suppress the response of helper T cells to antigens and prevent
inappropriate T cell activation in the absence of an antigen. Treg cells can also suppress CD4
and CD8 T cell responses by pathways independent of IL-10 and TGF-b. For example, they
appear to shorten the interaction time between T cells and APCs and thus inhibit activation.
Treg cells may also suppress immune responses indirectly by promoting dendritic cell IDO
expression.

Oral administration of an antigen to susceptible dogs may induce pTreg cells. Treg cells
from the mesenteric lymph nodes of orally tolerant animals secrete TGF-b, IL-4, and IL-10.
These cells and the cytokines they produce, account in large part for tolerance to food anti-
gens (Zemann et al., 2003, p. p1069).

In dogs, Treg cells play an important role in blocking resistance to some cancers (Biller
et al., 2007). Thus, the percentage of Treg cells in the blood of dogs with cancer is signi� cantly
higher than in normal dogs ( Viega-Parga, 2016). The highest numbers are seen in dogs with
carcinomas. Likewise, the highest Treg:CD8 T cell ratio is seen in dogs with lymphomas. In
the case of oral melanomas, Treg cells accumulate in large numbers at the tumor site. In these
animals, the number of circulating Tregs correlated positively with tumor stage and nega-
tively with Th1 and CD8 effector cells. High Treg cell numbers are associated with a poorer
prognosis and shorter survival times.
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13

Immunity on body surfaces

Although dogs possess an extensive array of innate and adaptive defense mechanisms
within tissues, it is at their surfaces that invading microorganisms are � rst encountered
and largely repelled or destroyed. The skin is the most obvious of these surfaces, but it rep-
resents only a small fraction of the area of the body exposed to the exterior. The surface areas
of the intestinal and respiratory tracts are at least 200 times larger. The majority of pathogens
enter the body through these mucosal surfaces, and respiratory and enteric infections are the
most signi� cant causes of death in puppies. While the immune systems ensure that the inte-
rior of the body remains largely free of microbial invaders, it is not possible to keep the sur-
faces of the body sterile. As a result, by far the greatest numbers of immune cells are found
associated with these surfaces. The physical barriers to microbial invasion are also consider-
able and contribute signi� cantly to host defenses (Fig. 13.1).

C H A P T E R

Turbulence
Sneezing

Vomiting
Saliva

Tears
Blinking Dessication

Desquamation
Fatty acids
Normal flora

Normal flora
Anaerobiasis
Lysozyme
Defensins
Proteases
Diarrhea

Acid pH
Vomiting

Mucus
Cilia
Coughing

FIGURE 13.1 The wide diversity of innate surface protection mechanisms in the dog.
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The skin

The skin carries out its barrier function effectively, and few bacteria can penetrate intact
skin unaided. Skin forms a tough physical barrier supplemented by continuous desquama-
tion, desiccation, and a low pH because of fatty acids in sebum. In addition, the skin carries
a resident microbiota that excludes pathogenic bacteria and fungi. If the skin microbiota is
disturbed, its protective properties are reduced, then microbial invasion may result. Thus,
skin infections tend to occur in areas such as the axilla or groin, where both pH and humidity
are high. Hair itself prevents desiccation and may protect against some fungal infections.

Each layer of the skin has its own defensive mechanisms. For example, keratinocytes ex-
press multiple PRMs such as the TLRs, mannose receptors, and C-type lectins, so they are
able to recognize PAMPs associated with microbial invasion. Upon stimulation, keratinocytes
produce a complex mixture of interleukins, interferons, chemokines, growth factors, and anti-
microbial proteins, all of which assist in excluding microbes. Keratinocytes are the main
source of cathelicidin, and b-defensins (Wingate et al., 2009). Calprotectin is also produced
in the skin. It is a metal chelator that restricts the availability of the essential trace elements
Zn and Mn to bacteria. Mast cells and skin secretory cells such as those in apocrine, and seba-
ceous glands also add antimicrobial peptides and lipids. Under normal conditions keratino-
cytes continually renew the epidermis in a coordinated manner. If the skin is wounded or
in� amed, alterations in adhesion molecules, surface receptors, and the cytokine environment
change the behavior of the keratinocytes. Keratinocytes also express MHC class II molecules
and can act as antigen-presenting cells (Coates et al., 2018).

Once they penetrate the skin, microbes encounter dendritic cells in large numbers. The best
known of these are Langerhans cells (Fig. 7.1). Langerhans cells bind exogenous antigens and
present them to nearby helper T cells. The dermis also contains resident DCs, as does the sub-
cutaneous adipose tissue layer.

T cells are mainly located in the basal layer of healthy skin associated with the Langerhans
cells. CD4þ and CD8þ T cells are present in equal numbers. In dog skin these are predomi-
nantly g/ d T cells. The microbiota also regulates the development of immunity in the skin
and intestine. For example,Staphylococcus epidermidisinduces Th17 cells in the skin and these
skin Th17 cells are regulated by the skin microbiota independently of the intestinal
microbiota.

A subset of circulating T cells that home to the skin and produce IL-22 (Th22 cells) have
also been identi� ed in dogs (Sonnenberg, et al., 2011). Interleukin 22 is a 34 kDa member
of the IL-10 family produced by activated Th17 cells, NK cells, and mast cells. It suppresses
IL-4 production by Th2 cells and induces acute-phase protein production in the liver. It ap-
pears to be especially important in maintaining barrier function on exposed body surfaces. It
promotes antimicrobial immunity, in � ammation, and tissue repair and regeneration. IL-22
levels are signi� cantly increased in the serum of dogs suffering from in� ammatory bowel dis-
ease (Panickar & Hollar, 2019). Skin also contains resident memory T cells that can provide
global skin immunity and thus protect noninvolved skin. Treg cells facilitate cutaneous
wound healing by enhancing local expression of the epithelial growth factor receptor.

Failure of the skin permeability barrier predisposes to secondary infections while pathogen
colonization aggravates the permeability defect. The antimicrobial barrier is also defective in
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cases of atopic dermatitis. Both defensins and cathelicidins are downregulated as a result of
defective lamellar body functions. Reduced levels of free fatty acids and sphingosine reduce
antimicrobial activity in the skin and as a result, secondary infections may result. Fungi such
as Malassezia yeasts are important members of the dog skin microbiota. As commensals, they
interact with their host ’s immune system and play an important role in regulating host im-
mune responses. They are regarded as a major predisposing factor in some forms of derma-
titis, but it must be remembered that other factors such as host immunity, epithelial barrier
dysfunction, and environmental factors also play a role.

Respiratory tract

The canine respiratory tract differs from other surfaces in that it is in intimate connection
with the interior of the body yet is required by its very nature to allow unhindered access of
air to the alveoli. Particles suspended in inhaled air are largely removed by turbulence that
directs them onto its mucus-covered walls, where they adhere. The turbulence is caused
by the conformation of the turbinate bones, the trachea, and the bronchi. This turbulence� lter
serves to remove particles as small as 5mm before they reach the alveoli (Iwasaki et al., 2016).

It is of interest to note that extreme brachycephalic dogs such as bulldogs, Shi Tsus, and
pugs have a shorter nasal passage and thus a smaller nasal surface area to trap inhaled par-
ticulates. This is probably one reason why English Bulldogs have a 600% higher prevalence of
pneumonia when compared to nonbrachycephalic breeds (Nationwide Pet Insurance, 2023).

A blanket of mucus gel produced by goblet cells lines the upper respiratory tract. The
mucus contains soluble host defense molecules such as lysozyme, lactoferrin, surfactant pro-
teins, and cationic peptides such as the defensins and cathelicidin. Most microorganisms that
enter the mucus layer are likely to be killed rapidly. There are four major surfactant proteins
(SP) in canine lung� uid (SP-A, -B, -C, -D) produced by alveolar type II cells. SP-B and -C are
extremely hydrophobic. Their function is to reduce surface tension at the alveolar surface so
that a thin � lm of � uid forms on the surface and prevents lung collapse. SP-A and -D, in
contrast, are C-type lectins that bind to microbial carbohydrates and act as opsonins. SP-A
and -D also activate macrophages, promote chemotaxis, enhance the respiratory burst, and
the production of in � ammatory cytokines. These surfactant proteins also enhance the clear-
ance of apoptotic cells from the lung. This is especially important in the resolution of in � am-
mation since apoptotic neutrophils must be removed by macrophages as promptly as
possible. Surfactant proteins can also modulate the functions of dendritic cells and T cells.
SP-A inhibits the maturation of dendritic cells, whereas SP-D enhances their uptake and pre-
sentation of antigen. Both SP-A and SP-D inhibit T cell proliferation. An SP-C de� ciency may
result in canine pulmonary � brosis (Eriksson et al., 2009).

The respiratory mucus layer is in continuous � ow, being carried from the bronchioles up
the bronchi and trachea by ciliary action or backward through the nasal cavity to the phar-
ynx. Here the dirty mucus is swallowed and digested in the intestinal tract. Particles that
bypass this mucociliary escalator and reach the alveoli are phagocytosed by alveolar macro-
phages. Once these cells have successfully ingested particles, they migrate to the mucus esca-
lator and are also carried to the pharynx.
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The respiratory tract contains bronchial lymphoid nodules as well as lymphocytes distrib-
uted diffusely throughout the lung and airways. The mucosa of the larynx contains many
immunologically active cells, including large numbers of T cells. Antigen-sampling M cells
may be associated with these lymphoid nodules and are also abundant within the nasal mu-
cosa. The nasal mucosa of the dog is especially rich in IgA-producing plasma cells (Day,
2009). (It is of interest to note that M cells are also present in the healthy canine
conjunctiva-associated lymphoid tissue in the nictitating membrane (Giuliano et al., 2002).)
These tissues mainly produce secretory IgA, especially in the upper regions of the respiratory
tract. This IgA binds to mucus through secretory component and so enhances the clearance of
adherent bacteria. The polymeric immunoglobulin receptor (pIgR) is expressed at low levels
on bronchial epithelial cells. In the bronchioles and alveoli, however, the secretions contain a
large proportion of IgG. IgE is also synthesized in signi � cant amounts in the lymphoid tissues
of the upper respiratory tract.

Many cells may be washed out of the airways of the lung with saline. In normal dogs,
about 80% of bronchoalveolar cells obtained in this way are macrophages, and 13% are lym-
phocytes, of which about half are T cells. Cell-mediated immune reactions are therefore
readily provoked among the cells within the lower respiratory tract ( Table 13.1).

IgA levels

The adult canine nasal mucosa is rich in MHC II- and CD1-positive dendritic cells, and all
types of a/ b T cells as well as IgA-positive plasma cells. It is also rich in mast cells located just

TABLE 13.1 Composition of cells in normal canine
bronchoalveolar lavage� uid.

Cell Percentage (range)

Macrophages 79.4 (71e 87)

Lymphocytes 13.5 (7e 20)

Eosinophils 3.6 (0e 14)

Mast cells 2.1 (0e 5)

Epithelial cells 0.8 (0e 6)

Neutrophils 0.6 (0e 2)

Lymphocyte percentages

T cells 52.0 (34e 69)

CD4þ 21.9 (10e 32)

CD8þ 17.8 (6e 25)

CD4/CD8 ratio 1.3 (0.8e 2.4)

Data from Vail, D. M., Mahler, P. A.,& Soergel, S. A. (1995). Dif-
ferential cell analysis and phenotypic subtyping of lymphocytes in
bronchoalveolar lavage� uid from clinically normal dogs.American
Journal of Veterinary Research, 56, 282e 285.
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under the epithelial surface (Day, 2009). In canine nasal secretions, IgG is the predominant
immunoglobulin isotype during the � rst 3 days of life at 1000 ng/mL. However, these IgG
concentrations decreased steadily over the next 3 weeks to about 10 ng/mL but subsequently
rose steadily to about 900 ng/mL by 6 weeks of age. Nasal IgA levels remained relatively
constant over the � rst 6 weeks dropping from about 900 to 500 ng/mL. Nasal IgM was
detectable in only 21%e 39% of puppies during the � rst week but by week 2 this had
increased to 69%. Its concentration was in the range 200e 400 ng/mL ( Schafer-Somi et al.,
2005).

Urogenital tract

The female reproductive tract can be divided into a lower (vagina and cervix) and an up-
per part (uterus and fallopian tubes). The lower part is covered by strati � ed squamous epithe-
lium, the upper by columnar epithelium. All are covered by microbiocidal mucus. Within the
lower part, the keratinocytes express PRMs and produce cytokines and antimicrobial pep-
tides. The upper part contains large numbers of macrophages, dendritic cells, and innate
lymphoid cells. The predominant immunoglobulin in canine cervicovaginal mucus is IgA,
whereas within the uterus, it is IgG. IgG also reaches the uterine lumen and the vagina by
active transport mediated by FcRn. This receptor is pH dependent. It binds IgG in the tissues
where the pH is high and releases it in the vagina where the pH is very low.

A type I interferon, designated interferon- � , is expressed in the epithelial cells of the female
reproductive tract. IFN- � induces typical IFN-regulated genes (Fung et al., 2013). It is not,
however, induced by the conventional pattern recognition pathways involving receptors
such as the TLRs. Instead, it is constitutively expressed and hormonally regulated. IFN-�
has been characterized in dogs (Yang et al., 2013).

Antimicrobial peptides are found in the testes, seminal vesicles, and prostate. Epithelial
cells lining the urethra express PRMs, and macrophages and dendritic cells are abundant.
IgG is the predominant immunoglobulin in seminal plasma and IgA is also present. The B
cells that produce these immunoglobulins are mainly found in the penile urethra and pros-
tate. T cells are also abundant in the urethra, testes, and prepuce. IgA is present in small
amounts in normal canine urine, produced presumably by B cells in the walls of the urinary
tract.

Gastrointestinal tract

Periodontal disease

Gingivitis and progressive chronic periodontitis are common diseases in dogs. The tissue
damage that occurs in periodontal disease is mediated by cells of the immune and in� amma-
tory systems. The disease is triggered by many oral bacteria, the most important of which is
Porphyromonas gingivalis. But the oral microbiota is diverse, and the composition of the pop-
ulation varies over time. These bacteria form bio� lms on the surface of dental plaque. The
PAMPs from these bacteria act through TLRs and other PRMs to attract neutrophils. The
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neutrophils, however, cannot phagocytose bio� lms, so they undergo abortive phagocytosis
and release their contents into the tissues. These released enzymes, especially collagenases,
initiate progressive tissue destruction. In addition, local mast cells secrete TNF-a that contrib-
utes to neutrophil immigration. The gingival � uid contains complement components, espe-
cially C3a and C5a as well as pentraxin 3. The bio� lm ensures that in� ammation persists,
and chronic in� ammation leads to chronic tissue destruction. Neutrophils are followed by
macrophages and lymphocytes by about 4e 7 days. By day 21 lymphocytes constitute 70%
of the cellular in � ltrate and are mainly T cells. CD4þ cells increase progressively through
the course of the disease and the lesion resembles a delayed hypersensitivity reaction. Th1
and Th17 populations predominate. The Th17 cells produce a cytokine mixture that promotes
bone resorption. IL-17 promotes osteoclast activation. IL-10 and TGF-b1 are downregulated.
IL-1b and IFN-g from the Th1cells also promote osteoclast production and bone resorption.
Since both Treg and Th17 cells are present in in� amed periodontal tissues, it is believed that
an imbalance in these T cell populations, especially a de� ciency in Treg cells, contributes to
the chronic in� ammatory process. For example, both IL-17 and IL-35 are expressed in
in� amed periodontal tissue, and it has been demonstrated that if Treg populations in dogs
with experimental periodontal disease are stimulated, the progress of disease is slowed.
The bone resorption and soft tissue destruction are mediated by host matrix metalloproteases
and collagenases. The matrix metalloproteases degrade extracellular matrix especially type I
collagen, and basement membrane components in the periodontal supporting tissues. Oxida-
tive and proteolytic activation cascades develop that destroy both tissues and bone and give
rise to the gross lesions associated with periodontal disease (Glowacki et al., 2013).

Small intestine

The layer of enterocytes lining the gastrointestinal tract form the largest surface between
the body and the external environment. Thus, the gastrointestinal tract, from mouth to
anus, is a potential route of microbial invasion. This includes not only potential pathogens
but also the commensals of the normal microbiota. Thus, a mucosal“ � rewall ” must be estab-
lished to discourage invasion.

Saliva is rich in IgA and hence protects the mouth against infections. Small amounts of IgG
are secreted into the crevicular groove between the gums and the base of the teeth. As a result, it
has proved possible to make a vaccine against caries-causing bacteria. Immunization of dogs
with these organisms reduces microbial colonization of this area and prevents plaque formation
and periodontitis. The � ushing activity of saliva may be complemented by the generation of
peroxides from streptococci. The tonsils also produce much IgA, but because of the thin epithe-
lium over the tonsillar clefts, they are also vulnerable to microbial invasion ( Fig. 8.10).

As pointed out in Chapter 1, the nature of carnivory and the hazards of eating carrion or sick
prey have resulted in dogs being able to regurgitate food quite readily. Likewise, vomiting by
bitches is part of the normal rearing process and a method of providing puppies with soft,
partially digested solid food (epimeletic feeding). In carnivores, the gastric pH may be suf � ciently
low to have an antimicrobial effect, although this varies among species and among meals. Simi-
larly, the pH in the center of a mass of ingested food may not necessarily drop to low levels. In
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addition to antimicrobial peptides, lysozyme is synthesized in the gastric mucosa and in macro-
phages within the intestinal mucosa. As a result, it is found in large quantities in intestinal � uid.

The gastrointestinal mucus layer is also critical to the exclusion of both commensals and
pathogens. The layer consists of a gel consisting of mucins, glycoproteins, and lipids that pre-
vents bacteria from contacting the epithelium (Johansson& Hansson, 2016). This mucus acts
as a lubricant, blocks chemical insults, and can capture and then expel pathogens. The mucus
forms two layers. The inner layer next to the enterocytes consists of� rm mucus rich in defen-
sins and lysozyme and contains few bacteria. The � uid mucus in the intestinal lumen is
composed primarily of mucins produced by intestinal goblet cells. Many bacteria are
embedded in this mucus, where it prevents their washout. Its thickness and composition
vary, but it tends to be thickest where the microbiota is abundant. The enterocyte brush
border is also covered by a glycocalyx, a layer of acidic polysaccharides and glycoproteins
that binds to the apical surface of the cells and serves as a protective barrier while still permit-
ting the absorption of nutrients. Both the in � ammasome and autophagy pathways control the
production of this mucus by goblet cells.

The � rst cellular barrier to microbial invasion is the intestinal epithelium. This consists of
enterocytes, and goblet cells. Collectively, these cells form an effective physical barrier by
having tight junctions between cells and a glycocalyx. In addition to the goblet cells that pro-
duce the mucus, enterocytes can produce a diverse mixture of antimicrobial peptides that
limit microbial exposure. Enteric defensins accumulate within intestinal crypts and achieve
very high concentrations in the mucus layer closest to the epithelium. They serve as a barrier
function since they prevent commensals from entering the crypt space and so reduce micro-
bial contact with enterocytes. The defensin mixture selectively kills some bacterial species and
as a result also regulates the composition of the microbiota. TLR4 but not TLR9 mRNA is
expressed in the canine stomach and small intestine (Asahina et al., 2003).

Enterocytes possess a complete set of PRMs and can sense signals coming from the microbiota.
They can then pass on these signals to the immune cells in the lamina propria and are actively
involved in shaping the intestinal immune environment. They help maintain balance between
anti- and proin � ammatory signals. They also block access of intact antigens to the lamina propria.
Tight junctions between enterocytes help maintain this barrier. (Molecules larger than about
2 kDa are excluded.) Thus, they keep the intestinal microbes away from the intestinal immune
system. Enterocytes secrete or respond to regulatory cytokines. Thus, they produce thymic stro-
mal lymphopoietin (TSLP) that is required for the generation of Tregs. They also produce TGF-b
and the B cell stimulating cytokines, BAFF and APRIL. If an enterocyte becomes infected, it can
respond by producing antimicrobial peptides and increasing mucin and cytokine production. It
may also respond by undergoing in � ammasome-mediated cell death.

It has long been thought that dogs lacked Paneth cells. These are specialized secretory
epithelial cells with a granule rich cytoplasm that produce antimicrobial peptides. Paneth
cells are present in humans and horses. However recent studies on canine intestinal organo-
ids grown in vitro have demonstrated their presence in the dog. These cells have been shown
to produce IL-17, beta-defensins and cathelicidin (Chapter 3). These cultured organoids also
contain tuft cells (Chapter 16) (Chandra et al., 2019).
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Liver excretion

In rodents, polymeric immunoglobulin A is transferred from the bloodstream across hepa-
tocytes into the bile through the use of the pIgR. In dogs (and humans), the pIgR is expressed
on biliary epithelial cells so IgA is transferred directly from serum into the bile. This is not a
very ef� cient process in dogs although IgA is transferred 10 times more ef� ciently than albu-
min (Delacroix et al., 1983). In addition, much of the IgA found in canine bile is locally syn-
thesized (Snoeck et al., 2006). About 1% of an intravenous dose of radiolabeled IgA is
transferred to the bile over an 8-h period. Bile IgA contributes about 1.5 mg/kg to intestinal
IgA in dogs d a � gure similar to humans, but much less than rabbits or laboratory rodents.

Mucosal lymphoid tissues

Because of the importance of preventing invasion through the mucosa, these surfaces
contain large amounts of lymphoid tissue. Mucosal lymphoid tissues are classi� ed as sites
where antigens are processed and immune responses are initiated (inductive sites), and sites
where antibodies and cell-mediated responses are generated (effector sites).

Inductive sites

The mucosa-associated lymphoid tissues (MALTs) possess the three cell types required to
initiate adaptive immune responses: T cells, B cells, and dendritic cells (Allensbach, 2011).
These tissues include lymphoid tissues in the eyelids, nasal mucosa, tonsils, pharynx, tongue,
and palate; Peyer’s patches; solitary lymphoid nodules; and numerous lymphoid nodules in
the lung. These lymphoid tissues are known by their acronyms. Thus, GALT (Gut-Associated
Lymphoid Tissue) is the collective term for all the lymphoid nodules, Peyer ’s patches, and
individual lymphocytes found in the intestinal walls. Similarly, BALT is the acronym used
for the Bronchus-Associated Lymphoid Tissue in the lungs. These organized lymphoid tis-
sues, unlike lymph nodes, do not react to foreign antigens delivered through afferent lymph
but rather sample them directly from the surface.

The tonsils are especially important in inducing immunity on mucosal surfaces. Some
canine pathogens, such asBordetella bronchisepticaand in� uenza virus, can overcome the de-
fenses of the tonsils and use them as a portal of entry into the body.

Peyer’s patches are the most signi� cant of the mucosal lymphoid tissues. All the Peyer’s
patches consist of masses of lymphocytesarranged in follicles and covered with an
epithelium that contains M cells (Fig. 8.4). M cells are specialized epithelial cells involved
in antigen transportation from the intestinal lumen to mucosal lymphoid tissues ( Corr
et al., 2008). They have microfolds (M) rather than microvilli on their surface. They are
found in the dome epithelium overlying Peyer ’s patches. While scattered over the domes
of duodenal and jejunal PP, M cells are the major cell type in the epithelium overlying
canine ileal PPs (HoganEsch & Felsburg, 1990). The mucus layer tends to thin out over
Peyer’s patches (there are fewer goblet cells) so that the M cells protrude into the lumen.
However, there are deep intrafollicular invaginations in the duodenal dome epithelium
that contain few M cells. M cells endocytose the proteins and microbes they encounter,
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but rather than destroy them, they transport the antigens to the underlying lymphoid tissue.
M cells may also transport soluble macromolecules such as IgA, small particles, and even
whole organisms.

Effector sites

Although Peyer ’s patches are full of lymphocytes, most intestinal IgA is produced in
diffuse lymphoid nodules and by isolated plasma cells scattered throughout the walls of
the intestine, in bronchi, in salivary glands, and in the gallbladder.

B cells

B cells respond to antigens that penetrate the enterocyte barrier. Some of these responding
B cells migrate to regional lymph nodes and into intestinal lymphatics, from which they reach
the thoracic duct and enter the bloodstream. These circulating IgA-positive B cells have an
af� nity for all body surfaces. As a result, they colonize not only the intestinal tract but also
the respiratory tract, urogenital tract, and mammary glands. Thus, antigen priming at one
location will permit antibodies to be synthesized and secondary responses to occur at loca-
tions remote from the priming site re � ecting the existence of a common mucosal immune sys-
tem. The movement of IgA-positive B cells from the intestine to the mammary glands is
especially important since it provides a route by which antibodies directed against intestinal
pathogens can be transferred to the newborn through milk. Oral administration of antigen to
a pregnant bitch will thus result in the appearance of antigen-speci� c IgA antibodies in her
milk. In this way, antibodies directed against intestinal pathogens will � ood the intestine
of the newborn puppy. T cells originating within the Peyer ’s patches also home speci� cally
to the intestinal mucosa by using specialized vascular adhesive molecules. For example,
mucosal addressin cell-adhesion molecule-1 (MAdCAM-1) is an adhesion molecule expressed
on the high endothelial venules of Peyer’s patches and on venules in intestinal lamina propria
and the mammary gland. Its ligand is the lymphocyte integrin a4/ b7. B and T cells that ex-
press this integrin migrate preferentially to the intestine and the mammary glands ( Fig. 13.2).
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FIGURE 13.2 The common mucosal
immune system. IgA-producing cells
migrate from maternal Peyer’s patches to
the mammary glands. As a result, the IgA
present in milk is directed against m po-
tential intestinal pathogens.
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Canine MAdCAM-1 has been cloned and characterized. It contains 378 amino acids with
53.7% homology to the human molecule. It contains two N-terminal immunoglobulin-like do-
mains, a mucin-like domain and a C-terminal immunoglobulin-like domain. It is expressed at
very high levels in the mesenteric lymph nodes and Peyer’s patches (Miura et al., 2005).

T cells

Both a/ b and g/ d T cells are found in the canine intestinal wall but in two very different
locations. Thus,a/ b T cells are mainly scattered throughout the lamina propria and in Peyer ’s
patches. g/ d T cells, in contrast, are situated between enterocytes immediately below the
mucosal surface, where they are known as intraepithelial lymphocytes (IELs) (Fig. 13.3). Their
location suggests that they play a critical role in the defense of the mucosa. IELs regulate
hoste microbial interactions at the intestinal mucosal surface and are critical components in
preventing invasion by the commensal microbiota. IEL function is in turn regulated by
many different cytokines including IL-2, IL-7, IL-15, and TGF- b (Luckschander et al., 2009).

FIGURE 13.3 Double-color immuno � uorescence
showing a canine duodenal villous tip stained with
monoclonal antibodies to a/ b TCR and g/ d TCR. The
a/ b T cells are stained green and are located in the
interior of the villus. The g/ d T cells are stained red and
are clearly located within the intestinal epithelium.
From German, A. J., Hall, E. J., Moore, P. F., et al. (1999).
The distribution of lymphocytes expressing alpha/beta and
gamma/delta T-cell receptors, and the expression of mucosal
addressin cell adhesion molecule-1 in the canine intestine.
Journal of Comparative Pathology, 121, 249e 263.
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g/ d IELs originate in the bone marrow and mature within cryptopatches, clusters of cells
located just under the enterocytes. Cryptopatches each contain several hundred immature
T cells. Wedged between epithelial cells, IELs can recognize antigens directly, possibly
through the TLR-MyD88 pathway as well as their antigen receptors and secrete cytokines
such as IFN-g in response. The interferon, in turn, stimulates macrophages and nearby enter-
ocytes to secrete protective nitric oxide (Van Kaer & Olivares-Villagomez, 2018).

IELs tend to use unusual TRGV and TRDV genes to form the g/ d TCR antigen-binding
site. These genes are not expressed in other lymphoid organs, suggesting that the intraepithe-
lial T cells are specialized for epithelial surveillance. In dogs, IELs are MHC class II positive
and may act as antigen-presenting cells. They regulate B cell IgA responses. Some have NK
cell activity, whereas others are cytotoxic T cells that may attack parasites within the intesti-
nal lumen. They also play a role in the repair of damaged epithelia. Likewise canine lamina
propria cells and enterocytes, especially in the jejunum and ileum located close to Peyer’s
patches are also MHC II positive (German, Bland et al., 1998; Stokes& Waly, 2006)

There are two different populations of intestinal cells that produce IL-17. One population
consists of mucosal ILC3s that produce IL-17 spontaneously. The second population consists
of Th17 cells that produce it following antigen processing and exposure to IL-23 driven by
dendritic cells.

Adaptive immunity

Both antibody- and cell-mediated immune processes protect body surfaces. Some of these,
most notably IgA and possibly IgM, act by immune exclusion. The others, especially IgE and
IgG, destroy antigen within the surface tissues by immune elimination.

Immune exclusion

Immunoglobulin A

IgA predominates in canine surface secretions. At least 80% of all canine plasma cells are
found in the lamina propria, and collectively they produce more immunoglobulin A than all
other immunoglobulin isotypes combined. IgA is found in enormous amounts in saliva, in-
testinal � uid, mesenteric lymph, nasal and tracheal secretions, tears, milk, colostrum, urine,
and the secretions of the urogenital tract.

To undergo a class switch and thus produce IgA, mucosal B cells must receive signals from
other cells as well as the microbiota and retinoic acid from dietary vitamin A. Some IgA pro-
duction is T-cell independent and is triggered by cytokines from dendritic cells and epithelial
cells. Other B cells require help from Th2 cells to make the switch to IgA production.

T-dependent IgA production mainly occurs in Peyer ’s patches. Dendritic cells take antigen
from M cells and use it to generate Tfh cells. CD40-ligand (CD154) and IL-21 from these Tfh cells
induce expression of activation-induced cytidine deaminase (AID). This promotes IgA class
switch recombination. This pathway is stimulated by segmented � lamentous bacteria attached
to the enterocytes. The B cells generated by this pathway are persistent. They can re-enter
germinal centers and undergo somatic mutation. Thus, this IgA may be of very high af � nity.
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T-independent IgA production mainly occurs in the lamina propria and isolated lymphoid
follicles under the in � uence of BAFF and APRIL. ILC3 cells also contribute to this process.
The IgA produced is usually of low af � nity and is directed primarily at the microbiota
(Bunker & Bendelac, 2018).

Follicular dendritic cells secrete soluble B celle stimulating cytokines including BAFF and
APRIL. The dendritic cells themselves are activated by intestinal neuropeptides, such as vaso-
active intestinal peptide. Eosinophils are required for the maintenance of plasma cells in the
lamina propria. They are also a major source of APRIL. As a result, they directly support the
B cell class switch and are required for both T-independent and -dependent generation of
IgA. These signals, together with CD40-CD154 interactions, trigger B cell IgA production
in the absence of antigen. Enterocytes and intraepithelial lymphocytes also produce APRIL
and promote B cell differentiation. B cells that require both antigen and Th2 cells to make
the switch to IgA are stimulated by TGF- b. Other Th2 cytokines that promote this switch
include IL-4, IL-5, IL-6, and even IL-10. The IgA response is relatively slow to develop and
has a very high threshold for induction (10 9 bacteria). When boosted, the IgA response
does not increase exponentially but rather in an additive manner.

There is a single IGHA gene in the dog that occurs in four allelic forms that differ in the
length of their hinge region. The distribution of these alleles differs between breeds (Snoeck
et al., 2006). IgA monomers are about 160 kDa in size and are typical four-chain, Y-shaped
molecules. They are usually secreted as dimers or larger polymers linked by a 15 kDa
J-chain. IgA has several extra cysteine residues in its heavy chains. As a result, the short inter-
chain disul � de bonds compact the chains and shield vulnerable bonds from proteases. In the
dog, IgA predominantly occurs as a dimer ( Ellis, 2019; Vaerman & Heremans, 1970).

IgA is synthesized and secreted by plasma cells in the intestinal submucosa, especially in
the crypt region. This dimeric IgA binds to a glycoprotein receptor for polymeric immuno-
globulins (pIgR) on the basal surface of enterocytes. The receptor binds covalently to the
Ca2 domain of one of the IgA monomers. The membrane-bound IgA-pIgR complex is then
endocytosed and actively transported across the enterocyte. When it reaches the exterior sur-
face, this endocytic vesicle fuses with the plasma membrane and exposes the complex to the
intestinal lumen. The extracellular domains of the pIgR are then cleaved by proteases so that
the IgA, with the receptor peptide still attached (secretory IgA), is released into the lumen.
The receptor peptide is called secretory component. The production, transport, and secretion
of secretory component occur even in the absence of IgA so that free secretory component is
found in high concentrations in intestinal contents ( Fig. 13.4).

IgA is not bactericidal and does not activate complement. It can neutralize viruses and
some viral and bacterial enzymes. IgAe antigen complexes bind to monocytes and macro-
phages, neutrophils, and eosinophils through a low-af� nity receptor, FcaR1 (CD89). When
IgA-opsonized particles bind to this receptor, they trigger superoxide production, opsoniza-
tion, antibody-dependent cell-mediated cytotoxicity, and the release of in� ammatory media-
tors. Its most important function is to prevent the adherence of bacteria and viruses to
epithelial surfacesd immune exclusion. If bacteria or viruses cannot adhere to enterocytes,
they simply pass along with the intestinal contents and are expelled without doing any
harm. CD89 has yet to be characterized in the dog. Its gene (FCAR) is found within the
Lymphocyte Receptor Complex but appears to be a pseudogene (Chapter 10).
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The presence of the gut microbiota also drives IgA production. Different commensals
differ in their ability to induce SIgA. The gut microbiota is constantly being sampled at the
inductive sites and this triggers the generation of new IgA-secreting plasma cells. Thus, the
IgA system is constantly responding to the microbiota. Conversely most, but not all commen-
sals are coated with IgA and this IgA affects their composition. It is likely that the IgA-coated
organisms are potential mucosal pathogens. For example, IgA preferentially coats the Entero-
bacteriaceae while ignoring the Bacteroides and Lactobacilli. SFBs are especially potent at
triggering IgA responses (Yang et al., 2022).

Because IgA is transported through enterocytes, it can also act inside these cells. Thus, IgA
can bind to newly synthesized viral proteins inside these cells and interrupt viral replication.
In this way, the IgA can prevent viral growth before the integrity of the epithelium is
damaged. This is a unique example of antibodies acting in an intracellular location. The sec-
ond unique function of intracellular IgA is to excrete foreign antigens. Thus, IgA can bind to
antigens that have penetrated to the submucosa. Once bound, the IgAe antigen complexes
will bind to pIgR and be actively transported back across the enterocytes into the intestinal
lumen. IgA can therefore act at three different levels to exclude foreign antigens: within
the submucosa, within enterocytes, and within the intestinal lumen.

IgA levels

Normal, healthy dog serum contains between 20 and 170 mg/dL of IgA. In general, these
levels do not differ signi � cantly between breeds (mean 64.9 mg/dL) with the notable excep-
tion of German Shepherd dogs (mean 48.3 mg/dL) (Griot-Wenk et al., 1999). Table 13.2Age
and sex do not appear to in� uence these levels signi� cantly. Investigations into the matura-
tion of IgA responses in German Shepherd dogs studied the relationships between serum
IgA, serum IgE and fecal IgA levels in litters and puppies ( Vilson et al., 2016). It was clear
that serum IgE, serum IgA, and fecal IgA levels were lower in seven-week-old puppies
than at 1 year of age (German, Hall et al., 1998) (Fig. 13.5).
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FIGURE 13.4 The role of secretory component
in transporting IgA across intestinal epithelial cells.
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Canine parotid saliva contains 0.17e 1.25 mg IgA/mL, and this accounts for 89% e 94% of
the immunoglobulins with IgM accounting for 3% e 7% and IgG accounting for < 1%e 4%.
Signi� cantly more immunoglobulins of all classes are secreted in saliva than in tears. They
also show large diurnal variations.

In small bowel perfusates IgA accounts for 83% of the immunoglobulins with IgM ac-
counting for 11% and IgG accounting for 6% (Heddle & Rowley, 1975). A bimodal pattern
of expression of a-chain mRNA from canine duodenal mucosa has been described (Peters
et al., 2003). This was determined using RT-PCR on biopsy specimens from healthy dogs
and dogs with chronic diarrhea. The two groups differed by over 250-fold in the amount
of template detected. The bimodal distribution was detected in both groups.

Studies on fecal IgA levels indicate that beagle puppies, 5 months-of-age, have lower fecal
IgA concentrations (0.32 mg/g of dry feces) than mature dogs 4.6 years-old (2.34e 3.0 mg/g
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FIGURE 13.5 IgA levels in selected canine
secretions. Data from Ref. Ginel, P. J., Novales,
M., Lozano, M. D., Molleda, J. M.,& Lopez, R.
(1993). Local secretory IgA in dogs with low sys-
temic IgA levels.The Veterinary Record, 132(13),
321e 323.

TABLE 13.2 Serum IgA levels in four groups of healthy dogs.

Breed Various German Shepherd Beagle Colony 1 Beagle Colony 2

Number 36 29 147 21

Females:Males 21:15 18:11 116:31 12:9

Average age (range) 1.4 (0.5e 8) 1.4 (0.8e 6.2) 3.8 (0.8e 8) 4.6 (2e 6)

IgA u/mL (median) 64.9 48.31 76.2 113.9

Range 10e 508 11.8e 151 6.1e 973 35.5e 816

Data from Griot-Wenk, M. E., Busato, A., Welle, M., Racine, B. P., et al. (1999). Total serum IgE and IgA antibody levels in healthy dogs of
different breeds and exposed to different environments.Research in Veterinary Science, 67, 239e 243.
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dry feces) (Flickinger et al., 2004). Aged beagles > 11 of age, have intermediate levels
(1.45 mg/g dry feces) (Zaine et al., 2011). Dogs with higher fecal IgA levels had higher IgG
titers against canine distemper virus suggesting that their systemic immune system was fully
functional.

Selective IgA de � ciencies

IgA de� ciencies are the most common primary immune de� ciency disorders in dogs (and
humans) (Chapter 24). They tend to be insidious and associated with an increased level of
mucosal infections, chronic enteropathies, exocrine pancreatic insuf� ciency, and allergic dis-
ease. They occur with a high prevalence in several breeds (Ellis, 2019). They are especially
common in German Shepherd dogs, Golden Retrievers, Labrador Retrievers, and Shar-
Peis. Consistent with this is the observation that German Shepherd dogs have normal IgM
and IgG levels but signi � cantly reduced levels of IgA (w 80 mg/dL, as opposed to
170 mg/dL in control dogs) ( Littler et al., 2006).

Immunoglobulin M

The earliest immunoglobulins found in the intestine of the newborn are of the IgM class.
IgM will also bind to pIgR and is carried through the enterocyte to the lumen. Because of its
structure, however, secretory IgM is much more susceptible to digestion by proteases than
secretory IgA.

Immunoglobulin E

Because IgA does not activate complement, it functions by immune exclusion. There is a
second line of defense, however, that destroys antigen that penetrates the mucosal barrier
(immune elimination). This is mediated by IgE. Cells producing IgE are mainly found under
epithelial surfaces rather than in the lymph nodes or spleen. IgE binds to mast cell Fc recep-
tors in the mucosa of the intestine, respiratory tract, and skin. If invading organisms evade
the IgA and gain access to the tissues, IgE-mediated in� ammation will be triggered. These
responses involve rapid degranulation of mast cells and the release of their in� ammatory me-
diators into the surrounding tissues. The mast cell contents cause acute in� ammation, in-
crease the permeability of small blood vessels, and promote � uid leakage between
enterocytes, leading to the out� ow of mucus containing large quantities of IgG.

This process occurs, for example, when parasitic worms invade the intestinal mucosa. IgA
has little effect on these invaders, so they have no dif� culty in burrowing into the super � cial
layers of the mucosa. When sensitized mast cells encounter parasite antigens, however, the
release of vasoactive molecules, together with the intense local in� ammation, changes in
blood � ow, and intestinal motility, may be suf � cient to force the parasite to disengaged a
phenomenon called “ self-cure.”

Thus, IgA and IgE work in concert. IgA normally is the � rst line of defense, and IgE serves
as a backup system. If IgA production is defective, the IgE response may be triggered to
excess. As a result, low levels of IgA result in increased IgE production and the development
of allergic responses to food and inhaled antigens.
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Food tolerance

Normal dogs are tolerant to the protein antigens they ingest in foods and as a result, are
immunologically unresponsive to ingested proteins. Dietary proteins are not normally anti-
genic for two reasons. First, the ingested proteins are degraded by the gut proteases to small,
nonimmunogenic peptides. Second, any dietary proteins absorbed intact normally generate a
strong intestinal Treg cell response resulting in oral tolerance. Tregs are abundant in the in-
testinal mucosa where they mediate tolerance to food antigens as well as to much of the
microbiota. These Treg cells suppress Th2 cells, decrease B cell IgE production, suppress
effector T cell emigration into tissues, induce IL-10 production by DCs, and inhibit the acti-
vation of mast cells, eosinophils, and basophils.

Antigenic food components that enter the gut lumen may leak into the body by passing
between cells (paracytosis) or even through cells (transcytosis). The intestinal M cells bind
these food proteins and deliver them to DCs. Other food proteins may penetrate the gut bar-
rier by transcytosis through goblet cells. Intestinal DCs can also extend their dendrites be-
tween the epithelial cells and capture proteins within the gut lumen. Once these proteins
are captured, they are carried by the DCs to draining mesenteric lymph nodes or Peyer’s
patches. The DCs produce molecules such as TGF-b and retinoic acid that instruct the
responding T cells to differentiate into Treg cells. The Treg cells from the mesenteric lymph
nodes of orally tolerant animals in turn secrete the suppressive cytokines TGF-b and IL-10. A
specialized subpopulation of intestinal dendritic cells, called Thetis cells, stimulates Treg pro-
duction and hence maintains oral tolerance (Akagbosu et al., 2022). Secretory IgA responses
are not usually generated against food antigens.

Another mechanism by which oral tolerance may be induced is through the production of
“ tolerosomes.” These are exosomes produced by enterocytes. They carry MHC class II mol-
ecules on their surface, and this binds antigenic peptides sampled from the gut lumen. Puri-
� ed tolerosomes fed to animals induce tolerance. It is suggested that presentation of food
antigens by tolerosomes induces Treg formation (Ostman et al., 2005).

A study on allergic infant beagles from a colony of allergy-prone dogs that had been sensi-
tized to the egg protein, ovalbumin demonstrated that feeding ovalbumin dissolved in cow ’s
milk for 4 weeks resulted in a signi � cant reduction in the puppies ’ responses to injected or
inhaled allergen. These animals showed signi� cant increases in the expression of IL-10 and
TGF-b in CD14þ cells. This oral tolerance persisted until adulthood (Zemann et al., 2003).

Oral immunotherapy has been intensively studied in allergic dogs. It is initiated by admin-
istering a very low dose of allergen that is then progressively increased over a period of
months to eventually reach the maintenance level. The allergen is usually delivered in the
form of drops or lozenges to the sublingual mucosa. The lozenge is held there for several mi-
nutes while the allergen is slowly released. It causes oral tolerance in many treated animals.
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14

Canine vaccines

Dogs have been successfully vaccinated against some infectious diseases for well over a
100 years. Some of these diseases are dangerously common and lethal, whereas others are
relatively unimportant This has led to the designations, “ core” and “ noncore” to denote those
vaccines that are essential to all dogs regardless of lifestyle and those that are less essential
and only recommended for dogs based on their risks of exposure. The three most important
vaccines administered to dogs are those directed against canine distemper virus (CDV),
canine adenovirus 2 (CAV-2), and canine parvovirus type 2 (CPV-2). There are many other
optional vaccines available whose use should be based on risk assessment by a veterinarian
(Tizard, 2021).

Essential vaccines

Canine distemper

Canine distemper is the most dangerous and signi� cant viral disease of domestic dogs. It
also infects many wild carnivores. There are many different distemper vaccines commercially
available. It is usual for distemper vaccines to be combined with those directed against canine
adenovirus 2, canine parvovirus, and canine parain� uenza in a single injection. These com-
bined vaccines may also contain coronavirus, leptospirosis, or Borrelia vaccines.

Inactivated distemper vaccines are very safe but considered to give inferior protection.
They are best used in susceptible wildlife. Modi� ed live virus (MLV) vaccines contain strains
such as Snyder Hill, Onderstepoort, or Rockborn that have been attenuated by prolonged
viral passage in tissue culture.

A canarypox vectored recombinant distemper vaccine is also available. In this vaccine, the
genes encoding two major CDV antigens, the hemagglutinin (HA) and fusion (F) proteins,
have been inserted into a canarypox vector. This vaccine can partially overcome maternal im-
munity and thus protects puppies about 4 weeks earlier than conventional vaccines. This
vectored vaccine has the additional advantage that it cannot cause postvaccinal distemper
encephalitis.

Both recombinant and MLV distemper vacci nes have a similar time of onset and dura-
tion of immunity. These vaccines normally protect dogs for at least 5 years. Serum
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antibody assays can be used to assess the level of protective immunity to distemper
(Table 14.1) (Jensen et al., 2015).

Canine adenovirus-2

Canine adenovirus-2 (CAV-2) causes respiratory diseased fever, cough, nasal discharge,
tracheobronchitis, and pharyngitis. Live vaccines directed against CAV-2 also protect dogs
against canine hepatitis caused by a related virus, CAV-1. Immunity develops w 5 days post-
vaccination. Both parenteral and intranasal forms of CAV vaccines are available. They are
commonly administered in combination with other respiratory vaccines such as those against
Bordetella bronchisepticaand canine parain� uenza virus. Protective immunity is considered to
last for at least 9 years. The presence of serum antibodies indicates protection. It is important
to note that CAV-2 vaccination does not induce the type II hypersensitivity reaction known as
“ blue-eye.” Blue-eye is caused by CAV-1 (Fig. 15.4) (Tizard, 2021).

Canine parvovirus

Canine parvovirus (CPV) causes acute gastroenteritis. Young puppies between 2 and
6 months of age are most susceptible, but cases can also occur in adult dogs. The infection
results in anorexia, depression, vomiting, and diarrhea which is often hemorrhagic. Currently

TABLE 14.1 Estimated minimum duration of immunity (DOI) of select commercially available canine
Vaccine antigens.

Vaccine Estimated minimum DOI Estimated relative ef � cacy (%)

Essential

Canine distemper (modi� ed live virus [MLV]) > 7 years > 90

Canine distemper (recombinant [R]) > 1 year > 90

Canine parvovirus-2 (MLV) > 7 years > 90

Canine adenovirus-2 (MLV) > 7 years > 90

Rabies virus (killed [K]) > 3 years > 85

Optional

Canine coronavirus (K or MLV) N/A N/A

Canine parain� uenza (MLV) > 3 years > 80

Bordetella bronchiseptica(ML) < 1 year < 70

Leptospira canicola(K) < 1 year < 50

Leptospira grippotyphosa(K) < 1 year N/A

Leptospira icterohaemorrhagiae(K) < 1 year < 75

Leptospira pomona(K) < 1 year N/A

Borrelia burgdorferi(K) 1 year < 75

Borrelia burgdorferiOspA (R) 1 year < 75

Giardia lamblia(K) < 1 year N/A

Data from Paul, M. A., et al. (2005).Journal of the American Animal Hospital Association , 39, 119e 131.
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available MLV-CPV vaccines protect against the viral variants circulating across North Amer-
ica (Altman et al., 2017). An effective nucleic acide based vaccine has recently been developed
against CPV (Jiang et al., 1998).

Inactivated CPV vaccines tend to be less effective and slower to induce protective immu-
nity. As a result, they are not recommended for routine use (De Cramer et al., 2011).

The minimum age to vaccinate puppies against CPV is 6 to 8 weeks. Maternal antibodies
may persist for up to 15 weeks. As with CDV vaccines, revaccination at 2- to 4-week intervals
is recommended until puppies reach 16 weeks of age. MLV parvovirus vaccines are protec-
tive within 3 days unless maternal antibodies interfere. This is almost certainly a result of
interferon induction rather than antibody neutralization. Duration of immunity is believed
to be life-long, although revaccination every 3 years is recommended (Ellis et al., 2022). Vacci-
nation failures resulting from premature immunization of neonatal puppies remain a prob-
lem (Decaro et al., 2020).

A caninized monoclonal antibody (it consists of a dog constant region with rat variable re-
gions attached) directed against canine parvovirus has been conditionally approved for the
treatment of parvoviral enteritis by USDA. It is administered to dogs, 8 weeks of age and
older. When given intravenously in the early stages of the disease it results in a much faster
resolution of symptoms and reduced parvoviral shedding by infected puppies ( Organtini
et al., 2016).

Rabies

Because of its lethality for humans, canine rabies vaccination is mandated across the
United States and Canada. Rabies vaccination is also mandatory for international travel. In
jurisdictions where rabies is endemic and vaccination is not mandated, it should be consid-
ered an essential vaccine. In general, dogs are not considered to be protected until 28 days
after receiving the initial vaccine dose. The interval between doses is determined by the
manufacturer. Legally, dogs are considered unvaccinated 1 day after the expiration of the
vaccine’s of� cial duration of immunity (1 year or 3 years). In most states, only a licensed
veterinarian is authorized to administer rabies vaccine.

Although modi � ed live rabies vaccines are safe, the World Health Organization has
stopped recommending these vaccines, since accidental self-inoculation presents an unaccept-
able risk to humans (Johnson et al., 2010).

Inactivated rabies vaccines are generally grown in tissue culture and then inactivated with
either beta-propiolactone, acetylethylamine, or binary ethyleneimine. They also contain adju-
vants such as aluminum hydroxide, aluminum phosphate, or saponin ( Pimbourage et al.,
2017). They should be administered to puppies at 12 weeks of age or older.

Vectored recombinant rabies vaccines have been developed that express the rabies glyco-
protein G gene. Viral vectors include vaccinia, canarypox, and adenoviruses. These virus
vectored vaccines are widely employed in North America and Europe in oral form for wild-
life vaccination (Li et al., 2022).

Injectable rabies vaccines may be of limited use in developing countries where it is impos-
sible to vaccinate all stray dogs. In these situations, good results have been obtained with oral
recombinant vaccines. The vaccine can be offered to dogs by hand and enclosed in plastic
packs containing chicken heads, meatballs, or boiled beef or pig intestines. It can be noted
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whether the dog has punctured the vaccine blister and recover used packs. This technique
works well in otherwise unreachable dog populations ( Leung & Davis, 2017).

Optional (noncore) vaccines

Bordetella bronchiseptica

B. bronchisepticais a Gram-negative bacterium that causes a tracheobronchitis resulting in
coughing, retching, sneezing, and nasal discharge.B. bronchisepticais a primary pathogen. It
can interfere with bronchial ciliary function and so predisposes dogs to secondary infections.
It may also act as a secondary invader following an initial infection with respiratory viruses.
Monovalent and combined vaccines are available, and they may be administered by injection
or intranasally. The combined vaccines are commonly directed against other diverse respira-
tory pathogens as well (Ellis, 2015). The antibodies produced recognize several Bordetella
proteins such as pertactin, and the � mbrial hemagglutinin ( Ellis et al., 2014).

A nonadjuvanted acellular B. bronchisepticavaccine containing selected bacterial antigens is
administered subcutaneously. Several modi� ed live intranasal B. bronchisepticavaccines are
also commercially available. Single-component oral vaccines may be administered at 7e
8 weeks of age. Onset of immunity develops within 48 h following oral or intranasal vaccina-
tion and protection lasts for 12e 14 months (Ellis et al., 2017).

Leptospirosis

Leptospira are Gram-negative spirochetes that cause a zoonotic liver and kidney disease in
Europe and North America. The important serovars in North America include Pomona,
Autumnalis, Bratislava, and Grippotyphosa, while in Europe they include Bratislava, Grippoty-
phosa, and Sejroe(Arent et al., 2013). Antileptospiral immunity is mainly directed against
the antigenic lipopolysaccharide (LPS). In the United States, dogs normally receive killed vac-
cines containing four serovars; Canicola, Icterhaemorrhagiae, Pomona, and Grippotyphosa. There
is limited cross-protection between these serovars. Some of these vaccines can protect dogs
against clinical disease but cannot prevent renal colonization and bacterial shedding. Anti-
bodies persist for about 1 year (Teixeira et al., 2019).

Borrelia burgdorferi

Borrelia burgdorferiis a spirochete that causes Lyme disease, a tick-borne polyarthritis. Four
different canine vaccines are currently available in North America. All four are designed to
induce antibodies against the outer membrane lipoprotein of the spirocheted called OspA.
OspA is expressed by the bacteria within the tick mid-gut but not by organisms infecting a
dog. Thus, when blood from a vaccinated dog is ingested by a tick, the antibodies to
OspA will attack the bacteria and prevent further transmission. Because of this, however,
anti-OspA antibody titers are not boosted by natural exposure. As a result, they decline
rapidly in vaccinated dogs. In contrast to OspA, OspC is the dominant bacterial antigen
expressed within the dog. Anti-OspC antibodies and T cells induced by these vaccines are
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therefore able to eliminate the organisms. Available vaccines include a killed whole-cell
bacterin containing OspA, a bacterin containing both OspA and OspC, a recombinant
OspA vaccine, and a chimeric recombinant vaccine that expresses both OspA plus OspC.
Vaccination should be just one part of a comprehensive program designed to reduce the risks
of tick transmission in endemic areas (Vogt et al., 2019).

Canine respiratory disease complex

Dogs suffer from chronic infectious respiratory diseases (kennel cough) caused by many
diverse bacterial and viral pathogens. Initial viral infections cause tissue damage and immu-
nosuppression that then results in secondary bacterial invasion. Primary pathogens include
canine parain� uenza, adenovirus 2, and distemper virus. Other viruses that can damage
the lungs include reoviruses, respiratory coronavirus, herpesvirus, in� uenza virus, pneumo-
virus, and adenovirus 1. Bordetella bronchisepticamay act as either a primary or secondary
pathogen. Many of these vaccines are designed to be administered intranasally. Intranasal
administration of a modi � ed live vaccine triggers local innate responses in the nasal mucosa
as well as a local IgA response. Parenteral immunization with acellular Bordetella vaccines
triggers a systemic IgG response. Both types of vaccine are protective.

Canine parain� uenza

Canine parain� uenza virus (CPiV) is a Rubulavirus in the family Paramyxoviridae. It is
one of the primary contributors to “ kennel cough.” CPiV causes transient mild respiratory
symptoms since it damages the ciliated epithelium. As a result, secondary opportunistic in-
fections are common. The duration of immunity to Parain � uenza vaccine may be less than
3 years. An oral vaccine containing both CPiV and B. bronchisepticais available.

Canine in� uenza

Outbreaks of canine in� uenza were � rst reported from Florida in 2004 when the virus was
transmitted to racing greyhounds by meat from infected horses. The disease presented as se-
vere hemorrhagic pneumonia with high mortality. Viral virulence has declined since then
and current strains cause a severe tracheobronchitis.

An inactivated canine in � uenza vaccine (H3N8) is available. Immunity develops approx-
imately 7 days after the second dose although some vaccinated dogs may still develop mild
clinical signs. This is considered an optional vaccine (Lee et al., 2013).

An inactivated vaccine against a second in� uenza strain (H3N2) is also available. H3N2 is
shed in much greater amounts than H3N8. As a result, it is more contagious. Dogs may be
vaccinated against both strains if they are considered to be at risk.

Canine coronaviruses

There are two groups of canine coronaviruses. Group 1 causes enteric disease. Group 2
causes respiratory disease. Protective immunity is primarily mediated by an IgA response
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on mucosal surfaces. Both inactivated and modi� ed live vaccines against the group 1 virus
are available. However, this virus usually only causes mild, self-limiting, gastroenteritis
accompanied by anorexia, and fever. The virus usually affects puppies less than 6 weeks
old. The disease lasts for only a few days. Vaccines protect dogs from disease but not from
infection. COVID-19 can also infect dogs but does not appear to cause signi� cant disease.

Canine herpesvirus

Canid herpesvirus 1 usually causes mild upper respiratory disease and inapparent infec-
tions in adult dogs. However, it can also cause fatal infections in newborn puppies. Puppies
vomit, develop severe dyspnea, and may die within 2 days. Puppies over 2 weeks of age
rapidly develop resistance to the virus. Canine herpesvirus may also cause abortion, still-
births, and infertility.

An adjuvanted subunit vaccine containing puri � ed glycoprotein subunits (the gB glyco-
protein) with an oil adjuvant is available. It is administered either to females in heat or
7e 10 days after mating. It is subsequently boosted in late pregnancy, 1e 2 weeks before
whelping. It should be boosted during each subsequent pregnancy. Its effectiveness depends
upon the puppies ingesting adequate colostral antibodies.

Multiple-antigen vaccines

It is common for veterinarians to employ multiple antigens within single vaccines. Vac-
cines containing all the following organisms: canine distemper virus, canine adenovirus 1,
canine adenovirus 2, canine parvovirus 2, canine parain� uenza virus, leptospira bacterin,
and rabies are available. They protect dogs against multiple infectious diseases with minimal
stress (Strasser et al., 2003).

Vaccination considerations

Dog size

Dogs vary enormously in size and weight. Despite this, it has long been the custom to
administer the same dose of vaccine to all dogs irrespective of size. It was believed that
the canine immune system was indifferent to the dose of antigen; this is incorrect. In fact,
postvaccinal antibody titers are inversely related to a dog’s body weight. For example, anti-
body responses against CPV-2, CDV, and CAV-2 vaccines have been measured in adult dogs
of differing sizes. CPV-2 antibody responses were signi� cantly greater in dogs weighing less
than 5 kg than in medium-sized dogs (10e 20 kg) or in dogs over 20 kg. CDV antibody titers
were also signi� cantly higher in the small dogs when compared to large ones. Conversely,
there were no signi� cant differences between the size groups with respect to anti-CAV-2 ti-
ters. In another study, it was demonstrated that the rabies vaccine failure rate increased with
increased dog sizes. Dogs also differ in the frequency of adverse reactions to vaccination
depending upon their size. As a result of receiving a larger relative dose, small dogs develop
more adverse events than large dogs (Taguchi et al., 2012) (Fig. 14.1).
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Lifestyle

It is important to consider the lifestyle of a dog when recommending speci � c vaccines. For
example, does the animal interact extensively with other dogs? Being housed in a boarding
kennel, attending dog shows, visiting dog parks, or living in an animal shelter signi � cantly
increases a dog’s risk of acquiring infections. Likewise, exposure to wildlife, domestic live-
stock, or contaminated water sources increases a dog’s risk of acquiring leptospirosis. Hunt-
ing dogs that are regularly exposed to ticks are at increased risk of Lyme disease in endemic
areas (Squires, 2018).

Correlates of protection

It cannot be automatically assumed that a vaccinated dog is protected or that revaccination
is necessary (Plotkin, 2010). It is important to objectively assess immunity. To make informed
decisions regarding revaccination, dogs should be tested for the presence of antibodies.
Rapid, point-of-care test kits can be used to measure canine antibody responses. Serum anti-
body assays such as rapid ELISA kits or lateral� ow assays can be used to determine the pres-
ence of protective antibodies. Results will determine whether an animal requires additional
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FIGURE 14.1 Vaccine-associated adverse events occur more often in small rather than in large dogs. Mean -
� SEM vaccine-associated adverse event rates by 5-kg weight groups in 1,226,159 dogs vaccinated at 360 veterinary
hospitals from January 1, 2002, to December 31, 2003. These adverse events were diagnosed within 3 days of vaccine
administration. Data from Moore, G. E., Guptill, L. F, Ward MP., et al. (2005). Adverse events diagnosed within three days of
vaccine administration in dogs.Journal of the American Veterinary Medical Association, 227, 1102e 1108.
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protection by a vaccination booster. Serologic tests can identify those animals that have
responded to vaccination. They can also determine if an animal has failed to respond. This
is a problem especially associated with parvovirus vaccination (Twark & Dodds, 2000). Sero-
logic tests can determine if a dog that previously suffered from an adverse event requires
revaccination. They can determine whether an animal with an unknown vaccine history re-
quires vaccination, and if so, with which vaccines. These tests can identify susceptible ani-
mals in a shelter undergoing a disease outbreak. They can also determine whether
revaccination is really necessary every 3 years. It should be pointed out however that animals
with low or undetectable serum antibody levels may still be somewhat protected as a result
of the persistence of memory lymphocytes capable of responding to reinfection (Coyne et al.,
2001; Killey et al., 2018).

Vaccination schedules

All methods of active immunization follow these basic rules. Dogs require an initial prim-
ing series in which protective immunity is initiated and memory cells are generated. These
are followed sometime later by revaccination (booster shots) at intervals to ensure that these
memory cell populations are maintained and that protective immunity remains at an
adequate level.

Initial series

Modern vaccines are designed to induce high levels of antibodies in dogs. As a result,
colostrum from vaccinated bitches also contains large amounts of these protective antibodies.
These maternal antibodies, acting through the CD32 receptor, trigger negative feedback and
so block speci� c B cell responses in young puppies (Pardo et al., 2007). These maternal anti-
bodies are eventually catabolized but many puppies cannot be effectively vaccinated, even by
12 weeks of age. If greater protection is considered necessary, the mother may be vaccinated
during late pregnancy. These vaccinations are timed to ensure that peak antibody levels are
achieved at the time of colostrum formation.

Most puppies that have received adequate colostrum will be protected against most infec-
tions for 8e 14 weeks. However, not all bitches are immune, and not all puppies receive
adequate colostrum (Tizard, 2021).

It is not possible to predict the exact time of loss of maternal immunity. As a result, the
initial vaccination series requires the administration of multiple doses to ensure protection.
Current guidelines recommend that the � rst dose of vaccine should be administered around
6e 8 weeks of age. This should be followed by repeated dosing every 2e 4 weeks, until about
16 weeks of age (Ellis et al., 2022). A fourth dose of vaccine may be administered at
18e 20 weeks of age.

These multiple doses are not considered booster doses. They are administered in order
to trigger a primary response immediately after maternal immunity has waned. If CDV
risks are high, then vaccination should continue until 18 e 20 weeks of age. Dogs should
receive a booster dose 12 months later or at 1 year of age. Thus, ensuring that any dog
that failed to respond to the initial series will be protected, while the primed dogs are
boosted (Fig. 14.2).
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Maternal antibodies cannot block B cell responses to all intranasal vaccines. Despite high
levels of circulating maternal antibodies, maternal interference does not always occur in the
nasal mucosa so nasal antibody production may be unaffected.

Revaccination and duration of immunity

The timing of revaccination depends on the duration of effective protection. This in turn is
largely dependent on the speci� c antigen content of a vaccine. It is also in� uenced by whether
the vaccine consists of living or dead organisms, as well as its route of administration. The
earliest vaccines required frequent revaccination, perhaps as often as every 6 months, to
maintain protective immunity. Modern vaccines, in contrast, are very effective and induce
long-lasting protection. As a result, many dogs only require revaccination every 3 or 4 years,
whereas, for other infections, protective immunity may persist for a dog ’s lifetime. Even
killed virus vaccines may protect animals against disease for many years. Unfortunately,
the minimal duration of immunity has not been determined for many vaccines (this can
take several years), so reliable� gures are not always available. Although serum antibodies
can be monitored in vaccinated animals, not all such tests have been standardized (Egerer
et al., 2022). In addition, there is little information available regarding the duration of immu-
nity on mucosal surfaces.

In general, immunity against canine distemper, canine parvovirus, and canine adenovirus
is believed to be relatively long-lasting (> 5 years). A recent study has demonstrated that 62%
of dogs had positive antibody titers to canine distemper virus, 5 years after their last vacci-
nation. 92% of dogs vaccinated against CAV2 and CPV 5 years previously were also antibody
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FIGURE 14.2 The effect of maternal antibody titer on the response of newborn animals to vaccination. The
presence of speci� c maternal antibodies against canine distemper profoundly suppresses a puppy’s immune
response to a vaccine. The higher the maternal antibody titer, the greater the suppression.Data from Carmichael, L. E.
(1983).Compendium on Continuing Education for the Practicing Veterinarian , 5, 1043e 1054.
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positive (Gonzalez et al., 2023). However, there is considerable variability among individual
animals and between different brands and types of vaccines. There is often a great difference
between the shortest and longest duration of protection within a group of animals. Duration
of immunity studies are also confounded by the fact that many old dogs show increased
innate resistance despite possessing lower antibody titers. Different vaccines against a speci� c
agent often differ signi � cantly in their composition. All licensed vaccines have been shown to
induce immunity in the short term, it cannot be assumed that they all confer equal long-term
immunity. There may be a great difference between the minimal level of immunity required
to protect most animals in a group and the level of immunity required to ensure the protec-
tion of all the animals in the group. Individual dogs may also differ greatly in their memory
responses to a vaccine. Persistent memory cells generated by vaccination provide a dog with
long-term protection. The presence of long-lived plasma cells results in persistent antibody
production so that a vaccinated animal may have antibodies in its bloodstream for years after
priming by a vaccine (Coyne et al., 2001).

Modern antiviral vaccines induce immunity that can persist for many years. As a result,
annual revaccination is unnecessary. Evidence suggests that most modi� ed live viral vaccines
induce lifelong sterile immunity in dogs ( Schultz, 2006). In contrast, immunity to bacterial in-
fections tends to be shorter and vaccination often prevents disease but not infection. Old dogs
rarely die from vaccine-preventable diseases, especially if they have been vaccinated as adults
(Schultz et al., 2010). Young dogs, in contrast, may die from such diseases, especially if not
vaccinated or if vaccinated prematurely (Egerer et al., 2022).

Adverse events

Identi � cation of an adverse event resulting from vaccination is based on the clinical judg-
ment of the attending veterinarian and is therefore somewhat subjective (Moore & Hoge-
nEsch, 2010).

However, the use of a standard reporting system in a very large canine practice has
permitted objective measurement of the prevalence of adverse events occurring within
3 days of vaccine administration. Thus, out of 1,226,159 dogs receiving 3,439,576 vaccine
doses, 4678 adverse events were recorded (38.2/10,000 dogs). It was reported that 72.8% of
these events occurred on the same day as vaccination, 31.7% were considered to be allergic
reactions, 1.7% were classi� ed as anaphylaxis and 65.8% were considered“ vaccine reactions”
and were likely due to innate immune responses. Three dogs died. The lowest adverse event
rate was associated with Bordetellavaccination and the highest with Borreliavaccination.

The risk of adverse events was signi� cantly higher for the smallest dogs, and for dogs that
received multiple vaccines on a single visit. Each additional vaccine dose administered
increased the risk of an adverse event occurring by 27% in dogs under 10 kg and by 12%
in dogs heavier than 12 kg. Breeds at high risk included Dachshunds, Pugs, Boston Terriers,
Miniature Pinschers, and Chihuahuas (Moore et al., 2005) (Fig. 14.3).

A more recent analysis of adverse events in over four million dogs vaccinated between
2016 and 2020 determined the adverse event rate to be 19.4/100,000 visits. This suggests
that vaccine safety has improved signi� cantly since 2005. The highest adverse rates were
observed in French bulldogs and Dachshunds (Moore et al., 2023) (Box 14.1)
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FIGURE 14.3 The clinical signs of adverse events associated with the administration of canine core vaccines in
the United Kingdom. Note that these are the number of reports received by the Veterinary Medicines Directorate. (2014).
Veterinary Pharmacovigilance in the United Kingdom.Annual Review . With permission.

BOX 14.1

C a n i n e v a c c i n e h e s i t a n c y

The COVID pandemic that began in 2019
resulted in the rapid development of very
effective RNA vaccines against the corona-
virus. Unfortunately, the polarization of
American society resulted in many in-
dividuals refusing COVID-19 vaccination,
believing them to be unsafe. One conse-
quence was an increased concern regarding
the safety of all vaccines, including those
administered to dogs. One survey demon-
strated that as many as 22% of pet owners
believed that the risks of vaccination out-
weighed the bene� ts. 37% of respondents
believed that vaccines could cause dogs to
develop cognitive issues such as autism. 30%
believed that vaccines are not medically

necessary. This refusal has extended not only
to vaccination against dog-speci� c diseases
but especially to mandatory rabies vaccina-
tion which was opposed by 48% of
respondents.

Finding a solution to this problem will not
be easily given an overall lack of trust in
evidence-based science and an almost total
ignorance of immunology, both human and
canine.

Reference

Motta, M., Motta, G.,& Stecula, D. (2023). Sick as a

dog? The prevalence, politicization, and health policy

consequences of canine vaccine hesitancy (CVH).

Vaccine. https://doi.org/10.1016/j.vaccine.2023.08.059
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In another report, 351 dogs developed adverse events out of 57,300 vaccinated (62.7/
10,000 doses) (Ohmori et al., 2005). These vaccines included those against parvovirus, distem-
per, adenovirus 2, coronavirus, and leptospirosis. Of the 351 affected dogs, 1 died, 41 under-
went anaphylaxis, 244 showed dermatological signs, and 160 developed gastrointestinal
signs. About half the anaphylaxis cases developed within 5 min of vaccination. Analysis of
these anaphylaxis cases reported 87% collapses, 77% cyanosis, and both collapse and cyanosis
in 71% of affected dogs. Miniature Dachshunds (50%) accounted for about 30% of all the
anaphylaxis cases! Other affected breeds included Chihuahuas (10%), Toy Poodles (5%),
and Miniature Schnauzers. The highest frequency of adverse reactions occurred in small
dogs weighing under 5 kg. Most of the reported adverse events developed within 12 h after
vaccination (Fig. 14.4). The adverse event rate in Japan as reported here (62.7/10,000 doses) is
much higher than in the United Kingdom (0.093/10,000 doses), or in the United States (38.2/
10,000 dogs) (Miyaji, et al., 2012).

Local reactions

Transient injection-site responses to vaccines usually result from local innate immune re-
sponses (Meyer, 2001). These may produce local swelling, pain, or pruritus. Permanent
hair loss and focal skin necrosis have resulted from an ischemic vasculitis developing
following rabies vaccination. These in� ammatory responses usually develop within
2e 3 days. it should be pointed out that some degree of in� ammation is required for the
optimal induction of a protective response. The “ sting” produced by injectable vaccines
may also present problems. Lethargy, anorexia, soreness, minor behavioral changes, and
tenderness at the vaccine site are considered normal responses and usually resolve within
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FIGURE 14.4 The timing of vaccine-mediated adverse events in dogs. Since most adverse events are mediated by
direct toxicity or by type I hypersensitivity reactions, it is to be expected that most such reactions will occur within
5 min after vaccination. Data from Miyaji, K., Suzuki, A., Shimakura, H., Takase, Y., et al. (2012). Large-scale survey of
adverse reactions to canine non-rabies combined vaccines in Japan.Veterinary Immunology and Immunopathology , 145,
447e 452.
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12e 24 h. Swellings at the reaction site may be� rm or edematous. They appear within 24 h
and can last for about a week. Unless an injection-site abscess develops, these swellings leave
little trace. Intranasal vaccines such as those containingBordetella bronchisepticaand some vi-
ruses may cause transient cough or sneezing. This simply re� ects the mild innate response
triggered as the vaccine organisms invade the cells of the nasal mucosa and the upper respi-
ratory tract.

Generalized reactions

Vaccines containing killed Gram-negative bacteria may contain endotoxins, lipids, mur-
amyl peptides, and porins that can bind to pattern recognition receptors on sentinel cells
and so provoke cytokine release. As a result, transient nonspeci� c effects of the innate im-
mune response such as lethargy, anorexia, fever, and lymphadenopathy are common in
vaccinated dogs (Phillips et al., 1989). They generally last for less than 24e 48 h. Although
such responses are only a temporary inconvenience to male dogs, if severe, they may provoke
early embryonic deaths in pregnant females. Thus, it may be prudent to avoid vaccinating
pregnant bitches unless the risks of infection are considered to be too great. There is no ev-
idence that vaccination has any systemic effect on canine health (Edwards et al., 2004).

Allergies

Hypersensitivity reactions mediated by Th2 cells can be a consequence of vaccination. The
most severe of these is an anaphylactic response. Dogs differ from other domestic mammals
in that their major shock organ is not the lung but the liver, speci � cally the hepatic veins
(Chapter 17). Dogs undergoing anaphylaxis develop initial excitement followed by vomiting,
defecation, and urination. As anaphylaxis develops, dogs may collapse, become comatose,
convulse, and die. All these signs result from occlusion of the hepatic vein due to a combina-
tion of smooth muscle contraction and hepatic swelling. This results in portal hypertension
and visceral pooling of much of the animal ’s blood. This is followed by a decrease in venous
return, reduced cardiac output, and lowered arterial blood pressure secondary to generalized
vasodilation. The mediators involved include histamine, prostaglandins, and leukotrienes.
Treatment involves the prompt administration of epinephrine.

Transient immunosuppression

Some combination vaccines that contain MLV-CDV plus adenoviruses-1 or -2 can cause a
transient suppression of T-cell responses for several days. Some canine parvovirus-2 vaccines
can also cause mild immunosuppression. This is considered unlikely to be clinically signi� -
cant (Philips et al., 1989) (Fig. 14.5).

Residual virulence

Modi � ed live vaccines are usually good immunogens, but their use may involve risks. The
most important (but theoretical) concern is residual virulence. This has been a problem in the
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past. One example of this was the development of clinical rabies in some dogs following
vaccination with older strains of MLV rabies vaccine. Another example is that of the Rock-
born strain of canine distemper that can revert to virulence in exotic canids. As described
above, postvaccinal coughing or sneezing may be associated with the use of attenuated intra-
nasal vaccines againstB. bronchisepticaand parain� uenza. Other adverse events associated
with canine vaccination include postvaccinal distemper virus encephalitis and vaccine-
associated osteodystrophy. It should be pointed out however that modern vaccines are
incredibly safe and, the risk of disease developing as a result of residual virulence is minimal
(Davis et al., 2013).

Vaccine failures

Most cases of apparent vaccine failure in dogsresult from unsatisfactory or incomplete
administration of the vaccine or from failure to comply with the manufacturer ’s recom-
mendations. For example, an MLV vaccine may have died due to poor or prolonged stor-
age, the use of antibiotics in conjunction with live bacterial vaccines, the use of chemicals
to sterilize the syringe or the excessive use of alcohol swabs on the skin (Heininger et al.,
2012).

Vaccine failure may also occur if a dog is immunosuppressed. For example, heavily para-
sitized or malnourished animals are functionally protein de � cient and may be immunosup-
pressed. They should not be vaccinated. Some virus infections such as distemper induce
profound immunosuppression. Animals with a high fever should not normally be vaccinated
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FIGURE 14.5 The immunosuppressive effect of a vaccine. The effect of administering a mixed vaccine (con-
taining canine distemper, canine adenovirus, canine parain� uenza, canine parvovirus 2, and leptospira) on the
response of a puppy’s lymphocytes to the mitogen phytohemagglutinin. Control levels were 100%. Data from Phillips,
T. R., Jensen, J. L., Rubino, M. J., et al. (1989). Effects of vaccines on the canine immune system.Canadian Journal of
Veterinary Research, 53, 154e 160.
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unless for a compelling reason. Extreme stress may suppress normal immune responses as a
result of increased steroid production; examples include fatigue, malnutrition, and extremes
of cold and heat.

Data has been analyzed from 10,483 dogs of all ages and breeds vaccinated against rabies
to determine the factors that in� uence their seroconversion (Kennedy et al., 2007). It is clear
that a relationship exists between a dog’s size and its antibody level. Smaller dogs produced
higher antibody titers than large dogs. Vaccine effectiveness also varied among breeds. Thus,
signi� cant failure rates were observed in German Shepherds and Labradors. Young animals
vaccinated before 1 year of age generated lower antibody levels than adult dogs (Smith et al.,
2017). The highest antibody titers were generated in dogs vaccinated for the � rst time at 3e
4 years of age. Primary vaccination of aged dogs also generated lower antibody levels and
increased failure rates. Gender did not affect either the failure rate or the antibody titer. Fail-
ure rates varied greatly between vaccine brands. They ranged from 0.2% in the worst case to
0.01% in the best. Some brands also showed signi� cant batch-to-batch variation in ef� cacy. Of
the variation in antibody titers observed, 19% were due to vaccine differences, 8% were due
to breed differences, and 5% were attributed to size differences. It is likely that similar vari-
ables in� uence the responses of animals to other canine vaccines. Perhaps vaccines should be
reformulated to take these age, size, and breed differences into account (HogenEsch &
Thompson, 2010).

An Australian study has also investigated the causes of vaccine failure in dogs vaccinated
against canine parvovirus (CPV) (Altman et al., 2017). The vaccine strain used had no signif-
icant effect. On the other hand, there was a strong correlation of failure with the age of the
dog when the last vaccine dose was administered. Older puppies had a lower risk of vacci-
nation failure. It was concluded that a puppy should receive its last dose of vaccine when it
was at least 16 weeks of age. Giving the last vaccine dose before that age predisposed to vac-
cine failure. Presumably, this re� ected the suppressive effect of persistent maternal
antibodies.

Further information

A complete web-based database of available vaccines including those used in dogs is avail-
able at the Vaccine Investigation and Online Information Network (VIOLIN) at http://www.
violinet.org

Canine vaccination guidelines are also available from two major sources:
Ellis, J., Marziani, E., Aziz, C., Brown, C. M., et al. (2022) AAHA canine vaccination guide-

lines. Journal of the American Animal Hospital Association, 58, 213e 230. https://doi.org/10.
5326/JAAHA-MS-Canine-Vaccination-Guidelines

Squires, R. A., Crawford, C., Marcondes, M.,& Whitley, N. (2024). 2024 guidelines for the
vaccination of dogs and cats - Compiled by the Vaccination Guidelines Group (VGG) of the
World Small Animal Veterinary Association (WSAVA). Journal of Small Animal Practice.
https://doi.org/10.1111/jsap.13718 .

Tizard, I. R. (2021). Vaccines for veterinarians. St. Louis: Elsevier. ISBN:978-0-323e
68299-2.
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Selected canine infectious diseases

Disease is not an inevitable consequence of the presence of pathogenic organisms on a
body surface. The development of disease is related to many other factors, including the im-
munity of the host, the presence of damaged tissues, the location of the bacteria and viruses,
and their virulence. It should also be pointed out that many potential invaders are unable to
invade and cause disease in healthy normal dogs but will take the opportunity offered by
immunosuppression or other weaknesses in host defenses to invade the body. Dead bodies
have no defenses and decompose.

Antibacterial immunity

There are� ve mechanisms by which canine adaptive immune responses combat bacterial
infections: (1) neutralization of toxins or enzymes by antibodies; (2) killing of bacteria by the
classical complement pathway; (3) opsonization of bacteria by antibodies and complement,
resulting in their phagocytosis and destruction; (4) destruction of intracellular bacteria by
activated macrophages; and (5) direct killing of bacteria by cytotoxic T cells and NK cells
(Shekhar & Yang, 2015). The relative importance of each of these processes depends on the
species of bacteria and on the mechanisms by which they cause disease.

Bacteria can cause wound infections and enteric disease as well as systemic infections.
Important causes of enteric disease include Salmonella, Campylobacter, Helicobacter, Coliba-
cillosis, and Clostridia. Acquired immunity in these cases is primarily mediated by locally
produced IgA. Wound infections such as tetanus or Actinomycosis trigger both local in � am-
mation and a systemic IgG response. Systemic diseases such as Lyme disease and Brucellosis
require both antibody and cell-mediated responses to ensure protection, but chronic persis-
tent infections are not uncommon.

Leptospirosis

Leptospirosis can be a signi� cant canine disease acquired from the body� uids of other
infected animals as well as contaminated water sources. Immunity to Leptospira is primarily
antibody mediated. These antibodies are directed against lipopolysaccharide antigens and
some outer membrane proteins. In general, they provide serogroup-speci� c immunity.
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Studies have identi� ed some genus-speci� c outer membrane proteins that may be the basis of
future vaccines (Levett, 2001). While cell-mediated immune responses to Leptospira have
been described, infections are associated with a reduction in CD4þ T cell numbers. Among
the major proteins produced by virulent strains of these spirochetes are three leptospiral
immunoglobulin-like domain (Lig) proteins. They mediate adhesion to the extracellular ma-
trix, inhibit hemostasis, and inactivate certain complement proteins (Haake & Matsunaga,
2020). The Lig proteins bind factor H, C4b-binding protein, and vitronectin. As a result,
the Leptospira protect themselves against attack by complement (Rodrigues Fraga et al.,
2016)!

Bordetella

B. bronchisepticais an important primary cause of the canine respiratory disease complex. It
is a highly contagious upper respiratory infection. In general, mucosal immunity, especially
secretory IgA, is required to ensure effective protection against Bordetella. Mucosal vaccines
administered either orally or intranasally thus provide effective protection ( Larson et al.,
2013). As a respiratory pathogen, Bordetella can prevent its clearance by inhibiting ciliary ac-
tivity and blocking the activities of complement ( Thiriard et al., 2018).

Canine monocytic ehrlichiosis

Ehrlichia canisis a tick-borne, Gram-negative obligate intracellular bacterium that causes
tropical canine pancytopenia. It grows in microcolonies within monocytes and macrophages.
It causes acute, subclinical, and chronic diseases such as anemia, bleeding problems, and
vasculitis. Dogs with severe chronic disease may develop bone marrow failure resulting in
a pancytopenia. Some dogs develop a plasmacytosis and hyperglobulinemia. Its most
obvious clinical sign is the development of epistaxis in an apparent healthy dog as a result
of a thrombocytopenia. In addition, affected dogs are immunosuppressed and develop sec-
ondary opportunistic infections.

Characterization of E. canishas identi� ed three major glycoprotein antigens, gp 36, gp 140,
and gp 200. However, the organism also possesses complex proteins that can alter protein
glycosylation patterns and undergo antigenic variation thus evading the immune response
(Mavromatis et al., 2006). They can also interfere with the production of reactive oxygen spe-
cies and prevent apoptosis. Despite their intracellular location, antibodies play an important
role in the control of Ehrlichiaby triggering complement-mediated lysis of any organisms that
may escape from the host cells (Yager et al., 2005). German Shepherd dogs appear to be un-
usually susceptible to Ehrlichiosis. When experimentally infected, they develop clinical signs
of hemorrhage with epistaxis, whereas mongrels and beagles do not (Huxsoll et al., 1972). In
another study, only 58% of German Shepherds developed a positive celle mediated response
compared to 80% of Beagles. As a result, more of the German Shepherds developed severe
chronic disease (Nyindo et al., 1980).
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Canine granulocytic anaplasmosis

Anaplasma phagocytophilumis also a tick-borne intracellular bacterium that lives within
canine granulocytes. Anaplasma causes an acute febrile disease in dogs associated with leth-
argy and anorexia. This organism effectively impairs essential neutrophil functions such as
phagocytosis, the oxidative burst, adherence, and motility. It also prevents neutrophil
emigration by interfering with neutrophil e endothelial cell interactions. It also impairs
neutrophil apoptosis. Because of these immunosuppressive effects,A. phagocytophiluminfec-
tion can result in opportunistic infections ( Carrade et al., 2009).

Brucellosis

Caused by Brucella canis, brucellosis in dogs is characterized by reproductive failure, abor-
tion, and lymphadenitis. The infection is generally acquired by the oral or respiratory routes.
The organism has the ability to pass through intestinal M cells without activating the dog ’s
innate immune response. In� ammation is thus minimized as is IFN- g production. Both rough
and smooth strains of Brucella can do this, although rough strains have lower survivability
within macrophages. The smooth LPS can protect the organism against antimicrobial pep-
tides, nitric oxide, and free radicals. The bacterial type IV secretory system enables the organ-
ism to pass directly into the cytosol where it can survive inde � nitely (Santos et al., 2021). In
male dogs, B. caniscan cause orchitis, epididymitis, and prostatitis. It grows within the cyto-
plasm of epithelial cells, especially in the prostate. As a result of the infection, dogs produce
autoantibodies against sperm and spermatid acrosomes resulting in sperm agglutination and
infertility ( Serikawa et al., 1984).

There is also some evidence that dogs are less able to handleB. canisinfections than other
mammals such as humans (Pujol et al., 2017). For example, human dendritic cells stimulated
by exposure to B canismount a typical Th1 response and produce TNF-a, IL-1b, and IL-12.
Canine DCs, in contrast, produce a very different cytokine mixture. They produce IL-6, IL-
12, IL-17, and IFN-g. It is suggested that humans therefore mount an effective Th1 response,
whereas dogs mount a less effective response and that canine dendritic cells cannot control
B. canisinfections effectively.

Staphylococci

Up to 90 percent of dogs carry S. pseudintermediuson their skin (Bannoehr & Guardabassi,
2012). S. pseudintermediusis transmitted vertically from mothers to their puppies at the time of
birth. Some of these infections may be transient while others can persist inde� nitely.
S. pseudintermediusis the predominant cause of canine pyoderma. Primary staphylococcal
skin and ear infections commonly occur in dogs. They are also frequently isolated from
wounds as well as canine urinary tract infections (Fig. 15.1).

Dogs with atopic skin disease are more susceptible to colonization and infection with
S. pseudintermediusthan are healthy animals. Some veterinary dermatologists believe that
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some cases of canine atopic dermatitis are due entirely to a recurrent staphylococcal pyo-
derma and that antibiotic treatment alone will result in a cure. There is little published evi-
dence to support this concept. Because lesional skin in atopic dogs is predisposed to
colonization by S. pseudintermedius, up to 91% of dogs with AD may have lesions colonized
by coagulase positive staphylococci, compared with only 40% of healthy dogs. This increased
colonization is due in part to decreased production of antibacterial peptides as well as to
increased adherence as a result of the presence of Th2 cytokines (Santoro et al., 2019).
S. pseudintermediusadheres to corneocytes from both in� amed and nonin� amed atopic dog
skin to a much greater extent than to corneocytes from normal dogs (McEwan et al., 2006).
Some strains of Staphylococci may release exotoxins that act as superantigens and further
promote skin in � ammation (Fazakerly et al., 2009). These bind to MHC molecules on den-
dritic cells, mast cells, and T cells (Krysko et al., 2019). Staphylococci also induce the produc-
tion of TSLP by canine corneocytes. The TSLP then acts on DCs to cause them to differentiate
into DC2 cells that in turn promote Th2 responses.

Lyme borreliosis

Caused by members of the Borrelia burgdorferigroup of organisms and transmitted by
ticks, more than 95% of naturally infected dogs are asymptomatic or subclinical despite being
seropositive. The remaining animals may develop Lyme arthritis and/or Lyme nephritis. The
arthritis is associated with accumulations of neutrophils and lymphocytes in the synovia. The
nephritis is immune-complex-mediated. Neuroborreliosis that occurs in humans is not
observed in dogs. It is of interest to note that in Europe, Bernese Mountain dogs are more
likely to be seropositive for Borrelia than other dog breeds. This might be a regional effect.
Some Beagles however appear to be predisposed toB. burgdorferiinfection and this appears
to be a familial trait ( Contreras et al., 2016).

Serine proteases
    activation of IL-33

Staphylococci

Superantigens
    Staphylococcal enterotoxins
    Toxic shock protein

Exfoliatoxins
    desmoglein cleavage and
    desquamation

Protein A
    TNF production by keratinocytes

Delta-toxin
    mast cell degranulation

Phenol-soluble Modulins
    Epidermal inflammation

Alpha toxin
    keratinocyte lysis

FIGURE 15.1 The pathogenesis ofStaphylococcalpyoderma.
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Antifungal immunity

Dogs, like humans, are susceptible to fungal infections, especially when immunosup-
pressed. These include Aspergillosis, Coccidiomycosis, Blastomycosis, and Cryptococcus.
Some of the more interesting fungal infections are discussed below.

Pneumocystis canis

P. canisis a commensal fungus that normally resides in the lung parenchyma of healthy
dogs. In immunosuppressed animals such as those suffering from distemper, it can undergo
uncontrolled multiplication resulting in lethal pneumonia. It can be detected in the bron-
choalveolar � uid of dogs with respiratory distress or chronic cough ( Danesi et al., 2022). It
also causes a potentially lethal pneumonitis in dogs with primary immunode � ciencies.

Malassezia

Among the most common of the commensal skin fungi are the lipophilic yeasts of the
genus Malassezia. Malassezia are commonly isolated from the anal sacs, vagina, and rectum
as well as the peri-oral/lip region of healthy dogs. They are also found in the interdigital area,
the haired skin of the lower lip, chin, and the external ear canal. Malassezia yeasts are highly
lipophilic and therefore prefer seborrheic skin sites. They utilize sebum triglycerides and fatty
acids as energy sources and can disrupt the epidermal lipid barrier. The initial immune
response to Malassezia is mediated by Th17 cells although later it may switch to a mixed
Th17e Th2 response.

While normally commensals, Malassezia yeasts can also cause opportunistic infections
should the local skin immune environment or microclimate change. As a result, they can
be isolated from diverse canine skin diseases ranging from dandruff to atopic dermatitis,
otitis externa, seborrheic dermatitis, and folliculitis. Malassezia dermatitis may also develop
in dogs severely immunosuppressed by cyclosporine treatment (McAtee, et al., 2017).

Malassezia-induced skin and ear infections are common in canine atopic disease. Malasse-
zia bind strongly to apoptotic keratinocytes while the release of lipases and phospholipases
by the yeast disrupts skin integrity and keratinocyte adhesion by degrading the lipid barrier
(Guillot & Bond, 1999) (Fig. 15.2).

Like other members of the microbiota, Malassezia yeasts interact with the host’s immune
system in many ways. When triggering in � ammation, they can induce IL-1b, IL-6, IL-8, and
TNF-a production from keratinocytes. They can also promote the release of the three master
cytokines, IL-25, IL-33, and TSLP. Colonization with Malassezia in atopic skin may be asso-
ciated with high levels of speci� c IgE, and positive intradermal and patch tests (Layne &
DeBoer, 2016).

Local treatment with corticosteroids or with cyclosporine has been shown to permit Malas-
sezia overgrowth, presumably as a result of local immune suppression (Bond et al., 2020).

Malassezia infections occur with greater than expected frequency in some dog breeds
including Basset hounds, Dachshunds, English Setters, Cocker Spaniels, Shih-Tzus, Boxers,
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West Highland White, and Australian Silky Terriers. The presence of deep skin folds is
considered a risk factor.

Systemic aspergillosis

Aspergillus molds are ubiquitous saprophytes in the soil and decomposing vegetation. An-
imals probably inhale their spores daily. Aspergillosis caused by A. fumigatusis a cause of local
nasal disease in dolichocephalic dogs. Systemic aspergillosis caused byA. terreuscauses sys-
temic disease in German Shepherd dogsd especially middle-aged females. Fungal invasion ap-
pears to begin in their lungs. This disease appears to be associated with reduced serum levels of
IgA and IgM in this breed ( Day et al., 1985). However, affected animals tend to be over 2 years-
of-age (median 4.5 years) suggesting that they also have a secondary immune defect.

Antiviral immunity

Dogs suffer from multiple viral infections including canine parvoviruses, coronaviruses,
in� uenza viruses, and rabies. These are combatted by the immune system through the con-
ventional mechanisms involving interferons, virus neutralizing antibodies, and cytotoxic
T cells. However, canine distemper is a very serious infection, not least because it induces
profound immunosuppression in infected dogs.

Canine distemper

The � rst records of canine distemper suggest that it originated in South America (Uhl et al.,
2019). The � rst credible report of the disease appeared in 1735 when it was reported that the
disease was especially lethal for young dogs.“ However, if they recovered, they did not get it a
second time.” The disease spread to Europe and major outbreaks occurred in Spain in the
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elevated lipids

Inflammation
Antifungal response

Th17 cells

��  T cells
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Epidermis
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FIGURE 15.2 The pathogenesis of
Malassezia dermatitis.
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1760s. As with any newly introduced disease these initial outbreaks were highly lethal and
killed hundreds of dogs but over time its virulence has decreased somewhat. Sequence anal-
ysis of modern viruses indicates that canine distemper virus is a mutant strain of an American
measles virus that eventually spread to Europe and the rest of the world. It has the ability to
infect multiple species of wild carnivores including lions, in addition to domestic dogs.

Canine distemper is caused by a negative-sense, single-stranded RNA morbillivirus. It is
spread by airborne exposure and initially infects the upper respiratory tract. After � rst repli-
cating in the respiratory tract the virus subsequently spreads to the lymphoid system where it
infects and kills large numbers of lymphocytes. From there it spreads again to the gastroin-
testinal tract to cause vomiting and diarrhea, back to the lungs to cause laryngitis and bron-
chitis, to the skin to cause “ hardpad” and to the central nervous system to cause ataxia,
paralysis, muscular atrophy, myoclonus, tremors, incontinence, an altered voice, and
possibly blindness. Nervous system distemper has a bad prognosis.

The canine distemper viral envelope contains two integral proteins, the F (fusion) and the
H (hemagglutinin) together with a membrane (M) protein. The H protein mediates viral
attachment to host cells while the F protein causes the envelope and target cell membrane
to fuse. The virus interacts with two membrane proteins on its target cells. These are
Signaling Lymphocyte Activation Molecule (SLAM or CD150) expressed on blood mononu-
clear cells and nectin-4 expressed on respiratory epithelium. SLAM is found on lymphoid
cells, so this pathway leads to immunosuppression (Rendon-Marin et al., 2019).

Immunosuppression

CDV targets the lymphoid system and as a result is potently immunosuppressive. The vi-
rus initially invades lymphocytes, dendritic cells, and macrophages within the respiratory
tract. The lymphocytes carry the virus to the draining lymph nodes where other cells are
infected. This eventually results in a primary viremia. In this way the virus spreads to the
spleen, thymus, and the rest of the immune system. In these organs, it induces apoptosis
of T cells. Thus, lymphocytes are depleted in spleen, lymph nodes, and tonsils. In addition
to a severe lymphopenia, thymic atrophy occurs. There is a complete loss of secondary folli-
cles. The bone marrow, in contrast, is minimally affected. T cells are more severely affected
than B cells. CD4þ cells are lost for several weeks, whereas CD8þ cells are less severely
affected and recover somewhat faster (Carvalho et al., 2012).

CDV nucleic acids interact with intracellular PRMs such as TLR9, MDA-5, and RIG-1.
These, in turn, activate the in� ammatory pathways acting through the transcription factors
IRF-3, IRF-7, and NF-kB. As a result, sentinel cells produce both type I interferons and the
in� ammatory cytokines. However, the V protein of CDV can cause a 70% reduction in IFN
production by acting through MDA5 ( Rendon-Marin, et al., 2019). It also inhibits production
of IFN-a, TNF-a, IL-6, IFN-g, and IL-2. The CDV N protein induces autophagy in infected
cells, and this also promotes viral replication (Chen et al., 2023). CDV also induces an inhib-
itory phenotype in monocyte-derived dendritic cells. As a result, they show decreased expres-
sion of costimulatory molecules such as MHC class II, CD80, and CD86. It also increases the
transcription of the suppressive cytokine, IL-10 (Qeska et al., 2014).

Subsequent regeneration of the lymphoid organs leads to a recovery of double-negative
T cell subsets. The numbers of CD5-negative (NK cells) and immunoglobulin-positive (B)
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cells tend to remain low. The CDV N-protein interacts with Fc gR (CD32) to suppress IL-12
production and B cell maturation. This leads to reduced plasma cell formation and
immunoglobulin production. Even after CDV has cleared, affected dogs remain profoundly
immunosuppressed and susceptible to secondary infections (Beineke et al., 2008).

Neurologic disease

CDV causes a demyelinating leukoencephalomyelitis. This is a two-stage process. During
the � rst stage CDV infects neurons and astrocytes to cause a meningoencephalitis and multi-
focal lesions are found in both gray and white matter. There are multiple lesions with varying
amounts of demyelination and mononuclear cell in � ltration. The � rst changes are degenera-
tive as the virus replicates in glial cells such as astrocytes. The initial virus-induced demye-
lination occurs around 3 weeks postinfection at a time when the dog is severely
immunosuppressed. This initial lesion is probably due to direct viral activity. As a result,
these initial lesions are not in� ammatory in nature. This early phase of demyelinating leu-
koencephalopathy results from virus-mediated astrocyte damage in the white matter. There
is also an axonopathy that may trigger subsequent axone myelin e glia interactions The oligo-
dendroglia are relatively unaffected. Nevertheless, the oligodendroglia eventually begin to
degenerate and myelin gene transcription is severely downregulated (Fig. 15.3).

This initial virus-mediated response is followed by a strong Th1 response and the produc-
tion of proin � ammatory cytokines (IL-6, CXCL-8, IL-12, and TNF-a). Thus, at this stage, the
damage may be secondary to excessive macrophage function and bystander mechanisms.
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Despite the very severe immunosuppression, cytotoxic CD8þ cells in� ltrate the lesions,
perhaps attracted by CXCL-8 released by the affected microglia. Likewise, macrophage
MHCII expression is upregulated. As a result, the second stage of demyelination is associated
with CD8 þ T cell cytotoxicity and upregulation of the proin � ammatory cytokines. There is
also reduced expression of the suppressive cytokines, IL-10 and TGF-b.

Antimyelin antibodies are found in the serum and CSF of affected dogs, but their levels
do not correlate with disease severity. However, there is some evidence that they may
destroy infected microglia through macrophage mediated ADCC. The virus can persist
in the brain tissues outside in� ammatory lesions for a long time without killing infected
cells. The brain also attempts to heal through Schwann cell regeneration leading to remye-
lination ( Lempp et al., 2014).

“ Old dog encephalitis” is a chronic progressive encephalitis associated with positive
canine distemper serology in mature dogs. It has a different pathology than the acute distem-
per encephalitis seen in young dogs. Affected brains show a diffuse panencephalitis with
multifocal areas of demyelination and necrosis in the white matter. There are perivascular ac-
cumulations of lymphoplasmacytic cells. It resembles subacute sclerosing panencephalitis in
humans chronically infected with the measles virus. Its pathogenesis however remains un-
clear (Vandevelde et al., 1980).

Canine parvovirus

Canine parvovirus 2 causes a severe hemorrhagic gastroenteritis in young puppies. It usu-
ally affects puppies between 4 and 12 weeks-of-age as maternal immunity is declining. It has
been believed that CPV is immunosuppressive since it appears to target rapidly dividing
cells. However, studies on experimentally infected dogs have failed to show any signi� cant
immunosuppression in either the innate or adaptive immune systems (Philips & Schultz,
1987). Dogs do however develop a transient lymphopenia. The clinical disease is primarily
a result of the development of severe gastrointestinal lesions. Some breeds such as Rottwei-
lers and Dobermans appear to be very susceptible to this virus.

Canine adenoviruses

Canine adenovirus 1 (CAV-1) is the cause of infectious canine hepatitis resulting in acute
liver failure. Canine adenovirus 2 causes canine infectious laryngotracheitis. Field strains of
CAV-1 can also produce both renal and ocular disease. Thus about 20% of dogs recovering
from a CAV-1 infection develop keratouveitis 1 e 3 weeks later. The disease results from a
type III immune complex hypersensitivity reaction ( Joyce et al., 2023). Animals develop an
anterior uveitis and corneal edema (Fig. 15.4). The corneal disease usually develops when an-
tibodies are produced, 2e 3 weeks after infection. Immune complexes and activated comple-
ment damage the corneal endothelium. The cornea goes opaque (blue-eye). The damage may
result in secondary glaucoma in Afghan hounds, Siberian Huskies, Samoyeds, and Norwe-
gian Elkhounds. However, in less severe cases the cloudiness resolves in 1e 2 weeks (Glaze,
2011). The kidneys develop a focal interstitial nephritis. The virus infects renal tubular epithe-
lium. This results in in � ltration by T cells. This may result from a type IV hypersensitivity
reaction (Morrison et al., 1976). It does not appear to be clinically signi� cant. However, the
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virus localizes in the glomeruli, and this eventually results in immune complex deposition
and the development of a glomerulonephritis with a proteinuria that eventually resolves.

Canine coronaviruses

Dogs may be infected with two unrelated coronaviruses. An alphacoronavirus (CCoV)
that causes enteric disease and a betacoronavirus (CRCoV) that causes a mild self-limiting
respiratory disease. There are two different genotypes of CCoV, type I and type II. CCoV be-
longs to the same species as the pig transmissible gastroenteritis virus (TGEV). Recombinant
viruses between CCoV-1 and TGEV are widespread in dog populations. CCoV usually causes
mild enteric disease in puppies with anorexia, fever, and diarrhea. Serologic surveys across
North America have indicated that as many as 50% of dogs may have been exposed to
this virus. Since CRCoV may show dual tropism for both the respiratory and digestive epithe-
lium and can replicate in both sites, fecale oral transmission may be possible.

Despite having high serum antibody levels as a result of prior exposure to enteric CCoV,
challenged puppies still developed vomiting and diarrhea in addition to a profound lympho-
penia. Viral RNA may be detected in the thymus, spleen, and lymph nodes of infected dogs.
However, viral shedding is of shorter duration and the clinical signs are milder than in
puppies that lack these antibodies. It may be signi� cant that CCoV activates the acetylcholine
receptor (Cerracchio et al., 2022). The human coronavirus, SARS-CoV-2 can also infect dogs.
While a potential source of infection for humans it appears to be mainly asymptomatic in
canine cases (Kamel et al., 2023).

Canine herpesvirus

Canine herpesvirus is a monotypic alphaherpesvirus that is spread between dogs by direct
contact. It causes fatal necrotizing and hemorrhagic disease in neonatal puppies. Infections in

FIGURE 15.4 A case of blue eye in a
coyote puppy. This is a type III hypersensi-
tivity reaction to canine adenovirus 1 (ICH)
occurring in the cornea. Courtesy of Dr.
Gregory J. Costanzo.
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older dogs may be asymptomatic. It may also cause reproductive disease and fetal loss. As
with other herpesviruses it can result in latent infections and as a result may be reexcreted
in times of stress (Decaro et al., 2008).

Canine retroviruses

Several different retroviruses have been isolated from dogs. Some appear to be lentivi-
ruses, although the existence of a“ canine immunode� ciency virus” has not been established.
For example, a lentivirus has been isolated from the mononuclear cells of a leukemic German
Shepherd dog. This virus does not appear to be closely related to the other major lentivi-
ruses. On inoculation into newborn Beagles, it caused pronounced lymphadenopathy
(Perk et al., 1992).

A lentivirus has also been isolated from a dog with hemorrhagic gastroenteritis. This an-
imal developed a lymphopenia and agammaglobulinemia with lymphoid and bone marrow
hypoplasia. The virus could grow in canine lymphocytes and thymocytes; it had a
magnesium-dependent reverse transcriptase. The virus was present in bone marrow, intes-
tine, and lymph nodes. It caused reduced synthesis of, and reduced responsiveness to IL-2,
and it was cytotoxic for lymphocytes ( Modiano et al., 1995).

A C-type retrovirus has also been isolated from a dog. This animal suffered from anemia,
neutropenia, lymphopenia, and thrombocytopenia, as well as depressed humoral and
T celle mediated immune responses. On necropsy the dog showed depletion of lymphoid or-
gans and bone marrow hypoplasia. Yet it also had plasma cell in� ltrates in many organs as
well as multiple secondary infections (Modiano et al., 1995).
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16

Immunity to selected canine
parasites

Infectious diseases rarely result from the deliberate activities of a malicious microor-
ganism. In most cases, disease occurs because of the host’s response to the infection or
because the invader inadvertently causes damage to its host. Well-adapted parasites do
not make these mistakes. They exploit the host’s resources without causing irreparable dam-
age or triggering a destructive defensive response. A consistent feature of all parasite infes-
tations, however, is that they manipulate host defenses so that they may survive for
suf� cient time to reproduce.

A successful parasite will in� uence its host’s immune responses, selectively suppressing
those that affect parasite survival, while at the same time allowing other responses to proceed
and thus minimizing immunosuppression. In addition, many parasites use their host ’s meta-
bolic or control pathways for their own purposes. For example, IL-2 and GM-CSF promote
the growth of Leishmania. This sharing of cytokines by host and parasites re� ects the long his-
tory of their association and adaptation to a parasitic lifestyle.

Immunity to protozoa

The mechanisms of innate resistance to protozoa in dogs are similar to those that prevent
bacterial and viral invasion, although genetic in � uences may be of greater signi� cance. Like
other invaders, protozoa stimulate both antibody- and cell-mediated immune responses. In
general, antibodies control extracellular parasites in blood and tissue � uids, whereas cell-
mediated responses are directed against intracellular protozoa. Th1-mediated macrophage
activation is important in many protozoan diseases where the organisms are resistant to
intracellular destruction. Protozoa are experts in surviving within macrophages, for example,
Leishmania, Toxoplasma, andTrypanosoma cruzi, can all migrate into safe intracellular vacu-
oles by blocking phagosome maturation. Leishmania and T. cruzi can suppress the produc-
tion of oxidants or cytokine production, while T. gondii can promote macrophage apoptosis.

Protozoa often trigger a very robust Th1response which is protective for the host. Un-
fortunately, this may fail to eliminate the pathogen that then persists in the form of a
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chronic infection. Over time this can lead to T cell exhaustion. The host’s T cells may be
functionally impaired or even eliminated . These defects tend to follow a consistent
pattern with an initial inability to produce I L-2 followed by loss of cytotoxicity and pro-
liferative ability followed by impaired TNF- a and IFN-g production. T cell exhaustion
and loss of function occurs in chronic protozoan diseases such as Toxoplasmosis and
Leishmaniasis (Gigley et al., 2012). Successful vaccination against protozoan infections
is currently limited to giardiasis, leishma niasis, babesiosis, and toxoplasmosis (Brake,
2002).

Leishmaniasis

The importance of the two major types of adaptive immune response in determining the
course and nature of a protozoan disease is well seen in canine leishmaniasis. This disease is
caused by obligate intracellular protozoa of the Leishmania donovanicomplex (L. donovani,
L. infantum, L. chagasi) and transmitted by biting sand � ies (Phlebotomusspp) (Baneth et al.,
2008). Vertical transmission can also occur between an infected dam and its puppies (Toepp
& Petersen, 2020). The course and severity of this disease is clinically diverse since it depends
in large part on the nature of the immune responses that develop.

When a sand� y injects the promastigotes of Leishmania into the skin of a dog, they are� rst
phagocytosed by neutrophils. The neutrophils generate TNF-a, CXCL-8, and IFN-g that then
attract macrophages to sites of infection. When the neutrophils undergo apoptosis, the para-
sites are released and are then engulfed by macrophages and dendritic cells. In these cells, the
organisms differentiate into amastigotes (Pereira et al., 2019). The interaction of macrophages
with Leishmania-infected neutrophils results in NO production and the release of extracel-
lular traps which results in the destruction of many promastigotes and a reduction in parasite
burden. The amastigotes multiply within the macrophages until the cells rupture, and the or-
ganisms are released into the bloodstream. Neighboring macrophages then phagocytose the
released organisms. The parasites may be restricted to the skin (cutaneous disease); alterna-
tively, infected cells may carry the parasite to lymph nodes or enter the circulation and lodge
in internal organs, leading to disseminated visceral disease. Although infection is widespread
in endemic areas, most dogs are resistant to Leishmania, and only 10%e 15% develop visceral
disease (Toepp & Petersen, 2020). Resistance or susceptibility to Leishmaniasis thus depends
upon the balance between proin� ammatory Th1 responses and antiin� ammatory Th2 re-
sponses (Fig. 16.1).

Susceptible dogs

Chronic, visceral disease develops in susceptible dog breeds such as Boxers. These dogs
mount a Th2 response characterized by high antibody levels but poor cell-mediated immu-
nity. These differences have been attributed to the activities of IL-10 from Treg cells. In addi-
tion, the parasite may actively suppress transcription of the IL-12 gene, ensuring that a Th2
response predominates (Altet et al., 2002). The animals respond by generating M2 macro-
phages. Parasite-laden macrophages accumulate, but the organism continues to multiply.
These macrophages spread throughout the body, resulting in disseminated infection. Dogs
develop severe generalized nodular dermatitis, granulomatous lymphadenitis, splenomeg-
aly, and hepatomegaly. They show polyclonal (occasionally monoclonal) B cell activation
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involving all four IgG classes, as well as hypergammaglobulinemia, and they develop lesions
associated with type II and type III hypersensitivity. Thus, polyclonal immunoglobulin pro-
duction can lead to development of an immune-mediated hemolytic anemia, thrombocyto-
penia, and the production of antinuclear antibodies. Glomerulonephritis, uveitis, and
synovitis may result from chronic immune-complex deposition, leading to renal failure
and death (Toepp & Petersen, 2020).

Resistant dogs

In resistant breeds, the parasites are restricted to the skin and draining lymph node so that
the animals either remain healthy or develop a mild, self-limiting disease. These resistant
dogs mount a weak antibody response but a strong and effective Th1 response. Classically
activated M1 macrophages can kill Leishmania. These dogs develop low antibody titers,
but they produce IFN- g in response to parasite antigens, generate type I granulomas, mount
strong delayed hypersensitivity responses, and eventually destroy most of the parasites.
Cytotoxic CD8þ T cells also kill infected macrophages. They also produce CXCL-8 and IL-
6 which together with IL-12 will promote the Th1 response. Resistant dogs also have higher
levels of anti-Phlebotomusantibodies. It has been suggested that IFN-g and its associated Th1
cell-mediated immune responses are responsible for disease resistance since high IFN-g levels
are correlated with decreased disease severity.

Over time, in some dogs, the Th1 response may switch to a Treg response as a result of
T cell exhaustion. IL-10 production may climb. (This also happens in Toxoplasmosis and
Demodicosis.) PD-1 expression on CD4þ cells climbs in infected dogs. As a result, there is
an increase in IL-1 production and a decrease in IFN-g production. The T cells act on B cells
to turn them into Bregs. These Bregs produce more IL-10 that further downregulates Th1 re-
sponses (Toepp & Petersen, 2020). Studies on foxhounds with visceral leishmaniasis have
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identi � ed a population of IgD-positive Breg cells that produce IL-10 and effectively suppress
Th1 responses (Schaut et al., 2016).

The parasite � ghts back! Leishmania can act through TLRs to downregulate IL-12 produc-
tion and thus tends to suppress Th1 responses.L. infantumalso produces antioxidants (Toepp
& Petersen, 2020). Amastigotes divide within the phagolysosomes of infected macrophages.
Their resistance to intracellular destruction is a result of multiple adaptations. A study of 245
macrophage genes showed that 37% were suppressed by Leishmania infection. Leishmania
lipophosphoglycan delays phagosome maturation, so preventing the production of NO
and inhibiting macrophage responses to cytokines. The parasite also reduces the antigen-
presenting ability of macrophages by suppressing MHC class II expression. It also produces
a macrophage inducible C-type lectin ligand that suppresses dendritic cell activation. As a
result of their persistence, the parasites trigger chronic in� ammation. Initially characterized
by granulocyte invasion, this is followed by the accumulation of macrophages, lymphocytes,
and NK cells that collectively form granulomas. Several different vaccines are available
against canine leishmaniasis. All are designed to stimulate strong type 1 immune responses
(Calzetta et al., 2020; Fernandez Cotrina et al., 2018).

Genetics

Canine resistance to Leishmania has a strong genetic component. Thus, breeds that origi-
nated in endemic areas tend to develop the chronic disease. For example, Ibizian hounds
residing in the Balearic Islands are resistant to this parasite. (4.7% positive vs.w 40% positive
in other breeds from nonendemic regions such as Boxers or Doberman Pinschers.) (Alvarez
et al., 2022) These dogs possess unique variants of IFN-g and IL-6. This breed also appears
to have modi � ed how its immune responses are regulated. Resistant dogs have high levels
of IFN-g, IL-2, and IL-18. They also have signi� cantly lower levels of the chemokine,
CXCL-8. Levels of IL-6 are unchanged (Alvarez et al., 2022). Several polymorphisms have
also been associated with this resistance. For example, two polymorphisms in the canine
Slc11a1gene, an intronic SNP and a silent SNP in exon 8 have been associated with an
increased risk. Likewise, four SNPs located on the canineb-defensin-1 gene have also been
associated with disease resistance.

American Foxhounds appear to be unusually susceptible to developing visceral Leishman-
iasis and are, by far, at greatest risk of developing this disease in North America (Duprey
et al., 2006).

Babesiosis

In canine babesiosis caused byBabesia canis, the sporozoites invade red blood cells and the
infected red cells then incorporate Babesia antigens into their membranes. These antigens
induce antibodies that opsonize the red cells and cause their removal by phagocytosis, comple-
ment -mediated lysis, and oxidative damage. Macrophages and cytotoxic lymphocytes also
recognize the Babesia antigene antibody complexes on the surface of infected red cells and
destroy them by antibody-dependent cell-mediated cytotoxicity. All these responses are driven
by a proin � ammatory response triggered by IFN-g, TNF-a, IL-6, and CXCL-8 (Zygner et al.,
2023). Two vaccines against canine babesiosis have been marketed in Europe (Schetters, 2005).
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Giardiasis

A vaccine has been available to protect dogs and cats against the intestinal parasiteGiardia
duodenalis. The vaccine contained disrupted cultured Giardia trophozoite extracts adminis-
tered subcutaneously. It protected experimentally challenged dogs and cats against infection
and clinical disease. It has now been withdrawn from the market.

Toxoplasmosis

Immunity to toxoplasma is primarily the responsibility of macrophage. Activated M1 cells
can phagocytose and kill the organism primarily through NO-mediated pathways. Once acti-
vated and trained, these cells can keep the infection under control while, at the same time
minimizing immune pathology.

In Yellowstone National Park, cougars, the de� nitive hosts of Toxoplasma gondii, overlap
ranges with wolves, the intermediate hosts. Studies have shown that wolves seropositive
for Toxoplasmosis appear more likely to take high-risk decisions such as dispersing or
becoming a pack leader. It is suggested that these behavioral effects of Toxoplasmosis may
create a feedback loop that increases wolf-cougar overlap and so promotes disease transmis-
sion (Meyer et al., 2022). These pack leaders, it is speculated may seek out felid scent and be
attracted to cougar scat that is likely to contain oocysts. Scat consumption is common among
wild carnivores. Toxoplasma tachyzoites can invade the central nervous system and avoid
immune elimination by entering the hypoantigenic bradyzoite stage.

Trypanosomiasis

Trypanosoma cruziis a protozoan parasitic disease of humans and dogs that occurs in Latin
America and the southern United States. In the chronic form of the disease, infected individ-
uals develop an intense immune response against the parasite. As a result of bystander acti-
vation and molecular mimicry, they also develop diverse autoimmune responses. These are
directed against many different autoantigens in the nervous system, the immune system, and
the heart. As a result, autoantibodies against cardiac myosin,b1-adrenoceptors, and acetyl-
choline receptors cause victims to develop a chronic, and often lethal, cardiomyopathy.

Dogs experimentally infected with a pathogenic strain of T. cruzi also develop autoanti-
bodies against cardiac tissue. Antibody titers peak during the acute disease (w 30 days) but
progressively decline thereafter and are almost undetectable byw 240 days when the dogs
develop dilated cardiomyopathy ( Barr, 1993).

Immunity to helminths

Intestinal helminths have coevolved with the bacterial populations in the gut. Thus, bac-
teria and helminths interact with each other in addition to interacting with their host ’s im-
mune system. Parasite-derived antimicrobial peptides may control bacterial numbers. The
host’s bacteria will also colonize worm guts. Their interactions also in� uence intestinal
in� ammation and motility. The major defense employed against gastrointestinal helminths
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is a type 2 adaptive immune response. Its effectiveness depends upon the dog’s age, its nutri-
tional status, its genetics, and the site of infection, as well as the species of worm involved and
whether the infection is sudden and large, or a much slower trickle infection. One consistent
feature of intestinal nematode infestations is the very wide variation in parasite load within a
population. Most dogs harbor a few worms, but a few may harbor a lot of worms.

Innate immunity

Innate factors that in� uence intestinal helminth burdens include the age, sex, and most
important, the genetic background of the dog. The in� uence of sex on helminth burdens ap-
pears to be largely hormonal. In animals whose sexual cycle is seasonal, parasites tend to syn-
chronize their reproductive cycle with that of their hosts. For instance, the larvae of Toxocara
canismigrate from an infected bitch to the liver of her fetal puppies, resulting in a congenital
infection. Once born, the infected pups can reinfect their mother by the more conventional
fecal-oral route.

Immunity to adult helminths

Parasitic worms in the intestine are relatively invulnerable to immune attack. As a result, they
must be forced to disengage from the gut wall and so expelled in the feces. While embedded in
the intestinal mucosa, worms secrete multiple antigens, and these stimulate production of both
IgA and IgE. IgE responses are probably more important than IgA since they play the key role in
expelling adult worms from mucosal surfaces. This is most evident in the “ self-cure” reaction in
sheep infected with gastrointestinal nematodes (McRae et al., 2015).

The presence of adult worms and their excretory and secretory products in the intestinal
wall will trigger some PRMs on enterocytes. Some helminth products can trigger TLRs, and
the mannose receptor can bind the excretory/secretory proteins of Trichuris muris. If the
worms cause tissue damage, this will also trigger the release of alarmins including the three
Th2-stimulating cytokines, TSLP, IL-25, and IL-33 from enterocytes and tuft cells. These cy-
tokines target both DC2s and ILC2s. For example, TSLP activates dendritic cells. IL-25 stim-
ulates the production of type 2 cytokines by ILC2 cells and facilitates differentiation of Th2
cells. IL-33 acts on Th2 cells, ILC2 cells, basophils, and mast cells to drive their production
of IL-4, IL-5, and IL-13 (Humphreys et al., 2008).

In response to this � ood of cytokines, intestinal T cells release their own effector cytokines.
For example, g/ d T cells in the intestinal epithelium produce IL-4 and IL-25. Likewise, Th2
cells produce more IL-4 in a positive feedback loop generating the other Th2 cytokines and
IL-25. The IL-4 activates STAT6 which upregulates GATA3 that causes differentiation into
Th2 cells and suppresses Th1 responses. IL-6 acts with TGF-b to induce Th17 responses.
IL-13 repairs epithelia, enhances mucus production, and together with IL-9 recruits and acti-
vates mucosal mast cells. Both IL-4 and IL-13 activate enterocytes, smooth muscle cells, and
macrophages. Increased enterocyte proliferation and turnover may cause parasite disengage-
ment (Cliffe et al., 2005). These cytokines also increase intestinal permeability and� uid secre-
tion. The cytokines also stimulate goblet cells to produce a resistin-like molecule that
interferes with worm feeding ( Gerbe & Jay, 2016). Mucins and other goblet cell products
may also promote worm expulsion. IL-4 and IL-13 as well as IL-9 promote smooth muscle
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contractility ( Zaph et al., 2014). Eosinophils are attracted to these worms by IL-5 plus the
eotaxins as described above (Voehringer, 2009) (Fig. 16.2).

Mast cells, basophils, and eosinophils

Mast cells and basophils play an important role in helminth expulsion. They can be activated
directly by PAMPs through PRRs although it is unclear which parasite PAMPs do this. In
response, the mast cells produce IL-4, IL-13, and IL-5 plus chemotactic factors. Mast cell prote-
ases degrade tight junctions and allow � uid ef � ux into the intestine. Some mast cell products
may be directly toxic to helminths. Basophils are also attracted to attached worms and are a ma-
jor source of IL-4. Basophils can act as antigen-presenting cells in helminth (T. muris) infections.

Eosinophils are often prominent in helminth parasite lesions. These cells can readily kill the
larval stages of many worms. They are also important defensive cells in secondary infestations.
Their role in primary infestations at extraintestinal sites is less clear. Some mouse models sug-
gest that they might even protect some helminth larvae (Huang & Appleton, 2016).
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FIGURE 16.2 A summary of the pathways involved in the body ’s defense against parasitic helminths such as
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Tuft cells

Tuft cells are a population of chemosensory cells found among the epithelial cell layer of
the nasal mucosa, trachea, salivary glands, stomach, and small intestine (Grencis & Wor-
thington, 2016). Tuft cells are so-called because they have a tuft of microvilli at one pole
that extends into the intestinal lumen. While abundant in the small intestine of dogs, they
are uncommon in the canine large intestine. Their numbers appear to be in� uenced by the
intestinal microbiota ( Howitt et al., 2016). Tuft cells play the key role in initiating and regu-
lating type 2 immune responses to intestinal helminths. They apparently use their villi to
sense the fatty acid, succinate, produced by intestinal helminths. In response they produce
large amounts of IL-25. In the presence of parasitic helminths, the IL-25 promotes the further
proliferation of tuft cells and mucus-producing goblet cells. Tuft cell IL-25 also recruits eosin-
ophils and activates both Th2 cells and ILC2 cells (Schneider et al., 2019) (Fig. 16.3).
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ILC2 cells

ILC2 cells are a major source of acetylcholine and prostaglandin E2 during parasitic nem-
atode infections. They are activated by exposure to IL-33, and IL-25. The acetylcholine ap-
pears to have anthelmintic properties. ILC2 cells are also an important source of IL-5, IL-9,
and IL-13 (Coakley & Harris, 2020). IL-13 and IL-4 from activated ILC2 cells also increase
gut motility and mucus production ( Gronke & Diefenbach, 2016).

Toxocariasis

Toxocara canisis prevalent in untreated canid populations. In puppies, ingestion of T canis
eggs results in the larvae undergoing hepatotracheal migration and eventually leads to a patent
infection. However, in dogs over 6 months of age this is less likely to succeed since the dogs
develop immunity to the migrating larvae. The larvae wander elsewhere in the body and
remain viable for a long time. The ability of these larvae to survive in dog tissues for years is
due to two strategies. First, the larvae secrete a lectin that interferes with leukocyte migration
into infected sites. Second, the larvae secrete a loose mucin coat that acts as a barrier to attacking
cells such as eosinophils. The larvae can also detach from this coat, leave it behind to become an
in� ammatory focus, while they escape to another site (Maizels, 2013). This prolonged larval
migration does not result in a patent infection and older dogs are much less likely to shed Tox-
ocara eggs. Studies on the prevalence of patent infestations with Toxocariasis in older dogs have
demonstrated that they appear to be in� uenced by impaired immunity rather than by environ-
mental exposure to Toxocara eggs (Nijsse et al., 2016).

Dogs infested with T. canisare immunosuppressed. They show a drop in T and B cell
counts. There is also a decline in the phagocytic ability of their neutrophils (Said et al.,
2020). Studies on lipid mediators in experimental Toxocariasis in mice found minimal
changes in prostaglandin levels but signi� cant elevations in the activities of the lipoxygenase
pathway implying suppression of in � ammation (Waindok et al., 2019).

Heartworms

Canine heartworm disease is primarily caused by Diro� laria immitis. Spread by mosquito
vectors, it causes a persistent chronic cough accompanied by dyspnea and is often fatal for the
animal. The dogs develop an endarteritis with progressive involvement of the heart and
lungs. Adult D. immitis live within the cardiopulmonary arteries and are thus continuously
exposed to the cells and antibodies of the immune system. Nevertheless, they may live for
years. In order to do this, the worms employ multiple immunoevasion strategies. In the
longer term, adult worms employ systems that effectively neutralize the immune system.
However, it is also clear that a dog can control its heartworm burden to a limited extent
by mounting an effective immune response to larvae derived from reinfections.

Dogs make IgM, IgG, and IgE directed against the larval stages. These antibodies appear
to mediate neutrophil adhesion to the surface of the micro� lariae. This can kill larval stages
but not adult worms. However, infective larvae can avoid this immune destruction by shed-
ding their major surface antigens (Simon et al., 2012).
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Dead D. immitis releases antigens that trigger a Th2 response. Live worms do not. Cysteine
protease inhibitors (cystatins) are present in the heartworm cuticle and the gut. These cysta-
tins can act on canine monocytes to induce the production of large quantities of the immuno-
suppressive cytokine, IL-10 while downregulating production of TNF- a, IL-4, IL-5, IL-12, and
IL-13 (Dong et al., 2019). They can also inhibit the proliferation of blood T cells in response to
mitogens. Adult worms are coated with nonimmunogenic glycolipids. They have surface
proteases that destroy immunoglobulins. D. immitis adults are covered by a cuticle that is
rich in N-glycans. These glycans appear able to bind C-reactive protein but inhibit IgM bind-
ing (Martini et al., 2019).

Both adult and larval heartworms have the symbiotic bacterium Wolbachialiving within
their intestinal tracts. These bacteria are also antigenic and can trigger an immune response
in their canine host. Thus, when Wolbachiaescapes from dead adult worms into the blood-
stream it triggers a signi� cant immune response and consequent in� ammation. For example,
it has long been recognized that some dogs with heartworms develop an immune complexe
mediated glomerulonephritis. Originally blamed on worm antigens, it now appears to be
due, in part, to Wolbachiaantigens (Morchon et al., 2012).

Hookworms

The common canine hookworm, Ancylostoma caninumproduces larvae that attach to dog
skin and penetrate the animal through hair follicles. They eventually reach the lungs and
are then carried up the airways in mucus and swallowed. The adult hookworms live in
the host intestine where they feed on the mucosa and blood. Affected dogs mount signi� cant
immune responses against both adult and larval worms. Thus, antibodies are produced
against larval exsheathing � uid. Eosinophils will also attack them. However, since the larvae
shed their cuticles, some are able to evade destruction. The immune response to the adults in
the intestine is similar to that described for Toxocara being dominated by a Th2 response
involving IL-4-mediated production of IgG and IgE and the development of an eosinophilia.
Some dogs may develop an eosinophilic enteritis. Dogs do develop age-related immunity to
A. caninum and have been successfully protected by vaccination using irradiated L3 larvae
(Loukas & Prociv, 2001).

Immunity to arthropods

When arthropods such as ticks,� eas, or mosquitos bite a dog, they inject saliva. This saliva
contains digestive enzymes that assist the parasite in utilizing its blood meal. The saliva also
contains both antiin � ammatory and antigenic components.

Host immune responses to arthropod salivary antigens are of three types. Some salivary
components are of low molecular weight and cannot function as normal antigens. They
may, however, bind to skin collagen and then act as haptens, stimulating Th1 responses.
On subsequent exposure, these responses may induce a delayed hypersensitivity response.
Other salivary antigens may bind to epidermal Langerhans cells and induce cutaneous baso-
phil hypersensitivity, a Th1 response associated with the production of IgG antibodies and a
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basophil in� ltration. If these basophils are destroyed by antibasophil serum, resistance to
biting arthropods is reduced. The third type of response to arthropod saliva is a Th2 response,
leading to IgE production, mast cell degranulation, eosinophil in � ltration, and a local allergic
response. This can result in signi� cant pain, and pruritus. Each of these three types of
response may modify the skin in such a way that the feeding of the offending arthropod is
impaired, and the animal becomes a less attractive source of food. Unfortunately, natural se-
lection and evolution ensure that the biting arthropod is well able to withstand such
responses.

Demodectic mange

The mange mites Demodex canisand D. injai are common commensals that live within
canine hair follicles and sebaceous glands. Under normal circumstances, innate immune re-
sponses to mite chitin and adaptive responses to mite antigens regulate mite populations
and prevent mite overgrowth. There are also many ILC2 cells in these tissues and recent
studies suggest that it is these cells together with the IL-13 they produce, that maintains sta-
bility within the parasitized hair follicles ( Ricardo-Gonzalez et al., 2022). Immunosuppressive
agents such as antilymphocyte serum, azathioprine, or prolonged steroid therapy predispose
animals to the development of generalized demodicosis.

Dogs with generalized demodicosis have normal neutrophil function and respond nor-
mally to vaccines or other foreign proteins. The in� ammatory reaction around mites and
mite fragments contains mononuclear cells with a few plasma cells. The in� ltrating lympho-
cytes are predominantly CD8þ T cells. Signi� cantly higher numbers of CD8þ cells and lower
numbers of CD4þ cells are found in the blood of dogs with generalized demodicosis (Singh
et al., 2010). Nevertheless, their T cell responses to mitogens such as phytohemagglutinin and
concanavalin A are depressed.

When canine demodectic mange cases are analyzed through the use of RNA sequencing,
multiple changes can be found in gene expression levels. For example, affected dogs show an
increase in the numbers of Th1 and Treg cells. Thus, there is a huge increase in FoxP3 expres-
sion in affected skin and hair follicles compared to control skin There is also signi� cant upre-
gulation of the suppressive cytokines, IL-10 and IL-13 as well as upregulation of the immune
checkpoint molecules PD-1, PD-L1, and CTLA-4. Genes associated with the production of
myeloid-derived suppressor cells are also signi� cantly upregulated. These results strongly
suggest that the mites can modulate the dog’s immune system by upregulating the pathways
promoting immune tolerance ( Kelly et al., 2023).

The absence of eosinophils and edema in mange lesions suggests that type I hypersensitiv-
ity is relatively unimportant in demodectic mange.

Sarcoptic mange

Sarcoptes scabeimites burrow into the canine epidermis. They reach the lower stratum cor-
neum where they can trigger both antibody- and cell-mediated immune responses. The initial
cellular in � ltrate around these lesions contains neutrophils, macrophages, mast cells, and
plasma cells. Dogs that have suffered from scabies and subsequently cured, demonstrate
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limited protective immunity ( Arlian et al., 1996). Reinfection of recovered dogs, results in a
rapid in � ltration of mange lesions with mononuclear cells and neutrophils. The dogs also
mount a scabies-speci� c antibody response. This is faster on reinfection than in the primary
challenge. Experimentally, reinfected dogs succeeded in terminating the infestation by
64 days. The mechanisms of this resistance are not known.

Flea allergies

Several different species of� ea are found on domestic dogs in the United States. These
include Ctenocephalides canis, Pulex simulans, and Echidnophaga gallinacea. However, the spe-
cies that accounts for over 90% of canine� ea allergy cases is the cat� ea,Ctenocephalides felis.

Flea infestations are responsible for the commonest canine allergy,� ea allergy dermatitis.
There is no breed or gender predisposition to this, but atopic animals as well as those exposed
to � eas on an intermittent basis tend to get more severe disease. Pruritus is a consistent feature.
Dogs react positively to intradermally injected � ea allergen. Most sensitive animals respond
within a few minutes, but up to 30% may also develop a delayed reaction at 24e 48 h. Hyposen-
sitization therapy has not been shown to be successful in treating� ea allergy (Fig. 16.4).

Biting � eas inject saliva into the skin. Some of the components of� ea saliva are of low mo-
lecular weight and act as haptens after binding to dermal collagen. As a result, a local type IV

26%

16%

69%

28%
6%

FIGURE 16.4 The characteristic distribution of lesions in dogs with � ea bite allergy. Percentage� gures from Bruet,
V., et al. (2012). Characterization of pruritus in canine atopic dermatitis,� ea bite hypersensitivity, and� ea infestation and its
role in diagnosis.Veterinary Dermatology , 23, 487-e93.
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hypersensitivity reaction characterized by a mononuclear cell in� ltration occurs. In some
sensitized animals, this type IV reaction is gradually replaced over a period of months by
a type I reaction, and the mononuclear cell in� ltration gradually changes to an eosinophil
in� ltration. The immune response mounted by � ea-allergic animals is protective. Experi-
mental vaccines containing the major antigens from the � ea midgut have been able to reduce
� ea populations on dogs, and the female� eas recovered from these immunized animals pro-
duced signi� cantly fewer eggs (Jin et al., 2010).

Flea allergens

Flea allergies are mediated by a Th2 response against salivary proteins. Flea saliva contains
a complex mixture of antigens. Three potent salivary allergens, Cte f 1, Cte f 2, and Cte f 3
have been formally characterized (Halliwell & Schemmer, 1987). Cte f 1, an 18 kDa protein,
elicits reactions in 100% of� ea-allergic dogs. Its function is unknown. Another � ea allergen,
Cte f 2 belongs to a family of cysteine-rich proteins that participate in biological processes
including reproduction, cellular defense, and immune evasion. There are numerous other
� ea salivary allergens with molecular weights ranging from 14 to 62 kDa that have also
been identi� ed but have yet to be characterized. In addition to saliva, other allergenic com-
ponents derived from � eas may include shed exoskeletons and molting enzymes, in addition
to fecal pellets.

Dogs chronically infested by � eas eventually become desensitized resulting in clinical
improvement. Continual exposure of young animals to � eas at an early age also appears
to result in desensitization. Conversely, intermittent � ea exposure results in the most severe
skin responses. Continually exposed dogs develop a milder disease and may have low or un-
detectable levels of� ea-speci� c IgG and IgE in their serum.

Ticks

Ticks remain attached to dogs for a long time while they feed. This makes them vulnerable
to immune attack. As a result, they employ multiple immunosuppressive strategies ( Kitsou
et al., 2021). On the other hand, dogs can develop resistance to ticks following repeated in-
festations. For example, dogs were subjected to repeated infestations withIxodes scapularis
every 2 weeks for 10 weeks. It was found however that engorgement success, survival,
and mean tick engorgement weight progressively declined with repeated infestation. Tick
oviposition also declined with each successive infestation (Gebbia et al., 1995). There are mul-
tiple mechanisms involved in this resistance. It is not con� ned to the sites of previous tick
bites but appears to be a systemic effect. One such mechanism appears to involve basophils
(Karasuyama et al., 2018). Thus, basophils accumulate in the bite lesions of reinfested ani-
mals. This effect is mediated by skin resident memory T cells. Ablation of basophils in labo-
ratory rodents abolishes this resistance (Karasuyama et al., 2020). This type of reaction is
called cutaneous basophil hypersensitivity (CBH). Tick-derived antigens are taken up by den-
dritic cells and presented to Th2 cells. These trigger local IgE and IgG responses that recruit
and activate basophils. The basophils accumulate around the tick mouthparts. CBH reactions
may also contribute to the development of � ea allergy dermatitis in dogs (Halliwell & Schem-
mer, 1987) (Fig. 16.5).
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Galactose alpha-1,3-galactose (alpha-gal) is present in the saliva of some ticks. As a result,
some humans make IgE against alpha-gal in response to a tick bite. (This is somewhat un-
usual since it is the only carbohydrate known to act as a major allergen.) Dogs are an
alpha-gal positive species so alpha-gal allergies would not be expected to occur in dogs.
However, it has been reported that healthy dogs may develop IgM antibodies to alpha-gal
in response to bites of the tick, Ixodes ricinus. In this case, it has been speculated that some
component of the tick saliva results in a breakdown in tolerance (Hodzic et al., 2019).

Tick paralysis

The Australian paralysis tick ( Ixodes holocyclus) releases a family of 19 potent neurotoxins
(holocyclotoxins) that cause an ascending� accid paralysis of the limbs followed by respira-
tory paralysis, cardiovascular dif � culties and aspiration pneumonia in dogs resulting in
death (Stone et al., 1983). Conventional treatment involves the use of antivenins produced
in sheep or horses. Recently has proved possible to immunize dogs against these toxins by
the use of a carefully selected toxin mixture containing eight synthetic holocyclotoxins in
an oil-based adjuvant. As a result, the dogs develop complete immunity due to the produc-
tion of toxin-neutralizing IgG. Feeding by multiple ticks effectively boosts these antibody re-
sponses. There was no evidence of cutaneous hypersensitivity in these dogs (Rodriguez-Valle
et al., 2021).
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FIGURE 16.5 Mechanisms of the immune responses to tick bites.
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Canine anaphylaxis and allergic
diseases

The development of allergic diseases has long been known to result from the excessive
release of in� ammatory mediators by mast cells, basophils, and eosinophils through the ac-
tivities of cell-bound IgE. Disease severity and the organs involved depend on the number
and location of these cells, the degree of sensitization of an animal, the amount of allergen
involved, and its route of administration. Not all dogs develop these hypersensitivity dis-
eases. Nevertheless, their prevalence is increasing, and it has been suggested that this increase
is due to a reduction in the diversity of the body ’s microbiotad the hygiene hypothesis.

The hygiene hypothesis

The prevalence of allergic disease has increased signi� cantly in Western societies over the
past 50 years. While most obvious in humans, this has also affected their dogs. It is believed
that this increase is a result of changes in the intestinal microbiota. The hygiene hypothesis
suggests that alterations in diets, environmental cleanliness, an urban lifestyle, and the over-
use of antibiotics have resulted in long-term changes in the intestinal microbiota that have
altered the activity level of the immune system and, as a result, driven these increases in
allergic and in� ammatory disease (Hakanen et al., 2018). Since the intestinal microbiota in� u-
ences the Th1/Th2 immune balance, it is suggested that as diversity is lost, Th2 responses
have come to predominate. Thus, the composition of the intestinal microbiota exerts a signif-
icant in� uence on allergy development. The skin and lung microbiota also have a signi� cant
effect on the development of allergic responses affecting those organs as well.

Canine anaphylaxis

In 1902, two French physiologists, Charles Richet and Paul Portier took an oceanographic
voyage at the invitation of Prince Albert of Monaco, a keen marine biologist. During the
voyage, they studied the toxins of the sea anemone,Actinia. One obvious project was to
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make an antitoxin by immunizing dogs. They immunized a dog called Neptuneby � rst giving
him a very low dose of Actinia toxin. Twenty-two days later they boosted Neptunewith a sec-
ond dose of the antigen. Within seconds, Neptunebegan to gasp for air, collapsed, vomited,
and died within 25 min! Richet recognized that this was a new phenomenon. To describe this
obvious lack of protection he used the Greek word anaphylaxisd meaning “ no protection.”
Charles Richet was awarded the Nobel Prize for this discovery in 1913.

Anaphylaxis is a severe, systemic, allergic reaction that can be life-threatening. It is trig-
gered by rapid exposure to a large dose of an allergen in a highly sensitized animal. In its
most extreme form, the allergen binds to high-af� nity IgE linked to Fc � RI on large numbers
of mast cells. Receptor cross-linking leads to universal mast cell degranulation and the release
of a � ood of mediators, especially histamine. If the amount and rate of histamine released by
these mast cells greatly exceeds the dog’s ability to adjust to the changes in its vascular sys-
tem, the animal will collapse and die.

Severe anaphylactic reactions occur in dogs. These include allergic responses to antimicro-
bial drugs, vaccines, and insect venoms. The major organ system affected in canine anaphy-
laxis is the liver. The severity of anaphylaxis is directly related to the pooling of blood within
this organ. Histamine, the prime mediator in the dog is released by mast cells in the gastro-
intestinal tract. The � ood of histamine into the portal system massively and abruptly in-
creases blood� ow into the liver. However, at the same time, the out � ow of blood from
the liver is restricted by contraction of venous sphincters, located where the hepatic veins
enter the inferior vena cava (Yamamoto, 1998). As a result, hepatic portal vein vascular pres-
sure can climb over 200% within 12 s. There is an abrupt drop in the venous return to the
heart, so cardiac output also drops abruptly. The heart may develop a compensatory tachy-
cardia in response. The sudden rise in intrahepatic vein pressure results from a massive ef� ux
of � uid into the liver and biliary system. Liver enlargement follows as does edema of the gall-
bladder wall. On necropsy, the liver and intestine are massively engorged. There may also be
gross hemorrhage into the splanchnic viscera (Figs. 17.1 and 17.2).

The edema and distinctive striation pattern of the gall bladder wall ( > 3 mm) can be readily
detected by ultrasound. This “ gallbladder halo sign” is a useful con� rmatory diagnostic test
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FIGURE 17.1 The pathogenesis of canine
anaphylaxis.
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for canine anaphylaxis. Likewise, the severe liver damage triggers a signi� cant rise in alanine
transaminase (ALT) and this may remain elevated for more than 24 h. Another diagnostic aid
is a signi� cant drop in body temperature. Hypotension is also a prominent feature of dogs in
canine anaphylaxis. In a recent study, the overall mortality in dogs with severe anaphylaxis
was 14.9% (10/67 cases) (Smith et al., 2020). Canine mast celle derived mediators include his-
tamine, prostaglandins, and leukotrienes. Histamine is by far the most important of these.

Clinical signs

Dogs undergoing anaphylaxis show initial excitement followed by vomiting, bloody defe-
cation, and urination. There may be complete apnea for the � rst 1 or 2 min following chal-
lenge. As the reaction progresses, dogs collapse with weakness and depressed respiration,
become comatose, convulse, and die in less than an hour. Cutaneous signs may be slow to
develop. When they do occur, they may include generalized erythema, urticaria, pruritus,

FIGURE 17.2 A latex cast of hepatic blood vessels from a dog showing the presence of numerous constrictions
denoting the location of venous sphincters. The constriction of these sphincters results in clinical anaphylaxis in this
species.From Yamamoto, K. (1998). Ultrastructural study of the venous sphincter in the sublobular vein of the canine liver.
Microvascular Research, 35, 215e 222. Figure 5. Page 219. With Permission.
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and facial edema. However, only about half of affected dogs show erythema and it may be
subtle and dif � cult to see (Shmuel & Cortes, 2013).

Respiratory signs include dyspnea resulting from bronchoconstriction, pharyngeal edema,
and excessive mucus production, bronchospasm, and cough. The dyspnea is due to the release
of histamine and leukotrienes within the lungs and a subsequent increase in airway resistance.
The drop in cardiac output can account for a decline of 80% in pulmonary blood � ow. The
decreased pulmonary circulation and the redistribution of blood account for the fall in pO 2.

As described above, however, the prime clinical feature of canine anaphylaxis is severe
and prolonged hypotension. The histamine-induced increase in vascular permeability results
in a massive movement of � uid into the extravascular space of the abdominal organs and this
can amount to as much as 35% of the animal’s total blood volume ( Kapin & Ferguson, 1985).
Neurologic signs may include weakness and seizures. However, with the drop in cardiac
output, compensatory re� exes effectively redistribute blood � ow to the brain, the adrenals,
and the diaphragm. As a result, these organs can maintain a normal� ow. Nonspeci� c gastro-
intestinal signs include vomiting and diarrhea. Antemortem hemorrhagic enteritis may be a
consequence of the portal hypertension and is associated mast cell heparin release. The rapid
dramatic drop in cardiac output and in mean arterial pressure account for the cessation of
respiration and thus the deaths that occur within a few minutes. If a dog survives these initial
events, blood � ow to other organs will begin to return to normal by about 30 min ( Quantz
et al., 2009). Anaphylactic reactions may resolve spontaneously depending upon the severity
of the reaction and the dog’s ability to mount compensatory processes. Thus, the dog will
produce epinephrine in its distress as well as angiotensin II and endothelins. (Endothelins
are potent vasoconstrictor peptides that normally maintain vascular tone).

Studies on anaphylaxis have found that serum phosphorous and prothrombin time are
signi� cantly higher in nonsurviving dogs. Nonsurvivors also had lower body temperatures
(histamine causes heat loss due to peripheral vasodilation). All affected dogs showed cardio-
vascular signs including collapse, tachy- or bradycardia, arrhythmia, hypotension, and
pallor. 85% of dogs developed a coagulopathy (high PT and PTT times). 94% of the animals
had gastrointestinal signs including abdominal pain, vomiting, and diarrhea. 67% had respi-
ratory signs, such as dyspnea, wheezing, coughing, and cyanosis. 27% had cutaneous signs
such as erythema, angioedema, urticaria, and pruritus. The presence of gallbladder edema
was detected in 84% of cases while peritoneal effusions developed in 65% of cases.

Urticaria can develop in very mild cases. In one case series, 8 of 24 cases of urticaria were
con� ned to the skin. Females were overrepresented (2.4:1). Susceptible breeds included Rho-
desian Ridgeback, Boxer, Beagle, Jack Russell Terrier, French Bulldog, and Vizlas. Insect
stings, foods, and drugs were the most frequent triggers (Rosthaler et al., 2017) (Fig. 17.3).

Canine asthma

While common in humans, nasolacrimal urticaria is rarely seen in canine respiratory al-
lergies. When dogs develop allergic disease, it usually presents as an atopic dermatitis or
otitis. Natural allergic asthma has been reported in dogs but is uncommon. However, several
dog models have been created for the purpose of studying asthma. These models generally
use dogs that have been sensitized to helminth-derived allergens, for example, allergens of
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the roundworm Ascaris suum, given either naturally or by injection will induce Th2 responses.
(Many dogs are naturally sensitized to A. suumbecause its allergens cross-react with those of
the common canine roundworm, Toxocara canis.) (Chapman, 2008).

In the 1960s, a line of dogs was generated by crossing Basenjis with Greyhounds for trans-
plantation research purposes. Before being discarded, the dogs were tested for sensitivity to
allergens. Three females were found to be hyperreactive to aerosolized allergens. These ani-
mals were therefore selectively bred to produce a line of highly atopic dogs with nonspeci � c
airway hyperactivity. In addition to this airway hypersensitivity, these dogs are prone to
develop an atopic dermatitis re� ecting their extreme sensitivity to allergens. When chal-
lenged by A. suumaerosols, they develop increased airway resistance and dyspnea as a result
of severe bronchoconstriction. These Ascaris-sensitive dogs also exhibit an allergen-speci� c,
dose-dependent release of histamine after aerosol challenge (Hirshman et al., 1980).

A nonseasonal, chronically relapsing, intensely pruritic, dermatitis also developed in these
airway-sensitized dogs following immunization and allergen challenge. It presented as
licheni� ed plaques especially on the limbs as well as in� ammatory nodules developing in
the interdigital spaces and edematous papules on the chin. The dermatitis� ared following
each aerosol challenge with the Ascaris allergen. Skin biopsies showed changes consistent
with self-in � icted scratching with epidermal hyperplasia and dermal � brosis as well as a
dense in� ammatory in � ltrate that was predominantly lymphohistiocytic. When these dogs
were challenged there was a marked increase in neutrophil numbers but not eosinophils in
their bronchoalveolar lavage � uid.

FIGURE 17.3 Severe urticaria in a boxer stung by three wasps.Courtesy Dr. G. Elissalde.
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Similar � ndings have been reported in beagles experimentally sensitized to Ascaris. They
also develop acute bronchoconstriction after bronchial allergen challenge. The response is
associated with increased bronchial histamine and prostaglandin D2. Some challenged
dogs may also develop a late-phase (12 h later) response to anA. suum aerosol.

Another dog asthma model is the ragweed-sensitized beagle. In this model, beagle
puppies were injected with ragweed allergen in an alum adjuvant intraperitoneally within
24 h of birth and subsequently boosted. Dogs treated in this way developed high levels of
speci� c IgE against ragweed and an eosinophilia. They had high levels of eosinophils in their
bronchoalveolar lavage � uid. Their airways became hypersensitive to histamine. After
several challenges, these animals remained sensitized for at least 5 months (Redman et al.,
2001). In a similar model in ragweed-sensitized mongrels, the bronchoalveolar lavage � uid
contained not only typical eosinophils but also cells with the characteristic morphology of
globule leukocytes (Baldwin & Becker, 1993). These cells have characteristic large, round
cytoplasmic inclusions. They are probably derived from mucosal mast cells.

Dogs may develop a chronic in� ammatory rhinitis characterized by a lymphoplasmacytic
in� ltration in the nasal mucosa. However, affected dogs respond poorly to glucocorticoids
and antihistamines suggesting that it is not allergic in nature. They may also develop a
chronic bronchitis with a persistent cough that may be allergic in origin, but this is unproven.

Canine eosinophilic pneumonitis

In� ltration of the lungs and airways with eosinophils, an eosinophilic bronchopneumonitis
(EP), can develop in dogs in response to parasitic, fungal, or neoplastic diseases. However,
many such cases are idiopathic. These conditions generally manifest as a progressive cough
with respiratory distress accompanied by anorexia leading to weight loss and lethargy. Dogs
with eosinophilic bronchitis may show minimal changes on radiology. Mucosal biopsies
show in� ammation with an increased in � ltration of eosinophils ( Clercx & Peeters, 2007)
(Fig. 17.4).

Dogs may also develop a much more severe disease in which multiple eosinophilic pulmo-
nary granulomas develop in the lungs. These granulomas contain epithelioid cells,

FIGURE 17.4 Canine eosinophilic bron-
chopneumopathy. Note the large number of
eosinophils and excessive mucus in the
bronchiolar lumen. Smooth muscle hyper-
trophy and an increased number of submu-
cosal in� ammatory cells are also evident.
Courtesy of Dr. Brian Porter.
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macrophages and large numbers of eosinophils. Similar granulomas may also be found in
their liver or kidneys. Some, but not all, of these cases are associated with occult heartworm
disease.

The causes of EP are unclear although it probably results from allergies to aeroallergens.
Affected animals show an increase in CD4þ cells and a decrease in CD8þ cells, in their bron-
choalveolar lavage � uid (BALF), a phenomenon also observed in some human asthmatics.
There is increased expression of transcripts for the chemokines eotaxins 2 and 3 as well as
macrophage chemotactic protein-3. All three of these molecules are chemoattractants for
eosinophils.

Young adult dogs (4e 6 years of age) are primarily affected by EP. One study suggested
that Siberian Huskies and Alaskan Malamutes were predisposed to the disease, but others
have failed to con� rm this. In general, it affects both large (Labradors, German Shepherds)
as well as small breeds such as Terriers and Dachshunds. There may be a gender bias toward
females. Persistent harsh cough is the commonest presentation. Dogs may show dyspnea, ex-
ercise intolerance, and a nasal discharge. Occasional pruritis has been reported. There may be
a preponderance of eosinophils in their BALF. Eosinophils may constitute as many as
50%e 60% of their blood leukocytes. Airway sampling by bronchiolar lavage is needed to
con� rm the diagnosis. Eosinophils constitute < 5% of the BALF in healthy dogs (Table
13.1). However, in EP this percentage may exceed 50% (Johnson et al., 2019).

Canine atopic dermatitis

Atopy is de � ned as the hereditary predisposition to develop allergies to environmental al-
lergens. These include asthma, food allergies, allergic dermatitis, and drug allergies. Atopic
dermatitis (AD) refers to several similar genetically predisposed in � ammatory and pruritic
allergic skin diseases with characteristic clinical features. They are often associated with
the production of IgE antibodies to environmental allergens ( Marsella et al., 2012).

Canine AD is complex and multifactorial. It is characterized by the development of chron-
ically in � amed and itchy skin lesions. Estimates of its prevalence suggest that it may affect
3%e 15% of the canine population (Barnard, 2020) (Fig. 17.5).

Canine AD is not simply an IgE-mediated, mast cell degranulation mediated, skin disease
driven by exposure to allergens in genetically predisposed animals. It also involves immune
dysregulation, skin barrier defects, and skin microbial dysbiosis. It is often complicated by
secondary Staphylococcal or Malassezia yeast infections. In acute cases it is driven by cuta-
neous Th2 responses with contributions from ILC2 cells. In chronic cases and infected lesions,
Th17 and Th1 cells are also active participants in the process (Bizikova, Santoro, et al., 2015).

Genetic factors

No direct linkage has been found between canine DLA haplotypes and their IgE levels.
However, dogs that possess MHC haplotypes DLA-A3 and -R15 appear to develop atopy
more frequently than others. Likewise, there is no apparent linkage between median IgE
levels and the subsequent development of AD in puppies. High IgE levels do not inevitably
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result in the development of AD. In practice, serum IgE levels provide very limited informa-
tion regarding sensitization and disease susceptibility.

While heritability varies, atopic disease prevalence differs signi� cantly between breeds.
This varies regionally and there is a large amount of within-breed variation. Thus, the list
of susceptible dog breeds depends upon location. For example, Vizslas are commonly
affected in Hungary, while Cavalier King Charles Spaniels, Great Danes, and Silky Terriers
are commonly affected in Australia. A study in West Highland White Terriers in Switzerland
provided an AD heritability estimate of 0.31 ( Rostaher et al., 2020). Another study among
British Labradors and Golden Retrievers and their crosses resulted in a heritability estimate
of 0.47. These results suggest that about a third to a half a dog’s risk of developing AD is
inherited. This study also indicated that the risks are higher when both parents are atopic,
less when only one parent is affected and much lower if neither is affected. Golden Retrievers
tend to have higher total and speci� c IgE levels than Labrador Retrievers. Two loci on chro-
mosome CFA 5 appear to be associated with serum IgE levels in storage-mite sensitized Lab-
radors (Owczarek-Lipska et al., 2012). In practice, AD is most common in West Highland
White Terriers, Labrador and Golden Retrievers, German Shepherd dogs, Cocker Spaniels,
Boxers, Bulldogs, and Shar-Peis. This however re� ects their breed popularity. There is no
sex predilection. Chocolate-colored Labrador Retrievers are at greater risk than yellow or
black dogs (Harvey et al., 2019).

Clinical evaluation has recognized several AD phenotypes that differ in such features as
age of onset, the presence of hot spots, gastrointestinal disorders,� exural dermatitis, and
the distribution of the skin lesions. Some breeds may develop lesions in speci� c areas. This
is especially the case in brachycephalic breeds that are more prone to develop atopic derma-
titis and otitis externa (Hobi et al., 2023). Thus, English bulldogs, Pugs, and French Bulldogs
often develop lesions in the axillae, eyelids, and� exural surfaces. German Shepherd dogs, in
contrast, tend to develop lesions in the elbows, hind limbs, and thorax.

FIGURE 17.5 A dog with chronic atopic dermatitis. Note the erythema, licheni � cation and alopecia affecting the
skin of the face, feet, and� exural areas.From Pucheu-Haston. (2015). Atopic dermatitis in the domestic dog.Clinics in
Dermatology , 34, 299e 303. With Permission.
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Candidate genes associated with canine atopy include those encoding the skin protein
� laggrin (FLG); genes that affect T cell function and IgE production; as well as the gene for
the TSLP receptor. Loss of function mutations in the � laggrin gene occur in humans with
atopic dermatitis and may also occur in dogs. Studies on the heritability of atopic dermatitis
in West Highland White Terriers have, however, shown that a � laggrin mutation is not
involved in this breed ( Agler et al., 2019). Conversely, this mutation appears to be involved
in AD in Golden Retrievers. Some variants of the gene for the TSLP receptor are also associ-
ated with canine atopic dermatitis. TSLP is one of the master cytokines released by damaged
keratinocytes. It contributes to the Th2 response and the itch sensation. Other genes that may
be linked to the pathogenesis of AD include those encoding a tyrosine kinase involved in
regulating the activation of B and T cells. In another study of German Shepherd dogs, an as-
sociation was found with the gene encoding plakophilin 2, a protein involved in epidermal
celle cell adhesion. Thus, canine AD is a disease syndrome in which multiple genes may
play a role in association with environmental factors ( Bizikova, Pucheu-Haston, et al., 2015).

Environmental factors

Environmental contaminants can disrupt the physical integrity of the skin epithelial bar-
rier, thus triggering the production of epithelial cytokines and increasing barrier perme-
ability. Proteases in allergens, detergents, tobacco smoke, ozone, diesel exhaust fumes,
nanoparticles, and microplastics all contribute to barrier dysfunction ( Hakanen et al.,
2018). Other environmental and social factors predisposing to the development of atopic
dermatitis in retrievers include being reared in an urban environment, being male, being neu-
tered, receiving � ea control, and being permitted on upholstered furniture. Collectively these
suggest that decreased air quality in cities may be a signi� cant risk factor. This is supported
by the fact that smoking by owners also predisposes dogs to AD. The limited urban micro-
biota may also be a predisposing factor.

Many cases of AD in dogs are associated with exposure to environmental allergens such as
molds and pollens and as a result many cases are seasonal. Surveys suggest that about 30% of
affected dogs show seasonal responses (range 15%e 62%). These environmental allergens
include biological particles generated by many different plants, molds, and arthropods
(Mueller, Janda, et al., 2016) (Fig. 17.6).

Many atopic dogs are sensitized against pollen-derived allergens. These allergens are usu-
ally glycoproteins found within the pollen protoplast but are released when the pollen lands
on a moist surface and rehydrates. In addition, pollens release lipids that can bind to toll-like
receptors, activate NKT cells, and promote type 2 immune responses.

Mold spores are also common aeroallergens. Mold allergies are generally subject to acute
exacerbations as a result of temporary high concentrations of these spores. The reported level
of sensitization to fungal allergens is highly variable re � ecting animal housing, geographical
location, and a lack of standardization.

Other major sources of airborne allergens are those derived from common but microscopic
environmental mites, especially dust mites and storage mites. Nonseasonal extrinsic AD may
be associated with allergies to house dust mites (Dermatophagoides farinaeand Dermatopha-
goides pteronyssinus); as well as to animal danders; and the yeastMalassezia pachydermatis.
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Skin barrier function

Most forms of canine AD begin with a skin barrier defect manifested by dry itchy skin
and associated with changes in the cutaneousmicrobiota. Environmental allergens and
bacteria trigger the expression of proin� ammatory cytokines including TSLP and IL-33
and as a result, activate Th2 cells, basophils, and mast cells. This local in� ammatory
response generates IL-31, a key mediator of itch and eventually results in the development
of dermatitis. The dermatitis is initially erythematous and edematous. The lesions
are extremely pruritic; consequently, scratching may mask the true nature of the lesion.
The in� ammatory cell in � ltrate in these lesions includes B cells, macrophages, and mast
cells while expression of IL-4, IL-13, and TSLP is increased compared to nonlesional skin
(Jassies van der Lee et al., 2014).

Keratinocytes together with the highly hydrophobic lipids in the stratum corneum form a
physical barrier that serves to keep water in and invaders out. In addition, the keratin within
these cells is bundled together by a protein called� laggrin to form a dense proteine lipid ma-
trix. Filaggrin is a histidine-rich, � lament-associated protein involved in cross-linking keratin
� bers. It is a major component of the skin barrier. It is � rst synthesized as a large polyprotein
tetramer called pro� laggrin. Pro� laggrin is stored in keratohyalin granules in the stratum
granulosum. As these cells differentiate into corneocytes, the pro� laggrin is broken down
into � laggrin monomers. These monomers then aggregate keratin� laments into keratin � -
brils. Eventually however � laggrin is further broken down by skin proteases into its amino
acids. These are then deaminated into urocyanic acid and pyrrolidone carboxylic acid.
Both of these acids draw water osmotically into corneocytes. They also generate an“ acid bar-
rier” that has signi� cant antimicrobial properties. The acid pH is also required for the proper
synthesis of ceramides, for the activation of skin proteases, and the desquamation process
(Fanton et al., 2017).

In addition to � laggrin, several other crosslinked, insoluble, proteins are key components
of the corneocyte barrier. These include envoplakin, periplakin, and involucrin. Defects in the
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genes encoding any of these may impair skin barrier function. Antimicrobial peptides
including both the defensins and cathelicidin are also delivered to the intercellular sites by
secretion from the contents of lamellar bodies.

A genome wide survey has suggested that there is a signi� cant risk focus for canine AD on
canine chromosome 27. The gene forPlakophilin-2 (PKP2) was identi � ed as the top candidate
gene in German Shepherd dogs (Ardesjo-Lundgren et al., 2017). PKP2 is a key component of
desmosomes, the structures that bind epithelial cells together. It is present in skin and cardiac
muscle. It is also important in cell signaling and gene transcription. However, there is no
apparent difference in its expression between AD lesions and normal skin control samples.

It is widely believed that rather than being a consequence of atopic dermatitis, skin barrier
defects may well be its major predisposing cause. Defects in either� laggrin, or in skin lipids,
permit loss of water as well as the penetration of allergens and microbes and so increase the
potential for interactions between the skin immune system and environmental irritants ( Elias,
2008).

In experimental canine AD, there is a decrease in ceramides linked to epithelial in� amma-
tion. The proportion of ceramides is also reduced in both lesional and nonlesional skin in AD
dogs. There are also wide variations in free ceramide content in the skin of healthy dogs. As a
result, there may be large amounts of free glucosylceramides present in the skin of atopic
dogs but not in the skin of normal dogs. Sphingosine-1-phosphate (S1P) is another important
component of the skin lipid barrier. It is both a structural lipid and a signaling molecule since
it modulates allergen capture by Langerhans cells. The level of S1P is lower in lesional atopic
skin than in healthy canine skin. Dog epithelium contains much less lipid than human skin,
perhaps because of the additional protection afforded by hair (Pucheu-Haston et al., 2015).

In humans, mutations in the � laggrin gene are important risk factors for the development
of AD. Single nucleotide polymorphisms within the canine � laggrin gene have been associ-
ated with some forms of canine atopic dermatitis (Brown & McLean, 2012). It is possible that
these loss-of-function mutations may be important in some breeds. However, it is important
to point out that these mutations are not consistently found, and similar defects may occur in
otherwise healthy dogs. Thus, the importance of � laggrin in canine atopic dermatitis is un-
clear. It is possible that � laggrin defects only account for a subset of canine AD cases or alter-
natively, that � laggrin defects are secondary to some other cause of canine AD (Kanwal et al.,
2022).

Allergic in� ammation

Extrinsic AD

The most important route of allergic skin sensitization is percutaneous. Extrinsic AD likely
originates from a combination of genetic predisposition together with disruption of the skin
epidermal barrier. As a result, environmental allergens can penetrate the skin and be
captured and processed by dendritic cells and Langerhans cells. These processed allergens
are then presented tog/ d T cells. Theseg/ d T cells appear to play a critical role in the path-
ogenesis of AD, with type 2 responses and cytokines predominating in the acute phase over
the � rst 24 h and mixed type 1 and 2 responses in the later, chronic disease (48e 96 h).
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Lesions from patients with both intrinsic and extrinsic forms of AD are in � ltrated with
CD4þ and CD8þ T cells and dendritic cells. AD dogs have a higher percentage of CD8þ lym-
phocytes and a lower CD4:CD8 ratio than healthy dogs.

In response to dendritic cell activation, keratinocytes release the three epidermal cytokines,
TSLP, IL-25, and IL-33. These in turn expand the numbers and activities of skin resident
ILC2s. Allergen-activated Th2 cells secrete IL-4, IL-5, IL-13, and IL-31 and so promote IgE
production. The IgE binds to mast cells so that when exposed to allergens they release their
mediators and so trigger intense in� ammation (Asahina & Maeda, 2017) (Fig. 17.7).

The development of a type 2 immune response in AD is in most cases, probably secondary
to an in� ux of environmental or food allergens as a result of epithelial barrier dysfunction
(Mueller, Olivry, & Prelaud, 2016). In other words, the primary defect is in the skin perme-
ability barrier and is followed by in � ux of allergen and a subsequent type 2 response (the
outsidee inside hypothesis). An alternative explanation suggests that there is a process asso-
ciated with the atopic state in which the type 2 response in the skin results in secondary bar-
rier defectsd the insidee outside theory. Of course, both theories could be correct and simply
re� ect two different disease endotypes. Once AD develops, by whatever route, then the skin
response becomes a self-perpetuating cycle of in� ammation, itch, and skin damage.

Cytokines

The Th2 and ILC2 cells and keratinocytes in AD lesions produce a full spectrum of cyto-
kines in addition to antibacterial peptides, and chemokines. One of the cytokines they pro-
duce is thymic stromal lymphopoietin (TSLP). TSLP is upregulated in in � amed skin,
especially when associated with epidermal barrier dysfunction or physical damage. This
TSLP is produced, not only by keratinocytes but also by mast cells in response to antimicro-
bial peptides such asb-defensins and cathelicidin. TSLP acts on Th2 cells to promote the pro-
duction of IL-4, IL-5, and IL-13, and these in turn promote IgE production. Affected dogs also
have higher serum levels of IL-31, and IL-34 and lower levels of IL-10 (Verde et al., 2022).

Some dermal dendritic cells produce IL-25. This too enhances production of the Th2 cyto-
kines (especially from ILC2 cells) and downregulates � laggrin synthesis. IL-33 also downre-
gulates skin � laggrin production. Th22 cells secrete IL-22 that promotes and regulates skin
in� ammation especially epithelial cell proliferation and production of antimicrobial peptides.
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FIGURE 17.7 An overview of the pathogenesis of canine atopic dermatitis. This represents the most widely
accepted outside:inside hypothesis where the disease is triggered by extrinsic environmental allergens and skin
barrier defects.
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IL-22 can be detected in chronic skin lesions and its genes are upregulated in acute AD lesions
(Shiomitsu et al., 2021; Jasssies van der Lee, et al., 2014).

Plasma CXCL8, IL-7, and IL-15 are upregulated in dogs with AD (Mazrier et al., 2021).
These are produced byg/ d T cells and in a small subpopulation of IL-26-positive � broblasts.
The g/ d T cells express high levels of IL-17 A, F, and R, as well as IL-9. The chemokines,
CCL17, CCL22, and CCL28 are expressed at higher levels in atopic skin suggesting that
they also contribute to the local in� ammatory response (Santoro et al., 2022).

The transcriptome of acute AD lesions induced in dogs by extracts of the house dust mite
Dermatophagoides farinaehas been investigated (Olivry et al., 2016). In these acute lesions there
was signi� cant upregulation of the genes encoding cytokines involved in type 2 immune re-
sponses including, IL-4, -5, -9, -13, -22, -31, and -33. Chemokine genes that were activated
included CCL5 and CCL17. Other proin � ammatory genes activated included those encoding
IL-6, IL-18 and lymphotoxin- b, as well as cathepsin S, mast cell chymase, tryptase, mastin,
neuromedin-B, nerve growth factor, and several enzymes involved in leukotriene synthesis.
Transcriptome pro� les of the blood lymphocytes in dogs with AD showed increases in CD8 þ

T cells and Treg cells. Likewise, there was increased expression of TNF-a as well as decreased
expression of IL-10 and TGF-b (Majewska et al., 2016).

Treg responses

Below the surface of normal skin, in the dermis, there is a large resident population of Treg
cells. They account for almost half the total CD4þ cell population in normal skin (This con-
trasts with the situation in canine lymphoid organs such as the spleen or lymph nodes where
only 5%e 10% of the CD4þ cells are Tregs) (Jassies van der Lee et al., 2014). Normally these
skin Treg cells exert immunosuppressive and antiin� ammatory effects through the produc-
tion of IL-10. When this changes in response to allergen exposure, these Treg cells may differ-
entiate into Th2 cells with a consequent IgE response as well as into proin� ammatory Th17
and Th1 cells. Thus FoxP3þ Treg cells are downregulated, and the suppressive cytokine TGF-
b is underexpressed in both types of canine AD. The decline in IL-10 and TGF-b levels sug-
gests that Treg function is somehow impaired (Sparling et al., 2020).

Intrinsic AD

Dogs with extrinsic AD show evidence of an IgE response to aeroallergens based on either
intradermal skin testing or serologic assays. This is especially true of animals sensitized to
house dust mites and pollens. However, this is not always the case. In many dogs, here is
no correlation between total IgE in serum and disease status. Many AD cases do not have
detectable IgE antibodies to environmental allergens as determined by skin testing.

In one study, 26% of dogs with clinical AD had no detectable IgE as measured by a skin
test response. Likewise, total IgE levels do not correlate with lesional severity in the dog.
Allergen-speci� c IgE may also be detected in dogs that have no clinical signs of AD, while
IgE levels cannot discriminate between normal dogs, dogs with parasites, or dogs with AD
(Jackson, 2023). For example, up to 20% of apparently healthy dogs can have high levels of
IgE against house dust mites and common pollens. Normal IgE levels differ between breeds
and depend greatly on � ea infestation and intestinal parasites. Much of the IgE in canine
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serum consists of low-af� nity antibodies directed against abundant environmental allergens
and is thus unrelated to allergic sensitization (Lauber et al., 2012).

One reason for this lack of correlation is that IgE production may be very local. IgE is
expressed on the surface of Langerhans cells in the epidermis of atopic dogs where it likely
contributes to the capture and processing of allergens. It is also found on dermal mast cells.
Blood IgE levels may drop to undetectable levels, whereas levels in the skin remain high.
Serological assays that measure IgE antibodies to the offending allergens rarely correlate
well with disease severity or with intradermal skin tests.

Intrinsic AD cases may be attributed to some internal causation resulting in the develop-
ment of allergic in � ammation in the skin. In � ammation can be triggered in the absence of IgE
and antigens by nonspeci� c activation of ILC2 cells as well as by the release of the three mas-
ter cytokines IL-33, TSLP, and IL-25 from damaged keratinocytes. Intrinsic AD lesions
contain relatively low levels of IL-4, IL-5, and IL-13 ( Imai, 2019). Th17 cells may also partic-
ipate and promote a neutrophil-dominated pathology. Th17-derived cytokines are usually
elevated only in dogs with intrinsic AD.

Pathology

T cells predominate in canine AD skin lesions and include both a/ b and g/ d cells. Thea/ b
T cells predominate in the dermis, while g/ d T cells are greatly increased in the epidermis as
be� ts a cell population tasked with epithelial defense. B cells are not a major population in atopic
skin lesions. It is unclear whether mast cell numbers are increased in AD skin lesions, especially
if site-speci� c variations are taken into consideration. Epidermal Langerhans cell numbers are
increased in AD lesions in dogs as are macrophages (Figs. 17.8 and 17.9). Eosinophils are rare in

FIGURE 17.8 Histopathology of a
canine atopic dermatitis lesion. Note
the relatively mild in � ammatory
response and lymphocytic in� ltration.
Courtesy of Dr. Dominique Wiener.
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normal healthy skin, and their numbers appear to increase minimally in AD lesions. Neutrophil
numbers increase signi� cantly in response to secondary staphylococcal invasion.

Canine drug allergies

Dogs suffer from allergic reactions to drugs. Beta-lactam antibiotics which include the pen-
icillins, cephalosporins, carbapenems, and monobactams are the drugs most associated with
antibiotic allergies and delayed reactions in dogs. Sulfonamides and trimethoprim-
sulfonamide combinations may trigger dose-dependent adverse reactions such as anemia, he-
maturia, and inhibition of thyroid hormone synthesis. The prevalence of these reactions has
been estimated to be about 0.25% of canine cases. Other surveys suggest that sulfonamide
hypersensitivity could account for about 80% of reactions to antimicrobials in dogs.

The use of anticonvulsive agents in dogs is also associated with adverse reactions. These
reactions include blood cell dyscrasias, hepatopathy or most commonly, skin disorders. In
prospective studies more than 10% of dogs receiving these drugs, especially phenobarbital,
exhibited cutaneous signs. These ranged from urticaria and angioedema to severe generalized
syndromes such as lupoid or pemphigoid lesions.

The most signi� cant canine drug hypersensitivities are type I hypersensitivity reactions
mediated by IgE and mast cells. They are not restricted to active drugs. Even chemicals con-
tained in catgut sutures, or compounds such as methylcellulose or carboxymethylcellulose
used as stabilizers in vaccines may provoke IgE-mediated allergic responses (Pichler, 2019).
The general anesthetic, alphaxalone, has also been reported to cause anaphylaxis in a dog.

FIGURE 17.9 High power view of
a canine atopic dermatitis lesion. The
cellular in � ltrate is primarily lympho-
cytic. Note the absence of eosinophils.
Courtesy of Dr. Dominique Wiener.
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Many of these drugs and their metabolites are too small to generate an immune response
on their own. They must � rst bind covalently to proteins in order to generate antigenic hap-
tens. Examples of drugs that can bind stably and covalently to proteins and so trigger im-
mune responses include beta-lactam antibiotics such as the penicillins; sulfanilamides,
metamizole, some radiocontrast media, and some muscle relaxants such as rocuronium
and antiepileptic drugs ( Koch et al., 2016). The binding of drug molecules can change a
normal protein such as serum albumin or transferrin, or even a cell surface protein such as
an integrin or selectin, into a novel structure to which the immune system is no longer
tolerant. It thus can act as a foreign antigen.

The skin is the organ most often and obviously affected by drug-induced allergic reactions
(Voie et al., 2012). Thus, a generalized exanthema with a red rash may develop within days
following drug exposure. IgE-mediated drug responses will show the typical signs of imme-
diate hypersensitivity such as pruritic urticaria where the edema is con � ned to the dermis
(hives), or angioedema where the edema spreads through the subcutis to cause an ill-
de� ned swelling. Angioedema is often observed on the head or face. A rash with eosinophilia
may also develop. The severity of the pruritus is variable. These reactions, however, can also
result in respiratory allergies with dyspnea, and if severe, anaphylaxis. The most dangerous
forms of cutaneous drug reactions are Stevense Johnson syndrome and toxic epidermal nec-
rolysis (Hinn et al., 1998). These severe cutaneous adverse reactions may develop as late as
12e 50 days postexposure.

A single-nucleotide polymorphism in the canine cytochrome b5 reductase (CYB5R3) gene
is associated with sulfonamide hypersensitivity and occurs mainly in Doberman Pinschers
(Reinhart et al., 2018). These dogs have a limited ability to detoxify the hydroxylamine me-
tabolites of these drugs. As a result, they develop allergic reactions after treatment with sul-
fadiazine. They become sensitized between 10 and 21 days after� rst drug exposure. Once
sensitized, between 1 h and 10 days after treatment, the dogs develop a polyarthritis, retinitis,
polymyositis, fever, and anemia, leukopenia and thrombocytopenia as well as neurologic and
skin lesions. Synovial � uid analysis shows high neutrophil numbers. Acute hepatopathy also
occurs as a result of severe hepatic necrosis and carries a poor prognosis (Giger et al., 1985).
The most favored hypothesis regarding the pathogenesis of sulfonamide hypersensitivity is
that they act as pro-haptens. Thus, in the initial step, the parent drug is metabolized to reac-
tive metabolites. These in turn haptenize tissue proteins. The adducts are then processed lead-
ing to T cell activation. It appears that Th2-mediated antibody production by B cells is not
triggered in many patients so that immediate, IgE-mediated responses to sulfonamides are
uncommon.
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18

Immune complex-mediated and
other hypersensitivity diseases

Immune complexes formed by the combination of antibodies with antigen effectively acti-
vate the classical complement pathway. As a result, when these complexes are deposited in
tissues, the activated complement generates chemotactic peptides such as C3a and C5a that
attract neutrophils. The accumulated neutrophils then release oxidants and enzymes, causing
acute in� ammation and tissue destruction. Lesions generated in this way are classi� ed as
type III or immune complex e mediated hypersensitivity reactions.

The severity and signi� cance of type III hypersensitivity reactions depend, as might be ex-
pected, on the amount and the site of deposition of immune complexes. For example, a local
reaction occurs in tissues at sites where immune complexes are generated. Systemic reactions
result when large quantities of immune complexes are produced within the bloodstream.
This can occur when an antigen is administered intravenously to an immune recipient. Im-
mune complexes in the bloodstream are deposited in glomeruli in the kidney and cause
the development of glomerular lesions (glomerulonephritis). If the complexes bind to blood
cells, anemia, leukopenia, or thrombocytopenia may also result. Immune complexes may also
be deposited in blood vessel walls and so cause vasculitis or in joints to cause arthritis (Lee
et al., 2019; Powell et al., 2013).

Localized type III hypersensitivity

Blue eye

“ Blue eye” is an immune-mediated keratouveitis that develops in a small proportion of
dogs that have been either infected or vaccinated with, live canine adenovirus type 1. These
animals develop an anterior uveitis leading to corneal edema and opacity. The cornea is in� l-
trated by neutrophils, attracted by virus e antibody complexes that are deposited in tissued a
type III hypersensitivity reaction. Blue eye develops about 1e 3 weeks after the onset of infec-
tion and usually resolves spontaneously once the virus is eliminated (Joyce et al., 2023)
(Fig. 15.4).
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Systemic type III hypersensitivity

Vasculitis

Focal vascular lesions characterized by neutrophil in� ltration can develop in small blood
vessels throughout the body, but especially in the skin of dogs. As a result of blood vessel
leakage, they may present as hemorrhagic lesions (Fig. 18.1). Although called hypersensitiv-
ity vasculitis, a foreign antigen can be identi � ed in only a small proportion of these cases.
They may re� ect the dog’s antibody response to infectious agents, drugs, or to immune attack
but are not considered speci� c diseases themselves with the possible exception of Alabama
Rot. The underlying antigenic triggers of vasculitis may include drugs, insect bites, infections,
food allergy, and some autoimmune diseases.

Pathogenesis

IgG-containing immune complexes can bind and activate Fc receptors on neutrophils. This
can trigger the release of neutrophil extracellular traps (NETs). Activated blood platelets ex-
press CD40L that can also bind to neutrophil CD40 triggering the respiratory burst that also
drives NET formation. The aggregated platelets can then bind to NETs to form neutrophil e

FIGURE 18.1 Generalized vasculitis in an 8-month-old mixed breed dog. No triggers could be identi � ed in this
patient, but the dog was successfully treated with cyclosporine. From Innera, M. (2013). Cutaneous vasculitis in small
animals.Veterinary Clinics of North America: Small Animal Practice , 43, 113e 134. With permission.
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platelet complexes (Fig. 18.2). The activated neutrophils also release cytokines, proteases,
peptides, and oxidants as well as antimicrobial cathelicidin. The NETS interact with von Wil-
lebrand Factor (VWF) and can bind to nearby blood vessel walls (Martinod & Deppermann,
2020).

NETosis effectively traps invading organisms. However, it can also cause damage if it oc-
curs to excess or in critical blood vessels (Goggs et al., 2020). Thus, the interaction of NETS
together with platelets and components of the coagulation pathway results in immunothrom-
bosis and the development of a vasculitis (Nichols et al., 2001). NETs may also circulate
within the bloodstream and trigger uncontrolled thrombin and � brin generation leading to
disseminated intravascular coagulation (Innera, 2013). The commonest triggering mechanism
of these vasculitides in dogs is a type III hypersensitivity reaction accompanied by a neutro-
philic in � ammation, but the offending antigens may be dif � cult to identify and at least half of
canine vasculitis cases are idiopathic (Nichols et al., 2001).

Immune complexes

Neutrophil 
Fc receptors

Platelet Fc receptors

Neutrophil net 
formation

Platelet-neutrophil clusters

IMMUNOTHROMBOSIS

Activation of VWF 
and TF

Endothelial cell
        activation

FIGURE 18.2 The mechanism of immunothrombosis. Immune complexes activate neutrophils resulting in
NETosis. Immune complexes also activate platelets so that they bind to NETs. The neutrophile platelet clusters bind
to vascular endothelial cells, activate von Willebrand factor (VWF) and tissue factor (TF), and a thrombus develops
on the vessel wall.
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Clinical disease

Dogs suffering from systemic vasculitis present with anorexia, depression, malaise, and
fever. The vasculitis is often associated with anemia, thrombocytopenia, or neutropenia as
well as a protein-losing nephropathy and muscu loskeletal lesions. As a result of interfer-
ence with local blood � ow, edema, hemorrhage, thrombosis, and purpura can result.
Skin necrosis and ulceration may follow. Lesions can develop at any site on the body
including the oral cavity and mucus membranes. These lesions also evolve over time so
that ulcers may develop several days after the � rst appearance of vascular lesions. The
skin overlying the extremities inclu ding the pinnae, feet, and over the sti� e is most affected.
Vasculitis-associated disseminated intravascular coagulation may cause a thrombocyto-
penia. Affected skin may be in� amed and very painful, especially during the initial phase
of the disease. If necrosis and ulcerations are extensive, then secondary bacterial and fungal
infections may invade the damaged skin. Epidermal lesions include exudation, crusting,
and ulceration. Many animals develop pur puric plaques and hemorrhage as well as pap-
ules and edema.

Pathology

Histological examination of the dermis and panniculus is required in order to con � rm the
presence of a vasculitis. It usually affects both small and medium sized blood vessels. The
vasculitis is usually leukocytoclastic (Fig. 18.3). Thus, the break-up of the nuclei of in� ltrating
pyknotic or karyorrhexic neutrophils will result in the accumulation of fragments of nuclear
material around blood vessels. This is called leucocytoclasia (or nuclear dust). This nuclear
dust is often the only evidence of a vascular lesion. Other criteria that need to be satis� ed
include intramural in � ammation and endothelial cell swelling, hemorrhage, and � brinous ne-
crosis in the blood vessel walls. In most cases the cellular in� ltration is neutrophilic. Hypoxic
changes will result in pale collagen and faded hair follicles.

Most commonly, canine vasculitis results from a type III hypersensitivity to a drug. A tem-
poral relationship with drug administration can often be identi � ed, although it may be dif � -
cult to determine which speci � c drug is the cause especially in animals receiving multiple
medications. Three commonly used drugs that are known to trigger cutaneous vasculitis in
dogs include itraconizole, fenbendazole, and meloxicam. The immune complexes found in
vessel walls will contain antigens derived from the parent drug or its metabolites coupled
to host antibodies. The � rst step in treatment is to remove and avoid subsequent exposure
to the offending drug.

Serum sickness

An animal that receives a large amount of foreign protein may develop a syndrome called
serum sickness when its antibodies interact with residual protein to form immune complexes.
For example, serum sickness has been reported in dogs that had received equine polyvalent
antivenin for the treatment of a suspected rattlesnake bite. One week after receiving the anti-
venin, the dogs develop signs of hypersensitivity including generalized swelling, facial
edema, urticaria, gastrointestinal signs, and skin lesions. Biopsies demonstrated that the
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skin lesions consisted of a vasculitis with mild to moderate neutrophil in � ltration as well as
leukocytoclastic changes and� brinoid necrosis in blood vessel walls (Lee et al., 2019).

A similar reaction has been reported in hypoalbuminemic dogs that received human
serum albumin (HSA) as a plasma expander. A vasculitis developed 8e 16 days after they
received the albumin. The dogs developed epidermal pallor, and generalized edema. Histo-
pathology revealed hemorrhage, degenerative neutrophil perivascular in� ltrates with “ nu-
clear dust” and multifocal areas of neutrophilic or leukocytoclastic vasculitis.
Immunohistochemistry showed the presence of HSAe antigene antibody complexes in the
dermis (Powell et al., 2013).

In all these cases, the vasculitis affected arterioles, venules, and capillaries. The lesions
were characterized by endothelial swelling, and neutrophilic in � ammatory in � ltrates in the
vessel walls and surrounding tissues.

Other vasculitides

Several other forms of immune-mediated vasculitis have been described in dogs. Their
precise relationships are unclear, and as a result, they have been given several different
names, including canine juvenile polyarteritis, and polyarteritis nodosa.

FIGURE 18.3 An extramural coronary artery from a Beagle suffering from juvenile polyarteritis. This medium-
sized muscular artery is characterized by medial necrosis, ruptured elastic laminae, and severe perivascular
accumulations of neutrophils, lymphocytes, and macrophages. H&E stain. From Snyder, P. W., Kazacos, E. A.,
Scott-Moncrieff, J. C., et al. (1995). Pathologic features of naturally occurring juvenile polyarteritis in beagle dogs.Veterinary
Pathology Online, 32, 337e 345. With permission.
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Canine juvenile polyarteritis syndrome primarily affects Beagles under 2 years of age
(Snyder et al., 1995). The animals undergo episodes of anorexia, persistent fever of greater
than 40� C, and a hunched stance with lowered head and a stiff gait, indicating severe neck
pain. They may show cyclical remissions and relapses. The dogs develop a nonregenerative
anemia, hypoalbuminemia, neutrophilia, and elevated acute-phase proteins. They have
elevated serum IgM and IgA but normal IgG levels. Blood B cells are increased, but their
T cells are decreased, as is their response to mitogens. Their CSF shows a moderate neutrophil
pleocytosis. On necropsy there are few gross lesions. There may be some hemorrhage within
lymph nodes. In acute cases there may be a necrotizing arteritis with � brinoid necrosis,
thrombosis, and a massive in� ammatory cell in � ltration involving the small and medium-
sized arteries of the heart, mediastinum, and cervical spinal cord. Immunoglobulins are
deposited in the walls of these arteries. During remissions, the vascular lesions consist of
intimal and medial � brosis and a mild perivasculitis, the residue of previous acute attacks.
Chronically affected dogs may develop generalized amyloidosis (Scott-Moncrieff et al., 1992).

Polyarteritis nodosa occurs sporadically in dogs. It is characterized by a widespread, focal
necrosis of the media of small and medium-sized muscular arteries. The lesions are found in
many organs, especially in the kidney and mesenteric arteries. Vessels in the skin are rarely
involved. Polyarteritis nodosa is usually detected as an incidental � nding on necropsy. Der-
matomyositis is an inherited disease condition in which a necrotizing vasculitis results in the
development of both skin and muscle lesions in developing dogs. It is discussed in Chapter
24. The causes of polyarteritis nodosa, dermatomyositis, and canine juvenile polyarteritis syn-
drome are unknown. Their histopathology suggests that they are a form of type III hypersen-
sitivity reaction, perhaps triggered by an infectious agent.

Glomerulonephritis

If an antigen is administered intravenously to a dog already possessing antibodies, im-
mune complexes form in the bloodstream. These immune complexes are removed by binding
to either erythrocytes or platelets, or if very large, by macrophages. If, however, complexes
are produced in excessive amounts, they are also deposited in the walls of blood vessels,
especially medium-sized arteries, and in vessels where there is a physiological out� ow of
� uid such as glomeruli, and synovial membranes (Scherlinger et al., 2023).

When immune complexes are deposited in the glomeruli, they cause basement membrane
thickening and stimulate glomerular cells to proliferate. Any or all of the three glomerular cell
populations, epithelial cells, endothelial cells, and mesangial cells, can proliferate. The lesion
is therefore called membranoproliferative glomerulonephritis (MPGN). MPGN lesions have
been classi� ed based on their histopathology (Sethi & Fervenza, 2012). They can also be clas-
si� ed according to their cause (Anders et al., 2023).

Immune complexes can usually penetrate the glomerular vascular endothelium, but not
the basement membrane, and are therefore trapped on the inside surface, where they stimu-
late endothelial cell swelling and proliferation. Continued damage to the glomerular cells by
immune complexes leads to production of TGF-b. This cytokine stimulates nearby cells to
produce � bronectin, collagen, and proteoglycans. This results in a thickening of the basement
membrane to form the so-called “ wire loop ” lesion (also called a membranous
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glomerulonephritis) ( Fig. 18.4). Alternatively, the immune complexes and complement may
be deposited in the mesangial region of the glomeruli (Aresu et al., 2008). Mesangial cells
can release cytokines and prostaglandins and ingest immune complexes. They respond to im-
mune complexes by proliferating and producing IL-6 and TGF- b. The IL-6 stimulates auto-
crine growth of the mesangial cells. The TGF-b stimulates production of extracellular
matrix. This chronic glomerulonephritis eventually interferes with glomerular function. By
using immuno � uorescence, it can be shown that lumpy aggregates of immune complexes
are deposited in capillary walls and on the epithelial side of the glomerular basement
membrane.

Surveys of dogs in the United Kingdom with suspected glomerulopathy indicated that 17/
67 (27%) had immune complex glomerulonephritis (Vessieres, et al., 2019). Similar surveys in
North America showed a prevalence of 48% and in Europe, 50%. Some cases may be due to
complement de� ciencies (Cork et al., 1991). Many cases of MPGN develop in the absence of
an obvious predisposing cause.

Infection-related MPGN

MPGN develops when prolonged antigenemia persists in the presence of antibodies
(Grant & Forrester, 2001). It is therefore characteristic of chronic viral diseases such as
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FIGURE 18.4 The structure of a typical glomerulus. Immune complexes may be deposited on either side of, or
within, the glomerular basement membrane.
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infectious canine hepatitis due to canine adenovirus 1, and chronic bacterial diseases such as
recurrent Staphylococcal pyoderma, Lyme Borreliosis, and Ehrlichiosis. MPGN has also been
reported in dogs with pyometra, chronic pneumonia, distemper encephalitis, acute pancreatic
necrosis, and bacterial endocarditis. In animals with lymphosarcomas, osteosarcomas, and
mastocytomas, large amounts of tumor antigens may be shed into the bloodstream and result
in an MPGN. It also develops in chronic parasitic diseases such as Leishmaniasis, generalized
Demodicosis, and Diro� lariasis.

Diro� lariasis

Dogs infested with the heartworm Diro� laria immitismay develop a proteinuria associated
with a glomerulopathy. The lesions generally consist of a “ wire-loop ” thickening of the base-
ment membrane with minimal cellular proliferation. Large amounts of IgG1 are deposited on
the epithelial side of the basement membrane. Originally believed to be caused by immune
complexes containing micro� larial antigens, these lesions are now believed to be a result
of an immune response to their commensal bacteriumWolbachia. When heartworms die their
intestinal bacteria are released and so trigger an immune response. Antibodies toWolbachia
are detectable in the urine of heartworm-infected dogs and the glomerular immune com-
plexes contain Wolbachiasurface protein (Morchón et al., 2012).

Cutaneous and renal vascular glomerulopathy

Cutaneous and renal vascular glomerulopathy is a canine disease of unknown etiology. It
was � rst reported in racing Greyhounds in Alabama in the 1980sd hence its colloquial name,
Alabama Rot (Hope et al., 2019). It has subsequently been reported in many other areas of North
America and Europe. Affected dogs initially develop ulcerative lesions in the mouth, distal
limbs, belly, and muzzle, with fever and anorexia. Some dogs recover; however many develop
acute kidney damage that results in renal failure 3e 10 days later. Histologically the dogs
develop widespread microvascular thrombosis. This results in infarction, thrombocytopenia,
hemolytic anemia, rapidly developing ulcerative skin lesions and eventually lethal kidney dam-
age. Death is due to renal failure. Its etiology is unknown, and no infectious agents have yet been
identi � ed, nor have immune complexes been detected in the vascular lesions. The initial cases of
the disease were certainly genetically in� uenced being restricted certain litters of Greyhounds.
However, it is widely believed that the disease trigger is an infectious or environmental factor
that has yet to be identi� ed since disease outbreaks occur in clusters, have the highest incidence
from November to May, and appear to be associated with walks in forested areas and periods of
increased rainfall (Holm et al., 2020). While originally reported in Greyhounds, it has since been
diagnosed in many other breeds, such as Great Danes, English Springer Spaniels, Golden Re-
trievers, Vizslas, and Whippets. It has not yet been reported in toy breeds.

Autoimmune MPGN

Circulating immune complexes leading to the development of a glomerulonephritis occur
in dogs with chronic autoimmune diseases such as systemic lupus erythematosus, Sjögrens
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syndrome, rheumatoid arthritis, and even cases of polyarthritis. Other autoantigens that may
be deposited in glomeruli include neutrophil antigens and even IgA.

Immunoglobulin A nephropathy

The most important cause of renal failure in humans is IgA nephropathy. In this form of
type I MPGN, patients have elevated serum IgA, and IgA-containing immune complexes are
deposited in the glomeruli. The resulting cellular proliferation and glomerulonephritis can
lead to renal failure. Recent studies have identi� ed the presence of IgA antimesangial auto-
antibodies in these patients (Nihei et al., 2023). IgA deposits can be found in the glomeruli of
up to 35% of some human populations and up to 47% of dogs. In these dogs, the IgA is
deposited in the mesangial and paramesangial areas and is associated with mesangial prolif-
eration. Dogs with chronic enteritis or liver diseases showed the highest prevalence of
glomerular IgA deposition ( Harris et al., 1993).

Canine familial glomerulopathies

Familial glomerulopathies have been reported to occur in many different dog breeds
including, English and American Cocker Spaniels, Dalmatians, and Bull Terriers. Most of
these result from abnormalities in the glomerular basement membranes such as the presence
of abnormal collagen IV, the main structural protein in glomerular basement membranes
(Littman, 2015). Labradors, Golden Retrievers, Shetland Sheepdogs, and probably Bernese
Mountain dogs are predisposed to a Lyme-speci� c immune complexe mediated glomerulop-
athy suggesting the occurrence of a defect in the handling of Borrelia immune complexes in
these breeds. Some breeds may be at a higher risk of developing immune complex glomeru-
lonephritis because they are more susceptible to certain infectious diseases or drug sensitiv-
ities. Thus, American Foxhounds are more susceptible to visceral Leishmaniasis; Dobermans
to sulfa drugs; and German Shepherds to chronic Ehrlichiosis. Shar Peis are at increased risk
of developing renal amyloidosis because of their persistent in� ammatory disease. Bernese
mountain dogs suffer from a familial autosomal recessive glomerulopathy while a second,
sex-linked gene controls its expression (Reusch et al., 1994). Affected dogs develop an
MPGN with interstitial nephritis. Immune complexes deposited subendothelially in the
glomeruli contain both IgM and complement C3. Many of these affected dogs have high anti-
body titers against Borrelia burgdorferi(Minkus et al., 1994).

C3 de� ciency inherited as an autosomal recessive condition has been described in Brittany
Spaniels. Many of these dogs develop MPGN, leading to renal failure. The lesions show
mesangial proliferation, thickening of the glomerular capillary wall, and deposition of
electron-dense deposits in the mesangium and subendothelial space. The deposits contain
both IgG and IgM ( Cork et al., 1991).

Clinical features

The presence of immune complexes within glomeruli stimulates neutrophils, mesangial
cells, macrophages, and platelets to release thromboxanes, nitric oxide, and platelet-
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activating factor. These increase basement membrane permeability so that plasma proteins,
especially albumin, are lost in the urine. Many animals may be clinically normal despite
the presence of immune complexes in their glomeruli, and immune complexes are commonly
observed in old, apparently healthy dogs. The most common initial signs are anorexia,
weight loss, and vomiting. Polyuria and polydipsia occur when about two-thirds of their
glomeruli are destroyed. Azotemia occurs when 75% of the glomeruli are destroyed. Devel-
opment of a nephrotic syndrome only occurs in about 15% of affected dogs. Some dogs
become hypertensive. Thromboembolic disease may also develop (Cianciolo et al., 2013;
Goldstein et al., 2013; Grauer, 2005; Segev et al., 2013).

Type IV hypersensitivities

Certain antigens, when injected into the skin of sensitized animals, provoke in� ammation
at the injection site after a delay of 12e 24 h. These delayed hypersensitivity reactions are clas-
si� ed as type IV hypersensitivities and result from interactions between the injected antigen
and T cells. An important example of a delayed hypersensitivity reaction is the tuberculin
response. This is an in� ammatory response that develops in the skin of an animal infected
with tuberculosis following intradermal injection of tuberculin. These are T cell e mediated re-
sponses directed against organisms that are resistant to elimination by conventional antibody
responses.

Allergic contact dermatitis

When reactive chemicals are painted onto the skin, they can trigger delayed in� ammation.
For example, TLR4 is a receptor for multiple contact sensitizers such as nickel ions or trinitro-
chlorobenzene. Likewise reactive chemicals from plants such as poison ivy (Rhus radicans) or
plumbago (Ceratostigma plumbaginoides) can react with keratinocytes and induce a severe
dermatitis (Seavers et al., 2016). These chemicals trigger in� ammation by stimulating IL-1 b
and TNF-a release (Ho et al., 2015). Additionally, they may bind to skin proteins such as ker-
atin and act as strong haptens. The resulting haptene protein complexes are captured and
processed by Langerhans cells in the dermis (Wang et al., 2002). The Langerhans cells migrate
to draining lymph nodes and present the antigen to T cells. Subsequent contact with the
chemical by a sensitized dog may elicit an acute in� ammatory response. Thus, when encoun-
tering these haptene protein complexes for a second time, activated Langerhans cells generate
NLRP3 in� ammasomes and secrete large amounts of IL-12, IL-18, and IL-23 that activate both
Th1 and Th17 cells. These hapten-speci� c helper cells in turn produce large amounts of IFN-g
and IL-17 and promote the activities of cytotoxic T cells. Activated M1 macrophages and
CD8þ lymphocytes in � ltrate the dermis taking about 24 h to generate a response. Eventually,
the cytotoxic T cells kill the chemically altered cells, resulting in the development of intraepi-
thelial vesicles. This presents clinically as an intensely pruritic skin reaction (Liu et al., 2016).
In addition to a/ b T cells, other cell types, such asg/ d T cells, mast cells, and NKT cells, may
contribute to the reaction. The in� ammation is eventually moderated by IL-10 and TGF-b
from Treg cells (He et al., 2009) (Fig. 18.5).
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The in� ammatory in � ltrate in ACD also contains ILC2 cells, NK cells, and NKT cells
(< 10%). They are attracted to the site by multiple chemokines. They exacerbate the in� amma-
tion by producing more IFN- g, and TNF-a and by killing modi � ed keratinocytes by
apoptosis. It is also of interest to note that contact dermatitis will not occur in skin that lacks
functional nerve � bers. Clearly allergic dermatitis has a complex and poorly understood eti-
ology (Brys et al., 2020).

Contact sensitizers

The chemicals that induce allergic contact dermatitis are chemically reactive molecules that
combine covalently with skin proteins to act as haptens; they include formaldehyde, picric
acid, aniline dyes, plant resins and oils, organophosphates, some topical medications such
as neomycin, and salts of metals such as nickel, chromium, cobalt, and beryllium. Thus,
allergic contact dermatitis can occur on the ears of dogs treated with neomycin for otitis
externa; on the foot pads, scrotum, and ventral abdomen of dogs on exposure to some carpet
dyes and deodorizers; on parts of the body exposed to the oils (urushiols) of the poison ivy
plant and mango skin; and around the neck of animals as a result of exposure to dichlorvos
(2,2-dichlorovinyldimethylphosphate) in � ea collars (Cronce & Alden, 1968). It is unusual for
allergic contact dermatitis to affect the haired areas of the skin unless the allergen is in a
liquid. Thus, allergic contact dermatitis to shampoo components may result in total-body
involvement. The period required for sensitization ranges from 6 months to several years.
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FIGURE 18.5 The pathogenesis of allergic contact dermatitis.
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The lesions of allergic contact dermatitis in dogs range from a mild erythema to severe
erythematous vesiculation. However, because of the intense pruritus, self-trauma, excoria-
tion, ulceration, and secondary staphylococcal pyoderma often mask the true nature of the
lesion. If the exposure to the allergen persists, hyperkeratosis, acanthosis, and dermal� brosis
may eventually occur. Histologically, the lesion is marked by a mononuclear cell in � ltration
and vacuolation of skin cells under attack by cytotoxic T cells (Fig. 18.6).

Because of their haired skin, dogs are generally less susceptible to developing ACD than
hairless species such as humans. Nevertheless, ACD does occur, especially when hairless
areas come into contact with chemically treated surfaces. A colony of Mexican hairless
dogs has been established for the express purpose of studying atopic dermatitis. These
dogs have been used to investigate hypersensitivities to agricultural chemicals and hair
dyes. They spontaneously developed a contact dermatitis upon contact with chromium in
their stainless-steel cages (Kimura, 2007). The primary changes were erythema, edema,
with macules and papules. Initially pruritus developed over the thoracic and abdominal
skin and the lesions gradually progressed to cover the dorsum and extremities. The affected

FIGURE 18.6 A severe case of an allergic contact
dermatitis in a Great Dane. The contact sensitizer was
not identi � ed but it appeared to originate in the con-
crete surrounding a newly constructed swimming pool.
Chloride ions appear to release a contact sensitizer
from concrete. Courtesy of Dr. R. Kennis.
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areas developed licheni� cation, hyperkeratosis hyperpigmentation, scaling and skin
� ssuring. When the dogs were patch tested, positive reactions were obtained in response
to potassium dichromate 24, 48, and 72 h after application. Histopathology of the lesional
skin showed epidermal hyperplasia, and intercellular edema. In the upper dermis of the
involved skin was a dense mononuclear cell in� ltrate. Lymphocytic in � ltration developed
around the base of hair follicles and sebaceous glands. There was also a marked mast cell
in� ltration.

Only one study has looked for any breed predisposition to the development of canine ICD
and none has been identi� ed. The use of Mexican hairless dogs to study ACD was based on
their lack of hair and the ability of the sensitizing chemical to reach their skin rather than any
speci� c genetic markers (Kimura, 2007, 2009).

Scrotal skin is thin with few hair follicles and as a result is a site commonly affected by
contact dermatitis. Case studies in dogs suggested that� oor detergents, bleach, cement,
laundry detergents, and some plastics may serve as the contact allergens (Trenti et al.,
2011). ACD involving the muzzle of dogs has been reported to result from sensitivity to plas-
tics in food bowls. Some dogs, instead of developing the more usual type I hypersensitivity to
pollen proteins, experience an allergic contact dermatitis to pollen resins.

Histopathology: Histologic examination cannot always distinguish between irritant con-
tact dermatitis and allergic contact dermatitis (Fig. 18.7). This is especially true with chronic
lesions. Therefore, it is best to biopsy the lesions within the � rst 48 h. The major feature of
acute disease is intracellular vacuolation with cell necrosis. There may be collagen degrada-
tion. The cellular in � ltrate consists mainly of monocytes and lymphocytes in� ltrating the
dermis and epidermis. In chronic lesions there may be hyperkeratosis, parakeratosis, and
acanthosis. ACD lesions show varying degrees of super� cial perivascular dermatitis with
epidermal spongiosis that may proceed to vesiculation. Some reactions show in� ltration
with lymphocytes, whereas others contain eosinophilic or neutrophilic epidermal pustules.

FIGURE 18.7 Histopathology of a case of
allergic contact dermatitis in a dog showing
the presence of spongiosis, edema, in� ltration
with lymphocytes, neutrophils, and eosino-
phils. The presence of these latter cells sug-
gests that this is a mixed type I and type IV
reaction. Courtesy of Drs Dominique Wiener and
Aline Rodrigues Hoffman.
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Presumably these re� ect different mechanisms involved and possibly point to the existence of
different disease endotypes.

Mucocutaneous diseases

Three related mucocutaneous disordersd erythema multiforme, Stevense Johnson syn-
drome, and toxic epidermal necrolysisd occur in dogs. The three diseases are characterized
by skin loss of increasing severity. Erythema multiforme is characterized by patchy skin
loss and low morbidity; Stevense Johnson syndrome is more severe but involves less than
10% of the body surface; toxic epidermal necrolysis is much more serious, with affected in-
dividuals losing more than 30% of their epidermis. Mortality is high.

Stevense Johnson syndrome and toxic epidermal necrolysis are believed to involve a
T celle mediated hypersensitivity to drugs. Erythema multiforme is not associated with
drug administration. Affected animals develop vesicles, shed large areas of epidermis, and
develop skin ulcers as a result of widespread keratinocyte apoptosis. The apoptosis is
believed to result from drugs or their metabolites binding to the epidermal cells triggering
their destruction by cytotoxic T cells. The skin lesions are in� ltrated mainly by CD8 þ

T cells. Some cases of erythema multiforme in old dogs are associated with hyperkeratosis
and parakeratosis (Banovic et al., 2023). Many different drugs may trigger these responses,
but common inducers in dogs include trimethoprim-potentiated sulfonamides, b-lactam an-
tibiotics, penicillin, and cephalexin. Beginning about 14 days after drug exposure, the skin be-
gins to blister and slough. Animals develop dyspnea, vomiting, fever, and weight loss. In
dogs, sloughing of the epidermis occurs over the nasal planum, the footpads, and the oral,
pharyngeal, nasal, conjunctival, and preputial mucosa. Life-threatening secondary infections
are common (Nuttall & Malham, 2004).

Further information

Tizard, I. R. (2022).Allergies and hypersensitivity disease in animals. St Louis: Elsevier. ISBN:
978-0-323-76393-6
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Canine allograft rejection

Although the immune responses � rst attracted the attention of scientists because of their
ability to � ght infections, the observation that animals reject foreign organ grafts led to a
much broader view of the immune system in that it indicated that it also had a surveillance
function. The rejection of a foreign organ graft simply re � ects the role of the immune system
in identifying and destroying “ abnormal” cells.

With respect to organ allografting in dogs, it is important to point out that dogs have long
been the favored species for human surgeons to conduct transplantation research on. They
are of a convenient size and diversity to provide much useful information on the rejection
process as well as being a suitable species in which to test antirejection drugs and procedures.
Thus, much of the early canine studies were designed to model human situations and
develop appropriate surgical techniques.

Grafting of organs

Allografts are transplanted between genetically different members of the same species. If
the major histocompatibility complex (MHC) and blood group molecules on the allograft are
different from those of their host, they will induce a strong immune response that results in
graft rejection. This rejection process must be suppressed if the grafted organ is to survive.

Clinical renal allografting is now routine in dogs, and bone marrow allografts promise to
be very useful in some forms of tumor therapy. Most current organ grafts are obtained from
healthy donor animals. This raises ethical issues as to whether it is appropriate to subject a
donor animal to major surgery in order to provide an organ for another animal. Although
the bene� ts of allografting to the recipient are obvious, it is unclear how the donor animal
might bene� t. Unlike human donors driven by altruism, a canine donor is given no choice
in the matter. It is possible, however, to justify organ donation if thereby an animal would
be saved from inevitable euthanasia and if the donor could be provided with a good
home. For this reason, many animal transplantation centers require that the donor dog be
adopted and cared for by the owner of the recipient animal.
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Allograft rejection

The identi� cation and destruction of foreign molecules are central to the body’s defense.
Allografted organs represent a major source of these foreign molecules. They contain not
only antigens such as the foreign blood group glycoproteins and MHC molecules expressed
on the grafted cells but also endogenous antigens bound to the MHC class I molecules of
these same cells. The mechanisms of allograft rejection are basically the same irrespective
of the organ grafted, and both antibodies and T cells participate in the process.

Histocompatibility antigens

When an organ is grafted into an unrelated recipient, the recipient will mount immune re-
sponses against many different foreign antigens in and on the cells of the allograft. Three
types of cell surface antigens are of greatest importance in stimulating graft rejection. These
are the DLA class I and class II molecules, and the major blood group antigens of the DEA 1
system. All are expressed on the surface of the graft cells, but their distribution varies. DLA
class I antigens are found on almost all nucleated cells. The DEA1 antigens are found both on
red cells and nucleated cells. DLA class II antigens, in contrast, are usually expressed only
on professional antigen-presenting cells: macrophages, dendritic cells, and B cells. Studies
on mismatched canine skin allografts have demonstrated that their survival is mainly deter-
mined by their DLA class I genes (Abb et al., 1978).

As expected, grafts that differ minimally from the recipient will generally survive longer
than grafts that are highly incompatible. When dogs are given DLA-unmatched renal allo-
grafts, the grafts survive for between 6 and 14 days. The rejection process is acute and severe.
Completely matched kidney allografts in dogs survive for about 40 days. A more impressive
result is obtained with canine liver grafts, which survive for about 8 days in unmatched an-
imals and for 200e 300 days in DLA-matched recipients.

The failure of MHC and blood group e compatible grafts to survive inde � nitely in untreated
recipients is a result of the cumulative effects of many other minor antigenic differences. For
example, skin grafts from male donors placed on histocompatible females are usually rejected,
although the reverse is not the case. This is because male cells carry antigens coded for by genes
on the Y chromosome, called the HY antigens. These HY antigens are expressed on all nucle-
ated cells in normal male mammals and are totally absent from females. (At least three unre-
lated proteins qualify as HY antigens.)

During the rejection process, the grafted tissue is in� ltrated with cytotoxic T cells, which
cause progressive damage to the endothelial cells lining small blood vessels. The T cells
roll along the endothelial surface and bind using leukocyte function e associated antigen-1
(LFA-1). The T cells then release chemokines that attract more T cells into the graft. Cellular
destruction, stoppage of blood � ow, hemorrhage, and death of the grafted organ follow
vascular thrombosis. The blood vessels of second organ grafts become thrombosed even
more rapidly as a result of the actions of antibodies and complement on the vascular endo-
thelium. This secondary vasculitis is speci� c for any graft from the original donor. It is not
restricted to any particular site nor to any speci� c organ since MHC and blood group mole-
cules are expressed on most vascular endothelial cells.

In practice it is usually not dif � cult to ensure that the donor and recipient have identical
blood groups. MHC compatibility is much harder to achieve because extreme DLA
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polymorphism ensures that individual dogs differ widely in their MHC haplotype. In gen-
eral, the more closely donor and recipient are related, the less will be their MHC difference.
For this reason, it is preferable that grafts be obtained from a recipient’s parents or siblings. If
this is not possible, a donor dog must be selected at random and the inevitable rejection re-
sponses suppressed by drugs such as cyclosporine or tacrolimus.

Renal allografts

When kidneys are grafted between dogs, the blood vessels are connected and the blood
supply to the transplanted kidney is established by the surgeon at the time of transplantation.
The graft and host cells come into contact almost immediately. In an unsensitized recipient, a
primary immune response is mounted, and renal allografts are rejected in about 10 days. In
sensitized animals in which the immune system is already primed, hyperacute rejection oc-
curs, and the grafted kidney is destroyed within days or even hours without ever becoming
functional. Acute rejection should be suspected when the recipient shows a rapidly rising
blood creatinine associated with an enlarged, painful kidney accompanied by signs of depres-
sion, anorexia, vomiting, proteinuria, hematuria, and ultrasonography showing an enlarged,
hypoechoic kidney. In contrast, chronic rejection should be suspected if the creatinine and
urea levels rise slowly, and this is associated with proteinuria, microscopic hematuria, and
a small, hyperechoic, grafted kidney. Chronic rejection is also associated with a slow loss
of renal function and tends to be a result of interstitial � brosis and proliferation of vascular
endothelium. A renal biopsy is necessary to con� rm chronic rejection.

Pathogenesis of allograft rejection

The allograft rejection process is directed against the dominant antigens on the cells of the
graft. The rejection process may be divided into two phases, sensitization and then destruc-
tion. First, the host’s lymphocytes encounter the antigens of the graft, process them, and
initiate T and B cell responses. Second, the cytotoxic T cells and antibodies from the host enter
the graft and destroy graft cells.

Innate mechanisms

Damage to the graft as a result of surgical trauma and ischemia followed by reperfusion
will upregulate MHC expression and generate cytokines and in � ammatory mediators that
attract recipient neutrophils and macrophages. If large quantities of damage-associated mo-
lecular patterns (DAMPs) such as HMGB1 are generated, they activate toll-like receptors and
other pattern-recognition receptors. An increase in expression of the stress protein MICA by
graft endothelial cells may also trigger NK cell cytotoxicity. Complement components such as
C5a and C3a may also activate antigen-presenting cells (APCs) within the graft.

Adaptive mechanisms

Processed donor antigens are presented to the T cells of the recipient by monocytes and
dendritic cells. The recipient may be sensitized by a direct pathway in which recipient
T cells circulating through the graft encounter antigens presented by donor DCs. These donor
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DCs may also carry antigens to draining lymph nodes and the spleen. Alternatively, recipi-
ents may be sensitized when their own monocytes and DCs enter the graft and encounter and
process donor antigens (the indirect pathway) (Alegre, et al., 2016). The direct pathway
generally operates early in the rejection process but is overtaken by the indirect pathway
once donor DCs and macrophages have been eliminated. The direct pathway is responsible
for the vigorous immune response that occurs in acute rejection, whereas the indirect
pathway is more important in chronic rejection. Although macrophages and dendritic cells
are important, donor B cells and tubular epithelial and endothelial cells can also process an-
tigen, and they too may activate recipient T cells.

In laboratory rodents, MHC class II molecules are restricted to professional APCs. In these
species the intensity of graft rejection is related to the number of donor B cells, macrophages,
and dendritic cells transplanted within the graft. Removal of these cells by careful � ushing of
the graft before surgery or by pretreatment of the donor with cytotoxic drugs greatly reduces
the intensity of the rejection process. In dogs where MHC class II molecules are also expressed
on vascular endothelial cells, these“ passenger” cells are of less clinical signi� cance. Addition-
ally shed exosomes from the graft may enter the recipient and be captured by the recipient’s
APCs. These“ cross-dressed” APCs may then present this antigen to recipient T cells.

The APCs that process donor MHC molecules emigrate to the draining lymph nodes and
activate T cells. The number of these activated T cells reaches a maximum about 6 days after
grafting and declines rapidly once the graft has been rejected (Fig. 19.1). In addition to the
T celle mediated response, germinal center formation occurs in the lymph node cortex, and

FIGURE 19.1 Acute kidney rejection. (A) Section of a canine kidney that had been acutely rejected and as a
consequence is densely in� ltrated with lymphocytes. (B) Section of a kidney that has undergone chronic allograft
rejection. In this case the section shows interstitial� brosis with tubular atrophy and a mild lymphocytic in � ltration.
Courtesy Dr. A.E. Kyles.
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plasma cells accumulate in the medulla, indicating that antibody formation is also occurring.
In a conventional immune response, only one T cell in 105e 106 T cells can respond to a spe-
ci� c antigen. In graft rejection, however, they may constitute 1%e 10% of responding T cells
since their TCRs are readily activated by foreign MHC molecules.

The activated Th1 cells produce IL-2 and IFN-g and so activate both NK cells and cytotoxic
T cells. The NK cells produce more IFN-g and TNF-a that activates macrophages and additional
NK cells. The cytotoxic T cells recognize the donor peptides bound to recipient DLA class I mol-
ecules and kill any donor cell they encounter. Donor DLA class II molecules trigger an immune
response in two ways. First, because they are foreign proteins, they are processed as endogenous
antigens. Second, they may bind directly to recipient TCRs and trigger cytotoxicity. IL-2 and IFN-
g not only promote recipient cytotoxic T cell activity but also enhance the expression of DLA mol-
ecules on donor cells. During allograft rejection, therefore, DLA expression is increased, and the
graft becomes an even more attractive target for cytotoxic T cells. Although cytotoxic T cells are of
major importance in acute allograft rejection, antibodies, eosinophils, NK cells, and macrophages
also play a signi� cant role in hyperacute and chronic rejection (Fig. 19.2).

Hyperacute rejection occurs when the recipient has preexisting antibodies to graft MHC or
blood groups. These bind to graft vascular endothelial cells, activate complement by the clas-
sical pathway, and so cause endothelial cell lysis. The damaged endothelial cells trigger
platelet deposition. These also attract leukocytes and trigger NETosis so that the damage re-
sults in thrombosis and infarction. Antibodies to donor DLAs also play a major role in sec-
ondary rejection since they also activate the classical complement pathway and mediate
antibody-dependent cytotoxic cell activity.

Once activated, cytotoxic CD8þ T cells bind and destroy graft vascular endothelium and
other accessible cells through caspase-mediated apoptosis. As a result, hemorrhage,
platelet aggregation, thrombosis, and stoppage of blood � ow occur. The grafted tissue
dies because of the failure of its blood supply. Invading cytotoxic T cells can also cross
the renal basement membrane and cause apoptosis of renal tubular cells. Activated mac-
rophages releasing proin� ammatory cytokines also impai r graft function and intensify
T celle mediated rejection.
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FIGURE 19.2 Some of the mechanisms
involved in the rejection of an allograft.
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Prevention of allograft rejection

Untreated canine organ allografts are rapidly rejected. In order to prevent rejection, the
transplantation surgeon seeks to induce the minimal level of immunosuppression to prevent
rejection while not making the recipient more susceptible than necessary to infection. Dogs
mount very strong allograft responses, and kidney allografts are rejected in 6e 14 days in
untreated animals. It is therefore necessary to use multiple immunosuppressive agents to
prevent this rejection while at the same time minimizing unwanted side effects. Unrelated
dogs with renal allografts have about 50% 1-year survival when treated with azathioprine,
prednisolone, and cyclosporine. This triple drug therapy involves the use of a calcineurin
inhibitor (cyclosporine or tacrolimus); a cytotoxic, antiproliferative drug such as azathio-
prine or mycophenolate; and a potent antiin � ammatory glucocorticosteroid. Survival is
considerably enhanced by providing a simultaneous bone marrow allograft from the donor
animal or by early treatment with rabbit anti-dog thymocyte serum. A blood transfusion
may also help (Finco et al., 1985). Cyclosporine is the most effective of these agents but
must be administered for the rest of the dog’s lifetime (Braz et al., 2021). In practice, median
survival times of 8 months can be achieved, with some animals surviving for longer than 5
years. However much depends upon the animal’s age. Older dogs have shorter survival
times. Survival also varies greatly between transplant centers and much depends upon
appropriate selection of recipients. Dogs have signi� cant perioperative mortality. Thrombo-
embolic complications are common and appropriate anticoagulant therapy must be insti-
tuted (Hopper et al., 2012). Many recipients experience recurrent acute infections,
especially respiratory tract infections with Bordetella bronchisepticaas well as urinary tract
infections (Mathews et al., 2000).

In some circumstances, such as when a dog has maintained functioning renal allografts
for several years, immunosuppressive therapy may be reduced gradually and eventually
discontinued as graft acceptance becomes complete. It is probable that the immunosup-
pressive drugs gradually eliminate speci� c lymphocytes. Once their numbers are suf� -
ciently low, the large mass of grafted tissue may be suf� cient to establish and maintain
tolerance.

It is possible to induce long-term immune tolerance to canine kidney allografts by � rst
administering donor hematopoietic cells to the recipient. These donor bone marrow cells
can persist as a result of treatment with a combination of low-dose total body irradiation
and a short course of immunosuppression. As a result, the recipient becomes a chimera
and effectively tolerant to donor cells. Kidney allografts from the donor will survive inde � -
nitely in these chimeras. Interestingly, this tolerance does not extend to skin allografts that are
rejected (Kuhr et al., 2007).

The pathological changes that occur in long functioning canine renal allografts reveal
radial areas of tubular and glomerular atrophy in the cortex even in dogs with good renal
function. The atrophy is associated with the sites of interlobular vessels. Changes occurring
in the glomeruli include an increased cellular density due to increased numbers of both
epithelial and endothelial cells (Sheil, 1969). There remain areas of tubular damage associated
with lymphocytic in � ltrations and suggest that these kidneys remain under immunological
attack. The associated damage to the renal blood vessels also re� ects this.
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Skin allografts

Although the mechanisms of allograft rejection are similar among different tissues, some
differences are observed in the process. For example, if a skin graft is placed on an animal,
it takes several days for healing to occur and for blood and lymphatic connections to be estab-
lished between the graft and the host. Only when these connections are made can host leu-
kocytes enter the graft and commence the rejection process. The� rst sign of rejection is a
transient neutrophil accumulation around the vessels at the base of the graft. This is followed
by in � ltration with mononuclear cells (lymphocytes and macrophages) that eventually ex-
tends throughout the grafted skin. The � rst signs of tissue damage are observed in the cap-
illaries of the graft, whose endothelium is destroyed. As a result, the blood clots, blood � ow
stops, and tissue death follows.

The presence of Langerhans and other dendritic cells in the epidermis signi� cantly en-
hances the antigenicity of canine skin allografts. Thus, these dendritic cells are relatively resis-
tant to immunosuppressive drugs and radiation. They also play an important role in the
indirect pathway of allorecognition as well as facilitating the movement of T cells into the
graft (Galkowska et al., 1999). In a secondary rejection response, host blood vessels usually
do not have time to grow into a skin graft since a destructive mononuclear cell and neutrophil
in� ltration rapidly develops in the graft bed. DLA-mismatched skin allografts in dogs sur-
vive for about 9 days (Abb et al., 1978).

Liver allografts

Liver allografting is unique in that only a portion of the donor liver need be transplanted,
usually about 40%e 70% of the liver volume in dogs so that the donor animal also survives
(Chung et al., 2002). Both the transplanted and the donor organ then regenerate to � ll the
space within the abdominal cavity. Liver graft rejection in species such as humans and
pigs tends to occur fairly slowly. This inhibition of liver allograft rejection appears to be
due to the production of indoleamine 2,3-dioxygenase (IDO) by hepatocytes. IDO destroys
the amino acid tryptophan. Since tryptophan is essential for Th1 responses, its absence within
the grafted liver is highly immunosuppressive ( Durr & Kindler, 2013). This is not the case in
dogs. Thus, the median survival time of dogs receiving untreated mismatched, liver allografts
is 11.8� 9.6 days. This can however be increased to 65.1� 33 days by treatment with cyclo-
sporine (Todo et al., 1986).

Cardiac allografts

Acute rejection of canine heart allografts is associated with massive lymphocytic in� ltra-
tion and myocyte damage leading to rapid heart failure. If, however, the rejection process
is slowed for some reason, the pathological process in the chronically rejected heart changes.
In these cases, lymphocytes and antibodies directed against vascular smooth muscle cells
stimulate a vascular response. T cells and macrophages release a chemokine cascade that
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activates vascular smooth muscle and endothelial cells. The resulting smooth muscle growth
and in� ammation lead to obliteration of cardiac blood vessel lumens and eventually heart
failure. This graft arteriosclerosis (or graft vascular disease) results from the growth-
stimulating effects of both T celle derived cytokines and antibodies. A similar lesion is seen
in renal allografts undergoing chronic rejection. Canine heart valve transplants have gener-
ally not survived well either ( Wheatley & McGregor, 1977).

Corneal allografts

Certain areas of the body, such as the anterior chamber of the eye, and the cornea are
immune-privileged sites. As a result, grafts inserted into these sites may not be rejected.
This is especially the case if the cornea is not in� amed. In humans, for example, 88% of
corneal allografts in nonin � amed eyes survive for one year and 62% for 10 years. In� amma-
tion reduces untreated human corneal allograft survival to 25%e 65%. In the case of dogs, the
rejection rate is 56% in dogs with in� amed corneas (Lacerda et al., 2016). However, this rejec-
tion can be controlled in many cases by local treatment with glucocorticoids, and cyclo-
sporine and systemic treatment with mycophenolate mofetil. The eyes are privileged
because the body rigorously controls in� ammation in these critical tissues. Several mecha-
nisms are involved in this. They have an impermeable bloode tissue barrier, lack dendritic
cells, contain Treg cells, express low levels of MHC class I and II molecules, and contain
high levels of immunosuppressive molecules such as TGF-b, neuropeptides, and complement
inhibitors. Molecules found in normal aqueous humor also interfere with innate immune
mechanisms. They block NK cell lysis, inhibit neutrophil activation by CD95L, suppress nitric
oxide production by activated macrophages, and interfere with alternative complement acti-
vation. The eyes are also unique in that they express very high levels of CD95L (Fas ligand).
As a result, any CD95þ T cells that enter the eyes will bind CD95L and be killed by apoptosis.

Other allografts

Tracheal and lung allografts

It has proved possible to successfully transplant tracheal allografts in dogs using high,
immunosuppressive doses of radiation (Yokomise et al., 1994). One problem associated
with human lung allografts is the transfer of associated diseases. Thus, lung transplant recip-
ients become asthmatic if they receive lungs from an asthmatic donor. This phenomenon has
been investigated in dogs. Thus, donor dogs were immunized with keyhole limpet hemocy-
anin (KLH) by injection into their lungs. Once sensitized, their lungs were allografted into an
unsensitized recipient. The donor lung graft continued to produce antibodies to KLH for at
least 320 days (Bice et al., 2014)!

Intestinal allografts

Untreated canine small intestinal allografts are rejected by about 9 days. This appears to be
due to graft-versus-host (GVH) disease. If these allografts were irradiated with 150 rads prior
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to transplantation, they underwent allograft rejection at the same time d 9.2 days. If, however,
they were treated with 50 rads, they survived on average for 28 days. It has been suggested
that in these animals a balance was achieved between allograft rejection and GVH disease
(Cohen et al., 1976).

Bone allografts

Bone cortical allografts are used to repair severe nonreconstructible diaphyseal fractures as
well as to repair defects created by the resection of tumors. Rejection of bone allografts is
rarely a problem in dogs, probably because of the absence of soft tissues in the graft. Unfor-
tunately, long-term bone allografts have a high incidence of mechanical failure because the
graft is resorbed before it is replaced.

Bone marrow allografts

High-dose, total-body irradiation may be administered to dogs to completely destroy tumors
such as leukemias (Harris et al., 1986). Unfortunately, this radiation also destroys bone marrow
stem cells, and these must be replaced by either a bone marrow stem cell autograft taken prior to
radiation or by a marrow allograft from an unrelated donor. Transplanted hematopoietic stem
cells can restore bone marrow function. The recipient dog must � rst be conditioned by total-
body irradiation or chemotherapy with cyclophosphamide ( Fig. 19.3). This creates space for
the growing stem cells, reduces the intensity of the rejection process, and, in leukemic animals,
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 dog
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FIGURE 19.3 Induction of graft-versus-host disease in dogs that have received a bone marrow allograft.

Bone marrow allografts 311



destroys all tumor cells. The conditioning period is normally about 7 e 10 days. The donor may
be pretreated with G-CSF in order to promote stem cell activity. The recipient is subjected to total
body irradiation, usually in fractionated doses, to kill any surviving cancer cells. Marrow may be
aspirated from the long bones of the donor and administered intravenously to the recipient.
Otherwise, peripheral blood stem cells can substitute successfully for bone marrow. Hematopoi-
etic stem cells migrate from the blood to the bone marrow. An optimal dose is about 2 � 108

allogeneic bone marrow cells per kilogram of body weight for matched recipients. The success
of this procedure varies ranging from 20% in untreated mismatched canine marrow allografts to
90% using treated matched allografts. In a successfully engrafted dog, it takes about 30 days for
the granulocytes to return to normal, but the lymphocytes take about 200 days to recover. Re-
covery of normal platelet numbers is also critical. Marrow survival is not generally enhanced
by treatment with single immunosuppressive agents, but combinations such as mycophenolate
mofetil plus cyclosporine or methotrexate plus cyclosporine can result in the development of sta-
ble canine bone marrow chimeras. These marrow allografts have proven very successful, espe-
cially in the treatment of B cell lymphomas ( Lupu & Storb, 2007).

Graft-versus-host disease

If healthy lymphocytes are injected into an allogeneic recipient, and the recipient cannot
reject the grafted lymphocytes because it has been immunosuppressed or is otherwise immu-
node� cient, the grafted cells may cause uncontrolled destruction of the host’s tissues and,
eventually, death. This is called graft-versus-host (GVH) disease. GVH disease is a signi� cant
problem in bone marrow allograft recipients who have been effectively immunosuppressed
by total-body irradiation or cyclophosphamide treatment.

The lesions generated in canine GVH disease depend on the MHC differences between
donor and recipient. When the dogs differ only in the DLA class I molecules, the disease is
mainly caused by cytotoxic T cells attacking the nucleated cells of the host. This leads to a
wasting syndrome characterized by bone marrow destruction leading to pancytopenia, aplas-
tic anemia, loss of recipient T and B cells, and hypogammaglobulinemia. Th17 and NK cells
also participate in this process while Tregs are lost. Lymphocytes in� ltrate the intestine, skin,
and liver and secrete TNF-a, IL-1, and IL-6 causing in� ammation, mucosal destruction and
diarrhea, skin and mouth ulcers, liver destruction, and jaundice ( Fig. 19.4).

If donor and recipient differ in their DLA class II haplotype, both graft and host CD4 þ T
helper cells may be activated. The production of Th2-derived cytokines may lead to immune
stimulation, autoantibody formation, and even a syndrome resembling systemic lupus ery-
thematosus and polyarthritis. This is called autoimmune GVH disease.

In practice, pure class I or class II disparities rarely occur naturally. Thus, in dogs, GVH
disease can either be an acute disease, causing death within 4 weeks of transplantation, or
prolonged and chronic. The major target organs are the skin, liver, gastrointestinal tract,
and lymphoid system. The � rst clinical signs are exudative ear lesions, scleral injection, hy-
perkeratosis, alopecia, skin atrophy, and generalized erythema seen by 10 days. Jaundice
and diarrhea frequently occur, as does in� ammation of the eyes, nose, and oral mucous mem-
branes. An antiglobulin-positive hemolytic anemia may also develop. The immunosuppres-
sive drug methotrexate, together with monoclonal antilymphocyte antibodies, may be used
to suppress GVH disease.
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The intestinal microbiota also in� uences the severity of GVH disease following allogeneic
bone marrow transplantation d at least in mice. Thus, recipient mice that developed the dis-
ease had a dramatic loss of bacterial diversity and a different composition compared to recip-
ient mice that did not develop GVH disease. The changes were associated with an increase in
Lactobacilli and a decrease in Clostridia. It may be that the reduction in disease severity is a
result of the Lactobacilli preventing an increase in Enterococci. Similar changes in the gut
commensal micro� ora occur in humans receiving bone marrow allografts (Lei et al., 2016).

References
Abb, J., Grosse-Wilde, H., Scholz, S., & Albert, E. D. (1978). Matching for DLA-A, DLA-B and DLA-D antigens and

skin allograft survival in unrelated Beagle dogs. European Surgical Research, 10(2), 142e 145.
Alegre, M. L., Lakkis, F. G., & Morelli, A. E. (2016). Antigen presentation in transplantation. Trends in Immunology, 37,

831e 843.
Bice, D. E., Williams, A. J., & Muggenburg, B. A. (2014). Long-term antibody production in canine lung allografts:

Implications for pulmonary immunology and asthma. American Journal of Respiratory Cell and Molecular Biology.
https://doi.org/10.1165/ajrcmb.14.4.8600938

Braz, L. A. N., Maia, S. R., Faria, L. A., Alvarenga, A. W. O., et al. (2021). Future strategies to improve short- and long-
term outcomes of renal transplantation in dogs. Ciencia Rural. https://doi.org/10.1590/0103-8478cr20200025

Chung, K.-Y., Kim, M. S., Lee, J. H., Kim, Y. S., et al. (2002). Live donor partial liver harvest for canine liver trans-
plantation: Development of an innovative technique for surgical training and research. Surgery Today, 32,
711e 715.

FIGURE 19.4 Very severe cutaneous erythematous lesions on the face of a dog suffering from graft-versus-host
disease as a result of a bone marrow allograft.From Harris, C. K., Beck, E. R.,& Gasper, P. W. (1986). Bone marrow
transplantation in the dog.Compendium on Continuing Education For Veterinarians , 8, 337e 344.

References 313



Cohen, Z., MacGregor, A. B., Moore, K. T. H., Falk, R. E., et al. (1976). Canine small bowel transplantation: A study in
immunological responses. Archives of Surgery, 111, 248e 253.

Durr, S., & Kindler, V. (2013). Implication of indolamine 2,3 dioxygenase in the tolerance towards fetuses, tumors,
and allografts. Journal of Leukocyte Biology, 93, 681e 687.

Finco, D. R., Rawlings, C. A., Barsanti, J. A., & Crowell, W. A. (1985). Kidney graft survival in transfused and non-
transfused Beagle dogs.American Journal of Veterinary Research, 46, 2327e 2331.

Galkowska, H., Olszewski, W. L., Moscicka, M., Ziolkowska, A., et al. (1999). Skin allografts- lymph veiled (dendritic)
cells are responsible for initiation of rejection in canine skin/SCID mouse chimera model. Annals of Transplanta-
tion, 4(3e 4), 5e 10.

Harris, C. K., Beck, E. R., & Gasper, P. W. (1986). Bone marrow transplantation in the dog.Compendium on Continuing
Education for the Practicing Veterinarian, 8, 337e 345.

Hopper, K., Mehl, M. L., Kass, P. H., Kyles, A., & Gregory, C. R. (2012). Outcome after renal transplantation in 26
dogs. Veterinary Surgery, 41, 316e 327.

Kuhr, C. S., Yunusov, M., Sale, G., Loretz, C., & Storb, R. (2007). Long-term tolerance to kidney allografts in a pre-
clinical canine model. Transplantation, 84(4), 545e 547.

Lacerda, R. P., Giminez, M. T. P., Laguna, F., Costa, D., et al. (2016). Corneal grafting for the treatment of full-
thickness corneal defects in dogs: A review of 50 cases.Veterinary Ophthalmology, 20(3), 222e 231.

Lei, Y. M., Chen, L., Wang, Y., Stefka, A. T., et al. (2016). The composition of the microbiota modulates allograft rejec-
tion. Journal of Clinical Investigation, 126, 2736e 2744.

Lupu, M., & Storb, R. (2007). Five decades of progress in hematopoetic cell transplantation based on the preclinical
canine model. Veterinary and Comparative Oncology, 5(1), 14e 30.

Mathews, K. A., Holmberg, D. L., & Miller, C. W. (2000). Kidney transplantation in dogs with naturally occurring
end-stage renal disease.Journal of the American Animal Hospital Association, 36, 294e 301.

Sheil, A. G. R. (1969). Pathological changes in canine renal allografts with prolonged function.Australian Journal of
Experimental Biology& Medical Science, 47, 55e 62.

Todo, S., Porter, K. A., Kam, I., Lynch, S., et al. (1986). Canine liver transplantation under Nva2-cyclosporine versus
cyclosporine. Transplantation, 41(3), 296e 300, 97:79e 86.

Wheatley, D. J., & McGregor, C. G. A. (1977). Post implantation viability in canine allograft heart valves. Cardiovas-
cular Research, 11, 78e 85.

Yokomise, H., Inui, K., Wada, H., Goh, T., et al. (1994). High-dose radiation prevents rejection of canine tracheal al-
lografts. The Journal of Thoracic and Cardiovascular Surgery, 107(6), 1391e 1397.

19. Canine allograft rejection314



20

Canine cancer immunology and
immunotherapy

It has been estimated that between two and four million dogs in the United States are diag-
nosed with cancer each year (Schiffman & Breen, 2015). The prevalence of cancer in dogs
(5300 cases/100,000 dogs) is very much greater than that in humans (500 cases/100,000 per-
sons). In effect 25% of dogs will be diagnosed with cancer at some stage of their life.
Neoplasia as a contributing cause of death peaks in 10-year-old dogs and then declines
slightly. In a British survey, 16% of dog deaths were attributed to cancer (Adams et al.,
2010). Cancer prevalence is also associated with breed and size (Box 20.1). Clearly genetic se-
lection has made some breeds more susceptible to neoplasia. In a lifetime study of Golden
Retrievers, cancer accounted for 75% of the total deaths. The most important of these were
hemangiosarcomas, lymphomas, osteosarcomas, and mast cell tumors. In recent surveys,
the breeds with the highest proportion of deaths due to neoplasia were Flat-coated Retrievers,
Bernese Mountain dogs, Golden Retrievers, Scottish Terriers, Bouvier des Flandres, and
Boxers (Fleming et al., 2011). Terriers as a group experience elevated cancer mortality. Up
to 25% of Bernese Mountain dogs may die as a result of a histiocytic sarcoma and 12.5%
of Rottweilers will develop osteosarcomas (Dobson, 2013).

Comparative studies on the prevalence in of cancer in mammals show that it correlates
with diet ( Vincze et al., 2022). Cancer mortality among the carnivora is considerably higher
than that in primates or artiodactyls. A high-fat, low- � ber diet may explain some of this sus-
ceptibility. Likewise, being at the top of the food chain exposes carnivores to more pollutants
and potential carcinogens.

Tumors as allografts

When organ transplantation became a common procedure as a result of the development
of potent immunosuppressive drugs, it was found that patients with prolonged graft sur-
vival were more likely to develop certain can cers than nonimmunosuppressed individuals.
It was therefore suggested that the immune system was responsible for the prevention of
cancer. For example, tumors develop in 22% of cats that have received renal allografts

C H A P T E R

315
The Immunology of the Dog
https://doi.org/10.1016/B978-0-443-23681-5.00020-2

© 2024 Elsevier Inc. All rights are reserved, including those for text
and data mining, AI training, and similar technologies.



and about half of these are B cell lymphomas. From this suggestion, the concept of immune
surveillance emerged. This theory held that cell mutation is a common event. When muta-
tion occurs, the structure of the protein coded by the mutated gene is altered. The recogni-
tion of these new mutated proteins by cytotoxic T cells results in the elimination of
abnormal cells, especially tumors. Thus, in a healthy individual the immune system
promptly recognizes and eliminates abnormal cells (Fig. 20.1). The theory suggests that
cancer only results if tumor cells somehow evade destruction by T cells. While an oversim-
pli � cation, there is no doubt that under some circumstances, cancer cells can become
immunogenic. However, selective pressures on developing tumor cells means that those
that survive, and spread are the least immunogenic. The object of immunotherapy is to
overcome this lack of immunogenicity and so t rigger immune-mediated destruction of can-
cer cells. Despite these immune defenses, cancers continue to kill dogs. This is because tu-
mors employ diverse immunosuppressive mechanisms that enables them to evade
destruction (Fig. 20.2).

BOX 20.1

P e t o’ s p a r a d o x d o e s n o t a p p l y w i t h i n a s p e c i e s !

In 1977, a British scientist, Richard Peto,
pointed out that large animals have more
cells. When each of these cells divides it
carries a risk of a mutation developing and
resulting in a cell becoming cancerous. Thus
large, long-lived mammals should accumu-
late more mutations and as a result, should
have a much greater risk of developing can-
cer than small mammals. But this is not the
case! Many large long-lived animals rarely
develop cancerd hence Peto’s paradox.

Large animals have evolved numerous
mechanisms that protect them against cancer.
For example, elephants happen to have 20
copies of some tumor suppressor genes. The
capybara (H. hydrochaeris), the world ’s largest
rodent, also appears to have evolved
enhanced T celle mediated antitumor cyto-
toxicity that effectively reduces its cancer
risks despite its large size. The longest-living

mammal is probably the bowhead whale
(Balaena mysticetus) that may live for over 200
years. Its genome and transcriptome have
mutations that are potentially tumor
suppressive.

Dogs and wolves, however, belong to a
single, relatively small, mammal species that
has not evolved unusual cancer preventative
mechanisms. Big dogs have no speci� c anti-
cancer mechanisms that small dogs lack. As a
result, large dogs with more cells develop
more cancers. The prevalence of cancer ap-
pears to increase with breed size up to 30e 40
kg and then levels off in heavier breeds.

For example, the incidence of osteosar-
comas increases with size and is associated
with Great Danes, Irish Wolfhounds, and
Saint Bernards. It appears to be linked to the
extended period of bone growth in these
breeds (Park et al., 2016).
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Cellular defenses

NK cells

Canine NK cells can detect and kill cancer cells, as well as infected, or damaged cells
without prior priming. For this, they use two major types of receptors: inhibitory receptors
that can recognize the absence of MHC class I molecules on a cell surface and in so doing
are triggered to kill abnormal cells; and activating receptors that can recognize the presence
of stress-induced proteins on cell surfaces and as a result will kill stressed cells (Gingrich
et al., 2019).

Differentiation antigens
Proteins associated
with specific stages 
of cell differentiation

Over-production of
 normal cell products

Proteins of unknown
  function

Altered forms of
normal cellular proteins

Mutated proteins

Cancer/testis antigens

Excessive amounts of
      normal proteins

Viral coded proteins

Products of genes 
of oncogenic viruses

FIGURE 20.1 Some of the new antigens that may
appear on the surface of tumor cells and potentially
provoke an immune response.
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 IL-6
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 MDSCs

T cell exhaustion
Protein depletion

BLOCKING
T CELL IMMIGRATION
 Tumor angiogenic factors
 Reduced adhesion

BLOCKING ANTIBODIES

CANCER CELLS

FIGURE 20.2 Some of the cells,
molecules, and mechanisms by which
tumor cells avoid immune-mediated
destruction.
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T cells

T cells also have the potential to destroy cancer cells. Tumor-in� ltrating CD8 þ cytotoxic
T cells are found in many canine cancers. Their presence tends to be associated with a better
prognosis. Some success has been achieved in humans by isolating these cells from excised
tumors and growing them in tissue culture. These cultured cells if transfused back into the
patient may induce remission. Similar positive results may be obtained with lymphokine-
activated T killer (T-LAK) cells ( Fig. 20.3). T-LAK cells are generated by taking the patient’s
peripheral blood lymphocytes, culturing and activating them in vitro with interleukin-2, and
then returning them intravenously to the patient. This procedure has been shown to be effec-
tive in the treatment of osteosarcomas in some dogs. In these cases, the dogs� rst received an
autologous tumor cell vaccine. Once sensitized, their lymphocytes were removed, activated
with IL-2, and transfused back into the animals. Survival rates were more than double those
from amputation alone ( Flesner et al., 2020).

Increased numbers of tumor-in� ltrating lymphocytes and an increased CD4:CD8 ratio
have been correlated with improved survival in dogs with mammary tumors ( Estrela-Lima
et al., 2010). Conversely, elevated Tregs (Mitchell et al., 2012), tumor-associated macrophages
(Raposo et al., 2014), and myeloid-derived suppressor cells (Mucha et al., 2014) have been
associated with adverse outcomes in cases of mammary tumors and B cell lymphomas. A
similar situation exists for canine oral melanomas (Yasumaru et al., 2021).

Macrophages

Solid tumors are often in� ltrated by macrophages attracted by proin� ammatory cytokines
and prostaglandins. One of their roles is to promote and regulate angiogenesis so their pres-
ence and activities may determine progression to malignancy. Macrophages may promote
cancer cell proliferation and metastasis by releasing growth factors such as TGF-b, PDGF,
and FGF. However, M1 macrophages may have antitumor activities and M1 cells secrete
cytotoxic molecules, including potent oxidants. Studies on the macrophages obtained from
canine mammary tumors have demonstrated that most macrophages isolated from benign

Tumor-bearing
dog

Lymphocytes

Interleukin 2

Return to
patient

Activated lymphocytes
Incubate
4-7 days

FIGURE 20.3 The production of lymphokine-
activated killer (LAK) cells by incubation of blood
lymphocytes in the presence of IL-2 for 4e 7 days
before administering the activated cells to the donor
dog.
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tumors express nitric oxide synthase suggesting that they are of the M1 phenotype. On the
other hand, many macrophages isolated from malignant canine mammary tumors express
macrophage mannose receptor 1 (CD 206) implying that they are M2 cells and so are
much less likely to promote in � ammation or attack the tumor cells (Kerboeuf et al., 2022;
Monteiro et al., 2018).

Antibodies

Antibodies to cancer cells are found in many tumor-bearing animals; for instance, about
50% of dogs with lymphosarcomas have antitumor antibodies. These antibodies may,
together with complement, lyse free cancer cells within the bloodstream. Antibodies are,
however, not effective in destroying solid cancers.

Regulatory cells

Much of the immunosuppression that develops in tumor-bearing individuals is due to the
activities of regulatory cells. These may be CD8þ Treg cells, IL-10-secreting Th2 cells, M2
macrophages, or even Breg cells. Enhanced regulatory cell activity can be detected in
many tumor-bearing animals. Thus, in normal dogs, FoxP3þ Treg cells constitute about 5%
of blood T cells and 10% of lymph node T cells. In tumor-bearing dogs, however, they
may constitute as many as 7.5% in blood and 17% in tumor-draining lymph nodes. Dogs
with osteosarcomas have elevated Treg and fewer CD8 cells in blood, lymph nodes, and tu-
mors. The CD8:Treg ratio is signi� cantly lower in tumor-bearing dogs, and dogs with the
greatest decrease have a shorter survival time. Treg numbers also increase in dogs with
diverse tumors, and this is associated with adverse outcomes (Sakai et al., 2018).

Myeloid-derived suppressor cells

Myeloid-derived suppressor cells (MDSCs) are immature myeloid cells that normally
develop into macrophages, granulocytes and dendritic cells (Goulart et al., 2019). They are
generated by soluble factors produced by cancer cells and are attracted by chemokines or
hypoxia to the tumors. Once within tumors, MDSCs suppress cytotoxic T cell responses by
expressing the inhibitory surface marker PD-L1, and by secreting immunosuppressive medi-
ators such as IL-10, TGF-b, reactive oxygen species, nitric oxide, and peroxynitrite. Peroxyni-
trite causes nitrate addition to TCRs and thus inactivates them. MDSCs also produce arginase
that impairs T cell function by reducing expression of CD3 x. IL-1b also promotes MDSC pro-
duction. Some MDSCs promote the production of Treg cells. MDSCs may also promote can-
cer cell survival by promoting the switch from M1 to M2 macrophages. Collectively therefore
these cells effectively suppress immune defenses against tumors.

MDSCs have been identi� ed in the blood of tumor-bearing dogs where they suppress
lymphocyte proliferation ( Goulart et al., 2012). Their phenotype is CD11bþ , CD14� , MHCII � .
As a result, immunosuppression is a prominent feature of tumor-bearing dogs. These cells
increase signi� cantly in late-stage disease and in dogs with con� rmed metastases.
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Tumor immunotherapy

Immunotherapy may be either active or passive. In active immunotherapy, the patient ’s
own immune system is stimulated to respond to the tumor. In passive immunotherapy, im-
mune cells or their products are administered to a tumor-bearing dog ( Anderson & Modiano,
2015; Regan et al., 2016; Suckow, 2013).

Passive immunization

Monoclonal antibodies

A major advance in cancer immunotherapy has been the development of bioengineered
monoclonal antibodies directed against speci� c tumor cell antigens or against molecules
that promote tumor growth. There are now more than 75 FDA approved, monoclonal anti-
bodies used in the treatment of human cancers. Initially these monoclonal antibodies were
derived exclusively from mice. However as monoclonal antibody technology has improved,
it has proved possible to “ humanize” the murine antibodies by attaching the mouse antigen-
binding region to a human immunoglobulin backbone. A similar process can produce “ cani-
nized” monoclonal antibodies for use in dogs.

Monoclonal antibodies can be directed against cancer cells in order to destroy them
through the process of antibody-dependent cellular cytotoxicity. Alternatively, monoclonal
antibodies may be used to block growth-promoting factors or their receptors such as the
interleukin-13 receptor or they may enhance the activity of anticancer immune cells. Several
caninized monoclonal antibodies directed against lymphomas have undergone clinical trials.

In 1987, the FDA approved rituximab for use in humans, a monoclonal antibody directed
against the B cell surface antigen CD20. Rituximab has revolutionized the treatment of B cell
lymphomas in humans. The anti-CD20 binds to the malignant B cells and triggers their
apoptosis. Canine B cells also express CD20 although canine monoclonal anti-CD20 does
not appear to cause B cell tumor apoptosis. Canine CD20 is structurally suf� ciently different
from the human molecule so that Rituximab is not effective in dogs.

Encouraging results in treating canine B cell lymphomas have been obtained by a method
that combines administration of anti-CD20 with blockade of CD47. (CD47 is expressed on tu-
mor cells and acts as a checkpoint regulator by inhibiting their phagocytosis by macro-
phages.) The anti-CD20 kills the tumor cells while the CD47 ensures their removal. CD20
is expressed on immature B cells and is present in about 70% of canine B cell lymphomas
(Weiskopf et al., 2016).

Blontress (Aratana Therapeutics) is a caninized monoclonal anti-CD20 antibody licensed
as an aid in the treatment of dogs with a B cell lymphoma. It enhances antibody-
dependent cellular cytotoxicity and promotes macrophage phagocytosis of tumor cells. The
antibody is administered intravenously. Its use is accompanied by appropriate
chemotherapy.

Bevacizumab is a humanized monoclonal antibody directed against vascular epithelial
growth factor (VEGF). VEGF promotes angiogenesis and blood vessel growth. The mono-
clonal antibody inhibits the growth of cancers by preventing the development of their blood
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supply. Preliminary studies suggest that this product may be effective in treating some canine
sarcomas (Kamstock et al., 2007).

A caninized monoclonal antibody against CD52, a protein expressed on T cells, has been
licensed by USDA as an aid to the treatment of dogs with T cell lymphoma (Tactress, Aratana
Therapeutics). The antibody is administered intravenously. Although clinical trial results
have been disappointing to date, modi� cations of the treatment protocol may yet produce
positive results. For optimal results, monoclonal antibody therapy must often be supple-
mented by other treatments such as chemotherapy. They are rarely suf� cient by themselves
to cause complete remissions.

Checkpoint inhibition

The most important defense pathway against tumors employs cytotoxic CD8þ T cells. Can-
cer cells may be killed by these T cells provided that they can recognize the cancer cell neo-
antigens and respond accordingly. However, some cancer cells avoid destruction by sending
“ blocking” signals to the T cells. These signals are mediated by checkpoint proteins
(Fig. 20.4).

Checkpoint molecules are cell surface receptors that suppress excessive T cell proliferation
and cytotoxicity. The � rst of these receptors to be identi� ed was CTLA-4. CTLA-4 is
expressed on the surface of naïve and effector T cells. Ligands acting through CTLA-4 deliver
suppressive signals to the T cells and prevent their activation. Conversely, if CTLA-4
signaling is blocked, then T cell responses are activated. (The use of these checkpoint inhib-
itors has been likened to taking a foot off the T cell brake pedal.) CTLA-4 blockade in tumor
bearing animals therefore results in a signi� cant enhancement of T celle mediated cytotox-
icity and the development of new antitumor T cells. Studies on humans have shown that
administration of a monoclonal antibody against CTLA-4 (Ipilimumab) results in a signi � cant
increase in T cell antitumor activity and dramatic remissions in many patients.

A second major checkpoint target is the Programmed Death-1 (PD-1)/Programmed Death-
1 ligand (PD-1L) axis. PD-1 is a receptor expressed on effector T cells. Like CTLA-4, when
stimulated by its ligand (PD-1L), it suppresses T cell functions. Blockade of PD-1 or PD-1L
by monoclonal antibodies therefore results in increased T cell cytotoxic activity. Treatment
with anti-PD-1 or anti-PD-1L monoclonal antibodies has produced dramatic and prolonged
remissions in humans with melanomas, renal cell carcinomas, and nonsmall cell lung cancers.
For example, patients with metastatic melanoma treated with checkpoint therapy had a 50%
survival at 3 years compared to 12% survival in patients receiving chemotherapy alone (Bous-
siotis, 2016).

Many canine tumors such as mastocytomas, melanomas, renal cell carcinomas, and B cell
lymphomas are also in� ltrated by T cells that overexpress PD1-L and CTLA-4 (Ambrosius
et al., 2018; Maekawa et al., 2021). This suggests that these T cells are suppressed and there-
fore potential targets for checkpoint therapy. Monoclonal antibodies have been made against
canine PD-1 and PD-1L. Both molecules are present on activated canine T cells, while PD-1L
is expressed on canine dendritic cells. When treated with either anti-PD-1 alone or a combi-
nation of anti-PD-1 and anti-PD-1L in vitro, T cell production of interferon g was signi� cantly
increased. These results are of immediate relevance to the treatment of tumors in dogs (Hart-
ley et al., 2017). For example, canine mammary gland tumors produce PD-1 ligand. Increased
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PD-1 ligand and CTLA-4 expression on the cancer cells is associated with metastases and a
poor prognosis in malignant canine mammary gland tumors ( Aryarathna et al., 2020).

Multiple other potential checkpoint inhibitors are being investigated for use in dogs. These
include B7 homolog 3 protein (B7e H3), lymphocyte activation gene 3 (LAG3), T cell immu-
noglobulin and mucin-domain containing 3 (TIM-3), T cell immunoglobulin and ITIM
domain (TIGIT) and CD200. All these molecules have co-inhibitory functions (Tarone
et al., 2022). Encouraging results have been obtained in treating dogs with melanomas
with a recombinant adenovirus encoding the CD40 ligand (CD40L) (Saellstrom et al.,
2021). Checkpoint therapy is still in its infancy and results should improve as experience is
gained (Rue et al., 2015).
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FIGURE 20.4 The principles of immune
checkpoint therapy. (A) CTLA-4 is an inhibi-
tory receptor expressed on T cells. Its ligand is
B7 expressed on tumor cells. Blocking of
CTLA-4 by antibodies permit cytotoxic T cells
to exercise their full activity against the tumor
cells. (B) Alternatively (or additionally), PD1
blocks tumor cell apoptosis by binding to its
ligand PD-L1. Blockage of this interaction al-
lows cytotoxicity and apoptosis to proceed.
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CAR-T therapy

By applying genetic engineering techniques to cultured T cells, it has been possible to
generate CD8þ T cells with chimeric antigen receptors (CARs) directed speci� cally against
selected tumor cell surface antigens. Thus, these T cells can be made to express engineered
receptors speci� c for a target antigen such as CD19 or CD20 as well as an activating receptor
such as CD28. The� rst-generation CAR-T cells were relatively simple, consisting of an anti-
body V domain linked to a T cell intracellular signaling module. Patients receive infusions of
these CAR-T cells. Early clinical trials of CAR-T cells targeted CD19 on B cell malignancies
such as acute lymphocytic leukemia and demonstrated favorable results.

CAR-T-cell therapy currently has US Food and Drug Administration approval for the
treatment of diffuse large B-cell lymphoma and acute lymphoblastic leukemia, mantle cell
lymphoma, and multiple myeloma. CAR T-cell immunotherapies are also being developed
for autoimmune diseases and viral infections. Although the antimalignancy results of this
therapy have been game changing, they do not come without cost. Various off-target effects
are frequently observed, which include cytokine-related toxicity resulting in severe morbidity
and mortality. They often cease working as a result of T cell exhaustion, anergy, and immu-
nosuppression. Among the most signi� cant complications of this therapy are infections and
their sequelae.

Studies are currently underway to apply CAR-T therapy to canine tumors. For example, it
has proved possible to generate canine CAR-T cells directed against CD20. These cells
secreted IFN-g and lysed canine CD20þ target cells in vitro. However, the technique remains
to be optimized for use in vivo and clinically tested ( Panjwani et al., 2016). In another such
study, canine CAR-T cells directed against epidermal growth factor receptor 2 (HER2)
were able to kill osteosarcoma cells in vitro (Mata et al., 2014).

Active immunization

Canine oral melanoma

Malignant melanomas are among the commonest canine cancers. The most fatal subtype is
oral malignant melanoma (Atherton et al., 2016). Oral melanomas in dogs have a poor prog-
nosis because of their invasiveness and ability to metastasize. In untreated dogs with oral ma-
lignant melanoma the median time to death due to metastases or progressive disease is
2 months. Conventional treatments, surgery, chemotherapy, or radiation therapies lengthen
median survival times from 5 to 12 months. While surgery plus radiation has increased sur-
vival times signi � cantly, chemotherapy has failed to demonstrate a signi� cant bene� t.

Melanomas are uniquely immunogenic tumors and several melanoma-associated antigens
have been identi� ed and investigated as possible vaccine antigens. These include the disialo-
gangliosides, GD2 and GD3, gp100, tyrosinase, and CSPG4 (Tarone et al., 2022). An antime-
lanoma DNA vaccine (Oncept, Boehringer Ingleheim) has been developed and approved for
use in dogs. This vaccine contains anEscherichia coliplasmid engineered to express the gene
encoding human tyrosinase. Once inside a cell nucleus, the DNA plasmid transcribes and
translates the tyrosinase gene and as a result cells produce this enzyme within the recipient.

Active immunization 323



Tyrosinase catalyzes the hydroxylation of tyrosine to dihydroxy-phenylalanine, a key step in
melanin production. This human tyrosinase is only 85% homologous to the canine protein.
This difference is such that vaccinated dogs will mount immune responses against the human
protein. These responses include the production of both antibodies and T cells and result in
destruction of the melanoma cells.

Oncept has been approved by USDA for the treatment of stage II or stage III oral mela-
noma. Four doses of this vaccine are administered transdermally to affected dogs using a
jet injector (Vetjet) at 2-week intervals. It is then boosted at 6-month intervals. The vaccine
is well tolerated with no signi � cant adverse effects (Atherton et al., 2016; Verganti et al.,
2016).

In a prospective clinical trial with 58 dogs, use of this melanoma vaccine signi� cantly
increased survival times. In one retrospective study vaccinated dogs had a median survival
time of 355 days. In another retrospective study, 8 of 13 dogs showed a clinical response and
three dogs with oral malignant melanoma survived for 171, 178, and 288 days from diag-
nosis. The vaccine is safe, and some individual dogs clearly bene� t from its use. However,
published reports on its ef� cacy have described mixed results (Pellin, 2022).

As described in the previous chapter IDO (indoleamine-2,3-dioxygenase) is a natural
immunosuppressive agent. Some cancers secrete this molecule and as a result induce local
immunosuppression. Encouraging results have been obtained by treating melanoma dogs
with IDO blocking agents. The treatment was combined with local radiotherapy and intratu-
moral CpG (Monjazeb et al., 2016). In dogs with melanomas, plasmids containing DNA cod-
ing for the herpesvirus thymidine kinase suicide gene were able to sensitize transfected cells
to ganciclovir. (Ganciclovir is a potent antiherpesvirus drug.) ( Porcellato, et al., 2021). Encour-
aging results have also been obtained through the use of a DNA vaccine directed against
chondroitin sulfate proteoglycan 4 (CSPG4). This is a signi� cant tumor antigen in canine mel-
anomas but is absent from normal adult tissues (Tarone et al., 2022).

Telomerase vaccines

The telomerase reverse transcriptase (TERT) is a subcomponent of the enzyme telomerase.
Telomerase ensures that telomeres (the ends of chromosomes) do not shorten when cells
divide. TERT is either absent or expressed at a very low level in normal cells but is highly
expressed in most neoplastic cells where it confers immortality. Thus, TERT represents a
valid target for cancer immunotherapy ( Peruzzi et al., 2010). A current experimental vaccine
consists of an adenovirus-vectored recombinant expressing TERT that is introduced into dogs
by DNA electroporation. Vaccinated dogs make a persistent antibody response against the
reverse transcriptase. The vaccine appears to have increased overall survival time in dogs
with B cell lymphomas that also received standard chemotherapy when compared to dogs
that received chemotherapy alone (Gavazza et al., 2013).

Osteosarcoma vaccines

Osteosarcomas are the commonest primary bone tumors in dogs. Conventional treatment
consists of amputation and aggressive chemotherapy. Despite this, metastasis is common. A
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canine osteosarcoma vaccine, Live Listeria Vector (AT-104) has been granted a conditional li-
cense by USDA (Aratana Therapeutics, Advaxis Inc.). This vaccine uses attenuatedListeria
monocytogenesas a vector to carry a plasmid expressing a human tumor antigen called
HER2/neu into macrophages. HER2/neu is a tyrosine kinase receptor overexpressed on
many aggressive carcinomas and sarcomas. When injected into an animal the bacteria are
rapidly phagocytosed. However, Listeria is a facultative intracellular bacterium and so can
survive within the cytosol of macrophages. It normally uses a pore-forming lysin called lis-
teriolysin O (LLO) to escape from the phagosome into the cytosol. The plasmids expressing
the genes for HER2/neu fused with a truncated form of LLO, transcribe and translate the
chimeric antigen. This is carried to the cytosol where the fusion protein is processed as an
endogenous antigen and enters the MHC class I presenting pathway. The chimeric protein
is also secreted so that it can also act through the exogenous antigen processing pathway
as well. As a result, the HER2/neu is recognized by both CD4þ and CD8þ T cells and induces
a potent T celle mediated cytotoxic response. When this recombinant Listeria was adminis-
tered intravenously in conjunction with amputation and chemotherapy, the median survival
time of dogs with osteosarcomas was doubled when compared to amputation and chemo-
therapy alone. As a result, a large extended� eld study is currently underway.

Autologous cancer vaccines

In an effort to induce a protective immune response against canine tumors, studies have
been undertaken on the use of autologous tumor vaccines. For example, one vaccine
(K9-ACV) involves the enzymatic digestion of a solid tumor biopsy. The resulting cell sus-
pensions are then irradiated with UV light to kill the cancer cells. The suspension is then
mixed with an adjuvant, CpG oligodeoxynucleotide. Animals are vaccinated intradermally
with 10 million cells/dose, at 30-day intervals. 17/20 vaccinated dogs have been reported
to make antibodies to autologous tumor antigens while some have been reported to survive
for longer than expected (Yannelli et al., 2016).

Another autologous vaccine project has used canine hemangiosarcoma cells cultured
together with a unique adjuvant MIM-SIS (matrix immunomodulator, small intestine submu-
cosa derived). The adjuvant permits tumor cell growth and upregulates MHCII and CD80
expression in the cultured cells. In one reported study, vaccinated dogs with metastatic
hemangiosarcomas lived signi� cantly longer than dogs treated with surgery alone ( Lucroy
et al., 2020).

Canine transmissible venereal sarcoma

Tumors may, under some circumstances, act in a manner similar to infectious agents. An
important example of this is canine transmissible venereal sarcoma.

Transmissible venereal sarcoma is a naturally occurring, lymphocytic/plasmacytic cancer
transmitted between dogs during copulation. It is associated with an insertion in the C-MYC
oncogene. It therefore usually grows around the external genitalia. (It may also develop
around the oronasal region as a result of dogs licking themselves. It results from
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transplantation of neoplastic cells. (In effect, the cancer cells act as infectious agents.) To colo-
nize a new host, these cells must establish themselves in allogeneic hosts. This is not always
successful, and after an initial 1e 3-month growth phase, the tumor eventually enters a sta-
tionary phase and then regresses and is eliminated. Nevertheless, lethal metastases may occur
in up to 7% of puppies and immunosuppressed dogs. The tumor persists in the face of an
allograft response as a result of multiple somatic mutations. When growing aggressively,
these cancer cells fail to expressb2-microglobulin, and as a result, MHC class I antigens
are not assembled on the cell surface. They also secrete the immunosuppressive cytokine,
TGF-b. Exposed dogs, whether or not they develop progressive tumors, develop antibodies
to tumor cells. Thirty to 40% of cells in the regressive phase express MHC classes I and II.
These regressing cells also express IL-6 and IFN-g and hence counteract the TGF-b while
restoring NK cell functionality. Dogs whose cancers regress also develop cytotoxic T cells.
If recipient dogs are immunosuppressed, the tendency to malignant growth is enhanced.
The tumor cells appear to secrete a cytotoxic factor that kills B cells. Genetic analysis of these
tumor cells suggests that they originated from a clone of myeloid cells that arose in a wolf or
East Asian dog about 11,000 years ago (Faro & de Oliveira, 2023).

Lymphoid tumors

Adaptive immunity requires that lymphocytes respond to antigen by rapid division and dif-
ferentiation. This burst of proliferation must be carefully controlled. Although uncontrolled
lymphocyte function may induce autoimmunity, uncontrolled lymphocyte proliferation may
result in the development of a lymphoma or lymphosarcoma. The surveillance theory was orig-
inally proposed when it was observed that immunosuppressed animals and humans had an
increased prevalence of cancers. However, an unusually high proportion of these are of
lymphoid origin. Therefore, it is likely that some lymphoid cancers that develop in immunosup-
pressed individuals result from a failure of regulation rather than from a failure of surveillance
(Modiano et al., 2005). It is no accident that dogs with autoimmune disease are more likely than
normal animals to develop lymphoid cell tumors ( Keller, 1992).

Neoplastic transformation may occur in lymphoid cells of both branches of the immune
system. Providing that the tumor cells have not dedifferentiated, it is possible to identify
the cells present in a lymphoid tumor by their surface antigens. For example, the presence
of cell surface immunoglobulin is characteristic of B cells, whereas the presence of CD3 or
CD2 is an identifying feature of T cells.

Lymphomas account for 5%e 7% of canine malignancies. They may be classi� ed according
to their apparent site of origin (e.g., multicentric, alimentary, zonal, or anterior mediastinal)
or alternatively, by their cell type (e.g., histiocytic, lymphocytic, lymphoblastic, or plasma-
cytic) or by their clinical course (acute or chronic). Canine leukemias may also be classi� ed
on the basis of the cell type involved (lymphoid or myeloid).

Chronic leukemias

Chronic lymphoid leukemia (CLL) is most frequently diagnosed. It is characterized by the
presence of large numbers of mature lymphocytes in the blood. Animals may be
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asymptomatic, and the course of the disease is slow. About 70% of these chronic cases involve
CD3þ T cells, and most are large granular lymphocytes (LGLs). Of these LGLs, about 65% are
a/ b T cells, and the remainder areg/ d T cells. The non-LGL T cell cases usually involvea/ b
T cells.

T cell lymphomas are quite heterogeneous and while usually aggressive, some, such as T-
zone lymphomas are slowly growing. Immunophenotyping can be useful in classifying these
T cell lymphomas. CD4þ is the commonest subtype. T-zone lymphomas are CD45� . Aggres-
sive T cell lymphomas may be CD45þ . CD21þ , CD79aþ malignant B cells account for about
30% of canine chronic leukemia cases. They tend to be overrepresented in small breed dogs.
Chronic myeloid leukemias are extremely rare in dogs.

Acute leukemias

Acute leukemias, which are also less common in dogs, may be of B cell origin (20%) or
myeloid origin (70%). Many are undifferentiated. Many of these tumor cells, both myeloid
and lymphoid, express CD34. The prognosis of these acute leukemias is usually very poor.
Low levels of MHC class II expression on canine B cell lymphomas also carries a poor prog-
nosis. In many cases of canine lymphoma, affected dogs produce antibodies against crude tu-
mor antigens. These antigens are not found on normal lymphoid cells.

Sézary Syndrome is an aggressive cutaneous T cell lymphoma. The malignant lympho-
cytes have an abnormally shaped nucleus. The cancer cells (Sezary cells) are found in blood,
skin, and lymph nodes. A case has been reported in a Bichon Frise. The animal presented
with multiple cutaneous nodules. The cancerous cells are CD3þ , CD4þ , and CD8� . This
expression of CD4 does not normally occur in canine T cell lymphomas (Rigas et al., 2021).

Young English bulldogs may develop an aggressive T cell lymphoma with a unique
phenotype (CD4� , CD8� , CD45þ , CD5þ , CD3þ , and MHC low) T cell lymphoma (Frankhouse
et al., 2021). Cutaneous CD3þ T cell lymphomas (mycosis fungoides) are common in old dogs.
Eighty percent are CD8þ , whereas the remainder are double-negative. Most (70%) have g/d
TCRs, especially if the tumor is con� ned to the epidermis.

When canine lymphoid tumors are phenotyped, signi � cant differences are seen among
breeds. For example, in Irish Wolfhounds, 100% of lymphoid tumors are of T cell origin.
In Golden Retrievers, 54% of lymphoid tumors are derived from T cells, and the other 46%
are from B cells. In Cocker Spaniels, only 6.8% are from T cells, whereas 93.2% are of B
cell origin. These differences, however, are shared among related dog breeds. For example,
among Toy breeds, 68% of lymphoid tumors are of T cell origin, whereas only 34% of Terrier
lymphomas are T cells. Sex and neutering do not in� uence this distribution.
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21

Canine autoin� ammatory diseases

In this chapter are discussed those immune-mediated diseases that involve predomi-
nantly excessive in� ammatory responses. Their causes are generally unknown. In some
cases, affected dogs may possess autoantibodies against speci� c cells or tissues but these
are considered to be secondary to the in� ammatory problems. Autoin � ammation is
marked by recurrent episodes of systemic in� ammation caused by dysregulation of the
innate immune system. A consistent feature of all these diseases is the overproduction
of proin � ammatory cytokines. For example, type 1 interferons are overproduced in
SLE, TNF-a is overproduced in rheumatoid arthritis, IL-1 b is overproduced in in � amma-
tory bowel disease, and interleukin 17 is overproduced in reactive arthritis and steroid-
responsive meningitis-arteritis. As a result, affected dogs suffer from recurrent fevers,
hyperin � ammation, and eventually, systemic amyloidosis. These diseases, if left un-
treated, may be relentless, cause severe tissue damage and eventually death (Kastner
et al., 2010).

Even under normal circumstances, acute in� ammation can be painful and uncomfortable.
This is usually, however, a temporary state and subsides once the invading organisms are
eliminated and the damaged tissues heal. Under other circumstances, however, in� ammation
may become uncontrollable. Chronic, unresolved in� ammation is often a result of inherited
defects in immune regulatory processes. Several such diseases have been identi� ed in dogs.
These are often associated with speci� c breeds. On the other hand, there are also many in-
� ammatory diseases of unknown etiology with no obvious genetic or breed links. These
too may be considered to result from a failure to control innate immune responses. These dis-
eases are often interrelated and have many overlapping clinical features. Their common
feature is extensive and uncontrolled in� ammation.

Although most of these diseases have some form of autoimmune component, they do not
simply result from autoantibodies causing tissue destruction. Many are also associated with
the presence of immune-complexes and complement in tissues resulting in chronic in� amma-
tion. Many result from uncontrolled in � ammatory cytokine production, different forms of
programmed cell death driven by specialized in � ammasomes, or abnormalities in the com-
plement system. Their initiating factors are often unknown, but many exhibit a signi � cant
breed predisposition, commonly with linkage to the MHC.
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Shar-Pei fever syndrome

Shar Pei dogs are a Chinese breed that came close to extinction in the 1950s. However, a
few were exported to the United States. Thus, they have limited genetic diversity and in addi-
tion, have been heavily selected for a wrinkled skin phenotype. Selection for folds around the
mouth ( “ meatmouth” ) has been especially pervasive. It is these meatmouth dogs that appear
to be most susceptible to developing the fever syndrome.

These skin wrinkles result from excessive deposition of hyaluronic acid (HA) in their up-
per dermis. The Shar Pei HA synthase gene,HAS2, is overexpressed in dermal � broblasts.
This is due to a mutation in a regulatory region located about 350 kB upstream of HAS2.
The result of the mutation is duplication of the HAS2 gene. (Dogs of other breeds have
only a single copy.) Consequently, large quantities of HA are deposited throughout the
skin, often in microscopic “ lakes” and macroscopic vesicles (Fig. 21.1).

If this HA escapes into the bloodstream, it activates the innate immune system. It interacts
with macrophages to produce IL-1b and IL-6. These cytokines, in turn, act on the hypothal-
amus to cause a fever. As a result, Shar Peis develop recurrent unprovoked 12- to 48-h epi-
sodes of high fever and in� ammation. This is accompanied by arthritis, especially in one or
both tibiotarsal joints ( Work et al., 2023). These attacks may occur every few weeks. However,
acute-phase proteins such as serum amyloid A remain high between episodes. As a result,
affected dogs eventually develop reactive amyloidosis. Amyloid is deposited in the kidneys,
liver, spleen, gastrointestinal tract, and myocardium. Renal amyloidosis and kidney or liver
failure lead to an early death. The proportion of Shar Peis within the US population with this
mutation is now estimated to be as high as 23%. A second, modi� er gene locus also affects the
subsequent development of amyloidosis (Ollson et al., 2011).

Canine hypertrophic osteodystrophy

Canine hypertrophic osteodystrophy (HOD) is an in � ammatory bone disease that occurs
in young, large-breed dogs such as Irish Setters, Great Danes, Irish Wolfhounds, and

FIGURE 21.1 An adult Shar Pei dog
where a vesicle has ruptured and viscous
hyaluronic acid released. From Hnilica, K. A.,
& Patterson, A. P. (Eds.). (2017).Small animal
dermatology. Elsevier. With permission.
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especially Weimaraners. Occasional cases have been reported in other breeds. Males and fe-
males are equally affected, and the age of onset is typically 8e 16 weeks of age. Weimaraners
are prone to a multiorgan in � ammatory form of the disease with severe gastrointestinal, res-
piratory, and neurologic signs (Selman & Willard, 2021) (Fig. 21.2).

HOD is characterized by metaphyseal necrosis, hemorrhage, and in� ammation (Woodard,
1982). It affects young dogs that are growing rapidly and diminishes once their bone plates
have closed. Thus, it causes an acute onset bilateral lameness. Both fore and hind limbs are
equally affected. Their vertebral bodies may also be affected. Dogs with HOD have signi� -
cantly elevated levels of in� ammatory cytokines including IL-1 b, IL-18, IL-6, GM-CSF,
CXCL10, and TNF-a (Safra et al., 2012). These cytokines may remain elevated even in recov-
ered dogs. Systemic signs include anorexia, depression, fever, and gastrointestinal, nervous,
and respiratory problems, in addition to symmetrical bone lesions with painful swollen meta-
physes. Radiological examination shows radiolucent zones in the distal metaphyses,� ared
diaphyses, and the formation of new periosteal bone. Hind and fore limbs are equally
affected. Affected dogs may also have a preexisting immune dysfunction with low concentra-
tions of one or more immunoglobulin classes, and so suffer recurrent infections (Foale et al.,
2003).

The cause of HOD remains unknown. Its breed speci� city and a heritability of 0.68 implies
a signi� cant genetic effect. HOD is also a vaccination-proximate disease. Approximately 70%

FIGURE 21.2 Radiograph of the manus of a dog with hypertrophic osteodystrophy. There is an irregular peri-
osteal reaction (arrows) that is most pronounced on the lateral aspect of the� fth metacarpal bone and on the medial
aspect of the distal radius. There is a less pronounced periosteal reaction on the medial aspect of the manus.From
Allan, G., & Davies, S. (2018). In D. E. Thrall (Ed.),Textbook of veterinary radiology (7th ed.). Elsevier. With permission.
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of the Weimaraners diagnosed with HOD have been reported to have received a modi� ed-
live canine distemper vaccine within 1e 2 weeks of disease onset. It is possible that the con-
dition is triggered in genetically susceptible animals by vaccination, although it is equally
likely that the onset of disease simply coincides with the recommended age of dog vaccina-
tion. It is also important to note that there have been many reports of Weimaraners with
HOD that had not received any vaccines within the previous 3 weeks. Proximity to vaccina-
tion is not a mandatory trigger for its development.

HOD is not the only in � ammatory problem suffered by young Weimaraners. Recurrent
febrile episodes associated with systemic in� ammatory signs have also been recognized in
this breed. The term, hyperin� ammatory syndrome, has been used to describe collectively
not only HOD, but also aseptic meningitis, postvaccinal reactions with high fever, and/or
nodular skin disease, and an immunode� ciency syndrome. There is likely to be a common
underlying cause for all these in� ammatory diseases (Abeles et al., 1999).

Sweet’s syndrome

Sweet’s syndrome in humans is an acute febrile neutrophilic dermatosis. Affected individ-
uals develop pyrexia and a neutrophilia, in addition to the dermatosis. They develop painful
papules or nodules containing a diffuse mature neutrophilic in � ltrate within the super � cial
dermis. The syndrome results from the overexpression of granulocyte colony-stimulating
factor (G-CSF). This causes excessive neutrophil production and eventually results in a
massive sterile in� ammatory response. The localization of lesions in the skin is believed to
be Th17-cell mediated. Classic Sweet’s syndrome is idiopathic, but some cases may be
drug-induced or paraneoplastic. A similar syndrome has been described in dogs (Cho
et al., 2022). Affected animals develop fever, lymphadenopathy, and a marked leukocytosis.
Extracutaneous lesions include a vasculitis, immune-mediated hemolytic anemia, hepatop-
athy, and thrombocytopenia. Skin lesions consisting of a sterile neutrophilic dermatitis,
with ulcerations, erythema, and crusting, develop after 3e 4 weeks. Treatment with cortico-
steroids and immunosuppressants has been reported to be effective.

Sterile nodular panniculitis

Panniculitis refers to in� ammation of subcutaneous adipose tissue. While often of un-
known etiology, some canine cases have also been associated with pancreatic disease, sys-
temic lupus erythematosus, rheumatoid arthritis, colitis, and hepatitis. Miniature
Dachshunds, Poodles, Australian Shepherds, Brittany Spaniels, neutered and young dogs
appear to be most susceptible. Affected dogs develop multiple shallow skin nodules that ul-
cerate and discharge a yellowish oily exudate. Other deeper subcutaneous nodules may
persist. At the same time, these dogs exhibit signs of systemic disease including lethargy,
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anorexia, depression, and fever. Some dogs may develop a concurrent arthritis (Contreary
et al., 2015) (Fig. 21.3).

Histology of the skin nodules may show a septal or diffuse pattern with a neutrophil and
macrophage in� ltration. Lymphocytes and plasma cells may also be present in the in� ltrate.
Clinical pathology shows a neutrophilia with a left shift, increased alkaline phosphatase,
hypoalbuminemia, and proteinuria ( O’Kell et al., 2010).

Chronic ulcerative stomatitis

Canine chronic ulcerative stomatitis is a progressive and painful in � ammatory disease of
the oral mucosa. Maltese Terriers, Cavalier King Charles Spaniels, Labrador Retrievers, and
Greyhounds appear to be most susceptible. Affected dogs develop painful mouth ulcers that
vary in size and distribution. As a result of the pain and discomfort, affected animals refuse to
eat and lose weight (Anderson et al., 2020). The lesions are characteristically lichenoid with a
dense in� ammatory cell in � ltrate developing between the super� cial mucosal epithelium and
the subepithelial connective tissue (Anderson et al., 2017). These lesions contain large
numbers of B and T cells including FoxP3þ cells (Treg cells), and large numbers of IL-17-
producing cells. They also contain plasma cells, neutrophils, and mast cells. Interestingly
the IL-17-producing cells are CD3e suggesting that they are not T cells. Their numbers corre-
late negatively with lesion severity scores. While originally believed to be associated with the
development of periodontal disease, this does not now appear to be the case. The lesions are
very different. Other immunological causes of erosive stomatitis in dogs include the subepi-
dermal blistering diseases, systemic lupus, vasculitis, and pemphigus vulgaris (Bizikova
et al., 2023).

FIGURE 21.3 Sterile nodular panniculitis in a poodle mix with the plaque form of the disease (A) and after
treatment (B). From Schissler, J., (2019).Veterinary Clinics Small Animal , 49, 27e 36. Elsevier. With permission.
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Canine IgG4-related diseases

IgG4-related diseases are a group of autoin� ammatory disorders characterized by exces-
sive IgG4 production (Colopy et al., 2019). IgG4 antibodies can activate macrophages that
then cause extensive tissue� brosis. Likewise, affected individuals develop abnormalities in
innate immunity including activation of macrophages, mast cells, basophils, and dendritic
cells (Coddou et al., 2020). IgG4-related disease in humans is an insidiously progressive
� broin � ammatory disease characterized by the development of tumor-like masses in many
different organs (Liu et al., 2020). The tumor-like lesions are characterized by a dense in� ltra-
tion of oligoclonal IgG4-positive plasma cells. Affected organs include the lacrimal glands,
the salivary glands, pancreas, bile ducts, retroperitoneum, lungs, kidney, aorta, meninges,
and thyroid. Death may result from periaortitis, retroperitoneal � brosis, or pachymeningitis
(Koneczny, 2020) (Fig. 21.4).

IgG4-related disease also occurs in dogs. It presents as a systemic� broin � ammatory
pancreatitis characterized by the in� ltration of the organ with massive numbers of
IgG4-positive plasma cells (Watson et al., 2011). Dogs typically develop a lymphoplasma-
cytic sclerosing pancreatitis. The pancreas is in� ltrated with a dense polyclonal in � ltrate
of plasma cells, layers of � brosis, and obliterative phlebitis. IgG4þ plasma cells may ac-
count for more than 40% of all the lym phocytes and plasma cells in the in� ltrate. Lesions
are not, however, restricted to the pancreas. IgG4-positive B cells may also in� ltrate other
organs such as the salivary glands, periorbital tissues, retroperitoneum, kidney, biliary
tract, lungs, and thyroid. Chronic IgG4-med iated type 1 pancreatitis occurs in English
Cocker Spaniels and other breeds such as Huskies (Coddou et al., 2020). The developing
in� ammation results in eventual loss of both endocrine and exocrine pancreatic functions.
IgG4 disease resembles multiple myeloma, although increased concentrations of oligoclo-
nal IgG4 in the bloodstream are highly suggestive but not pathognomic. Diagnosis is
based on the characteristic histopathology and increased numbers of IgG4þ cells in
affected tissues (Zen et al., 2011).

FIGURE 21.4 H&E-stained sections of pancreas from (A) English Cocker spaniel; (B) a Great Dane crossbred; and
(C) a normal pancreas showing the characteristic mononuclear cell in� ltrates of IgG4-mediated pancreatitis. From
Coddou, F. M., Constantino-Casas, F., Scase, T., Day, M. J., et al. (2020). Chronic in� ammatory disease in the pancreas, kidney
and salivary glands of English Cocker Spaniels and dogs of other breeds shows similar histological features to human IgG4-
related disease.Journal of Comparative Pathology, 177,18e 33. With permission.
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In � ammatory neurologic diseases

Immune-mediated in � ammation may account for as much as a quarter of central nervous
system diseases in dogs (Vitale & Foss, 2019). There are several recognized subtypes largely
based on their histopathology.

Eosinophilic meningoencephalitis

Eosinophilic meningitis/encephalitis is a sporadic in � ammatory disease that occurs in
young, male, large-breed dogs. Bilateral symmetrical lesions develop in the cortical gray mat-
ter. Dogs develop ataxia together with seizures. Eosinophils are found in the lesions, in the
CSF, and some dogs also have a peripheral eosinophilia. Eosinophils are normally very
rare in the CSF and their presence may be a response to the presence of migratory parasites
such as Diro� laria, Toxocara, or even Toxoplasma. Affected animals respond well to immu-
nosuppressive therapy (Williams et al., 2008).

Grayhound meningoencephalitis

A meningoencephalitis of unknown origin has been reported as occurring in 4- to 18-
month-old Grayhounds. Head tilting, recumbency, circling, and blindness are commonly
observed. Dehydration and weight loss result. On necropsy, the dogs show both diffuse
and focal gliosis and mononuclear cell perivascular cuf� ng in the caudate nucleus, the
cortical gray matter of the cerebrum, and in the anterior brainstem. Less severe lesions
may be found in the caudal brain stem, anterior spinal cord, and cerebellum. They may
also develop a lymphocytoplasmic meningitis but no demyelination. The cause of this disease
is unknown, but its occurrence in a single breed implies a genetic predisposition. Many vi-
ruses have been tested for, but none have been detected (Windsor et al., 2009).

Steroid-responsive meningitis-arteritis

Severe steroid-responsive meningitis-arteritis (SRMA) is an immune-mediated vasculitis
characterized by in� ammation of the meningeal arteries (Tipold & Schatzberg, 2010). Large
dogs, such as Golden Retrievers, Boxers, Weimaraners, Nova Scotia Duck Tolling Retrievers,
and Bernese Mountain dogs, are most affected, although the disease has also been reported in
Beagles, Border Collies, Jack Russell Terriers, and Whippets. The disease occurs most
commonly in dogs under 18 months of age. Its immediate cause is unknown but epidemio-
logical evidence suggests an infectious trigger may be involved (Tipold & Stein, 2010).

SRMA is characterized by cervical hyperesthesia, depression, and fever. While the in� am-
matory lesions primarily affect the leptomeningeal arteries, they may also affect vessels in the
heart, mediastinum, and thyroid. Two clinical forms of SRMA are recognized. In the acute
form, affected dogs develop anorexia, fever, stiff gait, lameness, and listlessness, followed
by progressive cervical rigidity; hyperesthesia along the vertebral column; generalized cervi-
cal or spinal pain; and ataxia (Lau et al., 2019). The typical disease course consists of severe
episodes with periodic symptom-free remissions. The CSF contains elevated protein as well
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as many neutrophils and erythrocytes as a result of vascular leakage. A less common, chronic
form of SRMA may develop following relapses of the acute disease or after inadequate treat-
ment. SRMA mortality ranges from 5% to 8%. The prognosis for Boxers is much better than
for Beagles or Bernese Mountain dogs (Behr & Cauzinille, 2006).

On necropsy, the spinal meningeal arteries show� brinoid degeneration, intimal or medial
necrosis, and hyalinization, and are in� ltrated with lymphocytes, plasma cells, macrophages,
and a few neutrophils. Neutrophil extracellular traps can be detected in the affected meninges
and arteries (Wohlsein et al., 2022). Complete obliteration of the blood vessel lumina may
occur. Rupture and thrombosis of in � amed vessels may lead to hemorrhage, compression,
and infarction ( Andersen-Ranberg et al., 2021). On histology there is a severe arteritis and ne-
crosis of meningeal arteries and the leptomeninges. There is degeneration of the white matter
in the spinal cord underlying the meningeal lesions. In chronic cases, the CSF contains pre-
dominantly mononuclear cells. Meningeal � brosis may occur secondary to the in� ammation
and affect blood or CSF � ow.

Analysis of the blood cytokines in affected dogs shows reduced expression of the Th1
cytokines, IFN-g, and IL-2 and increased expression of the Th2 cytokine, IL-4. IL-6, TGF-
b, and vascular endothelial growt h factor (VEGF) levels are signi� cantly increased in cere-
brospinal � uid. High levels of IL-17 are also found in the CSF. IL-17 levels correlate well
with the degree of cellular pleocytosis. These Th17 cells may also be responsible for the
cellular in � ltrate so characteristic of this disease (Freundt-Revilla et al., 2017). The CSF in
acute cases of SRMA also contains high IgA and CXCL-8 levels as well as mature neutro-
phils with severe pleocytosis. Serum IgA, C-reactive protein, and a2-macroglobulin are also
elevated (Schwartz et al., 2011). About a third of these dogs have a positive lupus erythe-
matosus (LE) cell test but no detectable antinuclear antibodies (Maiolini et al., 2013). In
addition to the increased IL-17, affected dogspossess high levels of CD40L (CD154) in their
CSF. CD40L is a key stimulant of adaptive immune pathways. It is normally expressed on
the surface of activated CD4þ T cells. It is also produced in a soluble form that binds to
CD40 on B cells.

Canine juvenile polyarteritis

Canine juvenile polyarteritis mainly affects Beagles under 2 years of age. The animals
show episodes of anorexia, persistent fever over 40� C, and a hunched stance with lowered
head and a stiff gait, indicating severe neck pain. They may show cyclical remissions and re-
lapses. Affected animals have a neutrophilia, elevated acute-phase proteins, elevated serum
IgM and IgA but normal IgG. Blood B cells are increased, but their T cells are decreased. On
necropsy there are few gross lesions. There may be some hemorrhage into lymph nodes. His-
tologically the dogs have a systemic vasculitis and perivasculitis. In acute disease cases there
is necrotizing vasculitis with � brinoid necrosis and a massive in� ammatory cell in � ltration
involving the small and medium-sized arteries of the heart, mediastinum, and cervical spinal
cord. Immunoglobulins are deposited in the walls of these arteries. During remissions, the
vascular lesions consist of intimal and medial � brosis and a mild perivasculitis, the residue
of previous acute vasculitis. Chronically affected dogs may develop generalized amyloidosis
(Snyder et al., 1995).
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Obesity

Obesity is a growing problem in both humans and their dogs. Middle-aged spayed female
dogs are at the greatest risk for obesity. Obese dogs tend to suffer from a chronic low-grade,
in� ammatory state. As a result, they are at greater risk of developing pancreatitis, cruciate
ligament rupture, urinary tract and oral in � ammation, and arthritis.

White adipose tissue cells release proin� ammatory cytokines, adipokines, that stimulate
chronic in� ammation. The three important adipokines are leptin, adiponectin, and resistin.
Leptin levels increase in the obese and suppress appetite. Adiponectin, in contrast, counter-
acts the activities of leptin and its level drops in the obese. Leptin levels are elevated in obese
dogs and adiponectin levels are elevated in lean dogs. All three molecules, leptin, adiponec-
tin, and resistin in � uence immunity ( Park et al., 2014). White adipocytes also secrete many
other cytokines including IL-2, IL-6, TNF- a, and monocyte chemoattractant protein-1
(MCP-1) (Marchi et al., 2022). The IL-6 may trigger an acute-phase response and the produc-
tion of C-reactive protein (Park et al., 2014).

Canine leptin is a 16-kDa protein containing 146 amino acids. While � rst described as an
antiobesity hormone, it also in� uences both innate and adaptive immunity and promotes
in� ammation. It binds to receptors in the hypothalamus and so suppresses the appetite.
The amount of leptin in blood is proportional to the amount of fat in the body. Leptin recep-
tors (Ob-R) are expressed on neutrophils, macrophages, and dendritic cells, as well as NK
cells, T cells, and B cells (Cortese et al., 2019). In general, leptin activates all these cell types.

Adipose tissue in lean humans contains about 10% macrophages, whereas in the obese, it
may contain 50% macrophages. The adipose tissue macrophages found in obese individuals
are M1 cells. Leptin increases their TNF-a, IL-6, and IL-1 production and upregulates their
MHC class II expression. This increased IL-6 production also promotes Th17-mediated
in� ammation. Leptin also enhances Th17 responses by upregulating the transcription factor
RORgt and suppressing Treg differentiation.

In obese animals, this widespread macrophage activation predisposes to in� ammatory dis-
eases such as atherosclerosis, arthritis, type 2 IDDM, and autoimmunity as well as to cancer
(German et al., 2010). There is thus a clear link between obesity and chronic low-grade
in� ammation.

Leptin also enhances NK cell development and activation. It promotes Th1 cell production
of IFN-g, TNF-a, and leptin itself, thus generating an autocrine feedback loop. In lean dogs
where leptin levels are low, macrophage activation is suppressed, in� ammatory responses
are reduced, and there is a shift from Th1 to Th2 responses while increasing Treg cells.

Adiponectin is a 28 kDa polymeric protein that counteracts the activities of leptin
(German, 2012). Its concentration is inversely related to body mass, and it has antiin� amma-
tory activity ( Marchi et al., 2022; Park et al., 2014). Adiponectin decreases production of
CXCL-8, IFN-g, IL-6, and TNF-a while increasing the production of IL-1RA and IL-10. It in-
duces maturation and activation of dendritic cells. As a result, it reduces Th1 and Th17 re-
sponses. Increased production of the in� ammatory cytokines, TNF-a and IL-6, in obese
dogs may suppress adiponectin gene expression (Park et al., 2014). Adiponectin also regu-
lates glucose and fatty acid metabolism. In obesity, adiponectin production drops, and adi-
pose tissue macrophages then produce a hormone called resistin that increases insulin
resistance leading to diabetes (Nguyen, 2020).
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Anti-neutrophil cytoplasmic antibodies

The presence of antineutrophil cytoplasmic antibodies (ANCA) is a feature of many canine
in� ammatory and autoimmune diseases, especially vasculitis. These autoantibodies are
directed against granule and perinuclear antigens in neutrophils as well as in monocytes.
The two most important are directed against neutrophil myeloperoxidase (MPO) and
proteinase-3 (PR3). ANCAs are usually detected by an indirect � uorescent antibody test on
ethanol-� xed neutrophils. The two major types of ANCA are readily distinguished by their
� uorescence pattern. Antibodies against MPO stain most intensely around the cell nucleus
and are called perinuclear ANCAs (pANCA). Antibodies to PR3 stain the neutrophil granules
diffusely. These are therefore called cytoplasmic ANCAs (cANCA). A few dogs may have
both types of antibodies that bind and stain both the perinuclear and granule antigens
(Fig. 21.5).

FIGURE 21.5 ANCA staining patterns. The two main patterns of ANCA staining using indirect � uorescence
staining on ethanol-� xed neutrophils. (C). P-ANCA staining is characterized by perinuclear staining with or without
nuclear involvement since the MPO antigen binds to the nucleus during ethanol � xation. (D). C-ANCA staining
shows cytoplasmic � uorescence due to staining of the cytoplasmic granules.From Ramponi, G., et al. (2021).Auto-
immunity Reviews, 20 . https://doi.org/10.1016/j.autorev.2021.102759. With permission.
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Neutrophils are full of granules that are ri ch in the enzymes needed to kill invading
microorganisms. Thus, PR3 is a serine protease that plays a role in killing microorganisms
and degrading the extracellular matrix. Its blo od level is increased in granulomatous dis-
eases. The second major antigen, MPO is required for the oxidative killing of microbes.
Both PR3 and MPO are released into in� amed tissues by activated and apoptotic
neutrophils.

pANCAs are present in dogs with in � ammatory bowel disease and chronic enteropathies,
especially lymphoplasmacytic enteritis. They have been detected as early as 2 years before
disease onset. Most pANCA-positive dogs are not ANA positive. Nor are antibody titers
linked to the severity of the disease. Almost half of the dogs with immune-mediated hemo-
lytic anemia are positive for pANCA. They are also present in dogs suffering from vector-
borne diseases such as those caused by Rickettsia, Bartonella, Leishmania, and Ehrlichia.
They have been associated with sterile panniculitis, pyometras, idiopathic polyarthritis,
and sulfonamide hypersensitivity.

In a study of 16 dogs with assorted immune-mediated in � ammatory diseases, 13 (83%)
were positive for ANCA. Half of these animals suffered from idiopathic polyarthritis, while
most of the remainder had a sterile panniculitis. Out of 46 healthy control dogs (mainly bea-
gles), 13 (28%) were ANCA-positive (Tamamoto et al., 2018). There also appeared to be an
association with concomitant bacterial infections such as cystitis and pyoderma. It is believed
that these antibodies cause premature neutrophil granule release and so directly damage
tissues.

A survey of the serums from healthy Soft-coated Wheaten Terriers in the United Kingdom
demonstrated that 39/188 (20.7%) contained detectable pANCAs. These dogs had a greater
chance of being positive if they had at least one positive littermate or full sibling with protein-
losing enteropathy or protein-losing nephropathy. There was also a signi� cant association be-
tween positive pANCA serology and the occurrence of protein-losing diseases in this breed
(Allensbach et al., 2008).

References
Abeles, V., Harrus, S., Angles, J. M., Shalev, G., et al. (1999). Hypertrophic osteodystrophy in six weimaraner puppies

associated with systemic signs.The Veterinary Record, 145, 130e 134.
Allensbach, K., Lomas, B., Wieland, B., Harris, T., et al. (2008). Evaluation of perinuclear anti-neutrophilic cyto-

plasmic autoantibodies as an early marker of protein-losing enteropathy in Soft Coated Wheaten Terriers.Amer-
ican Journal of Veterinary Research, 69(10), 1301e 1304.

Andersen-Ranberg, E., Berendt, M., & Gredal, H. (2021). Biomarkers of non-infectious in� ammatory CNS diseases in
dogs: Where are we now? Part 2e steroid responsive meningitis-arteritis. The Veterinary Journal, 273. https://
doi.org/10.1016/j.tvjl.2021.195692

Anderson, J. G., Kol, A., Bizikova, P., Stapelton, B. P., et al. (2020). Immunopathogenesis of canine ulcerative stoma-
titis. PLoS One. https://doi.org/10.1371/journal.pone.0227386

Anderson, J. G., Peralta, S., Kass, P. H., & Murphy, B. (2017). Clinical and histopathologic characterization of canine
ulcerative stomatitis. Veterinary Pathology Online, 54, 511e 519.

Behr, S., & Cauzinille, L. (2006). Aseptic suppurative meningitis in juvenile boxer dogs: Retrospective study of 12
cases.Journal of the American Animal Hospital Association, 42, 277e 282.

Bizikova, E., Linder, K. E., & Anderson, J. G. (2023). Erosive and ulcerative stomatitis in dogs and cats: Which
immune-mediated diseases to consider?Journal of the American Veterinary Medical Association. https://doi.org/
10.2460/javma.22.0573

References 341



Cho, A., Bae, H., Shin, S., Kim, Y., et al. (2022). Sterile neutrophil dermatosis (Aweet’s Syndrome) associated with
systemic in� ammatory response syndrome in a Maltese dog: A case report. Frontiers in Veterinary Science.
https://doi.org/10.3389/fvets.2022.837942

Coddou, M. F., Constantino-Casas, F., Scase, T., Day, M. J., et al. (2020). Chronic in� ammatory disease in the
pancreas, kidney and salivary glands of English Cocker Spaniels and dogs of other breeds shows similar histolog-
ical features to human IgG4-related disease.Journal of Comparative Pathology, 177, 18e 33.

Colopy, L. J., Shiu, K.-B., Snyder, L. A., Avery, A. C., et al. (2019). Immunoglobulin G4-related disease in a dog.Jour-
nal of Veterinary Internal Medicine, 33, 2732e 2738.

Contreary, C. L., Outerbridge, C. A., Affolter, V. K., Kass, P. H., & White, S. D. (2015). Canine sterile nodular pan-
niculitis: A retrospective study of 39 dogs. Veterinary Dermatology, 26, 451-e105.

Cortese, L., Terrazzino, G., & Pelagalli, A. (2019). Leptin and immunological pro� le in obesity and its associated dis-
eases in dogs.International Journal of Molecular Sciences. https://doi.org/10.3390/ijms20102392

Foale, R. D., Herrtage, M. E., & Day, M. J. (2003). Retrospective study of 25 young weimaraners with low serum
immunoglobulin concentrations and in � ammatory disease.The Veterinary Record, 153, 553e 558.

Freundt-Revilla, J., Maiolini, A., Carlson, R., Beyerbach, M., et al. (2017). Th17-skewed immune response and cluster
of differentiation 40 ligand expression in canine steroid-responsive meningitis-arteritis, a large animal model for
neutrophilic meningitis. Journal of Neuroin� ammation. https://doi.org/10.1186/s12974-016-0784-3

German, A. J. (2012). Barking up the wrong tree: What’s the deal with obesity, adiponectin and in � ammation in dogs?
The Veterinary Journal, 194, 272e 273.

German, A. J., Ryan, V. H., German, A. C., et al. (2010). Obesity, its associated disorders and the role of in� ammatory
adipokines in companion animals. The Veterinary Journal, 185, 4e 9.

Kastner, D. L., Aksentijevich, I., & Goldbach-Mansky, R. (2010). Autoin� ammatory disease reloaded: A clinical
perspective. Cell, 140, 784e 790.

Koneczny, I. (2020). Update on IgG4-mediated autoimmune diseases: New insights and new family members.Auto-
immunity Reviews. https://doi.org/10.1016/j.autrev.2020.102646

Lau, J., Nettifee, J. A., Early, P. J., Mariani, C. L., et al. (2019). Clinical characteristics, breed differences, and quality of
life in North American dogs with acute steroid-responsive meningitis-arteritis. Journal of Veterinary Internal Med-
icine, 33, 1719e 1727.

Liu, C., Zhang, P. M., & Zhang, W. (2020). Immunological mechanisms of IgG4-related disease.Journal of Translational
Autoimmunity. https://doi.org/10.1016/j.jtauto.2020.100047

Maiolini, A., Otten, M., Hewicker-Trautwein, M., et al. (2013). Interleukin-6, vascular endothelial growth factor and
transforming growth factor b1 in canine steroid responsive meningitis-arteritis. BMC Veterinary Research, 9, 23e 28.

Marchi, P. H., Vendramini, T. H. A., Perini, M. P., Zafalon, R. V. A., et al. (2022). Obesity, in� ammation, and cancer in
dogs: Review and perspectives.Frontiers in Veterinary Science. https://doi.org/10.3389/fvets.2022.1004122

Nguyen, T. M. D. (2020). Adiponectin: Role in physiology and pathophysiology. International Journal of Preventive
Medicine, 11, 136e 144.

O’Kell, A. L., Inteeworn, N., Diaz, S. F., Saunders, G. K., & Panciera, D. L. (2010). Canine sterile nodular panniculitis:
A retrospective study of 14 cases.Journal of Veterinary Internal Medicine, 24, 278e 284.

Ollson, M., Meadows, J. R. S., Truvé, K., Rosengren, G., Pielberg, G., et al. (2011). A novel unstable duplication up-
stream of HAS2 predisposes to a breed-de� ning skin phenotype and a periodic fever syndrome in Chinese Shar-
Pei dogs. PLoS Genetics. https://doi.org/10.1371/journal.pgen.1001332

Park, H.-J., Lee, S.-E., Oh, J.-H., Seo, K.-W., & Song, K.-H. (2014). Leptin, adiponectin and serotonin levels in lean and
obese dogs.BMC Veterinary Research. https://doi.org/10.1186/1746-6148-10-113

Safra, N., Hitchens, P. L., Maverakis, E., Mitra, A., et al. (2012). Serum levels of innate immunity cytokines are
elevated in dogs with metaphyseal osteopathy (hypertrophic osteodystrophy) during active disease and remis-
sion. Veterinary Immunology and Immunopathology, 179, 32e 35.

Schwartz, M., Puff, C., Stein, V. M., et al. (2011). Pathogenetic factors for excessive IgA production: Th2-dominated
immune response in canine steroid-responsive meningitis-arteritis. The Veterinary Journal, 187, 260e 266.

Selman, J., & Willard, H. T. (2021). Hypertrophic osteodystrophy in dogs: Diagnosis and treatment. Journal of Small
Animal Practice. https://doi.org/10.1111/jsap.13413

Snyder, P. W., Kazacos, E. A., Scott-Moncrieff, J. C., HogenEsch, H., et al. (1995). Pathological features of naturally
occurring juvenile polyarteritis in beagle dogs. Veterinary Pathology, 32(4), 337e 345.

21. Canine autoin� ammatory diseases342



Tamamoto, T., Nagao, A., & Sugano, M. (2018). Detection of anti-neutrophil cytoplasmic antibodies in dogs with
immune-mediated in � ammatory diseases.Veterinary Immunology and Immunopathology, 203, 47e 51.

Tipold, A., & Schatzberg, S. J. (2010). An update on steroid responsive meningitis-arteritis.Journal of Small Animal
Practice, 51(3), 150e 154.

Tipold, A., & Stein, V. M. (2010). In� ammatory diseases of the spine in small animals.Veterinary Clinics Small Animal
Practice, 40, 871e 879.

Vitale, S., & Foss, K. (2019). Immune-mediated central nervous system disearsee currenk knowledge and recommen-
dations. Topics in Companion Animal Medicine, 34, 22e 29.

Watson, P. J., Roulois, A., Scase, T., Holloway, A., & Herrtage, M. E. (2011). Characterization of chronic pancreatitis in
English Cocker Spaniels.Journal of Veterinary Internal Medicine, 25, 797e 804.

Williams, J. H., Koster, L. S., Naidoo, V., Odendaal, L., et al. (2008). Review of idiopathic eosinophilic meningitis in
dogs and cats, with a detailed description of two recent cases in dogs.Journal of the South African Veterinary As-
sociation, 79(4), 194e 204.

Windsor, R. C., Sturges, B. K., Vernau, K. M., & Vernau, W. (2009). Cerebrospinal� uid eosinophilia in dogs. Journal of
Veterinary Internal Medicine, 23, 275e 281.

Wohlsein, J. C., Meurer, M., Nessler, J., Wohlsein, P., et al. (2022). Detection of extracellular traps in canine steroid-
responsive meningitis-arteritis. Frontiers in Veterinary Science. https://doi.org/10.3389/fvets.2022.863579

Woodard, J. C. (1982). Canine hypertrophic osteodystrophy: A study of the spontaneous disease in littermates.Vet-
erinary Pathology Online, 19, 337e 354.

Work, M., Scudder, C., Hjellegjerde, K. B., Dunning, M., et al. (2023). A survey of Shar Pei autoin� ammatory disease
in the United Kingdom. Journal of Small Animal Practice, 64, 401e 408.

Zen, Y., Bogdanos, D. P., & Kawa, S. (2011). Type 1 autoimmune pancreatitis.Orphanet Journal of Rare Diseases, 6,
82e 92.

References 343



This page intentionally left blank



22

Canine organ-speci� c autoimmunity

Dogs have been reported to suffer from at least 60 identi� ed autoimmune diseases. These
may result from a focused immune attack on a single cell type or tissue, or they may be
directed against diverse widespread antigens. Autoimmune diseases that affect a single
cell type, tissue, or organ usually result from an inappropriate immune response to a small
number of self-antigens and do not necessarily re� ect loss of control of the immune system
as a whole. All tissues and cells are potentially susceptible to this form of immunological
attack. Nevertheless, autoimmune diseases directed against endocrine organs, skin, blood,
the reproductive and the nervous systems tend to be most common. Their prevalence de-
pends to a great extent on the breed of the dog as well as its age. It should also be pointed
out that dogs may suffer from multiple autoimmune diseases simultaneously. For example,
a standard poodle has been diagnosed as suffering from immune-mediated hypothyroidism,
autoimmune hemolytic anemia, polyarthritis, and autoimmune skin disease at the same time
(Lim et al., 2022).

Autoimmune endocrine diseases

Although dogs develop autoimmune endocrine diseases, they differ from humans insofar
as these tend to be targeted at single organs rather than involving multiple endocrine glands.
Occasionally a dog may experience two or more autoimmune endocrine disorders simulta-
neously (autoimmune polyglandular syndrome), usually affecting the thyroid and adrenals,
but this is uncommon.

Lymphocytic thyroiditis

Dogs and humans suffer from autoimmune thyroiditis. In humans, this is mediated by au-
toantibodies against thyroglobulin or thyroid peroxidase. Affected thyroids are in � ltrated
with plasma cells and lymphocytes, and germinal center formation may occur. However,
many dogs develop thyroiditis in the absence of autoantibodies and thus cell-mediated
type 1 responses are believed to be largely responsible for the thyroid disease (Happ,
1995). The invading lymphocytes cause epithelial cell destruction through antibody-
dependent cell-mediated cytotoxicity and T cell cytotoxicity ( Miller et al., 2015). Several
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breeds are predisposed to autoimmune thyroiditis, and relatives of affected animals may
have antithyroid antibodies although clinically normal. A familial form of hypothyroidism
has been demonstrated in Beagles and Great Danes. Dogs from high-risk breeds such as
Dobermans tend to develop the disease when young, whereas dogs from low-risk breeds
tend to develop it when older. Breeds with the highest risk of developing immune-
mediated hypothyroidism include Schnauzer, Eurasian, Dunker, and English Setter. Breeds
with the lowest risk include Rottweilers, Dachshunds, German Shepherds, and Border Collies
(Ringstad et al., 2022). Disease onset is slow and insidious. Clinical signs only appear after
about 75% of the thyroid is destroyed. These signs are those of hypothyroidism; that is,
the animals are fat and inactive and show patchy hair loss. Tests of thyroid function such
as a radioimmunoassay for plasma T4 or T3 will con� rm the existence of hypothyroidism.
A thyroid-stimulating hormone (TSH) response test is more useful because it can con� rm
the inability of the affected thyroid to respond. In order to con � rm autoimmune thyroiditis,
a biopsy must show the characteristic lymphocytic in � ltration ( Fig. 22.1). Anti-thyroid anti-
bodies can be detected in serum using an enzyme-linked immunosorbent assay (ELISA),
immunoblot, or an indirect � uorescent antibody test. There is often a poor correlation be-
tween antithyroid antibody titers and disease severity re � ecting the importance of cell-
mediated processes (Fig. 22.1).

Lymphocytic parathyroiditis

Dogs have been reported to develop an autoimmune parathyroiditis. Affected animals
usually have a history of neurological or neuromuscular disease, especially seizures. On
investigation, dogs are profoundly hypocalcemic, and serum parathormone levels are
severely reduced. Normal parathyroid tissue is in � ltrated by lymphocytes and plasma cells.
Once hypocalcemic tetany is controlled, these animals may be treated by oral vitamin D and
calcium administration ( Bruyette & Feldman, 1988).

FIGURE 22.1 A lymphocytic nodule in
the thyroid of a dog suffering from autoim-
mune thyroiditis. Note the massive lympho-
cyte in� ltration. These are mainly T cells.
Original magni � cation � 100.Courtesy of Dr.
G. Stoica.
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Autoimmune diabetes mellitus

Canine diabetes mellitus is a syndrome, and most cases have an unknown etiology. Some
are probably immune-mediated. The disease is associated with pancreatic islet atrophy and a
loss of b cells. In some cases, the islets may be in� ltrated by lymphocytes and the dogs may
make autoantibodies to canine proinsulin. Experimentally, it has been shown that mononu-
clear cells from some diabetic dogs can suppress insulin production in cultured mouse islet
cells. Additionally, serum from some diabetic dogs may lyse these islet cells in the presence
of complement. When diabetic dog serum was tested for antibodies against cultured b cells
by immuno � uorescence, 9 of 23 dogs showed strongly positive reactions, and an additional 3
showed a weak reaction. Only 1 of 15 normal dogs gave a positive response. Humans with
juvenile onset (type 1) diabetes have circulating antibodies against the 67-kDa isoform of glu-
tamic acid decarboxylase (GAD65) and/or insulinoma antigen-2 (IA-2). Some diabetic dogs
also possess these autoantibodies. Thus, 4 of 30 diabetic dogs had autoantibodies to
GAD65, and 3 had autoantibodies to IA-2. Two had autoantibodies to both antigens (David-
son et al., 2008). Certain DLA haplotypes are more prevalent in breeds such as Australian ter-
riers, Swedish Lapphunds, Samoyed, Tibetan Terriers, Schipperkes, and Cairn terriers that
have a high risk of developing diabetes. Four diabetes-associated haplotypes have been iden-
ti � ed in Cocker Spaniels, one of which is shared with Border Terriers (Denyer et al., 2020).
However, these haplotypes are not uncommon in other breeds. Breeds with a low risk
include German Shepherd, Golden Retriever, German Pointer, and Rough Collie (Ringstad
et al., 2022). A predisposition to neonatal diabetes mellitus has also been observed in Kees-
honds, where it appears to be controlled by a single autosomal recessive gene. Boxers, in
contrast, rarely get this disease. Genes that may in� uence the development of canine diabetes
include some DLA class II genes, genes coding for the CTLA-4 promoter, and those for IFN-g,
IL-12, IL-4, and IL-10 (Catchpole et al., 2013; Short et al., 2009).

Autoimmune adrenalitis

Dogs may suffer from immune-mediated destruction of the adrenal cortex. Affected ani-
mals present with depression, weak pulse, bradycardia, abdominal pain, vomiting, diarrhea,
dehydration, and hypothermia. As a result of excessive sodium and chloride loss, dogs
develop hypovolemia and acidosis, leading to circulatory shock, hyperkalemia, and cardiac
arrhythmias. Blood corticosteroid levels are low in these animals. This disease has been
observed in association with hypothyroidism. Several breeds such as Portuguese Water
Dogs and Nova Scotia Duck Tolling Retrievers are susceptible to this disease (Boag et al.,
2020). Studies on polymorphisms in the CTLA-4 promoter sequence have shown that three
haplotypes are closely associated with the disease in Cocker Spaniels and Springer Spaniels.
Recall that CTLA-4 suppresses T cell cytotoxic responses. If this fails, autoimmunity can
result. In Standard Poodles, it this very much associated with inbreeding (Pedersen et al.,
2015). Canine hypoadrenocorticism is unusually prevalent in Standard Poodles. Labradoo-
dles and West Highland White Terriers also have an increased prevalence compared with
crossbred animals (Scho� eld et al., 2021).

A syndrome has been described in Italian greyhounds that resembles autoimmune poly-
endocrine syndrome type 2 in humans (Pedersen et al., 2012). This is not a random collection
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of unlinked diseases but a syndrome with a common etiology but diverse clinical manifesta-
tions. It involves mainly the adrenals, thyroid, pancreas, gonads, as well as the skin. It tends
to occur in females at mid-life (Cartwright et al., 2016).

Autoimmune reproductive diseases

The testes and epididymis are immune privileged sites where immune responses are nor-
mally suppressed by Treg cells. If the testes are damaged so that hidden antigens are released
or T reg functions are suppressed, then an autoimmune response may result in orchitis. Au-
toantibodies to sperm may also be detected in some dogs following injury to the testes or
long-standing obstruction of the seminiferous ducts. For example, dogs infected with Brucella
canisdevelop chronic epididymitis and become sensitized to sperm antigens carried to the
circulation after phagocytosis by macrophages. These sperm antigens stimulate the produc-
tion of IgG or IgA autoantibodies. The autoantibodies can agglutinate and immobilize sperm,
resulting in infertility ( Carmichael, 1984; Serikawa et al., 1984).

Dermatologists recognize an autoimmune dermatitis in intact female dogs that develops as
a result of hypersensitivity to endogenous progesterone or estrogens. The disease presents as
a bilaterally symmetrical erythema, and papular eruption with intense pruritus. Its develop-
ment usually coincides with estrus or pseudopregnancy (Krachudel et al., 2013). Vaccines
may be used as contraceptives. If dogs are immunized with bovine or ovine luteinizing hor-
mone (LH), the autoantibodies produced may neutralize their own LH. Similarly, it is
possible to produce autoantibodies that neutralize gonadotrophin-releasing hormone
(GnRH). GnRH controls the release of follicle-stimulating hormone and luteinizing hormone
from the pituitary. As a result, the reproductive cycle is abolished in females, and testicular,
epididymal, and prostatic atrophy occurs in males. Antibodies prevent the GnRH from bind-
ing to its receptor. Successful immunocontraceptive vaccines have also been directed against
prostaglandin F2a, reproductive steroids, the LH receptor, and zona pellucida protein.

Autoimmune eye diseases

The eye is an immune-privileged organ that contains numerous immunosuppressive and
antiin � ammatory systems. Potential pathogens and in� ammatory cells are mainly excluded
by blood-ocular barriers. Notwithstanding these, the canine eye can suffer serious attacks by
autoimmune processes (Dall ’Ara & Turin, 2019).

Uveodermatologic syndrome

Uveodermatologic syndrome is a sporadic disease of dogs. Affected dogs develop uveitis
and skin depigmentation with whitening of the hair (poliosis) and skin (vitiligo) ( Fig. 22.2).
The eye lesions develop� rst, and most animals present with sudden blindness or chronic
uveitis. These early lesions vary from a severe panuveitis to a bilateral anterior uveitis.
Some dogs may have detached retinas and may show progressive depigmentation of the
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retina and iris. Depigmentation of the hair and skin gradually follows the onset of eye lesions.
Some cases may be generalized, involving the eyelids, nasal planum, lips, scrotum, and foot-
pads. These depigmented areas may become ulcerated and crusted. There is a diffuse in� ltra-
tion of the uveal tract with lymphocytes, plasma cells, and macrophages (Fig. 22.3). Many of
the macrophages contain ingested melanin granules. The skin lesions consist of a mononu-
clear cell (macrophages, giant cells, lymphocytes, plasma cells) in� ltration of the dermal e
epidermal junction. The amount of melanin in the epidermis and hair follicles is greatly
reduced. It is believed to result from an autoimmune CD8 þ T cell response targeting melano-
cyte antigens through the IFN-g-CXCL7 axis. Transcriptomic studies on affected dogs

FIGURE 22.2 A case of uveodermato-
logical syndrome. Note ocular clouding,
alopecia, and depigmentation of the nasal
planum. Courtesy of Drs. Robert Kennis, Joan
Dziezc, and Larry Wadsworth.

FIGURE 22.3 A histological sec-
tion of skin from a case of uveo-
dermatological syndrome. Note the
major lymphocyte in � ltration associ-
ated with the skin melanocytes. It is
the destruction of these melanocytes
that leads to depigmentation. Courtesy
of Dr. Joanne Mansell.
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demonstrated enrichment of T cell genes encoding the transcription factors FoxP3 and T-bet
(Egbeto et al., 2020) (Figs. 22.1e 22.3). This appears to be a signi� cant problem in Siberian
Huskies.

Sudden Acquired Retinal Degeneration Syndrome

Sudden Acquired Retinal Degeneration Syndrome (SARDS) occurs in dogs. Dachshunds,
Miniature Schnauzers, Pugs, and Brittany Spaniels are most commonly affected, and spayed
females are overrepresented. The disease is characterized by irreversible blindness devel-
oping over several days. It results from the death of retinal photoreceptor cells. Initially,
the animals appear to have a normal fundus and mydriatic pupils that are slowly responsive
to white light, responsive to blue, but unresponsive to red light. The retina, however, begins
to degenerate in the months following this loss of vision ( Keller et al., 2006). It has been pro-
posed that SARDS is an autoimmune disease since it resembles some autoimmune retinopa-
thies in humans and the disease may be partially reversed by immunosuppressive therapy.
Autoantibodies directed against retinal antigens have been detected in SARDS-affected
dogs. The most signi� cant autoantibodies are those directed against a neuron-speci� c
enolase. These autoantibodies have been found in about 25% of SARDS-affected dogs but
not in normal dogs. Microarray studies on affected dog retinas show a signi � cant increase
in gene expression of IgA and complement C3 (Grozdanic et al., 2007). It must be pointed
out however that these autoantibodies could be a consequence, not a cause, of the retinal
damage.

Optic neuritis

An idiopathic optic neuritis (ON) that is responsive to immunosuppressive medication has
been reported in small-breed dogs. The condition presents as a sudden onset blindness and
dilated unresponsive pupils secondary to in � ammation in the optic nerve. The optic neuritis
may be bilateral (about 75% of cases) or unilateral. The optic nerve head may show swelling,
hyperemia, papilledema, and retinal hemorrhage. Blepharospasm and exophthalmos may
also be present. Asymmetrical visual defects are more likely to occur in ON dogs than in
SARDS dogs. About a third of cases of ON are associated with the sterile in� ammation
caused by the ocular form of granulomatous meningoencephalitis (GME) (Bedos et al., 2020).

Autoimmune neurological disease

Canine polyneuritis

Canine polyneuritis, or “ Coonhound paralysis” , affects dogs following a bite or scratch
from a raccoon. It presents as an ascending symmetrical� accid paralysis with mild sensory
impairment. The bitten limb is usually affected � rst, but the disease will worsen for
10e 12 days following the bite. In severe cases, the dog may develop quadriplegia and lose
the ability to swallow, bark, or breathe. The disease is, however, self-limiting, and if respira-
tion is not impaired, the prognosis is good. Dogs usually recover completely in a few months.
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Affected nerves show demyelination and axonal degeneration with macrophage in � ltration
(Fig. 22.4). An acute polyneuritis similar to Coonhound paralysis has also been described
following vaccination of dogs with rabies or other vaccines. Coonhound paralysis and post-
vaccinal polyneuritis both closely resemble Guillain-Barré syndrome in humans. This syn-
drome may follow upper respiratory tract infection, gastrointestinal disease, or even
vaccination. It is probably mediated by an autoimmune response directed against peripheral
nerve glycolipids ( Cummings et al., 1982) (Fig. 22.4).

Meningitis of unknown origin

Three forms of in� ammatory meningitis of unknown origin are recognized in dogs. These
are necrotizing meningoencephalitis (NME), necrotizing leukoencephalitis (NLE), and GME
(Talarico & Schatzberg, 2010). They all appear to be immunological in origin but can be
distinguished based on their histopathology and the nature of their cellular in � ltrate. Canine
NME has been described in several toy breeds such as Pugs (young females), Papillons, Shih
Tzu, Maltese Terriers, Pekinese, and Chihuahuas (Cooper et al., 2014; Higgins et al., 2008).
The necrotic lesions are multifocal and asymmetrical, restricted to the gray and white matter
in the cerebra, and are accompanied by a severe meningitis. Macrophages predominate in the
lesions, but both scattered T cells and dendritic cells are also present, whereas B cells are
restricted to the meninges. Dogs with NME have autoantibodies to glial � brillary acidic pro-
tein (Uchida et al., 2016). In one reported case, a West Highland White Terrier with necro-
tizing encephalitis also had kidney lesions consistent with antiglomerular basement
membrane glomerulonephritis ( Aresu et al., 2007), supporting the hypothesis that this may
be an autoimmune disease.

A case has been made suggesting that NME in the Pug is very similar to human multiple
sclerosis (MS), especially in the early stages of the disease. Thus, MUO appears to have a very
insidious onset long before the development of clinical disease. It resembles the fulminant

FIGURE 22.4 Histologic nerve lesions
from a case of canine polyradiculoneuritis. A
mild mononuclear cell in � ltration is present.
Original magni � cation � 20 H&E stain.
Courtesy of Dr. Brian Porter.
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forms of human MS. Pug encephalitis appears to be associated with a polymorphic locus on
chromosome CFA15. Up to 18% of Pugs may carry this high-risk haplotype (Windsor et al.,
2023).

NLE has been reported in Yorkshire terriers and French bulldogs. It is similar to NME, but
the necrotic foci are found predominantly in the white matter of the forebrain and brainstem
(Spitzbarth et al., 2010). These foci are characterized by cavitation, necrosis, demyelination,
and perivascular cuf� ng. The primary in � ltrating cells are T cells. The third form of canine
in� ammatory meningitis, GME, accounts for up to a quarter of canine central nervous system
diseases. GME is characterized by the formation of multifocal granulomas around blood ves-
sels in the cerebellum and brainstem. T cells and macrophages predominate in the lesions.
GME may be disseminated, focal or ocular. The prognosis is poor although aggressive treat-
ment with corticosteroids or other immunosuppressive drugs such as le� unomide or myco-
phenolate may be bene� cial. IFN-g and IL-17 are elevated in NME and GME. The IL-17 in
GME appears to be produced by macrophages rather than T cells (Spitzbarth et al., 2012).

Autoimmune skin diseases

Many autoimmune skin diseases are recognized in dogs. These diseases may affect hair
follicles, sebaceous glands, keratinocytes, or the skin basement membrane. Hair follicle dis-
ease can lead to alopecia. Diseases involving keratinocytes or basement membranes result
in epithelial cell separation and the consequent development of blisters or vesicles.

Alopecia areata

Alopecia areata is a rare disease of dogs that results in hair loss. The alopecia starts locally,
often on the head, but may spread to involve the entire body. It is often symmetrical. The hair
follicles are in� ltrated with CD4 þ and CD8þ T cells and Langerhans cells. IgG antibodies are
directed against cells in the lower hair follicles. C3 or IgM may also be present. This autoim-
mune attack is directed against a protein called trichohyalin located in the inner root sheath of
hair follicles. Alopecia areata responds to corticosteroid treatment, but spontaneous hair
regrowth also occurs. Another autoimmune disease that leads to hair loss is pseudopelade.
It differs from alopecia areata in the precise location of the in� ammatory in � ltrate within
the hair follicles (Olivry et al., 1996).

Sebaceous adenitis

Sebaceous adenitis (SA) results from autoimmune attack on a dog’s sebaceous glands. SA
is most common in Standard Poodles, Springer Spaniels, Akitas, Samoyeds, Chows, and
Vizslas. In Standard Poodles, one DLA class II genotype has been associated with an
increased risk of developing the disease. The disease is most severe in Springer Spaniels
(Simpson & McKay, 2012).

SA tends to affect middle-aged dogs, and there is no sex predisposition. The clinical pre-
sentation depends upon the length of the hair coat. Thus, in short-haired breeds symmetrical
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multifocal erythematous papules or plaques develop. They progress to annular and irregular
lesions. These lesions can then coalesce into areas of alopecia and scaling. The alopecia is
often associated with broken hair shafts. In the absence of sebum’s antibacterial properties,
secondary staphylococcal folliculitis may develop.

In long-haired breeds, hyperkeratosis, local scaling, dryness, and brittle hairs develop with
a dark brown tint. Silvery-white or yellowish-brown epidermal scales and scales adhering to
hair shafts are present. Eventually patchy alopecia develops. The lesions often begin on the
head, neck, and pinnae, and then spread progressively to the trunk, and extremities. Pruritus
may develop in response to secondary bacterial infections. Diagnosis of SA is based on his-
tory, and clinical presentation. De� nitive diagnosis is by biopsy and histopathology. Treat-
ment tends to be unsatisfactory once the dog’s sebaceous glands are destroyed.

Blistering skin diseases

Known as the pemphigus complex, these diseases are classi� ed according to the location of
the lesions (Fig. 22.5). Some lesions develop deep within the epidermis. For example, the most
severe form (although very rare) is called pemphigus vulgaris. In this disease, bullae (blisters)
develop around mucocutaneous junctions, especially the nose, lips, eyes, prepuce, and anus,
on the tongue and the inner surface of the ear. These bullae rupture easily, leaving weeping,
shallow ulcers that may become secondarily infected. Histology shows separation of the skin
cells (acantholysis) in the suprabasal region of the lower epidermis. The acantholysis results
when autoantibodies destroy the desmosomes that bind skin cells together. In canine
pemphigus vulgaris, the autoantigen is a desmosomal protein called desmoglein-3. Binding
of antibodies to desmoglein-3 activates the proto-oncogene c-myc and leads to keratinocyte
proliferation. As a result, the keratinocytes above the lesion proliferate and fail to express
adhesion proteins so that they separate from each other. Eventually this leads to acantholysis
and bulla formation ( Fig. 22.5).

Pemphigus foliaceus (PF) is the commonest autoimmune skin disease of dogs. It is a blis-
tering disease in which the lesions develop super� cially in the epidermis ( Fig. 22.6). In the
most common form, the lesions are restricted to the muzzle and nasal planum (Fig. 22.6).
However other cases may involve the trunk as well. PF is much less severe than pemphigus
vulgaris. The bullae are not con� ned to mucocutaneous junctions or the muzzle. Histology

Epidermis

Dermis

Pemphigus
  vulgaris

Pemphigus
   foliaceus

Bullous pemphigoid

Basal cell
layer

FIGURE 22.5 The differential histology of
the blistering autoimmune skin diseases.
Note the location of the vesicle in relation to
the epidermis and the basement membrane.
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reveals that the bullae develop in the subcorneal region of the epidermis. These bullae are
very fragile, rupture easily, and therefore rarely persist. IgG is the dominant serum autoan-
tibody ( Bizikova, Olivry, et al., 2014). In dogs the major autoantigen in PF is a desmosomal
protein called desmocollin-1 (Bizikova et al., 2012). Direct immuno � uorescent examination of
pemphigus lesions reveal immunoglobulins deposited on the intercellular cement in a typical
“ chicken-wire” pattern.

A mild variant of PF is pemphigus erythematosus. The lesions in this variant tend to be
con� ned to the dog’s face and ears and are very similar to those of systemic lupus erythema-
tosus. Indeed, some dogs with pemphigus erythematosus may have antinuclear antibodies in
their serum. Panepidermal pustular pemphigus (pemphigus vegetans) is another rare and
mild variant of PF in which papillomatous proliferation of the base of the bullae occurs on
healing. Another form of canine pemphigus, called paraneoplastic pemphigus, develops in
association with lymphoid or solid tumors. It resembles pemphigus vulgaris, but multiple au-
toantibodies against skin antigens are present. Use of a topical ectoparasiticide containing
� pronil, amitraz, and S-methoprene has been associated with the development of an acantho-
lytic pustular dermatitis resembling PF. One or two applications were suf � cient to induce
disease. Anti-keratinocyte IgG was detected in the epidermis of 8 of 19 cases while serum
anti-keratinocyte IgG was detected in 10 of 14 cases. 11 of 14 dogs had detectable antibodies
to desmocollin-1. Thus, the lesions closely resembled naturally occurring PF (Bizikova, Lin-
der, et al., 2014). It is important to differentiate among the forms of pemphigus for prognostic
reasons. Pemphigus vulgaris has a poor prognosis; treatment tends to be unsatisfactory, and
the lesions are persistent. In contrast, PF is milder, and the results of treatment may be more

FIGURE 22.6 A puppy with pemphigus
foliaceus. Courtesy of Dr. R. Kennis.
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satisfactory. As with other autoimmune diseases, these diseases often recur when treatment is
stopped.

Skin basement membrane diseases

A second set of skin blistering diseases is associated with the development of autoanti-
bodies directed against antigens in the skin basement membrane. As a result, affected dogs
develop subepidermal bullae. Several such diseases have been identi� ed in dogs. They
include bullous pemphigoid, linear IgA dermatosis, and epidermolysis bullosa acquisita
(Bizikova, et al., 2023).

Bullous pemphigoid

Bullous pemphigoid clinically resembles pemphigus vulgaris. Collies, Shetland Sheep-
dogs, and Dobermans appear to be predisposed to it. Multiple bullae develop around
mucocutaneous junctions and in the groin and axillae. However, the disease differs from
pemphigus vulgaris in that the bullae devel op in the subepidermis (and are therefore
less likely to rupture). They tend to be � lled with � brin as well as mononuclear cells or eo-
sinophils, and they heal spontaneously. Bullous pemphigoid results from the production of
autoantibodies against type XVII collagen. This molecule is a component of hemidesmo-
somes, the structures that attach basal keratinocytes to the basement membrane. The pres-
ence of IgG on the basement membrane may be demonstrated by immuno� uorescence. The
prognosis of bullous pemphigoid is usually poor. Some dogs may develop a bullous
pemphigoid-like disease caused by autoantibodies directed against the basement mem-
brane protein laminin-5 ( Olivry et al., 2010).

Linear immunoglobulin A dermatosis

Another group of autoimmune skin diseases is characterized by the deposition of IgA
in the lamina lucida of the skin basement membrane. One such disease, called dermatitis
herpetiformis, has been recorded in a Beagle, whereas a linear IgA dermatosis has been
recorded in Dachshunds. Both diseases present with pruritic pustular and papular le-
sions, resembling pyoderma, with eosinophil- � lled subepidermal bullae. The target auto-
antigen has been identi� ed as a processed extracellular form of collagen XVII (Scott et al.,
1982).

Epidermolysis bullosa acquisita

A generalized skin disease characterized by severe subepidermal blistering and ulcerative
lesions has been identi� ed in dogs, especially young Great Danes (Olivry et al., 1998). The
bullae originate from erythematous areas on the skin and rapidly progress to ulcers. Dogs
develop generalized urticaria, oral ulceration, and eventually cutaneous sloughing. A local-
ized variant of the disease has been observed in German Short-haired Pointers. The dermis
and epidermis separate, and neutrophils accumulate within the super� cial dermis. The
neutrophil in � ltration may eventually result in microabscess formation. Affected animals
make autoantibodies against the anchoring � brils of the lower basement membrane. These
autoantibodies are speci� c for type VII collagen and distinctly different from those

Autoimmune skin diseases 355



responsible for bullous pemphigoid. Another subset of canine subepidermal blistering dis-
eases results from the production of autoantibodies against the basement membrane compo-
nent, laminin-332. The skin blistering and ulceration in these cases is associated with
microscopic subepidermal vesiculation (Olivry et al., 2010).

Autoimmune blood diseases

Autoimmune hemolytic anemia

Autoantibodies to red blood cell antigens cause their destruction and result in immune-
mediated hemolytic anemia (IMHA). Thus, pallor, weakness, and lethargy are accompanied
by fever, icterus, and hepatosplenomegaly. The anemia may be associated with tachycardia,
anorexia, vomiting, or diarrhea. Clinical signs are contingent on the mechanism of red cell
destruction. This destruction may result from intravascular hemolysis (destruction within
the bloodstream) mediated by complement or, much more commonly, by phagocytosis of
antibody-coated red cells by the macrophages of the spleen and liver (extravascular hemoly-
sis). The disease occurs more often in females. The average age of onset is about 4e 5 years.
There is a genetic predisposition to IMHA in Cocker Spaniels and Miniature Schnauzers
(Threlfall et al., 2015).

The “ causes” of canine IMHA are unknown, although some cases may be attributable to
alterations in red cell surface antigens possibly induced by drugs or viruses. The autoanti-
bodies are primarily directed against red cell glycophorins, the cytoskeletal protein spectrin,
and the membrane anion exchange protein CD233. RNA sequencing of whole blood from
IMHA affected dogs has shown signi � cantly increased expression of phospholipase scram-
blase. This enzyme mediates the externalization of phosphatidyl serine from the inner to
the outer lipid layer of cell membranes and thus plays a role in the removal of apoptotic cells
(Borchert et al., 2020). About one-third of IMHA cases are associated with other immunolog-
ical abnormalities such as systemic lupus or autoimmune thrombocytopenia or with the pres-
ence of lymphoid and other tumors. Its onset may be associated with obvious stress such as
vaccination, anaplasmosis, viral disease, or hormonal imbalances as in pregnancy or pyome-
tra. IMHAs in dogs are classi� ed according to the antibody class involved, the optimal tem-
perature at which the autoantibodies react, and the nature of the hemolytic process (Warman
et al., 2008). Class I disease is caused by IgG autoantibodies that agglutinate red cells at body
temperature. Class II disease is caused by IgM antibodies that can activate the classical com-
plement pathway and hence destroy red cells by intravascular hemolysis (Fig. 22.7).

Most cases of IMHA in dogs are class III diseases mediated by IgG1 and IgG4 antibodies,
that bind to red cells at 37� C but do not activate complement or agglutinate the red cells. This
is because IgG antibodies can only form short bridges (15e 25 nm) between the cells. Spleno-
megaly is a consistent feature of class III disease. Some IgM antibodies cannot agglutinate red
cells at body temperature but can only do so when the blood is chilled. These antibodies are
called cold agglutinins, and the disease is classi� ed as class IV. They can be detected by cool-
ing blood to between 10 and 4� C, at which point erythrocyte clumping occurs. As blood cir-
culates through the extremities (tail, toes, ears, and so forth) of affected animals, it may be
cooled suf� ciently to permit red cell clumping within capillaries. This can lead to vascular
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stasis, blockage, tissue ischemia, and, eventually, necrosis. Affected animals may therefore
present with necrotic lesions at the extremities. Finally, class V disease is mediated by IgM
antibodies that bind red cells when chilled to 4 � C but do not agglutinate them. Hematology
re� ects the severe anemia and a regenerative response by the bone marrow. Blood smears
commonly show spherocytes, which result from red cells losing part of their cell membrane
as a result of partial phagocytosis. These appear as small round red cells that lack a central
pale area. The number of spherocytes in blood is a measure of the intensity of red cell destruc-
tion. It is also possible, in some blood smears, to see red cell phagocytosis by monocytes
(Weiss, 2007).

To diagnose IMHA associated with the presence of nonagglutinating or incomplete anti-
bodies (classes II, III, V), it is necessary to use a direct antiglobulin test. Dogs with IMHA
have increased concentrations of C-reactive protein anda-1 acid glycoprotein, and decreased
serum albumin. This acute-phase response is not predictive of survival, duration of hospital-
ization, or number of transfusions required, but it normalizes rapidly with disease stabiliza-
tion (Mitchell et al., 2009).

Immune suppression of hematopoiesis

Autoantibodies directed against erythroid stem cells may cause red cell aplasia (Assen-
macher et al., 2019). Affected dogs develop a persistent nonregenerative anemia. Their white
cell and platelet counts are normal. Many cases are associated with bone marrow collagen
myelo� brosis. Canine primary red cell aplasia has been associated with an antibody that in-
hibits erythroid stem cell differentiation. Labrador retrievers are overrepresented ( Stokol
et al., 2000).

Autoantibodies to myeloid stem cells may also cause a neutropenia. Severe, persistent,
immune-mediated neutropenia does occur in dogs. Diagnosis is based largely on excluding
other causes together with a favorable response to steroid and immunosuppressive therapy.
These diseases can only be diagnosed by careful hematological analysis and by demonstra-
tion of autoantibodies by immuno � uorescence on bone marrow smears.
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Autoimmune thrombocytopenia

Autoimmune thrombocytopenia (AITP) due to immune destruction of platelets occurs in
dogs (Mackin, 1995). Affected animals usually present with multiple petechiae in the skin,
gingiva, other mucous membranes, and conjunctiva. Epistaxis, melena, and hematuria may
also occur. The predominant cause of death in these dogs is severe gastrointestinal hemor-
rhage. Antibodies against platelet antigens cause extravascular destruction of opsonized
platelets in the spleen. As a result, affected animals have unusually low platelet counts
and a prolonged bleeding time. The disease is commonly observed in association with
IMHA and SLE ( Goggs et al., 2008). The average age of onset is 6 years. Predisposed breeds
include Airedales, Dobermans, Old English Sheepdogs, Cocker Spaniels, and Poodles. Anti-
bodies to platelets may be measured by direct immuno� uorescence on bone marrow aspi-
rates looking for positive staining on megakaryocytes. An alternative test is one that
measures the release of factor III from platelets after exposure to autoantibodies. In about
75% of cases these antibodies are of the IgG class. It is of interest to note that dogs suffering
from immune-mediated thrombocytopenia have a signi � cantly increased chance of devel-
oping lymphomas ( Keller, 1992).

Autoimmune muscle diseases

Dogs suffer from several different immune-mediated in � ammatory muscle diseases
including myasthenia gravis, polymyositis, masticatory myopathy, and dermatomyositis.
These may either affect their innervation or the myo� brils themselves (Lewis, 1994).

Myasthenia gravis

Myasthenia gravis is a disease of neurotransmission characterized by abnormal fatigue
and weakness after mild exercise (Mignan et al., 2020). It results from a failure of transmission
of nerve impulses across the motor endplate of striated muscle as a result of a de� ciency of
acetylcholine receptors. It occurs in two forms, a primary inherited de � ciency, and a second-
ary autoimmune disease. Jack Russell Terriers, Springer Spaniels, and Fox Terriers, suffer
from the inherited de � ciency. This congenital form is therefore a disease of very young
dogs. In adult dogs, however, the acetylcholine receptor de� ciency is immune mediated.
In these cases, IgG autoantibodies accelerate degradation of the receptors, block their
acetylcholine-binding sites, and trigger complement-mediated destruction. As a result, the
number of functional acetylcholine receptors drops signi � cantly. Dogs may also make auto-
antibodies against titin, an intracellular muscle protein, and against the ryanodine receptor, a
Ca2þ release channel in striated muscle. In damaged myasthenic motor endplates, endplate
potentials fail to trigger action potentials in many muscle � bers. This is manifested as pro-
found muscle weakness (Fig. 22.8).

The disease may develop in any dog, but certain breeds are predisposed. German Shep-
herds, Golden Retrievers, Labradors, and Dachshunds appear to develop more severe dis-
ease. Rottweilers appear to be at low risk. Disease onset is bimodal with an early onset
form occurring in dogs under 5 years and a late onset form in dogs over 7. An early
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developing, inherited form of the disease occurs in young Newfoundland dogs and in Great
Danes. In Newfoundland dogs, the disease is associated with DLA-DQB1*00301. Two other
loci affecting susceptibility have been identi� ed on chromosome CFA12 (Wolf et al., 2017). In
some dogs the thymus may show medullary hyperplasia, germinal center formation, or even
a thymoma, and surgical thymectomy may result in clinical improvement. About 3% of
canine cases are associated with the presence of a mediastinal mass, most frequently a thy-
moma. Dogs may present with a history of dif � culty swallowing, regurgitation, labored
breathing, and generalized muscle weakness. Megaesophagus is common. Clinically,
different diseases may be recognized. Thus, focal myasthenia gravis is characterized by meg-
aesophagus and facial paralysis without limb muscle weakness; generalized myasthenia
gravis cases develop limb muscle weakness associated with facial paralysis and megaesopha-
gus; and acute fulminating myasthenia gravis develops when the disease rapidly leads to
quadriplegia and respiratory dif � culty. Some dogs may develop ophthalmoparesis (drooping
eyelids) (Fig. 22.9). Almost 60% of cases are generalized or fulminating. Without treatment,
about half of affected dogs die, whereas others may show spontaneous remissions. Aspira-
tion pneumonia is the main cause of death in myasthenic dogs (Fig. 22.9).

Dermatomyositis

A familial dermatomyositis has been described in Rough Collies and Shetland Sheep-
dogs. It results from a complement-mediated vasculitis in which v ascular damage leads
to muscle ischemia. The disease is inherited as an autosomal dominant involving a locus
on chromosome CFA 35. A similar juvenile form of the disease has been described in
other breeds such as Pembroke Welsh Corgi, Lakeland Terrier, Chow, Jack Russell
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acetylcholine to accumulate and so enhances neuromuscular transmission.
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Terrier, German Shepherd, and Rottweilers. Dogs develop dermatitis with a less obvious
myositis. Puppies appear normal at birth, but skin lesions develop between 7 and
11 weeks of age, and myositis develops between 12 and 23 weeks. In other studies, the
dermatitis developed at 3e 6 months of age, and myositis was detected after the derma-
titis was investigated. The dermatitis � rst develops on the face; lesions may then spread
to the limbs and trunk. These early lesions are erythematous and eventually lead to
vesicle and pustule formation. There is diffuse hair follicle atrophy and keratinocyte
degeneration that can lead to ulceration. Once the vesicles rupture, they ulcerate and
crust. Lesions may be found on the bridge of the nose and around the eyes. Dogs develop
hair loss and changes in pigmentation.

The myositis results in a generalized weakness, with a stiff gait. The facial muscles are
especially affected resulting in temporal and masseter muscle atrophy, dysphagia, and the
development of a megaesophagus. Affected dogs may have elevated creatine phosphokinase
levels. Histology shows a necrotizing vasculitis and myo � ber atrophy (Lewis, 1994). There
may also be local lymphadenopathy. Affected dogs are hypergammaglobulinemic. The clin-
ical course and severity are variable, but the skin lesions usually resolve by 1 year of age. This
form of juvenile dermatomyositis is associated with a speci� c DLA haplotype and two gene
loci on chromosomes CFA 10 and CFA31. Speci� c combinations of these two genes account
for over 90% of these cases (Evans et al., 2017).

Other muscle diseases

Canine polymyositis

A generalized immune-mediated myositis occurs in large dogs such as German Shep-
herds, Boxers, and Retrievers. Vizslas suffer from a breed-speci� c in� ammatory myop-
athy (Tauro et al., 2015). In all these cases, the animals show progressive weakness of
the limb, head, and trunk muscles, not associated with exercise intolerance. Changes in
laryngeal muscle function leads to alterations in the voice. Megaesophagus may lead to
dysphagia and if severe can result in aspiration pneumonia. Affected animals may
develop a shifting lameness. Dogs may be febrile and develop leukocytosis and

FIGURE 22.9 A dog with myasthenia gravis. Note the eyelid droop. From Shelton G. D. (2016). Myasthenia gravis
and congenital myasthenic syndromes in dogs and cats: A history and minireview.Neuromusc Disorders 26, 331e 334. With
Permission.
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eosinophilia. Affected muscles may be painful. Biopsies show degeneration of both type 1
and type 2 myo� bers, necrosis, and vacuolation, and affected muscles may be in� ltrated
by CD8þ lymphocytes and plasma cells. The muscle-associated enzymes, aspartate
aminotransferase, lactic dehydrogenase, and creatine phosphokinase are elevated during
acute attacks. About 50% of affected dogs have antinuclear antibodies or antibodies to
sarcolemma, or both, suggesting that this is an immune-mediated disease (Hankel
et al., 2006).

Autoimmune masticatory myositis

Dogs may develop a focal myositis con� ned to the muscles of masticationd the
masseter, temporalis, and pterygoid (Lewis, 1994). The autoantigen is masticatory myosin
binding protein-C found only in masticatory muscle � bers. The disease may be acute and
eosinophilic, or chronic. Animals present wit h pain and atrophy or swelling of the masti-
catory muscles resulting in dif � culty in opening (trismus) or closing the jaw. Affected an-
imals may also develop conjunctivitis or exophthalmos. Histology of affected muscles
shows in� ammatory or degenerative lesions affecting the M2 myo� brils. Myositis with
lymphocytes and plasma cells predominates, although in the acute disease some lesions
may contain many eosinophils and dogs may have an eosinophilia. Myo� ber atrophy, peri-
mysial or endomysial � brosis, and muscle � ber necrosis are consistent features. Immuno-
globulins may be detected in biopsy specimens of affected muscles. Circulating antibodies
to the M2 myo � brils can be demonstrated by an immunoperoxidase assay (Wu et al., 2007).
Corticosteroids such as prednisone are usedfor treatment, but the prognosis is guarded.
Cavalier King Charles Spaniels, German Shepherds, and Doberman Pinchers may be pre-
disposed to this disease.

Canine cardiomyopathy

English Cocker Spaniels may develop a cardiomyopathy with antinuclear and antimito-
chondrial autoantibodies and reduced serum IgA levels. It is associated with a speci� c com-
plement C4 allotype (C4*4). The autoantigen has not been identi� ed, but in humans, similar
cardiomyopathies are due to autoantibodies directed against the adenine nucleotide translo-
cator of mitochondria. Doberman Pinchers suffer from a similar condition ( Wess et al., 2019).

Autoimmune hepatitis

Doberman Pinschers may develop an autoimmune hepatitis. The symptoms are typical of
liver disease with anorexia, depression, weight loss, diarrhea, polydipsia, polyuria, icterus,
and eventually ascites. The disease commonly presents between 3 and 6 years of age but
may have been present subclinically for many years. On necropsy, there is intense in� amma-
tion and scar tissue formation around small hepatic vein branches in the liver. The lesions
contain lymphocytes, plasma cells, and macrophages. The disease eventually causes progres-
sive � brosis and destruction of hepatocytes. About half of affected dogs develop antibodies to
hepatocyte cell membranes. These antibody-positive dogs have more severe disease than
dogs without antibodies. In addition, lymphocytes from about 75% of affected dogs respond
to liver membrane proteins in vitro. Hepatocytes from affected dogs, but not from normal
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dogs, express MHC class II antigens. This DLA expression correlates with the severity of the
disease. It has been suggested that the disease results from a cell-mediated attack on abnor-
mally expressed DLA molecules or an antigen associated with them.

Further information

Tizard IR. Autoimmune Diseases in Domestic Animals. Elsevier, St Louis, 2023. ISBN 978-
0-323-84813-8.
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Canine systemic immunologic
diseases

Immune-mediated diseases can range from “ pure” autoimmune diseases to diseases
where uncontrolled in � ammatory responses mainly contribute to their pathogenesis. In
this chapter are described some of the more important of these complex disease syndromes
(Galeazzi et al., 2006). These diseases or syndromes are interrelated and have many overlap-
ping clinical features. Because of their similarities, it is sometimes dif� cult to come to a spe-
ci� c clinical diagnosis.

These diseases include systemic lupus erythematosus (SLE), rheumatoid arthritis, nonero-
sive forms of arthritis, and Sjögren’s syndrome. Although all these diseases have some form
of autoimmune component, they do not simply result from autoantibodies causing tissue
destruction. Many are associated with the presence of immune complexes and activated com-
plement in tissues resulting in chronic in � ammation. Many result from uncontrolled in � am-
matory cytokine production. Their initiating factors are usually unknown. All exhibit a
signi� cant genetic predisposition, commonly with linkage to the DLA system.

Systemic lupus erythematosus

SLE is a complex disease syndrome that has been described in humans, horses, dogs, and
cats. It is characterized by diverse clinical manifestations. The factors that cause lupus in any
species are complex, and poorly de� ned (Rekvig & Van Der Vlag, 2014). Its development is
in� uenced by infectious agents, hormones, and foods, as well as the intestinal microbiota in
association with the effects of many different genes. Dogs with SLE develop multiple autoan-
tibodies, resulting in changes in T cell function, defective phagocytosis, impaired apoptosis,
and multiorgan in � ammation (Craft, 2011).

Genetic factors

Lupus affects middle-aged dogs (between 2 and 12 years of age) and affects males more
than females. The disease is commonly seen in Collies, German Shepherds, Nova Scotia
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Duck Tolling Retrievers, and Shetland Sheepdogs, but Beagles, Irish Setters, Poodles, and
Afghan Hounds are also affected (Wilbe et al., 2009). A genome-wide association study in
Nova Scotia Duck Tolling Retrievers identi � ed � ve loci associated with SLE development
on chromosomes, CFA 3, 8, 11, 24, and 32. Interestingly, many of these loci contain genes
encoding components of the NF-AT signal transduction pathway d a pathway important in
T cell activation (Wilbe et al., 2010). Lupus (or positive lupus serology) may occur in related
animals, con� rming the importance of genetic factors. For example, dogs possessing the
MHC class I allele DLA-A7 are at increased risk, while those possessing DLA-A1 and -B5
are at decreased risk, for developing this disease (Teichner et al., 1990). When dogs with
lupus are bred, the number of affected offspring is higher than can be accounted for geneti-
cally, suggesting that the disease may be, in part, vertically transmitted. This is, however, by
no means proven.

B cell abnormalities

B cells are central to the pathogenesis of lupus since they are the source of the many au-
toantibodies responsible for its lesions (Lipsky, 2001). The hallmark of lupus is the develop-
ment of autoantibodies against nuclear components, including nucleic acids, histones,
ribonucleoproteins, and chromatin (Fig. 23.1). These antinuclear antibodies (ANAs) are found
in 97%e 100% of dogs with lupus compared with 16%e 20% of normal control animals. Dogs
mainly make autoantibodies against histones and ribonucleoproteins. The nucleic acids that
provoke ANA production probably come from three major sources, from invading bacteria,
from neutrophil NETs, and from apoptotic cells ( Monestier et al., 1995).

Since mammalian and bacterial DNA have a conserved backbone, it is possible that
animals with lupus may respond to bacterial infection by producing antibodies that
cross-react with their own DNA. For example, the NZB/NZW mouse strain develops a
lupus-like syndrome when immunized with bacterial DNA. This induces anti-DNA anti-
bodies that form immune complexes and cause arthritis, skin rashes, and vascular disease.

When neutrophils expel NETs to capture bacteria, they release their nuclear contents. The
components of these NETs are potential autoantigens and may trigger autoantibody forma-
tion. Free DNA released by bacteria or mitochondria or from neutrophils as a result of NETo-
sis can bind to TLRs 7 and 9 and so trigger innate responses. Antibody-DNA immune
complexes may activate B cells by triggering both their TLRs and Fc receptors. FcRg- and
TLR-mediated uptake of immune complexes and nucleic acids activates plasmacytoid den-
dritic cells and triggers IFN- a production. The immune responses in lupus are closely asso-
ciated with this IFN- a production, and the level of this cytokine correlates with disease
activity. IFN- a also promotes in� ammation by activating macrophages and T cells. The pro-
duction of ANAs in lupus may also occur if TLR7 and TLR9 cannot discriminate between mi-
crobial and self-DNA. If, at the same time, some of their B cells undergo somatic mutation
that enables their antigen receptors to bind self-DNA, the ingredients necessary for a signif-
icant antibody response to canine DNA come together.

Antinuclear antibodies can bind soluble nuclear antigens to form immune complexes that
are then deposited in glomeruli, resulting in development of a membranoproliferative
glomerulonephritis ( Vinuesa & Goodnow, 2002). These immune complexes can also activate
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neutrophils causing them to release even more DNA and nucleoproteins through NETosis.
The immune complexes may also be deposited in arteriolar walls, where they cause� brinoid
necrosis and� brosis, or in synovia, where they provoke arthritis. ANAs bind to the nuclei of
degenerating cells to produce round, or oval structures called hematoxylin bodies found in
the skin, kidney, lung, lymph nodes, spleen, and heart. Within the bone marrow, opsonized
nuclei may be phagocytosed, giving rise to lupus erythematosus (LE) cells.

Impaired apoptosis

Failure of apoptosis leading to activation of B cells and multiple autoimmune disorders is a
feature of lupus. Normally, apoptotic cells are removed by macrophages without causing
in� ammation. Macrophages from lupus patients, however, show defective phagocytosis of
apoptotic cells, which thus accumulate in tissues. The defect is most obvious in the skin of
affected animals, where ultraviolet radiation damages cells and so triggers apoptotic cell
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FIGURE 23.1 The complex pathogenesis of canine systemic lupus erythematosus.
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death. In many dogs, lupus skin lesions are restricted to the bridge of the nose and the area
around the eyes since apoptosis is triggered by solar UV radiation. Nucleic acids from these
cells may activate dendritic cells that process them and so trigger immune responses. Com-
plement components mediate the ef� cient clearance of apoptotic cells, so complement de� -
ciencies, especially C1q or C4 de� ciencies, are also associated with the development of
lupus-like syndromes.

Multiple autoantibodies

Although ANAs are characteristic of lupus, many different autoantibodies are produced in
affected dogs, suggesting grossly abnormal B cell function (Pisetsky, 2019). Autoantibodies to
red cells induce a hemolytic anemia. Antibodies to platelets induce a thrombocytopenia. Anti-
lymphocyte antibodies may interfere with immune regulation. About 20% of dogs with lupus
produce antibodies to IgG (rheumatoid factors). Antimuscle antibodies may cause a myositis,
and antimyocardial antibodies may provoke myocarditis or endocarditis. Antibodies to skin
basement membrane cause a dermatitis characterized by changes in epidermal thickness,
focal mononuclear cell in� ltration, collagen degeneration, and immunoglobulin deposits at
the dermoepidermal junction. These deposits form a “ lupus band.” The results of this exces-
sive immune reactivity are also re� ected in a polyclonal gammopathy, with enlargement of
lymph nodes and spleen (Fig. 23.2).

Affected animals develop abnormalities in B cell signaling and migration, overexpression
of CD154 (CD40L), and enhanced production of IL-6 and IL-10. It appears that the production
of multiple autoantibodies in lupus is a combined result of defective apoptosis, overstimula-
tion of B cells, and a failure to eliminate self-reactive B cells. This diversity of autoantibodies
in lupus cases can cause an equally great variety of clinical symptoms.
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Canine lupus

Canine systemic lupus is progressive, so the severity of the disease and the number of or-
gan systems involved, gradually increases if dogs remain untreated. It characteristically pre-
sents a fever accompanied by a symmetrical, nonerosive polyarthritis. Indeed, as many as
90% of dogs with lupus may develop arthritis at some stage. Other common presenting signs
include renal failure (65%), skin disease (60%), lymphadenopathy or splenomegaly (50%),
leukopenia (20%), hemolytic anemia (13%), and thrombocytopenia (4%) (Fig. 23.3). Dogs
may also develop polymyositis (8%) or pericarditis (8%) and neurological abnormalities
(1.6%). The leukopenia involves a major loss of CD8þ T cells with a somewhat smaller loss
of CD4þ T cells so that the CD4:CD8 ratio may climb as high as 6, compared with a normal
value of about 1.7. With this great variety of clinical presentations to choose from, it is not
surprising that lupus is dif � cult to diagnose.

Several unique variants of lupus have been described in dogs (Banovic, 2018). All are very
rare, and many are associated with speci� c breeds, strongly suggesting a genetic predisposi-
tion. For example, vesicular (bullous) systemic lupus is seen in Shetland Sheepdogs and
Rough Collies. It is characterized by vesicular erosive and ulcerative skin lesions, subepider-
mal vesicles, and immunoglobulin deposition at the dermal e epidermal junction. Affected an-
imals make antibodies against type VII collagen as well as ANAs (Jackson, 2004).

Exfoliative lupus dermatitis has been described in German Short-haired Pointers (Bryden
et al., 2005). Young adult dogs develop scaling and alopecia on the muzzle, pinnae, and
dorsum. Some dogs may exhibit signs of pain and arthritis. Others may develop anemia
and thrombocytopenia. Skin histology shows hyperkeratosis with a lymphocytic interface
dermatitis similar to that seen in human lupus. IgG is deposited on the epidermal and follic-
ular basement membranes. These dogs make autoantibodies against epidermal basement
membranes. This disease is inherited in an autosomal recessive manner.

Another lupus-related disease has been described in Gordon Setters. These dogs develop a
symmetrical onychodystrophy, malformations, and loss of the claws. As a result, affected an-
imals develop lameness, severe discomfort, and acute pain. A related disease of Gordon Set-
ters is black hair follicular dysplasia. In this disease, dogs begin to shed their black hair

FIGURE 23.3 Erythematous, depig-
mented, ulcerated, and crusted nasal lesions
of facial cutaneous (discoid) lupus erythe-
matosus in a German Shepherd dog. From
Banovic, F. (2018). Canine cutaneous lupus ery-
thematosus: Newly discovered variants.Veteri-
nary Clinics: Small Animal, 49, 37e 45. With
permission.
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without normal regrowth. The remaining black hair is either short and stiff or thin and easily
removed. Many affected dogs have positive ANA titers ( Bonnhorst et al., 2001). Symmetrical
lupoid onychodystrophy in Bearded Collies has been linked to loci on chromosomes CFA 12
and 17. The locus on CFA 12 is linked to the DLA class II region (Gershony et al., 2019).

Mucocutaneous lupus is a form associated with skin lesion development at mucocuta-
neous junctions such as the perigenital and perianal areas with less involvement at perioral,
and periocular sites (Olivry et al., 2015). A chronic cutaneous form of lupus with bilaterally
symmetrical alopecia and hyperpigmentation has been described in a Doberman.

A simple diagnostic rule for lupus may be stated as follows: Suspect lupus in an animal
with multiple disorders such as those described previously and either a positive test for
ANA or a positive test for LE cells. LE cells are neutrophils that have phagocytosed nuclear
material from apoptotic cells. Their presence may be detected in the bone marrow and occa-
sionally in buffy coat preparations from animals with lupus. It is usually necessary, however,
to produce them in vitro. This can be accomplished by allowing the blood of an affected an-
imal to clot and then incubating it at 37 � C for 2 h. During this time, normal neutrophils will
phagocytose the nuclei of any apoptotic cells. Pressing it through a� ne mesh then disrupts
the clot, the resulting cell suspension is centrifuged, and the buffy coat is smeared, stained,
and examined. LE cells are neutrophils containing phagocytosed nuclei (Fig. 23.4).

Some normal dogs; dogs undergoing treatment with certain drugs (griseofulvin, penicillin,
sulfonamides, tetracyclines, phenytoin, procainamide); and some dogs with liver disease or
lymphosarcoma may make detectable ANAs. ANAs are also found in dogs infected with Bar-
tonella vinsonii, Ehrlichia canis, and Leishmania infantum(Smith et al., 2004). Thus, nonspeci� c
ANAs are present in many different neoplastic, in � ammatory, and autoimmune diseases.
ANA test results must therefore be used with caution ( Smee et al., 2007) (Table 23.1).

Some human lupus cases occur secondary to drug reactions. This has also been recorded in
a poodle in response to phenobarbital treatment for recurrent seizures (Phillips et al., 2023).
Lupus in dogs usually responds well to high doses of immunosuppressive/antiin � ammatory
drugs such as corticosteroids (prednisolone or prednisone), accompanied, if necessary, by
cyclophosphamide, azathioprine, or chlorambucil.

FIGURE 23.4 Two LE cells (arrows) from a dog with systemic lupus erythematosus. Original magni � cation � 1300.
From Tizard (2017).Veterinary immunology (10th ed.).
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Cutaneous lupus erythematosus

Cutaneous or discoid lupus erythematosus cases (CLE) are mild variants of SLE. Affected
dogs develop facial skin lesions generally con� ned to the nasal planum. There are no other
pathological lesions, and ANA and LE tests are negative or weakly positive. Facial discoid
lupus has been described in Collies and Collie crosses, German Shepherds, Siberian Huskies,
and Shetland Sheepdogs. They commonly present with nasal dermatitis with depigmenta-
tion, erythema, erosion, ulceration, scaling, and crusting. Occasionally their feet may be
affected, and some dogs may develop oral ulcers. Histologically there is a lymphocyte pre-
dominant interface dermatitis. The lesions are in� ltrated with B, T, and NK cells in addition
to macrophages and plasma cells. C3, IgA, IgG, or IgM may be present in the skin basement
membrane in a typical lupus band. Several CLE variants have been reported to occur in dogs
including a vesicular form of the disease described in some collie breeds, exfoliative CLE, and
generalized CLE (Banovic et al., 2016). Mucocutaneous lupus is a form associated with skin
lesion development at mucocutaneous junctions such as the perigenital and perianal areas
with less involvement at perioral, and periocular sites ( Olivry et al., 2015). A chronic cuta-
neous form of lupus with bilaterally symmetrical alopecia and hyperpigmentation has also
been described in a Doberman. CLE can be treated with corticosteroids, and the prognosis
is good (Rossi et al., 2015).

Upregulated genes in CLE lesions include those with strong interferon signatures such as
CXCL10, ISG15, and an S100 gene family member (Garelli et al., 2021).

German Shorthaired Pointers with a mutation affecting the UNC93B1gene on chromosome
CFA18 develop a debilitating form of exfoliative CLE that results in pigment loss, skin erosions,
and ulceration. These dogs also develop polyarthralgia, lymphadenopathy, thrombocytopenia,
lymphopenia, and infertility. They are also prone to develop an immune complex e mediated

TABLE 23.1 Diagnostic criteria for systemic lupus
erythematosus.

Any two of the following must be present:

Characteristic skin lesions

Polyarthritis

Antiglobulin-positive hemolytic anemia

Thrombocytopenia

Proteinuria

And either

A positive ANA test

Or

A positive LE cell test
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membranous glomerulopathy resulting in renal failure. Their prognosis is poor ( Amerman
et al., 2023). (TheUMC93B1gene is believed to control the traf� cking of TLR7.)

Sjögren’s syndrome

In this syndrome, autoimmune attack on salivary and lacrimal glands leads to conjunctival
dryness (keratoconjunctivitis sicca) and mouth dryness (xerostomia). Dogs subsequently
develop gingivitis, dental caries, and excessive thirst. Sjögren’s syndrome is often associated
with rheumatoid arthritis, systemic lupus, polymyositis, or autoimmune thyroiditis. Affected
dogs develop antibodies to nictitating membrane epithelial cells and, less consistently, to
lacrimal and salivary glands or to the pancreas, and these organs may then be in� ltrated
with lymphocytes and other mononuclear cells. Most affected animals (90%) are hypergam-
maglobulinemic and have ANAs (40%) and RFs (34%). Many develop other autoimmune le-
sions such as polyarthritis, hypothyroidism, and glomerulonephritis ( Kaswan & Salisbury,
1993).

Autoimmune polyarthritis

Dogs develop immunologically mediated joint diseases, most of which are associated with
the deposition of immunoglobulins or immune complexes within joints. Their classi � cation is
based on the presence or absence of joint erosion. The vast majority of these arthritis cases are
nonerosive.

Rheumatoid arthritis

Rheumatoid arthritis (RA) is a common, crippling erosive arthritis affecting about 1% of
humans. A very similar disease is seen in dogs, in which there is no obvious breed or sex pre-
dilection. One notable exception is a form of erosive polyarthritis that occurs in young grey-
hounds. It is slowly progressive, and the bone damage is less severe. It is also assumed to be
immune-mediated (Woodard et al., 1991). Dogs with RA may present with chronic depres-
sion, anorexia, and fever in addition to lameness, which tends to be most severe after rest
(e.g., immediately after waking in the morning). The disease mainly affects peripheral joints,
especially the carpal joints, which show symmetrical swelling and stiffness. Rheumatoid
arthritis tends to be progressive and eventually leads to severe joint erosion and deformities.
In advanced cases, affected joints may fuse as a result of the formation of bony ankyloses.
Radiological � ndings are variable, but the initial swelling usually involves soft tissues only.

Pathogenesis

Rheumatoid arthritis is a chronic in � ammatory disease of slow onset. It begins as a mild
lymphocytic synovitis with a few neutrophils present in the joint � uid. As the in � ammation
progresses, the synovia swell and proliferate. Outgrowths of the proliferating synovia even-
tually extend into the joint cavities, where they form pannus ( Fig. 23.5). Pannus consists of a
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layer of � brous vascular tissue that, as it invades the joint cavity, releases proteases that erode
the articular cartilage and, ultimately, the neighboring bony structures. As the arthritis pro-
gresses, the in� ltrating lymphocytes form lymphoid nodules and germinal centers within the
synovia. Amyloidosis, arteritis, glomerulonephritis, and lymphadenopathy are occasional
complications of RA (Alivernini et al., 2022).

It is probable that many different stimuli, especially infectious agents, trigger rheumatoid
arthritis. Dogs with RA have antibodies to canine distemper in their synovial � uids, antibodies
that are not present in dogs with osteoarthritis. Immune complexes can be precipitated out of
the synovial � uid of RA dogs, and analysis of these complexes by Western blotting shows
the presence of canine distemper virus antigens. Thus, distemper virus may be detected in
canine rheumatoid joints and may play a role in the pathogenesis of the disease (Bell et al., 1991).

Susceptibility to, and severity of RA in humans are linked to the expression of certain
MHC class II molecules (HLA-DR). This susceptibility is associated with the presence of a
conserved 5-amino acid motif in the MHC antigen-binding groove. This same conserved
“ RA shared epitope” is found on canine DLA-DRB1 and is associated with susceptibility
to RA in some dog breeds. For example, studies on DLA-DRB1 have revealed that the sus-
ceptibility of dachshunds to polyarthritis is strongly associated with a valine at position
11, a phenylalanine at position 13, and an arginine at position 71. Surprisingly, all of these
happen to be located outside the shared epitope (Nakazawa et al., 2023)! Some MHC class
III genes also affect susceptibility to canine RA. For example, possession of the C4 allotype
C4*4 is associated with the development of autoimmune polyarthritis. Despite this, it has
been estimated that non-MHC genes contribute as much as 75% of the genetic susceptibility
to rheumatoid arthritis ( Fig. 23.6).

Although RA is generally considered to be an autoimmune disease, the identity of the
autoantigens involved is unclear. Three that have been implicated are IgG, collagen, and cit-
rullinated proteins. The development of rheumatoid factors (RFs) directed against IgG is
characteristic of rheumatoid arthritis. These RFs are autoantibodies directed against epitopes

FIGURE 23.5 A layer of pannus growing
over the surface of articular cartilage. Notice
how the underside is invading and eroding
the cartilage surface.Courtesy of Dr Roy Pool.
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on the CH2 domains of antigen-bound IgG. They can belong to any immunoglobulin class,
including IgE, although IgG RFs are by far the most common (Chabanne et al., 1993). RFs
are present, not only in rheumatoid arthritis but also in SLE and other diseases in which
extensive immune complex formation occurs. RFs are also present in the serum and synovial
� uid of some dogs with osteoarthritis (including cruciate ligament disease), and infectious
arthritis.

Although RFs are of diagnostic importance, their clinical signi � cance is less clear. RFs are
found in joint � uid, where their titer tends to correlate with the severity of the lesions, and the
lesions themselves may be exacerbated by intraarticular inoculation of autologous immuno-
globulins. Nevertheless, some dogs with RA may not have detectable RFs, and it is not un-
common to � nd others who have no arthritis despite the presence of RF in their serum. Thus,
the measurement of RFs in dogs is of doubtful speci� city.

Other evidence suggests that autoantibodies to collagen may be important. Type II
collagen predominates in articular cartilage and may act as an autoantigen. Autoantibodies
to type II collagen can be detected in the serum and synovial � uid of 72% of dogs with rheu-
matoid arthritis, 88% of dogs with infective arthritis, and 52% of dogs with osteoarthritis ( Bari
et al., 1989). Collagene anticollagen complexes can be detected in the synovial� uids of dogs
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FIGURE 23.6 A schematic diagram showing the possible pathogenesis of rheumatoid arthritis.
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with rheumatoid arthritis. These are probably secondary consequences of the initial joint
damage.

Rheumatoid arthritis may also result from autoimmune responses against citrullinated
proteins. Citrulline is derived from the amino acid arginine by conversion of its amino side
chains to ketones. This change alters the structure of proteins and probably plays a role in
the preparation of intracellular proteins for apoptosis. Citrullinated proteins are expressed
in in � amed joints. Human patients develop high levels of autoantibodies to these neoantigens
before RA lesions develop, and these autoantibodies appear to be speci� c for this disease.
They are rarely found in healthy people or in other diseases. It is possible therefore that
the key initial lesion in this disease involves autoimmunity to these modi � ed proteins (Van
Gaalen et al., 2005).

It is also of interest to note that dogs with rheumatoid arthritis make autoantibodies
against the 65 kDa heat shock protein (HSP65). These antibodies of both the IgM and IgG
classes are found in both serum and synovial � uid (Bell et al., 1995). The level of these anti-
bodies correlates well with the levels of antibodies to canine distemper virus in these dogs.

Whatever the precise initiating factors, the � rst stage in the development of rheumatoid
arthritis probably involves unregulated activation of Th17 cells within the synovial mem-
brane. This IL-17 activates synovial � broblasts. Cytokines such as IL-1, IL-6, IL-22, GM-
CSF, and TNF-a are then produced by stromal and endothelial cells and IL-33 is released
by synovial � broblasts. In� ammatory chemokines such as CXCL8 (IL-8) also accumulate.
The production of IL-17 and the escape of IL-33, together with chemokines, C5a, leukotriene
B4, and platelet-activating factor, results in the accumulation of neutrophils in the synovial
� uid (Pei et al., 2014). Phagocytosis of immune complexes and tissue debris by these cells
leads to protease escape and the release of oxidants. IL-1, IL-17, and TNF-a stimulate cartilage
degradation by activating the synovial lining cells and by stimulating their release of metal-
loproteases. Metalloprotease-2 and metalloprotease-9 from chondrocytes and macrophages
begin to degrade the articular cartilage and ligaments (Coughlan et al., 1998). Activated plate-
lets may enter the joint space and aggravate the process by producing more IL-1. More
importantly IL-17, TNF- a, and HMGB1 from T cells activate bone-destroying osteoclasts.
Collectively these reactions lead to bone and cartilage destruction and the characteristic joint
pathology of RA ( Mills, 2023).

Macrophage-derived cytokines trigger synovial angiogenesis. Circulating lymphocytes
enter newly formed capillaries, emigrate into the tissues, and aggregate around the blood
vessels. These in� ltrating lymphocytes are primarily activated CD4 þ T cells. B cell emigration
into the synovia eventually leads to local RF production. The RFs form immune complexes
and activate complement. Some immune complexes may precipitate out within the super� -
cial layers of the articular cartilage.

The progressive development of in� ammation within synovia leads � rst to morning stiff-
ness. The joints become warm as the blood� ow increases, but because the in� ammation is
restricted to the synovia, the skin rarely becomes red. The animal may be depressed, anorexic
and fatigued as a result of the systemic effects of IL-1 and TNF-a. If the joints develop effu-
sions, they will be obviously swollen. As the disease progresses, pannus invades the cartilage,
ligaments, and bone and destroys the articular cartilage. Synovial lining cells, small blood
vessels, and� broblasts proliferate. Large numbers of macrophages are found in the pannus,
as well as MHC class IIþ B cells and dendritic cells.
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Diagnosis of rheumatoid arthritis in dogs is based on the criteria established for human
rheumatoid arthritis. Steps should be taken to exclude SLE (by testing for ANA) and to
exclude an infectious cause for the arthritis. Cytologic evaluation of synovial � uid with a pro-
tein concentration of > 3.0 g/dL and a nucleated cell count of > 3000 cells/mL consisting of
> 12% neutrophils identify an in � ammatory arthritis, especially when supported by radio-
graphic evidence of erosion (Shaughnessy et al., 2016) (Table 23.2).

Nonerosive polyarthritis

Most canine immune-mediated polyarthritis cases (w 99%) are nonerosive. Dogs can also
develop several distinct forms of nonerosive arthritis. These can be divided into three major cat-
egories: arthritis associated with SLE; arthritis associated with a myositis; and idiopathic polyar-
thritis. Breeds predisposed to these formsof polyarthritis include German Shepherds, Irish Setters,
Shetland Sheepdogs, Cocker Spaniels, and Springer Spaniels. The main clinical features are stiff-
ness affecting multiple joints, fever, anorexia, and lethargy (Johnson& Mackin, 2012a, 2012b).

Lupus polyarthritis

Polyarthritis is a common feature of SLE. Diagnosis is contingent on making a � rm diag-
nosis of lupus. Thus, it is necessary to show multiple-system involvement, a signi� cant titer
of serum ANAs, and immunopathological features consistent with lupus.

Polyarthritis with polymyositis

A disease characterized by both nonerosive polyarthritis and polymyositis is recognized in
young dogs. Most recorded cases have been seen in Spaniels. The animals are stiff and have pain-
ful joints, fever, lethargy, generalized weakness, muscle atrophy, and muscle pain. They are nega-
tive for both ANA and RF. The arthritis is symmetrical and involves multiple joints. These dogs
also have a symmetrical in� ammatorymyopathy withmyalgia,atrophy,and musclecontracture.
Their synovial � uids contain large numbers of neutrophils. Muscle biopsies show a neutrophil or
mononuclear cell in� ltrate, or both, with muscle � ber atrophy and degeneration. Synovial bi-
opsies show a neutrophil and mononuclear cell in� ltration with a � brinous exudate. IgG, IgM,

TABLE 23.2 Diagnostic criteria for canine rheumatoid arthritis.

Stiffness or joint pain, especially after periods of inactivity

Symmetrical joint swelling, especially if multiple joints are involved

Sterile synovial � uid containing in � ammatory cells, especially neutrophils

Positive rheumatoid factor test

Erosive polyarthritis with characteristic histology
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and complement are deposited in the walls of the synovial vessels (Bennett & Kelly, 1987). A
similar syndrome has also been associated with some canine cases of systemic lupus.

Idiopathic polyarthritis

Most cases of nonerosive canine polyarthritis � t none of the categories described previ-
ously. Although these cases are nonerosive and possess the histologic characteristics of
type III hypersensitivity, their precise etiology is unknown. They are classi � ed into four types
based on any accompanying disease (Bennett, 1987). Type I disease is polyarthritis alone
(Fig. 23.7). Type II disease is a reactive arthritis associated with infections in the respiratory
or urinary tract, tooth infections, or cellulitis. Type III disease is associated with the presence
of enteric disease such as gastroenteritis, diarrhea, or ulcerative colitis. It is not clear whether
this type of disease is truly distinguishable from type II disease. Type IV disease is associated
with the presence of tumors, including seminomas and carcinomas (Clements et al., 2004).

An example of type I polyarthritis is the juvenile polyarthritis syndrome seen in young
Akitas. These dogs develop a cyclical high fever lasting 24e 48 h before resolving, and evidence
of severe, incapacitating joint pain with soft tissue swelling. They develop hepatosplenomegaly
and lymphadenopathy. Some animals may develop meningitis or meningoencephalitis. Their
erythrocytes may be antiglobulin positive. Synovial � uid shows no evidence of infection,
although large numbers of neutrophils are present. Affected dogs are usually negative for
RF and ANA. Some dogs respond positively to corticosteroid treatment (Felsburg et al., 1992).

In other breeds, polyarthritis tends to be most common in male dogs, and about half of the
cases are seen in young dogs between 1 and 3.5 years of age. Most affected animals develop
fever, anorexia, and lethargy. The animals are lame and have a history of stiffness after rest.
The most commonly affected joints are the sti� e, elbow, and carpus. The onset of lameness is
sudden in most cases and is associated with obvious muscle atrophy. There is no signi� cant
bone or cartilage erosion, although periarticular soft tissue swelling, and synovial effusions

TYPE IV
Paraneoplastic

TYPE II
Respiratory or
urinary tract
infection-
associated

TYPE I
Primary
polyarthritis

TYPE III
    Enteric infection-
           associated

51%

28%

12%

9%

FIGURE 23.7 The relative prevalence of the different types of nonerosive reactive polyarthritis in dogs. Data from
Bennett, D. J. (1987). Canine idiopathic polyarthritis.Journal of Small Animal Practice, 28, 909e 928.
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are common. Some cases may have proliferative periosteal changes. All cases are negative for
RF and ANA and their joint � uid is sterile. Synovial biopsies show hypertrophy with a
neutrophil or a mononuclear cell in � ltration, or both. Fibrin deposits are seen in most cases,
as is � brosis. Most lesions contain IgM, IgG, and complement deposits, and some contain
IgA-producing plasma cells. Some affected dogs develop a proliferative glomerulonephritis
and as a result are proteinuric. Animals respond well to corticosteroids. The intestinal micro-
biota of arthritic dogs (hip and elbow) is signi � cantly different in composition to that of
normal, healthy dogs. It is unclear whether this re � ects cause or effect (Cintio et al., 2020).

A caninized monoclonal antibody against nerve growth factor (bedinvetmab) (Librela TM)
has been approved by the FDA for the control of pain associated use in dogs with osteoar-
thritis. It is administered by injection once monthly and signi � cantly improves the quality
of life of arthritic dogs. It has been widely used in Europe ( Corral et al., 2021).

Villonodular synovitis

Villonodular synovitis is a proliferative condition associated with severe pain and lame-
ness in affected dogs. It is characterized by hypertrophy and villous proliferation of the sy-
novial membrane. Some cases are characterized by a plasma cell and lymphocyte
in� ltration d chronic lymphoplasmacytic villonodular proliferative synovitis. While it can
affect any joint, the sti� e is most commonly affected. It is closely associated with stretching
and rupture of the cruciate ligament. Lymphoplasmacytic synovitis has been reported to
occur in 51% of dogs with cruciate ligament rupture. Its etiology is unknown, but it appears
to be, at least in part, to be immune-mediated (Mapuvire et al., 2020). While genetic/struc-
tural causes may predominate, the synovia of affected dogs contain B cells, IgG-positive
plasma cells, and numerous MHC class IIþ , CD1cþ dendritic cells. Thus, the synovial over-
growth resembles the pannus that develops in rheumatoid arthritis. It has been suggested
that the synovial proliferation is driven by angiogenesis caused by VEGF and � broblast
growth factors as well as some prostaglandins and metalloproteases. Cruciate ligaments
are mainly composed of type I collagen. Their rupture is associated with gradual degenera-
tion of the ligament extracellular matrix leading to increased joint laxity. Some breeds such as
Newfoundlands appear predisposed to the condition ( Comerford et al., 2011). Autoanti-
bodies to both type I and type II collagen are found in synovial � uid following cruciate lig-
ament rupture, usually bound in immune complexes. They do not appear to initiate rupture
but are probably secondary to tissue damage and osteoarthritis. CXCL8 (IL-8), metallopro-
tease, and cathepsin levels rise in joints before cruciate ligament rupture, implying that
in� ammation precedes rupture (Doom et al., 2008).

Further information

Tizard, I. R. (2023).Autoimmune diseases in domestic animals. St Louis: Elsevier. ISBN 978-0-
323-84813-8.
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Canine immunode� ciency diseases

Defects in either their innate or adaptive immune systems usually become apparent when
affected dogs show unusual susceptibility to infectious or parasitic diseases. Immunode� -
ciencies may result from inherited or genetic defects (primary immunode � ciencies); or they
may be a direct result of some other cause (secondary or acquired immunode� ciencies)
such as stress, infections, or the use of immunosuppressive drugs. This chapter describes
some of the primary immunode � ciencies that have been recorded in dogs.

Innate immunity

Inherited defects in innate immunity pathways include reduced neutrophil numbers and
impaired neutrophil functions as well as the complement de � ciencies. Neutrophil phagocytic
defects are well recognized in dogs and take several different forms including defects in cell
adhesion and in their bactericidal activity.

Canine leukocyte adhesion de� ciency

In order for neutrophils to leave blood vessels and migrate to sites of in� ammation, they
must � rst bind to vascular endothelium. This adhesion is mediated by integrins on the
neutrophil surface. In the absence of these integrins, neutrophils cannot bind to endothelial
cells and so cannot emigrate into tissues. As a result, bacteria in the tissues can grow freely
without fear of neutrophil attack.

Three different forms of leukocyte adherence de� ciency (LAD) are recognized. The com-
monest form, LAD-I, results from a loss-of-function mutation in the gene encoding the
b2-integrin (CD18) (Fig. 24.1). This mutation has been reported in Irish Setters and related
breeds. A second form, LAD-II results from a defect in fucose metabolism that leads to a de� -
ciency of the carbohydrate structure sialyl-Lewis-X and impairs neutrophil rolling. It has not
yet been reported in dogs. LAD-III results from defective activation of b-integrins as a result
of mutations in the Kindlin-3 gene. Kindlin-3 is a protein that is essential for b-integrin acti-
vation (Fig. 24.1). LAD-III occurs in dogs.

Canine leukocyte adhesion de� ciency (CLAD) is a LAD-I that results from a loss of the
integrin Mac-1 (CD11b/CD18). In Mac-1-de � cient dogs, the neutrophils cannot respond to
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chemoattractants, trap complement-coated bacteria (Mac-1 is a complement receptor), or bind
to vascular endothelial cells. Affected dogs suffer recurrent infections, despite the fact that
their blood neutrophil numbers are high ( Kijas et al., 1999).

CLAD has been described in Irish Red Setters (and in the related Red and White Setter
breed), in which it is an autosomal recessive disease. Affected animals die early in life as a
result of recurrent severe bacterial infections such as osteomyelitis, and omphalophlebitis.
Impaired pus formation, leads to delayed wound healing, weight loss, and fever. The dogs
have a leukocytosis (> 200,000/mL), this is primarily a neutrophilia and eosinophilia.
Although their granulocytes look normal, functional tests reveal defects in their adhesion-
dependent activities, including impaired adhesion to glass or plastic surfaces. Nor can they
ingest C3b-opsonized particles. Neutrophil migration in vitro, in response to chemotactic
stimuli is poor. Neither CD11b nor CD18 can be detected on these cells by immuno� uores-
cence (Debenham et al., 2002).

The CLAD lesion results from a single missense mutation in the b2 subunit of CD18 (the
IGBT2 gene), that results in the replacement of a cysteine by a serine (Foureman et al., 2002).
As a result, a disul� de bond in CD18 is broken, altering its structure and function. CD11b (the
a-chain) is not expressed because it must be associated with theb chain before the dimer can
be expressed on the cell surface. Matched related bone marrow allografts from normal ani-
mals have been given to CLAD dogs and effectively “ cured” the disease (Bauer et al., 2006).

Another form of CLAD results from excessive downregulation of b2-integrin expression.
This has occurred in mixed-breed dogs that present with recurrent pyogenic infections. Their
neutrophils produced signi � cantly reduced amounts of CD18 and hence b2-integrin. As a
result of this reduced expression, defects occur in adhesion-dependent neutrophil functions,
as well as in superoxide production (Zimmerman et al., 2013).

Cases of LAD-III have been reported in a German Shepherd Dog and in a German Shep-
herd x Rottweiler cross (Hugo & Heading, 2014). The dogs developed pyrexia, persistent
leukocytosis, severe periodontal disease, lameness, mucosal hemorrhages and poor wound
healing. Because of defects in thrombocyte function, life-threatening hemorrhage was the
most important cause of death in these animals. The autosomal recessive condition resulted

Normal inflammation
Integrin deficiency

Adherence
No
adherence

Emigration

Bacterial destruction Bacterial growth

FIGURE 24.1 Integrins are required to bind neu-
trophils � rmly to blood vessel walls. This permits the
neutrophils to emigrate to sites of bacterial invasion. In
the absence of integrins, neutrophil emigration fails to
occur. As a result, invading bacteria can grow unmo-
lested in the tissues.
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from a mutation in their FERMT3 gene encoding kindlin-3 that results in a 12-nucleotide
insertion and premature chain termination ( Boudreaux et al., 2010).

Canine cyclic neutropenia

Canine cyclic neutropenia (Gray Collie syndrome) is an autosomal recessive disease of
Border Collies. Affected dogs have diluted skin pigmentation, eye lesions, and regular cyclic
� uctuations in leukocyte numbers. Their coat is a characteristic silver-gray color, and their
nose is grayd a diagnostic feature. The decline in neutrophil numbers occurs about every
11e 12 days and lasts for about 3 days. It is followed by a rise resulting in normal or elevated
neutrophil counts for about 7 days (Fig. 24.2).

The neutropenia suppresses in� ammation and increases susceptibility to bacterial and
fungal infections. (These neutrophils also have reduced myeloperoxidase activity, so the dis-
ease is not entirely due to a neutrophil de� ciency.) In humans, a similar disease is due to a
defect in the gene coding for neutrophil elastase. Affected dogs suffer severe enteric and res-
piratory infections, gingivitis, arthralgia, and lymphadenitis and rarely live beyond 3 years
(Cheville et al., 1970). Because platelet numbers also cycle, affected dogs may also suffer
from bleeding problems, including gingival hemorrhage and epistaxis. Polyclonal immuno-
globulin levels rise as a result of the recurrent antigenic stimulation but complement levels
cycle in conjunction with the neutropenia. The disease begins to express itself as maternal im-
munity wanes. Affected puppies are weak, grow poorly, have wounds that fail to heal, and
die young. If they are kept alive by aggressive antibiotic therapy, chronic in � ammation may
lead to amyloidosis.
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FIGURE 24.2 Circulating neutrophil counts in a gray collie. From Hammond et al. (1978).Blood, 52(6), 1170e 1177.
With permission.
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Trapped neutrophil syndrome

An autosomal recessive neutropenia has been described in Border Collies. It is character-
ized by persistent neutropenia and myeloid hyperplasia ( Zoto et al., 2022). This disease,
called “ trapped neutrophil syndrome, ” results in dogs having few circulating neutrophils
and as a result, developing recurrent bacterial osteomyelitis, polyarthritis, and multifocal ul-
cerative lesions resulting in gastroenteritis. Some animals do not develop signs of disease un-
til they are around 7 months of age when maternal antibodies have waned. Animals may also
present with persistent fever and lameness due to lytic bone lesions. They have musculoskel-
etal abnormalities, stunted growth, and an elongated narrow muzzle. Despite their neutrope-
nia, these dogs have myeloid hyperplasia and dense accumulations of neutrophils are present
in the marrow and other organs such as the hepatic sinusoids. Amyloidosis may be a conse-
quence of the chronic in� ammation. The neutropenia apparently results from an inability of
the neutrophils to escape from the bone marrow into the bloodstream. The causative muta-
tion is a four base-pair deletion in the canine vacuolar sorting protein 13B (VPS13B)gene
(Mizukami et al., 2013). This protein is localized to the outer membrane of the Golgi and is
necessary to maintain its structural integrity. It affects vesicular transport and protein sorting
within the cell. These neutrophils also have a shorter lifespan than normal. Heterozygote car-
riers appear to be healthy. Up to 10% of some Border Collie populations may carry the mu-
tation. PCR tests can identify carrier animals (Mason et al., 2014).

Pelger-Huët anomaly

Pelger-Huët anomaly is an autosomal recessive genetic disorder in dogs characterized by
the failure of granulocyte nuclei to segment into lobes. The neutrophils therefore appear on
� rst sight to be very immature (a left shift). The anomaly is usually detected when a dog is
observed to have a persistent left shift that cannot be reconciled with its good health.
Although Pelger-Huët neutrophils closely resemble band forms, their nuclear chromatin is
condensed, re� ecting their maturity. In humans, the anomaly is due to a mutation in the
gene coding for lamin B, a nuclear membrane receptor that interacts with chromatin to deter-
mine the shape of the nucleus. Pelger-Huët granulocytes closely resemble band forms, with
oval, round, peanut-shaped or bilobulate nuclei. There are no other obvious leukocyte abnor-
malities. Pelger-Huët anomaly has been observed in Cocker Spaniels, Basenjis, Boston Ter-
riers, Foxhounds, and Coonhounds (Grondin et al., 2007). Even outbred dogs may develop
the anomaly (Vale et al., 2011). In Foxhounds and Australian Shepherd dogs, the anomaly
is inherited as an autosomal recessive trait associated with a splice site variant in theLMBR1L
gene on canine chromosome 27 (Frehner et al., 2023). This gene codes for the lamin beta re-
ceptor, a nuclear membrane receptor that interacts with chromatin to determine the shape of
the nucleus. It has a minimal effect on the health of animals. Nevertheless, fewer pups are
weaned from affected dogs than from unaffected ones. In addition, Pelger-Huët neutrophils
are less able to emigrate from blood vessels in vivo. Their B cell responses may also be
impaired ( Latimer et al., 2000).
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Other examples of defective neutrophil function

An inherited defect in neutrophil bactericidal activity has been reported in Doberman
Pinchers. Affected dogs developed bronchopneumonia and chronic rhinitis soon after birth
that persisted despite antimicrobial therapy. Although their chemotaxis and phagocytosis
were apparently normal, their neutrophils were unable to kill S. aureus. Since these cells
showed reduced reduction of nitroblue tetrazolium and superoxide production, it was sug-
gested that they had a defect in the respiratory burst pathway (Breitschwerdt et al., 1987).
A nonsense mutation in the myeloperoxidase gene resulting in a de� ciency has been reported
in an Italian Hound ( Gentilini et al., 2016).

Canine granulocytopathy syndrome is an autosomal recessive disease characterized by
recurrent bacterial infections. It has been described in a colony of Irish Setters. The animals
suffered from impaired leukocyte function resulting from a defect in neutrophil bactericidal
activity ( Renshaw & Davis, 1979).

Young Weimaraners have been described as suffering from an immunode� ciency syn-
drome with clinical signs that include recurrent fevers, diarrhea, pneumonia, pyoderma, oste-
omyelitis, stomatitis, and osteomyelitis. They may have defective neutrophil respiratory
burst, as shown by a depressed chemiluminescent response to phorbol ester. Their IgG levels
may be signi� cantly lower than normal and their IgM and IgA levels somewhat reduced; the
other immunological parameters of these animals fall within normal ranges ( Couto et al.,
1989).

A persistent neutropenia attributable to a de� ciency of granulocyte colony-stimulating fac-
tor (G-CSF) has been reported in a 3-year-old male Rottweiler (Lanevschi et al., 1999). The
animal suffered from multiple recurrent infections, especially a chronic bacterial arthritis in
the presence of a persistent neutropenia. The animal was not making G-CSF. Its myeloid
stem cells responded readily to additional G-CSF, suggesting that they were functionally
normal. Bone marrow examination suggested that its neutrophil precursors had failed to
mature.

The respiratory cilia play an important role in the defense of the airways, and primary
ciliary dyskinesia results in recurrent pulmonary infections. Some human cases are accompa-
nied by defects in neutrophil functions. The disease occurs in Springer Spaniels, Bichon frises
and Chows. However, in canine cases, neutrophil functions are unimpaired (Maddux et al.,
1991).

Canine C3 de� ciency

Because the complement system is an essential innate defensive mechanism, any de� -
ciency will increase susceptibility to infections. The most severe of these occurs in animals
de� cient in C3. For example, some Brittany spaniels suffer from an autosomal recessive C3
de� ciency. Dogs that are homozygous for this trait have no detectable C3, whereas heterozy-
gous animals have C3 levels that are approximately half normal. Heterozygous animals are
clinically normal ( Ameratunga et al., 1998). The homozygous-de� cient animals have lower
IgG levels than normal, and their ability to make antibodies is reduced ( O’Neil et al.,
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1988). These dogs tend to make more IgM and less IgG. They experience recurrent sepsis,
pneumonia, pyometra, and wound infections. The organisms involved include Clostridium,
Pseudomonas, E. coli, and Klebsiellaspp. Some affected dogs develop amyloidosis, and many
develop immune complex-mediated kidney disease. The mutation responsible for this de� -
ciency (deletion of a single cytosine) shortens the C3 chain as a result of a frameshift that gen-
erates a premature stop codon (Fig. 24.3).

The adaptive immune system

The nature of dog breeding and the establishment of hundreds of registered breeds each
with limited genetic diversity and high inbreeding coef � cients have resulted in the develop-
ment of numerous inherited canine diseases. Many of these are primary immunode� ciencies
restricted to speci� c breeds. Few have been investigated thoroughly and the responsible
genes have not yet been identi� ed.

Combined immunode� ciencies

Severe Combined Immunode� ciencies (SCIDs) have been identi� ed in multiple dog
breeds. Each has been caused by different mutations and as a result they often have different
patterns of inheritance.

A combined immunode � ciency resulting from a defect in the gene encoding the catalytic
subunit of the DNA-dependent protein kinase (DNA-PK cs) (PRKDC) has been identi� ed in
Jack Russell Terriers (Ding et al., 2002). From a single breeding pair of terriers, 12 of 32 sib-
lings died as a result of opportunistic infections between 8 and 14 weeks of age. These ani-
mals showed an SCID phenotype with lymphopenia, agammaglobulinemia, and thymic
and lymphoid aplasia. The disease was inherited as an autosomal recessive condition. It
resulted from a point mutation, leading to stop codon formation and premature termination

Normal C3             Truncated C3

COOH

NH
2

NORMAL      CC   CAG  TTC    GT.....
Ala    Gln    Phe     Leu

C3 deficient  CC   CAG    TTG   T....
Ala    Gln     Cys

Deleted

COOH
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2

FIGURE 24.3 The mutation that results in
canine C3 de� ciency in Brittany Spaniels.
Deletion of a cytosine results in a frame shift
and premature termination of transcription of
the C3 gene.
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of the peptide chain. Affected dogs showed severely diminished expression of DNA-PKcs.
This defect prevents gene splicing during V(D)J recombination in TCR and immunoglobulin
variable regions so that functional antigen receptors cannot be made. The carrier frequency of
this gene is 1.1% (Meek et al., 2001) (Fig. 24.4).

An X-linked SCID has been recorded in Basset Hounds and Cardigan Welsh Corgis. The
disease is characterized by stunted growth, increased susceptibility to infections, and absence
of detectable lymph nodes. Clinically, animals are healthy during the immediate neonatal
period as a result of maternal antibodies. However, by 6e 8 weeks, as maternal antibody
levels decline, the animals begin to suffer infections. At � rst these are relatively mild, such
as super� cial pyoderma and otitis media. Eventually, they become more severe, and un-
treated animals die of pneumonia, enteritis, or sepsis by 4 months of age. Common infections
include canine distemper, generalized staphylococcal infections, adenoviral and parvoviral
disease, and cryptosporidiosis. This is an X-linked immunode� ciency since breeding of a car-
rier female to a normal sire result in approximately half the males in each litter being affected
and all the females being phenotypically normal ( Henthorn et al., 1994).

Affected dogs are lymphopenic (w 1000/mL). Their CD4:CD8 ratio is 15:1, compared with
normal dogs that have a ratio of 1.7:1, indicating a major drop in CD8 þ cell numbers. Their
T cell numbers are less than 20% of normal but they have normal numbers of B cells. The few
lymphocytes in their blood are unresponsive to mitogens. The puppies have normal IgM
levels but very low, or no IgG and IgA. These dogs cannot make antibodies against antigens
such as tetanus toxoid.

On necropsy the thymus of affected dogs is approximately 10% of the normal weight and
lacks a de� ned cortex (Fig. 24.5). Their lymph nodes and tonsils are very small and dysplastic
and dif � cult to � nd. When present, the nodes are disorganized and contain very few lympho-
cytes. Their spleens contain large periarteriolar lymphoid nodules with occasional small lym-
phocytes and few plasma cells. The bone marrow in these dogs appears normal.
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FIGURE 24.4 The defect in DNA-
dependent protein kinase (DNA-PK) that
prevents DNA repair in SCID puppies. This
“ repair” is required when generating
immunoglobulin and TCR variable regions.
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The Corgi disease results from a mutation in the gene coding for the common gc chain of
the IL-2 receptor (IL-2Rg). The same chain is also a component of the IL-4, IL-7, IL-9, and
IL-15 receptors.

In affected Basset Hounds, a loss of four bases in thegc gene causes a frameshift. As a
result, a premature stop codon is generated. Thus, instead of the complete protein, only a
small peptide is produced, and no functional protein is made. A second SCID mutation
has been identi� ed in affected Corgis. In these animals, a single cytosine residue is inserted
into the gc gene so that a stop codon is generated before the transmembrane domain, result-
ing in a failure to synthesize the complete chain. As a result, this peptide is not expressed on
the cell surface. In both cases, the mutation does not interfere with IL-2 production, but the
lymphocytes of these animals are unresponsive to IL-2. In the absence of agc receptor chain,
mature T cells will not develop ( Somberg et al., 1995) (Fig. 24.6).

Experimentally, affected dogs may be treated by bone marrow allografts. It is interesting to
note, however, that SCID dogs kept alive by stem cell allografts began to age prematurely
within 2 e 3 years. They developed intestinal malabsorption and neural cell tumors. Presum-
ably the absence ofDNA-PKcs prevents the repair of other cells, leading to premature aging
(Meek et al., 2009).

An SCID has been identi� ed as occurring in Frisian Water Dogs. It is inherited as an auto-
somal recessive disease. Thus, unexplained pup mortality has occurred in up to 10% of

FIGURE 24.5 Photomicrograph of the thymus of a Basset Hound with X-linked immunode � ciency. Note the
pale, poorly de� ned cortex and the scattered foci of dark-staining lymphocytes. (H&E stain.) From Snyder, P. W.,
Kazacos, E. A.,& Felsburg, P. J. (1993). Histologic characterization of the thymus in canine X-linked severe combined im-
munode� ciency.Clinical Immunology and Immunopathology, 67 , 55e 67.
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Frisian Water dog litters when they reached 8e 12 weeks of age at a time when maternal im-
munity has largely faded. The puppies develop diarrhea, seizures, and severe vestibular
ataxia. On necropsy they suffer from multifocal encephalitis, multiple widespread granulo-
matous lesions, hepatitis, myocarditis, and severe lymphoid depletion. The cortex of their
thymus and lymph nodes were undetectable, and Hassall’s corpuscles were absent. Blood
counts showed a severe lymphopenia with less than 1% lymphocytes seen in blood smears.
Flow cytometry failed to detect any CD21 � , CD4� , or CD8-positive cells. These puppies
totally lacked IgM; an immunoglobulin class made by the puppy itself. IgG and IgA levels
were very low or undetectable. Their mothers had normal IgG, IgA, and IgM levels. The dis-
ease results from a mutation in the gene encoding the V(D)J recombinase RAG1. A point mu-
tation has converted a glutamate codon into a stop codon thus cutting off 79 residues from
the enzyme (Verfuurden et al., 2011).

A primary immunode � ciency syndrome involving both antibody- and cell-mediated im-
munity has been identi � ed in a family of 10 Shar Pei dogs (Rivas et al., 1995). The dogs
had an immunoglobulin de � ciency characterized by low levels of IgA and IgM and some an-
imals had low IgG as well. Their lymphocytes showed reduced proliferative responses to
pokeweed mitogen. The dogs suffered from recurrent infections and developed tumors.
The dogs responded positively to treatment with recombinant IL-2 suggesting that their
IL-2 receptor was functional.
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FIGURE 24.6 The two de� ned canine X-linked SCID mutations in the IL-2Rg gene. In the Corgi mutation, the
insertion of a single cytosine residue into the gene leads to the generation of a stop codon and premature termination
of peptide synthesis. In the Basset mutation, deletion of four bases causes a frame-shift mutation and also leads to the
generation of a stop codon (not shown). Data from Henthorn, P. S., Somberg, R. L., Fimani, V. M., et al. (1994). IL-2R
gamma gene microdeletion demonstrates that canine X-linked severe combined immunode� ciency is a homolog of the human
disease.Genomics, 23, 69e 74 and Somberg, R. L., Pullen, R. P., Casal, M. L., et al. (1995). A single nucleotide insertion in the
canine interleukin-2 receptor gamma chain results in X-linked severe combined immunode� ciency disease,Veterinary
Immunology and Immunopathology, 47 , 203e 214.
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Immunoglobulin de� ciencies

A selective IgM de� ciency has been reported in two related Doberman Pinschers. One an-
imal was asymptomatic, whereas the other had a chronic mucopurulent nasal discharge and
bronchopneumonia. Both these animals had high IgA, low IgG, and very low IgM. They
experienced only a chronic nasal discharge, so the clinical signi� cance of this de� ciency is
in doubt ( Plechner, 1979).

Selective de� ciencies of IgA have been observed in several breeds, but German Shepherd
Dogs and Shar Peis are especially predisposed these. As a result, they can develop infectious
disorders, including mycoses, anal furunculosis, deep pyoderma, and small intestinal bacte-
rial overgrowth. This suggests that they have de� ciencies in mucosal immunity. Consistent
with this is the observation that German Shepherds in the United Kingdom have normal
IgM and IgG levels but signi � cantly reduced levels of IgA (w 80 mg/dL), as opposed to
170 mg/dL in control dogs. Likewise, dogs of this breed have signi � cantly lower concentra-
tions of IgA in their tears compared with other breeds ( Littler et al., 2006). They have normal
numbers of IgA-producing plasma cells, implying that the de � ciency may be due to defective
synthesis or secretion of IgA. German Shepherds also have signi� cantly reduced median IgA
levels in feces compared with other breeds. Many have IgA concentrations below the 95%
con� dence limit of the control population, and some lack detectable fecal IgA. Their fecal
IgG and albumin levels tend to be higher than controls.

Shar Pei puppies with recurrent cough, nasal discharge, conjunctivitis, and pneumonia, as
well as demodicosis and Microsporum canisinfections, have also been identi� ed as having a
selective IgA de� ciency (< 15 mg/dL). Likewise, abnormally low IgA concentrations are
found in a high percentage of clinically normal Shar Pei dogs (Median 8 mg/dL) ( Ellis, 2019).

Other breeds with a signi� cant proportion ( > 10%) of dogs with unusually low IgA levels
include Hovawarts, Norwegian elkhounds, Nova Scotia Duck Tolling retrievers, Bull Ter-
riers, Golden Retrievers, and Labrador Retrievers (Ellis, 2019).

GWAS has been undertaken in four susceptible breeds, German Shepherd, Golden
Retriever, Labrador Retriever, and Shar Pei and 35 gene loci potentially associated with
canine IgA de� ciency have been identi� ed. In German Shepherd dogs three genes (KIRREL3,
SERPINA9, and SLIT1) were signi� cantly associated with low IgA levels . In Shar Peis, a
w 20 kB haplotype of SLIT1 was also signi� cantly associated with IgA de� ciency. SLIT1 is
expressed in the bone marrow and plays a key role in B cell development. SERPINA9 is
also expressed on developing B cells and plasma cells (Olsson et al., 2015).

The underlying defect in these dogs appears to be a premature arrest in B cell develop-
ment, perhaps accompanied by excessive Treg function or decreased Th function (Norris &
Gershwin, 2003). Thus, IgAþ B cells can be readily detected in these dogs. They do not, how-
ever, differentiate into IgA-producing plasma cells. In affected German Shepherd dogs, the
density of IgA þ B cells in the duodenal or jejunal mucosa is no different than that in healthy
control dogs with normal serum IgA levels. In this breed, low IgA levels are also associated
with the development of pancreatic acinar atrophy.

Given the reciprocal relationship between IgA and IgE levels on body surfaces it is unsur-
prising that IgA-de � cient dogs are more prone to atopy (Tengvall et al., 2013). There are
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signi� cantly lower levels of IgA in dogs with atopic dermatitis ( < 10 mg/dL) compared to
healthy dogs (> 20 mg/dL). A signi � cant association of these traits with a locus on chromo-
some 27 was also noted. This locus contains the PKP2 gene encoding plakophilin 2. This is an
important desmosomal protein.

A primary IgA de � ciency has also been described in inbred Beagles. The dogs had a his-
tory of parain � uenza and endemic kennel cough due to Bordetella bronchiseptica. Despite
vaccination, these animals continued to experience recurrent respiratory tract infections
and otitis. Immunoelectrophoresis and radial immunodiffusion showed normal serum IgG
and IgM levels but very little IgA ( < 5 mg/dL). Phenotypically normal parent dogs also
had very low IgA levels. Four affected dogs had circulating anti-IgA antibodies. Their T
and B lymphocyte numbers and responses to mitogens were normal, as was their response
to tetanus toxoid. They had a normal number of plasma cells secreting IgG and IgM but
no plasma cells secreting IgA. When two affected animals were mated, four out of � ve
pups in the litter were IgA de � cient. The disease was not sex-linked (Ellis, 2019).

Irish wolfhound rhinitis has long been recognized as a problem. It is presumed to result
from an IgA de � ciency. Young dogs, under one year-of-age, suffer from a persistent nasal
discharge, cough, and dyspnea. It eventually proceeds to a bilateral pneumonia and death
(Leisewitz et al., 1997). In one study, serum IgA levels were below the reference range in 5
of 8 affected dogs, although two dogs had elevated IgA levels in their bronchoalveolar
wash � uid. The affected animals were located in different European countries but had a com-
mon ancestry (Clercx et al., 2003).

IgA levels have been measured in the serum of 163 free-ranging and captive wolves in
Scandinavia as well as from 33 Canadian wolves. The median IgA concentration for Scandi-
navian wolves was 0.054 g/L. The median value for Canadian wolves was 0.18 g/L. The me-
dian values in dogs range from 0.15 to 0.3 g/L depending on the breed. Thus, relative to dogs
and Canadian wolves, Scandinavian wolves are IgA de� cient. Up to 60% of Scandinavian
wolves had IgA levels as low as high-risk dog breeds such as Shar Peis. Whether this differ-
ence in serum levels is clinically signi� cant, and whether the difference extends to IgA levels
on body surfaces or in secretions such as milk is unclear (Frankowiack et al., 2013, 2015).

A transient hypogammaglobulinemia has been observed in two puppies from a litter of
young Spitzs that experienced recurrent upper respiratory tract infections between 8 and
16 weeks of age. These dogs had normal T cell numbers and mitogen responses. They had
low immunoglobulin levels and low antibody titers to vaccine antigens at 16 weeks. The
puppies responded very weakly to tetanus toxoid when it was administered at 4 months.
By 6 months, however, immunoglobulins had risen to normal levels, and the puppies
regained their health. It is believed that these puppies experienced a delayed onset of immu-
noglobulin synthesis.

Cavalier King Charles Spaniels with Pneumocystispneumonia had IgG concentrations that
were signi� cantly lower in affected dogs (median, 3.2 mg/mL) than in breed- and age-
matched control dogs (median, 8.5 mg/mL). IgM levels, in contrast, were signi � cantly higher
in the affected dogs. IgA levels were within the normal range. Lymphocyte counts in affected
dogs were normal or high. This may well be an IgG-de � ciency syndrome (Hagiwara et al.,
2001; Watson et al., 2006).
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Common variable immunode� ciency

Common variable immunode � ciency has been documented in Miniature Dachshunds and
a Pomeranian. In the case of the Dachshunds, seven animals under 1 year of age developed
Pneumocystispneumonia. Investigation showed that the animals were de� cient in IgG, IgM,
and IgA. Their lymphocytes failed to respond to the mitogens phytohemagglutinin or poke-
weed (Lobetti, 2000).

There were no detectable B cells in their lymphoid tissues but CD3þ , CD79aþ T cells were
present. Although the Pneumocystis cariniipneumonia responded to aggressive therapy, these
animals died young.

The Pomeranian was 20 months old when it developed Pneumocystispneumonia and
generalized demodectic mange. Clinical pathology showed a neutrophilia and a hypogam-
maglobulinemia. Its IgG and IgA levels were low. On necropsy, the dog showed severe
lymphoid depletion in the spleen and other lymphoid organs. B cells and plasma cells
were markedly decreased in the spleen, lungs, intestine, and skin. CD3þ T cells were abun-
dant in these tissues. Its lymphoid follicles contained mainly CD3 þ T cells with a few B cells.
Thus, in both cases the defects appeared to primarily affect B cells (Kanemoto et al., 2015).

T cell de� ciencies

Growth hormone de � ciency

A family of inbred Weimaraners has been reported as suffering from immunode � ciency
and dwar � sm. The animals appeared normal at birth, but at 6e 7 weeks they developed a
wasting syndrome characterized by emaciation, unthriftiness, and lethargy. The puppies
began to experience recurrent persistent infections that eventually killed them. On necropsy
their thymuses were atrophied and lacked a cortex. These animals had normal immunoglob-
ulin levels, their helper cell activity was unimpaired, and their secondary lymphoid organs
appeared normal. However, their lymphocytes were unresponsive to mitogens such as
phytohemagglutinin and they were found to be de � cient in growth hormone. The disease
was almost certainly due to a de� ciency of growth hormone as a result of a lesion in the hy-
pothalamus and con� rms that the thymus requires growth hormone to function ( Roth et al.,
1980). Growth hormone therapy over a period of 1 month resulted in clinical improvement,
and a marked increase in the thickness and cellularity of their thymic cortex. However, this
therapy failed to improve the responsiveness of their lymphocytes to mitogens (Roth et al.,
1984).

German Shepherd pyoderma

German Shepherd pyoderma is, as its name implies, a chronic skin disease that occurs in
middle-aged German Shepherd dogs and is associated with infection with coagulase-positive
staphylococci. These cases do not respond well to antibiotic therapy, and it is believed to
re� ect some form of underlying genetic or immunological defect. Although affected dogs
appear to mount normal humoral responses, limited studies have shown reduced lympho-
cyte responses to mitogens, an imbalance of lymphocyte subsets (CD4 cells are depressed,
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CD8 cells are increased), and a decline in the level of CD21þ B cells. (The complement recep-
tor CD21 plays a role in B cell activation.) When the number of CD3þ T cells and B cells were
examined in normal dog skin and in the skin of dogs with pyoderma, it was found that the B
cell numbers were similar but that the number of T cells in � ltrating the lesions in German
Shepherds was signi� cantly reduced, suggesting that T cell dysfunction may play a role in
the pathogenesis of pyoderma in this breed.

Acrodermatitis

Acrodermatitis has been identi� ed in Bull Terriers and Miniature Bull Terriers ( McEwan,
2001). This is a complex immunode� ciency syndrome associated with growth retardation,
skin lesions, especially on the paws (acrodermatitis, chronic pyoderma, paronychia), diar-
rhea, recurrent pneumonia, and abnormal behavior. The puppies were weak at birth and
did not nurse well. When weaned, they had dif � culty eating and failed to grow. Small,
crusted lesions developed between the digits, and a pustular dermatitis developed around
the eyes and mouth at 6e 10 weeks. The lesions developed into a severe pyoderma. Fungi
such as Malasseziaand Candidawere readily isolated from the lesions. Diarrhea developed
early in the disease, and pneumonia was common. The puppies had a median survival
time of 7 months. They had a neutrophilia, normal IgG and IgM levels but signi � cantly lower
IgA levels, and hypercholesterolemia. Plasma zinc levels were signi� cantly lower than age-
matched controls. On necropsy there was a severe loss of T cells in their lymphoid organs
so that the puppies lacked a thymus, and their lymph nodes and spleen were very small.
The disease was inherited as an autosomal recessive disease, and the parents of affected
puppies could be traced to one common ancestor.

Canine acrodermatitis was originally considered to result from a zinc de � ciency since a
very similar disease occurs in zinc-de� cient calves. That no longer appears to be the case.
It is inherited as an autosomal recessive trait. When these puppies were treated with oral
zinc, very high doses resulted in some clinical improvement, but this could not be sustained
(Jezyk et al., 1986). The defective gene is now known to be located on chromosome 14.
The cause is a splicing defect in the MKLN1 gene encoding an intracellular protein,
muskelin 1. The functions of muskelin are unclear and debated, but it probably acts as an
intercellular adherence protein (Bauer et al., 2018).

Uncharacterized immunode� ciencies

The veterinary literature contains several reports of dogs with severe recurrent infections
caused by organisms that are not normally considered to be highly pathogenic. For example,
Protothecosis, an algal infection, has been recorded in dogs in which is causes disseminated
disease involving the intestine, brain, and eyes (Vince et al., 2014). One-third of these cases
have been in Collies, suggesting an inherited predisposition. Weimaraners are unusually sus-
ceptible to some systemic bacterial infections; German Shepherds are susceptible to general-
ized systemic Aspergillus infections, whereas some Rottweiler and Doberman families are
unusually susceptible to parvovirus infections. None of these have been shown to be due
to primary immunode � ciencies, and all require further investigation.
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Further information

OMIA.org . Online Mendelian Inheritance in Animals. University of Sydney. A catalog of
inherited disorders, other traits, and associated genes in 470 animal species.
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25

Aged dogs and immunosenescence

Advances in nutrition and veterinary care have had a signi � cant effect on the lifespan of
dogs in developed countries. Thus, in the United States it has been estimated that 33% of the
pet dog population is aged between 6- and 10-year-of-age while 15% are over 11 years (Alex-
ander et al., 2018). In Britain, of dogs dying from natural causes, their average lifespan was 12
years and 8 months but there is great variability among breeds and sizes. Small breeds tend
to live longer than large breeds. For example, the average lifespan of a Chihuahua is 15 years.
However Golden Retrievers live for about 12 years, while Irish Wolfhounds live, on average,
for 6.2 years. Mongrels live longer on average but some breeds such as Jack Russell Terriers,
Miniature Poodles, and Whippets live longer than mongrels. Only 8% of dogs live beyond 15
years (Mitchell, 1999). Spayed females live longest, while neutered males have the shortest
lifespan. In North America, young dogs die most commonly from gastrointestinal and infectious
causes, whereas older dogs tend to die from neurologic and neoplastic diseases (Fleming et al.,
2011).

Aging is a complex multifactorial process that involves many body systems. Much de-
pends upon the progressive accumulation of epigenetic changes such as DNA methylation.
This tends to be a linear process in humans but not so in dogs. For example, by the end of
their � rst year of life, dogs have a degree of DNA methylation equivalent to a 30-year-old
human. This process then slows considerably so that a 9-year-old dog has a similar level
of methylation to a 65-year-old human ( Wang et al., 2020). Progressive aging results in a
reduction in skeletal muscle mass, a general loss of bone mass, cartilage degradation in joints,
and brain atrophy. Adipose tissue may increase as lean body mass declines. Genetic damage
accumulates, telomeres shorten, epigenetic changes persist, nutrient signaling is altered, mito-
chondria begin to dysfunction, stem cells decline, and in� ammation increases (McKenzie,
2022) (Fig. 25.1).

When causes of death in elderly dogs were analyzed by body system, the reproductive system
showed most lesions (72% in intact males and 61% in intact females). This was followed by uri-
nary tract lesions (46%) and cardiovascular lesions (44%), digestive tract (31%), liver (28%),
pancreas (6.8%), and nervous system (3.4%) (Dias-Pereira, 2022). Malignant neoplasms were
the leading cause of deathd almost half, followed by “ old age.” Cardiac failure accounted for
17% while in� ammatory lesions accounted for 14.7%. Most of the in� ammatory lesions were
related to the urinary tract followed by respiratory tract and the genital system. Most of the deaths
due to “ old age” resulted from euthanasia prompted by neurologic and musculoskeletal disease.
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As animals age their immune system changes. These changes affect many immune param-
eters when compared to the young and healthy. For example, aging of the immune system is
associated with a decline in cell-mediated immunity and an increase in innate immunity.
Beginning with thymic involution, T cell numbers drop over time while memory cells accu-
mulate. There is also a shift in the helper T cell balance from Th1 to Th2 responses associated
with a decline in IL-2 production ( Schumaker et al., 2021). These changes contribute to the
increased severity of infections in aged dogs. They may also contribute to the increased prev-
alence and lethality of cancers (Franceschi et al., 2017).

Most of the intrinsic factors that in � uence lifespan and thus immunosenescence are under
genetic control. They do this because genes control critical housekeeping and cellular main-
tenance functions such as the elimination of invaders and the repair of tissue damage. In fact,
longevity is directly correlated with optimal performance of the immune systems. Thus, as
the immune system ages, a phenomenon called immunosenescence occurs. This is de� ned
as the series of age-related changes that adversely affect the immune system. These in turn
result from chronic stimulation by in � ammatory immune responses (Candore et al., 2006).

Obviously, the ability of the immune system to permit an animal to survive in a microbial
world until successful reproduction and parenting have occurred is central to species sur-
vival. After that critical period, in postreproductive life, chronic in � ammation progressively
develops. In this situation, a weak in � ammatory response may serve to increase lifespan pro-
vided the pathogen burden remains low.

REDUCED IMMUNITY
Respiratory burst
Chemotaxis
NO production
T cell numbers
T cell proliferation
NK cell functions
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Neutrophil recruitment
DTH responses
Wound healing 
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FIGURE 25.1 The key features of aging in the dog.
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Innate immunity

Innate, cell-mediated, and humoral immune responses all change with advancing age (Fig.
25.2). This is characterized by chronic activation, decreased responsiveness to stimulation,
and reductions in the ef� ciency of antigen processing and presentation (Candore et al.,
2006). For example, neutrophils and macrophages from the aged have a decreased ability
to mount a respiratory burst and to produce reactive nitrogen species. As a result, they are
less able than cells from the young to kill ingested bacteria. The ability of neutrophils from
Beagles to kill Lactococcus lactisdeclined by 25% by 4 years of age when compared to
1 year of age. and by 39% by 10 years of age (Hall et al., 2010).

Macrophage numbers decline in aged animals, and they express lower levels of TLRs. Aging
is associated with impaired PRM signaling. When stimulated with TLR ligands, aged macro-
phages secrete reduced amounts of IL-6 and TNF-a. Aged macrophages also show reduced re-
sponses to activators such as IFN-g. Whereas young dogs (< 1 year of age) had signi� cantly
higher levels of messenger RNA for CXCL-8R, L-selectin, and IL-1b-converting enzyme
when compared to older dogs (Day, 2010). Recent studies have suggested that signaling by
IL-4 slows macrophage aging by promoting the production of DNA repair enzymes. It thus
maintains macrophage functionality and prevents macrophage senescence.

Senescence-associated secretory phenotype

Aging is associated with the progressive increase in a chronic low-grade in� ammationd a
process called in� ammaging. As dogs age their innate immune responses increase in effec-
tiveness but, on the other hand, also increase the risks of unwanted in� ammatory diseases.
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FIGURE 25.2 Absolute lymphocyte counts in a colony of beagles of different ages. CD21 is a B cell marker.Data
from Faldyna, M., Leva, L., Knotigova, P.,& Toman, M. (2001). Lymphocyte subsets in peripheral blood of dogs e a� ow
cytometric study.Veterinary Immunology and Immunopathology, 82 , 23e 37. With permission.
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In young animals, aged or damaged cells such as erythrocytes and leukocytes are effec-
tively removed by macrophages. As cells age, however, they undergo alterations in structure,
chromatin organization, and metabolism. Their growth is arrested, and they begin to
generate senescence-associated DAMPs that act through TLR2 and IL-1b to activate the
NF-kB pathway. These chronically activated senescent cells eventually develop a state known
as the senescence-associated secretory phenotype (SASP). They undergo metabolic reprog-
ramming, and as a result, produce increasing quantities of in� ammatory mediators, immune
modulators, growth factors, and proteases such as TNF-a, IL-1b, IL-6, matrix metallopro-
teases, enzymes, and chemokines. They also generate exosomes containing not only enzymes
but also micro-RNA and DNA fragments, as well as chemokines. As a result, TNF-a, IL-6, IL-
8, and C-reactive protein levels in the bloodstream increase gradually over time while these
senescent cells progressively accumulate (Behmoaras& Gil, 2020). SASP cells are metaboli-
cally active and while just a relatively small proportion (2% e 3%) of tissue cells are signi� cant
contributors to the diseases of aging.

Generation of SASP cells is the main driver of age-related in� ammation. At low levels,
these cells may be protective, but as the levels of proin� ammatory cytokines increase,
they eventually provoke the development of chr onic diseases heart disease, neurodegener-
ation, and arthritis. In som e respects, therefore in� ammaging can be considered a manifes-
tation of innate autoimmunity. SASP cells however can also promote tissue repair and
wound healing ( Kale et al., 2020). Eliminating these cells may delay age-related tissue
dysfunction and potentially increase an animal ’s lifespan (Baker et al., 2016). The generation
of a SASP phenotype is, in general, a detrimental process. Under normal circumstances
macrophages eliminate unwanted dead, dying, and neoplastic cells. Thus, TNF-a secreted
by macrophages can serve to induce apoptosis in senescent dermal� broblasts. Once this
has occurred the dead cells are phagocytosed by the macrophages. However, SASP cells
suppresses these clearance functions and as aresult, senescent cells can accumulate (Ogata
et al., 2020).

Th17 cells play an important role in the pathogenesis of many immune-mediated in � am-
matory diseases in animals. The numbers of Th17 cells have been assessed over time in dogs
and it has been found that their numbers are positively correlated with age, a � nding compat-
ible with the concept of in � ammaging. Thus, in dogs under 1 year of age the proportion of
CD3þ CD4þ IL-17þ T cells averaged 1.52%. In dogs 1e 5 years-of-age, the average was
3.81%; while in dogs 6 years of age or older, they had risen to 7.49% (Akiyama et al., 2019).

Calorie restriction

Feeding a calorie-reduced diet has been shown to extend the lifespan of many mammals
and dogs are no exception. Thus, dogs fed a diet with its energy content reduced by 25%
increased the lifespan of a colony of Labrador Retrievers by an average of 1.8 years when
compared to control dogs fed 100% energy content in the same diet. The dogs on the
reduced energy diet showed a delayed onset of late-life in� ammatory diseases such as oste-
oarthritis. Studies on this group of dogs also demonstrated that risk of early death was asso-
ciated with lower lymphoproliferative res ponses to plant mitogens, lower total CD8
lymphocyte counts, and higher B cell counts. Prolonged calorie restriction in dogs retarded
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these age-related declines in lymphoproliferative responses, in absolute numbers of lym-
phocytes, and in the numbers of CD4þ , and CD8þ T cell subsets. This may be a result of
a reduced adipose tissue mass resulting in low leptin levels. Calorie restriction appears to
have had no effect on neutrophil phagocytic activity, antibody production, or NK cell activ-
ity ( Lawler et al., 2008).

Lymphoid organs

Aging is associated with progressive degenerative and structural changes in canine
lymphoid organs. Thymic involution is the most obvious of these changes. In dogs, the pro-
cess of thymic evolution is very variable. As a result, in dogs 9e 12 months-of-age there is a
great diversity of thymic sizes and weights. Some thymic regions lack epithelial cells where
lymphocytes accumulate under the capsule. Other age-related changes include cystic dilation
of Hassall’s corpuscles and the accumulation of cellular debris. However, the process is pro-
gressive and inexorable (Haley, 2017). As a dog ages, its thymus shrinks and is gradually
replaced by adipose tissue. Nevertheless, the aged canine thymus still contains small
amounts of lymphoid tissue and remains functionally active.

While it is generally accepted that a link exists between immune competence and lifespan,
it is unclear just how this relates to thymic function. One way to measure thymic output is to
measure signal joint T cell receptor excision circles (sj-TRECs) generated when T cell antigen
receptors are assembled. (The unwanted DNA is excised and discarded in the form of a DNA
circle.) sj-TRECs have been quanti� ed in different dog breeds to determine if there is a rela-
tionship between thymic output and dog longevity. Thus, in Labrador Retrievers, a breed
with an average lifespan of 11 years, it was found that sj-TREC values declined with age.
The greatest decline occurred before 5-year-of-age. The numbers then stabilized before begin-
ning to fall again at 9e 10 years. Thus, 16% of mature dogs and 45% of geriatric Labradors
had undetectable sj-TRECs. However, some were still detectable in 13-year-old dogs.

In large, short-lived breeds such as Bernese Mountain Dogs, Great Danes, and Dogues de
Bordeaux, the decline in sj-TRECs occurred earlier in life (w 2 years) than in small, long-lived
breeds such as Jack Russell and Yorkshire Terriers (w 4e 5 years). The presence of dogs with
undetectable sj-TRECs occurred at a younger age in the short-lived breeds. There was no ev-
idence that gender or neutering affected these results (Holder et al., 2016).

Ileal Peyer’s patches involute after sexual maturity in dogs. Old dogs have a reduced
splenic white pulp. Age-related lymph node changes vary depending on their location but
include cortical atrophy and medullary � brosis.

Adaptive immunity

Absolute numbers of T cells, B cells, and NK cells are lower in aged animals. There are no
differences in their complement activity nor in their acute-phase responses. In Labrador Re-
trievers, absolute numbers of leukocytes, lymphocytes, monocytes, granulocytes, and CD3þ ,
CD4þ , CD8þ , and CD21þ lymphocytes decrease signi� cantly with increasing age (Blount
et al., 2005).
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B cell responses

The bone marrow is relatively unaffected by old age, and an aged bone marrow can
reconstitute the body as well as a young one. If aged B cells are mixed with young
T cells, the response is relatively normal. If the reverse is attempted (i.e., mixing young B
cells with aged T cells), the B cells respond poorly. Somatic mutation in immunoglobulin
V region genes declines in old animals so that antibody af� nity tends to be lower than in
young animals. Nevertheless, immunoglobulin concentrations do not decline in old
age. Studies on old Labrador Retrievers showed little decline in antibody responses.
Serum levels of IgM increased with age but there was no obvious effect on IgG or
C-reactive protein levels. Serum IgA levels also increase with age (Day, 2010). Baseline
levels of heat shock protein 70 decreased with age as did the dog’s responses to heat stress
(Alexander et al., 2018).

Although aged dogs may mount poorer primary responses to vaccines, their memory
responses tend to remain unaffected. Elderly animals generally have persistent
protective antibody levels and respond by elevations in titer upon boosting with vaccines.
There is however a difference with newly encountered antigens. A study of dogs receiving
rabies vaccine for the � rst time showed that a signi � cant decrease in antibody titers and a
corresponding increase in vaccine failures occurred in older dogs (HogenEsch& Tompson,
2010). Likewise, a study on several hundred geriatric dogs in Italy indicated 80% of
senior dogs and 20% of geriatric dogs had a protective level of antibodies against the
three major canine virus diseases, parvovirus, adenovirus, and distemper. Elderly dogs
should be vaccinated if they lack these protective antibodies and are considered to be at
risk (Dell ’Ara et al., 2023).

T cell responses

Aging is associated with the progressive increase in defects in lymphoid cell hematopoie-
sis, especially T and B cells. It has been theorized that one reason for this is the development
of a bias in hematopoietic stem cells (HSCs) toward producing myeloid cells and megakaryo-
cyte precursors. However, it appears that all lineages, lymphoid, myeloid, and megakaryo-
cyte show a progressive loss of differentiation. HSCs can compensate for these defects in
the myeloid cell line and in B cell precursors but not in the T cell precursors. As a result,
of this stem cell uncoupling, T cell production is selectively impaired ( Jang et al., 2023).

The greatest impact aging has on the immune system is the decline of cell-mediated re-
sponses (Pereira et al., 2019). In a study on Labrador Retrievers, it was reported that earlier
death was associated with lower responses to mitogens, reduced total lymphocytes, T cells,
CD4:CD8 ratio, and higher B cell percentages (Greely et al., 1996).

Although the thymus involutes with age, the T cell pool has to be maintained. This is
accomplished by periodic expansions of the T cell population. However repeated prolifera-
tive episodes erode telomeres and as a result T cells age. End-stage T cells with shortened
telomeres accumulate. Because of this T cell senescence, the relative percentages of lympho-
cytes and CD4þ T cells decrease, whereas the percentage of granulocytes and CD8þ T cells
increases with age (Nikolich-Zugich, 2018) (Fig. 25.2). As a result, there is a decline in the
CD4:CD8 ratio (Hogg et al., 2011). The thymic involution results in the reduced export of cells
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from the thymus and a decline in the numbers of CD4 þ T cells. In addition, the lymphocyte
population of the aged dog changes from a naïve population to a memory cell population.
T cells from aged animals lose their ability to progress through the cell cycle. As a result, early
events in the T cell response to antigens, such as activation of protein kinase C and the rise in
intracellular calcium, are impaired. Even after expressing IL-2 receptors and being exposed to
IL-2, aged T cells may not respond effectively to antigens. Analysis shows that some aged
T cells continue to produce normal amounts of IL-2, but many do not. Thus, aged T cell pop-
ulations are mixtures of fully functional and impaired cells. It also appears that aged T cells
begin to express many of the enzyme pathways associated with NK cells (Laphanuwat et al.,
2023).

As their response to mitogens declines so too does the intensity of cutaneous delayed hy-
persensitivity responses (Day, 2010). In aged dogs there is reduced T cell diversity with
increasing age. Old dogs, however, employ an increased diversity of TCR V domains
compared to younger dogs (Holder et al., 2018). g/ d T cells accumulate with age in adipose
tissue and produce IL-17 which controls the homeostasis of Treg cells and also the mainte-
nance of core body temperature (Papotto & Silva-Santos, 2018). IL-10-producing Tfh cells
also accumulate with age and so contribute to age-related immunosuppression (Almanan
et al., 2020).

The aged microbiota

Intestinal physiology and function also change during the aging process (Kearns et al.,
1998). Given the importance of the gastrointestinal lymphoid tissues and their interactions
with the microbiota, it is unsurprising that the intestinal microbiota may exercise a signif-
icant effect on the aging of the adaptive immune system. It is also well established that
the microbiota also changes with age, and it is likely that these changes can affect the health
of the aged dog. When the canine microbiota is investigated in dogs of different ages, it is
clear that the numbers of Lactobacilli especially change. Their numbers and relative preva-
lence decline as dogs get older. In addition, the Lactobacillus species also change, for
example L. johnsoniidisappears. Enterococci also decline while Bi� dobacteria consistently
dominate (Masuoka et al., 2017). Other investigators have reported con� icting results
with increasing Lactobacilli and Bacteroides in old dogs (Kearns et al., 1998). Either way,
these alterations may well contribute to some of the changes that occur in the aging immune
system.

You and Kim found in their studies that the abundance of Firmicutes, especially Fusobac-
terium perfoetensin canine fecal samples was positively correlated with age (You & Kim,
2021). They also found that overall microbial diversity declined with decreasing age.

There is also good evidence that the gut microbiota in� uences both canine behavior and
neurodevelopment. When the fecal microbiota was examined in a group of 29 pet dogs
and correlated with the results of behavioral tests, it was found that there was a linkage be-
tween their fecal bacterial content and their cognitive performance. Thus, fewer Fusobacteria
were found in older dogs while better memory performance was associated with a lower pro-
portion of Actinobacteria ( Kubinyi et al., 2020).
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26

The canine microbiota and dysbiosis

As canids evolved over millions of years, like other vertebrates, they were obliged to
develop a relationship with the microbes in their environment, especially those residing on
body surfaces (Dutton et al., 2021; Ley et al., 2008). As a result, the immune systems depend
upon the microbiota for their development and function while they, in turn, regulate the
composition and behavior of these microbial populations. For example, the surfaces of a
dog’s body provide stable, nutrient-rich ecosystems where microbes thrive. Each is populated
by enormous numbers of bacteria, archea, fungi, and viruses collectively termed the micro-
biota. The bacteria are the best studied of these. Thus, bacteria live on the skin, in the respi-
ratory tract, in parts of the genitourinary tract, sometimes within the body but mainly within
the gastrointestinal tract. It has been estimated that in an animal body, about half of all the
cells are microbial. As a result of their life-long, intimate association with body surfaces,
the microbiota can be considered to be an integral part of the dogd “ a virtual organ. ” As
such, they in� uence both innate and adaptive immunity and conversely, they are in � uenced
by signals from their host. This has given rise to the concept that animals and their microbiota
together form “ superorganisms” that share nutrition and exchange energy and metabolites
and whose complex interactions are regulated in large part by immune mechanisms
(Fig. 26.1).

By harnessing the diverse genomes present in the microbiota, animals can enhance their
metabolic potential and utilize food much more effectively. (Dogs possess about 19,000
protein-encoding genes while their microbiota may collectively possess about 10 million.)
Because of the microbiota, many animals can utilize food sources that would otherwise be
unavailable. Microbial metabolism permits animals to adapt to otherwise noncompetitive
lifestyles. For example, mice with a conventional microbiota need to eat 30% fewer calories
than germ-free mice in order to maintain their body weight. This is due to the ability of
the microbiota to extract more energy from food ( Dutton et al., 2021).

It is now well accepted that the intestinal microbiota both contribute to local host defenses
and also have effects on the immune system that extend throughout the body (Lee& Mazma-
nian, 2010). Nutrients and microbial metabolites are continually released into the dog ’s body
where they in� uence both immune and in� ammatory responses.

The immunological defenses on body surfaces are therefore faced with the task of coexist-
ing with the microbiota while at the same time preventing any inadvertent invasion through
breaks in the epithelial barriers. The microbiota collectively releases a complex mixture of
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metabolites, vitamins, and nutrients, that signal to the host’s immune system cells and in� u-
ence their development, function, and behavior (Arpaia & Rudensky, 2014). This is re� ected
by the profound effects of the microbiota on the development of canine autoimmune and
allergic diseases.

Carnivores

The gastrointestinal tract of carnivores is less complex and shorter than that of herbivores
given that the energy available from ingested muscle or adipose tissue is more readily avail-
able and thus requires a less diverse microbiota to extract it (Hecker et al., 2019). Carnivores
will, however, inevitably consume parts of the gastrointestinal tracts of their prey. Thus, they
will also ingest many of the organisms from their prey microbiota. This is not necessarily a
bad thing since few of the ingested organisms are likely to be signi� cant pathogens. That
said, many carnivores are not fussy about who they eat, and they generally prefer to catch
and eat the easiest prey available. Thus, sick and injured animals are disproportionately
more likely to be caught and eaten. An effective vomiting re � ex will confer some protection
from “ food poisoning. ” Nevertheless, carnivores and their microbiota have clearly evolved in
such a way that they are relatively resistant to ingested pathogens. As a result, defensive
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mechanisms such as highly acidic stomach contents and the production of multiple defensins
by intestinal cells play important roles in maintaining gut homeostasis in these species. Car-
nivores also generally avoid eating the carcasses of dead conspeci� cs.

An appropriately balanced microbiota generates antiin � ammatory molecules such as
short-chain fatty acids (SCFAs), polysaccharide A, and peptidoglycans. SCFAs such as
formate, acetate, butyrate, and succinate, and glycans are produced in abundance by a diet
rich in bones and connective tissue (Rooks & Garrett, 2016) (Fig. 26.2). Human populations
that consume large amounts of � ber have a lower prevalence of colitis and in� ammatory dis-
ease than those on a re� ned western diet. Among the SCFAs produced, butyrate has potent
antiin � ammatory properties and inhibits proin � ammatory responses by intestinal macro-
phages. Butyric acid acts on macrophages and prevents epigenetic changes by inhibiting his-
tone deacetylases. Butyrate also increases intestinal barrier functions by stimulating
enterocytes and increasing transcription of mucin genes, goblet cell differentiation, and
mucus production. A balanced and healthy microbiota also promotes food tolerance and
effectively suppresses food allergies by stimulating Treg activity (Fig. 26.2).

The normal canine microbiota

The development of the immune system in newborn puppies is driven by the organisms
that colonize their skin as well as the gastrointestinal and respiratory tracts of their mothers.
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These early-life microbial exposures determine how the immune system develops (“ germ-
free” mammals such as laboratory rodents fail to develop mucosal lymphoid tissues). The
microbiota generates a complex mixture of microbial-associated molecular patterns that act
through enterocyte toll-like receptors (TLRs) to promote the functional development of the
intestinal immune system (Gensollen et al., 2016). The intestinal and skin microbiota also
contribute to this process as newborn puppies suckle and are licked and groomed by the
mother (Brown & Clarke, 2016).

The skin

Normal skin harbors trillions of microorganisms. These are found on the surface of kera-
tinocytes and extend deep into sebaceous glands and hair follicles. The skin is not, however, a
hospitable environment. The outer cell layers are constantly shed and replaced by new cells
from below. It is cool in some areas and hot in others. Haired skin is very different from
mucocutaneous junctions. Some areas of skin are very dry, with a high salt content. Skin se-
cretions are often hydrophobic and acidic as well as being nutrient poor. Other areas may be
moist but bathed in a complex mixture of proteases, lysozyme, and antimicrobial peptides
such asb-defensins, and cathelicidin. Nevertheless, it has been estimated that up to a billion
bacteria may live on a square centimeter of human skin. Given the sheltering effects of hairs,
it is likely that the skin microbiota on dogs may be even more complex. It clearly varies
greatly between different dogs and different skin sites. For example, there is higher diversity
in haired skin, compared to mucocutaneous junctions. The highest microbial diversity has
been found in the axilla and the dorsum of the nose (Rodrigues Hoffmann et al., 2014). On
average about 300 different bacterial species have been identi� ed on the dorsum of the canine
nose alone (Fig. 26.3).

The skin microbiota consists of a resident population that is relatively stable and
consistentd a true commensal population, and a minor population of transient bacteria
that may only persist on the skin for hours or days. Both populations contain a mixture of
commensals and potential pathogens, yet invasion and disease are relatively uncommon.
Large populations of Proteobacteria and Oxalobacteriaceae predominate. The precise compo-
sition of the skin microbiota thus depends on location (hairy or bare skin; back vs. skin in the
axilla or groin or ear) as well as the presence of diseases such as mange, seborrhea, or atopic
dermatitis (Bradley et al., 2016). There is great variation between individuals and grooming
activities will also have an impact on these microbial populations.

The skin microbiota in � uences local in� ammatory and T cell responses. Epidermal Th17
and CD8þ T cells are especially affected. The microbiota controls the balance between effector
and regulatory T cells within skin tissue. They in � uence keratinocyte production of IL-1 and
its effects on epidermal dendritic cells and thus control local T cell responses. Skin bacteria
can activate antigen-speci� c T cells across the intact epithelium. However, the presence of
Treg cells in neonatal puppy skin mediates tolerance to skin commensal bacteria at a time
when the skin is establishing its microbiota. In adult dogs, the skin bacteria may also prevent
some wounds from healing promptly ( Rodrigues Hoffmann, 2017).
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The respiratory tract

Like all body surfaces exposed to the external environment, the upper respiratory tract also
houses a dense and complex microbiota. It has been calculated that a human inhales 105 or-
ganisms/day just breathing normally. Many of the nasal bacteria are also found on the skin,
while others are common environmental bacteria. Deeper in the airways, in the lower respi-
ratory tract, a diverse bacterial population also present. Neisseria and Gram-negative cocci
are especially common. These commensals, like other populations on body surfaces, effec-
tively stimulate and regulate the local immune defenses (Perez-Cobas et al., 2023).

The lungs are not sterile. Healthy lungs harbor a complex microbiota, closely related to,
but much less dense than that found in the upper respiratory tract. The organisms generally
live within the mucus layer and include bacteria, and viruses such as bacteriophages. The
bronchi contain about 2000 bacterial genomes per cm2. Lung tissues also contain between
10 and 100 bacterial cells per 1000 lung cells. These include both aerobes and anaerobes
and like other surfaces, the populations differ greatly between individuals. The predominant
phyla are Firmicutes with lesser numbers of Proteobacteria and Actinobacteria. Pathobionts
are also present and may induce disease in immunode� cient individuals. Perhaps the best
example of these are the fungi of the genusPneumocystis. As might be expected, the micro-
biota of individuals with chronic respiratory disease differs from that in healthy individuals

FIGURE 26.3 The composition of the microbiota on canine skin. From Rodrigues Hoffmann, A., Patterson, A. P.,
Diesel, A., Lawhon, S. D., et al. (2014). The skin microbiome in healthy and allergic dogs.PLoS One, 9(1), e83197.https://doi.
org/10.1371/journal.pone.0083197. eCollection 2014.
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(O’Dwyer et al., 2016). The airway microbiota plays a role in resistance to respiratory infec-
tions as well as the development of asthma and other hypersensitivity diseases. Thus, in the
absence of the microbiota, the airways are prone to mount exaggerated Th2 responses. The
presence of a microbiota induces Treg activity that suppresses this. This probably explains
the protective effects of inhaled microbial antigens (as in a farming environment) on the
development of allergies. The intestinal microbiota also regulates pulmonary adaptive re-
sponses. Thus, segmented� lamentous bacteria (SFBs) in the intestine regulate pulmonary im-
munity to bacteria and fungi. Conversely in � uenza infection in the lungs generates type I
interferons. These in turn induce changes in the gut microbiota such as depletion of obligate
anaerobic bacteria and an increase in Proteobacteria resulting in intestinal dysbiosis.

The genitourinary system

In adult females, the healthy cervicovaginal microbiota is dominated by lactobacilli and
other lactic acide producing bacteria. The vagina is also lined by a squamous epithelium
composed of cells rich in glycogen. When these cells desquamate, the glycogen provides a
substrate for the lactobacilli that, in turn, generate large quantities of lactic acid. This reduces
the pH to a level that protects the vagina against invasion by many pathogenic bacteria and
yeasts. Glycogen storage in the vaginal epithelial cells is stimulated by estrogens and thus oc-
curs only in sexually mature animals (Cleff et al., 2005).

The gastrointestinal tract

The gut microbiota is a complex community containing mostly bacteria (98% of metage-
nomic reads in the dog), plus much smaller numbers of archea, fungi, and viruses. The
most obvious of these are trillions of bacteria belonging to hundreds of different species.
They consist mainly of strict or facultative anaerobes. As a result, traditional culture methods
fail to detect many species (Deng & Swanson, 2015). The microbiota also differs by enteric
region. Thus, there are differences between the stomach and the small and large intestines
as a result of differences in oxygen levels, pH, the presence of antibacterial peptides, and in-
testinal motility. Most studies have focused on the fecal microbiota because of its accessibility
despite the fact that it re� ects only one component of the intestinal microbiota. For example,
fecal samples contain few muco-adhesive, or entero-invasive organisms. Many bacteria reside
deep within the colonic crypts and are not shed into the feces in large numbers (Suchodolski,
2011). It has been estimated that the canine small intestine harbors more than 200 different
bacterial species while the canine colon may house up to a 1000 (Pilla & Suchodolski,
2020). Bacterial counts in the canine duodenum are in a range from 102 to 109 colony forming
units per gram of content. In the colon, the count ranges from 109 to 1011 colony forming
units/g ( Sender et al., 2016).

Each individual ’s microbiota is unique, and its composition is determined by manage-
ment, diet, immunity, genetics, age, antibiotic exposure, and environmental factors (Hooda
et al., 2013). The composition of the microbiota also changes along the gastrointestinal tract
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under the in � uence of nutrient availability and the local microenvironment. The dog can
digest and absorb a signi� cant amount of carbohydrates and it does not depend on microbial
fermentation as a major energy source. Nevertheless, a balanced microbiota is essential for
canine gastrointestinal and immune health.

The predominant intestinal phyla in dogs include the Firmicutes (48%), Bacteroidetes
(12%), Proteobacteria (23%), Fusobacteria (17%), and Actinobacteria (1%) (20) (Pilla & Sucho-
dolski, 2020). Clostridiales predominate in the duodenum, and jejunum. Fusobacteriales and
Bacteroidetes are most abundant in the ileum and colon. The Firmicutes consist of mainly
Gram-positive bacteria, many of which are spore-forming, and important members include
Clostridial clusters IV, XI, and XIVa. These may be bene� cial or pathogenic. They also include
the Bacilli and Erysipelotrichi as well as potentially pathogenic Streptococci and Staphylo-
cocci. The Actinobacteria are also Gram-positive bacteria, but with a different G þ C content
than the Firmicutes. The Bacteroidetes are Gram-negative bacteria that ferment indigestible
plant carbohydrates to produce short-chain fatty acids. They include the genera Prevotella,
Bacteroides, and Megamonas. The numbers of Prevotella and Bacteroides differ greatly be-
tween individual dogs. The Proteobacteria include the Gram-negative enterobacteria such
as E. coli and Klebsiella. They mainly colonize the small intestine. The canine stomach has
a microbiome dominated by Helicobacterspp. (Fig. 26.4).

Given that dogs are domesticated wolves, it is of interest to examine the differences in the
intestinal microbiota between them and wild wolves ( Liu et al., 2021). In one study, the dogs
were fed commercial dog food, while the wolves were fed raw meat. As might be expected
there were signi� cant differences in their fecal microbiota. Thus, Allobaculumand Lactobacilli
were dominant in the dogs, whereas Clostridia were more abundant in the wolves. The dog
microbiota was enriched in bacteria resistant to human antibiotics, whereas the wolf micro-
biota was enriched in bacteria resistant to livestock antibiotics! The dog microbiota was also
enriched in bacterial species producinga-amylase genes re� ecting the higher level of starch in
their diet ( Levin et al., 2021).

Breed differences

When the microbiota of the major canine breeds was examined, signi� cant differences
emerged (You & Kim, 2021). Thus, in examining the major phyla, Firmicutes, Bacteroidetes,
Fusobacteria, Actinobacteria, and Proteobacteria, it was found that the abundance of Fuso-
bacteria varied signi� cantly between breeds such as Poodles, Miniature Schnauzers, and Mal-
tese Terriers.

Obesity

It is unsurprising that the intestinal microbiota in dogs is profoundly affected by an ani-
mal’s obesity. Thus, in a study examining the fecal microbiota of normal beagles with
body condition scores (BCS) of four to six and obese beagles with BCS of seven to nine,
the high BCS group had higher relative abundances ofFaecalibacterium, Phascolarctobacterium,
Megamonas, Bacteroides, Mucispirillum,and a Ruminococcusthan did the Beagles with a normal
BCS (Kim et al., 2023). These increased genera in the high BCS group were enriched in short-
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chain fatty acid production genes and this may predict signi � cant immunosuppression (van
der Hee & Wells, 2021). Kim et al., also found a signi� cant increase in Actinobacteria in their
sample of overweight dogs.

Aging

As discussed in the previous chapter, it is apparent that the composition of the gastroin-
testinal microbiota changes as dogs age. Some investigators have reported a decline in the
numbers of Lactobacilli, while others have reported an increase in senile dogs. You and
Kim have reported that a signi � cant increase in the relative abundance ofFusobacterium per-
foetenswas positively correlated with the age of the dog ( You & Kim, 2021). Given the effects
of the microbiota on the immune system it would be surprising if this did not affect the aging
process (Carcio� & Gomes, 2010).

Normal dog colon

Dog with Inflammatory Bowel Disease

Firmicutes

Proteobacteria

Bacteroidetes

Actinobacteria

Spirochaetes

Fusobacteria

Unclassified

FIGURE 26.4 The enormous diversity of the
gut microbiota in the dog is well seen in this com-
parison of the composition of the colon microbiota
innormal dogs and dogs with in � ammatorybowel
disease.Courtesy Dr. Panagiotis Xenoulis.
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There is also good evidence that the gut microbiota in� uences both canine behavior and
neurodevelopment (Kubinyi et al., 2020).

Some dogs have a tendency to eat their own feces or those from other dogs. They generally
prefer to eat fresh stools, less than 2 days old. It is believed that coprophagy likely originated
in ancestral wolves in an effort to keep the den free of fecal parasites. Thus, parasite larvae
shed in the feces generally require more than 2 days to become infective. This may therefore
re� ect a form of behavioral immunity ( Hart et al., 2018).

Canine in� ammatory bowel diseases

Chronic enteropathies in dogs are a diverse group of diseases that result from a combina-
tion of genetic, microbial, nutritional, allergic, and environmental factors. They are character-
ized by persistent or recurrent gastrointestinal in � ammation of undetermined cause. These
affected dogs present with a history of chronic vomiting, diarrhea, and weight loss. Some
resemble in� ammatory bowel diseases in humans but probably have a different pathogen-
esis. In many cases they result from either dysbiosis or intestinal immune dysregulation.
There is often a major genetic/breed component involved as well (Allenspach, 2011).

Canine IBD is almost certainly not a single disease, but a syndrome resulting from exces-
sive intestinal in� ammatory processes (Fig. 26.5). Variations occur in their histopathologic
features, and these may be used to classify these diseases, but they rarely provide a de� nitive
identi � cation of its cause. IBD generally develops in middle-aged animals and is rarely seen
in animals under 1 year of age. Four syndromes appear to constitute in� ammatory bowel dis-
ease in dogs: lymphoplasmacytic colitis, eosinophilic colitis, histiocytic ulcerative colitis, and
regional granulomatous colitis. These diseases are not always restricted to the large intestine
but may affect the small intestine or in some cases, even extend to the stomach. The cellular
in� ltrate in the intestinal wall is usually mixed. Circumstantial evidence such as a lympho-
plasmacytic in� ltrate suggests that immune-mediated processes are involved. However, it
is totally unclear whether any immune response is directed against the microbiota, or certain
foods, or even against unknown autoantigens. Food-responsive diarrhea may also be
included in the syndrome. The commonest histological diagnosis is a lymphocytic-
plasmacytic enteritis, and a major likely cause is an inappropriate and aggressive immune
response by the dog against its own microbiota. Affected dogs make high levels of IgG
against their commensals (Soontararak et al., 2019) (Fig. 26.5).

Dysbiosis

A balanced healthy microbiota generates antiin� ammatory short-chain fatty acids that
promote Treg functions and generally suppress in� ammation both locally and systemically.
They also suppress in� ammation by blocking NF- kB activation and generating IL-10-
secreting Treg cells. If these control mechanisms fail and mucosal tolerance is impaired,
then the animal may respond aggressively to its commensals, perhaps by increasing Th1 re-
sponses. Severe in� ammation may result, making the intestine much more susceptible to
bacteria-induced injury ( Eissa et al., 2019). The gastrointestinal microbiota may also change
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its composition, due to inappropriate antibiotic treatment, chronic enteropathy, or chronic
pancreatic insuf� ciency (Tizard & Jones, 2018). Affected dogs may show an increase in Pro-
teobacteria, especiallyE. colior Pseudomonas, and a decrease in Firmicutes and Bacteroidetes.
Other changes, such as increased bacterial adherence to the mucosa, reduced bacterial diver-
sity, changes in the bacterial mixture, and overgrowth of other bacteria, may all contribute to
the in� ammation (Suchodolski et al., 2010; Xenoulis et al., 2008). It is of interest to note that
while Clostridioides dif� cileovergrowth is a signi � cant cause of severe dysbiosis in humans, its
presence in dogs, while associated with dysbiosis, is not a reason for special treatment
(Werner et al., 2023).

Immune dysregulation

In dogs, IBD has been associated with altered expression or dysregulation of TLR4, TLR5
and TLR9, and NOD2, as well as RAGE (Cabrera-Garcia et al., 2021; Kathrani et al., 2014).
Three nonsynonymous SNPs in theTLR5 gene and two in the TLR4 gene have been associ-
ated with IBD in German Shepherd dogs (Kathrani et al., 2010, 2012). When the appropriate
pattern recognition molecule (PRM) genes were transfected into human embryonic kidney
cells and exposed to their speci� c ligand, in this case, bacterial � agellin, it was found that
the genes from the susceptible dogs were hyperresponsive to the� agellin and greatly upre-
gulated the NF-kB pathway. As a result, the transfected cells produced much more TNF-a
than cells containing the normal dog gene. Two other SNPs in TLR 5 have been associated
with the development of IBD in other dog breeds ( Heillman & Allenspach, 2017).

The expression of TLR2 was also signi� cantly upregulated in the duodenal and colonic
mucosa of a subgroup of dogs with IBD as compared to controls. This increase correlates
generally with disease severity. TLR 2 binds microbial lipoproteins, molecules that are gener-
ated in large amounts by the intestinal microbiota. Although TLR2 is expressed at low levels

IgA deficiency

pANCA

Dysregulation of
apoptosis

MICROBIOTA

Dysregulation of PRRs

INFLAMMATION

Loss of tolerance

Immune response
vs commensals

T cell-mediated
IgG-mediated

FIGURE 26.5 A very simple view of the pathways involved in the breakdown of tolerance to the microbiota
resulting in in � ammatory bowel disease.
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on normal intestinal epithelial cells, it would be anticipated that increased signaling would
result in excessive in� ammasome activation and cytokine production ( McMahon et al., 2010).

It has also been reported that both TLR 4 and TLR 9 are upregulated in the duodenum and
colon of some dogs with IBD. As with TLR2, excessive signaling by these receptors may
accentuate the intensity, duration, and severity of local in� ammation (Burgener et al., 2008).

Nucleotide oligomerization domain 2 (NOD2) receptors are also PRMs. On examination of
the SNPs within the NOD2 gene, four of them have been found to be signi� cantly associated
with the development of IBD in German Shepherd dogs. They are not associated with the dis-
ease in other breeds (Kathrani et al., 2014). The expression of IL-12 also appears to be consis-
tently increased in these cases.

Cellular RAGE expression in the duodenum and colon of dogs with IBD is signi � cantly
increased when compared to normal control animals (Cabrera-Garcia et al., 2021).

As a result of upregulation of these PRMs, affected dogs also upregulate the NF-kB
pathway in their duodenal mucosa. There are many more NF-kB positive macrophages pre-
sent in the lamina propria of dogs with chronic enteropathy compared to control dogs. There
are also more NF-kB positive enterocytes in dogs with food-responsive diarrhea than in dogs
with IBD. Resolution of these diseases is associated with decreased NF-kB expression in the
macrophages of the lamina propria.

Studies on intestinal in� ammation have demonstrated that excessive cytokine activity spe-
ci� cally IL-1b contributes signi� cantly to its pathogenesis. This excessive function may re� ect
a de� ciency of its major inhibitor, interleukin-1 receptor antagonist since the IL-1RA:IL-1 b ra-
tio was also signi� cantly decreased in these IBD dogs (Maeda et al., 2012).

Adaptive immunity

Many cases of IBD are associated with an increase in the numbers of T cells and IgAþ

plasma cells in the small intestine. The T cells are primarily a/ b CD4þ cells although there
is an increase in intraepithelial g/ d T cells as well. There may also be an increase in the
numbers of intestinal mast cells. Some dogs with chronic enteropathy may have reduced
IgA levels in feces, duodenum, and blood. This is probably simply a result of protein loss.

Studies on steroid-responsive diarrhea in dogs have shown a major in� ux of CD4þ T cells,
macrophages, and plasma cells producing IgG into the mucosa. Likewise, it has been demon-
strated that many proin � ammatory cytokines such as IL-1, IL-5. IL-12p40, IFN-g, TNF-a, and
TGF-b may all be upregulated in affected tissues. It is possible that the two different path-
ways are activated in different disease types. For example, Th1 cells in the lymphoplasma-
cytic pathway and Th2 responses in the eosinophilic pathways (Heillman & Suchodolski,
2015).

Antineutrophil cytoplasmic antibodies (pANCA) have been detected in both humans and
dogs with chronic intestinal in � ammation. In dogs with food-responsive enteropathy, about
two-thirds possess pANCA ( Chapter 21). In dogs with IBD only about 25% are positive.
pANCA titers do not correlate with clinical activity scores in dogs and there is no evidence
that pANCAs are pathogenic in the dog ( Estruch et al., 2020; Luckschander et al., 2006).
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Genetics and breed susceptibility

Certain breeds are predisposed to developing IBD. For example, lymphoproliferative en-
teropathy occurs in Basenjis, and protein-losing enteropathy and nephropathy occur in
Soft-coated Wheaten Terriers. Histiocytic ulcerative colitis occurs in Boxers. Weimaraners,
Rottweilers, German Shepherds, Border Collies, and Boxers are predisposed to
lymphocytic-plasmacytic enteritis ( Ridyard et al., 2002).

Certain canine MHC class II genes have been associated with the development of chronic
enteropathies in French Bulldogs and Miniature Dachshunds. One such haplotype, DLA-
DRB1*002.01/DQA1*009.01/DQB1*001.01 appears to be protective against chronic enterop-
athy in French Bulldogs but not in Dachshunds. This same haplotype DLA-DQA1/DQB1 is
also protective against Doberman hepatitis. Conversely, the DLA-DRB1*006.01 is overrepre-
sented in French Bulldogs with chronic enteropathy as well as in cases of Doberman hepatitis.

German Shepherds: Genome-wide studies have demonstrated that multiple gene loci are
associated with IBD development, especially in German Shepherd dogs. One piece of sup-
porting evidence is the association of SNPs in some MHC class II haplotypes with resistance
to developing IBD. For example, the haplotype DLA-DRB1*01502/DQA1*00601/
DQB1*02301 is associated with resistance to the disease. Conversely the haplotype DLA-
DRB1*01501/DQA1*00601/DQB1*00301 is associated with increased susceptibility (Peiravan
et al., 2018).

Interleukin-13, IL-17A, and IL-33 are underexpressed in the duodenal mucosa of German
Shepherd dogs with chronic enteropathy. Their loss implies perhaps an imbalanced Th1/Th2
ratio. This suppression may also in� uence local production of IgA as well as altering the local
microbial environment. Conversely, there is no signi � cant difference in duodenal IFN-g,
IL-10, IL-22, or TGF-b expression between IBD dogs and healthy controls. TLR4 is overex-
pressed in the mucosa of these dogs (Allenspach, 2011).

Anal furunculosis is a chronic progressive in � ammatory disease of the perineum. German
Shepherds account for 80% of cases. There is a highly signi� cant association with the MHC
allele DLA-DRB1*00101. Homozygous animals develop the disease earlier in life. Affected tis-
sues are in� ltrated with T cells, plasma cells, and eosinophils. There may be local formation of
ectopic lymphoid follicles. Cytokine pro � les are consistent with an upregulated Th1 response.
Thus, both IL-2 and IFN-g levels are elevated. Likewise, the in� ammatory cytokines, IL-1b,
IL-6, TNF-a, IL-8, IL-10, and TGF-b are increased relative to control tissues. Anal furunculosis
is also associated with the presence of colitis suggesting that it and some forms of IBD may
have a similar pathogenesis.

Boxers: Histiocytic ulcerative colitis in Boxers is a severe form of in� ammatory bowel dis-
ease. The lesions are characterized by the presence of large macrophages that stain intensely
with periodic acid e Schiff stain. It is possible that this disease is triggered by an unidenti� ed
infectious agent since it somewhat resembles Johne’s disease in ruminants. The lesions also
contain accumulations of IgGþ plasma cells, MHC class II-positive cells, macrophages, and
granulocytes (Fig. 26.6).

Basenjis: Immunoproliferative enteropathy of Basenjis is an inherited autosomal disease
that presents as gastric mucosal hypertrophy with lymphoid cell in � ltration and ulceration.
The whole small intestine may show villous blunting, crypt elongation, and in � ltration of the
mucosa with lymphocytes, plasma cells, and some neutrophils. Affected dogs develop an
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intractable diarrhea. They are hypergammaglobulinemic as a result of a polyclonal increase in
serum IgA. The disease may be controlled by high doses of corticosteroids but the prognosis
is poor.

Wheaten Terriers: Protein-losing enteropathy of Soft-coated Wheaten Terriers is also an
inherited disease. Histological examination shows an in� ammatory bowel disease. The
cellular in � ltrates consist of mainly lymphocytes and plasma cells, but neutrophils and eosin-
ophils are often present. This disease may result from food hypersensitivity, possibly to
wheat gluten.

Irish Setters: Gluten-sensitive enteropathy of Irish Setters is an autosomal recessive intes-
tinal disease also caused by exposure to wheat gluten. This enteropathy is characterized by
chronic in� ammation of the small intestine. The affected small intestine is in� ltrated with
lymphocytes and other in � ammatory cells. Their intestinal mucosa contains increased
numbers of CD4þ cells and decreased CD8þ T cell numbers. Affected dogs may also have
elevated serum IgA levels.

Gluten enteropathy is triggered by ingestion of the cereal protein, gluten, derived from
wheat, barley, or rye, in genetically predisposed individuals. This canine gene is not linked
to the MHC. Affected animals usually present with vomiting, dehydration, abnormal or
bloody stools, and protracted diarrhea. Pathologic changes include partial villus atrophy in
the jejunum and increased intestinal permeability. This results in anorexia, poor growth,
and weight loss. The disease can be managed by strict avoidance of the offending gluten.

Border terriers: Gluten exposure is also associated with paroxysmal gluten-sensitive dyski-
nesia in Border Terriers. Affected dogs present with neurologic signs such as dif� culty
walking, tremors, and dystonia of the limbs, head, and neck; evidence of pruritus such as
scratching or licking the skin; the presence of autoantibodies against transglutaminase 2
and anti-gliadin antibodies; and gastrointestinal disease such as vomiting, diarrhea, and
abdominal cramping ( Lowrie et al., 2018). Some dogs show only a few transient episodes,

FIGURE 26.6 An endoscopic biopsy from
the duodenum of a 7-year-old spayed female
Boxer with a 1-month history of vomiting
diarrhea, and weight loss. The lamina propria
contains large numbers of lymphocytes,
plasma cells and few eosinophils. The villi are
also blunted. 20� . H&E stain. Courtesy of Dr.
Aline Rodrigues Hoffman.
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while others may suffer lifelong recurrent disease. Affected dogs must be placed on a gluten-
free diet.

Clinical disease

In practice, in� ammatory bowel diseases are de� ned by their response to therapy. Thus,
dogs may be responsive to dietary changes, to antibiotics, or to immunosuppressive or anti-
in� ammatory drugs. In about 50% of canine IBD cases, feeding a hypoallergenic or a novel
antigen diet may result in rapid clinical improvement and suggests that some forms of enter-
opathy result from food hypersensitivities. Some forms of IBD may result from enteric infec-
tions and as a result, some animals may respond well to antibiotic therapy. These responsive
dogs include young German Shepherds. The positive effects of antibiotic therapy may be
short lived. Other canine IBD cases are immunologically mediated, and dogs may respond
well to immunosuppressive drugs such as cyclosporine. Unfortunately, the results of many
clinical trials have been mixed and confusing and long-term control remains dif � cult.
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AD atopic dermatitis

ADCC antibody-dependent cell-mediated cytotoxicity

AGP alpha-1-acid glycoprotein

AIRE autoimmune regulator

AITP autoimmune thrombocytopenia

ANA antinuclear antibody

APC antigen-presenting cell

APP acute phase protein

APRIL a proliferation-inducing ligand

BAFF B-cell activating factor

BALF bronchoalveolar lavage � uid

BALT bronchus-associated lymphoid tissue

BCR B-cell (antigen) receptor

BCS body condition score

C complement

CAM cell adhesion molecule

CAR-T chimeric antigen receptor on T cells

CBH cutaneous basophil hypersensitivity

CBD Canine beta defensin

CD cluster of differentiation

cDC classical dendritic cell

CDR complementarity-determining region

CDV canine distemper virus

CFA Canis Familiaris Autosome

cGAS cyclic GMP-AMP synthase

CLL chronic lymphoid leukemia

Con A concanavalin A

COX cyclooxygenase

CpG DNA cytosine-guanosine rich DNA

CR complement receptor
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CRP C-reactive protein

CSF colony-stimulating factor (or cerebrospinal � uid)

CTLA-4 cytotoxic T-lymphocyte associated (protein)-4

CXCL a chemokine

DAF decay-accelerating factor

DAG diacylglycerol

DAMP damage-associated molecular pattern

DC dendritic cell

DC-SIGN dendritic cell-ICAM-grabbing nonintegrin

DEA dog erythrocyte antigen (blood group)

DIC disseminated intravascular coagulation

DLA dog leukocyte antigen

dsRNA double-stranded RNA

DTH delayed-type hypersensitivity

ELISA enzyme-linked immunosorbent assay

Fab antigen-binding fragment

FACS � uorescence-activated cell sorter

Fc crystallizable fragment (of immunoglobulin)

FcR immunoglobulin (Fc) receptor

FH factor H

FoxP3 forkhead box P3

GALT gut-associated lymphoid tissue

GATA a transcription factor that can bind to the amino acid sequence

GM-CSF granulocytee macrophage colony-stimulating factor

GPI glycosyl-phosphatidylinositol

GVH graft-versus-host (disease)

GWAS genome-wide association studies

HDN hemolytic disease of the newborn

HEV high endothelial venule

HMGB1 high-mobility group box protein-1

HSC hematopoietic stem cell

HSP heat shock protein

IBD in� ammatory bowel disease

ICAM intercellular adhesion molecule

IDDM insulin-dependent diabetes mellitus

IDO indoleamine 2,3-dioxygenase

IEL intraepithelial lymphocyte

IFA indirect � uorescence assay
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IFN interferon

Ig immunoglobulin

IGH immunoglobulin heavy chain locus

IL interleukin

ILC innate lymphoid cell

IMHA immune-mediated hemolytic anemia

ISCOM immune-stimulating complex

ISG immune serum globulin (interferon-stimulated gene)

ITAM immunoreceptor tyrosine e based activation motif

ITIH4 inter-a-trypsin inhibitor heavy chain 4

IVIG intravenous (human) immunoglobulin

JAK janus tyrosine kinase

kb kilobase, a measure of gene size

kDa kilodalton

LAD leukocyte adherence de� ciency

LAK lymphokine-activated killer (cells)

LE lupus erythematosus

LFA leucocyte functione associated antigen

LGL large granular lymphocyte

LPS lipopolysaccharide

LRC leukocyte receptor (gene) complex

LT lymphotoxin (or leukotriene)

b2M b-microglobulin

M-CSF macrophage colony-stimulating factor

MAb monoclonal antibody

MAIT mucosa-associated invariant T cells

MAMP microbial-associated molecular pattern

MBL mannose-binding lectin

MCP monocyte chemoattractant protein

MDCK Madin-Darby canine kidney (cells)

MHC major histocompatibility complex

MICA MHC class I polypeptide e related sequence A

MIP macrophage in� ammatory protein

MLV modi � ed live virus (vaccine)

MODS multiple organ dysfunction syndrome

MPGN mesangioproliferative glomerulonephritis

mTEC medullary thymic epithelial cell
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mya million years ago

NET neutrophil extracellular trap

NF-kB nuclear factor-kB

NK natural killer (cell)

NKC natural killer (gene) complex

NKR natural killer receptor (locus)

NKT natural killer T (cell)

NLR nucleotide-binding oligomerization domain, leucine-rich repeat (receptor)

NOD nucleotide-binding oligomerization domain

NOS nitric oxide synthase

NOX NADPH oxidase

PAF platelet-activating factor

PAMP pathogen-associated molecular pattern

PCR polymerase chain reaction

PD-1 programmed death-1

pDC plasmacytoid dendritic cell

PG prostaglandin

PHA phytohemagglutinin

pIgR receptor for polymeric immunoglobulin

PKC protein kinase C

PRM(R) pattern-recognition molecule (receptor)

PTX pentraxin

PWM pokeweed mitogen

R receptor (e.g., IL-2R)

RA receptor antagonist (or rheumatoid arthritis)

RAGE receptor for advanced glycation end-products

RF rheumatoid factor

RIG retinoic acide inducible gene

RLR retinoic acide inducible gene-like receptor

RNS reactive nitrogen species

ROS reactive oxygen species

SAA serum amyloid A

SAP serum amyloid P

SASP senescence-associated secretory phenotype

SCFA short-chain fatty acid

SCID severe combined immunode� ciency

SIRS systemic in� ammatory response syndrome
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SLAM signaling lymphocyte activation molecule

SLE systemic lupus erythematosus

SMAC supramolecular activation cluster

SNP single-nucleotide polymorphism

ssRNA single-stranded RNA

STAT signal transducers and activators of transcription

STING stimulator of interferon genes

TAP transporter for antigen processing

TCC terminal complement complex

TCR T cell (antigen) receptor

TdT terminal deoxynucleotidyl transferase

TF tissue factor

TGF-b transforming growth factor-beta

Th cell helper T cell

TIL tumor-in � ltrating lymphocyte

TK thymidine kinase

TLR toll-like receptor

TNF tumor necrosis factor

Treg regulatory T (cell)

TSLP thymic stromal lymphopoietin

VEGF vascular endothelial growth factor

ZAP zeta-associated protein
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Acrodermatitis, 393
Actinobacteria, 411e 413
Acute-phase proteins, 62e 63, 66, 332
Acute phase response, 61e 63
Adaptive immunity, old age, 401 e 403
Adenovirus, 247e 248, 293e 294
Adipocytes, 74e 75
Adiponectin, 339
Adipose tissue, 22
Adrenalitis, autoimmune, 347e 348
Afghan Hounds, 12, 247e 248, 365e 366
Aged dogs, Microbiota, 414e 415
Airedales, 358
Akitas, 7, 12, 53, 137, 352, 377
Alabama rot, 294
Alarmins, 37e 38, 38f, 78e 79, 258
Alaskan Malamutes, 12, 275
Albumin, serum, 66
Allergens, 277, 278f
Allergic contact dermatitis, 296e 300, 297f, 299f
Allergic in � ammation, 279e 283
Allergies, to drugs, 283e 284

� eas, 264e 265, 264f
foods, 218

Allografts, bone, 311e 313
bone marrow, 311e 313
cardiac, 309e 310
corneal, 310
in� ammatory factor, 21
intestinal, 310e 311
liver, 309
lung, 310
pathogenesis, 305e 307
rejection, 304e 305, 307f
renal, 303, 305e 308, 306fe 307f
skin, 309

Alopecia areata, 352
Alpha amylase gene, 8, 413
Alpha-1-acid glycoprotein, 62, 65
Alpha-gal allergies, 266
American canids, 15
American Foxhounds, 256, 295

Amniotic � uid, 24
Amyloidosis, 66, 292, 332, 338, 383
Anal furunculosis, 34e 35, 418
Anaphylaxis, 269e 272

clinical signs, 271e 272
mediators, 270
pathogenesis, 270fe 271f

Anaplasmosis, canine granulocytic, 241
Angioedema, 284
Antibiotics, b-lactam, 283
Antibodies, maternal, 28

monoclonal, 175e 178, 320e 321
Antifungal immunity, 243 e 244
Antigens, endogenous, 93

exogenous, 93, 130e 131
H-Y, 304
processing, 93, 105e 106
receptors, 186e 189

Antimicrobial peptides, 39 e 41
Antimyelin, antibodies to, 247
Antinuclear antibodies, 366e 367
Anti-neutrophil cytoplasmic antibodies, 340 e 341, 417
Antivenin, 290e 291
Antiviral immunity, 244 e 249
Anubis, 11e 12
Apoptosis, 193

impaired, 367e 368
in lupus, 368

APRIL, 148, 171e 172, 209, 214
Arginase, 104
Arteritis, 338
Arthritis, reactive, 331
Arthropods, immunity to, 262 e 266
Aryl hydrocarbon receptor, 148
Asia, 5e 7
Aspergillosis, 156, 244
Asthma, 272e 275
Atopic dermatitis, 273, 275e 279, 276f

cytokines in, 280e 281
environmental factors, 277
extrinsic, 279e 281
genetic factors, 275e 277
infections, 241e 242
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Atopic dermatitis ( Continued)
intrinsic, 281e 282
pathogenesis, 280f, 282fe 283f
pathology, 282e 283
skin barrier function, 278e 279

Australian Shepherd dogs, 384
Australian Terriers, 347
Autoimmune diseases, blood, 356e 357,

357f
endocrine, 345e 348
eye, 348
genetics, 137
graft-versus-host disease, 312e 313
hemolytic anemia, 356e 357, 357f
hepatitis, 361e 362
MHC and canine disease, 136e 140
muscle, 358e 361
neurological, 350e 352
reproductive, 348
skin, 352e 356, 353f
thrombocytopenia, 358

Autoimmune polyendocrine syndrome, 347 e 348
Autoimmune regulator (AIRE), 113
Autoin � ammatory diseases, 331e 343
Azathioprine, 308, 370

B
B cells, activation, 168e 171, 170f

aged, 402
antigen processing, 93, 105
antigen receptors, 163e 164
class switching, 174e 175
defects in, 390
IgG4-positive, 336
intestinal, 211e 212, 211f
lupus, 366e 367
lymphomas, 315e 316
memory cells, 173
puppies, 23, 47
regulatory, 173e 174
responses, 171e 172
tumors, 175e 178

Babesia canis, 16, 256
Bacteria, immunity to, 411e 412
Bacterial septic shock, 68e 69
Bacteroidetes, 413
BAFF, 148, 171e 172, 209, 214
Basenjis, 7, 12, 273, 384, 418e 419
Basophils, blood, 48e 49

parasite immunity, 259, 262e 263
Bassett Hounds, 7
Beagles, 22, 185, 216e 218, 240, 272, 274, 337, 345e 346,

365e 366, 391

Bearded Collies, 139
Bedinvetmab, 378
Behavioral immunity, 140e 141
Belgian Tervurens, 51
Bence-Jones proteins, 176e 177
Bernese Mountain dogs, 107, 242, 295, 315, 337,

401
Beta-1-tubulin, 49
Beta-2-microglobulin, 128
Bichon Frise, 327, 385
Bile, IgA in, 210
Birbeck granules, 97
Blood groups, 52e 54, 304
Blood transfusions, 54e 55
Blood typing, 55
Blue eye, 247e 248, 248f, 287
Bone allografts, 311
Bone marrow, aged, 402

allografts, 311e 313
dendritic cells, 109

Border Collies, 337, 345e 346, 383e 384,
418

Border Terriers, 138, 347, 419e 420
Bordetella bronchiseptica, 210, 240, 308

defensins, 40
vaccines, 224

Borrelia burgdorferi, 104
vaccines, 224e 225

Borzois, 7
Boston Terriers, 384
Bouvier des Flandres, 315
Boxers, 130e 131, 137e 138, 243e 244, 254e 256, 276,

315, 337, 347, 360e 361, 418, 419f
Brachycephalic dogs, 205
Brain, effects of cytokines on, 59, 75e 76
Breeds, aging

autoimmune diseases, 133t, 137
dysbiosis, 418e 420
inbreeding, 12e 14
MHC differences, 132e 133, 133t, 135
microbiota, 413
origins, 11e 12
sickness, 66

Brittany Spaniels, 41, 170, 295, 334e 335, 350,
385e 386

Bronchoalveolar lavage � uid, 206, 206t
Bronchus-associated lymphoid tissue, 124e 125,

210
Brucella canis, 22, 101, 241
Bull Terriers, 295, 390, 393
Bulldogs, English, 177e 178, 276

French, 139, 276
Bullous pemphigoid, 355
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C
C3 de� ciency, 385e 386, 386f
C-reactive protein, 21, 62, 62f
Cairn Terriers, 49, 138, 347
Calorie restriction, 400e 401
Calprotectin, 65e 66
Canaan dog, 12
Cancers, canine, 315
Caniformes, 1e 3, 3f
Canine adenovirus, 247e 248, 287

vaccines, 28, 222e 223
Canine coronavirus, 248

vaccines, 225e 226
Canine distemper, 244e 245, 246f, 375

immunosuppression, 245e 246
neurologic disease, 246e 247
vaccines, 28, 221e 222
virus, 41, 244e 245

Canine granulocytopathy syndrome, 385
Canine herpesvirus vaccine, 226
Canine hypertrophic osteodystrophy, 332e 334
Canine in� uenza, vaccines, 225
Canine Juvenile polyarteritis, 338
Canine parain� uenza, vaccines, 225
Canine parvovirus, 247

vaccines, 222e 223
Canine respiratory disease complex, 225
Canine retroviruses, 249
Canine vaccines

adverse events, 227f, 230e 234
essential vaccines

canine adenovirus-2 (CAV-2), 222e 223
canine distemper, 221e 222, 222t
canine parvovirus (CPV), 222e 223
rabies, 223e 224

generalized reactions, 233
allergies, 233

local reactions, 232e 233
optional (noncore) vaccines, 224e 226

Bordetella bronchiseptica, 224
Borrelia burgdorferi, 224e 225
canine coronaviruses, 225e 226
canine herpesvirus, 226
canine in� uenza, 225
canine parain� uenza virus (CPiV), 225
canine respiratory disease complex, 225
Leptospirosis, 224
multiple-antigen vaccines, 226

residual virulence, 233e 234
transient immunosuppression, 233, 234f
vaccination considerations, 226e 230

correlates of protection, 227e 228
dog size, 226, 227f

immunity, revaccination and duration of, 229 e 230
initial series, 228e 229
lifestyle, 227
vaccination schedules, 228e 230

vaccine failures, 234e 235
Canis familiaris. SeeDogs
Canis lupus. SeeWolves
CAR-T therapy, 323
Card agglutination, 55
Cardiac allografts, 309e 310
Cardiomyopathy, autoimmune, 257, 361
Carnivores, phylogeny, 2f

microbiota and, 408e 409
Carnivory, evolution of, 15 e 16
Caspases, 36, 75e 77
Cathelicidin, 39, 288e 289
Cavalier King Charles Spaniels, 12e 13, 49, 276, 335
CD1, 95e 97, 131, 158
CD3, 151, 186
CD4, 20, 60, 100e 101, 185e 186

CD4:CD8 ratio, 23, 280, 387, 402e 403
CD5, 150e 151
CD8, 185e 186.See also Cytotoxic T cells
CD14, 96, 101
CD150, 245
CD16, 151, 155, 181
CD18, 21

de� ciency, 382
CD20, monoclonal antibodies against, 320, 323
CD21, 170
CD25, 60e 61, 199
CD32, 181, 245e 246
CD34, 95
CD40-CD154, 74, 95e 96, 170, 193, 288e 289, 368

de� ciency, 193
CD44, 198
CD45, 95e 96, 198
CD49d, 21
CD52, 321
CD56 (N-CAM), 159
CD64, 50
CD79, 168
CD80/86, 96, 99e 100, 245
CD83, 96
CD94 (KLRD-1), 152, 155
CD95, pathway, 194e 195
CD95L, 74, 310
CD206, 20, 97e 98, 318e 319
Ceramides, 278
Ceruloplasmin, 62, 65
Checkpoint inhibition, 321 e 322
Chemokines, 21, 79, 86e 87, 281, 375
Chihuahuas, 7, 49, 351, 397
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Chow chows, 12, 137, 352, 359e 360, 385
Chronic ulcerative stomatitis, 335
Citrullinated proteins, 375
Class switch, immunoglobulin, 167e 168, 174e 175
Clonotypes, 171
Coat color, defensins, 40e 41
Cocker Spaniels, 66, 138, 243e 244, 276, 295, 327, 336,

347, 356, 358, 361, 376, 384
Collagen, antibodies against, 355, 369, 374, 378
Collies, bearded, 139, 369e 370

gray, 51
Colostrum, 23e 28

cells in, 26
energy value, 24
exosomes, 26e 27
immunoglobulins in, 24 e 26

Combined immunode � ciencies, 386e 389
Common variable immunode � ciency, 392
Complement system, 41e 42, 240

B cell help, 170
de� ciencies, 41, 295, 383
peptides, 41

Contact sensitizers, 297e 300
Coonhounds, 384

paralysis, 350e 351
Coprophagy, 415
Corgis, Cardigan, 387e 388, 389f

Pembroke, 359e 360
Corneal allografts, 310
Coronaviruses, 248
Creodonts, 1e 2
Cruciate ligament, 378
Cryptococcus, 156
CTLA-4, 139, 195, 199e 200, 263, 321e 322, 347
Cutaneous and renal vascular glomerulopathy, 294
Cutaneous basophil hypersensitivity, 265
Cutaneous lupus erythematosus, 371e 372
Cyclic neutropenia, 51, 383
Cyclooxygenase, 60
Cyclophosphamide, 311e 312, 370
Cyclosporine, 243, 304e 305, 308
Cytokines

from dendritic cells, 96
in� ammatory, 73e 77, 85e 86
receptors, 89e 90, 90f
regulatory, 77e 79
storm, 67

Cytopenias, 50

D
Dachshunds, 12e 13, 66, 185, 243e 244, 275, 334e 335,

345e 346, 350, 355, 358e 359, 392, 418
Dalmatians, 185, 295

blood groups (Dal), 54
Damage associated molecular patterns (DAMPs),

35e 36, 38f

DC-SIGN, 97, 99
Dectin, 82e 83
Defensins, 39, 79

coat color, 40e 41
Delayed hypersensitivity, 195e 196, 296
Demodectic mange, 147b, 263
Dendritic cells, 33, 60, 84e 85, 93e 100,

145e 146
bone marrow derived, 95
classical, 83
follicular, 97, 118
immature, 97e 99, 98f
location, 94
mature, 99
monocyte-derived, 95e 96
origins, 96f
plasmacytoid, 96e 97
products, 96
structure, 94
subpopulations, 95e 97, 99e 100

Dermatitis herpetiformis, 355
Dermatomyositis, 292, 359e 360
Desmocollin, 354
Desmoglein, 353
Desmosomes, 353
Diabetes mellitus, type 1, 137, 347
Dingoes, 8, 14, 135
Diro � lariasis, 294
Discoid lupus erythematosus, 369f. See also Cutaneous

lupus
Disseminated intravascular coagulation, 69e 71, 290
Distemper. SeeCanine distemper
DLA system. SeeMajor Histocompatibility Complex
DNA methylation, 397
Doberman Pinchers, 54, 137, 247, 256, 284, 295,

345e 346, 358, 361e 362, 370e 371, 385
Dogs

blood groups, 52e 54
breeds, 2f, 10e 15
colostrum, 23e 28
domestication, 4e 10, 11f
as food, 10
fossil record, 5e 8
geriatric, 397e 405
inbreeding, 13
leukocyte antigens (DLA), 127e 128
pregnancy, 19e 21
sickness, 59

Dogues de Bordeaux, 401
Döhle bodies, 45, 51
Drug allergies, 283e 284

mucocutaneous diseases, 300
vasculitis, 290

Dunkers, 345e 346
Dust mites, 277
Dysbiosis, 415e 416
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E
East Asia, 7
Ehrlichia canis, 50, 172e 173, 177, 240
Ehrlichiosis, 240, 293e 295
Ellipsoids, 123, 123f
Endocrine diseases-autoimmune, 345e 348

adrenalitis, 347e 348
diabetes mellitus, 347
parathyroiditis, 346
thyroiditis, 345e 346

Endogenous antigens, 189e 191, 190f
Endoglin, 20
Endothelins, 272
English Bulldogs, 205, 327

lymphocytosis, 177e 178
English Setters, 243e 244, 345e 346
Enterocytes, 208e 209, 258
Enteropathy, chronic, 139

hemorrhagic, 272
Eosinophilic bronchitis, 274f

colitis, 415
granulomas, 274e 275
pneumonitis, 274e 275

Eosinophilic meningoencephalitis, 337
Eosinophils, 48, 86, 146e 147, 214, 274, 282e 283

counts, 48
gray, 48, 48f
parasite immunity, 259, 262

Eotaxins, 258e 259
Epidermolysis bullosa acquisita, 355e 356
Epimeletic vomiting, 28
Epinephrine, 272
Erythema multiforme, 300
Erythrocyte antigens, 52
Escherichia coli, 156
Estrogens, 348
Estrus cycle, 50
Eumelanin, 40
Eurasia, 4e 6
Exercise, and B cells, 174b
Exogenous antigen processing, 106
Exosomes, colostral, 26e 27

allograft, 306
NK cells, 156

Extracellular traps, neutrophil, 51e 52
Eye diseases, autoimmune, 348e 350

F
Familial glomerulopathies, 295
Fas-Fas-ligand.SeeCD95
Fc receptors, FcRn, 26, 27f, 85, 131, 181

NK cells, 155
Feliformes, 2

Ferritin, 64
Ferroportin, 64
Fevers, 60e 61

innate immunity and, 60
T cell functions, 60e 61

Fibrinogen, 21, 62, 65
Fibroblast growth factor (FGF), 378
Fibronectin, 104
Firmicutes, 413
Fixation index, 13
Flat-coated retrievers, 315
Fleas, allergies to, 264e 265, 264f
Fms-like tyrosine kinase ligand, 95
Follicular dendritic cells, 97
Follicular dysplasia, 369e 370
Food, Tolerance, 218
Fox Terriers, 358
Foxhounds, 174, 384
FoxP3, 20, 197, 199e 200, 281, 319
Fractalkine, 87
French Bulldogs, 139, 276, 352, 418
Frisian Water Dogs, 388e 389
Fusobacteria, 413

G
Gallbladder halo sign, 270e 271
Gammopathies, monoclonal, 175

polyclonal, 177, 254e 255
Gasdermin, 37
Gastrointestinal tract, immunity, 207 e 210

lymphoid tissues, 113
microbiota, 412e 413

GATA3, 61, 78, 146e 147, 258e 259
Gel agglutination, 55
Genes

DCL1, 46
HAS2, 332
HS1BP3, 48
MGAT5, 47
PKP2, 279
TUBB1, 49
UNC93B1, 371e 372

Genitourinary system, microbiota, 412
German Shepherd Dogs, 35, 66, 136, 138e 139, 185,

240, 276, 279, 295, 345e 347, 358e 361, 365e 366,
371, 376, 382e 383, 390, 418

IgA de� ciency, 215, 216t, 217, 385, 390
pyoderma, 392e 393

German Short-haired Pointers, 355e 356, 371e 372
Germinal centers, 113e 114, 116, 174e 175
Gestation period, 19
Giant cells, 104e 105
Giardiasis, 257
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Gingivitis, 207e 208
Globule leukocytes, 274
Glomerulonephritis, autoimmune, 294e 295, 351

familial, 295
IgA-mediated, 295
immune-mediated, 254e 255, 292e 296, 293f, 366e 367
infection related, 254e 255, 293e 294

Glucocorticosteroids, 308
Gluten-sensitive enteropathy, 419
Glycocalyx, 209
Glycophorins, 356
Goblet cells, 146e 147, 209, 258e 259
Golden retrievers, 107, 130e 131, 138, 217, 276,

294e 295, 315, 327, 337, 347, 358e 359, 390, 397
Gordon Setters, 133t, 369e 370
Goyet cave, 6
Graft rejection, 20, 304e 305

prevention, 308
Graft vascular disease, 309e 310
Graft-versus-host disease, 311f, 312e 313, 313f
Granulocyte colony stimulating factor (G-CSF),

83e 84, 385
Granulocytopathy syndrome, 385
Granulomatous meningoencephalitis, 350
Granulysins, 156, 194
Granzymes, 38, 148e 150, 156, 194
Gray Collie syndrome, 51, 383
Great Danes, 276, 294, 316b, 332e 333, 345e 346,

355e 356, 358e 359, 401
Greyhounds, 5, 12, 53, 273, 294, 335

eosinophils, 48
Italian, 48
meningoencephalitis, 337

Growth hormone de � ciency, 392
Gullain-Barré syndrome, 350e 351

H
Haptoglobin, 62, 64e 65
Hardpad, 245
Hassall’s corpuscles, 111, 112f, 401
Heartworms, immunity to, 261 e 262
Heat shock proteins, 97e 98, 101e 102, 136, 375
Helicobacter pylori, 114, 413
Helminths, immunity to, 146 e 147, 257e 262, 259f
Hemangiosarcomas, 315, 325
Hematopoiesis, immune suppression of, 357
Hematoxylin bodies, 366e 367
Hemocyanin, 22
Hemolytic anemia, autoimmune, 356e 357, 369
Hemolytic disease of newborn, 56
Hepatitis, autoimmune, 361e 362

Doberman, 361e 362, 418
infectious canine, 247e 248

Hepatozoon canis, 38e 39
Hepcidin, 64
High endothelial venules, 116, 211
Histamine, 270
Histiocytic ulcerative colitis, 418
Histiocytomas, 106e 107
Histiocytosis, 106e 107
HMGB-1, 37e 38, 63e 66, 305, 375
Hookworms, 262
Hovawarts, 390
Husky. SeeSiberian Huskies
Hyaluronic acid, 332
Hygiene hypothesis, 269
Hyperin � ammatory syndrome, 334
Hypersensitivities, type III, 287e 302

type IV, 195e 196, 296e 300
Hypertrophic osteodystrophy, 332e 334, 333f

I
Ibizan Hounds, 12
IgG4-related diseases, 178e 179, 336f, 337e 338
Immune complex disease, 242, 287e 302

localized, 287
systemic, 288e 292

Immune dysregulation, 416e 417
Immune-mediated hemolytic anemia, 356, 357f
Immunity

adaptive, 213e 218
innate, 145e 161, 258e 261, 399e 401
trained, 156e 157

Immunochromatography, 55
Immunocontraception, 348
Immunode � ciency diseases, 381e 396

adaptive immunity, 386 e 394
combined, 386e 389
innate immunity, 381 e 386
uncharacterized, 393

Immunoglobulin A, 23, 179, 213e 215, 338, 402
alleles, 179, 214
de� ciencies, 217, 390e 391
dermatosis, 355
fecal, 216e 217
gastrointestinal tract, 213e 215
levels, 23f, 215e 217, 216f, 216t
milk, 25e 26
nasal, 206e 207
nephropathy, 295
receptors, 181
respiratory tract, 206e 207, 213
saliva, 213
secretory, 179
structure, 179

Immunoglobulin D, 180 e 181
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Immunoglobulin E, 180
anaphylaxis, 270
atopic dogs, 282
gastrointestinal tract, 217
receptors, 182
subclasses, 180

Immunoglobulin G, 25, 178e 179, 178t
autoantibodies against, 373e 374
blood neonatal, 22, 23f
class switch, 167e 168
colostrum, 25
constant regions, 165
genes, 165, 165f
half-life, 28, 178
heavy chains, 164e 167
light chains, kappa, 167

lambda, 167
receptors. SeeFcR
subclasses, 165, 178
variable regions, 166e 167

Immunoglobulin M, 179, 217
de� ciency, 390
milk, 25e 26
structure, 179

Immunoglobulins
colostral, 25
de� ciency diseases, 390e 391
genes, 165e 167, 165f
serum, 164t

Immunoproliferative enteropathy, 418 e 419
Immunosenescence, 397e 405
Immunosuppression, distemper, 245e 246
Immunotherapy, oral, 218

tumor, 315e 329
Immunothrombosis, 49, 51e 52, 289f
Inbreeding, 13
Indoleamine 2,3, dioxygenase (IDO), 21, 309, 324
In� ammasomes, 35e 39, 36f

canine, 37e 39
functions, 36e 37
structure, 36

In� ammation, 67
In� ammatory bowel disease, 35, 331, 341, 414f, 416f

breeds, 35, 418e 420
clinical disease, 420
dysbiosis, 415e 416
genetics, 418e 420
immune dysregulation, 416e 417

In� ammatory disease syndromes, 67e 71
Innate helper cells

group 1, 145e 146, 146f
group 2, 82, 146e 147, 148f, 261, 297
group 3, 148

Innate immunity, 33 e 43, 34f, 145e 161
aging, 399e 401
genes, 38e 39

Innate lymphoid cells, 145e 161, 146f
Integrins, 60e 61, 84

de� ciency, 381e 382
Inter alpha trypsin inhibitor, 65
Interferons (IFN), 87e 90, 88t, 89f

IFN-a, 96e 97
IFN-b, 36, 87
IFN-g, 20, 26e 27, 68e 69, 77, 87, 101e 102, 145e 146,

150, 158, 196, 213, 253e 254
IFN-e, 207
receptors, 87e 88
type I, 59, 88, 96e 97, 331, 411e 412
type II, 87
type III, 87, 89

Interleukin 1, 36, 59, 61, 65, 75e 76, 75f, 79, 169,
255e 256, 375, 417

receptor antagonist, 76, 417
receptors, 76, 97e 98

Interleukin 2, 80, 81f, 253, 318
Interleukin 4, 78, 78f, 80, 95e 96, 104, 146e 147, 158,

258e 259, 278
Interleukin 5, 80, 82, 146e 147, 169, 281
Interleukin 6, 26e 27, 36, 59, 61, 68e 69, 76, 196,

292e 293, 332e 333, 339
receptors, 76

Interleukin 8, 20, 26e 27, 86e 87, 378
Interleukin 9, 80e 82, 81f, 146e 147, 281
Interleukin 10, 20e 21, 83e 84, 84f, 158, 200, 262, 319,

418
Interleukin 12, 20, 26e 27, 77, 96, 99e 100, 151, 191,

417
Interleukin 13, 80, 82, 104, 146e 147, 258, 278, 281
Interleukin 15, 148e 150, 198, 281
Interleukin 17, 82e 83, 83f, 148, 196, 207e 208, 281,

335, 338, 352, 375, 403, 418
Interleukin 18, 36, 61, 76e 77, 333
Interleukin 21, 148e 150, 169, 196
Interleukin 22, 148, 196, 204, 280e 281, 418
Interleukin 23, 77
Interleukin 25, 78e 79, 82, 85e 86, 146e 147, 258, 260,

280
Interleukin 31, 86, 278, 280
Interleukin 33, 38, 78e 79, 146e 147, 258, 278, 280
Interleukin 35, 200
Intraepithelial lymphocytes, 212
Irish Setters, 137, 332e 333, 365e 366, 376, 381, 419
Irish Wolfhounds, 137, 316b, 327, 332e 333, 397

rhinitis, 391
Iron-binding proteins, 64
Isoantibodies, 52
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Italian Greyhounds, 48, 138, 347e 348
Italian Hounds, 385

J
Jackals, 11e 12, 135
Jack Russell Terriers, 49, 272, 337, 358e 360, 386e 387,

397, 401
JAK-STAT pathway, 77, 86, 88, 90, 102e 103
Juvenile polyarteritis syndrome, 292, 377
Juxtacrine signaling, 75

K
Kai blood group, 54
Keeshonds, 347
Keratinocytes, 204, 278
Keratitis, chronic super� cial, 139
Kidney allografts, 305e 308
Killer cell, immunoglobulin-like receptors, 153
Killer T cells (LAK), 318

L
Labradoodles, 347
Labrador retrievers, 66, 74e 75, 107, 138, 217, 276,

295, 335, 357e 359, 390, 400e 401
Lactalbumin, 26
Lactoferrin, 23, 64, 205
Lactoperoxidase, 26
Lakeland Terriers, 359e 360
Langerhans cells, 94f, 97, 107, 204, 262e 263, 282e 283,

296, 309
LE cells, 366e 367, 370
Leishmaniasis, 16, 51, 172e 173, 253, 293e 295

genetics, 256
immunity to, 254 e 256, 255f
visceral, 254e 255

Leptin, 339, 400e 401
Leptomeninges, 338
Leptospirosis, 34e 35, 224, 239e 240
Leukemias, acute, 327

chronic, 326e 327
Leukocytes, 45e 51, 46f

adhesion de� ciency, 381e 383, 382f
immunoglobulin-like receptors, 153
numbers, 45, 47f, 47t
receptor complex (LRC), 153, 154f

Leukocytoclasia, 290
Leukotrienes, 272
Lhasa Apsos, 54
Librela� , 378
Lifespan, 397
Light chain amyloidosis (AL), 66 e 67
Linear immunoglobulin A dermatosis, 355
Lipids, colostral, 24

Lipocalin, 64
Lipopolysaccharide, bacterial, 101e 102
Listeria monocytogenes, 101, 104, 156, 324e 325
Liver, 50, 61e 63

allografts, 309
anaphylaxis, 270, 271f
IgA from, 210

Lokivetmab, 86
Lupus band, 368
Lupus erythematosus (LE) cells, 366e 367, 370, 370f
Ly49, 154
Lyme borreliosis, 242, 293e 295
Lymph nodes, 115e 120

function, 118e 119
structure, 115e 118, 115fe 116f

Lymphatics, 115, 119
Lymphocytes

blood, 46e 47
circulation, 119
counts, 47, 399f
sources, 109e 110

Lymphocytosis, bulldogs, 177e 178
Lymphoglandular complexes, 114
Lymphoid organs, aged, 401
Lymphoid tissue inducer cells, 148
Lymphoid tumors, 326 e 327
Lymphokine-activated killer cells, 318, 318f
Lymphopenia, 386e 387
Lymphoplasmacytic colitis, 415
Lymphoproliferative enteropathy, 418
Lymphosomes, 119e 120, 120f
Lymphotactin, 87
Lymphotoxin, 74, 136
Lysosomes, 106
Lysozyme, 23, 205, 208e 209

M
Macrophages, 50, 75, 93, 100e 105, 399

activation, 63, 101, 102f, 103t, 177, 339
M1 cells, 20, 101e 104, 132, 254e 255, 296, 318e 319
M2 cells, 20, 83, 104e 105, 146e 147, 318e 319
nitrogen metabolites, 103f
regulatory, 101
sentinel cells, 33
tumors and, 318e 319

Macroplatelets, 49, 49f
Madin Darby canine kidney (MDCK) cells, 88
Major histocompatibility complex, 127 e 143

allergic diseases, 275e 276
allografts and, 303
class I, 128e 131

antigen processing pathway, 130e 131, 189e 191,
190f
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arrangement, 129f
NK cell targets, 152e 153
polymorphism, 131
structure, 128e 130, 128f, 130f

class II, 132e 135
antigen-processing pathway, 105e 106, 106f
arrangement, 128f
breed differences, 135
expression, 20, 38e 39, 83e 84, 100e 101
polymorphism, 132
structure, 134e 135, 135f

class III, 136
disease associations, 136e 140, 373
haplotypes, 132e 134, 133t
naming, 129b
polymorphism, 131e 132
receptors, 153e 155

Malassezia infections, 243e 244, 244f, 275
Maltese Terriers, 335, 351, 413
Mammary carcinomas, 148e 150, 318
Mange, Demodectic, 263

sarcoptic, 263e 264
Mast cells, 74, 79e 80, 82

degranulation, 270
parasitic diseases, 259
tumors, 315

Mate choice, 141
Maternal immunity, 28 e 29
Maximilian of Wied, 9
M cells, 114
MDA5, 35, 245
Melanomas, oral, 318, 323e 324

vaccine, 323e 324
Melphalan, 177
Membranoproliferative glomerulonephritis (MPGN),

292e 296, 293f
Memory B cells, 173

innate, 157
T cells, 197e 198

Meningitis of unknown origin (MUO), 351 e 352
Mesenchymal stem cells, 99
Mexican Hairless Dogs, 298e 299
MICA (MHC I chain related A), 131, 155
Microbiota, 407, 408fe 409f

aging, 403, 414e 415
breed differences, 413
gastrointestinal tract, 412e 413
genitourinary system, 412
obesity and, 413e 414
respiratory tract, 411e 412
skin, 410, 411f

Microfold (M) cells, 210e 211
Middle Asian Shepherd Dogs, 133e 134

Middle East, 8
Milk, Immunoglobulin levels, 25, 211
Mites, house dust, 281
Mitogens, 47, 402
Mold spores, 277
Molossian dog, 12
Monoclonal antibodies, 177

antitumor, 320e 321
Monocytes, 21, 47e 48, 100e 101

-derived dendritic cells, 95e 96
subpopulations, 100e 101

Mott cells, 172e 173
Mucocutaneous diseases, 300
Mucosal addressins, 118, 211

lymphoid tissues, 210e 213
Mucosal-associated invariant T (MAIT) cells, 159
Mucus, gastrointestinal, 209

respiratory tract, 205
Multiple-antigen vaccines, 226
Multiple organ dysfunction syndrome, 69 e 71
Multiple sclerosis, 351e 352
Muscle diseases, autoimmune, 358e 361
Muskelin, 393
Mx proteins, 89
Myasthenia gravis, 358e 359, 359fe 360f
Mycobacterium tuberculosis, 101e 102, 156
Mycophenolate, 308
MyD88, 38e 39
Myeloid-derived suppressor cells, 263, 319
Myelomas, 175e 178, 175fe 176f
Myositis, 360

N
Nasal Mucosa, 124e 125, 260
Native American dogs, 9
Natural cytotoxic receptors, 151
Natural killer (NK) cells, 76 e 77, 80, 96e 97, 148e 153,

297, 305
activation, 102, 339
effector mechanisms, 155e 157, 194
exosomes, 156
phenotype, 150e 152
pregnancy, 20
receptors, 131, 136, 151, 152f, 153e 155, 317
structure, 148e 150, 149f
target cells, 152e 153
trained immunity, 156 e 157

Natural killer complex, 153 e 154, 154f
NCR1, 151
Necroptosis, 38e 39
Necrosomes, 33
Necrotizing leukoencephalitis, 351
Necrotizing meningoencephalitis, 351e 352
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Nectin 4, 245
Neonatal immunoglobulin receptors, 26,

27f
Neospora caninum, 26, 38e 39
NETosis, 51
Neurons, 79, 350e 352
Neutering, 140
Neutropenia, 51, 385

cyclic, 51, 383, 383f
Neutrophils, 45e 46, 241, 381

activation, 50e 51, 61
antibodies against, 340e 341
counts, 21, 45
defective, 385
extracellular traps (NETs), 26, 51e 52, 52f, 288e 289,

366
granules, 341
leishmaniasis, 254
in pregnancy, 21

New Guinea Singing Dogs, 12, 14
Newfoundlands, 230
NF-AT, 365e 366
NF-kB, 35e 36, 76e 77, 82, 168,

415e 416
Nitric oxide, 68e 69
Nitric oxide synthase, 68e 69, 74, 101, 103e 104,

103f
NKG2 receptors, 155
NKT cells, 80, 82, 157e 159

type 1, 157e 158
type 2, 158e 159

NOD receptors, 35, 417
Norfolk Terriers, 49
Norwegian Elkhounds, 247e 248, 390
Nova Scotia Duck Tolling Retrievers, 138, 337,

347e 348, 365e 366, 390

O
Obesity, in� ammation, 339

microbiota, 413e 414
Oceanic dogs, 14
Oclacitinib, 86
Odor recognition, 140
Old age, 397, 398f
Old dog encephalitis, 247
Old English Sheepdogs, 137e 138, 358
Olfaction, 140
Oncept� , 323e 324
Ontogeny, immune system, 21e 23, 22f
Onychodystrophy, 369e 370
Optic neuritis, 350
Organ grafts, 303
Osteosarcomas, 148e 150, 315, 323e 325

P
Pack behavior, 59
Pancreatitis, 336
Panniculitis, 334e 335
Pannus, 372e 373, 373f
Papillons, 351
Parathyroiditis, 346
Parentage testing, 56
Parvovirus, 247
Pathogen-associated molecular patterns (PAMPs),

35e 36
Pattern recognition molecules, 34e 35, 34f
PD-1, 139, 195, 263, 321e 322
PD-1L, 173e 174, 195, 263, 319, 321e 322
Pekinese, 351
Pelger-Hüet anomaly, 384
Pemphigus, complex, 353

erythematosus, 354
foliaceus, 353e 354, 354f
paraneoplastic, 354
vegetans, 354
vulgaris, 353e 354

Pentraxins, 62e 63, 66, 207e 208
Peptides, antimicrobial, 39e 41, 207
Perforins, 148e 150, 156, 193e 194
Periodontal disease, 207e 208
Peto’s paradox, 316b
Peyer’s Patches, 113e 114, 114f, 210e 211, 401
Phagosomes, 99, 106
Pharaoh Hound, 12
Pheomelanin, 40
Placenta, 19
Plakophilin, 277, 279
Plasma cells, 46e 47, 116, 172e 173, 172f, 214, 417
Plasmacytoid dendritic cells, 96e 97
Plasmacytomas, 175
Platelet-derived growth factor, 104
Platelets, 49, 49f, 288e 289
Pneumocystis, 193, 243, 391e 392, 411e 412
Pollens, 277
Polyarteritis, 291f

autoimmune, 372e 376
juvenile, 292, 338
nodosa, 292

Polyarthritis, erosive, 372e 376
canine, 41e 42, 138
idiopathic, 377e 378
immune-mediated, 376
lupus, 376
nonerosive, 376e 378, 377f
polymyositis and, 376e 377
types, 377

Polymyositis, 360e 361
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Polyneuritis, autoimmune, 350e 351, 351f
Pomeranians, 392
Poodles, 66, 334e 335, 335f, 347e 348, 352, 358,

365e 366, 370, 397, 413
Portuguese Water Spaniels, 139, 347e 348
Predmosti, 6
Pregnancy, 19e 21, 53e 54
Primary ciliary dyskinesia, 385
Primary lymphoid organs, 110 e 114
Progesterone, 19e 20
Prostaglandins, 20, 60
Proteasomes, 190
Protein losing enteropathy, 419
Protein misfolding diseases, 66e 67
Proteinuria, puppies, 27e 28
Proteobacteria, 411e 413, 415e 416
Protozoa, immunity to, 253e 257
Pruritus, 79, 298e 299, 353
Pseudopelade, 352
Pugs, 133t, 205, 276, 350e 351
Puppies, hemolytic disease, 56

immunoglobulins, 171
neutrophil counts, 45, 46f
newborn, 22e 23

Pyoderma, 241, 293e 294
Pyometra, 293e 294
Pyroptosis, 37e 38

R
Rabies, vaccines, 233e 234, 402
RAGE, 417
Ragweed, 274
Receptors

immunoglobulin, 214
neonatal, 26, 27f
T cell, antigen, 186e 189

Regulatory, B cells, 173e 174
T cells, 198e 200

Rejection, graft, 305e 307
Resistin, 74e 75, 339
Respiratory tract, immunity, 205 e 207

microbiota, 411e 412
Retinal Degeneration syndrome, 350
Retinoic acid, 199e 200
Retroviruses, 249
Rheumatoid arthritis, 372e 376

autoantibodies in, 373e 374
diagnosis, 376, 376t
MHC and, 373
pathogenesis, 372e 376, 374f

Rheumatoid factors, 368
Rhinitis, 274
Rhodesian ridgebacks, 272

Richet, Charles, 269e 270
RIG-1 receptors, 35, 245
Rottweilers, 51, 107, 135, 247, 345e 346, 359e 360, 385,

418
Rough Collies, 347, 359e 360, 369
Russell bodies, 172e 173

S
Saint Bernard’s, 316b
Saliva, antigens, 262e 265

IgA, 208, 216
Salmonella enterica, 101
Salukis, 5, 7, 12, 135
Samoyeds, 12, 138, 247e 248, 347, 352
Sand� ies (Phlebotomus), 254
Sarcoptic mange, 263e 264
SARS-CoV-2, 248
Schipperkes, 347
Schnauzers, 138, 345e 346, 350, 356, 413
Scottish Terriers, 315
Sebaceous adenitis, 352e 353
Secondary lymphoid organs, 115e 125
Secretory component, 179, 214, 215f
Secretory IgA, 214
Segmented� lamentous bacteria, 411e 412
Senescence-associated secretory phenotype,

399e 400
Sentinel cells, 33
Septic shock, 68e 69, 74
Serology, 247
Serum amyloid A, 62e 63, 66
Serum sickness, 290e 291
Severe combined immunode� ciencies, 386e 389,

387fe 389f
Sex genes, 139e 140
Sezary syndrome, 327
Shar Peis, 7, 12, 217, 276, 295, 390

combined immunode � ciency, 389
familial amyloidosis, 66e 67
fever syndrome, 332, 332f

Shetland Sheepdogs, 295, 359e 360, 365e 366, 369, 371,
376

Shibas, 53
Shih Tzus, 49, 54, 193, 205, 243e 244, 351
Shikukos, 53
Short chain fatty acids, 409, 409f
Siberian Huskies, 6e 7, 12, 135, 247e 248, 275, 336,

371
Sickness behavior, 61
Siderocalin, 64
Signaling lymphocyte antigen molecule (SLAM), 245
Silky Terriers, 276
Sjögren’s Syndrome, 372
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Skin, allografts, 309
barrier functions, 204, 278e 279
basement membrane diseases, 355e 356
blistering diseases, 355e 356
defensins in, 39, 204e 205
immunity, 204 e 205
microbiota, 204, 410

Small intestine, immunity in, 208e 209
Soft-coated Wheaten Terriers, 341, 419
Spay/neutering, 140
Sperm, 39e 40, 241, 348
Sphingosine, 279
Spleen, 50, 120e 123

red pulp, 122e 123
structure, 120e 121, 121fe 122f
white pulp, 121e 122

Springer Spaniels, 294, 347e 348, 352, 358, 376, 385
Staphylococcal infections, 156, 204, 241e 242, 242f,

275
Stem cells, 109
Sterile nodular panniculitis, 334e 335
Steroid-responsive meningitis-arteritis, 138, 337e 338
Stevens-Johnson Syndrome, 284, 300
Stomach, 209
Stomatitis, 335
Sudden acquired retinal degeneration syndrome, 350
Sulfonamides, allergies to, 283e 284, 300
Surfactant proteins, 205
Sweet’s syndrome, 334
Synapse, 193
Synovitis, 378
Systemic in� ammatory response syndrome, 67, 68f,

70f
Systemic lupus erythematosus, 294e 295, 331,

365e 370
apoptosis in, 367e 368
autoantibodies, 366
B cells, 366e 367
canine, 366
diagnosis, 371t
genetics, 137e 138, 365e 366
pathogenesis, 367f
polyarthritis, 376
variantsT-bet, 145e 146, 152, 348e 350, 369

T
T-bet, 145e 146, 152, 348e 350
Tacrolimus, 304e 305
T cells, 185e 202

aged, 402e 403
anti-tumor, 318
antigen receptors, 151, 186e 189, 187f
cytokine secretion, 79e 85, 80f, 169

cytotoxic (CD8), 80, 186, 193e 196, 263, 280, 296
de� ciencies, 392e 393
double negative, 197
double positive, 197
excision circles, 401
exhaustion, 253e 254
fevers and, 60e 61
helper (CD4), 169e 170, 186, 191e 193, 192f, 239e 240

type1 (Th1), 76e 77, 79, 246e 247
type 2 (Th2), 79, 82

intestinal, 212e 213, 212f, 417
killer, 318
memory, 197e 198
neonatal, 23, 47
regulatory (Treg), 20, 83e 85, 198e 200, 199f, 207e 208,

218, 255e 256, 281, 296, 335, 411e 412, 415e 416
semiinvariant, 158
skin, 204
Th9 cells, 81
Th17 cells, 61, 77, 82e 83, 196e 197, 196f, 243,

258e 259, 375, 400, 410
Th22 cells, 204, 280e 281

TCR genes, 188e 189
Telomerase vaccines, 324
Thetis cells, 218
Thoracic duct cells, 119
Thrombocidins, 49
Thrombocytopenia, 176e 177

autoimmune, 358
Thymic stromal lymphopoietin (TSLP), 79, 146e 147,

209, 241e 242, 277e 278, 280
Thymus, aging, 21e 22, 110e 113

function, 112e 113
involution, 110
structure, 111, 112f, 388f

Thyroid adenocarcinomas, 148e 150
Thyroiditis, lymphocytic, 345 e 346, 346f
Tibetan terriers, 138, 347
Ticks, 265e 266, 266f

paralysis, 266
Tissue factor, 69e 71
Tolerance, allografts, 308
Tolerosomes, 218
Toll-like receptors (TLR), 34e 36, 245

B cell help, 171
polymorphisms, 35
TLR4, 20, 35, 38e 39, 59

Tonsils, 124, 124f, 208
Toxic epidermal necrolysis, 284, 300
Toxocariasis, 258, 259f, 261, 272e 273
Toxoplasma gondii, 101, 253, 257
Trained immunity, 33, 156e 157
Transcription factors, 61, 145e 147
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Transferrin, 64, 104
Transforming growth factor- b (TGF-b), 84e 85, 85f,

104, 200, 258e 259, 292e 293, 310, 319
Transfusion reactions, 55
Transient immunosuppression, 233
Transmissible venereal sarcoma, 325e 326
Transporter proteins, 132, 134, 190
Trapped neutrophil syndrome, 384
Trypanosomiasis, 253, 257
Tuft cells, 260, 260f
Tumor necrosis factor-a, 26e 27, 36, 50e 51, 59, 61,

68e 69, 73e 75, 74f, 136, 150, 158, 253e 254, 281,
331, 333, 375, 400

-b, 194
receptors, 38, 73, 97e 98

Tumors, active immunization, 323e 325
antigens, 317f
cellular defenses, 317e 319
checkpoint inhibition, 321e 322
immune escape, 317f
immunotherapy, 315e 329
passive immunization, 320e 323

Type 1 immune responses, 77, 256
Type 2 immune responses, 78, 280
Type 3 immune responses, 82
Tyrosinase, 323e 324

U
Ubiquitin, 190
Ulcerative colitis, 415, 418
Urogenital tract, immunity, 207
Urticaria, 272, 273f
Uveodermatologic syndrome, 348e 350, 349f

V
Vaccines, adverse events, 333e 334

autologous, 325
puppies, 28e 29, 29f
telomerase, 324

Vagus nerve, 59

Variable domains, 166
T cell receptors, 188

Vascular endothelial growth factor,
338

Vasculitis, 288, 304
clinical disease, 288f, 290e 292
pathogenesis, 288e 289
pathology, 290, 291f

Venereal sarcoma, 131, 325e 326
Village Dogs, 14, 135
Villonodular synovitis, 378
Vitiligo, 348e 350
Vizlas, 272
Vomiting, epimeletic, 28
Von Willebrand factor, 288e 289

W
Weimaraners, 332e 334, 337, 385, 392, 418
West Highland White Terriers, 133, 137e 138,

243e 244, 276, 347, 351
Whippets, 12, 48, 294, 337, 397
White cell counts, 50
Wolbachia, 262, 294
Wolves, domestication, 4e 8

coat color, 41
Ethiopian, 135
gray, 1, 4, 132e 133, 135
IgA de� ciency in, 391
Indian, 7
Japanese, 7
maned, 135
microbiota, 413
sickness response, 59

X
Xoloti, 11e 12

Y
Yorkshire Terriers, 352, 401
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