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“Go into partnership with nature; she does more than half the work and asks none 
of the fee.” – Martin H. Fisher. 

Nature has undertaken an immense amount of work throughout evolution. The 
evolutionary process has provided a power of information that can address key 
questions such as – Which immune molecules and pathways are conserved across 
species? Which molecules and pathways are exploited by pathogens to cause 
disease? What methods can be broadly used or readily adapted for wild immunology? 
How does co-infection and exposure to a dynamic environment affect immunity?

Section 1 addresses these questions through an evolutionary approach. Laboratory 
mice have been instrumental in dissecting the nuances of the immune system. The 
first paper investigates the immunology of wild mice and reviews how evolution and 

Looking for "The answers are out there, somewhere".  

Image credit: Andrew S. Flies.
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ecology sculpt differences in the immune responses of wild mice and laboratory 
mice. A better understanding of wild immunology is required and sets the scene for 
the subsequent papers.

Although nature doesn’t ask for a fee, it is appropriate that nature is repaid in one 
form or another. The translational theme of the second section incorporates papers 
that translate wild immunology back to nature. But any non-human, non-laboratory 
mouse research environment is hindered by a lack of research tools, hence the 
underlying theme throughout the second section. 

Physiological resource allocation is carefully balanced according to the most 
important needs of the body. Tissue homeostasis can involve trade-offs between 
energy requirements of the host and compensatory mechanisms to respond to 
infection. The third section comprises a collection of papers that employ novel 
strategies to understand how the immune system is compensated under challenging 
physiological situations.

Technology has provided substantial advances in understanding the immune system 
at cellular and molecular levels. The specificity of these tools (e.g. monoclonal 
antibodies) often limits the study to a specific species or strain. A consequence of 
similar genetic sequences or cross-reactivity is that the technology can be adapted 
to wild species. Section 4 provides two examples of probing wild immunology by 
adapting technology developed for laboratory species.
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Editorial on the Research Topic

Wild Immunology—The Answers Are Out There

Laboratory mice have been the workhorse of immunology research. Well-characterized, inbred
mice raised in controlled environments have fostered an understanding of precise immunological
mechanisms. Experimental variation has beenminimized, but results rarely translate into successful
therapies for humans or other animals (1, 2). Simple experimental modifications such as co-housing
a pet shop mouse with laboratory mice can alter the immunophenotype of standard mouse strains
(3). Considering the limitations of traditional laboratory immunology, intrepid researchers have
delved into the nascent field of wild immunology. This “Wild Immunology—the answers are
out there” Research Topic has collected original research articles, perspectives, and hypotheses.
Capitalizing on wild immunology will help steer future research toward productive translational
outcomes and fill knowledge gaps left by the standard immunology models.

Taking laboratory mice out of the box and re-wilding them in an outdoor enclosure is a
simple approach to building on the vast amount of laboratory mouse immunology available. A
DNA metabarcoding approach was used to quantify variation in feeding habits in a semi-natural
environment, rather than the traditional approach of eliminating variation in the laboratory
Budischak et al. Dietary quality and infection with Trichuris muris affected immune parameters
(e.g., IgG1, IL-13) in the re-wildedmice, but did not reduce parasite load. This study also found that
mice on the low-protein diet spent more time foraging, which could result in increased exposure to
pathogens. Future re-wilding studies that incorporate disease models and experimental treatments
should produce steady progress toward translational outputs by addressing natural variation from
the outset, rather than only in clinical trials.

The emergence of various “omics” techniques (e.g., RNA transcriptomics) has opened new
research pathways for non-model organisms. Transcriptomics were used for wild wood mice
(Apodemus sylvaticus) to show that both “immune” and “non-immune” genes can be strong
predictors of parasite burden Babayan et al. In this case the balance of protective immunity and
tissue homeostasis resulted in relatively stable parasite loads and immune profiles. A significant
negative association was found between worm burden and cytokine receptors (IL-5RA, IL-17RA).
By contrast there were no significant positive or negative associations with cytokines, highlighting
potential problems of serological assays focused on soluble cytokines that don’t account for receptor
expression.

The above two original studies using wild and re-wilded rodents were complemented by a
thorough review of wild rodent immunological studies Viney and Riley. This immunology of
wild rodents review is an excellent starting point for any researcher looking to venture into wild
immunology. It shows how the study of wild rodents in a natural environment helps understand
how immune responses contribute to fitness in the wild.
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The prevalence of allergy is increasing in industrialized
nations and is associated with dysregulated IgE effector functions.
Hellman et al. found that dogs and Scandinavian wolves (Canis
lupus) have serum IgE concentrations up to 200 times higher than
non-allergic humans and laboratory rodents. Similar patterns
have been observed in other wild species. A primary function of
IgE is to induce degranulation of mast cells and basophils that
rapidly amplify inflammatory responses upon initial infection by
parasites Hellman et al. The reduced exposure to parasites in
industrialized nations and the striking differences in IgE levels
across species and environments suggests that immunological
investigations of animals in natural settings could shed light
on the growing allergy problem in humans. Importantly,
Hellman et al. also provide thorough analysis and review of
Fc receptors, which are necessary for most antibody-mediated
effector functions, but are often overlooked in antibody-focused
studies.

In addition to the rise in urban-associated diseases in humans,
pathogens from wild animal populations can spillover into
human and domestic animals. Bats (Chiroptera) are the second
largest order of mammals and are host to a plethora of pathogens
with the potential for cross-species transmission. A thought-
provoking Hypothesis and Theory article describing unique
aspects of the bat immune system proposed that two key features
of the bat immune system might account for their ability to
harbor pathogenic viruses Schountz et al. First, the IFN locus of
the Australian black flying fox (Pteropus alecto) has fewer type I
IFN genes than other mammals examined at that time, but that
antiviral IFN-α mRNA is constitutively expressed at high levels
(4). Second, the diversity of naive antibody repertoires in bats
exceeds the diversity in other species studied to date [Schountz
et al.; (5)]. The authors hypothesize that the combined “always
on” IFN-α and diverse antibody repertoire allows bats to control
infections at early stages, and thus minimize pathogenicity from
virus and immunopathology Schountz et al. The long-life span of
many bat species presents an opportunity to investigate changes
in immunity across life history, which is limited in short-lived
laboratory rodents.

Longitudinal studies of natural disease models can also fill
gaps in our understanding of immunity and host-pathogen
coevolution. A novel Mycoplasma gallisepticum pathogen
emerged in wild house finches (Haemorhous mexicanus) and
led to a 60% decrease in the wild finch population Vinkler
et al. Comparison of pathogenicity of the original (1994) and
more recent (2006) strains revealed that the increased virulence
observed across this time scale has been driven in part by the
host’s pro-inflammatory response and incomplete host immunity
[Vinkler et al.; (6)]. A similar pattern occurred with the myxoma
virus used for rabbit (Oryctolagus cuniculus) control that began
in the 1950s. An evolved 1990 myxoma virus strain became
highly virulent because it induced septic shock like inflammatory
response that led to immune collapse (7).

Simple and cost-effective disease surveillance tools and
immunological reagents adaptable for a range of species are
required to address issues of pathogen spillover, host-pathogen
evolution, and immunity in natural settings. Glidden et al.
assessed non-specific markers of inflammation in response

to foot-and-mouth disease virus in African buffalo (Syncerus
caffer). The buffalo were monitored for non-specific markers of
inflammation every 2–3 months over 2 years. Serum haptoglobin
was found to be a reliable surveillance marker of recent infection.

A cost-effective version of RNAseq (TagSeq) was used to fill
the species-specific reagent void in a natural host-parasite system
of threespine sticklebacks (Gasterosteus aculeatus) and native
cestode parasites (Schistocephalus solidus) Lohman et al. Previous
studies have shown that two geographically-isolated populations
of sticklebacks are equally susceptible to infection, but that one
population can suppress parasite growth substantially more than
the other (8). The TagSeq analysis suggests that the parasite-
resistant population had a dynamic gene expression profile,
whereas the less-resistant population has a more static gene
expression profile.

Wild immunology studies have value in understanding
the evolution of the immune system. A review on
melanomacrophage centers (MMC) highlighted that these
aggregates of pigmented phagocytes can be found in vertebrates
Steinel and Bolnick. As MMC share similarities with mammalian
germinal centers it is tantalizing to suggest that MMC in fish
have an immunological role and could be the evolutionary
precursors of germinal centers. However, the authors caution
that further genetic and functional studies are required before
solid conclusions can be drawn.

The Tasmanian devil facial tumor disease (DFTD) has
provided a rare opportunity to scrutinize the interplay between
cancer and the immune system on a large scale in a natural
tumor model. A vaccinate-and-release study of Tasmanian devils
demonstrated that tumor-specific antibodies can be generated
and represents a step forward in the search for a prophylactic
vaccines Pye et al. This is a direct demonstration that wild
immunology studies can have direct application to conservation
and emerging disease solutions. The true test to evaluate any
vaccine approach must occur in the wild, or in real-world
contexts.

As functional experimental studies require significant
resource investment (e.g., labor, reagents), using in silico analysis
prior to embarking on wet lab studies and reagent development
can yield more efficient use of limited resources. A comparative
analysis of immune checkpoint molecules in two marsupials
(metatheria) and seven placental species (eutherians) Flies
et al. revealed that many key motifs and binding domains are
conserved across more than 160 million years of evolution. The
strong selective pressure to maintain immune checkpoints across
species and environments suggests these checkpoints could offer
stable therapeutic and vaccine targets for human disease and
DFTD.

In summary, wildlife studies, particularly long-term
monitoring studies, have begun addressing long-standing
questions in immunology. Taking animals out of the lab and
into more natural environments has yielded surprising results
that are likely to help fill major knowledge gaps regarding the
evolution and development of immunity in a wide range of
species. We have only scratched the surface of the potential for
wild immunology and look forward to finding more answers in
the wild in the coming decades.
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The immunology of wild Rodents: 
Current Status and Future Prospects
Mark Viney1* and Eleanor M. Riley2†
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London School of Hygiene and Tropical Medicine, London, United Kingdom

Wild animals’ immune responses contribute to their evolutionary fitness. These responses 
are moulded by selection to be appropriate to the actual antigenic environment in which 
the animals live, but without imposing an excessive energetic demand which compro-
mises other component of fitness. But, exactly what these responses are, and how they 
compare with those of laboratory animals, has been little studied. Here, we review the 
very small number of published studies of immune responses of wild rodents, finding 
general agreement that their humoral (antibody) responses are highly elevated when 
compared with those of laboratory animals, and that wild rodents’ cellular immune system 
reveals extensive antigenic exposure. In contrast, proliferative and cytokine responses of 
ex vivo-stimulated immune cells of wild rodents are typically depressed compared with 
those of laboratory animals. Collectively, these responses are appropriate to wild animals’ 
lives, because the elevated responses reflect the cumulative exposure to infection, while 
the depressed proliferative and cytokine responses are indicative of effective immune 
homeostasis that minimizes immunopathology. A more comprehensive understanding of 
the immune ecology of wild animals requires (i) understanding the antigenic load to which 
wild animals are exposed, and identification of any key antigens that mould the immune 
repertoire, (ii) identifying immunoregulatory processes of wild animals and the events that 
induce them, and (iii) understanding the actual resource state of wild animals, and the 
immunological consequences that flow from this. Together, by extending studies of wild 
rodents, particularly addressing these questions (while drawing on our immunological 
understanding of laboratory animals), we will be better able to understand how rodents’ 
immune responses contribute to their fitness in the wild.

Keywords: mouse, rat, vole, rodent, immune, immunology, wild

ON FINDING THAT YOUR EXPERIMENTAL MODEL IS WRONG

Model experimental systems—E. coli, yeast, Drosophila, C. elegans, mice—are a bedrock of modern 
experimental biology. Enormous investment has been made in these models, and they underpin 
large, international research efforts. Choosing to work with the right model can make or break an 
academic career.

One of us (Mark Viney) has used a simple laboratory model—infecting laboratory rats (Rattus 
norvegicus) with the nematode parasite Strongyloides ratti (1–4). Moreover, the model had a purity: 
in the wild S. ratti infects R. norvegicus, so the model was simply moving parasites from wild 
rats into laboratory rats. Experiments using this elegantly simple model had discovered how the 
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parasite’s life cycle was controlled by a range of environmental 
effects, including the host immune response (1). This was a fas-
cinating discovery, illuminating an association of such intimacy, 
where a parasite used the host to control its life cycle decisions.

But there was a gnawing problem. Each rat that was infected 
became immune to S. ratti after about 5  weeks, expelling the 
worms and becoming resistant to reinfection (5). Because of 
this, parasites were maintained by continually infecting parasite-
naïve rats. In contrast, in the wild, almost two-thirds of rats were 
infected with S. ratti (6), suggesting that wild animals were not 
becoming immune to S. ratti, as their lab cousins so readily were. 
If the immunology of lab rats infected with S. ratti was so different 
to that of wild rats, then what had this lab model really revealed 
about how the host immune response actually controlled the 
parasite’s life cycle in the wild? Intuitively, we reasoned that labo-
ratory and wild rats were immunologically different: wild animals 
were leading stressful, resource-limited lives, and so were making 
low-level, insufficient immune responses against parasites, and 
that was why S. ratti infections were so common in the wild.

Intuition is one thing; what did the literature say? The answer—
remarkably little. We could find almost no studies of the immune 
systems of wild rodents, and the little evidence that existed did 
not obviously support the hypothesis that wild rodents’ immune 
responses were impaired or impoverished. There were rather more 
studies of laboratory animals, livestock, as well as some wild ani-
mals (mainly birds), generally supporting the idea that immune 
resources were energetically and resource costly (7), and so one 
could argue that there were likely to be some resource-based con-
straints on wild rodents’ immune responses. But, overall, there was 
not any clear information on what immune responses wild rodents 
were making or how this might explain why S. ratti infections 
were so much more common in the wild than laboratory studies 
predicted that they would be. This disconnect from the lab to the 
wild in this hitherto, elegantly simple model—and that so little 
was known about wild animal immunology in general—spurred 
our determined look into wild rodents’ immune responses.

KEY CONCEPTS IN ECO-IMMUNOLOGY

Eco-immunology is the study of the immune responses of wild 
animals in ecologically relevant settings. The broader rationale 
for studying the immune responses of wild animals is that these 
responses contribute to wild animals’ evolutionary fitness (7). 
Immune systems respond to antigenic stimuli received by an 
animal and so different individuals within a population, different 
populations of a species, and different species, will each have 
qualitatively and quantitatively different exposure to antigens. 
Mammalian immune systems are adaptable and will respond, 
in one way or another, to any antigen they encounter. However, 
selection will act to optimize the form and nature of these immune 
responses to maximize fitness, in the context of other selection 
pressures to which animals are subject (8, 9). This leads to the 
first key concept of eco-immunology: immunoheterogeneity, so 
that different species, different populations within species, or dif-
ferent individuals within populations may differ in the immune 
responses that they make. These differences will be seen (i) in the 
resting status of the immune system, observed as the standing 

immune response, but also (ii) when animals are compared for 
their responses to a standard antigenic challenge, for example to 
vaccination. Animals will differ in these regards for both intrinsic 
reasons (e.g., genetically) and for extrinsic, contextual reasons, 
for example their different exposure to infection, and other 
challenges during their lives. It is appropriate that immunohet-
erogeneity is the first key concept of eco-immunology, because 
understanding both the ultimate and proximate causes of this 
heterogeneity, and its consequences, is arguably the central ques-
tion in eco-immunology.

Making immune responses is just one aspect of an animal’s 
physiological demands. In addition, animals have to grow, seek, 
and compete for food and mates, and reproduce. All of these 
processes require energy. It is clear that immune responses are 
energetically demanding (7), as too is growing, foraging, and 
reproducing. Therefore, with the assumption that many wild ani-
mals are energy limited, then these limited resources have to be 
deployed among these competing physiological and life-history 
processes in such a way as to maximize evolutionary fitness. 
This means that the immune responses of wild animals may be 
sub-maximal because of energy limitation. This is the second key 
concept of eco-immunology: that individuals’ immune responses 
may be constrained by resource availability, and more generally 
that immune responses can be affected by an animal’s wider 
physiological state. Further, variation among individuals in the 
quantities of resource they have and in how they allocate these 
resources to immune function (or not) importantly contributes 
to immunoheterogeneity (key concept 1, above).

Animals are exposed to and infected with a myriad of  
organisms—viruses, bacteria, fungi, protozoa, and metazoa, both  
internally and externally (7). The vast majority of these are 
usually harmless commensals which the immune system has to 
learn to ignore, but a small proportion are potentially dangerous 
pathogens that need to be recognized and, if possible, eliminated. 
Being infected with these organisms is a normal part of animal 
life, and animals and their immune systems have evolved in 
their presence. All of these organisms are sources of antigenic 
stimulus for the immune system, though the nature and degree of 
this stimulation varies among different types of organisms, their 
number, and their location in, or on, their host. This is the third 
key concept of eco-immunology: that animals have a potentially 
very large and diverse antigenic load. This antigenic load will 
differ among individuals within populations, among populations 
within species, and among species, and so also contribute to 
immunoheterogeneity (key concept 1, above).

Applying these three key concepts to laboratory and wild ani-
mals reveals substantial differences between them. In laboratory 
animals, immunoheterogeneity (key concept 1) among individu-
als within a species is minimized, if not extinguished, while in 
wild animals it exists in abundance. Laboratory animals are rarely 
resource limited (key concept 2), suggesting that their immune 
responses are maximal, while in wild animals we presume that 
resource limitation is widespread and so that immune responses 
may be sub-maximal (though they may be optimal) (10). 
Laboratory animals are usually maintained with a much reduced 
burden of infection (key concept 3), while wild animals have infec-
tions in abundance. Therefore, fully understanding the immune 
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Table 1 | A summary of studies of the immunology of wild rodents, (A) where 
wild and laboratory animals have been compared and (B) where wild animals 
only have been studied.

Author Species Sample Size Reference

(A)
Lochmiller et al. (1991) Mus musculus 1 wild; 6 laboratory (11)
Devalapalli et al. (2006) Mice 10 wild; 24 

laboratory
(12)

Abolins et al. (2011) Mus musculus 
domesticus

33 wild; 32 
laboratory

(13)

Boysen et al. (2011) M. musculus 22 wild; 31 
laboratory

(14)

Beura et al. (2016) M. musculus 10 wild; 6 pet shop; 
9 laboratory

(15)

Abolins et al. (2017) M. musculus 
domesticus

460 wild; 181 wild 
compared with 64 
laboratory

(16)

Japp et al. (2017) M. musculus Unspecified pet 
shop; unspecified 
laboratory

(17)

Lochmiller et al. (1993) Sigmodon hispidus 47 wild; 67 captive (18)
Devalapalli et al. (2006) Rat 58 wild; 15 

laboratory
(12)

Lesher et al. (2006) Rattus norvegicus 54 wild; unspecified 
laboratory

(19)

Kataranovski et al. 
(2009)

R. norvegicus 48 wild; 48 
laboratory

(20)

Kataranovski et al. 
(2009)

R. norvegicus 48 wild; 48 
laboratory

(21)

Trama et al. (2012) R. norvegicus 8 wild; 7 laboratory (22)
Beldomenico et al. 
(2008)

Microtus agrestis 1,574 wild; 186 
captive

(23)

(B)
Lochmiller et al. (1992) S. hispidus 108 (24)
Vestey et al. (1993) S. hispidus 131 captive and 

wild caught
(25)

Lochmiller et al. (1994) S. hispidus 310 (26)
Davis et al. (1979) R. norvegicus 39 (27)
Shonnard et al. (1979) R. norvegicus 48 (28)
Andrianaivoarimanana 
et al. (2012)

Rattus rattus 425 (29)

Beldomenico et al. 
(2008)

M. agrestis 771 (30)

Jackson et al. (2011) M. agrestis 307 (31)
Beldomenico et al. 
(2008)

M. agrestis 1,574 (23)

Arriero et al. (2017) M. agrestis 60 (32)
Sinclair and Lochmiller 
(2000)

Microtus 
ochrogaster

140 (33)

Lochmiller et al. (1991) Microtus pinetorum 7 (11)
Lochmiller et al. (1991) Peromyscus 

leucopus
29 (11)

Schwanz et al. (2011) P. leucopus 49 (34)
Lehmer et al. (2010) Peromyscus 

maniculatus
633 (35)

Lochmiller et al. (1991) Neotoma floridana 4 (11)
Lochmiller et al. (1991) Onychomys 

leucogaster
2 (11)

Lochmiller et al. (1991) Perognathus 
hispidus

7 (11)

Jackson et al. (2009) Apodemus 
sylvaticus

100 (36)
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responses of animals and how they contribute to their fitness 
absolutely requires that they are studied in wild populations— 
this is the raison d’être of eco-immunology. However, the enor-
mously detailed understanding of mammalian immune systems 
that has come from the extensive study of laboratory animals will 
play a central role in this endeavour, giving eco-immunologists 
both the tools to probe the immune systems of wild animals and 
some founding concepts from which to interpret data from these 
studies.

IMMUNE FUNCTION IN WILD RODENTS

There are notably few studies of the immune systems of wild 
rodents, whereas immunological studies of laboratory rodents 
abound. Specifically, a Web of Knowledge search for publications 
whose titles and abstracts mention “mouse/mice” and “immun-” 
finds 19,997 papers in 2016 alone (and 187,154 between 2006 and 
2016, inclusive). By contrast, we are aware of only 26 published 
studies of the immunology of wild rodents. A predominance 
per  se of studies of laboratory models over wild systems is not 
necessarily problematic but, as discussed above, extrapolation 
from laboratory models to wild animals is unlikely to be straight-
forward so that the underrepresentation of the immunological 
study of wild animals is worrying.

The published studies of wild rodent immunology are sum-
marized in Table  1 (11–36). The criterion for inclusion was  
(i) that the animals had to directly originate from the wild (though 
we include studies that use pet shop-acquired animals too) and 
(ii) that some immunological parameter was measured. Here, we 
review these studies.

Comparisons of Wild and Laboratory 
Rodent Immune Responses
There are seven published studies of mice, Mus musculus, that 
explicitly compared wild and laboratory animals. Two of these 
studies were experimental, where wild-caught mice were immu-
nized—either with sheep red blood cells (SRBC) or with keyhole 
limpet haemocyanin (KLH)—and the effect compared with the 
same immunization of laboratory mice (11, 13). In both cases, 
the immune responses of the wild mice were greater than those 
of laboratory mice, seen as higher anti-KLH antibody titres and 
greater antibody avidity (13) and greater SRBC lytic effect (11).

The remaining five studies of mice were observational, and  
measured and compared, various immune parameters between 
wild and laboratory mice. Comparisons of spleen cell popula-
tions in wild and laboratory M. musculus (13, 14) showed that 
wild mice had proportionately more CD4+ T cells and greater 
numbers of activated CD4+ T  cells than laboratory mice and 
that their B  cells, dendritic cells (DCs), macrophages, and 
natural killer (NK) cells had a more activated phenotype. 
However, spleen cells from wild and laboratory mice produced 
similar amounts of interferon-γ (IFN-γ) after in vitro restimu-
lation with the T  cell mitogen concanavalin A (Con A) (13). 
In a separate study, in  vitro restimulation of splenocytes with 
exogenous cytokines resulted in more rapid expression of the 
high affinity IL-2 receptor (CD25) by NK  cells of wild mice 

compared to laboratory mice and these cells were more likely 
to produce IFN-γ (14). A more detailed comparison of wild, 
pet shop-derived mice (in some way a halfway-house between 
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wild and laboratory animals) and laboratory mice (15) showed 
that the non-laboratory mice had higher frequencies of antigen-
experienced, terminal effector and tissue-resident CD8+ cells 
compared with laboratory mice (15).

In our own recent work with wild Mus musculus domesticus, 
we undertook a systematic, immune-system wide analysis using a 
large sample of mice from different populations across the south-
ern UK (16). This analysis also found that, by many measures, 
the immune systems of wild mice were more activated, or more 
antigen-experienced, than those of laboratory mice. This was seen 
as significantly higher concentrations of serum immunoglobulins 
(IgG, IgE) and acute phase proteins (serum amyloid P and hapto-
globin), and as the wild mice splenocytes having proportionately 
more T  cells, higher T  cell: B  cell and higher CD4+:CD8+ cell 
ratios, and more CD11b+ myeloid cells (16). These data were con-
sistent with earlier work which found wild mice to have higher 
IgG and IgE titres than laboratory mice, although no difference in 
IgM titres (12). Significantly, the status that the CD4+ and CD8+ 
cells were markedly different between wild and laboratory mice, 
with wild mouse cells being comparatively more likely to be effec-
tor or effector memory cells than naïve cells, while the opposite 
was the case for the laboratory mice (16). There was very marked 
interindividual heterogeneity in almost all immune measures 
of wild mice, which was much more extensive than among the 
laboratory mice (16). Wild mouse NK cells were also found to 
be in a comparatively highly activated state (16), also supporting 
previous observations (14). Among myeloid cells, wild mice were 
found to have a sub-population of these cells—which we have 
called hypergranulocytic myeloid cells—that appear not to have 
been described from laboratory mice (16).

In notable contrast to these many signatures of activation 
of the immune responses in wild mice, the production of nine 
cytokines (IFN-γ, IL-1β, IL-4, IL-6, IL-10, IL-12p40, IL-12p70, 
IL-13, and MIP-2α) from wild mouse splenocytes following 
in  vitro stimulation with four pathogen-associated ligands 
tended to be much lower than from cells of laboratory mice 
(16). Specifically, among 45 comparisons (5 culture conditions 
and 9 cytokines) there were 16 significant differences in cytokine 
concentrations between wild and laboratory mice, of which 13 
were lower in the wild mice, compared with the laboratory 
mice. The only exception to this trend was that some cytokine 
responses (IFN-γ, IL-4, and MIP-2α) to a T cell mitogen were 
significantly higher among wild than lab mice (16). One inter-
pretation of these data is that in wild mice there are substantial 
antigen-specific responses, but innate immune responses to 
pathogen ligands are highly constrained (possibly a homeostatic 
mechanism to prevent overwhelming inflammation in the face 
of continued pathogen challenge).

Detailed cytometric comparison of pet shop mice with labora-
tory mice [specific pathogen free (SPF), non-SPF, or quarantine 
mice] (17) showed differences among the groups, with pet shop 
mice having higher frequencies of innate immune cells, particu-
larly NK cells (17), again a finding consistent with other studies 
(14). Pet shop mice also had notably more granulocytes, mono-
cytes, and DCs; higher frequencies of antigen-experienced B cells 
and plasma cells; more effector and memory CD4+ and CD8+ 
cells, all consistent with their likely greater exposure to infection 

when compared with the laboratory mice (17). After polyclonal 
stimulation (with phorbol-myristate-acetate and ionomycin), 
pet shop mouse splenic CD4+ and CD8+ T cells produced more  
IFN-γ and IL-17A than the laboratory mice, but less TNF-α, 
among seven cytokines assayed in total (17).

Collectively, these seven studies of Mus show a broadly con-
sistent picture: that the immune systems of wild mice are more 
activated and show evidence of greater antigen exposure (higher 
antibody titres, greater antibody avidity, proportionally more 
effector cells, and a higher activation state of those cells) than the 
immune systems of laboratory mice. This is commensurate with 
the a priori expectation that wild mice, presumably, are continu-
ally and repeatedly exposed to a diverse repertoire of commensal 
and pathogenic organisms. Interestingly, co-housing of labora-
tory mice with pet shop mice results in a rather rapid expansion 
of antigen-experienced (CD44hi) CD8+ T cells in laboratory mice, 
suggesting indeed that exposure of laboratory mice to infections 
from wild mice drives the immune system toward the immuno-
logical phenotype of wild mice (15). Somewhat surprisingly, there 
is a consistent finding that innate immune function (as measured 
by cytokine production) tends to be depressed in wild mice 
compared to laboratory mice, whereas the antigen-experienced 
T cells of wild mice are activated.

Beyond mice, studies have also compared the immune systems 
of wild and laboratory rats, R. norvegicus. Overall, peripheral 
thymic and spleen cell populations of wild and laboratory 
rats tended to be rather similar, though wild rat spleens had 
proportionally fewer CD4+ T cells and more CD8+ T cells (22) 
than laboratory rats. Also, the proportion of peripheral T cells 
expressing CD62L was lower, and the proportion expressing 
major histocompatibility (MHC) Class II was higher, in wild rats 
compared to laboratory rats, consistent with higher proportions 
of antigen-experienced effector memory T cells among wild rats 
(22). However, the picture of T cell maturation was complicated, 
with wild rats having higher proportions of immature CD4+CD8+ 
double-positive peripheral T cells, but lower proportions of imma-
ture CD90+CD4+ T cells, and higher proportions of CD59+CD8+ 
cells (a marker involved in complement regulation) (22). Two 
other studies showed relatively small differences in the composi-
tion of peripheral (21) and splenic (19) mononuclear cells among 
wild and laboratory rats. Similarly, concentrations of circulating 
cytokines and chemokines were, overall, not different between 
wild and laboratory rats and for those that did differ (5 of 23 
measured), the laboratory rats had higher cytokine concentra-
tions than the wild rats (22). However, as for studies of wild mice, 
many measures of immune status were much more variable 
among wild rats than among laboratory rats (20, 22). Other stud-
ies found that wild rat spleens were larger (as a proportion of body 
mass) than those of laboratory rats, and that their splenocytes 
proliferated less, and their T cells did not upregulate expression 
of CD25 or CD134 and produced less IL-2 and TNF-α, but sig-
nificantly more IL-4, in response to in vitro Con A stimulation  
(19, 20). Finally, both of these studies observed lower circulating 
concentrations of TNF-α in wild rats compared with laboratory 
rats (19, 22). For measures of humoral immunity, wild rats 
antibody titres (IgE, G, and M) were higher than those of labora-
tory rats, consistent with the likely greater antigen exposure of 
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wild animals (12, 19). Increased exposure to infection was also 
indicated by the high prevalence of chronic, inflammatory lung 
(among 33% of animals), and kidney (among 25% of animals) 
disease, commonly accompanied by increased numbers of 
peripheral leukocytes, in wild rats that was not seen in laboratory 
rats (21).

Similarly, a study comparing wild and laboratory-maintained 
cotton rats, Sigmodon hispidus, also found larger spleens (both 
absolutely and as a proportion of total body mass) containing 
more cells, but lower proliferative responses to pokeweed mito-
gen (PWM) and Con A in wild rats compared with laboratory 
animals (18).

All told, these six studies of two species of rats tend to show 
rather subtle differences between wild and laboratory animals, 
which cannot easily be classified as one population being either 
more or less immunologically active than the other. However, as 
observed for wild mice, wild rats tend to have higher antibody 
titres but their generic (i.e., mitogen driven) spleen cell prolif-
erative capacity and cytokine production is lower than that of 
laboratory animals.

A comparison of haematological parameters between wild and 
wild-caught, but captive, voles, Microtus agrestis showed that cap-
tive animals had comparatively higher erythrocyte, lymphocyte 
and monocyte densities, with a notable decline in lymphocyte 
density in both males and females when reproduction began (23).

Collectively, these 14 studies of mice, rats and voles show 
that wild rodents’ immune systems are generally in a highly 
antigen-experienced state (seen as comparatively more mature, 
effector lymphocyte populations and higher antibody titres) 
consistent with these wild animals being subject to sustained 
antigenic exposure. In vitro functional responses (to mitogens 
and microbial products) show a more mixed picture, with often 
fewer differences between wild and laboratory animals and 
often lower responses in wild animals. Critically, highly elevated 
proliferative or cytokine responses—putatively commensurate 
with the elevation of other aspects of the immune response—are 
not seen. While we could speculate about the reasons for this 
apparent disconnect between past immune experience and cur-
rent immune function, there are currently too few studies, and 
these studies are too limited in scope, to allow robust conclusions 
to be drawn.

Other Studies of Immune Responses of 
Wild Rodents
There have been other observational studies of the immune status 
of wild (or near wild) rodents, but with no explicit comparison to 
laboratory animals, which we will now review.

For wild S. hispidus, in  vitro splenocyte proliferative res
ponses to PWM were greater than to Con A, but both responses 
varied in a similar pattern across seasons, but mitogen-induced 
responses tended to vary inversely with spontaneous prolifera-
tion (reflecting the in  vivo activation state of the cells) (26). 
In wild-caught cotton rats (or their first-generation captive 
offspring) the size of Peyer’s patches increased with animals’ 
age as did the number of large intestine lymphoid follicles 
(24). Experimental manipulation of animals’ diet (both wild 
caught, but then captive maintained, but also including some 

captive colony animals) affected investment in lymphoid  
tissue, with the total mass of Peyer’s patches being smaller in 
animals fed a low (4%) protein diet, compared with those fed 
a 16% protein diet, though Peyer’s patches were a significantly 
greater a proportion of body mass in low protein diet (24). In 
animals (wild caught and from an outbred captive colony) fed 
low protein diets, their spleen, thymus, and packed cell vol-
umes were generally lower, compared with those fed the high 
protein diet (25). These diets also had functional effects, with 
low protein diet-fed animals having comparatively lower serum 
complement activity but higher delayed type hypersensitivity 
(DTH) responses (25).

There have been three immunization studies of brown rats,  
R. norvegicus. This found that antibody titres varied widely among 
rats immunized with a polymeric peptide, with their responsive-
ness linked to their MHC haplotype (27, 29). Similarly, wild rats 
(R. rattus) infected with the plague bacterium (Yersinia pestis) 
developed long-lasting IgG and IgM responses, though there was 
heterogeneity of responses among animals from different loca-
tions (28).

There have been a number of studies of wild voles, Microtus 
spp. A longitudinal survey of wild M. agrestis populations 
found that erythrocyte density declined in the spring, peaking 
in the autumn; lymphocyte density was greatest in summer and 
autumn, and tended to decline in older animals; neutrophil den-
sity peaked in spring, and monocytes behaved similarly, though 
slightly later (23). There were some sex effects, with neutrophil 
and erythrocyte densities being higher in males, with reproduc-
tion also affecting many measures, but often in complex ways 
connected with prior animal density (23).

Longitudinal studies of M. agrestis revealed that anaemia  
(as an indicator of poor body condition) predisposed individu-
als to monocytosis (indicative of infection), whereas the effect 
of lymphocyte density with regard to monocytosis varied with 
animal density, and that monocytosis preceded a decline in 
lymphocyte numbers and erythrocyte density (30).

Also in M. agrestis, transcriptional analysis of genes coding 
for cytokines (TGF-β1, IL-1β, IL-10, and IFN-γ) in response to 
toll-like receptor (TLR)-2 and TLR-9 agonists, and expression of 
transcription factors related to immunological function (FoxP3, 
Tbet, Gata3, and IRF5) in PHA-stimulated splenocytes, showed 
strong seasonal effects (31). Specifically, pro-inflammatory 
responses were elevated in late winter and early spring, declin-
ing thereafter, whereas anti-inflammatory responses, generally, 
declined as day length increased, though there was heterogeneity 
among individual anti-inflammatory markers (31). Markers of 
anti-inflammatory responses also tended to decline as animals 
moved from non-mating status, to mating, then gravid status, 
while markers of inflammation were negatively associated with 
body condition (32). In M. agrestis, longitudinal analysis of the 
expression of genes coding for IFN-γ, Gata3, and IL-10, showed 
that individuals consistently differ in their expression of IFN-γ,  
with some evidence showing that the other two genes were 
also consistently expressed differently (32). In M. ochrogaster, 
complement-dependent haemolysis and IL-2-dependent spleno-
cyte proliferation both varied temporally, though without a clear, 
repeatable annual pattern (33). Females’ reproduction reduced 
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their haemolysis responses and affected splenocyte proliferation 
(33). Together these studies of Microtus spp. have shown that a 
range of immunological parameters can be measured, and that 
these are often affected in complex ways by animals’ state and 
their environment, which includes demographic characteristics 
of the relevant populations, as well as infection.

There has also been immunological study of deer mice, 
Peromyscus spp. and field mice, Apodemus sylvaticus. Oral immu-
nization of wild P. leucopus with a Borrelia burgdorferi antigen 
induced dose-dependent IgG responses, as well as increases 
in the density of peripheral neutrophils and eosinophils (34).  
In P. maniculatus, anti-Sin Nombre virus IgG titres were higher 
in males, compared with females, and males’ antibody titre was 
positively related to body mass (35). In A. sylvaticus, in  vitro 
splenocyte stimulation with TLR-2 and TLR-9 agonists induced 
high levels of TNF-α secretion and these responses (summarized 
as principal components) were negatively correlated to infection 
with a helminth and an ectoparasite (suggestive of pathogen-
induced immunomodulation), but were not related to animals’ 
size, mass, or life-history state (36). Primary immune responses 
to SRBC immunization P. leucopus, M. pinetorum, Neotoma 
floridana, Onychomys leucogaster, and Perognathus hispidus have 
been induced and were all heterogeneous among the individual 
animals studied (11).

These 15 diverse studies (Table 1) of other wild rodents, where 
there is no explicit comparison to laboratory animals, shows that 
immune responses differ among individuals, that effects of season 
and other aspects of animals’ environments are important, as too 
is age, though there are often no reported sex differences, though 
reproduction can be a significant immunological event. These 
studies also show that infections are important in affecting an 
animal’s immune status.

UNDERSTANDING THE IMMUNE 
RESPONSES OF WILD RODENTS—A 
SYNTHESIS AND QUESTIONS FOR  
THE FUTURE

Taken together, a coherent picture of wild rodent immune res
ponses begins to emerge from these 26 studies. Specifically, that 
the humoral, and adaptive and innate cellular compartments of 
their immune systems are highly active—and more so than those 
of laboratory animals—with this immune phenotype entirely 
consistent with high level and continuous antigenic challenge 
(especially compared with laboratory animals). But functional 
cellular responses of wild rodents—in particular, proliferative and 
cytokine responses to broad spectrum stimuli such as mitogens 
or TLR agonists—are lower than those observed in laboratory 
animals. There is therefore a disconnect between different aspects 
of the immune biology of wild animals when judged against the 
accepted paradigms derived from studies of laboratory animals. 
Specifically, in wild rodents, despite evidence of extensive prior 
and current exposure to immunological challenges (i.e., high 
antibody titres, highly differentiated lymphocyte populations 
expressing markers of recent or current activation and immune 
memory) their ability to respond appropriately to an additional 

immunological stimulus is lower than one might expect given 
data from laboratory animals. Although data are limited, there 
is some evidence that antigen-specific T  cell responses of wild 
rodents may be similar to (or higher than) those of laboratory 
mice (16), such that lower-than-expected immune function may 
be limited to innate immune responses—but much more work is 
required to determine whether this is indeed true.

Notwithstanding this current unknown, an important 
question is: which of these situations is “normal” and which is 
“abnormal”? Are wild animal responses abnormally low, or are 
laboratory animal responses abnormally high? Perhaps the most 
parsimonious explanation to this paradox is that, in the face of 
persistent or repeated infectious challenge, high-level prolifera-
tive and cytokine responses can cause severe tissue pathology, and 
to avoid this, functional immune responses of wild rodents are  
moderated so that individuals are adequately protected from infec-
tion while avoiding immune-mediated damage. This explanation 
has to be understood with the context that wild animals are exposed 
to a very large and diverse antigenic load (key concept 3, above).  
By comparison, laboratory animals have a very low antigenic 
burden, and thus their resting level of immune activation is 
much lower, and they may, therefore, be able to sustain higher 
proliferative and cytokine responses to any individual stimulus 
without causing immunopathology. In support of this hypoth-
esis, immune responses of laboratory mice share many features 
of the neonatal human immune response (15). If true, this idea 
implies that the constrained cellular immune responses of wild 
rodents are both mechanistically and evolutionarily appropriate. 
In contrast, immune responses of laboratory rodents are more 
typical of those of a naïve, antigen-inexperienced animal. If so, 
then the initial immune response of any animal (in the lab, ani-
mals entering an experiment; in the wild, newly born animals) 
are high, but that these then decline with continued antigenic 
exposure (which is the natural life course in wild animals, if they 
survive, but which rarely happens in laboratory experiments).

It is also important to remember that these functional immune 
responses are, at least in part, measures of the influence of 
immunoregulatory processes. There is evidence from studies in 
humans that immunoregulatory mechanisms accrue over the life 
course and in response to microbial exposure, for example, by the 
accumulation of regulatory T cells (37, 38), though the relevance 
of age-dependent effects in laboratory rodents to those of wild 
rodents which are typically short lived (16, 32) remains unclear. 
We therefore need to be mindful that while one can measure many 
immune parameters, these represent different, discrete aspects of 
the functioning immune system, ranging from frontline effector 
responses against a pathogen, to back-room regulatory processes. 
The immunoregulatory processes and the homeostatic state of 
wild rodents’ immune systems will be appropriate to the nature 
and degree of antigenic stimulation to which these animals are 
exposed (and so will vary among individuals within popula-
tions, among populations within species, and among species).  
In one sense, this is self evident—the immune system responds in 
a regulated way to antigenic stimulation. The immunoregulatory 
processes of laboratory animals may be qualitatively or quantita-
tively different, given the very different environments in which 
these animals live.
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This analysis generates two important research priorities for 
future studies of wild rodent populations. First, to discover and 
quantify the totality of infections—and so antigenic exposure—to 
which wild animals are exposed. While we are confident in 
asserting that wild animals have very heavy, extensive, high-level 
infections, there is actually rather little substantive evidence of 
this. While certain infections (particularly protozoan and meta-
zoan parasites, together with some named viruses) are quite well 
characterized, the microbiota and pathogen load of wild animals 
is poorly characterized (both qualitatively and quantitatively) (39), 
despite this likely being the dominant source of antigenic challenge 
for wild rodents. The second research priority is to understand 
the immunoregulatory processes of wild rodents. These processes 
are the proximate mechanism by which the magnitude of many 
effector immune responses is determined. Linking these two ques-
tions together makes it interesting to ask: what is the quantitative 
relationship between antigenic load, immunoregulation, and 
effector outputs? A quantitative understanding of the action and 
interaction of components of the mammalian immune system is, 
arguably, woefully lacking, but such quantitative understanding 
is likely to be necessary to understand the relationship between 
infection and immune responses in wild animals. Ultimately, this 
level of understanding is necessary to be able to make predictions 
about which immune responses will be induced in response to 
particular infections given the overall antigen load, something 
that is not generally possible even in laboratory animals.

Other important ideas arise from these 26 studies—that there 
can be strong seasonal effects on the immune system [a pattern 
that is commonly seen among animals more generally (40)], 
and that these can also be affected by aspects of animals’ state  
(for example, their age, reproductive status, etc.), and the 
infections that they have. Interpreting an immune measure of 
a wild animal critically depends on understanding how, and 
under what scenarios, the immune measures of interest change. 
Interpretation of single immune measures without a broader 
context is likely to be very difficult and unreliable. Moreover, 
given the immunoheterogeneity that exists among individuals, 
both substantial sample sizes and, ideally, longitudinal measures 
of immune parameters are needed to properly study the immu-
nology of wild rodents.

The energetic costs of immune responses are well established 
in studies of laboratory animals and of some wild animals, par-
ticularly birds, though this has actually been rather little studied 
in wild rodents (7). Notably, many of the studies reviewed above 
have sought relationships between measures of body condition 
and immune responses, but very often fail to find them. As noted 
above, manipulation of the diet of captive wild-caught cotton 
rats (24, 25) affected their investment in lymphoid tissue and 
some immune reactions. We assume that many wild animals 
are resource limited, and so expect that immune responses 
may be submaximal. However, in truth, high levels of immune 
responsiveness are, in general, seen in wild rodents. There 
are two aspects to resolving this conundrum. The first is that 
resource availability will vary among individual wild animals, 
so that some will be well resourced, while others will be poorly 
resourced. The second is that animals’ immune responses will 
have evolved in the actual resource context of those animals, so 

that if animals are normally resource limited, then the optimal 
immune response that can be achieved under those conditions 
will be selected for. Showing that enhancing an animal’s diet 
can further increase measures of immune responses does not 
invalidate this view, but just shows that resource availability can 
alter immune responses. This, therefore, raises a third key ques-
tion for future studies, which is to better understand the actual 
resource state of wild animals and its temporal variation, and 
so understand how this impacts, if at all, on animals’ immune 
responses.

The focus of most of these studies of wild rodents is on 
measures of aspects of the immune response. While this is 
perfectly reasonable, it is also important to bear in mind that 
the ultimate functional effect of these immune responses is what 
really matters. Understanding this is much harder, especially 
given the high level and heterogeneous infectious challenge that 
we presume wild animals are exposed to. There is substantial 
interest in understanding the factors that affect the zoonotic 
spill-over of pathogens from wild animals, including from 
rodents (41, 42). The immune responses that wild animals make 
against their infections and the effect that these have on those 
infections is likely to be a critical factor affecting the potential 
for such zoonotic spill-over. This, therefore, emphasizes the 
applied relevance of understanding the immune responses of 
wild rodents in the context of the infections that these animals 
harbour, especially since many of these species (Mus, Rattus) 
live commensally with humans, especially in population-dense 
urban areas.

ON FINDING THAT YOUR EXPERIMENTAL 
MODEL IS WRONG—PART 2

The intuition—that wild rats with their stress-filled, resource-
limited lives were making very poor immune responses against 
the nematode S. ratti and so making it more common in the 
wild, than would be predicted from the behaviour of infections 
in laboratory animals—is likely wrong. From the review of 
the available literature (Table 1), it seems clear that wild rats’ 
immune systems are probably making very high-level responses 
to S. ratti, as well as to their myriad other infections. Studies of 
laboratory rats show that while there are a number of different 
effector processes acting against S. ratti parasites (both infective 
stages migrating through the host toward the gut, and adult 
parasites in the gut), clearance of adult stages from the host 
gut is achieved by an intestinal mucosal mast cell response that 
depends on IL-3, among other cytokines (43–45). Wild animals’ 
cytokine responses to antigenic stimulation are often depressed, 
compared with those of laboratory animals, and it is this that 
may underlie the apparent failure of wild rats to eliminate  
S. ratti infections. To put it formally, we can hypothesize that in 
wild rats infected with S. ratti the resultant antigenic stimula-
tion is insufficient to generate an IL-3 response (and response 
of other cytokines) that is able to drive an effective mast cell 
response in the rat gut mucosa, with the consequence that the  
S. ratti parasites survive. Under this hypothesis the non-response 
could be due to ineffective (i) presentation of S. ratti antigen 
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and/or (ii) subsequent induction of cytokine responses in  
wild rats.

CONCLUSION

The immune system and its responses play a critical role in the 
lives of wild animals, but these responses are very often poorly 
understood. Immune processes are a key factor affecting the 
ecology of wild animals, and to fully understand the ecology of 
animals, these immune processes must be brought to the fore. 
The current small number of studies on wild rodents shows that 
such studies are possible, and the emerging picture of wild rodent 

immunology suggests some of the next research questions that 
the field should address.
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Immune checkpoint molecules function as a system of checks and balances that 
enhance or inhibit immune responses to infectious agents, foreign tissues, and cancer-
ous cells. Immunotherapies that target immune checkpoint molecules, particularly the 
inhibitory molecules programmed cell death 1 and cytotoxic T-lymphocyte-associated 
protein 4 (CTLA-4), have revolutionized human oncology in recent years, yet little is 
known about these key immune signaling molecules in species other than primates 
and rodents. The Tasmanian devil facial tumor disease is caused by transmissible 
cancers that have resulted in a massive decline in the wild Tasmanian devil popula-
tion. We have recently demonstrated that the inhibitory checkpoint molecule PD-L1 is 
upregulated on Tasmanian devil (Sarcophilus harrisii) facial tumor cells in response to 
the interferon-gamma cytokine. As this could play a role in immune evasion by tumor 
cells, we performed a thorough comparative analysis of checkpoint molecule protein 
sequences among Tasmanian devils and eight other species. We report that many of 
the key signaling motifs and ligand-binding sites in the checkpoint molecules are highly 
conserved across the estimated 162 million years of evolution since the last common 
ancestor of placental and non-placental mammals. Specifically, we discovered that the 
CTLA-4 (MYPPPY) ligand-binding motif and the CTLA-4 (GVYVKM) inhibitory domain 
are completely conserved across all nine species used in our comparative analysis, 
suggesting that the function of CTLA-4 is likely conserved in these species. We also 
found that cysteine residues for intra- and intermolecular disulfide bonds were also 
highly conserved. For instance, all 20 cysteine residues involved in disulfide bonds 
in the human 4-1BB molecule were also present in devil 4-1BB. Although many key 
sequences were conserved, we have also identified immunoreceptor tyrosine-based 
inhibitory motifs (ITIMs) and immunoreceptor tyrosine-based switch motifs (ITSMs) in 
genes and protein domains that have not been previously reported in any species. 
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This checkpoint molecule analysis and review of salient features for each of 
the molecules presented here can serve as road map for the development of a 
Tasmanian devil facial tumor disease immunotherapy. Finally, the strategies can 
be used as a guide for veterinarians, ecologists, and other researchers willing to 
venture into the nascent field of wild immunology.

Keywords: devil, transmissible tumor, cosignaling immunotherapy, checkpoint blockade, wild immunity, 
allograft, transplant rejection, evolution

INTRODUCTION

The immune system plays a vital role in protecting an animal from 
pathogens and cancers through various immunosurveillance and 
effector mechanisms. The pathogenic cells and/or microbes that 
escape or neutralize host immunity produce more surviving 
descendants that are in turn more effective at evading immune 
responses. The architecture of the vertebrate immune system and 
the mechanisms by which immune responses are regulated are 
the result of this long and complex evolutionary arms race. This 
arms race drives continuous evolution of the immune system, but 
many defenses have persisted throughout this long-history and 
are conserved across speciation events.

Immune checkpoint molecules function as a complex system 
of checks and balances that promote or inhibit immune responses. 
Checkpoint molecules likely evolved to precisely balance the need 
to control pathogens and cancer with the need to maintain toler-
ance to healthy tissues and the microbiota (Figure 1). However, 
the delicate balance of tolerance and immunity can be upset by 
pathogens and tumor cells that subvert inhibitory pathways to 
evade host immune defenses.

Checkpoint molecule immunotherapy has recently surged 
onto the world stage, but this field emerged over three decades of 
basic immunobiological research, primarily focused on T cells. 
In general, activation of T  cells requires signaling through the 
T cell receptor (TCR) (signal 1) and cosignaling through CD28 
(signal 2), a constitutively expressed disulfide-linked homodimer 
on the surface of naïve T cells (1–3). Signal one is derived from 
interactions of the TCR with its cognate major histocompatibility 
complex (MHC) peptide-complex (4). Signal two is derived from 
CD28 binding with either CD80 (B7-1) or CD86 (B7-2), primarily 
expressed by dendritic cells (DCs) and other antigen-presenting 
cells (APCs), such as macrophages and B cells. TCR signaling in 
the absence of CD28 cosignaling can result in T cell anergy (5). 
Following activation of T cells, the inhibitory molecule cytotoxic 
T-lymphocyte-associated protein 4 (CTLA-4) is upregulated on 
the cell surface (6). CTLA-4 has a higher affinity for both CD80 
and CD86 than does CD28 (7–9), and thus CD28 cosignaling is 
suppressed by CTLA-4 outcompeting CD28 for CD80 and CD86 
binding. The result is a downregulation of the T cell response and 
loss of T cell function.

Immunotherapies targeting the CTLA-4 checkpoint molecule 
have opened new doors in the realm of human oncology. Two 
antagonistic anti-CTLA-4 mAbs, ipilimumab (IgG1 isotype) and 
tremelimumab (IgG2 isotype), that block interactions between 
CTLA-4 and its coreceptors CD80 and CD86 have been clinically 
approved for advanced stage cancers. The exact mechanisms 

by which anti-CTLA-4 works are not completely understood. 
Accumulating evidence suggests that anti-CTLA-4 works primar-
ily in the secondary lymphoid organs by releasing pre-existing 
T cells from inhibitory signaling to target tumor neoantigens and 
by depleting Tregs in the tumor microenvironment (10, 11).

Despite the promising early results of anti-CTLA-4 mAb 
monotherapy in human clinical trials, objective response rates 
remained low in most cases. Improvements have been observed 
when anti-CTLA-4 was paired with other treatments, such as the 
chemotherapy drug dacarbazine (12). However, the most prom-
ising outcomes have been observed when anti-CTLA-4 mAb is 
paired with blockade of the programmed cell death 1 (PDCD1, 
PD-1) protein (13–15).

Anti-PD-1 has been the most successful checkpoint blocking 
monoclonal antibody in treating human cancer, in monothera-
pies or in combination therapies. Anti-CTLA-4 and anti-PD-1 
combination therapies have achieved unprecedented objective 
response rates of nearly 60% in patients with stage III and IV 
melanoma (14, 15). PD-1 immunotherapies have focused largely 
on stimulating T cell antitumor responses by blocking binding of 
PD-1 to its ligands PD-L1 (B7-H1, CD274) and PD-L2 (B7-DC, 
CD273). PD-1 blockade abrogates the inhibitory effects of PD-1 
ligation mediated by the immunoreceptor tyrosine-based inhibi-
tory motif (ITIM) and immunoreceptor tyrosine-based switch 
motif (ITSM) in the PD-1 cytoplasmic tail (16–18). In addition 
to blocking the inhibitory effects of PD-1, blockade of PD-L1 
ligation can render tumor cells less resistant to apoptosis (19). 
PD-L1 and PD-L2 proteins are largely absent in normal tissues, 
but PD-L1 expression is elevated in more than 20 types of human 
cancer [reviewed in Ref. (20)]. Furthermore, many cancers and 
healthy cells upregulate PD-L1 expression in response to inflam-
matory cytokines, such as interferon-gamma (IFN-γ).

In humans, PD-L1 expression in the tumor microenvironment 
is associated with an inhibited T  cell antitumor response and 
reduced patient survival [reviewed in Ref. (20)]. PD-L1 expres-
sion in the tumor microenvironment plays an important role in 
shaping a dysfunctional immune response through reprogram-
ming of APCs, regulatory T cells, and expression of inhibitory 
molecules. PD-L2 is not routinely detected on cancer cells, but 
is commonly expressed by DCs, which led to the alternative 
name of B7-DC (21). A second coreceptor for PD-L2, repulsive 
guidance molecule b, has recently been discovered and has been 
implicated in respiratory immune tolerance (22).

Orthologs of CTLA-4 and PD-1 and their coreceptors have 
been found in nearly all mammals and birds studied to date  
(23, 24), but comparatively little is known about the potential for 
checkpoint molecule immunotherapy in the field of veterinary 
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Figure 1 | Generalized schematic of checkpoint molecule structure and expression, and the balance between stimulatory and inhibitory signaling. 
(A) The net balance of inhibitory (−, blue) and stimulatory (+, red) signals regulates antitumor immune responses. The tumor microenvironment is dynamic and is 
molded by inhibitory and stimulatory signals both in the microenvironment and distant tissues (i.e., lymph nodes). Development of cytotoxic effector T cells and 
NK cells is regulated by the balance between inhibitory and stimulatory signaling, including both receptor:coreceptor interactions and cytokines. Both receptor and 
cytokine expression are also regulated by that balance of stimulatory and inhibitory signals, creating feedback loops that evolved to eliminate pathogens and cancer 
while simultaneously limiting collateral damage. (B) Expanded view of potential receptor:coreceptor interactions between T cells, NK cells, antigen-presenting cells 
(APCs), and tumor cells. The graphic here demonstrates some of the best characterized pathways, with a particular focus on T cell and NK cell interactions with 
tumor cells and APCs. Note that many of the ligands depicted here are expressed on several cell types and interactions with coreceptors and ligands can result in 
different functional outcomes depending on the cell types and microenvironment. For example, CD47 is expressed on all cells, but the pathway of primary interest 
for transmissible tumors is for the ability of tumor cell-expressed CD47 to inhibit phagocytosis via binding to SIRP-α on APCs. In addition to binding to SIRP-α, 
CD47 also binds to SIRP-β, SIRP-γ, THBS1, and THBS2, but we have only shown the CD47:SIRP-α interaction here to keep the figure relatively simple. Both 
V-domain Ig suppressor of T cell activation (VISTA) and B7-H4 have unknown coreceptors (labeled as “?” in the diagram) whose function has been studied  
using fusion proteins, but the genes for the coreceptors have yet to be identified.
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medicine or in the realm of wildlife disease. Initial investigations 
into the function of CTLA-4, PD-1, and PD-L1 have been under-
taken for canids (25–30), felids (31), and bovids (32–35), and 
results suggest that the CTLA-4 and PD-1/PD-L1 expression pat-
terns and function are similar among these placental mammals.

An area where checkpoint molecule immunology could make 
a wildlife conservation impact is in the unusual cases of trans-
missible tumors. These transmissible tumors represent a unique 
immunological enigma because they can also simultaneously be 
considered infections and allografts. Disease progression, trans-
mission, and the host immune response can only be properly 
understood when these tumors are considered in this complex 
tumor–infection–allograft context.

The Tasmanian devil facial tumor (DFT) was identified in 
1996, and in 2006 the etiologic agent was found to be cancer 
cells that are transmitted between biting devils (36, 37). At the 
time of discovery, the only other known naturally transmis-
sible tumors were the canine (Canis lupus familiaris) transmis-
sible venereal tumor (38, 39) and a set of related Syrian hamster 
(Mesocricetus auratus) transmissible sarcomas (40, 41). In recent 

years, additional transmissible tumors have been discovered in  
soft-shell clams and other bivalves (42, 43). Remarkably, in 
2015, we discovered a second transmissible devil facial tumor 
(DFT2) in wild Tasmanian devils (referred to as devils hereafter) 
that is genetically distinct from the original devil facial tumor  
(DFT1) (44).

Previous research has shown that reduced cell surface expres-
sion of MHC-I plays a major role in DFT1 immune evasion, but 
that IFN-γ can upregulate beta-2 microglobulin (β2m), ergo 
MHC-I expression (45). This immune evasion mechanism has 
been described in many types of cancer, and begs the question as 
to why the MHC-negative DFT cells are not targeted by NK cells 
in line with the “missing-self ” hypothesis (46). Studies have dem-
onstrated the NK cell genes are present in devils and that devil 
NK-like cells can mount an antitumor response (47–49). Despite 
the complimentary mechanisms of cytotoxic T cells and NK cells, 
immune responses against the DFTs are rare (50), suggesting that 
additional immune evasion mechanisms could be present.

Recent vaccination efforts have demonstrated that IFN-
γ-stimulated DFT  cells can induce antitumor responses and 
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tumor regressions in a subset of cases (51). However, initial 
forays into checkpoint molecule immunology of the DFT 
disease has shown that both DFT1 and DFT2 also upregulate 
PD-L1 upon exposure to IFN-γ (52), suggesting that anti-DFT 
immunotherapies could be enhanced by neutralizing the PD-1 
inhibitory pathway. Given that the immune system has many 
redundant mechanisms for identifying and killing infectious 
agents and tumors, it is likely that the transmissible tumors 
employ additional methods beyond MHC-I downregulation 
and PD-L1 upregulation for evading host immune defenses and 
facilitating tumor transmission.

We have performed a comparative analysis of the protein 
sequences of key immune checkpoint molecules in the three 
mammalian species known to harbor naturally transmissible 
cancers (devils, dogs, and hamsters) and six other mammals 
(Table  1). We have not included the analysis of PD-1, PD-L1, 
and PD-L2 here, as we have previously published this informa-
tion (52). Understanding the broad role of checkpoint molecules 
in these complex diseases has the potential to shed light on 
fundamental aspects of immune evasion, transplant tolerance 
and rejection, and infectious disease; this is logically relevant to 
both human and veterinary medicine. This checkpoint molecule 
analysis and review of salient features for each of the molecules 
presented here can serve as road map for the development of a 
DFT immunotherapy and as a guide for veterinarians, ecologists, 
and other researchers willing to venture into the nascent field of 
wild immunology.

MATERIALS AND METHODS

Species
We included nine species in our comparative analysis of check-
point molecules. Humans and mice were included because 
checkpoint molecules have been best characterized in these 
species. We have included the little brown bat (Myotis lucifugus) 
in our comparative analyses because like devils, the species has 
recently undergone a dramatic population crash due to disease, 
and understanding bat immunology has become increasingly 
important due to the ability of bats to serve as reservoirs for 
viral pathogens (e.g., rabies, ebola, SARS). We have also included 
cats (Felis catus) and cattle (Bos taurus) due to their widespread 
distribution as important domestic animals. See Table 1 for a full 
list of species names and abbreviations used.

Sequences
DNA sequences for all genes analyzed here were collected from 
GenBank and Ensembl and reference numbers for all sequences 
are available in Table S1 in Supplementary Material (53). All 
reference sequences current as of 30-Jan-2017, including the 
most current devil genome (Devil_ref v7.0). The complete 
coding sequence for the V-domain Ig suppressor of T cell activa-
tion (VISTA), CD47, and TIM-3 genes was not available from 
either GenBank or Ensembl, so sequences were obtained from 
a de novo transcriptome assembly (Table S2 in Supplementary 
Material) described below. The full coding sequences were sub-
mitted to GenBank with accession numbers: KY856749 (VISTA), 
KY856750 (CD47), and KY856751 (TIM-3). Where more than 
one sequence was present we generally chose GenBank transcript 
X1, unless preliminary alignments suggested that an alternative 
transcript was a better match to the other species used here. 
BLAST was used to find additional potential matching sequences 
for each gene (54). The available reference sequences for several 
genes that have not been characterized in their respective species 
contained elongated 5′ regions upstream of the likely start codon, 
so we manually truncated the amino acid sequences depicted in 
the alignment figures for the following genes: opossum CD80 and 
VISTA, bat CD86 and CD47, and hamster B7-H4.

RNA Sequencing (RNA-seq)
RNA sequencing data were generated as part of a previous 
study (55). Briefly, RNA was extracted from peripheral blood 
mononuclear cells (PBMCs) obtained from two disease-free 
devils. Illumina single-end 100  bp RNA-seq was conducted by 
the Australian Genome Research Facility. Sequencing generated 
82,609,965 and 82,254,904 sequences, respectively. Fastq reads 
for each sample were assessed with FastQC version 0.11.5 (56), 
with both samples having acceptable per base sequence quality 
measurements. Genome-independent de novo assembly of the 
RNA-seq data was completed using the Trinity platform ver-
sion 2.2.0 (57, 58) with default settings applied. This generated 
a reference transcriptome of assembled transcripts collectively 
from the two samples. The de novo transcriptome assembly was 
queried with BLASTN version 2.4.0+ (59) with coding sequences 
of the target genes obtained from Ensembl (53), database version 
87.7, and UCSC Genome Browser (60). This identified transcript 
sequences from the assembled transcriptome of our target genes 
to use in comparative alignment analysis. Further information 
on this analysis is detailed in the Data Sheet S1 in Supplementary 
Material. Access to the raw fastq sequence data, Trinity assembled 
de novo transcriptome, and BLASTN results are detailed in the 
Data Sheet S1 in Supplementary Material.

Protein Sequence Alignments
Protein sequences were aligned with CLC sequence viewer 
using a progressive alignment algorithm with gap open cost = 5, 
gap extension cost = 1, end gap cost =  free (61, 62). Pairwise 
protein sequence identities between devils and other species 
were determined using the default parameters on the Clustal 
Omega web server (63). We used the RasMol coloring scheme 
to highlight traditional amino acid properties in all sequence 

Table 1 | Names and identifiers for species used in comparative 
sequence analysis.

# Short name Common name Species name Taxid

1 Devil Tasmanian devil Sarcophilus harrisii 9305
2 Opossum Gray short-tailed opossum Monodelphis domestica 13616
3 Bat Little brown bat Myotis lucifugus 59463
4 Cat Domestic cat Felis catus 9685
5 Cattle Cattle Bos taurus 9913
6 Dog Domestic dog Canis familiaris 9615
7 Hamster Golden hamster Mesocricetus auratus 10036
8 Human Human Homo sapiens 9606
9 Mouse House mouse Mus musculus 10090
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Figure 2 | Alignment of cytotoxic T-lymphocyte-associated protein 4 reference genes for nine species. The predicted signal peptides (SigP), extracellular 
domain (ECD), transmembrane domain (TMD), and intracellular domain (ICD) are demarcated with bars. “d” above the alignment represents predicted disulfide 
bonds. MYPPPY indicates the conserved CD80- and CD86-binding site. GVYVKM indicates a conserved cytoplasmic inhibitory domain and TRAF indicates a 
putative TRAF6-binding site. The black bars graphs below the alignment represent the conservation of amino acids across all nine species. The percent amino  
acid sequence identity between devils and other species is shown in the bottom right corner of the alignment.
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alignments, which aids in interpretation of amino differences 
across species (64).

Analysis of Protein Sequences
All sequences were analyzed using the ExPASy server ProtParam 
tool to predict molecular weight and extinction coefficients (65). 
The eukaryotic linear motif (ELM) tool was used to predict key 
signaling motifs (66). The Simple Modular Architecture Research 
Tool (SMART) and the Phobius web server (67) were used to pre-
dict Ig-like domains and membrane topology (68). SignalP was 

used to confirm predicted signal peptides (69). Disulfide bonds 
and other unique features of each protein that were annotated 
on UniProt (70) were used to predict features in devil protein 
sequences.

RESULTS

The CTLA-4 and CD28 pathways are perhaps the most studied 
of the checkpoint molecules, but functional testing in species 
other than mice and humans is limited. A battery of tools (i.e., 
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Table 2 | Protein sequence percent identity between checkpoint molecules in devils and eight other species.

Species Cytotoxic T-lymphocyte-
associated protein 4

CD28 CD80 CD86 V-domain Ig 
suppressor of 

T cell activation

4-1BB CD47 SIRP-α CD200 TIM-3 Lymphocyte 
activation 

gene 3

B7-H4

Opossum 85.7 72.4 55.2 49.2 73.7 75.5 87.1 69.2 65.7 52.7 72.5 93.9
Bat 68.5 53.9 33.9 35.9 65.6 48.0 54.2 56.3 54.7 43.0 48.7 84.1
Cat 68.9 55.9 36.9 35.1 64.8 51.2 65.2 56.6 56.3 43.3 46.3 85.9
Cattle 66.1 56.0 36.3 35.9 65.8 50.8 67.4 55.3 53.2 42.1 50.6 85.9
Dog 68.9 56.4 35.0 37.8 63.2 53.8 67.1 56.7 52.8 43.1 43.0 87.7
Hamster 65.3 57.4 33.6 32.4 60.0 43.4 64.2 52.7 51.7 44.4 48.7 79.6
Human 65.8 56.2 35.5 36.6 64.9 52.2 66.8 55.8 56.2 43.2 51.9 87.0
Mouse 63.1 54.4 35.7 35.0 61.9 44.2 64.5 53.1 53.2 42.3 50.0 81.9

Percent identity was calculated by Clustal 2.1 algorithm.
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recombinant proteins, monoclonal antibodies) and time are 
needed for proper testing of checkpoint molecule function, but 
much information and insight into function can be gained by 
analysis of protein sequences. For each molecule analyzed, we 
begin with a description of the general structure (i.e., Ig-like 
superfamily domains) and proceed to more nuanced details. This 
provides insight into potential functions of the molecules and can 
provide direction for designing critical experiments prior to the 
embarking on the time-consuming process of empirical testing of 
molecular function. See Table S3 in Supplementary Material for 
details of checkpoint molecule structure.

CTLA-4, CD28, CD80, and CD86
Devil CTLA-4 and CD28 are predicted to be 25 and 28  kDa, 
respectively, type-I transmembrane proteins with a single Ig-like 
V-type extracellular domain (ECD) (Figure 1). Protein sequence 
identity for CTLA-4 between devils and opossums was 86% and 
ranged from 63 to 69% between devils and placental mammals 
(Figure  2; Table  2). Percent identity for CD28 among species 
was lower than for CTLA-4, with 72% between devils and opos-
sums and ranging from 54 to 57% between devils and placental 
mammals (Figure  3). Devil CTLA-4 had approximately 29% 
amino acid sequence identity with CD28. The CTLA-4 and CD28 
coreceptors CD80 and CD86 are predicted to both be 35  kDa 
type-I transmembrane proteins that contain Ig-like V-type and 
an Ig-like C2-type domains. Devil CD80 and CD86 share only 
21% sequence identity with each other, and the identity across 
the species analyzed here ranges from 34 to 55% and 32–49% 
for CD80 (Figure  4; Table  2) and CD86 (Figure  5; Table  2), 
respectively; the percent identity for CD80 and CD86 across spe-
cies is the lowest of any of the checkpoint molecules compared 
here. All intra- and intermolecular disulfide bonds that have been 
identified in humans for CTLA-4, CD28, CD80, and CD86 are 
likely present in all the orthologs analyzed here, as we observed 
100% conservation of cysteine residues at these sites in all species 
tested (Figures 2–5).

Key Ligand-Binding Regions Conserved in Devil 
CTLA-4 and CD28
Our analysis shows that devil CTLA-4 and CD28 both contain 
the MYPPPY motif that is necessary for binding of CTLA-4 and 
CD28 to CD80 and CD86 in humans and mice (Figures 2 and 3) 
(7). Of the 18 combined CTLA-4 and CD28 sequences aligned 

here, only cattle CD28 did not contain the CD28MYPPPY motif (71); 
cattle had a CD28LYPPPY sequence, which matches the CD28LYPPPY 
and CTLA-4LYPPPY that has been previously reported in pigs (Sus 
scrofa) and decreases affinity of porcine CTLA-4 for human 
CD80 and CD86 (35, 72). Additionally, all species also contain 
the CTLAGVYVKM inhibitory domain. Except for bats, all species 
also contain the key CD28SDYMNM and CD28PYAP motifs are critical 
for intracellular signaling that promotes T cell proliferation and 
survival via the CD28–PI3K–AKT [reviewed in Ref. (73)]. Bats 
have a CD28M228L substitution in the CD28SDYMNM motif.

Potential Unique Signaling Motifs Identified
The two marsupials examined contain a putative TRAF6-binding 
domain in CTLA-4 proteins that was not present in any of the 
placental mammals. We identified a putative ITIM in predicted 
the ECD of dog CD80VKYGDL and a TRAF1/2-binding site in the 
devil CD80ATEEE cytoplasmic domain (Figure  4). Our analysis 
predicted a TRAF6-binding site in the cytoplasmic tail of devil 
CD86GHPKERDEV, a motif not predicted for CD86 in other species 
(Figure 5). Interestingly, the ELM tool predicted a putative ITIM 
domain in the second Ig-like segment of the human CD86IEYDGI 
ECD. To our knowledge, this putative ITIM has not been previ-
ously reported, and thus the potential inhibitory capacity of this 
motif is unknown.

V-Domain Ig Suppressor of T Cell 
Activation
Devil VISTA (PD-1H, C10orf54, Gi24, DD1α, Dies1) is a type-I 
transmembrane protein in the Ig superfamily predicted to be 
33  kDa. The full coding sequence for this gene was previously 
not available in the devil genome (Devil_ref v7.0), but our de 
novo RNA transcriptome assembly uncovered a full coding devil 
VISTA transcript. Devil VISTA shares 60–74% sequence identity 
at the protein level with the other species analyzed here (Figure 6; 
Table 2). The ELM tool predicted a TRAF1/2-binding site in the 
ECD of devil VISTASIQE.

4-1BB
4-1BB (TNFRSF9, CD137) is a predicted 31 kDa member of the 
tumor necrosis factor (TNF) receptor family expressed predomi-
nantly as a type-I transmembrane homodimer (74, 75). 4-1BB 
ligand (4-1BBL, TNFSF9, CD137L) is a TNF family member 
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Figure 3 | Alignment of CD28 reference genes for nine species. The predicted signal peptides (SigP), extracellular domain (ECD), transmembrane domain 
(TMD), and intracellular domain (ICD) are demarcated with bars. “d” above the alignment represents predicted disulfide bonds. MYPPPY indicates the conserved 
CD80- and CD86-binding site, and SDYMNM and PYAP indicate key phosphorylation sites involved with cell proliferation and activation. The black bar graphs 
below the alignment represent the conservation of amino acids across all nine species. The percent amino acid sequence identity between devils and other species 
is shown in the bottom right corner of the alignment.
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Figure 4 | Alignment of CD80 reference genes for nine species. The predicted signal peptides (SigP), extracellular domain (ECD), transmembrane domain 
(TMD), and intracellular domain (ICD) are demarcated with bars. The uppermost devil CD80 sequence is the full-length sequence and the lower devil CD80 is the 
potential secreted CD80 sequence. “d” above the alignment represents predicted disulfide bonds. TRAF indicates a putative TRAF1/2-binding site. The black bar 
graphs below the alignment represent the conservation of amino acids across all nine species. The percent amino acid sequence identity between devils and other 
species is shown in the bottom right corner of the alignment.
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Figure 5 | Alignment of CD86 reference genes for nine species. The predicted signal peptides (SigP), extracellular domain (ECD), transmembrane domain 
(TMD), and intracellular domain (ICD) are demarcated with bars. “d” above the alignment represents predicted disulfide bonds. TRAF indicates a putative TRAF6-
binding site. The black bar graphs below the alignment represent the conservation of amino acids across all nine species. The percent amino acid sequence identity 
between devils and other species is shown in the bottom right corner of the alignment. See Table 2 for the sequence identity between devils and other species.
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Figure 6 | Alignment of V-domain Ig suppressor of T cell activation reference genes for nine species. The predicted signal peptides (SigP), extracellular 
domain (ECD), transmembrane domain (TMD), and intracellular domain (ICD) are demarcated with bars. “d” above the alignment represents predicted disulfide 
bonds and “TRAF” indicates a potential TRAF1/2-binding site. The black bar graphs below the alignment represent the conservation of amino acids across all nine 
species. The percent amino acid sequence identity between devils and other species is shown in the bottom right corner of the alignment.

Flies et al. Comparative Analysis of Immune Checkpoint Molecules

Frontiers in Immunology  |  www.frontiersin.org May 2017  |  Volume 8  |  Article 51327

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


Flies et al. Comparative Analysis of Immune Checkpoint Molecules

Frontiers in Immunology  |  www.frontiersin.org May 2017  |  Volume 8  |  Article 513

of 20  kDa, expressed as a type II transmembrane homotrimer 
(Figure  1). SMART analysis of devil 4-1BB identified two 
TNFR-Cys repeat domains, whereas human 4-1BB contains four 
TNFR-Cys repeats (Figure  7). All cysteine repeats in the four 
human TNFR-Cys domains were conserved in devils, suggesting 
that devil 4-1BB might also contain four TNFR-Cys domains 
despite not being predicted by the SMART program. Indeed, all 
20 cysteine residues involved in disulfide bonds in human 4-1BB 
were also present in devil 4-1BB. Overall sequence identity among 
species compared here ranged from 43 to 75%, with mouse and 
hamster 4-1BB having the lowest percent identities with devil 
4-1BB (Table 2).

We identified a putative inhibitory domain in devil 4-1BBLPYFLK 
based on alignment with a potential inhibitory domain in human 
4-1BBLLYIFK (76, 77). The putative inhibitory domain resembles 
an ITIM domain but lacks the I, L, or V in the terminal amino 
acid position. To date, this potential inhibitory domain has only 
been reported in humans, but several species analyzed here have 
similar motifs. Additionally, mice have a 4-1BBCXCP motif in the 
cytoplasmic domain that facilitates binding of CD4 and CD8 
molecules to p56lck, a protein tyrosine kinase that is important 
for optimal T cell responses (78, 79); of the nine species compared 
here, mice are the only species that have the 4-1BBCXCP sequence. 
Our analysis using the ELM tool predicted two TRAF1/2 ligand-
binding sites (devil 4-1BBTAQEE, 4-1BBPEEE), which align with the 
known TRAF1/2-binding sites in human and mouse 4-1BB (80).

CD47
Human CD47, also known as integrin-associated protein for 
its role in cell adhesion, is a cell surface protein that contains 
five transmembrane segments and a single Ig-like V-type 
domain (81, 82). The most up-to-date gene sequences for devil 
CD47 in Ensembl (ENSSHAT00000014546.1) did not contain 
a full coding sequence (i.e., no start codon) and the GenBank 
(XM_012544496) gene had an extended 5′ region that did not 
align well with other species. Our de novo RNA transcriptome 
assembly uncovered a full coding transcript for CD47 from devil 
PBMCs that aligned well with other species analyzed here. Our 
analysis suggests that the 34 kDa devil CD47 also contains five 
transmembrane segments and a single Ig-like domain (Figure 8). 
The four cysteines needed for the disulfide bonds reported in 
human CD47 are conserved in all species examined here, and 
overall sequence identity across all species compared here ranges 
from 54 to 87% (Table  2). Curiously, the ELM tool predicted 
an ITIM in the devil CD47LKYHVV ECD. All other species except 
bats and hamsters also contain the putative ITIM domains, 
but the ELM tool classified the ITIM as an excluded motif due 
to the putative ITIM being located in ECD of the protein. We 
also identified a putative TRAF2-binding site in the third devil 
intracellular domain of CD47KAVEE that was conserved across all 
species examined here except bats.

SIRP-α
Devil SIRP-α is a predicted 56  kDa protein. Human SIRP-α 
binds to CD47 as either a monomer or a dimer (83, 84) and 
forms three intramolecular disulfide bonds. All six of the 
cysteines that form intramolecular disulfide bonds in humans 

are conserved in devils (Figure S1 in Supplementary Material). 
The percent sequence identity for SIRP-α ranged from 53 to 
69%. Analysis of devil SIRP-α revealed two putative ITIM and 
one ITSM domain. The ITIMITYADL shares 100% identity with 
all species except cattle, and the ITIMLTYADL is 100% conserved 
across all species. The devil ITSMSQTEYASI matches 5/7 amino 
acids with all other species; to our knowledge no ITSM has 
previously been reported in SIRP-α. We identified two poten-
tial SIRP-β1 orthologs in devils (ENSSHAT00000016950, 
XM_012553634.1) that contained ITIM motifs (SIRP-β1VSYNLI) 
in the ECD. The putative SIRP-β1 (ENSSHAT00000016950) 
ITIM aligned with an SIRP-β1VSYNIT sequence in SIRP-α that 
contains the key tyrosine residue for ITIMs but did not contain 
the canonical 3′ I/V/L.

CD200
Devil CD200 is predicted to be a 31 kDa type-I transmembrane 
protein that shares 52–66% sequence identity across the spe-
cies compared here (Figure  9; Table  2). The cysteine residues 
that form intramolecular and intermolecular disulfide bonds 
necessary for binding as either a monomer or homodimer to 
CD200 receptor (CD200R) are 100% conserved across all species 
examined here (Figure 9) (85). Additionally, the Ig-like V-type 
and Ig-like C2-type domains of human and mouse CD200 were 
identified by the SMART tool. Many key motifs, including endo-
cytic sorting signals, and TRAF2, SH2, and SH3 binding motifs, 
are present in all species compared here. Our analysis using ELM 
predicts a potential ITSM only in devil CD200. However, the 
devil CD200TLQE TRAF1/2-binding site and CD200NKTEYVVI ITSM 
are both located in the predicted ECD of devil CD200, so empiri-
cal testing is needed to determine if these are functional sites. 
Although not analyzed in depth here, CD200R and CD200R-like 
proteins were identified in the nine species compared here. The 
primary reference sequence for each species contained the key 
CD200RNPLY motif (86), which has been shown to be a key motif 
for CD200R inhibitory function (87).

TIM-3
TIM-3, also known as T-cell immunoglobulin and mucin 
domain-containing protein 3, hepatitis A virus cellular recep-
tor 2, and CD366, is a surface protein expressed on T  cells, 
Tregs, monocytes, macrophages, and DCs in mice and humans 
[reviewed in Ref. (88)]. The most up-to-date gene sequences 
for devil TIM-3 in Ensembl (ENSSHAT00000018107.1) and 
GenBank (XM_012552117.1) had truncated 3′ region of the 
coding sequence, and the Ensembl gene had an extended 5′ 
region that did not align with other species. Our de novo RNA 
transcriptome assembly uncovered a full coding devil TIM-3 
transcript from devil PBMCs that aligned well with other species 
analyzed here. Analysis of the devil TIM-3 predicted sequence 
suggests that it is a 24 kDa protein with a Ig-like V-type domain 
and mucin domain in the extracellular region of the protein 
(Figure  10). Percent amino acid sequence identity between 
devils and the other eight species analyzed here ranges from 42 
to 53%, which is the lowest identity for any molecule analyzed 
here except for CD80 and CD86 (Table 2). Despite this relatively 
low conservation of protein sequence, many of the key TIM-3 
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Figure 7 | Alignment of 4-1BB reference genes for nine species. The predicted signal peptides (SigP), extracellular domain (ECD), transmembrane domain 
(TMD), and intracellular domain (ICD) are demarcated with bars. “d” above the alignment represents predicted disulfide bonds. Two potential TRAF1/2-binding sites 
are demarcated by “TRAF.” “CXCP” marks a motif associated with optimal T cell response in mice, and “LPYFLK” denotes a potential inhibitory domain in devils. 
The black bar graphs below the alignment represent the conservation of amino acids across all nine species. The percent amino acid sequence identity between 
devils and other species is shown in the bottom right corner of the alignment.
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Figure 8 | Alignment of CD47 reference genes for nine species. The predicted signal peptides (SigP), extracellular domains (ECDs), transmembrane domains 
(TMDs), and intracellular domain (ICD) are demarcated with bars. “d” above the alignment represents predicted disulfide bonds. “TRAF” indicates a potential 
TRAF1/2-binding site and immunoreceptor tyrosine-based inhibitory motif (ITIM) marks a putative ITIM motif predicted in the ECD. The black bar graphs below the 
alignment represent the conservation of amino acids across all nine species. The percent amino acid sequence identity between devils and other species is shown 
in the bottom right corner of the alignment.
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Figure 9 | Alignment of CD200 reference genes for nine species. The predicted signal peptides (SigP), extracellular domain (ECD), transmembrane domain 
(TMD), and intracellular domain (ICD) are demarcated with bars. “d” above the alignment represents predicted disulfide bonds. “TRAF” indicates a potential 
TRAF1/2-binding site and “ITSM” represents a putative immunoreceptor tyrosine-based switch motif (ITSM). The black bar graphs below the alignment represent 
the conservation of amino acids across all nine species. The percent amino acid sequence identity between devils and other species is shown in the bottom right 
corner of the alignment.
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Figure 10 | Alignment of TIM-3 reference genes for nine species. The predicted signal peptides (SigP), extracellular domain (ECD), transmembrane domain 
(TMD), and intracellular domain (ICD) are demarcated with bars. “d” above the alignment represents predicted disulfide bonds. “TRAF” indicates a potential 
TRAF1/2-binding site and “MILIBS” demarcates a conserved metal ion-dependent ligand-binding site (MILIBS) found in phosphatidylserine on the surface of 
apoptotic cells. The black bar graphs below the alignment represent the conservation of amino acids across all nine species. The percent amino acid sequence 
identity between devils and other species is shown in the bottom right corner of the alignment.
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features identified in mice and humans appear to be present in 
devil TIM-3.

A unique feature of human TIM-3 is the double cleft which 
facilitates binding to multiple ligands (89, 90). The six cysteines 
that form three intramolecular disulfide bonds in the Ig-like region 
of human TIM-3 (89) are all present in devil TIM-3 (Figure 10), 
suggesting that devil TIM-3 folding and structure might be similar 
to human TIM-3. Analysis of human TIM-3 sequences identified 
five key amino acids for the two ligand-binding clefts; four of the 
five key amino acids were conserved in devil TIM-3. All species 
analyzed here also have two critical tyrosine residues in the 
TIM-3 cytoplasmic domain that align with mouse TIM-3Y256 and 
TIM-3Y263 (Figure 10), which are phosphorylated following liga-
tion by GAL-9 and are associated with increased NFAT/AP-1 and 
NF-κB activity (91). A TIM-3TIEE TRAF1/2-binding site is located 
between these tyrosine residues in all species except for cats, dogs, 
and cattle (Figure 10). Also, mouse TIM-1, TIM-3, and TIM-4 all 
bind to phosphatidylserine on the surface of apoptotic cells via 
a conserved metal ion-dependent ligand-binding site (MILIBS). 
The mouse TIM-3RIQFPGLMND MILIBS motif is 100% conserved in 
cats, dogs, and cattle TIM-3, whereas devils have a phenylalanine 
instead of a methionine in this motif. Whether this TIM-3M114F 
affects phosphatidylserine binding and clearance of apoptotic 
cells in devils is unknown.

Lymphocyte Activation Gene 3
In humans and mice, LAG-3 (CD223) is an inhibitory type-I 
transmembrane protein that is structurally homologous to 
CD4 (92). Human and mice LAG-3 each contain one Ig-like 
V-type and three Ig-like C-type domains, whereas devil LAG-3 
is predicted to be a 54 kDa protein with three Ig-like domains. 
However, a 100 amino acid (LAG3330–429) region downstream of 
the three predicted Ig-like domains could contain a fourth Ig-like 
domain that was not predicted by the SMART prediction tool  
(68, 93). Devil LAG-3 percent sequence identity with the other 
eight species analyzed here ranges from 43 to 73% (Table 2). In 
humans and mice, the LAG-3KIEELE (Figure S2 in Supplementary 
Material) motif in the cytoplasmic domain is critical for down-
stream inhibitory signaling interactions, but this exact sequence 
is not present in the other species analyzed here. The critical 
lysine (LAG-3K468) in this motif is present in devil (LAG-3KAEEME) 
and all other mammals tested here, with the exception of opos-
sums (LAG-3IAEQME).

B7-H4
Devil V-set domain-containing T-cell activation inhibitor 1, 
or more commonly referred to as B7 homolog 4 (B7-H4), is a 
30  kDa type-I membrane protein that contains two Ig-like 
V-type domains in the extracellular region (Figure  11). Devil 
B7-H4 protein shares 87% sequence identity with human B7-H4 
and ranges from 80 to 94% for the other seven species analyzed 
here (Table 2). Based on homology to human and mouse B7-H4 
and analysis of devil B7-H4 using cNLS Mapper (score of 3.4) 
(94, 95), it is likely that devil B7-H4KKRGH contains a bipartite 
nuclear localization signal (NLS). Interestingly, B7-H4 has only 
two amino acids in the cytoplasmic domain when expressed as 
a surface protein.

DISCUSSION

Evolutionary Conservation of Key Protein 
Regions
Despite an estimated 162 million years of evolution since the 
last common ancestor of placental and non-placental mammals, 
most of the checkpoint molecules we analyzed have orthologs in 
Tasmanian devils. Importantly, many of the key signaling motifs 
and ligand-binding sites are highly conserved in the genes ana-
lyzed, particularly cysteine residues for intra- and intermolecular 
disulfide bonds and transmembrane and intracellular tyrosine 
residues for receptor tyrosine kinases. The strong conservation of 
the key protein regions suggests that inhibitory and stimulatory 
function of these molecules, which is relatively well-documented 
in humans and mice, is conserved in devils. Importantly, by fol-
lowing established procedures and focusing on the checkpoint 
molecules that have proven most clinically effective in humans, 
we can rapidly characterize key checkpoint molecules in devils 
and incorporate potent immunomodulatory agents into our DFT 
disease vaccine-development efforts.

The Web of CD28–CTLA-4 Cosignaling 
Pathways
Our analysis shows for the first time that the key CTLA-4MYPPPY 
and CD28MYPPPY are conserved in devils. Given that the MYPPPY 
motif present in chickens facilitates binding to mammalian 
CD80 and that a single leucine for methionine substitution in pig 
CTLA-4LYPPPY is sufficient to disrupt binding of porcine CTLA-4 
to human CD80 (35, 72, 96), the evolutionary conservation of 
CTLA-4MYPPPY and CD28MYPPPY in devils suggests that the com-
petitive binding of CTLA-4 and CD28 for CD80/86 should be 
present in devils.

In addition to the conserved binding motifs, the key 
CD28SDYMNN stimulatory domain (97) and CTLAGVYVKM inhibi-
tory domains are also conserved in devils, suggesting that the 
complementary stimulatory and inhibitory functions of CD28 
and CTLA-4 are present. The CTLA-4GVYVKM motif, in association 
with T-cell receptor-interacting molecule (TRIM), regulates sur-
face expression of CTLA-4 (98). The TRIM-mediated recycling 
of CTLA-4 from the surface provides the means for cell-extrinsic 
inhibitory function by trans-endocytosis of CD80/86 (99). By 
trans-endocytosing, or in other words stripping CD80/86 from 
the surface of an opposing cell (i.e., APCs) and degrading the 
CD80/86 molecules in the CTLA-4-expressing cell, the potential 
of costimulation via CD80/86 binding to CD28 is eliminated. 
Whether trans-endocytosis or trogocytosis (100) occurs in 
devils is unknown. It could be readily tested by developing 
CD80 transgenic cell lines that have a fluorescent protein, 
such as green fluorescent protein (GFP), fused to the 3′ tail of 
CD80. Flow cytometric or immunofluorescence observations 
of GFP transferred from the transgenic cell line to the CTLA-4 
expressing cells would demonstrate that this inhibitory pathway 
is conserved in devils.

The complex interactions involving CTLA-4 are further com-
plicated by some anti-CTLA-4 monoclonal antibody effects that 
are mediated through Fc receptor signaling (11, 101, 102). Tregs 
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Figure 11 | Alignment of V-set domain-containing T-cell activation inhibitor 1 reference genes for nine species. The predicted signal peptides (SigP), 
extracellular domain (ECD), transmembrane domain (TMD), and intracellular domain (ICD) are demarcated with bars. “d” above the alignment represents predicted 
disulfide bonds. NLS indicates a predicted nuclear localization signal. The black bar graphs below the alignment represent the conservation of amino acids across all 
nine species. The percent amino acid sequence identity between devils and other species is show in the bottom right corner of the alignment.
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expressing high levels of CTLA-4 can be killed via antibody-
dependent cell-mediated cytotoxicity, thus reducing the inhibi-
tion of antitumor immunity. This could be a useful tactic for 
increasing T cell responses against neoantigens in DFT cells, but 

little is known about IgG isotypes and Fc receptors in devils (103). 
To our knowledge only a single IgG subclass has been identified 
in marsupials (103), and the number and type of Fc receptors 
are unknown. Investigations into devil isotypes and Fc receptors 
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are needed to aid development of potential monoclonal antibody 
immunotherapies for devils. Additionally, we identified a poten-
tial TRAF1/2-binding site in devil CD80 and a TRAF6-binding 
site in devil CD86. TRAF6 is associated with NF-κB activation 
and production of IL-6 and IL-8, whereas TRAF2 is associated 
with IκB-kinases. The binding site for TRAF2 but not TRAF6 is 
required CD40-mediated antibody class switching (104–106). 
Specific targeting of CD80 or CD86 by monoclonal antibodies 
or soluble ligands could help to determine if additional IgG 
subclasses exist in devils and to understand the potential role of 
IL-6 and IL-8 in immune evasion by DFT cells.

In addition to binding to both CTLA-4 and CD28 in humans 
and mice, CD80 binds to PD-L1 with a greater affinity than to 
CD28, but less than affinity of CD80 for CTLA and PD-L1 for 
PD-1 (107, 108). In humans, overexpression of CD80 blocks 
PD-L1 expression by sequestering PD-L1 in the cytoplasm 
while simultaneously providing costimulation (109). Additional 
pleiotropic effects of CD80 include its ability to stimulate NK cells 
through both CD28-dependent and -independent pathways 
(110–112). As DFT1 cells are poorly immunogenic and do not 
express MHC-I, the ability to stimulate NK  cells using CD80 
could provide immunotherapeutic potential.

Soluble CD80 can also effectively block PD-1:PD-L1 interac-
tions and provide costimulation (113, 114). Interestingly, in 
addition to the full-length devil CD80, we identified a devil CD80 
splice variant that lacks a transmembrane domain (TMD) and 
likely codes for soluble version of this key checkpoint molecule. 
Humans are also known to express soluble CD80 and soluble 
PD-L1, and high plasma levels of PD-L1 are associated with 
poor prognosis in B cell lymphomas (115–117). The anti-PD-L1 
monoclonal antibodies we have previously developed could be 
used to screen devil plasma for soluble PD-L1 and possibly serve 
as a prognostic test for DFT disease.

Devil 4-1BB Function Is Predicted to 
Resemble Human 4-1BB Function
Despite the potential for enhanced immunotherapies targeting 
the 4-1BB/L pathway, actual progress has been slow, in part due 
to differences between mice and humans. 4-1BB costimulation 
in both mice and humans leads to enhanced T  cell-mediated 
immunity, but the effects are contrasting in human and mouse 
NK cells. In mice, 4-1BB stimulation leads to enhanced NK cell 
effector mechanisms, but in humans 4-1BB signaling inhibits 
NK effector activity and reverse signaling through 4-1BBL 
on tumor cells can induce IL-10 and TNF-α (77, 118). This is 
potentially mediated by a putative inhibitory motif 4-1BBLLYIFK in 
the human cytoplasmic domain that resembles an ITIM domain 
(76, 77). Interestingly, devils have a similar putative 4-1BBLPYFLK 
inhibitory domain that includes the key tyrosine residue, but 
opossum 4-1BB does not contain the putative inhibitory motif 
(4-1BBLSFLLQ). Comparative testing of opossum and devil 4-1BB 
should be able to determine the inhibitory capacity of these 
motifs. Devil 4-1BB also contains conserved TRAF1/2-binding 
sites that in humans are necessary for recruiting TRAF1 and 
TRAF2 and inducing expression of pro-survival genes, includ-
ing Bcl-2, Bcl-XL, and Bfl-1 and decreasing expression of Bim, a 

pro-apoptotic molecule (119–121). Altogether, devil 4-1BB has 
key features that more closely resemble human 4-1BB, and thus 
devil 4-1BB might stimulate T cell function but inhibit NK cell 
function.

As expression of 4-1BB on T cells is largely dependent on acti-
vation state, combining agonistic anti-4-1BB immunotherapies 
with stimulatory cytokines presents an opportunity for promot-
ing immune memory. For instance, CD28- or IL-15-mediated 
upregulation of 4-1BB combined with agonistic anti-4-1BB 
monoclonal antibodies or recombinant 4-1BBL could promote 
antigen-independent survival and expansion of memory CD8 
T cells (122, 123); this could be critical for long-term memory 
against repeated exposure to DFT  cells in the wild. Also of 
particular relevance to the DFT disease is that blockade of 
4-1BB:4-1BBL pathways leads to prolonged allograft survival for 
heart (124), skin (124), eye (125), and intestinal (126) tissues in 
other species.

To Eat or Not to Eat: Phagocytic 
Checkpoints
CD47
CD47 functions as an identifier of “self ” tissue and is expressed 
on nearly all human and mouse cells. It has become known as 
the “don’t eat me” signal due to its ability to inhibit phagocytosis 
following ligation of SIRP-α (CD172a) on phagocytic cells  
(i.e., APCs, macrophages) (127). Of particular relevance to trans
missible cancers, which are both allografts and cancer, CD47 
appears to play a crucial role in transplant tolerance. The potent 
inhibitory signaling capacity of CD47 was clearly demonstrated 
in a xenotransplant model in which phagocytosis of pig cells 
by human macrophages was abrogated by transfecting the pig 
cells with human CD47 (128, 129). Several other studies have 
confirmed the importance of the CD47:SIRP-α interaction in 
graft and xenotransplant tolerance (129–132). Interestingly, the 
intraspecies CD47:SIRP-α interaction and function seems to 
be conserved in most species, but interspecies compatibility of 
CD47:SIRP-α is low (133). This suggests that CD47:SIRP-α bind-
ing could be a barrier to interspecies transmission of tumors. 
The closest extant relatives of devils, the Eastern quoll (Dasyurus 
viverrinus) and spotted-tail quoll (Dasyurus maculatus), are 
also a conservation priority, so understanding the role of CD47 
in preventing interspecies transmission could prove useful for 
conservation of quolls.

DFT1 and DFT2 are not xenotransplants in devils, but the 
CD47:SIRP-α interaction could be a key mechanism of inhibit-
ing phagocytosis and allo-responses against the DFT  cells. 
Interestingly, in rats and mice, CD47 has been implicated in 
myelin phagocytosis through modulation of CD47:SIRP-α 
interactions (134) This is an immune evasion pathway that may 
have been exploited by DFT1, which originated from a Schwann 
cell and expresses high levels of myelin (37). Despite the nearly 
ubiquitous expression of CD47 by all cell types, expression levels  
are highly variable and can be modulated by inflammation  
(135, 136). High levels of CD47 found on many types of human 
cancer, including leukemia (137–139), lymphoma (140), and sev-
eral types of solid tumor cancers (141, 142) and are often associated 
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with poor prognosis. Importantly, blockade of CD47:SIRP-α 
interactions stimulated enhanced antitumor responses in several 
mouse models of human cancer (141, 143, 144), and trials of 
anti-CD47 antagonistic monoclonal antibodies are underway 
in humans. The MYC oncogene transcription factor binds to 
the promotors of both CD47 and PD-L1 and expression of both 
CD47 and PD-L1 can be downregulated by targeting MYC (145), 
presenting an opportunity to simultaneously target both PD-L1 
and CD47.

A drawback of the anti-CD47 monoclonal antibody treatment 
is that CD47 blockade can lead to anemia due to rapid depletion 
of red blood cells. However, this risk could potentially be mini-
mized by injection of anti-CD47 mAbs or SIRP-α fusion proteins 
directly into accessible DFTs (i.e., tumors in the mouth and face) 
(146). In addition to facilitating cancer cell immune evasion, 
CD47 also affects T  cell and NK  cell homeostasis (147, 148). 
CD47 is suggested to facilitate longevity by reducing clearance by 
phagocytes (135). Blockade of CD47 could thus decrease memory 
cell longevity and increase turnover of T cells and NK cells and 
could be detrimental to long-term DFT immunity in wild devils 
that could be re-exposed to DFT.

V-Domain Ig Suppressor of T Cell Activation
In contrast to the “don’t eat me” signal from CD47 ligation, 
VISTA can function as an “eat me” signal via intercellular 
homophilic binding that affects clearance of apoptotic cells and 
immune surveillance by macrophages and T  cells (149, 150). 
VISTA expression is upregulated in response to genotoxic stress 
in a p53-dependent manner, and homophilic VISTA interactions 
both in cis and trans among tumor cells, APCs, and T cells may 
facilitate tumor cell escape from immune surveillance (149). 
No polymorphisms in devil p53 have been reported (151), but 
given the chromosomal rearrangements and greater than 17,000 
somatic mutation reported in DFT1 cells (152, 153), it seems 
probable that p53 would be at least occasionally activated in 
DFT cells and could induce upregulation of tolerogenic VISTA 
signaling.

The tolerogenic role of VISTA in humans and mice and the 
strong conservation of VISTA across the nine species analyzed 
here (only B7-H4 and CTLA-4 were more conserved) sug-
gest that VISTA may play an important evolutionary role in 
maintaining the balance between tolerance and immunity in 
mammals. Despite high sequence identity, the ELM tool unex-
pectedly predicted a putative TRAF1/2 (VISTASIQE) binding site 
in the ECD of devil VISTA. TRAF binding sites are most com-
monly found in TNF receptors, such as CD27, CD40, OX40, 
and 4-1BB.

Interestingly, two independent research groups first identi-
fied VISTA, but each reported contrasting functional effects 
of anti-VISTA monoclonal antibodies. One study reported 
that mouse VISTA inhibited T cell proliferation and cytokine 
production in vitro, that antagonistic anti-VISTA monoclonal 
antibody treatment exacerbated experimental autoimmune 
encephalomyelitis, and that VISTA overexpression on tumor 
cells led to reduced antitumor immunity in mice (154). By 
contrast, a single dose of agonistic anti-VISTA monoclonal 
antibody completely abrogated graft-versus-host disease in a 

partial and complete allogenic hematopoietic cell transplanta-
tion in mice with mismatched MHC between donor and host 
(155). This is of particular relevance to DFT, which in most 
cases likely has mismatched MHC, so blockade of VISTA could 
prove useful for breaking tolerance to DFT cells. In addition to 
the role of VISTA in transplant tolerance, early studies suggest 
that VISTA could play a more general role in immune escape by 
tumor cells. Several groups have independently demonstrated 
that VISTA-deficient mice have enhanced antitumor immu-
nity compared to wild-type mice (156, 157). These effects are 
independent of PD-1 but are amplified in VISTA/PD-1 double 
knockout mice (158).

TIM-3
Like VISTA, TIM-3 plays a role in phagocytosis of apoptotic cells 
and T cell immunity [reviewed in Ref. (88)]. Ligation of TIM-3 
by phosphatidylserine on apoptotic cells induces an “eat me” 
signal (159–161). The interaction of TIM-3 with its coreceptors 
has been associated with diverse functional outcomes, including 
both inhibitory and stimulatory functions. TIM-3 also binds to 
secreted and surface-expressed galectin-9 (GAL-9, LGALS9) 
and negatively regulates Th1 immunity and IFN-γ production 
(162, 163). As DFT1 cells do not naturally express MHC-I or 
PD-L1 but upregulate both MHC-I and PD-L1 in response to 
IFN-γ, the potential role of TIM-3 in IFN-γ production warrants 
further investigation. TIM-3 and PD-1 are often coexpressed on 
exhausted CD8+ T cells (164) in mice and exhausted TILs in mice 
and humans (165–168).

In contrast to the inhibitory function of TIM-3 on adaptive 
T cells, several types of innate immune cells can be activated by 
TIM-3 ligation (169). Ligation of TIM-3 on mouse and human 
DCs promotes secretion of inflammatory cytokines (169). TIM-3 
is upregulated by TGF-β on tumor-associated macrophages 
(TAMs) of the M2 phenotype and ligation of TIM-3 leads to 
increased NF-κB and IL-6 production and is associated with 
reduced survival in human hepatocellular carcinoma (170). 
TIM-3 also binds to the pleiotropic alarmin HMGB1 and sup-
presses antitumor immunity via interfering with the ability of 
HMGB1 to transport tumor-derived DNA to the endosomes 
of DCs (171). As large DFTs often become ulcerated and/or 
necrotic, it will be interesting to see if HMGB1 or other alarmins 
are expressed.

In regard to receptor structure, TIM-3 is unique due to the 
formation of both cis- and trans-heterodimers with carcinoem-
bryonic antigen cell adhesion molecule 1. The cis heterodimeri-
zation is critical for stable surface expression of TIM-3 and its 
inhibitory function (172, 173). Together, the conserved disulfide 
bonds and ligand-binding amino acids, suggest that devil TIM-3 
function might be similar to humans and mice. Several of the most 
widely used cell lines in laboratory research, including Chinese 
hamster ovary cells, Jurkat RMA-S human lymphoma cells, and 
3T3 mouse fibroblast cells, express natural ligands that bind to 
TIM-3 tetramers (89). This presents the opportunity for the use of 
cross-reactive reagents for devils and other non-traditional study 
species, but as a cautionary note, it also has the potential to cause 
confusing results in attempts to understand checkpoint molecule 
interactions.
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Paired Inhibitory and Stimulatory 
Receptors
CD47 binds to several coreceptors, including SIRP-γ, THSB1, 
and THSB2, which induce either activation or inhibition signals 
(174, 175). An additional SIRP-family protein, SIRP-β1, does not 
bind to CD47 and no ligand for SIRP-β1 has been identified to 
date in humans (176). The SIRP-family proteins are hypothesized 
to be paired receptors that have evolved to reduce pathogen 
exploitation of conserved motifs found in inhibitory receptors, 
essentially a decoy target system that facilitates pathogen control. 
Pathogens that trigger inhibitory signals via conserved motifs in 
inhibitory receptors would thus also trigger activation signals 
when exploiting the similar motifs in the activating receptor  
(177, 178). Analysis of devil SIRP-α revealed two predicted cyto-
plasmic ITIM and one ITSM inhibitory domains, suggesting the 
inhibitory capacity of the CD47:SIRP-α interaction is conserved 
in devils and could be an immunotherapy target. The devil 
SIRP-α ITSM was not detected in any other species, so empirical 
testing will be needed to clarify the potential for targeting the 
CD47:SIRP-α pathway in devils.

Like the SIRP-family proteins, members of the CD200R family 
are hypothesized to have evolved as paired activating and inhibi-
tory receptors. Specifically, herpesviruses, cytomegaloviruses, 
pox viruses, and adenoviruses inhibit macrophage activation via 
CD200 mimics that bind to CD200R-family members (179–181). 
In recent years, CD200 has received greater interest as an inhibi-
tory checkpoint molecule associated with antitumor immunity. 
CD200 is expressed on a wide range of tumors, including lym-
phomas (182), myelomas (183), leukemias (184), and gliomas 
(185), and CD200 expression is correlated with expression of 
epithelial cancer stem cell markers on prostate, brain, breast, and 
colon cancers (186, 187).

Expression of CD200 on tumor cells has been associated 
with impaired NK cell function, increased frequencies of Tregs, 
suppression of memory T  cells, decreased CTL activity, and 
induction of tolerance to allografts (184, 188, 189). Interestingly, 
CD200 expression has also been associated with Th2-skewed 
cytokine profiles and prolonged allograft survival (190–193). 
The transplantable EMT6 mouse breast cancer line expresses 
low levels of CD200 in vitro, but upregulates CD200 following 
inoculation into immunocompetent mice (194); this is similar to 
PD-L1, which is often expressed at low levels in vitro, but rapidly 
upregulated in immune active environments. Given the ongoing 
transmission of DFT for at least 20 years, immunohistochemi-
cal analysis of archived DFT tissue samples should determine 
expression levels of CD200 in the tumor microenvironment, and 
understanding this potential inhibitory pathway could help direct 
vaccine-development efforts.

Like devil PD-1, devil CD200 and SIRP-α are predicted to 
contain ITSM domains capable of regulating TCR signal trans-
duction. ITSMs have been reported for both PD-1 and SIRP-α, 
but to our knowledge this is the first report of an ITSM in CD200. 
Interestingly, the CD200 ITSM was predicted only for devils and 
not any of the other eight species analyzed here, although it is 
possible that other isoforms of CD200 exist. There have only 
been a limited number molecules that have been predicted to 

contain ITSMs: BTLA; 2B4 (CD244); Siglec7; Siglec9; SLAMF1 
(CD150); Ly9 (SLAMF3); CD84 (SLAMF5); SLAMF6 (CD352); 
and SLAMF7 (195, 196). Paired inhibitory and stimulatory recep-
tors are hypothesized to have evolved in response to exploitation 
of inhibitory receptors by pathogens. Thus, pathogen motifs 
that utilize the inhibitory receptor will also trigger the stimula-
tory signal, so it is interesting that the three of the families that 
contain ITSMs are also predicted to be paired-receptor families 
(SIRP, CD200, Siglecs). The original ITSM was identified in 
CD150 and was named “switch-motif ” due to its ability to switch 
from recruitment of SHP-2 to SHIP in the presence of SH2D1A  
(17, 197). This flexible switching aspect of the paired receptors 
could be an additional evolved response to exploitation of inhibi-
tory receptors by common pathogens.

The Unexplored Function of ECD ITIMs 
and ITSMs
The short cytoplasmic tail of CD200 and known soluble forms in 
humans suggests that the primary inhibition through CD200 is 
mediated via ligation of CD200Rs. However, as mentioned above 
we identified a potential inhibitory ITSM in the extracellular 
region of CD200NKTEYVVI. Interestingly, our analysis predicted 
putative inhibitory motifs in the extracellular region of several 
checkpoint molecules: devil CD47LKYHVV ITIM near the border of 
the first extracellular and TMDs; devil SIRP-β1VSYNLI extracellular 
ITIM; dog CD80VKYGDL extracellular ITIM; and human CD86IEYDGI 
extracellular ITIM.

To our knowledge, the function of ITIMs and ITSMs has only 
been explored in intracellular regions of checkpoint molecules. 
However, despite most checkpoint molecules being considered 
transmembrane proteins, the majority of checkpoint molecules 
covered in this analysis are only surface expressed in particular 
contexts. For instance, CTLA-4 protein can be detected in the 
cytoplasm prior to T cell activation, but then is transiently moved 
to the cell surface following activation. Trans-endocytosis of 
ITIM-containing CD80 (dog) or CD86 (human) could allow the 
ECD ITIMs to affect intracellular signaling. Also, CD80, CD86, 
CD200, CD47, all of which were identified to contain extracellular 
inhibitory domains, are part of multi-receptor or paired-receptor 
interactions and the potential role of ECD ITIMs and ITSMs may 
have been overlooked. This is potentially an understudied aspect 
of molecular and cellular immunology that warrants further 
investigation.

The Potential for LAG-3 As an Adjuvant
Although human LAG-3 has a higher affinity for MHC-II than 
CD4, the inhibitory effects of LAG-3 in humans and mice 
are thought to be mediated primarily via negative regulation 
of TCR:CD3 signal transduction rather than competition 
for MHC-II binding (198, 199). In addition to binding to 
MHC-II, LAG-3 also binds to C-type lectin domain family 
4 member G (CLEC4G, LSECTin) and galectin 3 (Gal-3, 
LGALS3). In mice, Gal-3 expression can suppress CD8 anti-
tumor responses and expansion of plasmacytoid DCs (200). 
Tumor cell expression of Gal-3 has also been associated with 
poor prognosis in non-small-cell lung cancer (201), Hodgkin 
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lymphoma (202), and acute myeloid leukemia (203), but the 
opposite effect has also been reported for breast (204) and 
gastric (205) cancer.

Of particular interest for devils is the potential for LAG-3 
to facilitate anti-DFT immunity. Immunization of mice with 
LAG-3+ tumor cells, or irradiated tumor cells along with soluble 
LAG-3-Ig resulted in tumor regression or reduced tumor growth 
(206). In addition, soluble LAG-3-Ig binding to MHC-II reliably 
induced DC maturation, which is indicated by upregulation of 
MHC-II, costimulatory molecules CD40, CD80, CD83, CD86, 
and IL-12 and TNF-α cytokines (207, 208). In allogenic bone 
marrow transplant models, LAG-3 blockade abrogates CD8 
T  cell tolerance to tissue transplants (209), which suggests 
that LAG-3 blockade could be a target for inducing CD8 T cell 
responses to allogenic DFT cells. Additionally, because LAG-3 
signaling is bidirectional, DFT expressed Gal-3 could inhibit 
T and NK  cell responses via direct Gal-3:LAG-3 interactions. 
Finally, LAG-3 and PD-1 are coexpressed in exhausted T cells 
in viral infection and on TILs, and blockade of both LAG-3 and 
PD-1 has been demonstrated to have synergistic effects in mouse 
models (33, 210–212). Altogether, there is a strong potential for 
LAG-3 to stimulate anti-DFT immunity due to the potential for 
overexpression of LAG-3 on tumor cells and/or administration 
of soluble LAG-3-Ig to serve as an adjuvant, and to use mono-
clonal antibodies that block LAG-3 on T cells to reduce T cell 
inhibition.

Strong Conservation of B7-H4 Protein 
across All Species
Despite more than a decade of searching, the identity of the 
B7-H4 coreceptor remains unknown. Further complicating the 
functional role of B7-H4 protein is that it is commonly expressed 
in the cytoplasm and nucleus of cancer cells, and nuclear 
localization of B7-H4 is associated with cell cycle progression 
and proliferation of cancer cells (95). B7-H4 is upregulated to the 
cell surface on T and B cells by several mitogens (213, 214) and 
on monocytes, TAMs, and DCs in response to IL-6 and IL-10 
(215, 216).

Despite the receptor for B7-H4 being unknown, the inhibitory 
function of B7-H4 in regard to T cell responses and apoptosis 
has been well-documented (213, 214, 217). Binding of B7-H4-Ig 
to the putative coreceptor inhibits T cell activation, which can be 
abrogated by monoclonal blockade of B7-H4 (213, 214). B7-H4 
protein has been detected on breast, lung, ovarian, prostate, 
renal cell, and uterine endometrioid cancer cells and is associ-
ated with decreased survival [reviewed in Ref. (20, 218)]. The 
high sequence identity of B7-H4 between humans and devils 
(87%) suggests that B7-H4 function might be similar in devils, 
and thus could be used as a prognostic indicator for DFT in 
addition to the potential for anti-B7-H4 monoclonal antibody 
immunotherapy.

BTLA and TIGIT Inhibitory Genes Not 
Detected in Devils
The molecules described above demonstrated strong homol-
ogy to other mammals, but another key inhibitory molecule in 

humans and mice, BTLA4, has not yet been identified in devils. 
Multiple BTLAs have been identified in bony fish (Teleosts), but 
have not been identified in amphibians or aves (24). Our search of 
GenBank and Ensembl and also our de novo assembly of a tran-
scriptome from devil PBMCs failed to identify a BTLA gene and 
full coding sequence for the TIGIT gene in devils. Several TIGIT 
coreceptors are present in the devil genome and three TIGIT 
transcript variants reported in the opossum genome. Given that 
TIGIT expression appears to be tightly regulated in humans and 
mice (219), we believe it likely that a functional TIGIT gene will 
eventually be detected in devils through targeted laboratory 
methods (i.e., RACE PCR).

CONCLUSION

In addition to the highly conserved motifs in several molecules, 
we documented strong conservation of cysteine residues for 
intra- and intermolecular bonds. These remarkable similarities 
suggest that immunotherapies that have revolutionized human 
oncology might be translatable into immunotherapies for the DFT 
disease. The wealth of data on checkpoint molecule expression 
and function in humans should facilitate understanding of the 
key immune evasion pathways employed by the DFTs and allow 
development of vaccines that target these key pathways. However, 
given the general paucity of reagents for non-traditional study 
species, innovative new techniques may be needed to assess the 
potential roles of the putative signaling motifs, and more gener-
ally to assess checkpoint molecule function in species other than 
humans, mice, and rats.

Investigations into the function of checkpoint molecules 
in devils, dogs, and hamsters may provide insight into the 
transmissibility of these tumors and uncover potential immu-
notherapy targets relevant to both human and veterinary 
medicine. Additionally, our analysis has spawned new ques-
tions about the role of inhibitory ITIM and ITSM motifs and 
paired receptors that could be of highly relevant generally—not 
only to human medicine. Further insight into the evolution 
of the immune system might be gained by studying the role 
of checkpoint molecules in natural disease systems, such as 
white-nose syndrome in bats and chytridiomycosis in amphib-
ians. Diversifying immunological studies into non-traditional 
species may facilitate a broader understanding of key immune 
defense pathways and elucidate general principles that are 
unlikely to be found when studying only a small number of 
model organisms.
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Bats are reservoir hosts of many important viruses that cause substantial disease in 
humans, including coronaviruses, filoviruses, lyssaviruses, and henipaviruses. Other 
than the lyssaviruses, they do not appear to cause disease in the reservoir bats, thus 
an explanation for the dichotomous outcomes of infections of humans and bat reser-
voirs remains to be determined. Bats appear to have a few unusual features that may 
account for these differences, including evidence of constitutive interferon (IFN) activa-
tion and greater combinatorial diversity in immunoglobulin genes that do not undergo 
substantial affinity maturation. We propose these features may, in part, account for 
why bats can host these viruses without disease and how they may contribute to the 
highly pathogenic nature of bat-borne viruses after spillover into humans. Because of 
the constitutive IFN activity, bat-borne viruses may be shed at low levels from bat cells. 
With large naive antibody repertoires, bats may control the limited virus replication with-
out the need for rapid affinity maturation, and this may explain why bats typically have 
low antibody titers to viruses. However, because bat viruses have evolved in high IFN 
environments, they have enhanced countermeasures against the IFN response. Thus, 
upon infection of human cells, where the IFN response is not constitutive, the viruses 
overwhelm the IFN response, leading to abundant virus replication and pathology.

Keywords: bats, Chiroptera, zoonosis, antibody repertoire, emerging infectious disease, virus ecology

Bats have gained attention in recent years as reservoir or suspected reservoir hosts of many high-
impact human pathogenic viruses that cause outbreaks and epidemics with high mortality (1, 2).  
In terms of viral species richness and zoonotic potential, bats may be the most important mam-
malian sources (3, 4). Each of these viruses, including the ebolaviruses, Marburg virus, severe 
acute respiratory syndrome and Middle East respiratory syndrome coronaviruses, rabies and 
other lyssaviruses, and Hendra and Nipah viruses, is thought to circulate in certain species of bats 
without significant disease. Chiroptera, to which bats belong, is the second largest mammalian 
order, with about 1,200 species. Bats originated about 80 million years ago (mya) and substantial 
radial divergence ensued soon after the K–T extinction event about 66  mya (5). Consequently, 
bats have been on independent evolutionary trajectories for most of the history of mammals.  
They belong to the mammalian superorder Laurasiatheria that includes ungulates and canines, 
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whereas rodents and primates belong to the superorder 
Euarchontoglires; these superorders diverged about 90  mya. 
Genome and transcriptome analyses suggest the immune sys-
tems of bats are substantially similar to those of other mammals; 
however, there are some significant differences, including the 
loss of the PYHIN locus that has the AIM2 cytosolic DNA sensor 
and inflammasome genes, loss of killer cell immunoglobulin-
like (KIR), and killer cell lectin-like (KLR) receptor loci used 
by NK cells, expanded immunoglobulin heavy-chain VDJ seg-
ments and contraction of the interferon-α (IFNα) locus (6–11). 
Although bats share many immunological features with other 
mammals, little research into their immune systems or responses 
has been conducted and there are no well-developed bat research 
models to study infectious agents (12, 13).

Often, in zoonotic virus/reservoir host relationships, which 
have been best studied in rodents and primates (14–16), each 
virus is hosted by individuals of one or only a few species. There 
are exceptions, including slowly replicating viruses, such as 
rabies virus. However, viruses, like all other biological entities, 
are subject to the pressures of evolution and are likely genetically 
and biochemically adapted (“optimized”) to circulate within 
their reservoir host populations to either cause persistent infec-
tion (often for the life of the host), or to replicate and be shed 
for a sufficient period to allow transmission to other susceptible 
hosts, without causing substantial disease within the population 
(17). They typically do not elicit robust immune responses in 
their reservoirs, which could lead to viral clearance or immuno-
pathology. When spillover of pathogenic viruses to humans or 
other non-reservoir species occurs, they are not biochemically 
optimized for the new host cells, which can lead to disease and 
death, or immune clearance.

Because of the occurrence of severe human diseases caused 
by some of the bat-borne viruses, an important question is; 
how do bats host these viruses without becoming diseased? 
The answer to this question is likely complicated and will vary 
between species of bats and species of viruses. In rodent reser-
voirs of pathogenic hantaviruses, in which the viruses establish 
persistent infection without meaningful pathology (18–22), the 
immune response is slow to develop (21) and is mediated by Fox-
p3+, TGFβ-expressing regulatory T (Treg) cells, which counter 
inflammatory disease (23, 24) but at the expense of sterilizing 
immunity. Do bats have Treg cells? If so, do bat viruses also elicit 
Treg responses in their reservoir hosts? T cell genes are found 
in bats, but there are no publications demonstrating antigen-
specific T cell activities in bats. The lack of such studies underlies 
a significant deficit in the study of bat immune responses, con-
sidering the functional subsets of T cells that have been identified 
in other species (e.g., Th1, Th2, Th17, NKT, Tfh, CTL, etc.) and 
the effector functions mediated by T cells, including T cell help, 
inflammation, chemotaxis, and augmentation of macrophage 
activities such as phagocytosis and killing of microbes.

Even less is known about NK cells in bats. Does the loss of 
KIR/KLR genes in bats (8) mean that NK  cells use alternative 
receptors to recognize MHC class I for activation and inhibition? 
Do bat NK cells have the same effector functions found in other 
species, such as granzyme-mediated cytolysis and antibody-
dependent cell cytotoxicity? Genes for granzymes A and B and 

CD16 (FcRγIII) are found in bats (6, 7); thus, it is likely that 
bat NK  cells are functionally similar to other species in this 
regard. Until methods are developed to assess T cell and NK cell 
functions in bats, our understanding of bat virus infections of 
reservoir hosts will be severely limited.

Pathogenic bat-borne viruses encode immune modulating 
accessory proteins that often target the innate antiviral responses 
of infected cells. It is thought that these proteins are contributory 
factors of human disease (“virulence factors”) (25–32); however, 
because they evolved in their bat reservoirs (i.e., biochemically 
optimized), their impacts on the orthologous proteins of humans 
must somehow be different; otherwise, there would not be dif-
ferential outcomes in bats (no disease) and humans (disease).

THE “FLIGHT AS FEVER” HYPOTHESIS

One proposed explanation for the lack of disease in virus-infected 
bats is the “flight as fever” hypothesis that suggests elevated body 
temperature during flight somehow mimics the effects of the 
fever response (33). However, the fever response after infection 
is much more sophisticated than simply elevated body tempera-
ture. In other mammals that have been studied, the production 
of interferons (IFN), interleukin-1, and prostaglandins have 
already occurred by the time fever is detectable (34, 35). There is 
no evidence that these effector molecules are expressed by bats 
during flight. Moreover, viral infections are complex processes; 
thus, it is unlikely that elevated body temperature alone is suf-
ficient to explain how bats can host these viruses without signs of 
disease. The only experimental work assessing this effect showed 
that increasing incubation temperature of bat cells does not affect 
their ability to support ebolavirus replication (36). Although 
there is no experimental evidence supporting the flight as fever 
hypothesis, some have speculated this provides a metabolic 
mechanism for bats to host these viruses without disease (37).

THE “ALWAYS ON” IFN SYSTEM OF BATS

An interesting feature of pteropid bats is that parts of the type 
I IFN system appear to be constitutively active and it has been 
hypothesized that this “always on” activity may hamper early 
viral replication (10). We have also observed signatures of IFN 
receptor pathway activation in uninfected primary kidney cells 
cultured from Jamaican fruit bats (Artibeus jamaicensis), includ-
ing constitutive STAT1 phosphorylation (unpublished data). In 
other mammals that have been examined, the type I IFN loci 
have undergone expansion by tandem duplication events, lead-
ing to multiple copies of Ifna genes. However, in bats there is 
compelling evidence that the type I IFN locus has undergone 
contraction leading to fewer Ifna genes (10). Despite this con-
traction, Ifna basal gene expression in bats is elevated relative to 
humans and rodents, as are the levels of many IFN-stimulated 
genes (ISG). The constitutive Ifna expression appears to induce 
a profile of ISGs that is not inflammatory, and this may be one of 
the reasons why Ifna expression can be elevated without leading 
to chronic inflammatory pathology. Furthermore, as the levels of 
IFNα protein expressed by bat cells remains to be determined, 
it is possible that much of the Ifna mRNA remains untranslated, 
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Table 1 | Immunoglobulin gene segments of select mammalian species (42).

Species VH (Fa) DH JH Vλ (F) Jλ Cλ
b Vκ (F) Jκ Cκ k:lc

Little brown bat >250 (5) ? 13 ? ? ? ? (?) ? ? ?:?
Human 87 (7) 30 9 70 (7) 7 7 66 (7) 5 1 60:40
Mouse >100 (14) 11 4 3 (3) 4 4 140 (4) 4 1 95:5
Rabbit >100 (1) 11 6 ? (?) 2 2 >36 (?) 8 2d 95:5
Horse >10 (2) >7 >5 25 (3) 4 4 >20 (?) 5 5 5:95
Cattle >15 (2) 3 5 83 (8) >2 4 ? (?) ? 1 5:95
Swine >20 (1) 2e 1e 22 (>2) >4 4 14–60 (5) 5 1 50:50

aNumber of families (F) of variable region genes.
bJλ–Cλ duplicons are the common motif in most mammals.
cRatio of expressed light chain in adults expressed as percent.
dRabbits have a duplicate of the entire kappa locus.
eFunctional DH and JH genes.
?, number is unknown.
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providing a source of transcripts for rapid translation when 
required. In addition, the type III IFN response appears to be 
restricted to immune cells and epithelial cells, and can be acti-
vated independently of type I IFN signaling (38, 39). Collectively, 
these aspects of the innate immune system suggest that bat cells 
are poised to respond to viral infections immediately, which 
may restrict, but not prevent, viral replication. It is unknown 
why bat IFN pathways are constitutively active but some species 
of bats can have extraordinarily high population densities with 
extensive mutual grooming behavior. Because transmission 
of infectious agents is related to population density, it may be 
evolutionarily favorable for bats to hamper virus replication and 
shedding to limit transmission within a population. However, 
viruses must also be able to sufficiently evade the response to 
transmit within the bat population; otherwise, they would be 
driven to extinction. Thus, it is likely that bat virus accessory 
proteins are finely tuned to modulate bat antiviral responses.

IMMUNOGLOBULIN REPERTOIRES  
OF BATS

The germline immunoglobulin loci of mammals contain tan-
dem variable (V), diversity (D), and joining (J) gene segments 
that recombine during B cell development in the bone marrow 
to generate VDJ rearrangements at the immunoglobulin heavy-
chain locus, and VJ rearrangements at the light chain locus 
(40). The number of segments varies between species (Table 1), 
and not all segments are functional. For example, humans have 
87 immunoglobulin heavy-chain V segments, but only about 
40 are functional. V(D)J recombination generates the naive 
B  cell immunoglobulin repertoire of an individual with, in 
humans, about 2 million unique immunoglobulin specificities 
that typically have an IgM heavy chain (41). The result, termed 
combinatorial diversity, occurs prior to, and is independent 
of, the antigen stimulation of an immune response. Swine, on 
the other hand, have far fewer heavy-chain gene segments, 
with seven functional V segments, two D segments and one 
J segment for just 14 possible combinations (42). Increased 
junctional diversity of the developing naive immunoglobulin 
repertoire occurs during recombination of the V(D)J segments 

in which exonuclease activity removes nucleotides from the seg-
ment ends and the enzyme terminal deoxynucleotidyl transferase 
(TdT) adds nucleotides to the segment ends (41). The substan-
tially limited swine VDJ is overcome by exonuclease and TdT 
activities (42).

Antigen exposure to naive B cells leads to secretion of IgM 
antibodies with typically low average affinities (~10−7 Kd). This 
low affinity is the result of the poor proximity of the amino acid 
residues of the antibody variable region to the residues of the 
antigenic epitope, thus, fewer non-covalent bonds can form 
at the antibody:antigen interface. However, as these B  cells 
undergo clonal selection and expansion during an infection, 
somatic hypermutation (SHM) occurs in daughter cell V(D)J 
regions that leads to antibodies with higher average affinities by 
virtue of refined complimentary topology between the antibody 
and its epitope, and the inclusion of amino acids in the variable 
region that strengthen the non-covalent interactions with the 
epitope (43). This process, termed affinity maturation, requires 
T  cell help and expression of the enzyme activation-induced 
cytidine deaminase (AID) in the dividing B cells. The result of 
this process is the generation of antibodies with affinities for 
antigen that are orders of magnitude greater (~10−10 to ~10−12 
Kd) than those of the original naive parental B cell clones that 
recognized the antigen.

Affinity maturation can take weeks, but if the host survives the 
infection it typically produces antibodies that can bind antigen 
with nearly irreversible affinities under physiological conditions. 
Importantly, this process leads to memory B cells that have high 
affinity surface immunoglobulin receptors that have already 
class-switched to IgG or IgA, and can rapidly divide and secrete 
antibodies independent of T cell help should the same pathogen 
be encountered again. Indeed, affinity maturation principally 
accounts for the high antibody titers detected by the various 
serological end-point dilution assays.

In bats, combinatorial diversity may lead to the generation 
of a much larger naive immunoglobulin repertoire than it does 
in humans because bats may possess more heavy-chain VDJ 
germline gene segments. The heavy-chain locus of humans has 
40 functional V segments, 24 D segments, and 6 J segments 
for a potential of 5,760 H chain specificities in its naive B cell 
repertoire through combinatorial diversity (44). The little brown 
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Figure 1 | Immunoglobulin VDJ combinatorial diversity potential of humans, swine and little brown bats. The human heavy (H) chain locus has about 40 variable 
(V), 24 diversity (D) and 6 joining (J) segments that are functional. Rearrangement of the locus occurs during B cell development in the bone marrow and provides 
the repertoire of immunoglobulin specificities that are clonotypic in naive B cells, usually with IgM constant (Cμ) heavy chains, which populate peripheral lymphoid 
tissues, such as lymph nodes and the spleen. The theoretical number of human H chain specificities is 40 × 24 × 6 = 5,760. In contrast, swine have 7 V, 2 D, and 1 
J segments that are functional, totaling 14. In the little brown bat (Myotis lucifugus), the functional H chain locus is estimated to have 236 V segments, at least 24 D 
segments, and at least 13 J segments, for a theoretical number of at least 73,632 specificities in the naive B cell repertoire. Blue, V gene segments; green, D gene 
segments; orange, J chain segments; purple, C gene (IgM); other C genes not shown.
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bat (Myotis lucifugus) has an estimated 236 V segments, at least 
24 D segments, and at least 13 J segments, with a potential of 
more than 70,000 specificities in the naive B cell repertoire (9) 
(Figure 1). Pteropid bats also have a highly diverse genomic and 
expressed VH repertoire, and evidence for multiple expressed 
DH and JH segments, consistent with their ability to recognize a 
range of antigenic epitopes (45). Bats appear to only express λ 
light chains but no research has been published about their light 
chain VJ segments nor their T cell receptor genes, thus it is not 
possible to compare them to other mammals.

In little brown bats, there appears to be less dependence on 
affinity maturation (9), suggesting the expanded repertoire from 
combinatorial diversity may have reduced, but not eliminated, 
the evolutionary need for SHM. Bats have and express the gene 
for AID (6–8), thus it is likely that some SHM occurs but AID 
appears to play a less prominent role in bats than it does in mice, 
humans, and swine. AID also facilitates class switching to other 
antibody classes (isotypes) in mice and humans, such as the IgG 
subclasses and IgA (46). If it is used less in bats, does this mean 
there is less class switching in bats? Or is it only the SHM func-
tion that is reduced? Do bats also generate junctional diversity 
through exonuclease and TdT activity? If bats do not use SHM 
does that lead to less robust memory B cell responses that can 
contribute to viral recrudescence?

Many of these questions are difficult to address because 
there are few immunoglobulin class-specific antibodies for bats 
of any species. Polyclonal rabbit antibodies to Australian black 
flying fox (Pteropus alecto) IgG, IgM, and IgA have been gener-
ated (47), but all others are polyclonal antibodies to whole bat 
IgG that likely recognize light chains as well as heavy chains. 
Because light chains are shared by all immunoglobulin classes, 
these polyclonal antibodies cannot discriminate IgD, IgM, IgG, 
IgA, or IgE. The number of immunoglobulin heavy-chain genes 
that encode IgG subclasses vary between species, with Seba’s 
fruit bat (Carollia perspicillata) having only one, big brown 
bat (Eptesicus fuscus) having two, greater short-nosed bat 
(Cynopterus sphinx) having three and little brown bat having 
five (48). One monoclonal antibody to the immunoglobulin λ 
chain of the big brown bat has been generated and it has cross 

reactivity to little brown bat λ chains; thus, it likely will be useful 
for characterizing antibodies from these bats (49).

A recent report suggested that IgG, rather than IgA, is 
more abundant in mucosal secretions of the Australian black 
flying fox (47). Their approach used Jacalin, peptide M, and 
staphylococcal superantigen-like protein 7 to purify IgA; these 
reagents are routinely used to purify human IgA but it is unclear 
if they bind bat IgA efficiently, or at all. The suggestion that 
IgG is the most abundant secretory immunoglobulin in bats is 
inconsistent with established data on secretory immunoglobu-
lins in other mammals and should be regarded with caution. 
The generation of isotype-specific monoclonal antibodies to bat 
immunoglobulins will be required to determine which isotype 
is most abundant in mucosal secretions of bats.

A HYPOTHESIS OF BAT IMMUNE 
RESPONSES TO VIRAL INFECTIONS

We propose that innate and adaptive immune responses in bats 
are different than in mice and humans, and these differences 
may account for why the viruses they host can be significant 
human pathogens. First, we suggest that because of higher 
constitutive expression of IFNα and persistent ISG activity, bat 
cells hamper virus replication relative to what occurs in cells 
from humans and rodent disease models. Second, because of the 
apparently larger bat naive immunoglobulin repertoires (from 
combinatorial diversity), bats may have more immunoglobulin 
specificities that favor clonal selection of B cells with immuno-
globulin receptors that interact with substantially higher mean 
affinities for antigen. Because of this, and because of the reduced 
viral burden due to persistent IFN activity, there has been less 
evolutionary pressure for SHM to control viral infections in 
bats—the selected B cells can undergo clonal expansion without 
an urgent need for affinity maturation to generate high-titered 
antibodies.

This combination of events may lead to several expected out-
comes that can be experimentally tested. First, because of their 
constitutively high expression of IFNα, less virus replication 
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should occur in infected bat cells compared to human or 
rodent cells used in pathology models. Second, because of the 
hampered viral replication, antibody responses in bats likely are 
slower to develop and may not be as durable as those in mice 
or humans because fewer viruses will be available for T and 
B cell stimulation. Third, antibody titers, which are a function 
of affinity maturation, should be lower in bats (e.g., average 
affinities of 10−9 to 10−11 Kd) than those generated in mice. A 
poorer antibody response (i.e., lower titer) could prevent or 
delay clearance of virus from the reservoir bat, contribute to 
persistent infection, prolong shedding, and lead to periods of 
recrudescence as antibody wanes.

Although there are a few bat cell lines that are susceptible 
to these viruses, caution must be exercised when using them 
because of the potential for unusual genomic events that 
routinely occur during immortalization, such as deletions and 
duplications of genes, which can complicate interpretation 
of data. Therefore, assessment of viral infection kinetics will 
require isolation of identical susceptible primary cells from res-
ervoir bats, and humans or rodents used in pathology studies. 
As one example, Nipah virus infects endothelial cells (50–52) 
and the Syrian hamster is a pathology model for its disease  
(53, 54). Isolation of primary endothelial cells (e.g., PCAM1+ 
cells) from pteropid reservoir hosts and hamsters could be used 
to assess virus replication kinetics. If our hypothesis is correct, 
then we would expect less virus replication and shedding from 
primary pteropid endothelial cells than from hamster endothe-
lial cells.

Consistent with our hypothesis, bat antibody responses 
appear to be slower to develop and less robust during infec-
tion (55, 56) and immunization (57, 58) compared to those 
of mice. Immunization of Brazilian free-tailed bats (Tadarida 
brasiliensis) and Egyptian fruit bats (Rousettus aegyptiacus) with 
rabies vaccines resulted in neutralizing antibody responses that 
are considered protective (59, 60). However, the vaccines used 
in these studies were inactivated, thus (1) were incapable of 
infecting cells and influencing the IFN response with the viral 
accessory proteins and (2) were formulated with adjuvant that 
simulates inflammation that contributes to more robust antibody 
responses. Experimental Marburg virus infection of Egyptian 
fruit bats, a natural reservoir host, leads to brief viremia, wide 
tissue distribution and low to modest viral loads and serocon-
version (61–63) and transmission (64). Similarly, poor neutral-
izing antibody responses occur after experimental infection of 
artibeus bats with Tacaribe virus, even in surviving bats (65). 
To date, no direct comparisons of infections with bat-borne 
viruses in reservoir host bats and pathology models have been 
performed; thus, there are no direct comparisons of the antibody 
responses to determine differences or similarities between bats 
and other mammals. In addition to immune response studies of 
apathogenic infection of bat reservoir hosts and their viruses, 
it will be necessary to examine the immune response in patho-
genic infections of bats for essential comparison, such as the 
aforementioned Tacaribe virus infection of artibeus bats (65) or 
rabies virus infection of bats of many species (60, 66). After all, 
if bat IFN responses are “always on,” why does Tacaribe virus 
kill bats?

HAS PERSISTENT IFN ACTIVITY IN BATS 
DRIVEN THE EVOLUTION OF VIRUSES 
PATHOGENIC TO HUMANS?

With persistent activation of the IFN response in bat cells, it is rea-
sonable to assume that viruses hosted by bats have evolved finely 
tuned countermeasures to dampen the response in the reservoir 
bat species. For example, STAT1, an essential component of the 
type I, II, and III IFN receptor signaling pathways, is a target of 
ebolavirus VP24, Marburg virus VP40, Nipah virus V and W, and 
SARS-CoV ORF6 (67–71). Because the viruses have evolved in 
bats, these proteins are likely optimized to disrupt STAT1 activ-
ity in the reservoir host bats in a qualitative and/or quantitative 
manner that permits virus replication and shedding without 
compromising the health of the host. Hendra virus antagonizes 
IFN production and signaling in an immortalized cell line from 
the Australian black flying fox, but only disrupts IFN production 
in an immortalized human cell line (72, 73). The impact of these 
proteins on STAT1 in the reservoir bats must be enough to allow 
some, perhaps periodic, viral replication to sustain the virus in 
bat populations, but not so much that it leads to high levels of viral 
replication and shedding from infected cells; otherwise, pathol-
ogy and/or a robust adaptive immune response would ensue. But 
because the IFN receptor pathway is persistently activated in bat 
cells, it is likely that expression of these viral proteins occurs to 
counteract STAT1’s cascading activation of the ISG pathways. 
Another important caveat of the experimental systems used to 
examine the effects of these viral proteins is that their genes are 
often cloned into high-expression plasmids or into other viruses 
that do not naturally infect bats. It is probable that expression 
levels of these genes by their viruses have been evolutionarily 
optimized for the reservoir bat species. But this presents logistical 
difficulties because most of these viruses require BSL-3 or BSL-4 
containment, a significant hurdle for many investigators.

STAT1 is a highly conserved protein and the viral accessory 
proteins that target it have been shown to often interfere with 
human STAT1 activity (67–71). We hypothesize that because of 
persistent IFN activity in bat cells, these viruses may express these 
accessory proteins at substantially higher levels to counter the bat 
cell’s elevated basal levels of the IFN response genes (Figure 2). 
STAT1 of the Australian black flying fox (Hendra virus reservoir) 
and the Egyptian fruit bat (R. aegyptiacus, Marburg virus reser-
voir) are 96% and 97% identical, respectively, to human STAT1. 
Because the human IFN system is “off ” (i.e., low basal levels) until 
an infection, it may be that these viral proteins are expressed in 
such high abundance immediately upon infection of a human 
cell (because they have been evolutionarily programmed in bat 
cells) that they abrogate the cell’s ability to mount an effective 
IFN response. This could lead to abundant viral replication and 
shedding from human cells, which would then disseminate and 
infect other cells, leading to direct viral pathology or immuno-
pathology from the subsequent activation of immune cells that 
respond to viral infection, including macrophages, neutrophils, 
NK cells and cytotoxic T cells. Alternatively, or in conjunction 
with, the viral proteins may bind to STAT1 of humans and bats 
with different affinities that could contribute to the dichotomous 
outcomes (72).
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Figure 2 | Potential explanation for high virulence of certain bat-borne viruses in humans. (A) Infection of bat cells leads to high expression of viral accessory 
proteins that repress the constitutively active type I interferon (IFN) system, leading to low levels of virus replication and shedding. Low level or intermittent replication 
of virus delays and reduces stimulation of the immune system, thus resulting in weak adaptive immunity and poor antibody responses. (B) In human cells, the high 
expression of viral accessory proteins significantly disrupts the cell’s ability to control the infection, leading to high levels of virus replication and immune stimulation 
that contributes to pathogenesis.
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CAVEATS AND CHALLENGES OF THE 
HYPOTHESIS

We recognize that this hypothesis on its own may be insuffi-
cient to explain the biological relationships and interactions of 
hundreds of viruses, and probably many more (74), and bats of 
the ~1,200 different species. Is the IFN system “always on” for 
all 1,200 species of bats? Do they all have more V(D)J germline 
gene segments? Do they all rely more on combinatorial diversity 
and less on SHM for the generation of their immunoglobulin 
repertoires? Just as there are significant differences between 
bats and other mammals, there are likely significant differ-
ences between bat species. However, considering the current 
evidence, we believe that several aspects of these hypotheses can 
be experimentally addressed with appropriate animal studies. 
We also have not considered other aspects of immune systems 
that may be important in chiropteran immunology, including 
activities of cellular immunity, the roles of complement and 
antibody-dependent cell cytotoxicity, immune effector mol-
ecules such as cytokines, antigen processing and presentation, 
immunological memory, and the myriad other immunological 
factors. Virtually nothing is known about these aspects of bat 
immunology, thus it is difficult to imagine how they might be 
different or contribute to bats of a particular species being suit-
able reservoir hosts for viruses of a particular species. It also is 

likely that many other differences between bats and other mam-
mals exist that are not directly related to the immune response 
(e.g., metabolism, physiology, hormonal changes, behavior, 
“flight as fever”) that are contributory factors to reservoir host 
status of bats.

Of what is known, experimental approaches that examine 
the responses of infected bat cells (e.g., IFN response) and 
antibody responses seem to be the most tractable. A sig-
nificant hurdle to accomplish these experiments is the lack of 
well-defined bat models for infectious disease research. Few 
closed colonies of bats are available for such purposes and of 
those, few reagents and methodologies have been developed to 
exploit them. These deficiencies can be rapidly overcome using 
the technological tools available today. For example, collection 
of low abundance antibodies (i.e., IgM, IgA) or immune cells 
from bats is challenging; most microbats are so small that 
collection of a few hundred microliters of blood can be lethal. 
But with deep sequencing, full genomes and transcriptomes 
can be rapidly generated and exploited to produce nearly any 
recombinant bat protein for use in experimental work. This 
approach could be deployed to generate monoclonal antibod-
ies specific to not only IgM and IgA, but IgG subclasses, to 
help understand immune responses in bats. Moreover, with 
long-read RNA-Seq and bioinformatics, characterization of 
immunoglobulin and T cell receptor repertoires can identify 
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increased frequencies of V(D)J usage during B and T  cell 
clonal expansion and SHM during infection (75, 76). This 
should clarify to what degree SHM is used by bats during 
immune responses, which has only been examined in naive 
little brown bats (9).

Regardless of the virus, it is essential that experimental infec-
tion studies of bat viruses should be done in bats. The use of other 
species, such as rodents and non-human primates, may provide 
information about pathogenesis, but they cannot address the 
biology, evolution and ecology of bat-borne viruses, and how they 
may emerge as human pathogens.
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Melanomacrophage centers (MMCs) are aggregates of highly pigmented phagocytes 
found primarily in the head kidney and spleen, and occasionally the liver of many ver-
tebrates. Preliminary histological analyses suggested that MMCs are structurally similar 
to the mammalian germinal center (GC), leading to the hypothesis that the MMC plays 
a role in the humoral adaptive immune response. For this reason, MMCs are frequently 
described in the literature as “primitive GCs” or the “evolutionary precursors” to the 
mammalian GC. However, we argue that this designation may be premature, having 
been pieced together from mainly descriptive studies in numerous distinct species. 
This review provides a comprehensive overview of the MMC literature, including a 
phylogenetic analysis of MMC distribution across vertebrate species. Here, we discuss 
the current understanding of the MMCs function in immunity and lingering questions.  
We suggest additional experiments needed to confirm that MMCs serve a GC-like role 
in fish immunity. Finally, we address the utility of the MMC as a broadly applicable histo-
logical indicator of the fish (as well as amphibian and reptilian) immune response in both 
laboratory and wild populations of both model and non-model vertebrates. We highlight 
the factors (sex, pollution exposure, stress, stocking density, etc.) that should be consid-
ered when using MMCs to study immunity in non-model vertebrates in wild populations.

Keywords: melanomacrophage center, germinal center, fish immunology, non-model organisms, comparative 
immunology

INTRODUCTION

The study of immunology in wild vertebrates is hamstrung because many tools cannot readily 
be used in the field, and species-specific reagents do not exist for most non-model organisms. 
Melanomacrophage centers (MMCs) might offer a simple, cheap, and broadly applicable measure 
of adaptive immunity in poikilotherms. Here, we summarize and critically review this potentially 
valuable tool for wild immunology.

Abbreviations: MM, melanomacrophage; MMC, melanomacrophage center; GC, germinal center; RPMs, red pulp mac-
rophages; TBMs, tingible body macrophages; FDC, follicular dendritic cell; TFH, T follicular helper cell; Ig, immunoglobulin; 
SHM, somatic hypermutation; AID, activation-induced cytidine deaminase.
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Figure 1 | Light micrographs of stickleback (Gasterosteus aculeatus) splenic melanomacrophage centers. (A) Unstained spleen at 50×. Scale bar equals 250 µm. 
Box outlines magnified section in panel (B). (B) Unstained spleen at 200×. Scale bar equals 62.5 µm. (C) H&E-stained spleen at 200×, and black arrows indicate 
MMCs. Scale bar equals 62.5 µm.

Steinel and Bolnick MMCs as Poikilotherm Immune Biomarker

Frontiers in Immunology  |  www.frontiersin.org July 2017  |  Volume 8  |  Article 827

Melanomacrophages (or melanin-macrophages, MMs) are 
pigmented phagocytes found primarily in poikilotherm lymphoid 
tissues. MMs are darkly pigmented due to high lipofuscin, mela-
nin, and haemosiderin content (1), making them histologically 
distinguishable via light microscopy (Figure 1). Nodular accu-
mulations of closely packed MMs, known as MMCs, are primar-
ily observed in the kidney, spleen, and liver. Generally, kidney 
and liver MMCs are diffuse and less structured, while splenic 
MMCs are more organized (2–4). As detailed below, the leading 
hypothesis is that MMCs represent a primitive site of adaptive 
immune system activation. As such, they may offer a valuable 
low-cost marker for measuring adaptive immunity across most of 
the vertebrate tree of life, in both model and non-model species. If 
so, MMCs could provide a widely applicable tool for wild immu-
nology, as they are near-ubiquitous across vertebrates. MMCs 
are reported in over 130 fish species (Figure S1 and Table S1 in 
Supplementary Material) and are also present in amphibians and 
most reptiles (Figures S2 and S3 and Table S2 in Supplementary 
Material). This review centers on the well-studied piscine MMC 
but comments on the less-well known amphibian and reptile 
MMCs, where relevant.

NON-IMMUNOLOGICAL FUNCTIONS  
OF THE MMC

The MMC is thought to play dual roles, participating both in 
immune defenses and normal, non-immunological, physiologi-
cal processes. This review focuses on MMC immune functions 
but touches briefly on non-immunological roles [detailed 
review by Wolke (5)]. Like other macrophages, MMs’ primary 
function is phagocytosis. The presence and long-term storage 
of unmetabolized, effete materials, earned MMCs the title of 
“metabolic dumps”  (6). This indigestible material, which gives 
MMs their characteristic pigmentation, can be of endogenous or 
exogenous origins. Endogenous materials are obtained through 
the phagocytosis of exhausted cells, particularly erythrocytes. 
Erythrophagocytosis by MMCs is widely reported and goes back 
to the earliest MMC description by Blumenthal in 1908 (7–13). 
More recent studies showed that turtle MMs can erythrophago-
cytose in  vitro (14). The presence of degraded erythrocytes 
and hemosiderin suggests that MMs function in iron recycling 
(10, 11), much like the hemosiderin-laden splenic red pulp 

macrophages  (RPMs) found in mammals (15). Exogenous 
materials, of natural or experimental origins, also collect within 
MMCs. Metal deposits (16, 17) and experimentally injected inert 
substances (13, 18–23) accumulate within MMs. These findings 
highlight the importance of MMCs in debris clearance and 
long-term storage of highly indigestible and/or toxic materials. 
The phagocytic nature of these cells is similar to that of the tin-
gible body macrophage (TBM) found in the mammalian splenic 
germinal center (GC) (24). While the role of waste product 
repository is considered non-immunological, as we discuss in the 
following section, this physiological necessity may overlap with 
an important MMC immunological function: antigen retention.

IMMUNE FUNCTIONS OF THE MMC

Early descriptions proposed that MMCs function in both the 
innate and adaptive arms of the immune response (25). MM 
phagocytic activity is not limited to erythrocytes as they also 
phagocytose infectious materials (14, 21, 25–27). Turtle MMs 
are described as “aggressively phagocytic,” attacking bacteria, 
fungi, and helminth parasite eggs in  vitro (14). MMCs’ close 
association with specialized capillaries in the spleen, known as 
ellipsoids (8, 28), suggests that they may scavenge blood borne 
pathogens. This notion is supported by the observation that, 
in vivo, MMCs quickly remove injected foreign materials from 
the circulation (13, 18–20, 27).

Morphological characteristics, organ location, and association 
with infection/immunization led to the hypothesis that MMCs 
are analogs, or “primitive” evolutionary precursors, of the mam-
malian GC (1, 5, 10, 21, 27–32). As such, they may participate in 
the adaptive immune response. In mammals, the GC response is 
crucial for the differentiation and clonal expansion of memory 
B cells and high-affinity plasma cells. Extensive experimentation 
has elucidated the complex spatial structure, cell–cell interac-
tions, and molecular processes that occur within the mammalian 
GC (33). The GC has a well-defined architecture, with distinctive 
B-cell, follicular dendritic cell (FDC) and T follicular helper cell 
(TFH) aggregates. Following antigen challenge, antigen-specific 
B cells accumulate and proliferate causing a transient increase in 
GC size (33). During the GC response, antigen-specific B cells, 
mediated by interactions with FDCs and TFH, undergo clonal 
expansion and differentiate into memory and plasma cells (33). 
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Table 1 | Comparison of poikilotherm melanomacrophages with mammalian 
follicular dendritic cells (FDC), red pulp macrophages (RPM), and tingible body 
macrophages (TBM).

Mammals Poikilotherms

FDC RPM TBM MMC

Location Spleen, 
LN

Spleen Spleen, 
LN

Spleen, kidney, 
liver

Nodular aggregations + − − +
Erythrophagocytosis − + − +
Phagocytosis of exhausted/dead 
cells

− − + +

Stain with CNA-42 + − − +
Express CSF1-R + − − +
Retain antigen long-term within ICs + − − +
Found in close proximity to:

Lymphoid cells + − + +
AID-expressing cells + − + +
B cells undergoing SHM + − + Unknown
Differentiating B cells + − + Unknown
Activated B cells + − + Unknown

LN, lymph node; IC, immune complexes; AID, activation-induced cytidine deaminase; 
SHM, somatic hypermutation.
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FDCs serve as long-term antigen depots by maintaining intact 
antigen on their surface in the form of immune complexes (IC) 
(34). It is within GCs that antibody affinity maturation occurs. 
In this targeted microevolutionary process, immunoglobulin  
(Ig) genes undergo somatic hypermutation (SHM) and selection. 
In GC B cells, the enzyme activation-induced cytidine deaminase 
(AID) generates Ig gene mutations (35–37). GC B cells express-
ing mutated Ig genes are then selected based on their affinity for 
antigen (38, 39). This process hones antibody specificity and is 
necessary for an efficient humoral immune response.

Teleosts lack GCs; yet, nevertheless, they generate affinity-
matured antibody in response to antigen challenge (40, 41). 
Descriptive studies, across many fish species, identified numer-
ous similarities between GCs and MMCs (Table  1), raising 
the possibility that MMCs are the site of the teleost humoral 
adaptive immune response. MMs, like mammalian FDCs, 
stain positively with the CNA-42 monoclonal antibody (42) 
and express CSF1-R (43). Fish injected with both infectious 
and non-infectious substances demonstrated that MMCs are 
sites of antigen retention (18, 19, 21, 22, 30, 44–46). Notably, 
carp immunized with Aeromonas hydrophila retained antigen 
in and around splenic MMCs for at least a year (21). Antigen 
retained near or within MMCs is extracellular, trapped within 
IC, and the injection of preformed IC accelerates this retention  
(47, 48). While these findings highlight many similarities 
between MMs and FDCs, the erythrophagocytic and scaveng-
ing functions described in the previous section also suggest 
similarities between the MMC and RPMs and TBMs found in 
the mammalian spleen (Table 1).

Following immunization or infection, fish MMCs increase 
in size and/or number (10, 13, 26, 32, 49–52), much like mam-
malian GCs. Study of MMC kinetics in goldfish showed that 
MMs can both join existing aggregates or form new aggregates 
(22). Lymphoid cells are observed in close proximity to teleost 

MMCs (13, 21, 53) and increase in response to immunization 
(13). These studies, however, lacked species-specific reagents; 
so determination of cell identity was not possible. More recent 
immunohistochemical studies revealed MMC-adjacent Ig+ cells 
that increase in number in response to experimental infection 
(2–4). These Ig+ cells were presumed to be B cells, but the cells’ 
identity has not been confirmed as these stains cannot differenti-
ate between cells expressing Ig and those binding soluble Ig  
(or IC) on their cell surface (2–4). While some Ig+ cell aggre-
gation was observed, they did not exhibit the highly compart-
mentalized structure characteristic of mammalian GCs (2–4). 
Unlike the GC, the MMC response in some teleost species does 
not correlate with an increased antibody production (13). More 
recently, AID-expressing cells were identified in or proximal to 
MMCs (54). Considering that AID expression is required for 
SHM in mammals, this finding strongly supports the notion of a 
GC-like MMC. However, SHM has not been directly documented 
in MMCs (54). These studies provide compelling evidence that 
MMCs and mammalian GCs likely perform similar functions, 
but differences do remain. A systematic investigation of MMC 
function has never been performed. Toward the end of this 
review, we suggest an experimental road map to fully characterize 
teleost MMC function.

EVOLUTIONARY HISTORY OF MMCs

Here, we consider both the likely timing and function of the 
early evolution of MMCs. MMCs are present in both jawless 
(Cyclostomata) and jawed vertebrates (Gnathostomata), imply-
ing that MMCs likely evolved at least 525  mya in a common 
ancestor of all Vertebrata (Figure  2). This evolutionary gain 
likely proceeds the evolution of adaptive immunity as jawed and 
jawless vertebrates evolved unique adaptive immune systems  
(55, 56). In “primitive” vertebrates like hagfish (Myxiniformes) 
and sharks and rays (Chondrichthyes), MMs are diffusely 
distributed, mostly in liver tissue. In contrast, bony vertebrates 
[Euteleostomi (a.k.a., Osteichthyes)] exhibit more aggregated 
MMs that form distinct MMCs primarily in the spleen and kid-
ney (6). Because bony fish, amphibians, and reptiles share splenic 
aggregations, we infer that MMC concentration into the spleen 
must have evolved in a common ancestor to Euteleostomi. That 
is, splenic MMCs evolved between 430 and 460 mya, prior to the 
split between ray-finned fishes (Actinopterygii) from lobe-finned 
fishes and tetrapods (Sarcopterygii) but after their split from 
Chondrichthyes (Figure 2). Note that this inference is based on 
an assumption that MMCs are homologous structures (inherited 
from a common ancestor) rather than having independently 
evolved multiple times. This assumption has yet to be rigorously 
tested with transcriptomic and genetic data.

Melanomacrophage centers are retained in most poikilo-
therms, though they are reported absent in a handful of species. 
Admittedly, studies that did not locate MMCs (despite appreci-
able investigation) might be false negatives. Studies of MMCs 
in jawless vertebrates are underrepresented, with reports from 
only two Cyclostomata species (6). MMCs are reportedly absent 
in the lamprey, Lampetra fluviatilis, but present in hagfish (6) 
(Figure 2; Tables S1 and S3 in Supplementary Material). We are 
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Figure 2 | Phylogeny showing melanomacrophage center (MMC) gains and 
losses across vertebrate species. Detailed phylogenies of fish, amphibian, 
and reptilian species can be found in Supplemental Material. The phylogeny 
is not time-calibrated and was plotted using the ape package in R (57), 
using a topology obtained from the OneZoom database (58). Drawings by 
Doreen J. Bolnick.
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aware of only two bony fish species that reportedly lack MMCs: 
the fifteenspine stickleback, Spinachia spinachia, and the South 
American armored catfish, Hypostomus francisci (Figure S1 
and Table S3 in Supplementary Material) (8, 59). In all three 
instances, MMC absence was determined by survey studies of a 
few individuals from a single location. From these limited stud-
ies, it is difficult to determine if the absence of MMCs represents 
species- or population-level variation. These absences should be 
investigated in greater detail but suggest that MMCs can be lost 
(or, replaced by another feature) without lethal effect. The sister 
genus to Spinachia (Gasterosteus, including threespine stick-
leback) has distinct MMCs (Figure 1), indicating that loss can 
occur over comparatively short macro-evolutionary time. MMCs 
have also been lost, probably two separate times, in Squamate 
reptiles (in vipers and a large snake clade including rat snakes 
and keelbacks) (Table S3 in Supplementary Material). But, MMCs 
were located in all amphibians we found reports for (Figure S2 in 
Supplementary Material), and in turtles, lizards, and crocodiles 
(Figure S3 in Supplementary Material). These aggregates are  
generally less organized than those observed in bony fish. MMCs 
are not observed in mammals or birds. If MMCs are indeed absent 
in birds and mammals, it is likely that they were independently 
lost. MMC loss in mammals is particularly note-worthy, because 
pigmented RPMs are still found in mammalian spleens. These 
macrophages perform physiological roles in erythrophagocyto-
sis and metabolic recycling but have no known role in the GC 
response.

Collectively, evidence suggests several intriguing hypotheses 
for the evolutionary origins of MMs, MMCs, and mammalian 
GCs. We emphasize that these hypotheses are tentative but 
intriguing enough to warrant rigorous evaluation. The first 
hypothesis is that MMs initially evolved as molecular and cel-
lular “garbage dumps” without a particular immunological role, 
in a common ancestor of all Vertebrata. Early MMs would have 
encountered pathogens or their antigens while acting in this 
clean-up capacity, which leads to a second hypothesis: MMs’ 
incidental interaction with pathogens subsequently became 
entrenched and they gained immune function, perhaps in a 
common ancestor to Gnathostomata. The third (and oldest) 
hypothesis is that in early mammals, the MMCs evolved into 
GCs, with splenic RPMs remaining to carry out erythrocyte 
recycling function. We consider this third hypothesis in greater 
detail in the next section.

ARE MMCs AN EVOLUTIONARY 
PRECURSOR TO THE MAMMALIAN GC?

The notion of a “primitive GC”-like MMC has long been 
speculated (1, 5, 10, 21, 25, 27–32). However, this conclusion was 
drawn from descriptive studies, across many fish species, which 
did not directly investigate how MMC parameters correlate with 
immune function. As noted earlier, similarities between MMCs 
and GCs make this conclusion compelling (Table  1). Chiefly, 
both structures increase in size and/or number in response to 
immunization or infection (10, 13, 26, 31, 50–52). The structures 
also share cell types and expressed genes, but other observations 
call the “GC-precursor” hypothesis into question. Most notably, 
MMCs also respond to non-infectious settings, including poor 
body condition, pollution exposure, starvation, aging, and injury 
(discussed in detail below) (1, 10, 50, 60–63). When reconciling  
the MMC response to both infectious and non-infectious 
circumstances, these findings could be interpreted in several 
different ways.

First, it is possible that MMCs evolved from a purely physi-
ological role, to gain immunological function, conducting both 
roles simultaneously. Subsequent GC evolution may be a case 
of sub-functionalization, in which a generalist tissue or cell 
type, performing multiple roles, evolves into specialist sub-
populations. Second, the conditions that influence MMC status, 
including infection/immunization, are all associated with tissue 
destruction. So it is possible that the MMC response may not 
be immunological like the GC but may simply be a non-specific 
expansion of MMs in response to generalized tissue damage. In 
this case, the proposed immune function of MMCs may be a 
false lead.

Third, the association between MMCs and stress or tissue 
damage could be confounded with infection. Poor body condi-
tion, aging, injury, pollution exposure, and starvation can facilitate 
secondary infections. Thus, experiments that manipulate stressors 
might have incidental effects on infection, making it difficult to 
experimentally distinguish between non-infectious versus infec-
tious MMC responses. Conversely, infection or pollution expo-
sure may lead to poor body condition, injury, and/or suppressed 
appetite/starvation. As exposure to pathogens or contaminants 
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may not be readily detectible, an MMC response may mistakenly 
be attributed to other environmental or physiological factors.

FUTURE DIRECTIONS

To determine whether MMCs function in a GC-like capacity, 
further studies must directly test this hypothesis. Antigen-
specific B-cell clonal expansion and high-affinity antibody 
production from mammalian GCs are the result of B-cell 
proliferation, differentiation, and SHM. To determine if MMCs 
are GC analogs, experiments must investigate if antigen-specific 
B  cells proliferate and differentiate in association with MM 
aggregates. While the presence of AID-expressing cells within 
the MMC implies that affinity maturation is occurring (54), 
further experiments are necessary to assess whether antibody 
gene SHM occurs within and is dependent on the MMC. The 
mammalian GC response is T-cell dependent, as GC B-cell 
clonal expansion and differentiation requires help from TFH 
cells (64). T-dependent (TD) antigens are proteins that induce 
GC reactions. T-independent (TI) antigens, in contrast, are 
polysaccharide based, cannot be presented to TFH cells, and 
consequently do not stimulate a GC response (65). Therefore, 
a straightforward test of MMC function would compare the 
MMC response to TD and TI antigens. Using next generation 
sequencing tools, it would be useful to conduct a comparative 
transcriptomic analysis of MMCs and GCs to determine simi-
larities and differences in gene expression. Lastly, MMC fine-
scale structure should also be defined, for instance using single 
molecule fluorescent in situ hybridization to generate spatially 
explicit maps of gene expression and the distribution of cell 
types within MMCs. In the absence of functional studies that 
directly test the hypothesis of a GC-like MMC, an abundance of 
caution should be used when drawing conclusions regarding the 
nature of the MMC response in immune function.

NOTES FOR THE WILD IMMUNOLOGIST

Though fundamental experiments are needed to clarify the 
immunological significance of the MMC, we nevertheless assert 
that the MMC is potentially a practical biomarker of immune 
function in both laboratory and wild studies. As MMCs are 
evolutionarily conserved in many poikilothermic species, histo-
logical assays of the MMC state could provide a valuable tool for 
comparative studies of adaptive immunity across the diversity 
of vertebrates. Due to their inherent pigmentation, the MMC 
response can be easily visualized and quantified via light micros-
copy, without the need for costly species-specific reagents. This 
pigmentation also makes MMs highly autofluorescent, a feature 
that can be employed to isolate MMs via FACS sorting (43, 54). 
Though MMCs appear to be a useful bioindicator of poikilotherm 
immune function, several variables must be considered when 
designing and analyzing laboratory or wild studies.

Careful consideration should be given to sampling relevant 
tissues and quantifying the appropriate MMC parameters. Most 
immunological (and non-immunological) studies of the MMC 
focus on a single tissue. In light of the phylogenetic association 
of the MMC with different organs (6), researchers should be sure 

that the appropriate tissue(s) are sampled. The MMC response 
is quantified using various parameters including aggregate 
size, number, total pigmented area, pigmentation intensity, and 
aggregate circularity (shape factor). These variables can change 
through time in response to various stressors, and some are cor-
related (e.g., size and pigmented area). However, in the absence 
of a functional understanding of the nature of the MMC in the 
immune response it’s not yet clear which metric(s) should be 
reported. Therefore, to avoid cherry-picking results, attention 
and justification should be given for choosing tissues to sample 
and MMC parameters to report.

The MMC can also respond to physiological and environ-
mental changes. This presents a difficult situation for the wild 
immunologist. Histological MMC parameters vary in response 
to life history and environmental factors. Sex (60, 66), diet (52, 61,  
63, 67), spawning phase (68), season (69), temperature (70), and 
UV exposure (71) influence MMC status. Several authors reported 
a linear correlation between age and elevated MMC metrics  
(17, 72–74). Studies also showed MMC responses to environmen-
tal stressors. In fish, farming increased MMC density compared 
to the same species raised in wild conditions (75). Other aqua-
culture variables, such as ranching time and stocking density, 
influence MMC metrics (67, 76).

Numerous investigations report correlations between 
“degraded environments” and MMC status. Decreased dissolved 
oxygen levels were associated with an increased fish MMC 
number (77). Several studies documented MMC responses to 
environmental contaminant exposure in wild fish and amphib-
ians (66, 73, 77–81). However, many of these studies compared 
contaminant-exposed animals to those from uncontaminated 
“control” areas, without accounting for confounding effects 
of infection or other physiological or environmental factors. 
Nevertheless, controlled experimental exposure of lab-raised 
fish to environmental contaminants supports the notion of a 
pollutant-induced MMC response (52, 82–85). These obser-
vations, combined with MMC responses to life history and 
environmental factors (1, 10, 17, 31, 49, 50, 60–63, 72–74, 80), 
underscore the difficulty in interpreting MMC metrics in wild 
populations. If meaningful conclusions are to be drawn regarding 
the MMC response in wild (and lab-raised) animals, thoughtful 
consideration must be given to choosing appropriate controls 
and accounting for physiological and environmental variables 
in analyses. Therefore, we recommend wild studies employing 
the MMC assay without validation and appropriate controls be 
interpreted with caution.

CONCLUSION

The MMC shares many structural, cellular, and molecular simi-
larities with the mammalian GC, suggesting an evolutionary tie 
to mammalian adaptive immunity. Parallels between these struc-
tures led researchers to recognize the potential for the MMC as 
a histological biomarker of poikilotherm immune response. We 
assert, however, that this tool should be used with caution. While 
descriptive studies have identified important features of the MMC, 
functional studies are needed to confirm its role in the adaptive 
immune system. If such studies validate this immunological tool, 
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they will pave the way for comparative studies of the evolutionary 
origins of vertebrate immunity and for experimental immunology 
in wild populations.
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In most industrialized countries, allergies have increased in frequency quite dramatically 
during the past 50 years. Estimates show that 20–30% of the populations are affected. 
Allergies have thereby become one of the major medical challenges of the twenty-first 
century. Despite several theories including the hygiene hypothesis, there are still very few 
solid clues concerning the causes of this increase. To trace the origins of allergies, we 
have studied cells and molecules of importance for the development of IgE-mediated 
allergies, including the repertoire of immunoglobulin genes. These studies have shown 
that IgE and IgG most likely appeared by a gene duplication of IgY in an early mammal, 
possibly 220–300 million years ago. Receptors specific for IgE and IgG subsequently 
appeared in parallel with the increase in Ig isotypes from a subfamily of the recently iden-
tified Fc receptor-like molecules. Circulating IgE levels are generally very low in humans 
and laboratory rodents. However, when dogs and Scandinavian wolfs were analyzed, 
IgE levels were found to be 100–200 times higher compared to humans, indicating a 
generally much more active IgE synthesis in free-living animals, most likely connected 
to intestinal parasite infections. One of the major effector molecules released upon IgE-
mediated activation by mast cells are serine proteases. These proteases, which belong 
to the large family of hematopoietic serine proteases, are extremely abundant and can 
account for up to 35% of the total cellular protein. Recent studies show that several 
of these enzymes, including the chymases and tryptases, are old. Ancestors for these 
enzymes were most likely present in an early mammal more than 200 million years ago 
before the separation of the three extant mammalian lineages; monotremes, marsupials, 
and placental mammals. The aim is now to continue these studies of mast cell biology 
and IgE to obtain additional clues to their evolutionary conserved functions. A focus 
concerns why the humoral immune response involving IgE and mast cells have become 
so dysregulated in humans as well as several of our domestic companion animals.

Keywords: IgE, Fc receptor, mast cell, IgE homeostasis, allergy, dermatitis, asthma

INTRODUCTION

During the past 50 years, allergies has increased in prevalence quite dramatically and in most indus-
trialized countries 20–30% of the population are affected. In some school classes, the percentage of 
affected children can reach as high as 50. Allergies have thereby become one of the major medical 
challenges of the twenty-first century. Although relatively few die from an anaphylactic shock, the 
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severest form of allergic reaction, there are extensive burdens 
for sufferers, which in turn can also cause major economic loss. 
Asthma in children has in the USA been estimated to cost 56 
billion $ per year and asthma in adults to cost 19 billion € per 
year in the EU so allergies involves large costs for the society  
(1, 2). Allergies not only affect humans but also our close 
domestic companions, including dogs, cats, and horses. In dogs, 
3–15%, depending on the breed, suffer from atopic dermatitis, a 
type of allergic skin disease (3–5). By contrast, cats and horses 
suffer primarily from asthma. This indicates that domestication 
may be one contributing factor in this process. Rodents are the 
most frequently used animal models in allergy research and the 
numerous inbred strains of mice and rats may be seen as a form of 
domestication. However, neither rats nor mice can be considered 
naturally allergic. To obtain allergic mice or rats, these animals 
needs to be triggered by relatively high allergen doses and often 
complimented with additional immune stimulators to show 
allergy-like symptoms (6–8). These symptoms also disappear as 
soon as the sensitization protocol is terminated. Therefore, a life 
under controlled conditions with low pathogen load does not 
necessarily result in the induction of hypersensitivity. However, 
western lifestyle, with high hygiene levels, has been indicated as a 
potential contributing factor to the increase in allergy prevalence 
and been termed the “hygiene hypothesis” (9–11). The contact 
with high levels of bacteria, viruses, and parasites has likely been 
the normal condition for our immune system during the past 
millions of years of evolution (12). This has been an important 
component for the immune system to become educated and if we 
remove the normal triggers in our daily life, we may be more likely 
to develop allergies. There is evidence supporting this hypothesis 
but there is also data that do not fit into this model. One previously 
mentioned example is rodents living under controlled conditions 
in animal houses. There are certainly other contributing factors 
of major importance. Therefore in order to look deeper into these 
questions, we have turned our interest to the components of our 
immune system that are involved in an allergic immune response. 
This approach can be used to see if by studying of an array of 
different wild, domestic, and non-domestic animals, it is possible 
to trace the origins of these components and the factors that have 
resulted in the massive increase in allergies in humans and other 
domestic animals.

THE INDUCTION OF AN ALLERGIC 
IMMUNE RESPONSE

The absolute majority of allergies in humans belong to the 
immunoglobulin (Ig) E-mediated allergies, which also are named 
atopic allergies. The major focus of this review will be on this 
type of allergy, where dendritic cells, IgE, and IgE-binding cells, 
primarily mast cells, and basophils are central players (13).

The first time we are exposed to an allergen there will be 
no visible response. However, the immune system may start to 
recognize the target molecule via uptake of the protein antigen, 
the allergen, by local dendritic cells. Generally, allergens are 
proteins of a relatively low molecular weight and are often also 
relatively stable proteins, indicating they can more easily enter the 
mucosa in a native conformation. Dendritic cells are abundant at 

sites where allergens generally enter the body, for example, the 
skin, the lung, or the intestinal mucosa. These cells then process 
some of the protein into peptides of variable length in endosomal 
compartments using lysosomal proteases. The peptides, gener-
ally between 12 and 18 amino acids, are then presented onto 
major histocompatibility complex (MHC) class II molecules on 
the cell surface of the dendritic cell (Figure 1). A T helper cell 
may then recognize this peptide MHC complex with its specific 
T cell receptor (TCR) and when supported by several additional 
receptor ligand interactions, including CD28-B7:1 or B7:2, 
CD40L–CD40, CD48R–CD22, CD2–LFA3, the T  cell becomes 
activated and starts to proliferate. Furthermore, the activated 
cell produces cytokines and also to upregulate receptors and 
receptor ligands that can support and trigger other immune cells 
(Figure  1). If there is no intracellular parasite or other potent 
danger signal in the area of allergen entry, the T cells are generally 
becoming T-helper cells of type 2, so called TH2 cells. TH2 cells 
promote humoral immunity, consisting primarily of soluble fac-
tors, involving B cells and Igs and not in cell-mediated immunity 
where cytotoxic T cells (CTLs) and NK cells are involved. The 
TH2 cells produce cytokines, including IL-4, IL-13, IL-5, IL-10, 
and sometimes also TNF-α (Figure 1) (14, 15). The B cells in the 
area of allergen contact bind with their surface IgM to the native 
protein antigen and thereby receive signal 1 to become activated. 
These B  cells are then triggered by local IL-4 and/or IL-13 to 
switch to IgE and IgG1 producing cells in mice, and IgE and IgG4 
in humans (Figure 1) (16–18). The locally produced IgE can then 
bind to high-affinity receptors on cells in the tissue. The cells that 
express the high-affinity receptor for IgE are primarily mast cells 
and basophilic granulocytes (Figure 1). Both of these cells store 
histamine and can also produce potent lipid mediators including 
prostaglandins and leukotrienes, which when released from the 
cells give the characteristic symptoms of allergies including tissue 
swelling, broncho constriction, and drop in blood pressure. The 
latter effects occur if mast cell activation involves larger regions 
of the body. This entire process, from the first antigen contact 
to the development of IgE and mast cell bound IgE, is termed 
sensitization and this can take weeks to months or even years to 
develop (13). In most cases, the immune system regulates itself so 
that more IgG than IgE is produced meaning no hypersensitivity 
appears and the individual does not become allergic (Figure 1). 
However, if this is dysregulated and more IgE is produced, the tis-
sue becomes overly sensitive to contact with the allergen. When 
a sensitized person comes in contact with the same subsequent 
allergen, the mast cells release a number of vasoactive substances, 
which results in tissue swelling due to the influx of liquid into 
the tissue from the blood. The activation of mast cells also results 
in the recruitment of eosinophils to the tissue, a process at least 
partly dependent on locally produced IL-5 (Figure 1).

MAST CELLS AND BASOPHILS

Mast cells and basophils are the only two cells that express the 
complete high-affinity receptor for IgE (FcεRI) with all four 
polypeptide subunits (19) (Figures 2A–C). The FcεRI receptor 
belongs to a larger family of receptors binding to the constant 
domains of Igs, including IgG, IgA, and IgM receptors. The 
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Figure 1 | An allergic immune response. The figure presents a schematic overview of an allergic immune response starting with the allergens first contact when it 
enters through the skin, lungs, or intestinal mucosa. Antigen-presenting cells, primarily dendritic cells, take up the antigen and process it into peptides, which are 
subsequently presented onto major histocompatibility complex class II molecules to naïve T cells. In an environment lacking major danger signals and in the 
presence of certain TH2-promoting cytokines, the T cell becomes a TH2 type of T cell. These T cells produce IL-4 and IL-13, which stimulates B cells to switch to 
IgE production. The IgE produced by these local B cells binds tissue mast cells, which have now become sensitized and can respond by degranulation as well as 
prostaglandin and leukotriene synthesis, which provides all the symptoms of an allergic reaction. As a next step, locally produced IL-5 results in eosinophil influx and 
the induction of a late phase response.
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complete IgE receptor consists of an α chain, which is primarily 
located outside of the cell where it binds IgE; a β chain, which 
is a membrane protein with four transmembrane regions; and 
two identical γ chains. The γ chain has the majority of the 
protein on the cytoplasmic side of the membrane where it acts 
as the primary signal transducing subunit (Figure  2C). Other 
cells, such as dendritic cells and monocytes can in humans also 
express low levels of the IgE receptor; however in these cases, it is 
usually a three polypeptide variant, which lacks the β chain. This 
expression on dendritic cells and monocytes seems to be involved 
in IgE internalization and degradation, possibly also in antigen 
presentation (19). IgE binds to the FcεRI with high affinity, in 
the range of 1010 (20). Monomeric non-cross-linked IgE does 
not activate the mast cell or basophil. However, when two IgE-
molecules bind the same allergen molecule they become cross-
linked and if both molecules sit on the receptors, these receptors 
also become cross-linked. This receptor cross-linking changes the 
environment on the inside of the cell, favoring kinase activation 
at the expense of access of phosphatases to the cytoplasmic parts 
of the receptor subunits. This results in the phosphorylation of 
a number of cytoplasmic motifs on the β and the γ chains of the 
receptor (21). These activation motifs are called immune receptor 
tyrosine-based activation motifs, commonly referred to as ITAMs 
(Figure 2C). The phosphorylation of these short motifs result in 
the binding of signaling molecules including Lyn and Syk, which 
in turn result in a cascade of reactions including Ca2+ release from 

intracellular stores, activation of phospholipase A2 and thereby 
the release of arachidonic acid from membrane phospholipids and 
the generation of prostaglandins and leukotrienes by two differ-
ent enzyme pathways. The receptor phosphorylation also results 
in the production of PIP3 and a few other intracellular signaling 
molecules as well as in the activation of the cells to release their 
pre-stored granule material, including histamine, heparin, and 
the very abundant granule proteases (Figures 2A,B).

Mast cells or mast cell-like cells have been described in most 
vertebrate lineages including mammals, birds, reptiles, amphib-
ians, and bony fishes (29–32). Mast cell-like cells have also been 
described in an early ancestor of the vertebrates, the tunicate, or 
sea squirt (33, 34). Interestingly, these mast cell-like cells contain 
both histamine and heparin as well as some kind of trypsin-like 
enzyme indicating a relatively close resemblance to mammalian 
mast cells (33, 34).

IgE
Immunoglobulins and TCRs first appeared with jawed ver-
tebrates. There has been a parallel increase in the different 
vertebrate lineages in the complexity of Ig classes and isotypes 
during vertebrate evolution through gene duplications, which 
have sometimes been followed by gene losses. In general, car-
tilaginous fish have three Ig classes IgM and IgW, which are of 
the classical type with both heavy and light chains and a third 
IgNAR, which lacks the light chain. The entire antigen-binding 
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Figure 2 | Schematic representation of mast cells, basophils and the high-affinity IgE receptor. Below the schematic pictures of the cells is in (A,B) a listing of the 
most important granule components of the two cell types. The human basophil expresses the mast cell tryptase whereas the mouse basophil expresses mMCP-8, 
the first basophil-specific protein to be identified (22–24). (C) The high-affinity receptor for IgE consists of four subunits; the α chain, which binds the CH3 domain of 
IgE with its membrane proximal α2 domain, the β chain that spans the membrane four times and has one immunoreceptor tyrosine-based activation motif (ITAM) in 
its cytoplasmic region (marked by a gray box), and two identical γ chains, which are mostly intracellular, serving as the major signal transducing subunit (25). The γ 
chains contain two ITAMS, one in each subunit (26–28).
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site of the IgNAR thereby resides in the variable region of the 
heavy chain (35). Interestingly, the cartilaginous fish have a 
different organization of the Ig locus compared to all other 
vertebrates in that there are multiple genes for each Ig class 
and there are large numbers of such small clusters compared 
to single genes, which are present in most other vertebrates. 
The genes are organized as small rearranging units consisting 
of a single V, one or two D segments, followed by a single J 
and subsequent constant region (V-D-D-J-C). This is in marked 
contrast to the translocon model used by almost all other 
vertebrates with multiple V regions followed by a number of 
D segments, often over 20, and then 3-7J segments followed by 
constant region gene segments (35). When looking at the bony 
fishes, which represent the largest single group of vertebrates, 
there are varying numbers of Ig classes and isotypes. As one 
example the gar, which represent an early branch of the bony 
fishes, seems to primarily depend on one Ig class IgM whereas 
the zebra fish and the rainbow trout expresses three Ig classes, 
each with only one isotype, IgM, IgD, and IgT/Z (T for teleost) 
(Figure 3) (36, 37). Amphibians as exemplified by the clawed 
frog Xenopus laevis or tropicalis have five Ig classes, also here 
with only one isotype each, i.e., IgM, IgD, IgY, IgX, and IgF (38). 
IgX appears to be the functional equivalent of IgA in birds and 
mammals, and IgY is the ancestor of mammalian IgG and IgE 
(Figure  3) (38). Reptiles have similar to the bony fishes very 
varying numbers of Ig classes and isotypes. For example, the 
anolis lizard (Anolis carolinensis) having only three Ig classes also 
here with one isotype for each class, IgM, IgD, and IgY whereas 
the American and Chinese alligators have 4 Ig classes and 10 
isotypes (Figure 3) (39–41). The alligators have experienced a 

series of gene duplications resulting in several functional as well 
as a few pseudogenes for IgM, IgA, and IgY (Figure 3). Birds 
have relatively few Ig classes and isotypes, probably due to later 
gene losses. For example, chickens have only three Ig genes, one 
each for IgM, IgA, and IgY (42).

In general, mammals have five Ig classes IgM, IgD, IgG, IgE, 
and IgA, and a varying number of isotypes. Quite big differences 
have been observed between different mammalian species. For 
example, humans have nine isotypes, due to four different IgG 
isotypes and two IgA isotypes. Mice have 8 due to that they have 
only 1 IgA isotype, and rabbits have as many as 17 because of 
having 13 different copies of the IgA gene (Figure 3).

Interestingly, much of the functional diversification of the 
different Ig classes already came with the first tetrapods as the 
ancestors of IgA (IgX), IgG, and IgE (IgY) appeared with frogs 
and other amphibians. The most recent addition to the com-
plexity came with early mammals from a gene duplication of 
IgY. One of the copies lost the second, CH2 encoding domain, 
and became a four domain Ig class with V, CH1, CH2, and 
CH3 domains. This gene was named IgG whereas the second 
duplicate, which became IgE, maintained all domains of IgY 
and thereby containing V, CH1, CH2, CH3, and CH4 domains 
(Figure 4) (43–46). Similarly to IgG, IgA also lost one domain 
in mammals, the CH2 domain, and instead gained a flexible 
hinge region (Figure 4).

IgG, IgE, and IgA are found in all three extant mammalian 
lineages in very similar forms (43–47). The gene duplication of 
IgY made it possible to separate the function of the mast cell acti-
vation via IgE, and the major plasma antibody, IgG, with func-
tions in complement activation, immune complex clearance, and 
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Figure 3 | The immunoglobulin heavy chain locus from a panel of different jawed vertebrates. The different genes are color coded with IgG in light blue, IgE in 
purple, IgM in black, IgA in light green, IgD in dark green, IgO in greenish yellow, IgZ in yellow, IgX in red, IgY in purple, and IgF in orange. The arrows show local 
duplications, and the direction of the arrow represents the transcription orientation of the genes within the duplicate. Pseudo genes are marked with black boxes 
with a white inner oval and a pseudo sign. The figure is not to scale.
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antibody-dependent cellular cytotoxicity (ADCC). Interestingly 
the marsupials, exemplified by the American opossum only have 
four Ig classes, IgM, IgG, IgE, and IgA, and only one isotype 
for each Ig class (44, 48). This is likely due to a secondary loss 
of IgD. The monotremes, which are an early branch on the 
mammalian tree with only three extant surviving members of 
egg-laying mammals, the platypus and two variants of the ant-
eating echidnas, the short and the long nosed, have unlike the 
marsupials all five mammalian Ig classes as well as one additional 
Ig class IgO (45, 47, 49–51). The gene for IgO is most likely a 
remaining extra duplicate of IgY, which seems to be expressed 
only in the spleen at very low levels, indicating that it is primarily 

a non-functional remnant of the duplication process (51). The 
platypus has eight isotypes, IgM, IgD, IgO, IgG1, IgG2, IgE, 
IgA1, and IgA2. One interesting observation in mammals is that 
despite the very varying number of isotypes across the species 
there always seems to be only one functional gene for IgE (46). 
Currently, the only exception to this rule is within the horse, 
which may have two genes. This indicates that IgE needs to be 
kept under very stringent control, most likely due to its potent 
mast cell-activating properties. Interestingly, there are three cop-
ies of the IgE gene in the human genome; two of them are a result 
of what appears to be a large duplication involving genes for IgG, 
IgE, and IgA (Figure 3) (52, 53). This duplication resulted in a 
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Figure 4 | The evolution of IgE, IgG, and IgA and the distribution of N-linked carbohydrates in IgE. Panel (A) shows the different steps in the evolution of IgE and 
IgG. It began with the duplication of IgY after which IgG lost one domain, the original CH2 domain, and became an Ig with three constant domains with one hinge 
region (46). Panel (B) shows the evolution of IgA. A four constant domain IgA is present in birds and reptiles. Sometime during early mammalian evolution IgA also 
lost one domain, the CH2 domain, and in its place gained a hinge region (47). This hinge region is very different in size between human IgA1 and IgA2 making the 
former more resistant to proteases and the later more flexible, facilitating binding of several antigens simultaneously. Panel (C) shows the positions of the different 
N-linked carbohydrates in a large panel of different IgE molecules from different species. Only one carbohydrate is conserved in a position shared by all of the 
different IgEs, marked in red, which is positioned in the middle of the CH3 domain where it has an important function in the folding of this domain.
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doubling of the genes for IgG from two to four and a doubling 
of the genes for IgA into two. However, following the duplication 
of the genes for IgE one of them has suffered a large deletion 
involving part of the intron and the CH1 exon to render the 
gene non-functional (Figure 3) (52, 53). The third IgE gene is a 
non-functional intron-less copy on another chromosome, which 
appears as an mRNA copy inserted randomly without regulatory 

regions (54). The selective inactivation of the duplicate gene for 
IgE but not IgG or IgA strengthens the indication that there is an 
advantage of having only one functional gene for IgE (Figure 3). 
It should also be noted that within eutherians, IgE has been found 
in all of the major branches including the orders of Primates, 
Rodentia, Cetartiodactyla, Lagomorpha, Carnivora, Chiroptera, 
Afrotherians, and Xenarthra.
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One noteworthy finding concerning IgE is in the pattern of 
glycosylation. Almost all of the Igs are glycosylated. Most often 
on asparagines, so called N-linked glycosylation. The glycosyla-
tion pattern does often differ between different species and 
the amount of carbohydrate also correlates with the amount 
of positive charge (46). Therefore, if the polypeptide backbone 
of an Ig is highly positively charged, then there is generally a 
higher number of attached, N-linked carbohydrates. These car-
bohydrates also tend to have several negatively charged sialic acid 
moieties. A neutral or acidic charge makes the antibodies “less 
sticky,” a characteristic that may be essential for soluble effector 
molecules aimed to travel easily in the blood and through tis-
sues. Of all the different carbohydrate chains of different IgGs 
and IgEs from different species, there is only one that is always 
conserved, which is in the middle of the CH3 domain of IgE 
(46). A carbohydrate chain is also found in the same position in 
the corresponding domain of IgG, the CH2 domain (46). This 
carbohydrate chain seems to be essential for proper domain fold-
ing and thereby for the interaction with the α chain of the IgE, 
and IgG receptors, which bind specifically to this domain (25, 
26, 46). This indicates that with only one conserved carbohydrate 
position the function is to primarily to neutralize a high positive 
charge, where the position of the carbohydrate on the structure 
is of lower importance (46). Therefore, it is not the exact posi-
tion rather the charge neutralization that is of importance. It also 
indicates that the interaction between IgE and its high-affinity 
receptor is a central characteristic feature of IgE, and this interac-
tion has apparently been conserved for more than 200 years of 
mammalian evolution (46).

Fc Receptors (FcRs)
The IgE receptor α chain is one member of a complex set of pro-
teins interacting with the constant domains of the Igs (55–59). 
These molecules, named FcRs, due to their interaction with the 
constant domain of the Igs, have a number of important functions 
in vertebrates including facilitating phagocytosis by opsoniza-
tion, constituting key components in ADCC as well as activating 
cells to release their granular content. In placental mammals there 
are FcRs for all Ig classes, including four major types of classical 
FcRs for IgG as well as one high-affinity receptor for IgE, one for 
both IgM and IgA, one for IgM, and one for IgA (Figures 5A,B) 
(60, 61). Additionally, there is the transport receptor for IgA 
and IgM across epithelial layers the polymeric Ig receptor or 
PIGR (Figures 5A,B) (61). All of these receptors are related in 
structure, and they all contain Ig-like domains. Furthermore 
they all, with the exception of the IgA receptor, are found on 
chromosome 1 in humans, indicating that they originate from  
one or a few common ancestors via successive local gene dupli-
cations (Figure 5A) (60, 61). A new family of receptors, called 
FcR-like (FcRL), are related in structure to the classical IgG and 
IgE receptors, and were discovered upon the completion of full 
genome sequences from a number of mammalian species (62, 
63). Eight different such FcRL genes have been identified in the 
human genome: FcRL1–FcRL6 as well as FcRLA and FcRLB 
(Figures 5A,B).

All of the FcRs, including the PIGRs and the FcRL molecules, 
contain one or several Ig type domains. These domains have a 

similar fold to the Ig constant or variable domains and belong 
to the large family of Ig-like domains. The Ig domains have been 
classified into four basic types depending on the number of 
antiparallel beta-sheets and the positions of cysteine and other 
conserved amino acids. These are described as the V, C1, C2, 
and I type of domains (64, 65). V domains are generally found 
in variable regions of Igs and TCRs as well as in cluster of dif-
ferentiation markers including CD2, CD4, CD80, and CD86. 
C1 domains are found in the constant regions of Igs, TCRs, and 
in MHC class I and II. C2 domains are found in CD2, CD4, 
CD80, VCAM, and ICAM, and I domains are found in VCAM, 
ICAM, NCAM, MADCAM, and numerous other diverse protein 
families (EMBL-EBI InterPro). All Ig domains of the FcRL and 
classical FcRs are classed as C2 domains, whereas the Ig domains 
of the PIGRs, IgM receptors (FcμRs), and IgA/IgM receptors 
(FcαμRs) are V type domains (64, 65). In a phylogenetic analysis 
of the individual domains of these receptors, the C2 and V type 
domains separate into clear individual branches. This is also 
true for the individual domains within the different receptors 
(Figure 5C) (60, 61).

The important signaling molecule for the classical FcRs, 
the common γ chain, is a member of a small family of non 
Ig-domain-containing molecules including the TCR zeta chain, 
DAP10, and DAP12 (60, 66–70). The latter two proteins serve 
as signaling components of NK cell receptors and as well as the 
related Ig-domain containing receptors (70).

Based on a phylogenetic tree (shown in Figure  6), we have 
found strong indications that the classical receptors for IgG and 
IgE likely appeared as a separate subfamily of the FcRL molecules 
during early mammalian evolution (60). Related genes are also 
found in the Western clawed frog (Xenopus tropicalis) and the 
Chinese alligator, indicating that the processes forming the 
subfamily of receptors that later became the classical IgG and 
IgE receptors may have started already during early tetrapod 
evolution. However, this subfamily probably did not appear as 
a distinct subfamily until the appearance of the mammals (60). 
In the Western clawed frog, these receptors have a similar struc-
ture to the human high affinity IgG receptor, FcγRI, with three 
extracellular Ig domains of the C2 type. In the platypus there 
are both two- and three-domain receptors, which are similar to 
the human three-domain FcγRI as well as the low-affinity IgG 
receptors FcγRII and III, both of which have two domains. This 
indicates that the development of high and low affinity receptors 
also took place during early mammalian evolution (60). Despite 
this knowledge, currently none of these amphibian, reptile, or 
non-placental mammalian receptors have been studied for their 
isotype specificities and affinities.

Interestingly, no gene related to any of the FcRs, including the 
PIGRs is found in cartilaginous fish. They first seem to appear 
with the bony fish. In bony fish, there are the PIGRs and genes 
closely related to the mammalian FcRL genes. There is also a gene 
for the signaling molecule for the classical FcRs the common γ 
chain, which is lacking in cartilaginous fish. This indicates a major 
step in evolution of the FcRs at the base of bony fish with the 
appearance of the PIGR, the FcR γ chain, and the FcRL molecules 
(60, 61). Subsequently, the second major step was the appearance 
of the classical receptors for IgG and IgE as a subfamily of the 
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Figure 5 | Fc receptor (FcR) genes and proteins. Panel (A) shows the regions within chromosome 1 in the human genome that encodes all the different FcR genes 
except for the specific receptor for IgA, the FcαRI, which is located together with the NK cell receptors on chromosome 19 in the humans (60, 61). Panel (B) shows 
the domain structure of the different FcRs with their different subunits. All of these receptors except FcRLA and FcRLB are transmembrane proteins. FcRLA and 
FcRLB are both cytoplasmic proteins. Panel (C) shows a phylogenetic tree of the individual domains of a panel of the FcRs, which are color coded to reflect the 
same subunits shown in panel (B). The tree is strongly reduced in size. However, even in its reduced format, it shows the striking separation of the different domains 
into clearly separate branches. Only the filled circles represent the individual Ig-like domains that are included in the phylogenetic tree. The extracellular regions, the 
transmembrane regions, and cytoplasmic tails are not to scale in order to show the positions of potential signaling motifs such as immunoreceptor tyrosine-based 
activation motifs (ITAMs) (green boxes) and immunoreceptor tyrosine-based inhibitory motifs (ITIMs) (red boxes), which regulate the biological function the FcRs. 
Some of the intracellular proteins contain C-terminal mucin-like regions, which are depicted as blue triangles. The PIGR domains are depicted in gray.
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FcRL molecules, most likely in parallel with the duplication of 
IgY and the slowly emerging separation of the functions of IgG 
and IgE. It therefore appears to be a close evolution of the new Ig 
classes and their receptors.

IgE and the Connection between Innate 
and Adaptive Immunity
IgE and IgG are only found in mammals and we know that in 
all eutherian mammals studied mast cells interact with IgE and 
often also IgG with isotype-specific receptors (43–45). However, 
Igs are found in all jawed vertebrates and mast cells are also 

present in most, if not all, jawed vertebrates. Therefore, one 
central question is when mast cells and the adaptive immunity as 
represented by antibodies did connect through isotype-specific 
FcRs. This step in the evolution is a very important step where 
innate immunity, which is the core of the immune system in 
all multicellular organisms connected with adaptive immunity. 
Adaptive immunity has most likely appeared a number of times 
and in very different shapes, which has later become an essential 
part of immunity in complex multicellular organisms such as the 
vertebrates. Although studies of the mammalian Ig repertoire and 
the FcR repertoires have not conclusively shown it, the results 
suggest that it is likely that all three extant mammalian lineages, 
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Figure 6 | A phylogenetic tree of different Fc receptor (FcR) and FcR-like (FcRL) protein sequences. A few sequences of particular interest for the early evolution of 
specific IgG and IgE receptors, the discussed opossum, and platypus are marked with red and orange ovals. The Fc γ and ε sequences form a separate subfamily 
within the FcRL sequences, indicating that they originate as a subfamily from the FcRL genes.
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that is, monotremes, marsupials, and placental mammals have 
mast cells, which are armed with high-affinity receptors for IgE 
(43–45, 60). However, the situation in reptiles, birds, and amphib-
ians is much less clear. Do their mast cells have receptors for IgY? 
Are other isotypes involved or are there no Ig receptors on mast 
cells in these tetrapods?

In marsupials, represented by the American opossum, there 
is, based on phylogenetics, a direct ortholog of the human and 
mouse IgE receptor α chain (Figure 6) (60). Although it is most 
likely that this receptor binds IgE, it has not yet been proven. The 
situation in the monotremes, represented by the platypus, is even 
less clear, although there are receptors in the platypus genome, 
which are closely related to the IgG and IgE receptors in placental 
mammals (Figure  6). The two receptors that are most closely 
related to the IgG and IgE receptors in placental mammals appear 
as a separate branch in-between the IgG and IgE receptors in the 
phylogenetic three (Figure  6) (60). The isotype specificities of 
these two receptors and the single receptor, which is located just 
outside of the IgG and IgE receptors in the tree have not yet been 
studied but it is reasonable to think that one of them is IgE specific 
and the other is IgG specific. There are no direct homologs to 
the IgG and IgE receptors in birds and reptiles. However in the 
clawed frog, Xenopus laevis, there are three genes, which may be 
a very early ancestor to the IgG and IgE receptors (Figure 6) (60). 
However in a similar manner to the platypus, there is not yet any 
information on their isotype specificity, therefore we do not know 
if they bind IgY, IgX, IgM, or IgF or perhaps none of them.

Mast Cell and Basophil Granule 
Components
Both mast cells and basophils contain a large number of cytoplas-
mic granules (Figures 2A,B). These granules that are functionally 
related to lysosomes, store a number of substances of low and 
high molecular weight substances. Histamine, one of these low 
molecular weight compounds, is stored by both mast cells and 
basophils (71). It is based on the amino acid histidine where 
the carboxyl acid, i.e., COOH group, has been removed by the 
enzyme histidine decarboxylase (72). The removal of the acid 
group results in a positively charged molecule of a size smaller 
than that of an amino acid. Histamine is a highly potent inflam-
matory mediator due to its interaction with four different recep-
tors termed H1, H2, H3, and H4 (73, 74). Binding of histamine to 
these receptors induces a number of processes including vascular 
leakage and itching (73, 74). The mast cell granules also contain 
large and heavily sulfated, negatively charged polysaccharides; 
heparin in the case of mast cells, and chondroitin sulfate in 
basophils (75–78). One function of these charged proteoglycans 
is most likely to counteract the positive charge of histamine. The 
cell would otherwise not be able to store such large amounts of a 
positively charged molecule (77). Heparin is also a potent anti-
coagulant via its binding and activation of anti-thrombin (78).

Mast cells also store massive amounts of proteases primarily 
chymotrypsin/trypsin-related serine proteases but also the mast 
cell-specific carboxypeptidase A3 (79–85). These proteases can 
make up to 35% of the total protein, thereby constituting the 
absolute majority of the protein content of the mast cell granules 

(86). Most of these proteases are positively charged and therefore 
bind to the long, negatively charged proteoglycan polysaccharide 
chains. Tryptases are one subfamily of serine proteases, which are 
also dependent on heparin for maximal activity (87). The mast 
cell tryptases form tetramers where the dependency on heparin 
keeps these formations together, as well as increasing their 
proteolytic activity (88, 89). Basophils also express proteases but 
to a much lesser extent. Human basophils primarily express the 
tryptase whereas mouse basophils express the basophil-specific 
protease mMCP-8 (22–24).

One of the major questions in the field is the function of 
these very abundant proteases. To trace the origin of these 
proteases and thereby get additional clues to their conserved 
primary functions, we have performed several evolutionary 
studies of the different loci encoding the different mast cell and 
basophil proteases (85, 90). These proteases belong to a larger 
subfamily of related proteases that are expressed by a number of 
hematopoietic cells and have therefore been named hematopoi-
etic serine proteases. They are expressed by mammalian mast 
cells, basophils, neutrophils, CTLs, and NK cells. In mammals, 
these serine proteases are encoded from four loci (85, 90–92). 
One additional locus with related proteases is found in reptiles, 
indicating a loss of one locus in mammals (90). In mammals, the 
four loci include the chymase locus, which in humans encodes 
the mast cell chymotryptic enzyme, the chymase; the neutrophil 
cathepsin G; and a few T cell- and NK cell-expressed granzymes 
(Figure 7). In humans, only two granzymes are present in this 
locus, granzyme B and H (Figure  7). A massive expansion 
of the chymase locus both in size and number of functional 
genes has occurred in rodents. The mouse chymase locus has, 
for example, 15 functional genes, including two new classes of 
genes, the β-chymases and the mMCP-8 gene and also several 
additional granzyme genes (Figure 7) (85, 90). The rat locus is 
fifteen times larger than the dog chymase locus and contains 
28 functional genes (85). In ruminants, i.e., cows and sheep, 
an additional subfamily called the duodenases has appeared 
via gene duplications, most likely from the granzymes or from 
cathepsin G (85, 90). The duodenases in cow have changed 
tissue specificity and are now not expressed in hematopoietic 
cells but in secretory cells in the duodenum, where they most 
likely take part in food digestion (93, 94). The second locus is 
the metase locus, which encodes most of the neutrophil pro-
teases; N-elastase, proteinase-3, neutrophil serine protease-4, 
and an inactive variant, azurocidine that acts as an antibacterial 
substance without protease activity. This locus also encodes a 
complement component, complement component D (Figure 7) 
(85, 90). The third locus encodes two T-cell expressed proteases, 
granzyme A and K, which are both tryptic enzymes (Figure 7). 
The fourth locus is the mast cell tryptase locus, which is 
divided into two regions, one expressing primarily the mast 
cell-expressed soluble tryptases and the second, which primar-
ily encodes membrane bound tryptases that show a relatively 
broad pattern of expression (Figure 7) (95–97). The fifth locus 
has completely different bordering genes and is only found in 
reptiles, birds, and amphibians, where it encodes a few proteases 
that are distantly related to the mammalian chymase locus genes 
(Figure 7) (85, 90). By looking into the genomes of a panel of 
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Figure 7 | Chromosomal loci encoding hematopoietic serine proteases. A selection of such loci representing the five different loci encoding hematopoietic serine 
proteases is shown; the chymase locus, the metase locus, the granzyme A/K locus, the mast cell tryptase locus, and the new chymase locus related locus found in 
amphibians, reptiles, and birds. The section of the figure showing the chymase loci includes this new amphibian, bird, and reptile locus. These chymase locus 
related genes are marked in orange. A number of bordering genes are also included to show the similarity in the surrounding regions between the different species. 
The loci or genes marked with red stars in the alligator and frog genes (under chymase locus genes) are the genes closely related to the mammalian chymase locus 
genes and thereby may represent an early variant of the mammalian chymase locus. A more detailed analysis of these protease genes and their evolution containing 
a much larger number of species is found in Akula et al. (90).
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vertebrates, it has been possible to trace the origin of these genes 
during vertebrate evolution. There is evidence for the existence 
of the T cell tryptase locus, encoding granzymes A and K, from 
cartilaginous fish to humans but not in jawless fish, including 
the lamprey and hagfish. Similarly, this locus is not found in 
tunicates or echinoderms, indicating an appearance with early 
jawed vertebrates. This locus is the only one of the five loci that 
is found in cartilaginous fish, indicating that it is the oldest of 
them all (Figure 7) (85, 90). In bony fish, there is evidence for 
the presence of the metase locus, and in frogs, the first gene 
that can be directly seen as an ancestor of the mammalian chy-
mase locus is found. In frogs, a gene for the fifth locus exists, 
which is present in reptiles and birds but not in mammals. In 
this manner, we can start to see a gradual and probably parallel 
appearance of these proteases in the different vertebrate lineages 
during vertebrate evolution (85, 90).

In order to obtain additional functional information concern-
ing these proteases, we have used an unbiased technique with a 
very large number of potential target sequences. This consists of a 
phage library with 50 million different 9 amino acid long random 
sequences to study the extended cleavage specificity of a number 
of these hematopoietic serine proteases (85, 98).

Using a combination of genomic analyses and functional 
analyses of the extended cleavage specificities of a selected panel 
of the proteases, we have started to get a more detailed view of 
their emergence, evolution, cleavage specificities, and the basic 
functions performed by these proteases (22, 23, 80, 82, 85, 90, 
98–106). The proteases we have focused on are the most interest-
ing ones from an evolutionary perspective, i.e., ones that represent 
major branches on the phylogenetic tree and that can be most 
easily studied for their in vivo function based on available model 
systems (Figure 8) (85, 90).

Both chymotryptic and tryptic enzymes appear to have been 
a central component of mast cell granules from early mam-
mals. This is based solely on the presence of the protease genes 
in marsupials and monotremes and not on a direct analysis of 
their mast cells. However, based on the presence of proteases 
with close structural similarities and with very similar cleavage 
specificities to the well-characterized ones in several placental 
animals, we can with reasonable certainty claim that they are also 
likely to be part of the mast cell phenotype (90, 103). The picture 
is less clear when we look at reptiles, birds, and amphibians. In 
birds, none of the classical chymase locus genes are present and 
in frogs, there is one such gene, which has structural similarity 
of its active site pocket that closely matches one of the T  cell 
enzymes, granzyme B (Figure 7) (90). We have now also started 
to study the related fish proteases (Figure  8, brown colored 
branch) (90, 107), and have so far produced recombinant protein 
for three catfish proteases. Two of them are expressed in CTLs 

or NK-like cells and one from a macrophage-like cell line. One 
of these proteases, catfish granzyme-like I is a highly specific 
protease, probably the serine proteases with the highest specific-
ity characterized so far. The cleavage specificity of this protease, 
which is expressed by fish NK-like cells, has an ability in vitro to 
cleave a sequence within catfish caspase 6, indicating it may have 
similar function as mammalian granzyme B, thereby inducing 
apoptosis in target cells (108). The second catfish protease is a 
highly specific tryptase, as of yet an unknown function, which 
is expressed by fish macrophage-like cells (unpublished results). 
The third of these three catfish proteases is not yet characterized 
at all and we do not know its specificity (90, 107). Several other 
fish proteases have also been produced as recombinant proteins, 
including ones from gar, zebrafish, and platyfish (Figure  8). 
However, no information concerning their tissue specificities, 
cleavage specificities, or potential targets are known yet; therefore 
currently, we cannot say if these fish proteases show similarities 
to any of the mast cell proteases in mammals. These studies are in 
their infancy and hopefully a more detailed picture will emerge 
within a few years’ time.

Despite numerous studies concerning the major functions and 
major targets of mammalian hematopoietic serine proteases, the 
picture concerning these proteases is still relatively incomplete. 
An array of potential targets has been described, some more and 
some less likely to represent evolutionary conserved functions of 
these proteases.

The five most interesting and in our minds most logical roles 
for the mast cell proteases include the following: they most likely 
have a central role in the defense against various snake, scorpion, 
and bee venoms (109–111). There is sufficient evidence that they 
probably also take an active part in connective tissue remod-
eling by cleaving connective tissue components, as for example, 
fibronectin, and/or by activating other proteases, for example, 
matrix metalloproteases (MMPs), which can degrade several 
components including collagen (112–117). In addition, they are 
likely involved in both activation and degradation of cytokines, 
primarily inflammatory cytokines to dampen inflammation 
(106,  118). The mast cell chymase is also a potent activator of 
angiotensin from Ang I to Ang II thereby with the potential to 
increase blood pressure, which may be needed after a systemic 
mast cell activation where blood pressure drops due to the out-
flow of liquid from the blood into the surrounding tissue (117, 
119–121). During the opening of blood vessels to enhance the 
flow of blood components including antibodies and complement, 
there is a major risk that the inflow is blocked by coagulation. 
Here, mast cell proteases and heparin may act cooperatively as 
an anticoagulant by cleaving thrombin and other coagulation 
components (114, 122, 123). Although not to be ignored, there 
are many other suggested functions. However, given the evidence, 
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Figure 8 | A phylogenetic analysis of a large panel of hematopoietic serine proteases. Three coagulation and complement components are used as outgroup. The 
proteases of the different genetic loci cluster together in separate branches of the tree and are color coded in similar fashion to Figure 7: the metase locus genes 
marked in green, the granzyme A/K locus in dark blue, the new reptile and amphibian locus in orange, the chymase locus marked in red in one branch, and the 
majority of the fish proteases in brown. The proteases we are currently analyzing for their extended cleavage specificities and tissue or cell type expression patterns 
are marked with small filled circles. A more detailed analysis of these protease genes and their evolution is found in Akula et al. (90).
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we feel that these five are among the most likely. These proteases 
may have adapted a relatively broad array of functions, which 
may also explain their relatively broad specificities.

What Is the Physiological Role of IgE?
One of the major questions in the field of IgE biology is why 
this gene that on face value causes us so much trouble has been 
maintained for several hundred million years of mammalian 
evolution. The indications for a coevolution of IgE and its recep-
tors on mast cells and basophils strongly support an evolutionary 
selective advantage of the system. During the writing of my PhD 
thesis in 1985 I (LH) proposed a theory that IgE together with 
mast cells may actually function as a door or gate keeper, stopping 
the antigen at the site of entry (124). Much of the evidence that 
has accumulated on the subject now strengthens this hypothesis. 
By triggering a rapid release of histamine, prostaglandins, leu-
kotrienes, proteoglycans, proteases, and cytokines mast cells can 
activate and recruit immune cells to the site of entry. Histamine 
and the arachidonic acid metabolites (leukotrienes and pros-
taglandins) open blood vessels, which facilitates the entry of 
antibodies, complement and immune cells. The proteases and 
heparin that are also being released by the mast cells can limit 
coagulation, which would otherwise inhibit the movement of 
inflammatory cells. The proteases can also function by loosen-
ing up the connective tissue allowing the entry of the immune 
cells and other molecules. The location of mast cells in regions 
where most pathogens enter, for example, the intestinal and lung 
mucosa, the skin as well as around organs and blood vessels, 
also provides strong support for the role of IgE and mast cells 
as part of a door keeper or sentry function. At these sites mast 
cells can also exert an important role in the process of venom 
inactivation. Likewise at these locations, the processing of Ang I 
into Ang II by the mast cell chymase can potentially counteract 
the resulting effect of the blood pressure drop after mast cell 
degranulation. Release of Ang II can result in a rapid increase in 
blood pressure. The tissue remodeling function of mast cells by 
activation of MMPs and cleavage of fibronectin, collagen, and 
other connective tissue components is probably relatively IgE 
independent, whereas cytokine activation or inactivation may 
be important for limiting the inflammation initiated by the IgE-
dependent mast cell activation. We have also observed a peculiar 
early IgE response already at days 3 and 4 after antigen/allergen 
contact that seems to precede the rise in IgG (unpublished obser-
vations). IgE responses have also been seen to occur primarily 
against low levels of antigen. This would indicate that the IgE 
system is focused on early responses to low levels of antigen, 
possibly to sample the environment. The antigen-specific IgE, 
often locally produced, can then bind mast cells and prime the 
immune system for a second encounter with this antigen possi-
bly in the form of a parasite, a virus, or a bacteria. The individual 
is subsequently already primed for a relatively strong response 
involving the majority of immune components. The IgE covered 
mast cell is an extremely potent amplifier of an inflammatory 
response, where cross-linking of less than 100 IgE molecules on 
the cell surface is sufficient for full activation/degranulation of 
the cell. Such a sensitive and massive response may be necessary 
to manage a massive infection of an intestinal worm parasite. 

Therefore, in our minds many aspects related to IgE and mast 
cells, including their location and homeostasis, favor a role of 
these components in an early, door keeper function.

IgE Levels under Parasite-Free and 
Parasite-Rich Conditions
Non-allergic persons have generally very low levels of IgE in their 
circulation, ranging from 20 to 400 ng/ml in blood (125). In com-
parison to the IgG levels, which range from 8 to 16 mg/ml, IgE 
levels are between 100,000 times to a million times lower. Persons 
with the relatively mild allergies, rhinitis, and conjunctivitis, often 
have slightly elevated IgE levels, where asthmatics have even 
higher ranging from 400 ng to 1 or 2 µg per ml. The patients with 
the highest IgE levels are generally persons with severe atopic 
dermatitis where IgE levels may reach as high as 10 µg/ml.

An interesting question here is if these very low levels of 
IgE are reflected in the general situation in both domestic and 
wild animal populations, and how this affects our view of the 
function of IgE. Most inbred mouse and rat strains have similar 
low IgE levels to non-allergic humans, below 200  ng/ml, with 
many strains having less than 50  ng/ml (7, 126). However, 
there are some notable exceptions with strains such as the 
Balb/c mice, which may reach 100  µg of IgE/ml as well as the 
Brown Norway rats, which can have IgE in the range of several 
micrograms per milliliter (7). Both of these rodent strains are 
considered so called TH2 type of strains, with a dominance 
of humoral immunity compared to many strains with low IgE  
levels that are more TH1 prone, thereby having a stronger ten-
dency to use cell-mediated immunity. Therefore, genetic factors 
are clearly important for the levels of circulating IgE.

However, other factors are also very significant. Both humans 
and rodents living under laboratory conditions are generally free 
from worm infections, which are known to be potent inducers of 
IgE production (127). By contrast, most wild animal populations 
have massive amounts of intestinal worm parasites.

A few years ago we developed a reliable assay testing for dog 
IgE based on monoclonals raised against recombinant dog IgE. 
This made it possible to study IgE levels in both dogs and wolves, 
with high accuracy, which had not been possible with previously 
existing reagents. Analysis of a panel of 76 adult dogs showed 
that adult dogs have IgE levels that are between 10 and 40 µg/
ml, which is almost 100 times higher than non-allergic humans, 
but that young dogs started with low with levels often below 
1 µg/ml of IgE (Figure 9) (128). A collaboration with Professors 
Jon Arnemo and Olof Liberg, which involved a large interdis-
ciplinary study on the Scandinavian wolves, Scandulv, made it 
possible to obtain serum samples from approximately 30% of 
the total Scandinavian wolf population, around 65 individuals. 
By analyzing their IgE levels, we could see that wolves in general 
have twice as high IgE levels compared to domestic dogs, having a 
median value of 67 µg/ml (Figure 9) (129). The relatively high levels 
seen in domestic dogs (compared to non-allergic humans) were 
somewhat surprising as they are a domestic population. However, 
dogs are frequently parasite infected, then undergo treatment for 
this, but often get re-infected. This indicates that after infection 
levels of IgE tends to stay high for relatively long periods of time. 
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Figure 9 | IgE levels in a panel of domestic dogs and wild wolves. The IgE levels, in micrograms per milliliter, are marked in red after each animal or group of 
animals. Values from 33 young dogs and 5 young wolves are also included in the figure. The young wolves were from a zoo due to the difficulty obtaining samples 
from wild wolf pups.
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A similar situation is seen with horses. Domestic horses have 
been found to have very high levels of IgE, twice the levels seen in 
wolves somewhere between 30 and 180 µg/ml (130). Horses also 
often get re-infected with worm parasites when grazing, which 
means they tend to need repeated treatment for intestinal worm 
infections (131, 132). Analysis of the young dogs previously 
described showed relatively low IgE levels, below 1 µg, indicating 
that parasite infections may be the major cause of the high IgE 
levels seen in adult dogs (Figure 9) (128). This also suggests that 
the puppies stay uninfected until they start to go outside their 
homes. Interestingly by contrast, the few young wolves coming 
from a zoo that were analyzed showed even higher IgE levels than 
the adult wolves, possibly indicating an early parasite infection or 

a genetic difference in IgE regulation between dogs and wolves 
(Figure 9). During the cloning and analysis of Ig isotypes in the 
platypus, we also found that transcript levels for IgE in the spleen 
were only six times lower than the IgG levels of these free-living 
animals, which further support the finding that IgE levels are 
much higher in wild compared to domestic animals (45).

A very interesting study of Ethiopian Jews has also been 
performed, which provides indications further in line with these 
animal findings. When IgE levels were analyzed on people that 
had moved from Ethiopia to Israel at an adult age their IgE levels 
were high and stayed high during the entire study, whereas their 
children who were born and raised in Israel had similar low levels 
of IgE as other children born in Israel (125). The situation seen 

76

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


Hellman et al. Origins of IgE, Mast Cells, and Allergies

Frontiers in Immunology  |  www.frontiersin.org December 2017  |  Volume 8  |  Article 1749

in dogs, horses, platypus and the migrating Ethiopian Jews show 
that IgE levels tend to stay high for long periods of time even after 
being free from parasite infection. The reasons for this are not 
known but indicates that the cytokine environment may change 
more permanently after a long or repeated exposure to intestinal 
worm parasites (133).

Domestication and the Appearance of 
Allergies
A number of factors have been indicated to be of importance for 
the high incidence of allergies in industrialized countries. One 
factor that seems to have a major impact is general domestication, 
as it is primarily among ourselves and among domestic animals 
that we find allergic individuals. To our knowledge, allergies have 
not been described in wild animals. One potential factor could be 
a genetic drift due to strong selection for phenotypic character-
istics like coat color, long or short noses, running fast, or wanted 
social behaviors. Such strong selections are seen in the breeding 
programs for dogs, horses, and cats, but a questionable cause for 
human allergies. However, it is possible that we constantly need 
to be selecting against hypersensitivities, which may occur due to 
minor shift in immune functions caused by spontaneous point 
mutations. A strong such selection process most likely exists in 
wild animals under tough environmental conditions but not in 
domestic animals and in humans. Another factor could be parasite 
infections. However, the presence or absence of parasites cannot be 
the only explanation as we see allergies both in ourselves, who are 
generally free from intestinal parasites, at least in the industrialized 
world, whereas dogs and horses are often parasite infected.

There could also be numerous other contributing factors, which 
are only partly dependent on domestication such as hygiene includ-
ing a reduced complexity of intestinal microbiome. For humans, 
one factor could be the reduced use of fermented food. The list has 
become relatively long for potential causes of this increase and there 
are studies, which favor and disfavor almost all of them, making the 
situation very complex. It is clear that not only one single factor is 
involved but a combination of many and often also diverse factors, 
which together provides the imbalance of the immune system to 
overreact against often harmless substances such as pollen, nuts, 
animal fur, cow milk proteins, eggs, fish, and shellfish.

What We Can Learn from Wild Animals
By studying only a few species, which live under very similar 
conditions we most likely get a fairly limited view of the regula-
tion of the immune system. For example, many of the knockout 
strains of mice have been shown to display a very mild phenotype, 
indicating that many cell types and molecules are dispensable 
and not essential. However, this may be the situation under low 
pathogen loads and under conditions of good access to nutrients 
and clean water. A more pronounced phenotype may be seen 
under stress, under conditions of limited water and food supply, 
when individuals have to fight for territory and mating partners 
and under heavy parasite loads. Similarly, we may not see the 
factors regulating a normal immune response by only looking at 
a few species, which are essentially living under very similar and 
limited environmental conditions, including absence of parasites, 

a lack of fighting for territory, and an almost unlimited supply 
of food and water. One interesting finding relating to this idea 
is that persons lacking IgE seem to live a relatively normal life 
in spite of the fact that the connection between IgE and mast 
cells has been evolutionary conserved for what it seems at least 
200 million years (134). By studying wild animals under natural 
conditions, we may get a better picture of the factors that have 
shaped our immune system. Recent data from the currently 
rapidly evolving field concerning the role of the microbiome 
show that as we are eating the same foods with low amount of 
fiber and high fat or high sugar, this can reduce the complexity 
of the intestinal flora (135, 136). A similar effect may also come 
from a massive overuse of antibiotics (137). A diverse microbiome 
obtained from eating different foods and not using antibiotics 
may be one factor in this picture (126, 138, 139). We know that the 
microbiome is important for stimulating the immune system, and 
that microbes are important for the production of vitamins and 
for the degradation of hormones and other substances. This may 
be suggestive as to why a reduced food complexity may be one 
factor that limits the development and functional diversity of our 
immune system. We are bombarded by the idea that lactobacilli, 
for example, are beneficial for our health. However, numerous tri-
als with probiotics, including eating live lactobacilli in the form of 
yogurt or fermented foods have not shown any significant effects 
[reviewed in Ref. (140)]. Here the problems may be partly related 
to that these added lactobacilli only appearing to live for a short 
period of time in the intestine, thereby only marginally affecting 
the intestinal mucosa and the immune cells residing in the area 
just under the epithelial cells. In the industrialized world, we are 
almost completely free of both ecto and intestinal parasites. This is 
a factor that we as species are not so well adapted for. For example, 
studying the intestines of wild mice reveals that they are typically 
full of intestinal parasites, yet interestingly they are otherwise in 
reasonable health. Similarly, they are usually also infested with 
ecto-parasites including lice, fleas, and ticks factors that may 
markedly affect the immune system by triggering inflammatory 
cells, thereby affecting the cytokine environment. Although these 
factors may be of importance for the development of our immune 
system we do not perceive that anyone of us would like to return 
to such conditions. However, the lesson here is that factors such 
as parasite loads and complexity of the intestinal flora may be of 
importance for many diseases including allergy, autoimmunity, 
diabetes, and possibly even certain cancers (127, 141, 142). Here 
studies of wild animals can shed light upon how the immune 
system reacts to, and handles, all of these parasites and also how 
a diverse intestinal flora may affect these processes. Respiratory 
virus infections are most likely also an important factor where 
respiratory syncytial virus and rhino virus are of prime interest for 
asthma development (143). There are other, more discrete factors, 
for example, there is an ever increasing amount of hormone-like 
substances in our environment, such as estrogens from contracep-
tives that enter the sewage system. These may also be other factors 
to take into account, as it is well known that such substances can 
markedly affect reproduction of local fish and amphibian species. 
Wild animals are often more exposed to such pollutants than us, 
for example, fish and amphibians can live directly within the pol-
luted water and thereby take up the substances more effectively. 
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Studies of such animals in the wild can provide information on 
how such pollutants affect their immune functions and thereby 
give us clues to as to how these substances will also affect us. Such 

substances may affect us more subtly by shifting the balance of the 
immune system. The question is very complex, and here by look-
ing at wild populations may present us with a more multifaceted 

Figure 10 | Therapeutic vaccine proteins where parts of the vaccine antigen originate from a wild animal. Panel (A) shows a vaccine antigen consisting of a fusion 
protein between the CH2 and CH4 domains of opossum IgE together with the target region for the vaccine: the CH3 domain from the target animal, a human, dog, 
or rat. The figure shows the human variant of the vaccine. The rat variant of the vaccine antigen has been shown to induce a strong anti-self-IgE response in rats of 
several strains and to reduce circulating IgE levels in these animals (7). Panel (B) shows a multimeric vaccine component generated by the use of the C terminal tail 
of the lamprey antigen-specific receptor variable leukocyte receptor B (VLR-B). VLR-B is the functional but not the structural equivalent of human IgM, a pentameric 
antigen-binding molecule. Using the C terminal 30–40 amino acids from VLR-B fused to the C terminal of any soluble vaccine antigen, it is possible to obtain a 
multimeric vaccine antigen that serves as a very potent antigen due to their similarity to virus particles or bacterial surfaces with multiple identical epitopes. Using 
three cancer vaccine antigens as test antigens, we have shown that they are soluble when produced in bacteria (E. coli) and form stable cysteine-bridged multimers 
with from 5 to at least 15 monomers, in the multimeric structures (150).
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view of the factors involved in shaping immunity and where these 
factors can go wrong. Our life style has changed dramatically, and 
the strong genetic selection acting upon us during early evolution 
is presently most likely not as efficient, which may be contribut-
ing factors to the increase in allergies. However, what factors that 
dominate this increase are still not known, which may also vary 
from person to person as both genetic and environmental factors 
seem to be of importance (127, 140).

Wild Animals As a Source of Therapeutic 
Proteins
In addition to giving us a more detailed view of the regulation and 
the evolution of our immune system, wild animals may also be a 
rich source of therapeutic proteins and other potential therapeutic 
molecules. As a separate line of research we have also been trying 
to develop new treatment strategies against atopic allergies. One 
such line of research has been the development of therapeutic 
vaccines targeting IgE and several of the early TH2 inducing 
cytokines including IL-33, IL-18, and TSLP (Figure  1) (6–8, 13, 
144). Induction of an immune response against self-molecules, as 
is the case for all of these targets, is considerably more difficult than 
inducing an immune response against a foreign molecule. We are 
generally tolerant to self-molecules, and therefore, we need to use a 
number of tricks to overcome these tolerance mechanisms in order 
to induce an immune response strong enough to give a therapeutic 
effect. Here, adjuvants are very important and in order to obtain a 
strong anti-self-immune response potent adjuvants are a necessity 
(145, 146). On top of this issue are other factors including having 
to modify the self-protein by coupling it to a non-self carrier (6, 
144, 147). This results in the recruitment of non-tolerized T cells to 
provide help to self-reactive B cells to expand and differentiate (144). 
In the design of a vaccine targeting IgE, we produced a fusion pro-
tein between opossum IgE and human, rat or dog IgE (Figure 10A). 
The rat variant of this vaccine antigen induced a strong anti-rat IgE 
response in sensitized rats and resulted in a marked reduction in 
circulating IgE titers in these animals (7). Another important factor 

is the form the self-antigen is being presented (148). Multimeric 
antigens such as a virus particle or a bacterial surface are very potent 
antigens, probably due to their potent B cell-activating properties 
(148, 149). A multimeric antigen can crosslink IgM on the surface 
of the naïve B cell very efficiently and thereby giving a very strong 
activating signal 1 to the B cell. During the process of optimizing 
parameters to obtain potent therapeutic vaccines against allergies 
and different solid cancers, we identified a region of a molecule 
coming from a wild animal a jawless fish. The protein and region 
is the tail-piece of the variable leukocyte receptor B (VLR-B) that 
facilitates the pentamerization of the VLRB, which is the functional 
but not structural Ig equivalent in lamprey and hagfish, similar to 
pentameric human IgM. Using the 30 amino acid C-terminal region 
of lamprey VLR-B, this resulted in very efficient multimerization of 
the target antigen and in a marked enhancement of the anti-target 
immune response (Figure 10B) (150). In this context, wild animals 
can not only give us a more detailed view of the function and evolu-
tion of our immune system but can also be a rich source of potential 
therapeutic proteins.

CONCLUSION

Wild animals can teach us a lot about our own immune system, 
including how it is regulated, how it has evolved, and which func-
tions are essential for a potent immune defense. These reasons are 
but a few to consider, where non-domestic animals may facilitate 
new solutions to difficult therapeutic challenges.
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Devil facial tumor disease (DFTD) is renowned for its successful evasion of the host 
immune system. Down regulation of the major histocompatabilty complex class I 
molecule (MHC-I) on the DFTD cells is a primary mechanism of immune escape. 
Immunization trials on captive Tasmanian devils have previously demonstrated that an 
immune response against DFTD can be induced, and that immune-mediated tumor 
regression can occur. However, these trials were limited by their small sample sizes. 
Here, we describe the results of two DFTD immunization trials on cohorts of devils prior 
to their wild release as part of the Tasmanian Government’s Wild Devil Recovery project. 
95% of the devils developed anti-DFTD antibody responses. Given the relatively large 
sample sizes of the trials (N = 19 and N = 33), these responses are likely to reflect 
those of the general devil population. DFTD cells manipulated to express MHC-I were 
used as the antigenic basis of the immunizations in both trials. Although the adjuvant 
composition and number of immunizations differed between trials, similar anti-DFTD 
antibody levels were obtained. The first trial comprised DFTD cells and the adjuvant 
combination of ISCOMATRIX™, polyIC, and CpG with up to four immunizations given 
at monthly intervals. This compared to the second trial whereby two immunizations 
comprising DFTD cells and the adjuvant combination ISCOMATRIX™, polyICLC 
(Hiltonol®) and imiquimod were given a month apart, providing a shorter and, therefore, 
more practical protocol. Both trials incorporated a booster immunization given up to 
5 months after the primary course. A key finding was that devils in the second trial 
responded more quickly and maintained their antibody levels for longer compared to 
devils in the first trial. The different adjuvant combination incorporating the RNAase 
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resistant polyICLC and imiquimod used in the second trial is likely to be responsible. 
The seroconversion in the majority of devils in these anti-DFTD immunization trials was 
remarkable, especially as DFTD is hallmarked by its immune evasion mechanisms. 
Microsatellite analyzes of MHC revealed that some MHC-I microsatellites correlated to 
stronger immune responses. These trials signify the first step in the long-term objective 
of releasing devils with immunity to DFTD into the wild.

Keywords: Tasmanian devil facial tumour disease, vaccination, adjuvant, humoral immunity/antibody response, 
wild immunology

INTRODUCTION

The Tasmanian devil is the largest living carnivorous marsupial 
species and is unique to Australia’s island state of Tasmania. 
The species was listed as Endangered in 2008 due to mortality 
from devil facial tumor disease (DFTD) (1). DFTD is a fatal 
transmissible cancer whereby the cancer cells are the infectious 
agent and pass between individual devils by biting behavior. The 
cancer’s ability to evade the host’s immune response as it acts 
as an allograft has been the subject of ongoing research. The 
devil’s immune system has demonstrated competence from both 
humoral and cell-mediated perspectives (2–5). The DFTD cancer 
cells’ ability to avoid an allogeneic immune response is, therefore, 
not considered due to a defective devil immune system, but rather 
due to DFTD’s immune escape mechanisms (6, 7). While DFTD 
immunology and the marsupial devil immune system are in 
themselves fascinating research topics, the insights gained from 
such research have a practical application for DFTD vaccine 
development. A protective vaccine against DFTD would provide 
an extremely useful tool for managing the endangered species 
and may help prevent DFTD-driven extinction of the wild devil.

As previously mentioned, successful transmission of DFTD 
between individuals is considered to be primarily due to the 
tumor’s immune escape mechanisms. A primary mechanism 
is the down regulation of the major histocompatibility class I 
molecule (MHC-I) on the DFTD cell surface (8). Despite this, 
naturally occurring immune responses against DFTD have been 
identified in a small number of wild devils (9). Furthermore, 
immunization trials have demonstrated that humoral and cell-
mediated immune recognition of DFTD can be induced (10). 
Subsequent trials found these immune responses could lead to 
immune-mediated rejection of the tumors (11). These trials used 
DFTD cells manipulated to express surface MHC-I as the anti-
genic basis of the vaccine. This approach was intended to make 
the tumor cells immunogenic and, therefore, increase the likeli-
hood of raising both antibody and allospecific T-cell responses. 
However, limitations of these trials included small sample sizes 
and senescent individuals. The opportunity to address these 
shortcomings arose with the implementation of the Wild Devil 
Recovery project by the Tasmanian state government’s Save the 
Tasmanian Devil Program (STDP; http://www.tassiedevil.com.
au/tasdevil.nsf/Wild-Devil-Recovery/8A632773F33E4920CA
257EC9001912CE). The ongoing project involves the release of 
devils from the STDP’s captive insurance and DFTD-free island 
populations to augment local wild devil populations that have 
been decimated by DFTD.

The first wild release took place in September 2015 in 
Narawntapu National Park (NNP) in Tasmania’s north. The 
devils selected for release were held in free range enclosures 
(FREs) for several months prior to the release date and 19 were 
included in this first DFTD immunization trial. The selection of 
the immunization protocol for this trial was based on results from 
the previously mentioned trial whereby DFTD cells manipulated 
in vitro to express MHC-I on the cell surface were used as the 
antigenic basis for the immunizations.

A second release of 33 devils in Stony Head (SH) in the state’s 
north east took place in August 2016. The SH immunization 
protocol was shortened in light of the NNP trial results. It also 
incorporated an improved adjuvant combination that was identi-
fied between the NNP and SH releases (12).

Post release monitoring at NNP and SH was carried out by the 
STDP. Not all devils were trapped following release, but those that 
had serum samples collected to assess the duration of their anti-
DFTD immune responses. Booster immunizations were given to 
the SH devils that were trapped during the final month of monitor-
ing, which was 5 months after the primary immunization course.

These immunization trials provided the first opportunity to 
use comparatively large sample sizes. This meant a more robust 
assessment of anti-DFTD immune responses in Tasmanian 
devils, as determined by seroconversion, could be made. The 
responses generated by the different protocols used in the NNP 
and SH trials with respect to the number of immunizations given 
and adjuvant combination could also be compared.

Since the initiation of these trials, a second DFTD was discov-
ered (13) and named DFT2 to distinguish it from the first DFTD, 
which is now referred to as DFT1. The work described here refers 
to DFT1.

MATERIALS AND METHODS

Tasmanian Devils
There were 19 devils in the NNP trial and 33 devils in the SH trial. 
All of the NNP devils came from the captive insurance popula-
tion. Eleven of these NNP devils were originally born in the wild 
and brought into captivity at the age of 1 year (N = 10) or 2 years 
(N  =  1). They were quarantined for a period of 30  months to 
ensure that they were disease free. The other eight NNP devils 
were born in captivity. Of the SH devils, 16 were born in captivity 
as part of the captive insurance population. The remaining 17 
of the SH devils were from Maria Island, the DFTD-free island 
population. See Table 1 for age and sex details of the trial devils.
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Table 1 | Summary of devil age, sex, and immunization protocols for 
Narawntapu National Park (NNP) and Stony Head (SH) trials.

Age 1 year 2 years 3 years 4 years 5 years Total

NNP devils

No. of males 4 0 0 7 0 11
No. of females 1 1 2 3 1 8

SH devils

No. of males 1 13 8 0 0 22
No. of females 0 1 6 4 0 11

Complete NNP immunization protocol

Primary course (four immunizations given at monthly intervals)
Date of each immunization Composition of immunizationsa

1st: February 2015 2 × 107 MHC-I+ve sonicated cells
2nd: March 2015 2 × 107 MHC-I+ve sonicated cells
3rd: April 2015 2 × 106 MHC-I+ve irradiated cells
4th: May 2015 2 × 106 MHC-I+ve irradiated cells

Booster immunization
Date of booster Composition of booster immunizationa

September 2015 
(pre-release)

2 × 106 MHC-I+ve irradiated cells

Complete SH immunization protocol

Primary course (2 immunizations given at monthly intervals)
Date of each immunization Composition of immunizationsb

1st: June 2016 2 × 107 MHC-I+ve sonicated cells
2nd: July 2016 2 × 106 MHC-I+ve irradiated cells

Booster immunization
Date of booster Composition of booster immunizationb

December 2016 (post 
release)

2 × 106 MHC-I+ve irradiated cells

aThe combination of adjuvants used in each immunization and booster was as follows: 
50 µl ISCOMATRIX™ (provided by CSL Ltd., VIC, Australia), 100 µg polyIC (Sigma-
Aldrich, P1530), 50 µg CpG-ODN-1585 (GeneWorks, 1141231), and 50 µg CpG-
ODN-2395 (GeneWorks, 1141232).
bThe combination of adjuvants used in each immunization and booster was as follows: 
50 µl ISCOMATRIX™, 100 µg polyICLC (Hiltonol®, Oncovir Inc., lot PJ215-1-10-01), 
and 100 µg Imiquimod (Sigma-Aldrich, 15159).
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Devil Enclosures, Trapping, and Blood 
Sample Collection
The NNP devils were kept in two 11 ha FREs for at least 8 months 
prior to their release. Males and females were kept separately. 
The devils were trapped fortnightly during the primary 3-month 
immunization course. Blood samples were collected each time. 
For the 4 months prior to the booster immunization, the devils 
were monitored weekly with camera traps by STDP staff. Blood 
samples were collected 2 weeks after the booster and a week later 
the devils were released. The SH devils were kept in two FRE’s, 
one 11 ha and one 22 ha, for 14 weeks prior to release, and sexes 
were not separated. They were trapped on three occasions while 
in the FRE’s for blood collection and immunization.

For each trial, not all devils were trapped each time, and 
consequently there were some differences in the immunization 
protocols given, and the blood samples available. Traps were set 
in each FRE the afternoon before procedures were performed 
(body weight, physical examination, blood collection, and 
immunization if required). The traps were baited with possum 
or lamb flaps and checked the following morning. Each trapped 

devil was transferred into a hessian sack and the handling and 
procedures were carried out by two veterinarians/devil keepers. 
General anesthesia was given in the rare event of not being able 
to handle the devil in the sack. Devils were released into the FRE 
immediately following the procedures. Blood sample collection 
and general anesthesia were performed as described in Ref. (11).

Vaccine Protocol and Preparation
Devil facial tumor disease immunizations were pre-prepared by 
treating C5065 DFTD cells with recombinant devil interferon 
gamma (IFN-γ) [produced by the Walter and Eliza Hall Institute 
for Medical Research as described in Ref. (11)] diluted 5,000× 
in culture medium for 24 h. This was to upregulate cell surface 
expression of the MHC-I molecule (8), and these cells are referred 
to as MHC-I+ve DFTD cells. The non-manipulated DFTD cells, 
i.e., cells not expressing surface MHC-I, are referred to as MHC-
I-ve DFTD cells. After treatment, MHC-I+ve DFTD cells were 
inactivated by either four ultrasonic cycles at 50% power on an 
ultrasonic cell disruptor (sonication) (Misonix Inc., Farmingdale, 
NY, USA), or by two doses of 40 Gy gamma radiation 24 h apart 
using a Varian Clinac 23-EX linear accelerator (irradiation) 
(Varian Medical Systems Inc., Palo Alto, CA, USA).

One day of travel was required prior to the administration of 
the immunizations. On the morning of the travel day, sonicated 
preparations in 1  ml phosphate buffered saline (PBS) were 
taken from −80°C, thawed and adjuvants added. Irradiated cell 
preparations were thawed, washed twice (with PBS at 500 g for 
5 min), counted and resuspended in 1 ml, and adjuvants added. 
The composition of the immunizations, including adjuvants, is 
detailed in Table 1. The immunizations were kept on ice or at 4°C 
for 24 h prior to administration. Immunizations were given as a 
subcutaneous injection between the devils’ scapulae.

Serum Antibody Detection
Indirect immunofluorescence and flow cytometry to measure 
serum anti-DFTD IgG antibody levels were performed on the 
serum samples against MHC-I-ve DFTD cells and MHC-I+ve 
DFTD cells. Preparation of MHC-I+ve cells was described in the 
Section “Vaccine Protocol and Preparation,” and this and the 
serum antibody detection method are also described in Ref. (11). 
In brief, DFTD cells were washed twice with PBS (500 g, 5 min). 
Pre-immune and immune serum samples were diluted 1:50 with 
washing buffer and mixed with DFTD cells for 1 h. Cells were 
washed twice with washing buffer, and incubated with 50  µl 
of 10  µg/ml of a monoclonal mouse anti-devil IgG (provided 
by the Walter and Eliza Hall Institute for Medical Research) 
for 30  min, then washed and incubated with 50  µl of 2  µg/ml 
Alexa Fluor 647 conjugated goat anti-mouse IgG antibody (Life 
Technologies, A21235) for 30  min. After washing, cells were 
resuspended in 200 µl of washing buffer containing 200 ng/ml 
of the cell viability dye 4′,6-Diamidino-2-Phenylindole, Dilactate 
(Sigma-Aldrich, D9542). Data acquisition was performed on a 
BD FACSCanto™ II flow cytometer (BD Biosciences, Franklin 
Lakes, NJ, USA). The median fluorescence intensity ratio (MFIR) 
was used to classify the antibody responses. The MFIR is defined 
as the median fluorescence intensity (MFI) of DFTD cells labeled 
with immune serum divided by the MFI of DFTD cells labeled 
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Figure 1 | Flow cytometry histograms for three individual devils showing antibodies for MHC-I-ve devil facial tumor disease cells in their pre-immune (gray) and 
post-immune (blue) serum samples. The fluorescence intensity is in log scale and shown on the x-axis, the cell count is on the y-axis. (A–C) demonstrate the range 
of responses found across the cohorts.
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with pre-immune serum. This ratio accounts for any background 
serum IgG present prior to the immunizations and standardizes 
the responses between individual devils. Examples of antibody 
staining patterns are shown in Figure 1.

Devil Release and Post-Release 
Monitoring
Prior to the releases, the incumbent devil populations in NNP 
and SH were each estimated at 18 individuals, with a DFTD 
prevalence of 15% (Samantha Fox, personal communication 
2016). The NNP trial devils were released on 25 September 2015. 
The monitoring trips included in this analysis were carried out 
at 2, 6, and 12 weeks post release. Serum was collected from the 
immunized devils trapped during the monitoring trips. The SH 
trial devils were released on 30 August 2016. Monitoring was car-
ried out almost continuously during the 4 months post release, 
and blood was collected when possible. A booster immunization 
was given to the SH devils that were trapped in December 2016, 
5 months after completion of the primary course.

Serum Antibody Data Analysis of NNP and 
SH Trials
The NNP trial took place 1  year before the SH trial. The SH 
immunization protocol was, therefore, a modified version of 
the NNP protocol, based on the NNP results and the findings of 
an adjuvant trial that took place prior to the SH trial. The NNP 
protocol was longer than SH’s and so had more time points from 
which serum antibody levels were analyzed. The pre-release 
responses of the NNP and SH trials are presented here separately, 
and then compared. The post-release antibody responses of both 
trials follow.

Statistical Analysis of Serum Antibody Data
All MFIR values were log transformed prior to analysis.

A four-way repeated-measures ANOVA comparing protocol, 
age and sex over time was performed to compare antibody 
responses at three time points for the NNP trial (Figure  2). 

Repeated-measures one-way ANOVAs, paired or unpaired t-tests 
(Figures 3–6) were performed to compare overall anti-DFTD IgG 
antibody responses at different time periods. Tukey’s post hoc ana-
lyzes were performed, and for the one-way ANOVAs, multiplicity 
adjusted P values reported.

One-way ANOVAs and t-tests were performed using GraphPad 
Prism version 6 for Mac OS X, GraphPad Software, La Jolla, CA, 
USA, www.graphpad.com. The four-way ANOVA was performed 
using R statistical software (R Core Team 2014).

MHC Analysis
To determine an association between diversity at MHC-linked 
microsatellites and individual antibody score, each devil was 
screened at 12 polymorphic loci (MHC-I 01, 02, 05, 06, 07, 08, 09, 
10, 11, 12; MHC-II 02, 03) with devil specific primers (14) (Day, 
personal communication). Ear biopsies (N  =  52) were stored 
in 70% ethanol at −20°C and DNA was extracted using both 
standard phenol/chloroform protocols and a PureLink Genomic 
DNA Mini Kit (Thermofisher Scientific, MA, USA). The DNA 
concentration of each sample was quantified using a Nanodrop 
2000 Spectrophotometer (Thermofisher Scientific, MA, USA) 
and samples normalized to a concentration of 10 ng/µl. Loci were 
grouped into previously formulated multiplexes (14) determined 
by the fluorescent tag on either the forward or reverse primer 
using Multiplex Manager (15).

Polymerase chain reactions (PCR) were performed using the 
Qiagen Type-it Microsatellite PCR Kit (Qiagen, CA, USA) in a 
total volume of 10 µl containing 1 × Type-it Multiplex PCR Master 
Mix (HotStarTaq Plus DNA polymerase, Type-it Microsatellite 
PCR buffer, dNTPs, 2 nM MgCl2), 0.2 µM of primer multiplex, 
and 1 µl of DNA. A negative control using water in place of DNA 
was included in each 96-well plate run. Products were amplified 
on a T100 Thermocycler (Biorad, CA, USA) following the manu-
facturer’s instructions. Amplicon products were sent to AGRF 
(Westmead, NSW, Australia) for capillary separation using an 
ABi 3130XL Genetic Analyzer (Applied Biosystems, CA, USA) 
and scored against the size ladder McLab Orange DMSO 100 
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Figure 2 | Serum anti-devil facial tumor disease IgG antibody levels (MFIR) 
for Narawntapu National Park devils showing effect of (A) protocol, (B) age, 
and (C) sex. The MFIR for each devil at each time point (2 weeks after 
primary course, on the day of the booster and 2 weeks after the booster)  
has been plotted on each graph. Protocol A = 4 immunizations at 4-week 
intervals, B = 4 immunizations at 4- or 6-week intervals, C = 3 immunizations 
at 4-week intervals, D = 2 immunizations at 2- or 4-week intervals. The p 
values for (A–C) were obtained with a four-way ANOVA analysis. See Table 3 
for detailed ANOVA results. MFIR, median fluorescence intensity ratio.

Figure 3 | Narawntapu National Park (NNP) devils’ serum anti-devil facial 
tumor disease IgG antibody levels (MFIR). (A) Responses of devils that had 
all four immunizations in their primary course, i.e., protocol A or B, Table 2. 
Only those devils for which sera samples were available at all time points 
are included. (B) Responses of all devils for each of three time points: end 
of primary immunization course, day of booster (4 months later) and 
2 weeks post booster. Statistical analysis was performed with repeated-
measures one-way ANOVA and only significant p values are shown on the 
graphs. See Table 5 for statistical details. Pre-immune MFIR for each devil 
is equal to 1 and is, therefore, not shown. MFIR, median fluorescence 
intensity ratio.
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(Molecular Cloning Laboratories, SF). Genotypes were assigned 
to individuals via automated allele binning and confirmed visu-
ally using GeneMarker 1.95 (Soft Genetics LLC, PA, USA).

MHC Statistical Analysis
The association between antibody score and MHC marker was 
examined using multiple linear regression. Each individual was 

given a value of 0, 1, or 2 for each allele, depending on the number 
of copies of the allele that individual carried. In order to adjust 
for age, sex, and population (NNP or SH), all analyses included 
these covariates in the models. A model was fitted separately for 
each marker in MHC-I and MHC-II. The overall significance of 
a marker was obtained from a likelihood ratio test, where models 
with/without the marker in question were compared. The effect 
size of an allele on antibody score are presented as the coefficient 
from the regression model and its significance was determined 
using a Wald Test. All analyses were performed using R statistical 
software (R Core Team 2014).
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Figure 4 | Serum anti-devil facial tumor disease IgG antibody levels (MFIR) 
of Stony Head devils after their 1st and 2nd immunizations. Pre-immune 
MFIR for each devil is equal to 1 and is, therefore, not shown. MFIR, median 
fluorescence intensity ratio.

Figure 5 | Serum anti-devil facial tumor disease (DFTD) IgG antibody 
levels [median fluorescence intensity ratio (MFIR)] of (A) Stony Head (SH) 
and Narawntapu National Park (NNP) devils 4 weeks post 1st immunization; 
(B) SH and NNP devils just at the end of their primary immunization 
courses.
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RESULTS

Immunization Protocols
For the NNP trial in particular, the primary immunization protocol 
each devil received was dependent on trapping success, as well as 
the time the devils came into the trial. For example, the five juve-
niles (1-year-old devils) were late entries and, therefore, received 
only two or three initial immunizations. Table 2 summarizes the 
different NNP immunization protocols and the number of devils 
that received each one. All the NNP devils had a booster immuni-
zation 4 months after the primary course, just prior to their release.

Of the 33 SH devils, 27 had the primary immunization protocol 
as outlined in Table 1. There were six devils that had their second 
immunization on the final pre-release visit since they were not 
trapped on both the first and second visits. Consequently, there 
was no blood sample collected after their second immunization 
and so they were left out of some of the analyses.

Antibody Responses Prior to Wild Release
The anti-DFTD IgG antibody responses were assessed separately 
against MHC-I-ve and MHC-I+ve DFTD cells. There were no 
significant differences between results for the cell types (data 
not shown), so the results presented below are responses against 
MHC-I-ve DFTD cells only. This applied to the post release analy-
sis as well. Figure 1 shows representative histograms of the flow 
cytometry data for serum samples on MHC-I-ve DFTD cells. The 
negative control for each devil is its pre-immune serum sample 
and this is compared to the post-immunization serum samples 
for each individual.

Narawntapu Trial
The effects of protocol, age, and sex on the antibody responses 
measured at three time points were assessed with a four-way 

ANOVA (Table 3). The primary immunization protocol, whether 
two, three, or four immunizations, did not make a significant 
difference to the antibody responses (Figure  2A). However, 
both age and sex were found to have significant effects on these 
(Figures 2B,C; Table 3). Juveniles had higher responses on aver-
age than adults, and females had higher responses than males.

Figure 3A shows the responses for devils that received four 
immunizations in the primary course, either protocol A or B, for 
which serum samples were available at each time point. Antibody 
levels were significantly higher after the second, third, and fourth 
immunizations compared to the first (Table 4).

Antibody levels of all devils were then compared at three 
time points: 2 weeks after the primary course; on the day of the 
booster; and 2 weeks after the booster. At the end of the primary 
immunization course, only two NNP devils failed to respond 
(MFIR  <  1.5) (Figure  3B). There was a significant difference 
in MFIR over time (Table 4). The levels on average were lowest 
on the day of the booster which was 4 months after the primary 
course. The booster resulted in an increase in antibody levels 
similar to the level at the end of the primary course (Figure 3B). 
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Table 3 | Results of statistical tests comparing serum antibody responses for 
(A) Figure 2.

Four-way ANOVA (Figure 1. Narawntapu National Park: 
effect of protocol, age, and sex on serum antibody)

df F P

Sex 1 6.609 0.028
Age 1 12.417 0.005
Protocol 3 0.682 0.583
Sex:age 1 0.348 0.569
Sex:protocol 1 0.234 0.639
Sex:time 1 3.811 0.061
Age:time 1 0 0.984
Protocol:time 3 0.820 0.494
Sex:age:time 1 1.364 0.253
Sex:protocol:time 1 0.163 0.690
Age:protocol:time 1 1.279 0.268
Error 27

Figure 6 | Serum anti-devil facial tumor disease (DFTD) IgG antibody levels 
[median fluorescence intensity ratio (MFIR)] of (A) Narawntapu National Park 
(NNP) devils post release compared to their post booster response in 
September 2015; (B) Stony Head (SH) devils after their primary course 
compared to 5 months later; and (C) NNP and SH devils, 5 months after 
their primary immunization course, just prior to the booster administration.

Table 2 | Description of Narawntapu National Park (NNP) immunization 
protocols.

Protocol Protocol descriptiona Number of devils 
receiving the protocol

A 4 immunizations at 4-week intervals:
1st and 2nd: sonicated cells
3rd and 4th: irradiated cells

6

B 4 immunizations at 4- or 6-week intervalsb:
1st and 2nd: sonicated cells
3rd and 4th: irradiated cells

6

C 3 immunizations at 4-week intervals:
1st and 2nd: sonicated cells
3rd: irradiated cells

3 (including 2 juveniles)

D 2 immunizations at 2- or 4-week intervals:
1st: sonicated cells
2nd: irradiated cells

4 (including 3 juveniles)

aSee Table 1 for complete description of immunization composition.
bTwo male devils had their 2nd immunizations 6 weeks after the 1st. There were 
4-week intervals between their 2nd and 3rd, and their 3rd and 4th immunizations. 
Four female devils had 4-week intervals between their 1st and 2nd, and 2nd and 3rd 
immunizations. The 4th immunization was given 6 weeks after the 3rd immunization. 
Juvenile = 1-year-old devil.
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A sex difference was apparent whereby post booster antibody 
levels in the adult males did not reach the levels found after the 
primary immunization course. By contrast, there was a trend for 
the booster to result in female devils having antibody levels that 
were equal to or higher than levels achieved after the primary 
course (Figure 3B; Table 5).

SH Trial
Antibody levels were significantly higher for the SH devils 6 weeks 
after the second immunization compared to 4 weeks after the first 
immunization (Figure 4; Table 4). Sex did not have a significant 
effect on the SH devils’ responses at the end of their primary 
immunization course. There was only one juvenile devil in the 
SH trial so a comparison between juvenile and adult responses 
was not possible.
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Table 4 | Results of statistical tests comparing serum antibody responses for 
(B) Figures 3–6.

Repeated-measures ANOVA

Figure df F P Adjusted P values 
for multiple 

comparisons 
(not shown on 

graphs)

Columnsa P

3 (A) NNP devils that received 
protocol A or B

3 18.10 0.001 B–C 0.067
B–D 0.072
C–D 0.543

3 (B) NNP, both sexes 2 7.061 0.005 A–C 0.986

3 (B) NNP, males 2 19.190 <0.001 A–B 0.004
A–C 0.035
B–C 0.003

3 (B) NNP, females 2 9.552 0.008 A–B 0.257
A–C 0.071
B–C 0.003

6 (A) NNP, post release compared 
to post boosterb

2 2.200 0.223 A–B 0.976
A–C 0.200
B–C 0.199

Figure df t P

Paired t-test
4. SH after 1st and 2nd 
immunizations, both sexes

26 5.438 <0.001

4. SH males 19 4.798 <0.001
4. SH females 6 2.405 0.053
6 (B) SH, post primary course 
compared to time of booster

12 1.480 0.165

Unpaired t-test

5 (A) SH and NNP, 4 weeks post 
1st immunization

49 5.713 <0.001

5 (B) SH and NNP after primary 
immunization course

38 2.600 0.013

6 (C) NNP and SH just prior to 
booster administration

26 2.540 0.017

aA, B, C, and D refer to columns in the graphs, i.e., A, 1st column, B, 2nd column;  
C, 3rd column; D, 4th column.
bOnly 3 time points compared statistically due to missingness.
NNP, Narawntapu National Park trial; SH, Stony Head trial.
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Comparison of SH and NNP Trials
The only directly comparable time point for the NNP and SH 
trials was 4  weeks after the first immunization. The SH devils 
had significantly higher serum antibody levels than NNP devils 
(Figure 5A; Table 4). At the end of the primary course, the NNP 
devils that had three or four immunizations had higher serum 
antibody levels than the SH devils (Figure 5B; Table 4).

A the end of their primary course, 17 of the 19 NNP devils, 
and all 33 of the SH devils had seroconverted providing an overall 
percentage of 96% for seroconversion in response to the DFTD 
immunizations.

Antibody Responses after Wild Release
Following the release into NNP, monitoring trips included in this 
analysis were carried out at 2, 6, and 12 weeks. There were six devils 

trapped on the first post monitoring trip, and only three devils at 
12 weeks. There was a trend for antibody levels to decrease over 
this time to almost baseline levels at 12 weeks (Figure 6A; Table 4).

Monitoring at SH was carried out almost continuously for 
4 months post release, i.e., up until 5 months after the primary 
course. There were 17 devils that were trapped, had blood collected, 
and given a booster immunization in the final month of monitor-
ing. Of these devils, 13 had blood samples collected 6 weeks after 
their second immunization. Antibody levels were maintained by 
these 13 devils over the 5-month period between their second 
immunization and booster (Figure 6B; Table 4). This contrasts 
with the NNP devils whose antibody levels dropped over a similar 
time frame (Figure 2B, 2 weeks post primary course compared 
to at time of booster). Five months after the primary course, the 
SH devils, which all received a total of two immunizations, had 
a higher overall antibody level than the NNP devils which had 
received three or four immunizations (Figure 6C; Table 4).

MHC Microsatellites Markers
Microsatellites across the MHC-I and MHC-II were compared 
to the antibody responses (MFIR). Highly significant (p < 0.005) 
associations occurred between antibody responses and MHC-
I_10, and a significant association (p < 0.05) was identified for 
MHC-I_02 and MHC-I_08 (Table 5). No significant associations 
were found with MHC-I loci 01, 05, 06, 07, and 11. There was lim-
ited diversity across MHC-II loci (02 and 03) and no associations 
were identified. The significance of the effect of each MHC-I and 
MHC-II microsatellite markers on serum antibody are shown in 
Table S1 in Supplementary Material.

The statistical analysis of the MHC data and its association with 
antibody response was adjusted for age, sex, and population (NNP 
or SH). A significant effect of age on antibody score was dem-
onstrated, with an average decrease in antibody score of 0.76 for 
every year of a devil’s life (p < 0.001). There were non-significant 
effects observed for population (NNP devils having an antibody 
score of 0.12 greater than SH devils, p = 0.77) and sex (females 
having an antibody score of 0.1 greater than males, p = 0.81).

The DFTD tumor cell line used in the immunizations was 
assessed for the presence of microsatellites. None of the three 
alleles associated with a higher antibody response were present in 
the C5065 cell line that was used for the immunizations (Table 5).

DISCUSSION

These trials brought about the first cohorts of devils immunized 
against DFTD and released to the wild in the STDP’s Wild Devil 
Recovery project. The collaboration combined two innovative 
management strategies to prevent the extinction of devils in the 
wild: DFTD immunization and population augmentation. The 
immunization trials were performed on a much larger number 
of devils than had previously been possible, allowing for a robust 
assessment of the induced immune responses. The two trials 
differed with respect to the number and timing of the immuniza-
tions given in the primary course, and the adjuvant combination.

There are other examples of vaccinating captive bred and/or 
wild populations of endangered species against fatal diseases, e.g., 
black-footed ferrets against plague and canine distemper virus 
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Table 5 | Devil MHC microsatellite markers that have alleles significantly associated with a high antibody response.

MHC 
marker

P-value of marker 
(adjusted for age, 

sex, and population)

Allele Effect size P-value of allele (adjusted for 
age, sex, and population)

Mean antibody score (median fluorescence  
intensity ratio), and number of devils  

with 1 or 2 copies of the allele

Vaccine cell 
line alleles

MHC-I 02 0.041a 201 0.56 0.048a 3.5, N = 20 /
203 NA NA 2.9, N = 40 203, 203

MHC-I 08 0.029a 216 0.95 0.195 2.5, N = 23 /
218 1.91 0.054 3.3, N = 3 /
220 1.4 0.069 3.2, N = 20 220
222 1.73 0.030a 3.5, N = 17 /
224 NA NA 1.8, N = 3 224

MHC-I 10 0.003a 243 3.37 0.039a 6.4, N = 1 /
245 0.71 0.535 3.3, N = 33 /
247 0.09 0.938 2.5, N = 27 /
249 NA NA 1.8, N = 1 249
251 NA NA N = 0 251

Models were adjusted for age, sex, and population. Age was found to have a significant association with antibody response. The alleles of the MHC markers significantly associated 
with high serum antibody are also shown, along with their P values. The effect size indicates the average increase in serum antibody observed for each copy of the allele. P values for 
alleles were obtained from a likelihood ratio test/Wald test, respectively. The last column shows the alleles of the C5065 cell line used in the vaccine.
aIndicates significance.
NA = not available; / = none shared with respect to MHC allele.
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to the wider devil population due to the small sample sizes. The 
high number of responders in these trials suggests most devils are 
capable of producing an immune response against DFTD which 
is encouraging for vaccine development.

MHC-linked microsatellite analysis of the immunized devils 
showed that particular MHC alleles were associated with a higher 
antibody response to the immunizations. These alleles were not 
present in the tumor cell line that was used as the basis of the immu-
nization. This suggests that the MHC type of the individual devil 
may influence its response to DFTD immunizations. It also implies 
that an immune response against DFTD is more likely if the MHC 
of the devil and the tumor are mismatched. However, there is no 
evidence in the literature that MHC type affects devil responses to 
naturally occurring DFTD infection (24, 25). Sequencing analysis 
of the MHC genes themselves and their expression may provide 
further insight into the relationship between MHC and a devil’s 
ability to respond to immunization. IgG responses in both NNP 
and SH trials were specific for both non-manipulated and MHC-I 
upregulated DFTD cells, suggesting that immune responses 
against DFTD surface antigens other than MHC were generated. 
These responses will be critical for recognition of MHC-I-ve DFTD 
cells upon exposure to the disease in the wild.

The statistical analysis of the MHC data and its association with 
antibody response found a significant effect of age. This result is 
in accordance with previous research showing the decline of the 
devil’s immune capacity with age (26). The NNP trial included 
five juvenile devils which allowed for the effect of age (juvenile 
compared to adult) on the immune response to be assessed. The 
juveniles showed, on average, higher antibody responses than 
the adult devils. This was despite the juveniles receiving fewer 
immunizations in the primary course than the majority of adults. 
Only one juvenile was in the SH trial, which precluded a compari-
son between juvenile and adult responses. The NNP trial showed 
female devils to have significantly higher antibody responses than 
males. There was no overall significant sex difference found in the 

(16, 17), kakapo against erysipelas (18), and Ethiopian wolves 
against rabies (19, 20). An experimental chlamydia vaccine trial 
has also been carried out on a wild population of koalas in south 
east Queensland (21). The DFTD immunization trials shared 
aspects of these examples, notably a focus on an endangered spe-
cies facing a primary threat of disease which might be addressed 
by vaccination. However, most of the previous examples are 
against microorganisms for which vaccines have been established.

A vaccine protecting against DFTD would be a valuable con-
servation tool to secure the future of the wild devil population. 
There are suggestions that responses to DFTD are occurring in the 
wild. Natural immune responses against DFTD have been found 
in a small percentage of wild devils (9). There is also evidence that 
genetic selection associated with DFTD has occurred in certain 
populations (22). However, there has not been a measurable 
reduction of the DFTD effect on these populations. DFTD has 
resulted in dramatic devil population decline to the point where 
the species is functionally extinct in certain locations (23). Even 
with the assumption that adequate anti-DFTD responses are 
evolving, the ecological impacts of a decimated devil population 
are profound and relying on natural selection of resistant animals 
for population recovery at this stage seems risky. A protective 
DFTD vaccine would aid in timelier restoration of a functional 
devil population while helping to ensure maintenance of the 
genetic diversity of the species.

With respect to DFTD vaccine development, the biggest 
advantage of the trials described in this study was the sample 
size. Previous immunization studies have been carried out on a 
maximum of four devils at a time. The comparatively large sample 
sizes here allowed for greater confidence in the assessment of 
anti-DFTD immune responses. It also allowed for the effects of 
age, sex, differing immunization protocols, and MHC variation 
to be evaluated. Prior immunization trials on captive devils have 
demonstrated that an immune response against DFTD is achiev-
able. However, it was unknown if results could be generalized 

92

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


Pye et al. Immunization Strategies against DFTD

Frontiers in Immunology  |  www.frontiersin.org February 2018  |  Volume 9  |  Article 259

SH trial. SH males did, however, show a significant increase in 
antibody levels after their second immunization, whereas there 
was only a trend for antibody levels to increase in the females. 
There is evidence that sex affects immune responses via a com-
bination of genetic, hormonal, and environmental factors with 
human studies generally showing females to have heightened 
immunity to pathogens, and a tendency toward higher responses 
to bacterial and viral vaccines than males (27).

Compared to conventional immunization protocols against 
microbial pathogens, the NNP immunization protocol was long, 
taking 7 months including the booster prior to the release date. 
Not all devils received the entire primary immunization course, 
and results suggested that a reduced number of primary immu-
nizations did not affect the post booster antibody response. This 
evidence that similar antibody responses could be achieved with 
fewer immunizations was used to refine the protocol for the SH 
trial. Similarly, results from an adjuvant study on captive devils 
that took place prior to the SH trial influenced the choice of 
adjuvant used in the SH protocol (12). A shorter and, therefore, 
more practical protocol with a promising adjuvant combination 
was implemented for SH. Both the NNP and SH trials resulted in 
similar levels of serum antibody. The improvements identified in 
the SH trial were that antibody levels were achieved more rapidly 
and were of longer duration. Following their first immuniza-
tion, the SH devils had higher overall antibody levels than the 
NNP devils. These levels in the SH devils were maintained over 
the 5 months prior to the booster compared to the NNP devils 
which had a significant decline in antibody levels pre-booster. 
In addition, the NNP devils trapped 3 months after release had 
antibody levels approaching baseline. This suggests that superior 
immune memory was stimulated in the SH devils. It is likely that 
the adjuvant combination used in the SH trial was responsible for 
the improved speed and duration of response.

The adjuvant component in both trials included  
ISCOMATRIX ™, a proprietary saponin-based adjuvant which has 
previously been shown to generate antigen-specific CD8+ T cells 
and result in regression of established solid tumors when combined 
with toll-like receptor (TLR) agonists (28). The adjuvant component 
of the NNP and SH trials differed in their use of TLR agonists. The 
NNP trial included the TLR9 agonist, CpG- oligodeoxynucleotide  
(CpG), and the TLR3 agonist, polyinosinic:polycytidylic acid 
(polyIC). This combination was in keeping with the DFTD immu-
nization trials that documented tumor regression (11).

As mentioned above, a study was undertaken prior to the SH trial 
to assess adjuvant effects on the immune responses of devils to the 
model antigen, keyhole limpet hemocyanin (KLH) (12). The study 
used the TLR-7 agonist imiquimod, and polyICLC (Hiltonol®) 
which is more stable than polyIC due to its ribonuclease resistance. 
Imiquimod alone resulted in a minimal immune response to KLH. 
PolyICLC, however, gave a robust antibody response when used 
alone and also in combination with imiquimod. In light of these 
results, the SH trial protocol omitted CpG and replaced it with 
imiquimod, and the polyIC was replaced with polyICLC.

As discussed in Patchett et al. (12), polyICLC and imiquimod 
activate potent antigen-specific immunity through the stimula-
tion of multiple immune pathways in human and animal studies. 
PolyIC results in production of large amounts of type-1 IFN. 

In mice immunized with polyICLC, substantial increases in 
CD8+ T-cell cytotoxicity occurred (29, 30). Imiquimod is also a 
potent stimulator of type-1 IFN via TLR-7-dependent activation 
of plasmacytoid dendritic cells (pDCs) (31). Previous studies  
of adjuvant efficacy have demonstrated improved generation of 
T-cell memory in response to polyICLC or imiquimod compared 
to other adjuvants (32, 33). Similar responses in Tasmanian devils 
to DFTD immunizations containing polyICLC may offer a greater 
likelihood of protection against DFTD.

There were two notable limitations to these trials. The first was 
the inability to measure the cell-mediated immune response to the 
immunizations due to the absence of a reliable cytotoxicity assay. 
The challenges of designing and implementing accurate T-cell 
assays in human clinical trials are substantial and well reviewed 
(34). Furthermore, in vitro evidence for specific T-cell responses 
does not always predict vaccine-mediated protection and Saade 
et al. highlight the need for better correlates of vaccine-induced 
T-cell immunity.

Here, serum IgG antibodies specific for DFTD were used to 
measure the responses induced by the immunizations (11). Since 
IgG production is T cell dependent, this provides indirect evidence 
for T-cell involvement. Previous research has suggested that a 
humoral immune response can inhibit development of a protective 
cellular immune response (35), the latter being requisite for a can-
cer vaccine. However, the correlation between anti-DFTD serum 
antibodies and DFTD regression has been documented in both 
wild and captive devils (9, 11) indicating the relevance of serum 
antibodies in an anti-DFTD response. As was postulated in these 
references, antibody-dependent cell-mediated cytotoxicity is a 
mechanism by which antibodies could facilitate tumor cell killing.

Another limitation associated with the trials was the low post-
release trapping success of immunized devils. This applied par-
ticularly to the NNP trial. The low NNP recapture rate was partly 
due to the devils’ likely dispersal beyond the trap lines, but also 
due to deaths from road traffic accidents (36). Trapping at SH was 
more successful due to the SH devils being fitted with GPS collars 
just prior to their release. The devils were, therefore, trackable 
until the collars were removed within 4 months of release, and it 
was possible to collect serum from 17 SH devils 4 months after 
the release date. Future trapping success will dictate whether the 
duration of antibody responses and the effect of the immunization 
protocol on DFTD susceptibility can be confidently ascertained. 
At the time of publication, three of the devils released at SH have 
been confirmed positive for DFTD due to natural exposure. 
Longitudinal sample collection and analysis are required before 
drawing conclusions on whether the immunization responses 
influence tumor growth rate in the devils that acquire disease.

Despite the limitations, these trials signify a notable advance 
in DFTD vaccine research. Although it remains unclear what 
protection the immunization protocols provided against a natural 
DFTD challenge, the serum antibodies detected in the majority 
of devils in response to the immunizations suggest that devel-
opment of an effective DFTD vaccine is a realistic expectation.  
The improved antibody response obtained with the shorter proto-
col used in the SH trial was most likely a function of the adjuvant 
used and was a particularly encouraging finding for the eventual 
feasibility of an immune solution to DFTD.
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Detecting exposure to new or emerging pathogens is a critical challenge to protecting 
human, domestic animal, and wildlife health. Yet, current techniques to detect infections 
typically target known pathogens of humans or economically important animals. In the 
face of the current surge in infectious disease emergence, non-specific disease surveil-
lance tools are urgently needed. Tracking common host immune responses indicative 
of recent infection may have potential as a non-specific diagnostic approach for disease 
surveillance. The challenge to immunologists is to identify the most promising markers, 
which ideally should be highly conserved across pathogens and host species, become 
upregulated rapidly and consistently in response to pathogen invasion, and remain 
elevated beyond clearance of infection. This study combined an infection experiment 
and a longitudinal observational study to evaluate the utility of non-specific markers of 
inflammation [NSMI; two acute phase proteins (haptoglobin and serum amyloid A), two 
pro-inflammatory cytokines (IFNγ and TNF-α)] as indicators of pathogen exposure in a 
wild mammalian species, African buffalo (Syncerus caffer). Specifically, in the experimen-
tal study, we asked (1) How quickly do buffalo mount NSMI responses upon challenge 
with an endemic pathogen, foot-and-mouth disease virus; (2) for how long do NSMI 
remain elevated after viral clearance and; (3) how pronounced is the difference between 
peak NSMI concentration and baseline NSMI concentration? In the longitudinal study, we 
asked (4) Are elevated NSMI associated with recent exposure to a suite of bacterial and 
viral respiratory pathogens in a wild population? Among the four NSMI that we tested, 
haptoglobin showed the strongest potential as a surveillance marker in African buffalo: 
concentrations quickly and consistently reached high levels in response to experimental 
infection, remaining elevated for almost a month. Moreover, elevated haptoglobin was 
indicative of recent exposure to two respiratory pathogens assessed in the longitudinal 
study. We hope this work motivates studies investigating suites of NSMI as indicators for 
pathogen exposure in a broader range of both pathogen and host species, potentially 
transforming how we track disease burden in natural populations.

Keywords: emerging infectious disease, disease surveillance, wildlife, inflammation, haptoglobin, serum amyloid A,  
IFNγ, TNF-α
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INTRODUCTION

Emerging infectious diseases cause human suffering (1, 2), 
threaten food security (3), and contribute to the decline of 
vulnerable populations and species (4). As such, in the face of 
elevated rates of infectious disease emergence in humans (5, 6), 
domestic animals (7) and wildlife (8–10), effective surveillance 
for pathogen exposure is increasingly important.

Surveillance for emerging infections is challenging because 
it requires detection of previously unreported infectious agents, 
and/or diagnosis of exposure or infection in understudied animal 
species. Indeed, animals are hosts to hundreds of pathogens and 
parasites (11) with previously unidentified species regularly 
documented (12–14). Yet, available disease diagnostics typi-
cally target known infections that cause detectable pathology in 
humans or economically important domestic animals resulting 
in a relatively narrow range of tests that are highly pathogen 
specific. Common molecular techniques to detect pathogens 
include tests that detect genetic material of the pathogen itself 
and antibody-based diagnostics that detect the host’s antibod-
ies to a given pathogen. Advancing sequencing methods show 
promise for simultaneously detecting a wider range of pathogens 
(15, 16) but, while genetically based techniques often have high 
sensitivity and specificity, they are limited to detection of active 
infections. Many infections last only a few days and thus may 
escape detection unless sampling can occur on a tight time frame. 
Most importantly, diagnostic techniques based on amplifying 
pathogen genetic material still require pathogen specific prim-
ers and/or previous publication of genetic sequences and are, 
thus, unsuitable in situations where the identity of pathogens is 
uncertain. Antibody-based techniques, such as enzyme-linked 
immunosorbent assays or immnuofluorescence assays, offer a 
way to detect infection after pathogen exposure has occurred 
because antibody titers to many infections can remain elevated 
for months to years after primary infection (17). However, 
antibody-based techniques typically used in disease diagnostics 
are highly pathogen specific, which limits their utility in detecting 
novel infections.

An ideal diagnostic approach for monitoring (often unknown) 
infections in natural populations would complement existing 
genetic and antibody techniques by detecting the presence of 
pathogens non-specifically, using immunological markers that 
indicate recent presence of infection. Ideal markers should 
increase rapidly and reliably in response to a broad range of 
pathogens and remain elevated for a consistent period after 
active infection has subsided. A test that detects exposure both 
early in infection as well as past pathogen clearance could aid 
in monitoring population health and improve surveillance for 
emerging infections.

Here, we suggest that non-specific markers of inflammation 
(NSMI hereafter) have potential for use in detecting pathogen 
exposure in natural populations. NSMI include APP [this 
study: haptoglobin, serum amyloid A (SAA)] and cytokines 
(here: TNF-α, IFNγ). APP are an integral part of the acute 
inflammatory response to pathogen exposure and engage in 
opsonization of pathogens and scavenging of toxic substances 
(18). SAA is produced by the liver after acute phase induction by 

pro-inflammatory cytokines; its main functions include binding 
cholesterol from inflammation sites, modulating the function of 
innate immune cells, and opsonizing pathogens for destruction 
by immune cells (18). Haptoglobin binds hemoglobin, which 
prevents oxidative damage and deprives bacteria of iron needed 
to grow (18). Cytokines are small “messenger” proteins secreted 
by immune cells to mediate the immune response. TNF-α is a 
primary signaling molecule in systemic inflammatory reactions 
and is a vital component of the acute phase response; IFNγ is 
a key signaling molecule in clearance of intracellular pathogen 
infections (19).

We combined an infection experiment and a longitudinal 
observational study to evaluate the utility of these four NSMI as 
indicators of pathogen exposure in a wild mammalian species, 
African buffalo (Syncerus caffer) (Figure 1). Specifically, in the 
experimental study we asked (1) How quickly do buffalo mount 
NSMI responses upon challenge with an endemic pathogen, foot-
and-mouth disease virus (FMDV); (2) for how long do NSMI 
remain elevated after viral clearance; and (3) how pronounced 
is the difference between peak NSMI concentration and baseline 
NSMI concentration? In the longitudinal study, we asked (4) Are 
elevated NSMI associated with recent exposure to seven bacterial 
and viral respiratory pathogens, in a natural host population?

MATERIALS AND METHODS

African buffalo (Syncerus caffer) included for this study were 
located within Kruger National Park (KNP), a 19,000 km2 reserve 
located in northeastern South Africa. Two populations were used 
for the study: (1) 12 1- to 2-year-old bovine tuberculosis (BTB) 
and FMDV free wild-caught buffalo obtained from Hluwluwe 
iMfolozi Park and transferred to the Skukuza State Veterinary 
enclosure (FMDV experiment buffalo, hereafter); (2) a herd of 
60–75 wild buffalos, of mixed age and sex, contained within a 
900-ha enclosure near Satara camp in the central area of KNP 
(cohort buffalo, hereafter). The first population was used in a 
FMDV challenge experiment identifying triggers of FMDV 
transmission and tracing viral evolution; the second population 
is part of an ongoing observational study identifying drivers of 
FDMV dynamics. The study was conducted under South Africa 
Department of Agriculture, Forestry and Fisheries Section 20 
permits Ref 12/11/1 and Ref 12/11/1/8/3, ACUP project number 
4478 and 4861, Onderstepoort Veterinary Research Animal 
Ethics Committee project number 100261-Y5, and the Kruger 
National Park Animal Care and Use Committee project number 
JOLAE1157-12 and JOLAE1157-13.

Field Sampling
FMDV Experiment Buffalo
Foot-and-mouth disease virus is an endemic viral infection 
of cloven-hoofed ungulates, with African buffalo acting as 
the maintenance host (20). Briefly, 12 buffalo were exposed to 
FMDV (day 2) by allowing them to mix with recently infected 
[via injection, using protocols optimized previously for buffalo: 
Maree et al. (21)] animals. All 12 recipient animals were sedated 
on days 2, 4, 6, 8, 11, 14, and 30 days post FMDV exposure to 
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Figure 1 | A schematic illustrating the study design and analysis for the foot-and-mouth disease virus (FMDV) experiment and cohort buffalo longitudinal study. 
The bar graph (cohort study, middle panel) depicts the number of new cases throughout the study period of seven respiratory parasites. The number of new cases 
of viral parasites are displayed in dark gray (ad3 = Adenovirus; bhv = bovine herpes virus II; brsv = bovine respiratory syncytial virus; bvdv = bovine viral diarrheal 
virus; pi3 = Parainfluenza virus), the number of new cases of bacterial parasites are displayed in light gray (mb = Mycoplasma bovis, mh = Mannheimia haemolytica). 
The line graphs (FMDV experiment, bottom panel) illustrate the exponential decay curve fit from day of peak NSMI concentration to day NSMI returned to baseline 
for each animal. All animals mounted haptoglobin, SAA, and IFNγ responses, however, only three animals mounted a TNF-α response.
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allow for collection of blood samples for quantification of NSMI 
and FMD viremia. Immobilizations were conducted by South 
African State Veterinarians using standard protocols for buffalo 
(22). Blood was collected via jugular venipuncture directly into 
vacutainer tubes with (plasma, whole blood) or without (serum) 
heparin, and stored on ice for transport back to the laboratory. 
Immediately upon arrival at the laboratory, blood was centri-
fuged at 5000  ×  g for 10  min; plasma and serum pipetted off 
the cellular layer into sterile microcentrifuge tubes and stored 

at −80°C until analysis. In addition, 1.5 ml of whole blood, col-
lected in tubes with heparin, was aliquoted into separate, sterile 
microcentrifuge tubes and incubated at 37 C for 72 h. After 72 h, 
plasma was pipetted off the cellular layer and stored at 4 C until 
cytokine analysis 24–72  h later (23). Samples collected within 
3  days of each other were all processed on the same cytokine 
assay; therefore, samples collected 3 days prior to running the 
assays were stored at 4 C for 72 h, samples collected 2 days prior 
to running the assays were stored at 4 C for 48 h and samples 
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collected 1 day prior to running the assays were stored at 4 C 
for 24 h.

Cohort Buffalo
Cohort buffalo were originally captured in 2001 from the North 
of KNP and have been maintained since then in the enclosure as 
a BTB free breeding herd. During our study period (2014–2016), 
the herd included 65–70 animals. Natural births and deaths 
occurred during the study, leading to a total of 77 individuals 
included in analyses.

The enclosure is entirely within KNP and has numerous 
other wild animals typical of the ecosystem (e.g., giraffe, zebra, 
warthogs, small mammals, and small predators). However, the 
enclosure excludes megaherbivores (rhino, hippo, elephant) and 
large predators (lion, leopard). Cohort buffalo graze and breed 
naturally and find water in seasonal pans and manmade (perma-
nent) water points. In extreme dry seasons, supplemental grass 
and alfalfa hay are supplied.

Cohort buffalo were caught every 2–3 months from February 
2014 to February 2016, totaling 10 capture periods. To sample, 
buffalo were herded into a capture corral, separated into groups 
of 4–10 animals, and sedated. Buffalo that evaded corral capture 
were darted individually from a helicopter. Sedation procedures 
are outlined in Couch et al. (24). Animals were released from the 
capture corral within 1–5 days after captures.

The animals’ sex was determined visually. Age was determined 
by a combination of incisor wear and tooth emergence for ani-
mals older than 2.5 years, and via body size and horn growth in 
younger calves, as described in Jolles et al. (25). Body condition 
was determined by assigning a score from 1 to 5 based on manu-
ally palpating four sites (ribs, hips, spine, and tail base); average 
score was used in all analyses (26). At each capture period, blood 
was collected and processed identically to FMDV experiment 
procedures, with the addition of serum being stored for analysis 
of exposure by respiratory pathogens.

Laboratory Methods
Foot-and-mouth disease virus qRT-PCR and respiratory 
pathogen ELISAs were run using serum samples. NSMI mark-
ers were quantified using plasma samples; cytokine assays were 
run using incubated plasma samples (outlined in field methods 
section) whereas haptoglobin and SAA assay were run using non-
incubated plasma samples.

FMDV Experimental Buffalo
The number of FDMV RNA genome copies per ml of serum, 
expressed as log10, was measured using quantitative qRT-PCR 
methods outlined in Ref. (21). Buffalo were considered to have an 
active viral infection if genome copies per ml of serum were >3.2 
log10. Thus, one individual was removed from the study as serum 
qRT-PCR results never exceeded >3.2 log10 genome copies/ml of 
serum.

Non-specific markers of inflammation were measured via 
sandwich ELISA per manufacturers’ instructions (Haptoglobin: 
Life Diagnostics 2410; Serum amyloid A: Life Diagnostics SAA-11;  
TNF-α: Ray-Bio ELB-TNFa; IFNγ: Bio-Rad MCA5638KZZ).  
All NSMI ELISAs were run within 1 month of collection.

Importantly, FMDV experimental buffalo were monitored for 
exposure to seven common respiratory pathogens, however, no 
animals seroconverted during the experiment. Pathogens tested 
for, and methods used to estimate, sero-conversion are identi-
cal to methods outlined below (Methods, laboratory methods, 
cohort buffalo).

Cohort Buffalo
Identical to the FMDV experiment, APP were measured via sand-
wich ELISA per manufacturers’ instructions (Haptoglobin: Life 
Diagnostics 2410; Serum amyloid A: Life Diagnostics SAA-11;  
TNF-α: Ray-Bio ELB-TNFa; IFNγ: Bio-Rad MCA5638KZZ).

Sero-conversion, a proxy for incidence, of seven common  
viral and bacterial respiratory pathogens (Figure  1) was 
measured for each capture period via sandwich ELISAs per 
manufacturers’ instructions [Adenovirus (AD-3), parainfluenza 
virus (Pi-3), bovine herpes virus, Mannheimia hemolytica, 
Mycoplasma bovis (MB): Bio-X IPAMM; bovine diarrhea virus 
(BVDV): Bio-X BVDV; bovine respiratory syncytial virus: 
Bio-X BRSV]. Samples were considered positive for pathogen 
antibodies if antibody titers exceeded threshold absorbance  
values calculated using the quality control procedures outlined 
in each Bio-X kit. Incidence was calculated as a binomial vari-
able. Incidence was assigned a 1 if an animal seroconverted from 
t0 to t1 (i.e., absorbance values were below threshold concentra-
tions at t0 but above threshold absorbance at t1) and 0 if the 
animal had not seroconverted.

With the exception of SAA, all NSMI and respiratory patho-
gen ELISAs were run within 2 weeks of capture periods. All SAA 
ELISAs were run in September 2016.

Statistical Analyses
FMDV Experimental Buffalo
Mathematical modeling was carried out using R [R Core Team 
(27)]. To evaluate the response of each NSMI to FMDV infection, 
we calculated (i) the time to NSMI peak from initial FMDV expo-
sure (i.e., from the first day FMDV serum genome copies/1 ml of 
serum >3.2 log10), and (ii) the period for which NSMI remained 
elevated after the host cleared the virus. In addition, mean peak 
concentration and baseline concentration were calculated for 
each NSMI.

The period for which NSMI remained elevated past viral clear-
ance was calculated as follows: first, an exponential decay curve 
Eq. 1 was fit starting from peak NSMI concentration (Figure 1):

	 y aekt= .	 (1)

Next, decay rate (k) and intercept (a) were extracted from 
individual exponential decay equations, and baseline NSMI (yBL) 
levels were estimated from averaging day-2 and day-14 NSMI 
concentrations. The time when NSMI returned to baseline levels 
after their peak, (tBL), was calculated using Eq. 2:

	
t y a

kBL
BLlog log

=
−( ) ( ) .

	
(2)

Time at viral clearance (tVC) was assigned based on the first-day 
FMDV genome copies dropped below 3.2 log10/ml of serum after 
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Table 1 | Foot-and-mouth disease virus (FMDV) experiment: mean (±SE) 
baseline non-specific marker of inflammation (NSMI) concentration, peak NSMI 
concentration, days from FDMV incidence to peak concentration and days 
elevated from viral clearance for the FMDV virus.

NSMI #Buffalo that 
responded

Baseline 
concentration 

(ng/ml)

Peak concentration  
(ng/C)

Mean SE Mean SE

Haptoglobin 11 401.26 22.38 491,891 22,722.45
Serum amyloid A 
(SAA)

11 273.46 20.02 13,806.5 135.45

TNF-α 3 0.88 0.45 3.18 1.61
IFNγ 11 0.52 0.08 7.3 0.49

NSMI Days to peak Days elevated post 
viral clearance

Mean SE Mean SE

Haptoglobin 5.4 0.29 21.23 0.39
SAA 3.33 1.17 11.18 2.66
TNF-α 6.67 0.19 7.75 2.56
IFNγ 4.4 0.3 16.51 1.74

Animals were considered to have mounted a NSMI response if NSMI concentration 
exceeded 2× baseline concentration after FMDV infection; with a total of 11 animals 
participating in the study. Days to peak was calculated by counting the number of 
days between the first day FMDV RNA copies exceeded 3.2 copies/5 μl of serum and 
the day NSMI reached peak concentration. Days elevated from viral clearance was 
calculated by estimating the time it took for NSMI to return to baseline concentrations 
after viral clearance (when FMDV RNA copies were less than 3.2 copies/5 μl serum 
post FDMV incidence). If peak concentrations were only reached on day 30, animals 
were excluded from mean calculations of days to peak and days elevated from viral 
clearance. Notably, mean peak concentration for haptoglobin was approximately 1,226 
times higher than mean baseline levels, 50 times higher for SAA, 14 times higher for 
IFNγ, and four times higher for TNF-α.
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initial incidence. Days’ NSMI was elevated past viral clearance 
which was calculated by Eq. 3:

	 t t tNSMI elevated from vc BL VC= − .	 (3)

Animals in which the NSMI concentration did not exceed 
twofold baseline levels were determined not to have mounted  
that particular NSMI response and removed from future analysis 
(for that NSMI). If NSMI concentrations did not peak until 
30 days post FMDV challenge these animals were removed from 
the analysis as their exponential decay curve would have been fit 
to only one data point. Final sample sizes included in each NSMI 
analysis are included in Table 1.

Raw data of NSMI concentration by day is presented in SF1.

Cohort Buffalo
Statistical analyses for cohort buffalo were performed in R using 
lme4 (28) and lmerTest (29).

Mixed effects logistic regressions were used to evaluate the 
effect of NSMI on respiratory disease incidence. Multiple samples 
per individual were used for all analyses, thus Animal ID was 
included as a random intercept to avoid pseudo-replication. Host 
traits (body condition, age, sex) and season may influence respira-
tory disease incidence (30); therefore, they were included as fixed 
effects within each model. A model was run for each combination 

of respiratory pathogen × NSMI (mixed effects logistic regression 
model example Eq. 4):

	

logit
incidence |NSMI
Body Condition sex age

P ij j

j j j j

=1 1

2 3 4
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(4)

where ς ψj N~ ,( )0  represents Animal ID as a random intercept.
The association of NSMI with respiratory disease incidence 

was evaluated post sero-conversion. Our models asked whether 
prior disease incidence between [t0 and t1] was associated with 
elevated NSMI at t1. Thus, each model was run with explanatory 
variables corresponding to the t1 time step, and disease incidence 
measured for the preceding capture interval.

Haptoglobin and SAA spanned several orders of magnitude 
and were severely right skewed, thus were log2 transformed to 
increase model stability and avoid issues with influential data 
points.

To prevent errors that can arise from multiple testing, statisti-
cal significance of each dependent variable was defined using 
significance levels corrected via the Benjamini and Hochberg’s 
false discovery rate controlling procedure (31). Benjamini and 
Hochberg’s false discovery rate controlling procedure assigns a 
significance level based upon rank of p-value within the family  
of tests; therefore, the particular significance level for each model 
is specified within Table 2. The test statistic and resulting p-value 
were calculated using Satterthwaite’s approximation of degrees of 
freedom (29).

For significant associations between pathogen incidence and 
NSMI, average marginal predicted probabilities for given levels 
of NSMI concentration and area under the curve (AUC) were 
calculated using R packages lme4 (28) and pROC (32). Marginal 
predicted probabilities were calculated using models described 
in Eq. 4. 1,000 marginal predicted probabilities of pathogen inci-
dence were calculated for 100 fixed values of NSMI and randomly 
selected (from the data) values of age, sex, body condition, season, 
and animal id. Average marginal predicted probability and 95% 
CI intervals for pathogen incidence were then constructed from 
the 1,000 values calculated for each fixed NSMI concentration. 
AUC, or the area under the receiving operating characteristic 
curve, is a standard diagnostic analysis used to measure how well 
a parameter can distinguish between two diagnostic groups based 
upon the specificity (true negative rate) and sensitivity (true posi-
tive rate) of the test.

RESULTS

FMDV Experiment Buffalo
Buffalo mounted robust NSMI responses to FMDV infection, as 
evidenced by differences between mean peak and baseline NSMI 
concentrations (Table 1; Figure 2).

The mean time from FMDV incidence to peak NSMI concen-
tration was 3–7 days for all NSMI (Table 1; Figure 3). On average, 
viral clearance occurred at 4.72 (±0.20) days after initial FMDV 

100

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


Table 2 | Cohort study: results of logistic regression models examining the non-specific markers of inflammation (NSMI) as indicators of recent (2–3 months) parasite 
exposure after accounting for body condition, sex, age, season, and animal id.

NSMI Pathogen β SE Test statistic FDR sig level p-Value

log2 (Haptoglobin)

Bovine herpes virus (BHV) −0.06307 0.038 −1.66 0.021 0.09695
PI-3 0.12049 0.03749 3.214 0.007 0.00131
Bovine respiratory syncytial virus (BRSV) −0.05834 0.05671 −1.029 0.043 0.655834
Bovine diarrhea virus (BVDV) −0.03116 0.03953 −0.788 0.029 0.4309
AD-3 0.01374 0.03651 0.376 0.05 0.707
Mycoplasma bovis (MB) 0.19008 0.0598 3.178 0.014 0.00148

 Mannheimia hemolytica (MH) −0.02125 0.03593 −0.592 0.036 0.55414

log2 (Serum amyloid A)

BHV −0.04368 0.02235 −1.954 0.007 0.0507
PI-3 0.003432 0.019632 0.175 0.05 0.86123
BRSV −0.03458 0.03394 −1.019 0.036 0.308322
BVDV −1.32E–01 8.95E−02 −1.471 0.029 0.14131
AD-3 0.01316 0.02144 0.614 0.043 0.53946
MB 0.3577 0.19031 1.88 0.014 0.060174

 MH −0.04644 0.02661 −1.745 0.021 0.0809

TNF-α

BHV −0.19076 0.3101 −0.615 0.036 0.5384
PI-3 −0.32148 0.26095 −1.232 0.007 0.21798
BRSV −0.62706 71187 −0.881 0.021 0.378
BVDV −0.24408 0.35926 −0.679 0.029 0.496886
AD-3 −0.099964 0.212616 −0.47 0.043 0.638
MB 0.277238 0.22845 1.192 0.014 0.233131

 MH −0.064314 0.235515 −0.273 0.05 0.784793

IFNγ

BHV −0.77378 0.58834 −1.315 0.029 0.18844
PI-3 0.20225 0.18011 1.123 0.043 0.26148
BRSV −3.63397 2.19124 −1.658 0.021 0.0972
BVDV 0.17317 0.1457 1.189 0.036 0.234609
AD-3 0.34937 0.18254 1.914 0.014 0.0556
MB −2.23E+00 1.03E + 00 −2.157 0.007 0.031
MH 0.26631 0.29246 0.125 0.05 0.900229

FDR significance levels are false discovery rate significance levels, which avoid issues for false positives that can occur when using multiple testing procedures.
Bold values indicate statistically significant relationships.
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infection (i.e., the first-day FMDV RNA copies >3.2 log10/ml of 
serum). Haptoglobin remained elevated for the greatest number 
of days past viral clearance (21 days on average), with the lowest 
interindividual variation in time elevated, followed by IFNγ, 
SAA, and TNF-α (Figures 1 and 3; Table 1).

All individuals showed increases in haptoglobin, SAA, and 
IFNγ, however, only 3/11 contact buffalo mounted detectable 
TNF-α responses. Haptoglobin displayed the greatest difference 
in mean peak and baseline concentration, followed by SAA, 
IFNγ, and TNF-α.

Cohort Buffalo
For each NSMI, we tested whether elevated levels of the marker 
were indicative of infection by a range of respiratory pathogens 
during the preceding 2–3 months. Haptoglobin was a significant 
indicator of two respiratory pathogens: MB and Pi-3 (Table  2; 
Figure 4). After controlling for animal traits and season, for every 
twofold increase in haptoglobin there was a 21% increase in the 
odds of prior MB incidence and a 13% increase in the odds of 
prior Pi-3 incidence. As expected for NSMI, the sensitivity and 
specificity of haptoglobin as a marker of each particular pathogen 

was significant (Lower CI of AUC > 0.5) but moderate. The AUC 
for haptoglobin as a classifier of MB was 0.67 (95% CI 0.52–0.77) 
and Pi-3 was 0.586 (95% CI 0.53–0.64) (Figure 5).

Although not significant by standards of the Benjamini and 
Hochberg’s false discovery rate controlling procedure, there was 
suggestive evidence (p-value <0.05) that IFNγ was an indicator 
of MB incidence (Table 2). For every unit increase in IFNγ, there 
was an 11% decrease in the odds of prior MB incidence.

DISCUSSION

Mitigating disease outbreaks and identifying pathogen presence 
is crucial in evaluating ecosystem health (33, 34), creating effec-
tive wildlife conservation plans (35–37) and improving global 
health (38–40). Current techniques to detect pathogen exposure 
are primarily limited to (1) tests that are highly specific to both 
pathogen and host and (2) pathogens that cause detectable 
pathology in humans and economically important animals; yet, 
the diversity of pathogen communities in natural populations is 
only beginning to be uncovered (41, 42) with specific diagnostic 
tools for novel infections generally unavailable.
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Figure 2 | Foot-and-mouth disease virus experiment: mean baseline and peak NSML. Y axes are log transformed for ease of visual comparison between 
non-specific markers of inflammation peak and baseline concentrations. Haptoglobin peak and baseline concentrations displayed the greatest difference and least 
variability followed by serum amyloid A (SAA), IFNγ, and TNF-α. The horizontal bands represent the 25, 50, and 75% quartiles whereas the vertical lines represent 
1.5 times the interquartile range above the upper quartile and below the lower quartile, and dots represent outliers.
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Given the current surge in infectious disease emergence (43), 
new diagnostic approaches, which can detect diverse pathogens, 
over an extended time frame within a broad range of hosts, are 
urgently needed. Our study demonstrates a possible approach 
to detecting infections non-specifically, using inflammatory 
molecular.

Despite the overwhelming diversity of pathogen species that 
can infect a given host, early stages of immunological response 
are considered evolutionarily conserved, and primary defenses are 
similar for a diversity of pathogens (44) within many hosts (45). 
Consequently, tracking first-line immune response has potential 
as a non-specific diagnostic approach for monitoring the burden of 
disease in a population of interest. Invertebrate and vertebrate hosts 
initially respond to pathogen challenge by mounting an inflam-
matory response (45). Due to the ubiquity of the inflammatory 
response, proteins upregulated during this initial stage of infection 
may hold promise as non-specific markers of pathogen exposure.

In this study, we used experimental and observational 
approaches to explore the utility of four NSMI in detecting patho-
gen exposure. We included two APP (haptoglobin and SAA) and 
two cytokines involved in inflammatory responses (IFNγ and 
TNF-α).

Buffalo mounted quick and robust acute phase responses to 
experimental challenge with FMDV, with the magnitude of NSMI 

responses similar to those reported in cattle (46). We found that, 
in response to FMDV infection, haptoglobin remained elevated 
the greatest number of days past viral clearance with the smallest 
degree of interindividual variation. Haptoglobin reached peak 
concentrations within a week of FMDV incidence and remained 
elevated for more than 3 weeks past FMDV clearance. Elevated 
haptoglobin levels were, thus, detectable both during and for 
several weeks after FMDV infection. Complementary to this, 
we found in our cohort study that haptoglobin was a significant 
indicator of recent natural incidence by two out of seven viral and 
bacterial respiratory pathogens.

Within the last 20 years, haptoglobin has been used to study 
inflammation in domestic animals (46) but has been more strongly 
associated with bacterial infections (47). We found haptoglobin 
to be significantly associated with both a viral (Pi-3) and a bacte-
rial (MB) pathogen. Abnormal haptoglobin concentrations have 
been found in cattle infected with FMDV (48, 49) and Pi-3 (50).

All buffalo included in the experimental study mounted SAA 
and IFNγ responses to experimental FMDV infection within a 
week, however, on average, SAA remained elevated for just under 
2 weeks and IFNγ remained elevated for just over 1 week. IFNγ 
was also a suggestive indicator of MB in our cohort study. TNF-α 
responses were detectable in one-fourth of our experimentally 
FMDV-infected buffalo, were short-lived for animals that 
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Figure 3 | Foot-and-mouth disease virus experiment: time from initial FMDV incidence to peak non-specific markers of inflammation concentration and time NSMI 
elevated from viral clearance. On average, all NSMI concentrations reached peak in 3–7 days. Haptoglobin concentrations remained elevated the longest past viral 
clearance, with the least variability, followed by serum amyloid A (SAA), IFNγ, and TNF-α. Individuals where NSMI concentrations peaked on day 30 were excluded 
from calculations as this was thought to be due to a secondary infection. The horizontal bands represent the 25, 50, and 75% quartiles, whereas the vertical lines 
represent 1.5 times the interquartile range above the upper quartile and below the lower quartile, and dots represent outliers.
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mounted a response, and showed no associations with respiratory 
pathogens we monitored in our cohort study. Our results for SAA 
and IFNγ, especially IFNγ, suggest potential of NSMI for disease 
monitoring. Perhaps, inflammatory cytokines, particularly TNF-
α, responses are mounted quickly, either very localized or low in 
magnitude, and short lived because of the collateral damage they 
elicit (51, 52). Haptoglobin contributes to “cleaning up” products 
of inflammation (19) and, thus, should cause significantly less 
immunopathology. The function of haptoglobin may, thus, 
explain the comparatively long lived, high magnitude responses 
we observed.

We found haptoglobin to be a significant classifier of MB and 
Pi-3, however, specificity would be considered low by veterinary 
and human medical diagnostic standards. Low specificity is 
expected, given that haptoglobin responds to multiple inflam-
matory processes including exposure to unknown pathogens, 
stress, trauma, and autoimmune disorders (46); and indeed, the 
goal here was to find non-specific markers indicative of pathogen 
exposure. Although sensitivity and specificity was low, and hap-
toglobin only detected two out of seven respiratory pathogens, 
our results are particularly encouraging because we are likely to 

be underestimating the true sensitivity of haptoglobin and other 
NSMI in the cohort study, due to the “mismatch” between capture 
interval (2–3  months) and NSMI response (e.g., haptoglobin: 
3 weeks). This is likely cause an increased number of false nega-
tives—animals that were exposed to a given pathogen, but have 
no detectable elevation in NSMI at time of capture. More frequent 
captures should thus improve the performance of NSMI in detect-
ing pathogen exposures. In addition, using a combination of 
NSMI may help to tease apart sources of inflammation, allowing 
researchers to filter out non-infectious processes and improve test 
specificity.

Our work points to the possibility of defining markers for 
non-specific disease surveillance, but raises many new questions 
about discovering which combinations of markers can potentially 
work in different host species, and for detection of different suites 
of pathogens.

For example, future research could investigate a broader range 
of cytokines, such as inflammatory cytokines, Il-6 and Il-1beta, 
and additional APP, such as fibrinogen or C-reactive protein, 
and negative APP such as albumin or transferrin. Dugovich et al. 
(53) recently described the utility of natural antibodies (nAbs), 
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Figure 4 | Cohort study: elevated haptoglobin was associated with Mycoplasma bovis (MB) and Parainfluenza virus III (PI3) exposure during the preceding 
2–3 months. Y axes show average marginal predicted probabilities of pathogen incidence. Marginal predicted probabilities were calculated using models described 
in Eq. 4. 1,000 marginal predicted probabilities of pathogen incidence were calculated for 100 fixed values of NSMI and randomly selected (from the data) values of 
age, sex, body condition, season, and animal id. Average marginal predicted probability and 95% CI intervals for parasite incidence were then constructed from the 
1,000 values calculated for each fixed NSMI concentration. Due to large seasonal variation, the lower confidence interval of MB is small.

Figure 5 | Cohort study: area under the curve (AUC) for detection of 
Mycoplasma bovis (Mb) and Parainfluenza Virus (PI3) based on elevated 
haptoglobin. AUC, or the area under the receiving operating characteristic 
(ROC) curve, is a standard diagnostic analysis used to measure how well a 
parameter can distinguish between two diagnostic groups based on the 
specificity (true negative rate) and sensitivity (true positive rate) of the test. 
The gray line represents the trend the diagnostic parameter would follow if 
the AUC was equal to 0.5. The blue line represents the observed trend; the 
closer the curve follows the left and top border of the graph, the more 
accurate the test. If the blue line falls below the gray line (AUC < 0.5), it 
indicates that the test is not significantly better than random.
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antibodies that associate with the innate immune response and 
bind to multiple microbial agents, in assessing immunological 
status of desert bighorn sheep. In addition, in mammals, toll-like 
receptors (TLRs), proteins integral in recognition of infection, are 
highly conserved to recognize broad groups of pathogens (54).  
As such, the utility of nABs and TLR expression as disease sur-
veillance tools warrants future research.

A systematic approach could follow host responses to patho-
genic challenge, from pathogen recognition to inflammation, 
and define effectors that typify responses to different groups of 
pathogens. Immunologists could potentially tailor NSMI panels 
for detecting different groups of parasites, such as hemoparasites 
or gastro-intestinal infections—and explore whether taxonomic 
relatedness of parasites, or similarity of infection sites are most 
important in selecting appropriate NSMI.

Assays for APP and pro-inflammatory cytokines have been 
developed for domestic animals and laboratory model species, 
including cows, sheep, goats, horses, dogs, cats, mice, and rats. A 
handful of studies have used serum and urine based assays to moni-
tor health and disease incidence in wildlife species including Grant’s 
zebra (55), European mouflon (56), Przewalkski’s horses (57), rhe-
sus macaques (58). As such, the tools for beginning to define panels 
of NSMI for disease monitoring, already exist for a broad range of 
mammalian host species. Due to the devastation that emerging 
infectious diseases have elicited in amphibian (59) and marine 
invertebrate (60, 61) systems, identifying inflammatory markers 
that detect pathogen exposure in non-mammalian vertebrates and 
invertebrates could prove invaluable to conservation biologists.
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For NSMI that are stable in stored samples, such as frozen 
sera, the utility of NSMI could extend beyond current surveil-
lance to include retrospective studies—biobanks are a commonly 
available but underused resource for human, animal, and wild-
life studies. Beechler et  al. (62) demonstrated that haptoglobin 
concentrations in stored serum remain stable for at least 4 years, 
and (63) documented stability of haptoglobin, nAbs, and total 
immunoglobulins during extended storage, suggesting that 
undertaking retrospective evaluations of populations is a feasible 
and viable option for future studies.

Developing non-specific diagnostic tools is essential to detect 
emerging infections in animal and human populations and effec-
tively tracking the burden of infection in natural populations. 
In the face of the vast diversity of pathogens and host species, 
an approach that tracks conserved inflammatory responses to 
a range of infections may provide a tractable pathway toward 
recognizing changes in disease burden that can then be followed 
up with specific diagnostic testing. Our study on infections in 
African buffalo provides a proof of concept, showing that APP 
and/or pro-inflammatory cytokines can provide useful informa-
tion about pathogen exposures. It is our hope that this work will 
open opportunities for investigating suites of NSMI as indicators 
for pathogen exposure, potentially transforming how we measure 
disease in natural populations.
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Heritable population differences in immune gene expression following infection can reveal 
mechanisms of host immune evolution. We compared gene expression in infected and 
uninfected threespine stickleback (Gasterosteus aculeatus) from two natural populations 
that differ in resistance to a native cestode parasite, Schistocephalus solidus. Genes in 
both the innate and adaptive immune system were differentially expressed as a function 
of host population, infection status, and their interaction. These genes were enriched 
for loci controlling immune functions known to differ between host populations or in 
response to infection. Coexpression network analysis identified two distinct processes 
contributing to resistance: parasite survival and suppression of growth. Comparing 
networks between populations showed resistant fish have a dynamic expression profile 
while susceptible fish are static. In summary, recent evolutionary divergence between two 
vertebrate populations has generated population-specific gene expression responses to 
parasite infection, affecting parasite establishment and growth.

Keywords: gene expression, host–parasite, ecoimmunology, stickleback, reactive oxygen species

INTRODUCTION

Helminths are a diverse group of parasitic worms, which often establish long lasting infections 
in their vertebrate hosts (1), despite host immune activity. Curiously, in many host-parasite sys-
tems, helminths can persist in some host genotypes, whereas other hosts successfully eliminate 
infections. Therefore, a key question in biology is, why does parasite resistance differ among host 
individuals or populations? Host resistance depends on a complex signaling cascade, starting 
with the detection of pathogen molecules or pathogen induced damage to host tissues, followed 
by activation of a diverse suite of innate and adaptive immune cell populations. These cells may 
proliferate, migrate, or produce molecules that signal to other immune cells or directly attack the 
parasite. If the infection is cleared, the host must downregulate this costly response (1–4). Natural 
genetic variation in host resistance could arise from any stage(s) in an immune cascade.

Classically, the search for genes important to host immunity has been conducted in the lab 
using a combination of forward genetic experiments and screens for abnormal phenotypes  
(5, 6). Such approaches typically identify genes in which natural or induced mutations lead to loss 
of immunological function. In contrast, natural selection provides a powerful genetic screen for 
alleles that confer adaptive benefits within the complex ecological milieu in which wild vertebrates 
have evolved and currently live, including diverse stresses and coinfections (7, 8). Isolated host 
populations are often exposed to distinct local parasite species or genotypes, and consequently 
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evolve divergent immune traits. Spatially varying coevolution 
thus leads to adaptive geographic variation in host genotypes and 
corresponding immune traits (9, 10). In contrast to lab knock-
out screens, this natural genetic variation is more likely to entail 
genes whose alleles confer a change or gain of immune function. 
Loss of function is of course also a possibility, if parasites exploit 
a given host trait, or if a trait confers insufficient benefits to war-
rant its costs. By identifying these evolutionarily labile genes, 
biologists seek to understand the genetic and immunological 
mechanisms of vertebrate resistance to, and coevolution with, 
helminth parasites. The genes identified in this manner will be 
of interest not only for what they tell us about the basic biology 
of host parasite interactions but also as a possible source of new 
therapeutic strategies for controlling parasitic infections or 
manipulating vertebrate immunity (11, 12).

One way to identify genes favored by natural selection is to 
look for evolution of gene expression in response to infection. 
Recent advances in sequencing technology and genetic map-
ping have made this an accomplishable goal (13, 14). Previous 
studies have uncovered variation in gene expression associated 
with disease in rat, mouse, and human populations (15–18), but 
few studies have used wild populations (19–22). These studies 
are often underpowered, as the historically high cost of RNAseq 
library prep and sequencing limited biological replication (23). 
Few studies of variation in disease in wild populations have 
included more than a single population (20) or considered the 
effect of exposure on those individuals who did not ultimately 
become infected. Finally, linking changes in gene expression 
to host immune function requires concurrent measurement of 
multiple immune phenotypes, which are also missing from the 
majority of existing studies of wild populations of hosts. Here, 
we seek to close these gaps by testing the effect of exposure or 
infection on gene expression, using a large number of individuals 
from two populations with independent evidence of immune 
trait divergence.

We tested whether host genotype and infection status alter 
host gene expression, using the threespine stickleback fish 
(Gasterosteus aculeatus) and its native cestode parasite Schis­
tocephalus solidus as a model host-parasite system. The cestode’s 
eggs are deposited into freshwater via bird feces, then hatch 
and are consumed by copepods, which are in turn consumed 
by stickleback (their obligate host). Cestodes mature only in 
sticklebacks’ peritoneum, then mate inside the gut of piscivorous 
birds. This life cycle can be recapitulated in the lab, permitting 
controlled genetic crossing (24) and controlled infections among 
host or parasite genotypes. There is naturally occurring varia-
tion in cestode infection rates among stickleback populations 
throughout their native range (25, 26). This is mirrored by dif-
ferences in expression of a selected few immune genes, between 
wild caught stickleback from six populations, and between wild 
caught fish with vs. without cestodes (27, 28).

Recently, Weber et  al. (26) identified natural populations of  
stickleback with dramatically different resistance to S. solidus. 
Marine stickleback, which resemble the likely ancestral state for 
modern freshwater populations, rarely encounter the cestode 
because its eggs do not hatch in brackish water. These fish geno-
types are therefore highly susceptible to infection in laboratory 

exposure trials. When marine stickleback colonized post-glacial 
freshwater lakes, they encountered cestodes and evolved increased 
resistance to infection by cestodes (26).

However, not all derived freshwater populations are equally 
resistant. On Vancouver Island in British Columbia, Gosling 
Lake (Gos) stickleback are heavily infected by cestodes (50–80% 
of fish, per year, from 10 years of observations). In contrast, the 
cestode is absent in stickleback from nearby Roberts Lake (Rob) 
over the same period of time (18 km away) (29). The first host 
(copepods) and terminal hosts (piscivorous birds, mostly loons, 
and mergansers) are common in both lakes. Diet data from 
both lakes shows that Rob and Gos fish consume copepods at an 
equal rate (29, 30). The difference in infection rates is therefore 
not likely to be merely ecological. Accordingly, Weber et  al.  
(29) used experimental infections to confirm that Rob fish are 
more resistant to infection than Gos fish. In the lab, cestodes 
infect Rob and Gos stickleback at statistically indistinguishable 
rates, but Rob fish greatly reduce cestode growth (by two orders 
of magnitude). Rob fish are able to subsequently kill established 
cestodes by initiating peritoneal fibrosis which sometimes leads 
to the formation of a cyst and cestode death. While the mecha-
nism underlying this cestode growth suppression and killing is 
uncertain, potential correlates are suggestive. Lab-reared Rob 
fish (or, F1 hybrids with a Rob dam, i.e., mother) have a higher 
granulocyte:lymphocyte ratio following infection. In Rob fish, 
a higher fraction of the granulocytes generate reactive oxygen 
species (ROS), and these constitutively produce more ROS 
than cells from Gos fish. ROS is thought to damage the cestode 
tegument, and ROS production was negatively correlated with 
cestode growth. This higher ROS production by Rob fish is 
constitutive rather than induced by infection (29).

Given the immune phenotypes that differ between Rob 
and Gos stickleback, we hypothesized that these populations 
would exhibit constitutive and infection-induced differences 
in gene expression. Furthermore, we expected these differ-
ences to involve differential expression of immune genes, 
particularly those involved in ROS production and fibrosis. To 
test these hypotheses, we quantified gene expression of head 
kidneys from lab-reared Rob and Gos stickleback from three 
treatments: control, exposed but uninfected, and infected by  
S. solidus. We tested for: (i) genes whose expression differs con-
stitutively between populations, (ii) genes which are involved in 
general responses to cestodes shared by both host populations, 
and (iii) genes whose expression depends on the interaction 
between host population and infection status. Genes whose 
expression depends on an interaction between population and 
infection status are prime candidates for explaining how these 
populations respond differently to cestodes, ultimately resulting in 
significantly different parasite burdens. Additionally, we tested for 
correlations between modules of coexpressed genes and immune 
phenotypes (e.g., ROS production or granulocyte:lymphocyte 
ratio). The number of correlated suites of genes and their cor-
relations with various immune phenotypes can give insight into 
pathway level phenotypes for further study. In particular, we wish 
to know whether cestode establishment and cestode growth are 
correlated with similar or different gene expression modules, 
implying a shared or separate immunological cause.
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TABLE 1 | Candidate genes; Ensembl IDs, gene names, log2 fold changes, 10% FDR corrected p-values, term in the model for which they are significant, putative 
function, and interpretation.

Ensemble ID Gene name Log2 fold change 10% FDR corrected p-value Model term Putative function

ENSGACG00000004283 bcl2 0.99 <0.01 Population Reactive oxygen  
species (ROS) production

ENSGACG00000018044 Tripartite motif 14 (TRIM14) −1.78 <0.01 Population Mitochondria
ENSGACG00000011287 TRIM14 1.26 <0.01 Population Mitochondria
ENSGACG00000000336 Major histocompatibility  

complex II (MHC II)
3.67 <0.01 Population Antigen presentation

ENSGACG00000017967 MHC II 3.39 <0.01 Population Antigen presentation
ENSGACG00000017764 Ndufs8 0.88 <0.08 Infection ROS production
ENSGACG00000012552 blvrb 1.14 <0.07 Infection ROS removal
ENSGACG00000005065 nfkbiaa −0.49 <0.07 Infection Inflammation
ENSGACG00000011155 CD40 −0.38 <0.1 Infection Macrophage/ROS
ENSGACG00000015164 fibronectin 0.89 <0.07 Infection Build cysts
ENSGACG00000019698 Tspan33 1.04 <0.07 Infection Helminth immunity
ENSGACG00000010455 gpx1a −1.86 <0.07 Interaction ROS removal
ENSGACG00000015963 cox4i1 0.43 <0.06 Interaction ROS production
ENSGACG00000002844 csf1b −1.11 <0.08 Interaction Macrophage activation
ENSGACG00000019078 cxcl19 −1.17 <0.06 Interaction B-cell targeting
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RESULTS AND DISCUSSION

We measured gene expression of the head kidney, the major site 
of immune cell differentiation, using TagSeq, an RNAseq method 
that focuses on the 3′ end of transcripts (31). We connected these 
results to prior work on ROS production and cell population char-
acterization (29). We further described these cell culture results 
with new flow cytometry analysis, and correlated ratios of cell 
sub-populations with TagSeq measurements of gene expression.

Populations Differ in Expression of Genes 
Underlying Divergent Immune Phenotypes
Our negative binomial linear models (see Materials and Methods) 
identified 643 genes that were differentially expressed as a func-
tion of stickleback population (Wald, p  <  0.1 after 10% FDR 
correction; 361 genes after 5% FDR. See Table  1 for summary 
statistics.). These main effects of population represent genes 
whose expression differs constitutively between populations 
(regardless of infection status). Because these differences occur in 
lab-raised fish, they represent heritable between-population dif-
ferences in RNA abundance. Because we measured gene expres-
sion from the entire head kidney, expression differences could 
reflect evolved changes in gene regulation per cell, changes in 
cell population composition, or both. A caveat is that because we 
used first-generation lab-reared fish, we are as yet unable to rule 
out maternal or other epigenetic effects. However, comparison  
of Rob, Gos, and reciprocal F1 hybrids revealed little evidence  
for maternal effects on infection outcomes or immune traits 
(with the exception of granulocyte:lymphocyte ratio) (29). So, we 
consider maternal effects unlikely for most of the differentially 
expressed genes documented here.

Previous studies have considered the effect of genotype on 
changes in stickleback immune gene expression in controlled 
lab infection experiments. However, these results are conflated 
with other factors such as environment (i.e., comparing wild-
caught lake, stream, and estuary stickleback) and multiple 
exposures to parasites (27). Host genotype was also considered 

in an experimental infection of honeybees, revealing significant 
host genotype effects on both gene expression and infection 
phenotypes (32). Furthermore, host genotype effects could be 
potentially very important in mosquito-malaria interactions, 
including a unique example of dual-species trancriptomics (33). 
Clearly host genotype effects in macroparasite infection are 
worthy of future study.

Gene ontogeny (GO) showed that these differentially expressed 
genes are significantly enriched for several categories related to 
mitochondrial respiration, which can affect ROS production 
(Figure  1, cellular components, Mann–Whitney U-test). Rob 
lake fish also have higher expression of B-cell lymphoma 2 (bcl2, 
ENSGACG00000004283, log2foldchange = 0.99, Wald p < 0.01 
after 10% FDR correction), a mitochondrial membrane protein 
which mediates the release of ROS-producing cytochrome C into 
the cell and promotes cell survival in the presence of oxidative 
stress (34). We observed significant differences in expression 
of two copies of another mitochondrial adaptor, tripartite 
motif 14 (TRIM14). Surprisingly, expression of each gene copy 
changes in opposite direction between the two host popula-
tions (ENSGACG00000018044: log2fold change = −1.78, Wald 
p  <  0.01 after 10% FDR correction, ENSGACG00000011287: 
log2fold change =  1.26, Wald p <  0.01 after 10% FDR correc-
tion). TRIM14 is part of the innate immune system (35) and 
shows signatures of balancing selection among other populations 
of stickleback (36). While the majority of differences in TRIM14 
expression are constitutive population effects, there is a single 
copy that depends on an interaction between population and 
infection status (see below). Together, the population differences 
in ROS-associated gene expression support our observation of 
significantly greater ROS production in Rob stickleback. It is 
important to note that these genes are differentially expressed 
between populations regardless of infection status, consistent 
with prior observations that ROS production is constitutive, 
insensitive to infection status (29).

Major histocompatibility complex II (MHC II) is a key ele-
ment of the adaptive immune system, involved in pathogen 
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FIGURE 1 | Linear modeling reveals differences between populations and by infection status (all genes p < 0.1 after 10% FDR correction). Genes which are 
differentially expressed between Rob and Gos are enriched for mitochondrial respiration (cellular components, Mann–Whitney U-test, p < 0.01 after 10% FDR 
correction). GO categories in red are upregulated in Rob fish, while blue indicates downregulated, relative to Gos. Numbers indicate genes present in category/total 
genes in category. Text size indicates statistical significance of GO term enrichment among differentially-expressed genes. See Figure S1 in Supplementary Material 
for molecular function and biological processes.
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recognition. Regardless of infection status, Rob fish have higher 
MHC II expression than do Gos fish, for two different copies of 
MHC II (ENSGACG00000000336: log2fold change = 3.67, Wald 
p  <  0.01 after 10% FDR correction, ENSGACG00000017967: 
log2fold change = 3.39, Wald p < 0.01 after 10% FDR correc-
tion). This difference in transcript abundance could be due to 
changes in the relative abundance of antigen-presenting cells 
(APCs) such as macrophages, which express MHC II (37).  
To explore this possibility, we used another statistical model to 
determine whether variance-stabilized expression of each MHC 
copy covaried with the proportion of granulocytes (as opposed 
to lymphocytes, described in Figure 2) in a head kidney primary 
cell culture, controlling for population and infection status. 
Rob fish have relatively more granulocytes when infected (29), 
so we expected a positive correlation between MHC II expres-
sion and granulocyte production. Instead, the correlation was 
negative (ENSGACG00000000336: β  =  −0.0262, t  =  −1.76 
ENSGACG00000017967: β = −0.022, t = −1.98). Our working 
model to explain this result is that Rob fish have constitutively 
higher abundance of MHC II in their head kidneys because they 
have higher numbers of APCs regardless of infection status. 
When challenged by cestodes, Rob fish initiate a strong innate 
immune response, expanding the granulocyte population, but 
not APCs. This infection-dependent proliferation of non-APC 
granulocytes may dilute the relative abundance of MHC tran-
script, resulting in the observed negative correlation between 
MHC and granulocyte abundance.

Previous work has focused on the role of MHC allelic vari-
ation in stickleback–parasite interaction, resistance, and local 
adaptation (38–40). However, most of this work centers on 
MHC allelic composition and its correlation to infection and 
growth phenotypes (as a proxy for fitness). Many fewer studies 
quantify expression of MHC alleles. One study noted increased 
expression of MHC II in wild fish which were more heavily 
parasitized, especially when MHC allele diversity was low 
(39). However, only a single population of fish was considered,  
so our discovery of significant effect of population (Rob vs. Gos) 
on MHC II expression is therefore novel. It is important to note 

that copy number variation may complicate this result. Previous 
sequencing efforts have suggested that stickleback have between 
four and six copies of MHC II throughout their genome (41–43). 
Because TagSeq does not sequence the entirety of the mRNA, 
we cannot distinguish all MHC haplotypes present in individual 
fish. It is therefore possible that differences in expression of the 
two variants described here is due to altered regulation of only 
particular alleles or paralogs. Poor annotation is also a problem, 
but because the identity of a read is based on mapping in a 
relatively conserved region of the mRNA, we believe we have 
captured the broad patterns at play.

Infection Changes Gene Expression but 
Exposure Does Not
Surprisingly, no genes differed between control vs. exposed-
but-uninfected fish (Wald, p < 0.1 after 10% FDR correction). 
This could be because resistant fish quickly mounted a response 
to the cestode, eliminated the parasite, and then downregulated 
immune function by our 42-day sample date. Or, early-acting 
resistance to the cestode may involve physical or chemical bar-
riers to entry that entail constitutive gene expression or non-
genetic effects (e.g., gut epithelial mucous, protective symbiotic 
bacteria, etc). Finally, early-stage infections may induce localized 
immune responses in the intestinal epithelium or peritoneum 
that are not reflected in systemic responses that are measured 
by head-kidney gene expression.

Once the cestode establishes in the peritoneum, however, 
it induces some shared changes in gene expression of all host 
genotypes. We identified 64 genes that were differentially 
expressed between control and infected fish (Wald, p < 0.1 after 
10% FDR correction), across both host genotypes. Several of 
these genes are promising candidates because of their known 
role in host immunity. For example, infected fish increase 
expression of ndufs8, a component of complex I which is the 
main ROS producer in cells (ENSGACG00000017764: log2fold 
change = 0.88, Wald p < 0.08 after 10% FDR correction) (44). 
Other subunits of complex I are more highly expressed in Rob 

111

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


GranGranGran

LympLympLymp

GranGranGran

LympLympLymp

1e4 1e5
Intensity MC DAPI

1e5

1e4

1e3

In
te

ns
ity

 M
C

 S
S

C

A B

FIGURE 2 | Confirmation of granulocyte and lymphocyte identity confirmed using Amnis imaging flow cytometry. Side scatter (SSC) high cells were morphologically 
consistent with granulocytes, while SSC low cells were consistent with lymphocytes. Head kidney leukocytes were permeabilized and stained with DAPI. (A) Singlet, 
DAPI+ cells were divided into granulocyte and lymphocyte populations based on SSC. (B) Representative images of cells within the granulocyte and lymphocyte 
gates. Chanel 1: DAPI nuclear stain, Chanel 4: bright field, Chanel 6: SSC.
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fish regardless of infection status, consistent with their higher 
constitutive production of ROS. Therefore, ndufs8 may be  
particularly important in regulating the production of ROS 
in response to infection, because it is the only complex I sub
unit upregulated upon infection. ROS are reduced when they 
act on their targets, and the raw materials can be recycled 
through the biliverdin/billiruben redox cycle (45). Infected fish 
from both populations have higher levels of blvrb (biliverden 
reductase B), one of the two enzymes in this ROS-recycling 
system (ENSGACG00000012552: log2fold change = 1.14, Wald 
p < 0.07 after 10% FDR correction). This upregulation should 
facilitate removal of ROS that may limit damage to host tissues, 
or facilitate subsequent ROS production.

Another important aspect of ROS-based immunity is the 
associated inflammation. Infected fish have decreased expres-
sion of nfkbiaa (nuclear factor kappa light polypeptide gene 
enhancer in B-cell inhibitor alpha a), which interacts with NF-kB 
to suppress inflammation (ENSGACG00000005065: log2fold 
change  =  −0.49, Wald p  <  0.07 after 10% FDR correction). 
Nfkbiaa inhibits the pro-inflammatory NF-kB by either prevent-
ing NF-kB proteins from entering the nucleus, where they are 
active, or by blocking NF-kB transcription factor binding sites. 
NF-kB activation by TNFa or LPS reverses this binding and 
allows NF-kB to activate expression of pro-inflammatory genes 
(46). Thus, decreased nfkbiaa expression suggests an increased 
inflammatory response following successful infection.

Infected fish also have a slight decrease in expression of 
CD40 (ENSGACG00000011155: log2foldchange  =  −0.38, 
Wald p  <  0.1), a co-stimulatory molecule expressed on den-
dritic cells, macrophages, and B-cells, which activates T- and 
B-cells (37). Previous studies have suggested that helminths 
could potentially suppress stickleback adaptive immunity (47), 
and the downregulation of CD40 is one plausible mechanism. 
Alternatively, fish with inherently lower CD40 expression may 
be more susceptible to infection. This raises a broader question 
that we are not yet able to answer, but which warrants further 
study: to what extent are the expression differences between 

infected and control fish a result of host immune response or 
parasite immune suppression? One plausible approach might 
be to measure gene expression in both host and parasite simul-
taneously and model host expression as a function of parasite 
expression and vice versa.

CD40 expression is not limited to immune cells, but can 
also be expressed in fibroblasts (48), so its precise function in 
stickleback infection by cestodes is unclear. This dual role is 
intriguing because fibroblast activation is associated with the 
formation of fibrotic cysts that encapsulate cestodes (49). These 
cysts likely restrict cestode movement and concentrate ROS while 
limiting damage to host tissues. Recall that this is a population 
specific defense, exhibited by Rob but not Gos fish (29), and 
in this statistical contrast the effect of population is averaged. 
In addition to changes in CD40, our linear model identified 
an increase of expression of fibronectin in infected Rob fish, 
which contributes to fibrinogen production to build cysts (3, 50) 
(ENSGACG00000015164: log2fold change = 0.89, Wald p < 0.07 
after 10% FDR correction).

Adaptive immune system genes also respond to cestode 
infection. Tspan33 has recently been shown to be a marker for 
activated B-cells in vertebrates (51, 52). The presence of acti-
vated B-cells indicates the host immune system has recognized 
the parasite and is actively mounting a defense. In our study, 
infected fish show higher levels of tspan33 compared to controls 
(ENSGACG00000019698: log2fold change = 1.04, Wald p < 0.07 
after 10% FDR correction). Increased expression of tspan33  
in infected fish is consistent with increased activation of B-cells, 
an integral part of the adaptive immune response.

Population Dependent Expression 
Supports Prior Observations of Divergent 
Immune Phenotypes
The higher resistance to S. solidus infection in Rob compared to 
Gos stickleback could be due to constitutive differences in gene 
expression (as documented above), or differences in the induced 
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immune response to infection. The latter can be detectable via 
interactions between host genotype and infection status. Linear 
modeling results identified 16 genes significant for this interac-
tion (Wald p  <  0.1 after 10% FDR correction). Most of these 
genes are known to affect the immune traits that Weber et al. 
(29) already showed are divergent between Rob and Gos fish. 
For example, glutathione peroxidase 1a (gpx1a) is an enzyme 
that degrades hydrogen peroxide, a type of ROS, into glutathione 
and water (53). Expression of gpx1a in Gos fish increases upon 
infection and therefore should tend to decrease the amount of 
ROS (hydrogen peroxide) available to defend against cestodes 
(ENSGACG00000010455: log2foldchange = −1.86, Wald p < 0.07 
after 10% FDR correction). We speculate that this proactive 
downregulation upon infection might be a tolerance response to 
mitigate autoimmune damage by Gos fish, which are commonly 
infected and therefore might not be able to tolerate a strong ROS 
response. The cytochrome c complex produces ROS (53), and 
we see increased expression of Cytochrome c oxidase subunit 
IV (cox4i1) in Rob fish that are infected, while Gos fish decrease 
expression (ENSGACG00000015963: log2foldchange  =  0.43, 
Wald p < 0.06 after 10% FDR correction). These gene expression 
data are consistent with our phenotypic data showing that Rob 
fish have more ROS-producing macrophages than Gos fish, and 
more ROS per cell. This cox4il upregulation in Rob fish may be 
amplified by population differences in bcl2 (see above). Oddly, 
we do not observe a significant infection-induced increase in 
ROS production in fish of either genotype. This discrepancy may 
reflect our head-kidney cell-culture based ROS assay, which does 
not rule out changes in ROS in vivo or in other tissues.

The one contrary result involves colony stimulating factor 1b 
(csf1b), a paralog of csf1/mcsf, a well-studied regulator of monocytes 
in mammals (54). csf1 increases the production of head kidney 
leukocytes (which includes granulocytes) in trout (Oncorhynchus 
mykiss)(55). In our study, csf1b is downregulated in infected Rob 
fish even though they have more granulocytes relative to either 
Gos fish or to uninfected Rob fish (ENSGACG00000002844: 
log2foldchange = −1.11, Wald p < 0.08 after 10% FDR correc-
tion). This discrepancy may be resolved by recognizing that we 
examined a single time point post-exposure. It is likely that Rob 
fish initially increase csf1b or another gene to drive expansion 
of the granulocyte population that we observe after infection. 
The downregulation of csf1b 42 days after infection could be a 
homeostatic mechanism to suppress further macrophage prolif-
eration, after they already reached sufficient abundance. Further 
time series analyses would be necessary to resolve this hypothesis.

Finally, adaptive immune system genes also exhibit popula-
tion specific responses to infection. Activated B-cells are critical 
to mounting an adaptive immune response, and they are tar-
geted by various cytokines (37). When challenged by cestodes, 
Rob fish increase expression of C-X-C motif chemokine ligand 
19 (cxcl19). In contrast, cestode infection reduces cxcl19 
expression in Gos fish, which otherwise exhibit constitutively 
higher expression than Rob fish (ENSGACG00000019078: 
log2foldchange  =  −1.17, Wald p  <  0.06 after 10% FDR cor-
rection; Figure  2). Ligands with this motif induce migration 
of leukocytes (56). Literature on cxcl19 is rare, but it has been 
suggested that the zebrafish cxcl19 gene is orthologous to Il-8, 

a major mediator of leukocyte migration to sites of inflamma-
tion (55). Regardless of whether cxcl19 is involved specifically 
leukocyte trafficking to sites inflammation or increasing migra-
tion of leukocytes in the absence of inflammation, both of these 
immune mechanisms could play an important role in defense 
against cestodes.

Network Analysis Suggests Two Traits: 
Establishment and Growth
We tested for correlations between patterns of gene expres-
sion and immune/cestode phenotypes using weighted gene 
co-expression network analysis (WGCNA). WGCNA provides 
an unbiased data-driven hierarchical clustering of genes with 
similar expression patterns, thereby reducing the number of 
genes under consideration (reduced multiple test correction) 
and identifying functionally similar gene modules which can 
be used for further statistical analysis (57). WGCNA is a more 
appropriate analysis for incorporating additional immune phe-
notype data that was collected during the infection experiment 
not only because of its continuous nature (vs. the categorical 
predictors of population and infection status) but also because 
the correlation between suites of co-expressed genes and traits 
is estimated independently for each trait, rather than simulta-
neously (as under the linear modeling framework), resulting 
in lower unexplained variance to be assigned to other traits.  
We used a two-step process, first looking for general pathways 
and subsequent correlations to phenotypes by using all samples 
to construct a signed network. Second, we tested for genotype-
dependent network structure and module-trait correlation by 
building signed networks for each population of stickleback. 
The latter case may be especially pertinent if the regulation of 
gene expression plays a strong role in the genotype dependent 
response to infection. To explore this, we calculated module 
similarity between the Rob and Gos signed networks as the 
fraction of genes shared between any two given modules.

When all samples were combined to build a single signed 
coexpression network, WGCNA analysis revealed modules that 
were correlated with host population, ROS production, infection 
status, number of cestodes, total cestode mass, density of cells 
in host head kidney, frequency of granulocytes/lymphocytes, 
fraction of cells gated into various subpopulations including 
precursors, myeloid, and eosinophils, and finally, host families 
(data not shown, but this highlights the need to include family 
as a nested factor in the linear modeling of DESeq2).

Population differences are mainly captured by the turquoise, 
green, magenta, and greenyellow modules, with lesser contribu-
tions by the blue and red modules (Figure 3). These population-
dependent modules have connections to population-dependent 
phenotypes such as ROS production. For example, top kME genes 
(those genes which most strongly represent a module) in the 
turquoise modules (positive correlation with Rob) include ROS 
producing cytochrome c oxidase genes and ROS recycling gpx1a 
(Figure 4). Together, we would expect the action of these genes 
to increase ROS levels. As expected, the turquoise module has 
a positive correlation with ROS production (r = 0.36, p = 2e–4, 
Figure 3).
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FIGURE 3 | Weighed coexpression gene network analysis suggest that host response to cestodes involves two traits, the initial immune response (salmon, purple, 
black, yellow, brown) and the control over parasite growth (magenta and greenyellow). Each cell indicates the correlation between the module and a given trait. 
Correlations with p-values greater than 0.1 are omitted.
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Some module-trait correlations reinforce prior inferences 
about the immunological basis of stickleback resistance to the 
cestode. For example, the black module has modest to strong 
correlations with infection status, cell population phenotypes 
including density of all cells, precursors, and myeloids but is not 
correlated to ROS production (r = 0.13, p = 0.2, Figure 3). In con
trast, the magenta and greenyellow modules are correlated with 
ROS production and also with cestode size, but much less so with 
cell population phenotypes and not at all with infection status 
(Figure 3). These observations imply that stickleback prevention 
of cestode establishment, and suppression of cestode growth, 
entail two distinct immune pathways (innate response and ROS 
production, respectively).

The magenta module has a modest, but strongly significant 
correlation to the fraction of cells that are eosinophils (r = 0.28, 
p  =  0.005). A recent review highlighted the importance of 
eosinophils in host-helminth interactions. Specifically, at the site 
of host tissue damage, eosinophils are primed by fibronectin, 
and produce a variety of proteins which are toxic to helminths. 
Furthermore, the diversity of eosinophil cell surface receptors 
makes them central to mediate the inflammation response. 
Finally, helminths appear to have a number of anti-eosinophil 
proteins which both evade and dampen host response to the 
presence of helminths (58).

Constructing separate signed coexpression networks for each 
population reveals dramatic differences in network structure. 
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FIGURE 4 | Reactive oxygen species production and B cells respond to infection by cestodes, both in a population independent, and dependent manner. Y axis  
is variance stabilized count data, the product of log transforming and library size correcting raw gene counts. For upper row, purple, blue, and teal points indicate 
individuals, while red points and fences indicate mean and SE. C, control; E, exposed; I, infected. Black lines are Rob and magenta lines are Gos.
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Using the same construction parameters for each population, 
the Rob network resembles the combined population network, 
showing strong module-trait correlations for worm size, cell 
population phenotypes, ROS production, and sex across many 
different modules. In stark contrast, the Gos network is much 
more static, with only a subset of traits which were previously 
significant correlated to a single module. Overall, Gos fish have 
many fewer total modules and correlations between modules 
and traits are much weaker. To estimate relationships between 
networks, we calculated module similarity between every pair 
of Rob and Gos modules by shared gene membership. Broadly, 
large modules in Gos are split into many smaller modules in Rob. 
Thus, we conclude that there are two possible outcomes: (1) the 
Rob fish have evolved a more modular and dynamic repertoire 
of expression with which to fend off cestodes, or (2) the Gos fish 
evolved to maintain constitutive gene expression in response to 
cestodes, instead adopting a tolerance strategy (See Figures S2–10 
in Supplementary Material for additional details on shared and 
population specific signed networks, and module similarity  
heat map).

Our WGCNA results confirm observed population differ-
ences in immune function and patterns of gene expression in the 
linear modeling. Furthermore, they support our hypothesis that 
there are two traits involved in stickleback resistance to cestodes: 
(1) innate immune response to prevent cestode establishment 

and (2) limiting worm growth once cestodes become established. 
These two traits separate into distinct modules of gene expression, 
each enriched for genes with immunological function match-
ing a priori expectations. This two-trait perspective refines the 
question of variation in cestode prevalence among stickleback 
populations by focusing attention to both early and late stage 
infection. Future studies will be needed to describe the full time-
series of gene expression as exposure and infection proceeds in 
these study populations, and to establish directionality of the 
interaction between cestodes and stickleback. While others have 
argued that cestodes are the primary drivers of coevolution (47), 
only by sequencing both host and parasite mRNAs can we hope 
to detail this interaction at the molecular level. Host genotype 
by parasite genotype interactions offers a promising opportunity 
for further study. Such GxG interaction was recently described 
in the stickleback-cestode system, but only documented growth 
phenotypes, and no attempt to describe the genetic basis for 
such traits has been made (59). We maintain that this type of 
study provides a means to identify evolutionarily labile genes, 
which underlie beneficial shifts in immune function across the 
geographic mosaic of host-parasite coevolution.

Summary
Using a large scale controlled laboratory infection experiment, we 
find changes in gene expression between two host populations, 
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and as a function of infection status. For a smaller portion of genes, 
the expression response to infection differed between the two 
host populations. These findings are consistent with observations 
of host immune function in the same infection experiment (29). 
ROS production and recycling, B  cell activation and targeting, 
and fibrosis appear to play important roles in stickleback defense 
against cestodes. Our analysis also suggests that host resistance 
involved two components; response to challenge by cestodes, 
and control over cestode growth. Furthermore, differences in 
coexpression networks between populations suggest that either 
Rob fish have evolved a more elaborate expression profile or that 
Gos fish are shutting down expression to tolerate cestodes. Our 
results not only suggest a mechanistic link between host immune 
phenotypes and candidate genes, but also provide the foundation 
for studying the direct effects of host alleles on parasite fitness.

MATERIALS AND METHODS

We obtained mRNA from the head kidneys of stickleback from 
three experimental groups: unexposed controls (N = 16 and 19, 
Rob and Gos fish, respectively), exposed but ultimately unin-
fected stickleback (N  =  21 and 16), or exposed and infected 
(N = 17 and 9) fish. Tissues from the latter two groups were 
harvested 42 days post exposure. A brief summary is presented 
below, but see Weber et al. (29) for full experimental methods. 
We focus on expression in head kidneys as it is the major site of 
immune cell development in fish (47, 60–62), and head kidney 
cell cultures were used to measure immune function indepen-
dently of gene expression (stickleback have two head kidneys).

Summary of Breeding and Infection As 
Described in Weber et al. (29)
Weber et  al. (29) generated 17 pure Rob and 16 pure Gos 
families by in vitro fertilization of wild caught parents. F1 fish 
were raised to adulthood. Members of each family were either 
sham exposed or exposed to cestodes via uninfected/infected 
copepods, respectively. Infection and screening of copepods 
was done by hand in a laboratory setting. After exposure, fish 
were grown for 42 days before being euthanized. For the present 
study, we subsampled from these fish, attempting to balance 
both population and infection status. We incorporated at least 
one individual from each treatment per family. Our final sample 
sizes (TagSeq libraries post outlier removal) are: Gos: Control: 
19, Exposed: 21, Infected: 17, across 11 families. Rob: Control: 
16, Exposed: 16, Infected: 9 across, 8 families (detailed in Table 
S1 in Supplementary Material).

Sample Collection, Sequence Library 
Construction, and Analysis of Flow 
Cytometry Data
Briefly, head kidneys were dissected from stickleback; one 
head kidney was used for flow cytometry (measuring ROS and 
describing cell populations) and the other was preserved in 
RNAlater at −20°C. Detailed protocols can be found in Weber 
et al. (29). From the stored head kidney, RNAseq libraries were 
constructed according to Lohman et  al. (31). This method 

focuses sequencing effort on short “tags” adjacent to the poly-A 
tail of mRNAs rather than distributing sampling effort across the 
entire mRNA as in traditional RNAseq. Samples were sequenced  
on the Illumina HiSeq 2500 at the Genome Sequence and 
Analysis Facility at the University of Texas at Austin, produc-
ing ~6.7M raw reads per sample. See Weber et al. (29) for full 
ROS and flow cytometry methods. Flow cytometry data were 
analyzed using FlowJo software (Treestar). Granulocyte and 
lymphocyte populations were defined based linear forward 
scatter (FSC) and side scatter (SSC) gating described in Weber 
et  al. (29). Precursor, myeloid, lymphoid, and eosinophil 
populations were defined using linear FSC and logarithmic SSC 
gating as described in Wittamer et al. (63).

Bioinformatics
TagSeq reads were processed (removal of PCR duplicates, adapter 
contamination, and average base quality score –n 20) according 
to the iRNAseq pipeline (64) using version 79 of the stickleback 
transcriptome from Ensemble. Resulting genes were filtered 
for mean counts greater than 1 among all samples, producing 
9077 genes among all samples. Transcriptome annotations were 
based on the UniProtKB database (http://www.uniprot.org/
help/uniprotkb) and followed previously described procedures 
(64). Code for the iRNAseq pipeline can be found here: https://
github.com/z0on/tag-based_RNAseq. Code for the annotation 
pipeline can be found here: https://github.com/z0on/annotating 
Transcriptomes.

Statistical Analysis with DESeq2
We scanned for outliers using arrayQualityMetrics (65) and 
removed one sample because of insufficient read depth (final 
N = 98). To test for differential gene expression, we used the fol-
lowing model in DESeq2:

	 Yij ∼ β +β +β +βBatch Population InfectionStatus Population*InfectiionStatus + εij 	(1)

where Yij is the count of gene i in individual j, βPopulation is a 
fixed effect with two levels: Rob and Gos, βInfectionStatus is a fixed 
effect with three levels: control, exposed (but not infected), and 
infected, and full-sibling families are nested within populations. 
βBatch is the lane on which samples were sequenced. An additional 
predictor βSex was included for genes when appropriate (lower 
AIC score) and improved the model fit of 839 genes total. We fit 
the full model (including sex) to all genes and then extracted only 
the 839 that were improved by the addition of sex and looked 
for significant p values for main effects and interactions. With 
the full model, 67 of these “sex improved” genes were signifi-
cantly different between populations. No genes were significant 
for either exposure or infection, and one gene was significant 
for the interaction of population and infection status (myosin 
5ab, ENSGACG00000006025: log2foldchange  =  2.98, Wald 
p = 0.07). All p-values were multiple test corrected using 10% 
FDR (Benjamini–Hochberg). Although fish from the controlled 
infection experiment were exposed to three different parasite 
genotypes (each family exposed to only one parasite genotype), 
we are only interested in the host response to any parasite, and 
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therefore average across parasite genotypes by simply not includ-
ing this as a term in our linear model.

GO with GO_MWU
We used the Mann–Whitney U test for GO analysis. This 
approach has been described (66) and the code for analysis can 
be found here: https://github.com/z0on/GO_MWU.

Weighted Coexpression Gene  
Network Analysis
Raw read counts were normalized using limma (67) for input 
into WGCNA (57). All genes included in the post filter data were 
included in the WGCNA analysis. Following the walkthrough 
in Langfelder and Horvath (57), we built a signed network with 
a soft thresholding power of 7, and a minimum module size of 
30 genes. Following dynamic tree cut, we merged modules with 
greater than 80% similarity, producing 14 modules. We separated 
Rob and Gos samples and repeated this process with the same 
parameters.

Caveats and Limitations
Our study flips the traditional search for immune candidate 
genes from inbred lab strains to wild populations, using historical 
natural selection as a tool to screen for changes in gene expres-
sion associated with parasite infection. While our host-parasite 
model system is powerful, it does have some limitations. The 
reference genome is of generally good quality but annotation is 
lacking (approximately 22.5% of the entries in the stickleback 
genome are either unnamed or labeled as novel genes). Thus, 
GO analysis is performed after assigning GO accession terms by 
BLAST homology, rather than functional verification, a common 
solution for non-model systems. The features of the stickleback 
genome may be missing potentially interesting immunological 
genes which are sufficiently diverged from human or mouse 
genes and therefore may be unannotated. In particular, the 
number and location of MHC II paralogs remains uncertain, 
illustrating need for genome sequence improvement. With 
respect to MHC II in particular, the unknown number of gene 
copies in the populations of interest may potentially complicate 
our estimates of gene expression.

Our linear modeling with DESeq2 employs appropriate FDR 
correction, but we choose to accept higher than “standard” 
p-values associated with LFC because of the direct connection 
between candidate genes and independently observed immune 
phenotypes. If, for example, we had not measured immune 
phenotypes, we would not accept log2 fold changes in expres-
sion with associated p-values greater than 0.05 but less than 0.1. 
Furthermore, we chose a very low base min mean filter because 
we have high confidence in detecting lowly expressed genes (31). 

We also wished to include more genes in our enrichment analysis 
and this also detracts from our power due to multiple test correc-
tion. We accordingly accept slightly larger than normally allowed 
p-values. Our TagSeq based approach has been shown to be at 
least as good as total RNAseq methods (having an equal or higher 
correlation between observed and known values of a spike in 
control) but does not account for splice variants or copy number 
variation, which may be potentially important in the evolution of 
immune responses.

Our study used tissue from a single organ (head kidneys) for 
both gene expression and immune phenotype measures. Head 
kidneys are a crucial hematopoetic organ in fish, but analysis 
of other tissues may produce different results. Moreover, head 
kidneys contain multiple immune cell populations that we are 
unable to sort effectively for cell-type-specific expression studies. 
We do use cell population counts (proportion granulocytes vs. 
lymphocytes) as a covariate, which as noted for MHC weakly 
contributes to expression variation of a few genes. But, lacking 
monoclonal antibodies to many immune cell receptors in stick-
leback, we cannot readily distinguish among finer subdivisions 
of cell types. This resource limitation, typical of most non-model 
organisms, limits our ability to statically detect effects of cell 
population composition on expression.
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Mycobacterium bovis is the cause of tuberculosis (TB) in a wide range of species, 
including white rhinoceroses (Ceratotherium simum). Control of the disease relies on the 
indirect detection of infection by measuring pathogen-specific responses of the host. 
These are poorly described in the white rhinoceros and this study aimed to characterize 
the kinetics of immune responses to M. bovis infection in this species. Three white rhi-
noceroses were infected with M. bovis and their immune sensitization to this pathogen 
was measured monthly for 20 months. Cell-mediated immunity was characterized in 
whole blood samples as the differential release of interferon-gamma in response to 
bovine purified protein derivative (PPDb) and avian PPD (PPDa) as well as the release of 
this cytokine in response to the M. bovis proteins 6 kDa early secretory antigenic target 
(ESAT-6)/10 kDa culture filtrate protein (CFP-10). Humoral immunity was quantified as 
the occurrence or the magnitude of antibody responses to the proteins ESAT-6/CFP-10, 
MPB83, MPB83/MPB70, and PPDb. The magnitude and duration of immune reactivity 
varied between individuals; however, peak responses to these antigens were detected 
in all animals circa 5–9 months postinfection. Hereafter, they gradually declined to low 
or undetectable levels. This pattern was associated with limited TB-like pathology at 
postmortem examination and appeared to reflect the control of M. bovis infection follow-
ing the development of the adaptive immune response. Measurement of these markers 
could prove useful for assessing the disease status or treatment of naturally infected 
animals. Moreover, immune responses identified in this study might be used to detect 
infection; however, further studies are required to confirm their diagnostic utility.
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INTRODUCTION

White rhinoceroses (Ceratotherium simum) are classified as 
“Near Threatened” by the International Union for Conservation 
of Nature, with the majority of animals occurring in South 
Africa (1). Of these, a substantial number occur in the greater 
Kruger National Park (KNP) and the Hluhluwe-iMfolozi Park 
(HiP). However, because of their economic value and threat-
ened conservation status, animals from these populations are 
regularly translocated to other reserves and privately owned 
collections. Importantly, movement of animals from these 
areas could present a risk of translocating Mycobacterium 
bovis, a major cause of tuberculosis (TB). This pathogen can 
infect a wide variety of domestic and wildlife hosts, including 
rhinoceros species (2) and has become established in both the 
KNP and HiP (3). The recent detection, in the KNP, of a case of 
severe pulmonary TB in a black rhinoceros (4) and confirmed 
M. bovis granulomas in lymph nodes of four white rhinoceroses 
(unpublished data) highlights the potential risk of movement 
of these species.

Tuberculosis is slowly progressive and the causative organ-
isms may initially be contained within well circumscribed 
granulomas (5). For this reason, detection of the pathogen can 
be challenging and, as in other species, TB in rhinoceroses might 
only be diagnosed postmortem or once animals have developed 
advanced disease (2). Infection is therefore often diagnosed indi-
rectly by measuring the host’s adaptive immune response toward 
M. bovis antigens. This is commonly done by quantifying either 
the in vivo or the in vitro immune response to purified protein 
derivative (PPD), a preparation containing a broad range of  
M. bovis antigens (6, 7). Alternatively, recombinant proteins that 
are more specific to M. bovis can be utilized as test antigens and 
these include 6  kDa early secretory antigenic target (ESAT-6), 
10  kDa culture filtrate protein (CFP-10), MPB70, and MPB83 
(8). Assessment of immune responses to these and other antigens 
might also be used to distinguish between latent infection and 
progressive disease or to monitor treatment in both humans and 
animals (8, 9).

The present study forms part of a broader project that 
characterized the clinical features and associated gross and 
histopathology of the experimental infection of three white 
rhinoceroses with M. bovis (10). In all cases, 20 months after 
infection, animals had shown no clinical signs of TB disease 
and had limited TB-like pathology (10). We hypothesized that 
quantifying the adaptive immune responses to M. bovis in these 
animals would provide an indirect measure of their infection 
and disease status. As such, we aimed to characterize (i) their 
immune sensitization to selected antigens following infection 
and (ii) the kinetics of their humoral and cell-mediated immune 
responses.

MATERIALS AND METHODS

Animals
The capture, maintenance, chemical immobilization, infection, 
and sampling of animals in the KNP, as well as biohazard contain-
ment, have previously been described in detail (10). Briefly, three 
subadult male white rhinoceroses, identified as PB1, PB2, and 
PB4, were infected by endoscopic endobronchial instillation of 
the M. bovis strain SB0121, a genotype commonly isolated from 
wildlife in the KNP. The inocula for the three animals contained 
approximately 2.1  ×  103 colony forming units (cfu), 1.8  ×  102 
and 1.4 × 103 cfu, respectively. Each month, from 3 months prior 
to infection until 20  months postinfection (PI), animals were 
chemically immobilized and blood was collected from the radial 
vein into lithium heparin and serum vacutainer tubes (Fisher 
Scientific, Suwanee, GA, USA) and used in the immunological 
assays described below (Table 1). On these occasions, endoscopic 
bronchoalveolar lavages were performed for mycobacterial cul-
ture. Twenty months after infection, animals were euthanized, 
postmortem examinations performed, and systematic tissue 
sampling conducted to determine the presence or absence of  
M. bovis by histopathology, mycobacterial culture, and polymerase 
chain reaction (PCR) and findings have been previously reported 
in detail (10). Approval for the study was obtained from the 
Animal Ethics Committees of the South African National Parks 
and Stellenbosch University (proposal SU-ACUM12-00012) 
as well the South African National Department of Agriculture, 
Forestry and Fisheries in terms of Section 20 of the Animal 
Diseases Act (Permit 12/11/1/1/6/1).

Rhinoceros-Specific Interferon-Gamma 
(IFN-γ) Release Assay
Blood collected in heparin tubes was processed within 12  h 
after collection as previously described (11). Briefly, whole 
blood samples were incubated at 37°C in 5% CO2 for 24 h with 
M. bovis PPD (PPDb, 20  µg/ml) and M. avium PPD (PPDa,  
20  µg/ml), PMA/CaI (0.1/2  μg/ml—positive control), culture 
medium (Nil—negative control), respectively. Plasma was har-
vested following centrifugation at 1,088 × g for 5 min and stored at 
−80°C until tested, in duplicate, in the rhinoceros-specific IFN-γ 
capture enzyme-linked immunoassay (ELISA) (11). The results of 
the ELISA were determined at 490 nm using an ELISA plate reader 
(BioTek, Powerwave XS2, Gen5 software). An initial reference/
blank reading was performed on the plate prior to the blocking 
step, at the same wavelength, and final optical density (OD) values 
were determined by subtracting the mean reference value from 
the mean test value for each sample well. Antigen- and mitogen-
specific release of IFN-γ was calculated as the OD value derived 
from the PPD- and PMA/CaI-stimulated samples minus that 
derived from the Nil sample. M. bovis-specific release of IFN-γ was 
calculated as the PPDb value minus the PPDa value (ΔPPDb-a).

Modified QuantiFERON TB Gold  
(In-Tube) (QFT) Assay
One milliliter of heparinized whole blood was transferred to a 
“Nil” tube (containing saline) and a “TB Antigen” tube (coated 

Abbreviations: CFP-10, 10  kDa culture filtrate protein; ELISA, enzyme-linked 
immunoassay; ESAT-6, 6  kDa early secretory antigenic target; HiP, Hluhluwe-
iMfolozi Park; IFN-γ, interferon-gamma; KNP, Kruger National Park; OD, optical 
density; PBS, phosphate-buffered saline; PI, postinfection; PPDa, avian purified 
protein derivative; PPDb, bovine purified protein derivative; QFT, modified 
QuantiFERON TB Gold (In-Tube) assay; TMB, 3, 3′, 5, 5′- tetramethylbenzidine.
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TABLE 1 | Immunoassays utilized to measure immune sensitization to selected antigens in Mycobacterium bovis-infected white rhinoceroses.

Assay Supplier Test antigens Assay format Reference

Rhinoceros-specific assay In-house assay M. bovis PPD; M. avium PPD IGRA (11)
Modified QFT assay Components supplied by Qiagen and Mabtech ESAT-6, CFP-10, TB 7.7 IGRA N/A
PPD ELISA In-house assay M. bovis PPD ELISA N/A
ElephantTB STAT-PAK® assay Chembio Diagnostic Systems ESAT-6/CFP-10/MPB83 LFD (8, 12)
Dual Path Platform (DPP)® VetTB assay Chembio Diagnostic Systems MPB83; ESAT-6/CFP-10 LFD (12)
Bovid DPP assay Chembio Diagnostic Systems MPB83/MPB70 LFD N/A

PPD, purified protein derivative; IGRA, interferon-gamma release assay; QFT, QuantiFERON TB Gold (In Tube); N/A, not applicable; ELISA, enzyme-linked immunosorbent assay; 
LFD, lateral flow device.
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with peptides simulating ESAT-6, CFP-10, and TB 7.7) of the QFT 
system (Qiagen, Hilden, Germany). In addition, as a measure of 
cell viability, 1 ml blood was incubated with phytohemagglutinin 
(PHA) (Sigma-Aldrich, St. Louis, MO, USA) in phosphate-
buffered saline (PBS) at a final concentration of 10 µg/ml. The 
tubes were shaken according to the manufacturer’s instructions 
and incubated for 20–24  h at 37°C. Hereafter, the tubes were 
centrifuged at 1,600 × g for 10 min and plasma was harvested and 
stored at −80°C. Plasma samples were assayed in duplicate using 
a commercial bovine IFN-γ ELISA cross-reactive with IFN-γ of 
sheep and horses (Kit 3115-1H-20; Mabtech AB, Nacka Strand, 
Sweden) that has previously been shown to detect recombinant 
rhinoceros IFN-γ (data not shown). Reactions were visualized 
using 3,3′,5,5′-tetramethylbenzidine (TMB) (BD Biosciences, 
NJ, USA) as a color substrate. The IFN-γ concentration in each 
sample was measured as the OD of each well, at a wavelength of 
450 nm, using a Labtech LT-4000 microplate reader (Lasec, Cape 
Town, South Africa). The M. bovis-specific release of IFN-γ was 
calculated as the mean OD derived for plasma harvested from the 
TB Ag tube minus the mean OD derived for plasma harvested 
from the Nil tube.

PPD ELISA
Flat-bottomed 96-well microtiter plates (Nunc, New York, NY, 
USA) were coated with 100  µl of a 10  µg/ml PPDb solution 
(Prionics, Schlieren-Zurich, Switzerland) in 0.05 M carbonate-
bicarbonate buffer (pH 9.6) and incubated overnight at 4°C. For 
each well coated with antigen, a corresponding control well was 
coated with 100 µl blocking buffer (BB) consisting of 5% milk 
powder (Clover, Roodepoort, South Africa) in PBS  +  0.05% 
Tween-20 (Sigma-Aldrich, St. Louis, MO, USA). After incu-
bation, plates were decanted and washed five times with PBS 
containing 0.05% Tween-20, then blocked with 200 μl/well of 
BB for 1 h at room temperature (RT). The plates were washed 
as above and serum samples diluted 1:200 in BB were added to 
duplicate wells (100 μl/well). Plates were incubated at RT for 1 h 
and then washed five times as above. Plates were then incubated 
with 100 μl/well of peroxidase-conjugated recombinant protein 
A/G (Thermo Scientific, MA, USA) diluted 1:100,000 in PBS, 
for 1 h at RT. Plates were washed as above before addition of 
100  μl/well of TMB and subsequently incubated in the dark 
for 15 min. The reaction was stopped using 50 μl/well of 2 M 
H2SO4 and the OD of each well was measured at 450 nm using 
a LT-4000 Microplate Reader (Lasec). For each animal, an 
assay result was calculated as the mean OD value derived from 

duplicate PPD-coated wells minus that of duplicate BB-coated 
wells.

ElephantTB STAT-PAK® Assay
Rhinoceros sera were tested using the ElephantTB STAT-PAK® 
assay (Chembio Diagnostic Systems, Inc., Medford, NY, USA). 
The assay has been optimized for the detection of M. tuberculosis 
infection in elephants but is not specific for a particular host spe-
cies and has previously been found useful in measuring antibody 
responses in a black rhinoceros infected with M. tuberculosis 
(12). Briefly, 30 µl of serum was added to the sample well fol-
lowed by three drops of diluent/antibody detection conjugate. If 
the sample contained antibodies to M. bovis antigens (ESAT-6/
CFP-10/MPB83), a positive line appeared as a blue band. Any 
visible band observed in the test line area by two independent 
observers and read at 20  min was considered as an antibody 
positive result.

Dual Path Platform (DPP)® VetTB  
and Bovid DPP Assays
The DPP® VetTB and Bovid DPP assays (Chembio Diagnostic 
Systems, Inc.) were performed according to the manufacturer’s 
instructions as previously described (12). After 15  min, the 
test results were read. A DPP optical reader device (Chembio 
Diagnostic Systems, Inc.) was used to measure the reflectance 
of test strips and a result was quantified as a numerical score, 
represented as reflectance units (RU). The DPP® VetTB assay 
includes two test lines containing the antigens MPB83 and 
ESAT-6/CFP-10, along with a positive control. In the Bovid DPP 
assay, a single test line contained MPB83/MPB70, along with a 
positive control.

RESULTS

Rhinoceros-Specific IFN-γ Assay
The release of IFN-γ in unstimulated blood was negligible, result-
ing in median ELISA OD values of 0.08, 0.05, and 0.07 for PB1, 
PB2, and PB4, respectively. All animals displayed strong IFN-γ 
responses to PMA/CaI stimulation, with mean mitogen-specific 
OD values of 0.86, 0.83, and 0.86, respectively. The kinetics of 
PPDa and PPDb-specific IFN-γ release in whole blood from these 
animals are illustrated in Figure  1A. Immune sensitization to 
these antigens was negligible prior to infection and first observed 
at 2–3 months PI. The release of IFN-γ in response to both antigens 
was greatest between 4 and 10 months PI and the M. bovis-specific 
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FIGURE 1 | The kinetics of the cell-mediated immune response to Mycobacterium bovis infection in the white rhinoceros. Following M. bovis infection, whole 
blood from three animals (PB1, PB2, and PB4) was incubated overnight at 37°C without stimulation, or stimulation with bovine PPD purified protein derivative 
(PPDb), avian PPD (PPDa), and 6 kDa early secretory antigenic target (ESAT-6)/10 kDa culture filtrate protein (CFP-10)/TB7.7 peptides, respectively. Plasma 
interferon-gamma (IFN-γ) was measured by enzyme-linked immunoassay, in duplicate, as the optical density (OD), and antigen-specific release calculated as 
the OD derived for the unstimulated sample subtracted from that derived for each antigen (mean ΔOD ± SD). (A) Antigen-specific IFN-γ release in response 
to PPDb and PPDa, and the differential response to these antigens (ΔPPDb-a); (B) Antigen-specific IFN-γ release in response to ESAT-6/CFP-10/TB7.7 
peptides.
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PPD responses (ΔPPDb-a) peaked at circa 5–6 months PI in PB1 
and PB2 and at 11 months PI in PB4. Subsequently, IFN-γ release 
in responses to both PPDa and PPDb were low until 20 months 
PI when all animals again showed substantial responses to these 
antigens. At this time, IFN-γ release was notably greater in 
response to PPDa than PPDb in PB2 and PB4, while in PB1, the 
PPDb response was higher than that to PPDa.

Modified QFT Assay
The release of IFN-γ in unstimulated blood was negligible, result-
ing in median ELISA OD values of 0.09, 0.08, and 0.09 for PB1, 
PB2, and PB3, respectively. As a result of experimental error, 
measurements of PHA-induced IFN-γ responses were available 
for only 14/21 sampling occasions for each animal. On these 
occasions, median mitogen-specific OD values were 0.81, 0.35, 
and 0.89, respectively. The kinetics of ESAT-6/CFP-10/TB7.7-
specific IFN-γ release in whole blood from PB1, PB2, and PB4 
are illustrated in Figure  1B. These antigen-specific responses 
were first observed at 1  month PI in PB2 and at 2  months PI 
in PB1 and PB4. Following infection, peak responses occurred 
at circa 6–9  months PI, after which IFN-γ release decreased 
gradually over time. At 20 months PI, PB2 displayed a moderate 
but distinct increase in IFN-γ release in response to ESAT-6/
CFP-10/TB7.7.

PPD ELISA, ElephantTB STAT-PAK®,  
and DPP Assays
The kinetics of the humoral responses to M. bovis antigens in PB1, 
PB2, and PB4 are illustrated in Figure 2. Using the ElephantTB 
STAT-PAK® assay, PB1 displayed humoral sensitization to the 
combined antigens ESAT-6/CFP-10/MPB83 at all time points 
from 1 to 10 months PI (Figure 2A). In contrast, antibodies to 
this antigen pool were not detected in PB2 for the duration of 
the study and only on a single occasion in PB4, i.e., 2  months 
PI (Figure  2A). Using the DPP assays, only PB1 displayed a 
strong and sustained humoral response to the M. bovis antigens 
ESAT-6/CFP-10, MPB83, and MPB83/MPB70, with sensitization 
to all three antigens detected at 5 and 6 months PI. Hereafter, the 
humoral response to MBP83 alone was not again detected in this 
animal; however, responses to MBP83/MPB70 were sustained 
until 10  months PI and responses to ESAT-6/CFP-10 peaked 
again at 14  months PI. Both PB2 and PB4 displayed very low 
antibody quantities specific for these antigens, with PB4 showing 
only a moderate response to MPB83/MPB70 at 17 months PI.

Prior to infection, levels of circulating antibodies to PPDb 
(Figure 2B) were similar in all animals, with levels rising from 2 
to 4 months PI. A peak in the PPDb-specific humoral response 
occurred circa 6 months PI, after which this gradually decreased 
in all animals.
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FIGURE 2 | The kinetics of the humoral response to Mycobacterium bovis infection in the white rhinoceros. Following M. bovis infection, serum antibodies of  
three animals (PB1, PB2, and PB4) were measured using selected commercial assays and an in-house bovine purified protein derivative (PPDb) enzyme-linked 
immunoassay (ELISA). (A) Serological responses to MPB83 and 6 kDa early secretory antigenic target (ESAT-6)/10 kDa culture filtrate protein (CFP-10) (Dual  
Path Platform (DPP)® VetTB assay) and MPB83/70 (Bovid DPP assay); seroreactivity to ESAT-6/CFP-10/MPB83 (ElephantTB STAT-PAK® assay) is indicated (*).  
(B) Serological responses to PPDb, measured in duplicate by indirect ELISA, and calculated as the difference in optical density (OD) between control wells and 
PPDb-coated wells (mean ΔOD ± SD).
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DISCUSSION

Following experimental endobronchial instillation of M. bovis in 
3 white rhinoceroses, these developed time-dependent humoral 
and cell-mediated immune responses toward the antigens PPDa, 
PPDb, ESAT-6/CFP-10, MPB83, MPB83/MPB70, and ESAT-6/
CFP-10/MPB83. Notably, cell-mediated responses toward 
ESAT-6/CFP-10 and PPD showed greater consistency between 
individuals than did humoral responses toward MPB83, MPB83/
MPB70, and ESAT-6/CFP-10/MPB83. While the specific patterns 
of immune reactivity varied between individuals, peak responses 
were detected in all three animals circa 5–9  months PI, after 
which they gradually declined to low or undetectable levels.

In mice, the onset of adaptive immunity toward M. tuberculosis  
requires the active replication of the pathogen in lymph nodes 
draining the site of infection (13). Moreover, the progression 
and magnitude of this response is associated with the amount 
of antigen produced in these lymph nodes (13, 14). Similarly, 
M. bovis infection in cattle and deer invariably results in the 
development of granulomatous disease in lymph nodes draining 
the site of infection, suggesting that these tissues are the primary 
site of antigen presentation and immune activation (15). In the 
present study, during the first 5–9 months PI, the rhinoceroses 
displayed a consistent rise in immune reactivity toward M. bovis 
antigens, strongly suggesting the establishment of this infection 
in all three animals.

The magnitude and duration of M. bovis-specific immune 
reactivity appeared to reflect the disease status of each animal. 
PB1, which displayed the most robust and sustained responses to 
all test antigens was the only animal from which viable M. bovis 
was isolated, i.e., from a bronchoalveolar lavage sample collected 
5  months following infection (10). Moreover, at postmortem 
examination of PB1, acid fast bacterial rods and M. bovis DNA 
were detected in tracheobronchial and lung lesions, respectively 
(10). In contrast, PB4 displayed substantially lower responses of 
both humoral and cell-mediated immunity (CMI) and no defini-
tive confirmation of M. bovis infection was made in this animal 
by culture, histopathology, or PCR (10).

Following an initial peak circa 5–9 months PI, all rhinoceroses 
displayed a gradual decline in the magnitude of their immune 
responses, and antigen-induced IFN-γ release reached low levels 
within 12–16 months after infection. In cattle, the severity of TB 
disease correlates with both the magnitude of ESAT-6-specific 
CMI (5) and the humoral response to M. bovis (6). Similarly, in 
rabbits experimentally infected with M. tuberculosis, progres-
sive disease is associated with strongly rising titers of anti-PPD 
antibodies (16), while control of the infection is characterized by 
low seroreactivity to PPD that declines over time (17). A similar 
pattern of waning sensitization to ESAT-6/CFP-10 has been 
documented in naturally infected black rhinoceroses during 
treatment for M. tuberculosis infection (8). Such patterns are 
associated with a decrease in pathogen burden and antigenic 
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load (17). Notably, for PB1, the peak in CMI responses at 
5 months PI occurred at the only time point that viable M. bovis 
was isolated from the respiratory tract. Hereafter, the gradual 
decline in M. bovis-specific immune responses, as for the other 
two experimentally infected animals, was associated with lim-
ited TB-like pathology at postmortem examination and a failure 
to isolate viable organisms from multiple tissues. Together, 
these immune response patterns appear to reflect the control of  
M. bovis infection in these animals following the development 
of the adaptive immune response.

Humoral responses broadly mirrored those of CMI, with PB1 
showing strong seroreactivity to all test antigens. However, PB2 
and PB4 showed limited detectable sensitization to the M. bovis-
specific antigens MPB83, MPB83/MPB70, and ESAT-6/CFP-10. 
Similar differences in seroreactivity of individual animals are seen 
following experimental infection in other species, including cat-
tle and badgers (18, 19). As for these hosts, this phenomenon in 
rhinoceroses could be related to the infection dose administered 
to each animal or reflect a natural animal-to-animal diversity in 
antigen recognition (18, 19). Nonetheless, following infection, 
PB2 and PB4 did display a transient elevation in seroreactivity 
to PPDb. In part, this may reflect the far greater range of anti-
genic epitopes present in PPDb compared to the more specific 
antigens such as MPB83 and ESAT-6. Alternatively, because PPD 
includes antigens that are shared between various mycobacterial 
species (20), the detection of immunological sensitization to 
PPDb might in part reflect the boosting of immune responses 
to cross-reactive antigens. Evidence of such cross-reactivity is 
indicated by the distinct CMI response of PB1 to PPDa following 
M. bovis infection.

At 20 months PI, all rhinoceroses displayed a rapid increase 
in IFN-γ release in response to the antigens PPDb, PPDa, and 
ESAT-6/CFP-10/TB7.7. This boosting of the immune response 
might have reflected acute progression of TB disease in these 
animals (5); however, this is unlikely given the paucity of M. bovis- 
associated pathology at postmortem examination shortly after 
this sampling time point (10). Alternatively, this observation may 
be related to viral pneumonia observed in PB2 and PB4 (10). 
The immune response associated with acute viral infections can 
induce non-specific “bystander” activation and proliferation of 
lymphocytes (21), giving rise to IFN-γ production (22). Notably, 
at this time, PB2 and PB4 displayed a greater response to PPDa 
than to PPDb. This may be further evidence that this phenom-
enon resulted from a non-specific mycobacterial or viral infection 
rather than an M. bovis-specific event.

Results from the present study provide insight into the tem-
poral patterns of immunological responses to M. bovis infection 
in white rhinoceroses. However, limitations in the study design 
must be considered when extrapolating findings to animals under 
natural conditions. First, the nature of the study precluded statis-
tical analysis of data, partly because of the limited sample size and 
partly because of the substantial variation in immune responses 
between individuals. Unlike studies using inbred species such as 
experimental mice (13), this limitation is commonly experienced 
in studies investigating outbred animals, especially wildlife (19). 
Second, differences in the infective doses administered to each 
animal may have accounted for the differences in pathological 

outcomes and immune response profiles and these may not 
reflect natural infection. Nonetheless, it is notable that while 
the magnitude of these responses differed between individuals, 
their kinetics were comparable. Lastly, the three experimentally 
infected individuals were all relatively young, had been treated 
for ectoparasites, were generally free from severe stressors and 
were well fed (10). As such, the immunological profiles described 
in this study may reflect an optimal outcome of infection and 
not necessarily a scenario in which these and other factors might 
affect either disease progression or resolution.

In summary, this study has characterized antigen-specific 
immune response patterns of white rhinoceroses that appear 
to reflect the effective control of M. bovis infection by this host. 
Importantly, the measurement of these responses might prove 
useful for assessing the disease status or response to treatment 
of naturally infected animals. Moreover, the immunological 
markers identified in this study might be used for the detection 
of infection; however, further studies investigating these markers 
in M. bovis-uninfected animals are required to confirm their 
diagnostic utility.
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Tyler R. Kartzinel3, István Pelczer4, Clayton E. Cressler5, Anieke van Leeuwen1,6  
and Andrea L. Graham1
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Veterinary Medicine, University of Cambridge, Cambridge, United Kingdom, 3 Department of Ecology and Evolutionary 
Biology, Brown University, Providence, RI, United States, 4 Department of Chemistry, Princeton University, Princeton, NJ, 
United States, 5 School of Biological Sciences, University of Nebraska, Lincoln, NE, United States, 6 NIOZ Royal Netherlands 
Institute for Sea Research, Department of Coastal Systems, and Utrecht University, Texel, Netherlands

Resources are a core currency of species interactions and ecology in general (e.g., think 
of food webs or competition). Within parasite-infected hosts, resources are divided 
among the competing demands of host immunity and growth as well as parasite 
reproduction and growth. Effects of resources on immune responses are increasingly 
understood at the cellular level (e.g., metabolic predictors of effector function), but 
there has been limited consideration of how these effects scale up to affect individual 
energetic regimes (e.g., allocation trade-offs), susceptibility to infection, and feeding 
behavior (e.g., responses to local resource quality and quantity). We experimentally 
rewilded laboratory mice (strain C57BL/6) in semi-natural enclosures to investigate 
the effects of dietary protein and gastrointestinal nematode (Trichuris muris) infection 
on individual-level immunity, activity, and behavior. The scale and realism of this field 
experiment, as well as the multiple physiological assays developed for laboratory mice, 
enabled us to detect costs, trade-offs, and potential compensatory mechanisms that 
mice employ to battle infection under different resource conditions. We found that mice 
on a low-protein diet spent more time feeding, which led to higher body fat stores 
(i.e., concentration of a satiety hormone, leptin) and altered metabolite profiles, but 
which did not fully compensate for the effects of poor nutrition on albumin or immune 
defenses. Specifically, immune defenses measured as interleukin 13 (IL13) (a primary 
cytokine coordinating defense against T. muris) and as T. muris-specific IgG1 titers 
were lower in mice on the low-protein diet. However, these reduced defenses did not 
result in higher worm counts in mice with poorer diets. The lab mice, living outside for 
the first time in thousands of generations, also consumed at least 26 wild plant species 
occurring in the enclosures, and DNA metabarcoding revealed that the consumption of 
different wild foods may be associated with differences in leptin concentrations. When 
individual foraging behavior was accounted for, worm infection significantly reduced 
rates of host weight gain. Housing laboratory mice in outdoor enclosures provided new 
insights into the resource costs of immune defense to helminth infection and how hosts 
modify their behavior to compensate for those costs.

Keywords: Trichuris muris, resource–immune trade-offs, compensatory feeding, DNA metabarcoding, nuclear 
magnetic resonance spectroscopy metabolite profiling, rewilding mice
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Figure 1 | Within an infected host, resources are metabolized and  
allocated to baseline maintenance costs. Remaining resources are put 
toward immunity and host biomass, or are captured by parasites to use for 
their own growth and reproduction. Resources, therefore, must trade-off 
between these competing demands unless hosts are able to increase the 
quality or quantity of food intake to compensate for those costs.

Table 1 | Studying laboratory mice in semi-natural enclosures provides a tractable experimental system that recapitulates more aspects of wild systems than traditional 
laboratory experiments while avoiding confounding complexities such as unknown exposure histories and coinfections.

Lab Enclosures Wild

Host genotype, age, sex + selectable, − not diverse + selectable, − not diverse Natural but added source of variation
Previous exposure Controlled Controlled Unknown and can affect immune investment
Coinfections Controlled Controlled Unknown and can affect immune investment
Thermoregulation Artificial constant temperature Natural Natural
Foraging Only chow, accessed with minimal 

foraging effort
Chow accessible with moderate 
effort, natural forage

Natural forage requiring greater energetic 
investment to acquire

Diet manipulation and feeding behavior Manipulatable but cannot track 
individual feeding

Manipulatable and can track 
individual feeding

Limited to providing supplementary food, cannot 
track individual feeding

Predators and competitors None Excluded Natural
Reproduction Nonea Noneb Natural
Seasonality None Present Present
Microbiome Limited (20) More diverse (See text footnote 1) Natural
Immunological tools Widely commercially available Widely commercially available Limited, more tools available for species closely 

related to lab and veterinary animals

aUnless breeding pairs are purposely put together.
bNone if housed in single-sex enclosures, but possibly reproduce if both sexes are cohoused.
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INTRODUCTION

Ecologists have long-studied energy and nutrient flows in ecosys-
tems to understand their function and how they may respond to 
environmental changes (1–4). In ecological communities, these 
flows are often a core currency of species interactions in food 
webs. Parasite–host interactions represent a trophic interaction 
in their own right, and elucidating resource flows within infected 
hosts can reveal crucial processes that determine immunity and 
infection outcomes. Resources ingested by hosts must first be 
metabolized and used for maintenance (i.e., baseline metabo-
lism), and can subsequently be used for host growth (including 
growth of immune cells), or be diverted to parasite growth and 
reproduction (Figure 1).

Resource flow models also capture the total cost of infection, 
including nutrients going to immunity, parasites, and host tis-
sue repair. By modeling the priority of resource allocation to 
the host’s immune system vs. resources captured by parasites, 
Cressler et  al. (5) illustrated how increasing resource acquisi-
tion can have qualitatively different effects on host immunity 

and parasite loads: the immune priority scenario (i.e., when 
additional resources go first into immune system components) 
quickly clears infections, while the parasite priority scenario (i.e., 
additional resources are first nabbed by the parasite), results in 
chronic infections. At molecular and cellular levels, immunolo-
gists are increasingly describing how nutrients and metabolites 
affect particular immune pathways (6–8). For example, receptors 
for glucose and leptin, a signal of body fat (9), are found on  
T- and B-lymphocytes, macrophages, neutrophils, and natural 
killer cells and can stimulate inflammatory responses [reviewed 
in Ref. (6, 10)]. While great progress has been achieved in under-
standing how nutrition affects immunity (7), scaling-up our 
understanding of resource–immune interactions from molecules 
and cells to entire organisms and populations remains challenging 
(11). Here, we use semi-natural enclosures to investigate resource 
flow through parasitized hosts by examining trade-offs among 
immunity, host condition (protein and fat stores), and parasite 
growth and survival under two levels of resource availability.

Because of their tractability and the plethora of tools available 
for studying immune pathways, laboratory (lab) mice have been 
integral in building our basic understanding of immunology, as 
well as how parasite-infected hosts respond to energy, macro-
nutrient, and micronutrient limitation (12–17). However, when 
scaling to organism-level questions of nutrition and resource 
flows during infection, it is becoming apparent that lab mouse 
experiments do not recapitulate some critical biological features 
(Table 1). The ad lib, energy-rich, readily accessible resource con-
ditions of lab mice differ from those of most human and wildlife 
populations. Additionally, ties between immunity, metabolism, 
and the gut microbiome are increasingly recognized (18, 19), and 
the low diversity microbiomes and low activation state of T cells 
of lab mice most closely resemble neonates (20) and diverge 
widely from wild mice (21). Furthermore, gastrointestinal (GI) 
helminths also play a role in training and modulating immu-
nity (22, 23), with increasing risks of allergic and autoimmune 
conditions in human populations devoid of their coevolved 
worms (24). Thus, this and other studies of helminth infection in 
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rewilded mice1 provide the opportunity to study how these key 
components of immunological regulation interact to affect the 
health of humans and other animals.

Fortunately, recent studies offer a promising compromise 
between realism and tractability for studying immune–resource 
interactions in lab mice. For example, immune traits of lab mice 
can be made more representative by generating more diverse 
microbiomes or exposure histories in the laboratory (20, 25). 
An even greater degree of realism can be achieved by putting lab 
mice in outdoor enclosures (Table 1) that arguably mimic aspects 
of their evolutionary history as commensals of humans engaged 
in agriculture (26). Outdoors, lab mice develop more diverse 
microbiomes, elevated T cell responses and higher parasite loads 
compared with indoor lab mouse controls (See text footnote 1). 
Additionally, in outdoor enclosures, mice experience more 
natural variation in activity and thermo-regimes that may make 
trade-offs between immunity and other physiological processes 
more apparent than under lab conditions (Table 1).

Host behavior is central to scaling-up immune–resource inter-
actions from the cellular to organismal level. Mice on low-quality 
(i.e., protein) diets may consume a greater quantity of chow, 
which can alter their body fat composition and immune profiles 
(27). From livestock studies, we know that GI nematodes, or host 
immune responses to them, can reduce host appetite, decreasing 
the energy budget the host has to allocate to defense, repair, and 
other physiological functions (28). Reciprocally, hosts can alter 
foraging during infection by consuming medicinal plants (29) or 
by increasing foraging to mitigate costs of infection and immu-
nity (30). In free-ranging populations, increased foraging may 
come with increased energetic costs, parasite exposure, social 
stress, and predation risks (11, 28, 31, 32). Thus, assessing feeding 
behavior is critical for understanding how organisms respond to 
resource limitation and the resultant fitness consequences (7).

Using a semi-natural field system (See text footnote 1), we 
manipulate resource availability to examine the resource costs 
of infection and immunity. Our goal was to investigate the 
costs of infection (including resources diverted to parasites and 
immunity) and to learn how hosts may use foraging behavior to 
mitigate those costs in lab mice (C57BL/6) infected with the GI 
nematode Trichuris muris. T. muris is a whipworm that lives in 
the cecum, and is a congener of the parasite Trichuris trichiura 
that infects over 450 million people worldwide (33). To assess 
how hosts respond to infection under resource limitation, we 
manipulate levels of dietary protein, which is known to have 
strong effects on host immune defenses (7, 17, 34–37). We might 
expect mice fed the high-protein diet to have stronger immune 
responses and lower parasite loads than those on the low-protein 
diet. Alternatively, mice on the high-protein diet could tolerate 
infection while mice on the low-protein diet resist (17), which 
would turn the expected observation around and show stronger 
immune responses and lower parasite loads in the low-protein 
treatment. At the individual level-scale, we track whether mice 

1 Leung JM, Budischak SA, Chung HT, Hansen C, Bowcutt R, Neill R, et al. The 
shock of the new: rapid environmental effects on gut nematode susceptibility in 
re-wilded mice. Under review.

compensate for potential joint costs of infection or a low-protein 
diet by altering foraging behavior. We predict that there will be 
trade-offs between food intake, investment in immunity, and 
parasite load (Figure 1). Infected mice may either feed less due 
to infection-induced inappetence (28, 38, 39), or feed more to 
compensate for costs of infection and immunity. Our findings do 
indeed suggest complex repercussions of behavioral changes for 
the flow of resources into infection and immunity.

MATERIALS AND METHODS

Experimental Design
Our experiment to examine trade-offs between infection, 
immunity, and within-host resources (i.e., diet quality) included 
four treatment groups: high-protein infected, high-protein unin-
fected, low-protein infected, and low-protein uninfected. Eighty-
eight female C57Bl/6 mice aged 5–6 weeks were obtained from 
Jackson Laboratories and individually identified with both ear 
tags and RFID tags (see below). All animal care was conducted in 
accordance with protocols approved by the Princeton University 
Animal Care and Use Committee (Protocol no. 1982-14). Mice 
were housed in groups of five in the laboratory and randomly 
assigned to the two diet treatments as well as two cohorts that 
were staggered by 2 days for logistical purposes (Figure 2). The 
high-protein (HP; 20%; Envigo Teklad Custom Diet TD.91352) 
and low-protein (LP; 6%; Envigo Teklad Custom Diet TD.90016) 
diets had the same energy density (3.8 kcal/g) and micronutrient 
composition. The typical chow fed to lab mice (e.g., PicoLab® 
Rodent Diet 20) has very similar composition to the HP diet. For 
10 days mice were fed the assigned diets in the lab while tem-
perature and light cycles were gradually altered to mimic outdoor 
conditions (June/July in New Jersey, USA: 26 ± 1°C with a 15-h 
light–9-h dark cycle; Figure 2).

Next, the 22 mice in each diet–cohort combination were trans-
ported to four outdoor enclosures (Figure 2), two of which con-
tained the HP chow and the other two the LP chow (Figure 2 inset). 
The enclosures are replicate pens of approximately 180 m2, fenced 
in by zinced iron walls extending 1.5-m high and 80-cm deep, 
and topped with electric fencing and reflective aluminum pans to 
deter ground and aerial predators, respectively (See text footnote 
1). Diets were provided ad libitum at feeding stations monitored 
by two RFID readers to track each individual’s time spent feeding. 
The natural environment could serve as an additional source of 
food (e.g., berries, seeds, insects). Each enclosure provided two 
watering stations inside a small (180  cm  ×  140  cm  ×  70  cm) 
straw-filled shed (See text footnote 1). Mice were weighed at the 
start of the experiment, the day of release, and approximately 
weekly thereafter as they were trapped overnight in the outdoor 
enclosures using chow-baited Longworth traps. At each weekly 
trapping, fecal samples were collected and blood samples were 
taken via shallow cutaneous tail snips into heparinized capillary 
tubes.

Mice were acclimated to the enclosures for 2 weeks  
(14–17 days) prior to T. muris infection (Figure 2). A dose of 200 
embryonated T. muris eggs (strain E) was then given via oral gav-
age to the first 16 mice trapped per enclosure. If more than 16 mice 
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Figure 2 | Timeline of the experimental design. First, mice were randomly assigned to diet treatment and cohort [−3 weeks postinfection (wpi)]. Diets were 
provided to the second cohort 2 days later, but since both groups subsequently followed the same timeline, only one cohort is depicted for clarity. After 10 days in 
the lab (−2 wpi), all mice were moved to four outdoor enclosures (n = 22/enclosure). After 2 weeks, 16 mice per enclosure were trapped and infected with 200 
T. muris eggs over the course of 1–3 days. Final trapping and culling occurred around 3–4 wpi (19–26 days postinfection). Inset shows an aerial view of the 
enclosures by diet treatment, and infected and uninfected mice were cohoused.
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were trapped on a given day, individuals were randomly assigned 
to infection treatment. In total, 29 mice on the HP diet and 31 
mice on the LP diet were infected. Thus, infected and uninfected 
animals were cohoused in the same enclosures. The remaining 
mice (15 HP, 13 LP) served as uninfected controls. Nematode 
infection could not be transmitted between mice assigned to 
different treatments in the shared enclosures due to the long life 
cycle of T. muris [>28 days to maturity (40)], and the relatively 
short duration of the experiment [<26 days postinfection (dpi)].

Approximately 3 weeks postinfection (mean  ±  SE: 
21.5 ± 1.7 dpi), range: 19–26 (dpi), all mice were trapped, weighed,  
and transported back to the laboratory (Figure  2). Mice were 
anesthetized via isoflurane inhalation followed by terminal car-
diac puncture. Cardiac blood was drawn from each mouse, spun 
in a heparinized tube, and plasma was separated and stored at 
−80°C. During necropsy, mesenteric lymph nodes (MLNs) were 
excised for cell culture (see below). Finally, to determine carcass 
weight, all major organs (except the brain) were removed and 
weighed. The spleen, large intestine (emptied of contents), and 
cecum were separated and weighed. Ceca were frozen for later 
dissection and parasite enumeration.

Quantifying Feeding Behavior
Individual-level feeding behavior was assessed using a cus
tom-built monitoring system (Datasheet S1 in Supplementary 
Material). To track feeding behavior, Radio Frequency 
IDentification tags (RFID; 8 mm × 1.4 mm FDX-B “Skinny” PIT 
Tag, Oregon RFID, Portland, OR, USA) were injected subcutane-
ously. When in the vicinity of an antenna, the RFID tag emits a 
unique string of numbers that serves as an individual’s identifier 
(i.e., RFID number). In each enclosure, Feeding Event Tracking 
Apparatuses (FETA) with RFID antennas were deployed. The 
FETA transmit a signal to an Event Acquisition and Reporting 
System (EARS), which automatically compiles the data produced 

by the FETA (FETA number, RFID number, and timestamp). Two 
FETA were placed in sequence and connected on one end to the 
sole entrance to the chow hopper.

The directionality of mouse movement through the sequential 
FETA boxes was used to determine when mice were in the feeder. 
Specifically, mice were inferred to be in the feeder for the dura-
tion of time between two EARS readings on the FETA nearest 
the chow hopper. Intervals <5 s in duration (7.5% of visits) were 
removed because they allowed insufficient time to feed. Intervals 
greater than 2 h were also removed because mice were likely not 
eating for such a long duration and this small fraction (<0.1%) 
of visits skewed feeding time distributions. Intervals when chow 
was not available in the feeder (i.e., during trapping sessions) 
were also dropped. Next, total time feeding was summed per 
mouse, then divided by the number of days each mouse was in the 
enclosure because some mice were in the enclosures for longer 
than others (35–40 days depending on when they were trapped). 
This produced a comparable measurement of time spent feeding 
(min) per experiment day. Mice that lost their RFID tags (n = 6) 
and two individuals that did not eat at the feeder (working RFIDs 
but stopped visiting feeder) were excluded from feeding behavior 
analyses. Chow consumption was monitored by weighing each 
chow hopper every time it was removed for trapping as well as 
before and after refilling (i.e., every 1–3 days).

Immune Response Measurements
Following established protocols (See text footnote 1, 41), MLN 
tissue was excised during necropsy, prepared into single-cell 
suspensions at a density of 5  ×  106  cells/mL, stimulated with 
T. muris antigen at 5 µg/mL, and cultured for 48 h. Supernatants 
were collected and analyzed in duplicate for interleukin 13 
(IL13), interleukin 10 (IL10), interleukin 17 (IL17), and inter-
feron gamma (IFNg) using half-reactions of Beckton Dickinson 
Cyometric Bead Array Mouse/Rat Soluble Protein Flex Set system 
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(BD Biosciences, Oxford, UK) and an LSRII flow cytometer (BD 
Biosciences) (See text footnote 1). Concentrations were analyzed 
with the FCAP Array software (version 3.0.1, BD Biosciences).

Worm-specific IgG1 titers were measured using sandwich 
enzyme-linked immunoassays (ELISA). Ninety-six-well plates 
were coated with T. muris excretory-secretory (ES) antigen at a 
concentration of 5 µg/mL in carbonate buffer (0.06 M, pH = 9.6) 
with 2% bovine serum albumin (BSA). Plates were then blocked 
overnight with 2% powdered milk in carbonate buffer. After a 
2-h incubation at 37°C, plates were washed three times with tris-
buffered saline-Tween (TBST). Plasma samples were added and 
serially diluted from 1:50 to 1:6,400 with TBST and incubated for 
2 h at 37°C. After washing five times with TBST, horseradish per-
oxidase (HRP) conjugated IgG1 antibody (1:4,000 in TBST) was 
added. Following a 1-h incubation at 37°C, plates were washed 
five times and Substrate ABTS (Sigma-Aldrich) was added. 
Plates were developed for 20 min at 37°C, then stopped with a 
1% sodium dodecyl sulfate solution. Absorbance was measured 
at 405 nm using a Multiscan™ GO spectrophotometer (Thermo 
Scientific). Titers were determined by the dilution at which 
absorbance exceeded 4 SDs above background, defined as the 
plate-wide average absorbance of the two most dilute concentra-
tions of each sample.

To quantify total IgG, a mouse antibody IgG pair was pur-
chased from StemCell Tech (Catalog no. 01998C). Plates were 
coated at 1 µg/mL 50 μL per well with carbonate buffer (pH 9.6) 
overnight at 4°C. Plates were blocked for an hour with TBST 20 
with 0.1% BSA at 37°C, then washed. Preliminary assays revealed 
that IgG levels were quite high, so to fall in the range of the stand-
ards, samples were diluted 1:81,920 in TBST containing 0.1% 
BSA. After incubation for 2 hat 37°C and washing, a secondary 
antibody was applied at a concentration of 1:1,000 in TBST with 
0.1% BSA. Plates were incubated at 37°C for 1 h then washed. 
Next, we added 100 µL/well of p-nitrophenyl phosphate (pNPP) 
substrate to all wells. Finally, plates were incubated for 30 min and 
read at 405 nm. Concentrations were calculated in comparison to 
a plate-specific standard curve (all R2 > 0.999).

Parasite Quantification
Caeca were cut open longitudinally and examined under a 
dissecting microscope by an observer blind to infection status. 
Worms were isolated by scraping the gut mucosa into a series 
of clean petri dishes of water. After enumeration, worms were 
stored in 70% ethanol for subsequent length measurements. Each 
worm was photographed under a dissecting scope (2–4× power) 
and ImageJ (version 1.49, NIH, USA) was used to measure total 
length.

Condition and Nutritional Measurements
Plasma albumin concentrations were measured colorimetri-
cally. QuantiChrom BCG albumin assay kits (BioAssays) were 
used following the manufacturer’s instructions. Briefly, 5-µL 
duplicates of each standard and sample (diluted 1:2 with 
ultrapure water) were mixed with 200 µL of BCG reagent. Plates 
were incubated at 23°C for 5 min before being read at 620 nm. 
Concentrations were determined in comparison to a standard 
curve run in duplicate (R2 = 0.997).

Plasma leptin concentrations were analyzed using a RayBio® 
Mouse Leptin ELISA kit following manufacturer’s instructions 
(RayBiotech, Norcross, GA, USA). Briefly, 10 µL of plasma sam-
ples were diluted 1:10, incubated on a 96-well plate coated with 
mouse leptin antibody. After washing, a biotinylated anti-mouse 
leptin antibody was added. Next, the plate was washed, horse-
radish peroxidase-conjugated streptavidin was added. Following 
another washing step, a buffered 3,3,5,5′-tetramethylbenzidine 
solution was used to produce a color change reaction stopped 
after 30 min with 0.2-M sulfuric acid. Color intensity was read at 
450 nm. Concentrations were calculated using a standard curve 
(standards run in duplicate, R2 = 0.995).

Characterizing Herbivory on Wild Plants 
Using DNA Metabarcoding
To compare the wild plant species diversity and composition 
with which lab mice supplemented their diets, we employed 
a DNA metabarcoding method that involves sequencing and 
identifying undigested plant DNA obtained from fecal pellets 
(42, 43). The plant DNA in fecal pellets is likely to reflect very 
recent foraging activity because the half-life of ingesta in lab mice 
is approximately 74 min (44), meaning that <1% of contents are 
retained after 8 h. Thus, the resulting dietary profiles represent 
plants eaten over the ~2.5- to 5-h period prior to sample collec-
tion (44, 45).

Fecal samples from 26 mice (n = 7 HP inf, 9 LP inf, 6 HP uninf, 
4 LP uninf) from the end of the study were obtained for dietary 
analysis. Samples were frozen on dry ice and stored at −80°C to 
preserve DNA prior to extraction. Total DNA from 1 to 2 pellets 
(~15–30 mg) per mouse was extracted using a Zymo Xpedition 
Soil/Fecal DNA mini kit with an extraction blank to monitor for 
potential cross-contamination. Using PCR, the P6 loop of the 
chloroplast trnL(UAA) marker was amplified with primers g and 
h (42). The PCRs were run with unique combinations of the g 
and h primers that had been modified with 8-nt multiplex iden-
tification (MID) tags in order to enable pooling of amplicons for 
sequencing using established protocols (46). These PCR products 
were cleaned and normalized using SequelPrep normalization 
plates, then pooled for sequencing in a 170-nt single-end run of 
the Illumina HiSeq2500 at Princeton University’s Lewis Sigler 
Institute following Kartzinel et al. (46).

The resulting DNA sequence data were assigned to samples of 
origin (i.e., demultiplexed), screened to reduce potential sequenc-
ing errors, and identified by comparison to a plant DNA reference 
library. The sequences were demultiplexed and primers were 
removed using the ngsfilter command in the Obitools software 
(47). We discarded sequences that contained ambiguous base calls 
(i.e., non-A, T, C, or G characters) that were <9-nt long or that 
had mean Illumina quality scores of <32. Unique sequences were 
merged and tabulated within samples to permit quantification of 
DNA sequence relative read abundance (RRA), a measure of the 
proportion of each dietary plant species in each dietary sample. 
Putative errors were screened by using the obiclean command to 
identify sequences that differed by 1 nt from another sequence 
in the same sample, but that occurred at <5% of the abundance. 
These sequences were removed from further analyses. Plant DNA 

131

http://
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


Budischak et al. Responses to Infection and Resources

Frontiers in Immunology  |  www.frontiersin.org January 2018  |  Volume 8  |  Article 1914

was identified by comparison to a reference library developed 
using the European Molecular Biology Laboratories (EMBL) 
(Database release no. 130). From this archive, we extracted 35,776 
unique sequences (229,430 entries) with ≤3 mismatches to the 
trnL-P6 primers g and h. Unique dietary sequences were identi-
fied by comparison to this reference database using the ecoTag 
command. Operational taxonomic units (OTUs) were identified 
by clustering at the >97% level using the uclust algorithm (48). To 
focus on abundant and well-identified plant taxa, we considered 
only OTUs with >80% identity to the EMBL database and those 
representing  >5% of reads within each sample. Samples were 
rarefied to even sequencing depth using phyloseq (49) in R (50).

We inspected taxonomic identifications to identify impreci-
sion that could arise from gaps or misidentified DNA sequences 
in the reference library. Any OTUs that exactly matched a taxon 
not known to occur in the region were revised to higher taxo-
nomic levels, and the set of references matching any OTUs that 
were poorly identified (family or higher taxonomic levels) were 
scrutinized for taxonomic outliers (Table S2 in Supplementary 
Material). Only two plant taxa were included in the manufactur-
ing process of the chow provisioned to lab mice in this experiment 
were corn (Zea mays) and beets (Beta vulgaris), and DNA from 
these plant products was expected to be destroyed by irradiation 
during the chow production process; indeed, no DNA sequences 
that match either of these plant species were identified in the final 
set of OTUs from our analysis. We calculated RRA by converting 
the rarefied number of reads into a proportion of reads per sample 
(i.e., ranging 0–1). Although RRA is not always a reliable measure 
of proportional dietary utilization in DNA metabarcoding studies 
(51), the analysis of RRA based on the trnL-P6 protocol employed 
in this study has been supported at least to the level of plant fam-
ily and functional group in independent studies from different 
systems (46, 52, 53).

NMR of Dietary Metabolites
Nuclear magnetic resonance spectroscopy (NMR) was used 
to examine dietary metabolites from a random subsample of 
uninfected mice (12 HP and 8 LP) with sufficient frozen fecal 
samples from the end of the experiment. Fecal pellets from the 
mice were weighed, crushed, and diluted 1:3 with phosphate 
buffered saline (PBS). Samples were vortexed, allowed to dis-
solve overnight, and re-vortexed. After centrifugation, the 
supernatant was decanted and brought to ca. 30  µL with PBS 
in a 1.7-mm OD capillary tube (New Era Enterprises, Vineland, 
NJ, USA). This capillary was inserted into a 5/2.5-mm OD 
NMR tube containing small amount of D2O, which served as 
an external lock material. Samples were analyzed on an 800-
MHz Bruker Avance III HD NMR spectrometer equipped with 
a custom-made 1H/19F/13C/15N//2H cryoprobe using Topspin 
v.3.2. Water suppression was done using the first increment of 
the NOESY pulse sequence (delay–G1–90o–t1–90o–tm–G2–90o–
acquisition) applying weak presaturation during the relaxation 
delay and the 100-ms mixing time period. Data processing was 
done offline using MNova v.11.0 (Mestrelab Research, Santiago 
de Compostela, Spain). After zero filling, apodization with 1-Hz 
Gaussian broadening, careful phase and baseline correction 
were applied manually. In order to compensate for variance of 

concentrations the spectral intensities were normalized to total 
integral, excluding the small region of the residual water signal. 
Local peak alignment was applied where necessary and possible 
using the inherent function in MNova. A few key metabolites 
were identified based on literature data (54). Out of the 20 
samples, two were discarded because of technical problems 
(poor shimming and water suppression) to maintain statistical 
integrity of the residual data. The collection of 18 spectra was 
then exported to a spreadsheet.

Statistical Analysis
The final sample size of this study was 80 (LP infected = 31, LP 
uninfected = 10, HP infected = 24, HP uninfected = 15). Several 
mice eluded capture for over 20 days beyond when the rest were 
trapped and sampled; these were excluded from statistical analy-
ses. An additional mouse that had a severe congenital uterine 
defect was also excluded.

We assessed effects of diet and infection on immunity and 
condition. No uninfected mice had detectable IL13 concentra-
tions, so a Kruskal–Wallis rank sum test was first used to compare 
infected and uninfected mice. The other cytokines (IFNγ, IL10, 
IL17) also had highly skewed distributions that could not be 
normalized. Thus, effects of diet and infection were analyzed 
using Kruskal–Wallis tests. Next, a general linear model (GLM) 
was used to test the effect of diet on log-transformed IL13 con-
centration among infected mice. GLMs were also used to test 
effects of diet and infection on log-transformed worm-specific 
IgG1, total IgG, and spleen weight relative to carcass weight. 
Using GLMs, we next tested for effects of diet and infection on 
mouse condition, including weight gain per day, plasma albumin 
concentration, plasma leptin concentration, and carcass weight. 
Plasma albumin and leptin concentrations were log transformed 
for the analysis. Diet–infection interaction terms were dropped 
when non-significant. To account for potential correlation 
structure among plasma components, we conducted a principal 
component analysis (PCA) of worm-specific IgG1, total IgG, 
albumin, and leptin. All components were log transformed and 
scaled prior to analysis. Next, the relationship between diet and 
infection status and each principal component (PC) was tested 
using GLMs. This PCA yielded no new insights beyond the 
univariate analyses described above, and results can be found in 
Table S1 in Supplementary Material.

To assess differences in fecal metabolites between the diet 
treatments, the SIMCA-P v.12.1 software package was used 
(Umetrics, Umea, Sweden). To determine if there was spec-
trum-wide variation between the diets, partial least squares-
discriminant analysis (PLS-DA) was performed and orthogonal 
atrial least squares-discriminant analysis (OPLS-DA) were 
performed. Widely used in metabolic phenotyping studies, the 
PLS-DA analyses are better able to detect clusters than traditional 
PCA, and OPLS-DA provides even stronger discrimination 
based on known groupings (e.g., diet) (55). The DA methods 
were validated by calculating R2 and Q2. Prior to PLS-DA and 
OPLS-DA analysis, both UV and Pareto scaling were applied. 
UV scaling is a better choice for maintaining uniform contribu-
tion from all peaks regardless of their absolute intensity, while 
Pareto scaling provides access to “spectrum-like” loadings plot.
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Figure 3 | Diet and infection status affected some mediators of immunity to T. muris but not others. Specifically, (A) interleukin 13 (IL13) and (B) immunoglobulin 
G1 (IgG1) were affected by diet and infection, but not (C) total IgG concentration or (D) spleen size (weight/carcass weight). Asterisks denote significant effects of 
diet or infection (Inf).
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To examine morphological and behavioral changes, we first 
tested for effects of diet and infection on large intestine size (tissue 
weight/carcass weight) using a GLM. Similarly, we used a GLM to 
determine if time spent feeding per day in the enclosures varied 
with diet or infection status. Third, we examined supplemental 
foraging on natural plants in the enclosures using fecal DNA 
metabarcoding data. We tested for significant differences in the 
composition of plant species eaten according to diet, infection 
status, and leptin levels (log-transformed) using permutational 
MANOVA (perMANOVA) in vegan (56) in R. For the per-
MANOVA, we calculated pairwise Bray–Curtis dissimilarity 
metrics for each pair of samples, which ranges from 0 to 1 (from 
completely identical to mutually exclusive dietary compositions, 
respectively). For the six wild-plant families with the great-
est overall RRA, we compared mean RRA between treatment 
groups (infected vs. uninfected and LP vs. HP diets) and across 
levels of leptin. Exploratory trend lines were fit to the data using 
generalized linear modeling. We investigated differences in RRA 
between genera of the legume family (Fabaceae) in more detail 
because this family comprised greatest overall RRA.

Lastly, we tested for differences in parasite load and weight 
gain, corrected for the amount of time each individual spent 
feeding. Among infected individuals, a non-parametric Kruskal–
Wallis test was used to determine if diet affected worm count. In 
infected individuals, we also tested for an effect of diet on worm 
length (log transformed for normality) with a GLM. The amount 
of weight each mouse gained while in the enclosures was divided 
by the amount of time each spent feeding. Weight gain per minute 
feeding was compared between diets and infection status using a 
GLM. All analyses were run in R version 3.1.2.

RESULTS

Dietary Quality and Infection  
Affected Immunity
Measures of immune function were affected by both diet and 
infection. MLN cells of the uninfected mice produced no detect-
able IL13 [a cytokine strongly induced by nematodes (57)] in 
response to stimulation with nematode antigen, making them 
significantly lower than the infected mice (Kruskal–Wallis 
χ2 = 7.52, df = 1, p = 0.0061; Figure 3A). Among infected mice, 
those on the high-protein diet had higher IL13 concentrations 
in culture supernatants than those on the low-protein diet [Est 
(±SE): 0.56 ± 0.25, t = 2.20, p = 0.033; Figure 3A]. The cytokines 
IFNγ and IL17 mediate pro-inflammatory responses, primarily 
to intracellular pathogens and extracellular bacteria and fungi, 
respectively (58, 59). IL10 mediates anti-inflammatory, regu-
latory responses (58, 60). Surprisingly, IFNγ, IL17, and IL10 
were also higher in infected mice but did not differ between 
diets (Figure S1 in Supplementary Material). In mice and many 
other mammals, IgG1 is an important antibody class for fight-
ing GI nematode infection (57). In addition to being higher 
in infected mice (p  =  0.00006), T. muris specific IgG1 titers 
were elevated in mice eating the high-protein diet (p = 0.032; 
Table  2;  Figure  3B). Total IgG concentrations did not vary 
with diet or infection status (all p > 0.33; Table 2; Figure 3C), 
so we cannot account for the elevated IgG1 titers observed in 
uninfected mice eating the high-protein diet as a correlate of 
high total IgG concentrations. Spleen size also did not differ 
significantly with infection status or diet (all p > 0.10; Table 2; 
Figure 3D).
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Table 2 | Results of general linear models testing the effects of diet (HP) and 
infection on immunity, condition, morphology, behavior, and costs of infection.

Estimate SE t-Value p-Value

Log (T. muris IgG1 titer)
Diet 0.367 0.168 2.18 0.032
Infection 0.769 0.182 4.23 0.00006

Log (total IgG g/mL)
Diet 0.171 0.175 0.98 0.332
Infection 0.129 0.188 0.68 0.496

Spleen size (g/mm)
Diet −0.056 0.034 −1.64 0.106
Infection −0.022 0.037 −0.59 0.560

Weight gain/day (g/day)
Diet −0.013 0.009 1.33 0.187
Infection −0.020 0.010 1.97 0.052

Log (albumin mg/mL)
Diet 0.161 0.057 −2.83 0.006
Infection 0.082 0.061 −1.34 0.184

Carcass weight (g)
Diet −0.626 0.219 2.86 0.006
Infection −0.341 0.236 1.44 0.154

Log (leptin pg/mL)
Diet −0.289 0.141 2.05 0.044
Infection −0.018 0.151 0.12 0.904

Large intestine size (mg/g)
Diet 0.56 0.41 1.37 0.176
Infection 1.03 0.44 2.34 0.022

Cecum size (mg/g)
Diet 0.148 0.061 2.45 0.017
Infection 0.130 0.065 1.99 0.050

Time spent feeding (min/day)
Diet −13.7 3.7 −3.69 0.0004
Infection −0.49 4.04 −0.12 0.904

Weight gain/time feeding (g/day)
Diet −0.088 0.265 −0.33 0.742
Infection −0.596 0.287 −2.07 0.042

Significant effects are highlighted in bold.
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Dietary Quality Affected Nutrition  
and Condition
Dietary protein affected multiple aspects of mouse nutrition and 
condition, whereas parasite infection did not. Although neither 
diet (p = 0.19) nor infection (p = 0.052) significantly affected 
rates of weight change (Figure  4A; Table  2), other condition 
measures were more sensitive. Mice on the LP diet had sig-
nificantly lower albumin concentrations (p = 0.006; Figure 4B; 
Table 2) than those on the high-protein chow. The low-protein 
diet also led to elevated leptin concentrations, a metabolic and 
immune-regulatory hormone released in proportion to body fat, 
as well as to higher carcass weights (p = 0.044; Figures 4C,D; 
Table 2). Infection did not affect any of these other condition 
measures (all p > 0.15; Table 2).

Dietary Quality Affected Fecal Metabolites
Nuclear magnetic resonance spectroscopy provides data and 
information on metabolites at the molecular level. The aver-
age spectrum of the 18 fecal samples, after normalization, 
peak alignment, and identification of some components (54), 
is shown in Figure 5A. PLS-DA (UV scaled) revealed distinct 

clustering by diet (Figure 5B), with a high proportion of variance 
explained by PC1 and PC2 (R2Y =  0.993) and decent predict-
ability (Q2  =  0.533). The OPLS-DA (Pareto scaled) coefficient 
plot (Figure 5C) shows many positive and negative intensities, 
corresponding to metabolites in higher or lower relative con-
centrations in LP and HP diets, respectively. A great variety of 
sugars are present in the fecal extract, and aliphatic amino acids 
are clearly in higher abundance in the LP diet group (Figure 5C). 
The differences in metabolite relative abundances between the 
diet treatment indicates the LP diet produces clear alterations in 
the metabolism of the mice and/or their gut microbiota.

Dietary Quality and Infection Altered 
Aspects of Morphology and Behavior
The morphology and behavior of the mice was affected by diet 
and infection. First, infected mice had significantly heavier 
large intestines (emptied large intestinal tissue, weight relative 
to carcass weight) than uninfected mice (p = 0.022; Figure 6A; 
Table 2). Diet and infection status affected cecum size, with larger 
ceca in infected mice on the HP diet (diet: p = 0.017, infection: 
p = 0.050; Figure 6B; Table 2). Additionally, mice on the LP diet 
spent more time feeding than those on the HP diet (p = 0.0004; 
Figure 6C; Table 2).

Herbivory on Wild Plant Species  
Varied among Individuals
Our DNA metabarcoding strategy yielded a total of 1,433,421 
demultiplexed sequence reads of high quality, 14,521 of which 
were unique. After removing putative sequencing errors and 
picking OTUs, our cleaned-up database comprised 3,017 OTUs 
representing 1,296,521 sequence reads (>90% of the original). 
Sequence counts per sample were uneven (range  =  1,648–
162,180, mean  =  49,702), and all were much higher than the 
extraction blank (N  =  229). After removing sequences that 
poorly matched the reference database and that were never >5% 
of reads in any sample, we were left with 82% of the raw DNA 
sequence reads (1,167,514; of raw DNA sequence reads). These 
raw DNA sequence reads represented 26 plant OTUs in subse-
quent analyses (Table S3 in Supplementary Material). We rarefied 
samples to an even depth of 1,301 sequences/sample. The six 
most heavily utilized wild plant families (RRA > 0.05; Table S3 in 
Supplementary Material) included legumes (Fabaceae, cumula-
tive RRA across all samples  =  0.32), grasses (Poaceae  =  0.18), 
wood sorrel (Oxalidaceae = 0.12), roses (Rosaceae = 0.08), violets 
(Violaceae = 0.07), and asters (Asteraceae = 0.07).

Individuals varied considerably in the composition of wild 
plants eaten, but the overall composition of wild foods eaten did 
not differ between treatment groups. The composition of con-
sumed wild plants did not differ by diet quality (perMANOVA: 
pseudo-F1,22  =  0.83, R2  =  0.03, p  >  0.05) or infection status 
(pseudo-F1,22 = 0.96, R2 = 0.04, p > 0.05; Figure 7A) of the mice, 
at least in part reflecting the high inter-individual variation 
in diet composition (mean pairwise Bray–Curtis dissimilar-
ity = 0.89). Diet compositions were more closely associated with 
leptin levels (pseudo-F1,22 = 1.61, R2 = 0.06, p = 0.06; Figure 7B), 
although this trend was marginally non-significant.
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Figure 4 | Diet, but not infection status, affected most measures of condition. (A) Weight change over the course of the experiment (corrected for no. of days in 
the enclosure) was not affected by diet or T. muris infection. However, the LP diet led to reduced (B) albumin concentration and increased (C) carcass weight and 
(D) leptin levels. Asterisks denote significant effects of diet.
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Nevertheless, some variation among groups in their propor-
tional utilization of different plant types was apparent. Most 
strikingly, legumes (family Fabaceae) were virtually unutilized 
by LP-uninfected lab mice even though the mean RRA of 
legumes eaten by mice in other treatments ranged from ~0.3 
to 0.4 (Figure  7A). Within Fabaceae, clover (Trifolium sp.) 
was proportionally more utilized by individuals assigned to 
all groups except the LP-uninfected group, while beggar’s lice 
(Desmodium sp.) was proportionally more utilized by infected 
individuals (Figure  7C). Legumes tended to have higher RRA 
in the diets of individuals with high leptin levels, and there was a 
trend of decreasing Oxalidaceae and Violaceae RRA with leptin 
(Figure 6B). Lab mice from the LP-uninfected treatment utilized 
proportionally more Oxalidaceae (mean RRA ~0.3 vs. <0.1) and 
Violaceae (mean RRA ~0.2 vs. <0.1; Figure 7A). These trends did 
not, however, reflect a significant relationship (p > 0.05).

Effects of Infection Visible Despite  
Low-Intensity Infections
Perhaps due to the greater chow consumption of mice on the 
LP diet and increased large intestine size of infected mice, the 
net effects of diet and infection reveal the dynamic complexity 
of scaling-up this host–parasite interaction to the individual 
level. For example, worm counts did not differ by diet treatment 

(Kruskal–Wallis χ2 = 0.27, df = 1, p = 0.60; Figure 8A). Worm 
length also did not vary with dietary quality (t = 0.57, p = 0.57).

Costs of infection were nonetheless detectable if individual-
level feeding behavior was accounted for. Although overall 
weight change did not vary among treatments (Figure 4A), mice 
on the LP diet spent more time feeding (p = 0.0004; Figure 6C). 
Examining weight gain per time feeding revealed that infected 
mice gained weight at a slower rate than the uninfected mice 
(p  =  0.042; Figure  8B; Table  2), suggesting that they had to 
invest that food energy into something other than growth  
(e.g., the immune response) or that parasites usurped it.

DISCUSSION

Above all, this study shows that a broad perspective on the 
resource demands of parasites and immunity is needed to under-
stand mammalian defense. In order to gain this understanding 
as well as insight into the ecology and evolution of host defenses 
in general, we must incorporate behavioral as well as physi-
ological responses to resource limitation and infection. Using 
diverse data types, we discovered that within-host dynamics of 
infection and defense were strongly impacted by the interactions 
of the host with its wider environment. Most importantly, effects 
of infection, in terms of reduced weight gain, were only visible 
after accounting for variation in individual feeding behavior, 
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Figure 5 | The relative composition of fecal metabolites differed between the two diets. (A) A representative 1H-NMR spectrum, the average of the 18 samples, 
with identification of selected metabolites. (B) PLS-DA scores plot (UV scaling); the subgroups of mice on HP and LP diets are clearly separated into distinct 
clusters. For three components R2Y(cum) = 0.993 and Q2(cum) = 0.533, showing decent validity of the statistics. The ellipse denotes Hotelling’s T2. (C) Loading 
data along the NMR spectrum (Pareto scaling) reveals that there are a great number of metabolites, which are present in distinct quantity in the separated clusters  
of samples. All the negative intensities belong to peaks of metabolites, which are present in greater quantity in the cohort on HP diet (green), while the positive 
intensities depict metabolites in larger concentration in the LP diet group (blue), respectively. Some tentative assignments are shown on the plot. Abbreviations:  
AAs, amino acids; Ala, alanine; Cho, aldehydes; Gly, glycine; Ile, isoleucine; Lac, lactones; Lys, lysine; nuc, nucleic acids; Phe, phenylalanine; Tyr, tyrosine; succ, 
succinate; Val, valine.
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highlighting the complexity of resource–immune–infection 
relationships at the individual scale. In the sections below, we 
discuss each aspect of our results in detail before returning to 
the broader implications in a concluding section.

Dietary Quality and Infection Affected 
Immunity but Not Parasite Loads
The 6% protein (low protein) chow reduced investment in both 
IgG1 and IL13. The direction of the effect of dietary protein 
on IgG1 responses to T. muris E/S antigen, the predominant 
antibody response to primary infection (61), was difficult to 
predict since both higher and lower responses are reasonable 
given previous studies. In the lab, higher IgG1 antibody con-
centrations during protein restriction were documented in mice 

infected with T. muris (14). However, mice infected with the 
nematode Heligmosomoides polygyrus experience lower levels of 
total IgG1 (15) when fed a 3% protein diet. Interestingly, a 7% 
protein diet permitted total IgG1 levels indistinguishable from 
those in mice fed a 24% protein diet (15). Similarly, the reduction 
in IL13 on the LP diet was not a certainty; in a previous labora-
tory experiment, IL13 concentrations did not vary with dietary 
protein level in mice infected with H. polygyrus (27). Spleen size 
was not sensitive to dietary protein, a somewhat unexpected 
result given that low-protein diets reduce spleen size during  
H. polygyrus infection (15, 34). However, differences between 
these nematodes in their infection sites (small intestine vs. 
cecum) and the immune responses they typically induce in 
C57BL/6 mice (Treg vs. Th2) (62), could account for their differ-
ent effects in protein-limited hosts.
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Figure 6 | Mouse physiology and feeding behavior were affected by 
infection and diet. (A) Infection was associated with a heavier large intestine 
size (emptied of contents, relative to carcass weight), whereas (B) the HP 
diet was associated with a heavier cecum relative to carcass weight. (C) Mice 
on the LP diet spent more time feeding than mice on the HP diet. Asterisks 
denote significant effects of diet or infection (Inf).
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The reductions in IgG1 and IL13 could be due to direct effects 
of protein limitation on T- and B-cell function, which are known 
to be regulated by host metabolic activity (63, 64). Indeed, 
trade-offs between markers of protein nutrition and worm-
specific antibodies to the nematode Teladorsagia circumcinta 
were visible in a wild Soay sheep population. Moreover, these 
trade-offs predicted overwinter survival with nutrition increas-
ing survival for older individuals while investment in immunity 
led to greater survival odds for young sheep (37). Alternatively, 
the elevated carcass weights and leptin concentrations of the LP 
mice, due to increased chow consumption, suggest they had a 
higher body fat content than HP mice. Food intake in uninfected 
mice may be regulated by dietary protein content (65). Increased 
chow consumption, weight, and leptin levels have also been 
detected in mice fed a low-protein diet in previous nematode 
infection-diet manipulation experiments (27, 66). Carcass 
weight has been posited as an indicator of tolerance during 
helminth infection (67), but our data suggest that compensatory 
feeding may disrupt that association. Obesity is associated with 

pro-inflammatory responses (68), which may be mediated in 
part by leptin (6, 69, 70). Thus, the reduced IgG1 and IL13 levels 
could be a consequence of the fatter LP mice shifting from Th2 
responses to pro-inflammatory Th1 responses. Although it is a 
common finding across multiple nematodes (27, 66), it remains 
unknown whether protein limitation itself or increased body fat 
due to limitation-induced overeating drive the pro-inflammatory 
shift during protein limitation.

Given how integral IgG1 and IL13 are to the development 
of an effective Th2 response to T. muris infection (61, 71), it is 
surprising—and contrary to our initial hypotheses regarding 
potential relationships between diet and immunoparasitological 
outcome—that parasite load did not differ between the dietary 
treatments. IgG1 levels in uninfected HP mice were much 
higher than those in uninfected LP mice, which contributed to 
the overall effect of diet on IgG1 levels. Among infected mice, 
IgG1 levels were more similar across diets, offering a potential 
explanation for their indistinguishable worm counts. Yet, among 
infected mice, IL13 concentrations were over 70 times higher in 
mice eating the HP diet, so it is unclear why that did not translate 
to differences in parasite load. Across both diets, infected mice 
had cleared most of their parasites by the time they were sampled 
at the end of the study. Due to this clearance rate and the high 
numbers of individuals with below-detection immune responses, 
there was insufficient statistical power to examine individual-
level variation in immunity and its relation to parasite load. The 
treatment-level patterns suggest that perhaps the lower concen-
trations of IL13 in the mice given the LP diet were also sufficient 
to reduce T. muris survival by that time point, while those on 
the HP protein treatment had excess expression. Alternatively, 
the higher IL13 concentration (generated by stimulating MLN 
cells with T. muris antigen), might indicate the strength of the 
memory response. Thus, mice on the HP diet might be better 
protected during reinfection, a pattern also seen during protein 
limitation and infection with H. polygyrus (27, 34).

The low worm counts are surprising, given the 5.5-fold 
higher loads observed at a similar time point in a prior experi-
ment (mean ± SE; Leung et al.: 34.2 ± 7.7 worms, this experi-
ment: 6.1 ± 1.9 worms) in these same enclosures with similar 
mouse age and weight at infection, enclosure acclimation time, 
experiment duration, and parasite dosing performed by the 
same technician (See text footnote 1). The number of dpi was a 
strong predictor of worm counts, which declined quickly over 
time. If sampled sooner, differences in burden between diet 
treatments may have been more detectable. However, this rate 
of decline was indistinguishable from the prior experiment (See 
text footnote 1), and thus cannot explain the overall lower worm 
counts.

Instead, differences in hatching ability between batches of T. 
muris eggs, differential availability or composition of supplemen-
tary forage, slightly different sampling time points and/or effects 
of the different brand and composition of chow could contribute 
to the disparity in worm counts between experiments. For exam-
ple, although the chow used by Leung et al. (See text footnote 1) 
had a similar macronutrient composition to the HP diet in this 
study, the highly refined ingredients in the specialty diet might 
have altered the gut microbial flora, reduced T. muris hatching, 
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Figure 7 | Dietary DNA metabarcoding revealing the diversity of wild plants eaten by lab mice. (A) The mean (±SE) relative read abundances (RRA) of plants 
representing the top-6 most heavily utilized families of wild plants reveal considerable dietary variation within and among treatment groups. Families are ordered 
according to decreasing total RRA across all samples. (B) The correlations between leptin, a measure of body fat, and the RRA of plant families in each sample 
suggest differing relationships, but none reached significance (all p > 0.05). (C) Within the family exhibiting the highest overall RRA (Fabaceae), an OTU-representing 
Trifolium (clover) was common in all but the LP-uninfected treatment and an OTU-representing Desmodium (beggar’s lice) was eaten only by infected mice.
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made the intestines a less hospitable environment for T. muris, 
and/or increased the efficacy of mouse immune defenses. This is 
an important area of future inquiry. In any case, IgG1 and IL13 
data confirm that the mice in the current study were infected for 
long enough to stimulate an immune defense to T. muris.

Dietary Quality Affected Fecal Metabolites
In the uninfected mice, the dietary quality significantly altered 
the nutrient environment within the mouse; in infected hosts, 
T. muris would likely experience similar nutrient alterations. 

Estimating cecum nutrient content from those in feces using 
NMR revealed that sugar metabolites varied greatly between 
diets, and amino acids like phenylalanine and alanine were 
higher in the HP group. This is not surprising given that the 
difference in protein between the treatments was compensated 
with a higher percentage of carbohydrates to achieve equal calorie 
density. Relative abundances of tyrosine, which is involved in the 
regulation of immune signaling pathways (72), and the aliphatic 
amino acids tended to be higher among mice on the LP diet. 
This preliminary exploration demonstrates that NMR metabolite 
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Figure 8 | Despite there being no differences in worm counts by diet, infected mice gained less body weight than uninfected mice when corrected for time spent 
feeding. (A) Among infected mice, worm counts did not differ by diet. (B) Infection status affected weight gain for the amount of time individual mice spent feeding.
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analysis is a powerful, non-species-specific tool for examining 
host nutrition. Further analysis can include 2D NMR and spik-
ing to identify additional metabolites, quantification of absolute 
concentrations using reference samples [PULCON method (73)], 
and metabolic pathway analysis [STOCSY (74)]. Despite differ-
ences in the nutrient environment revealed by NMR, T. muris 
counts and length did not differ between the dietary treatments. 
T. muris may feed on intestinal tissues and secretions (75, 76), 
rather than host blood or ingesta. T. muris also strongly affects, 
and is affected by, the host intestinal microbiome (76–78), so any 
changes in metabolic profile that alter microbiome composition 
could potentially have stronger effects on T. muris hatching, 
development, and survival. Future work could explore how host 
gut microbiome and metabolites effect T. muris infection success, 
and in turn, how they are affected by helminth infection.

Dietary Quality and Infection Altered 
Aspects of Morphology and Behavior
Our data support the hypothesis that mice attempted to com-
pensate for differences in the protein composition of the chow 
by altering their physiology and behavior. Mice spent 30% more 
time eating the LP diet per day, a significant time investment 
that could also come with increased predation risk in fully 
natural settings (79). While this investment could partially 
close the gap in protein acquisition between treatments, con-
sumption would need to be 400% higher in the LP treatment 
to achieve similar protein levels to individuals on the HP diet. 
However, dietary protein does not affect host metabolic rate 
(16), so maintenance costs (Figure 1) are likely similar between 
treatments. Insects were also present in the enclosures and diet 
metabarcoding tools could be used in future studies to examine 
if, and to what degree, lab mice are able to utilize them as a 
food source. Albumin was reduced on the LP diet, revealing 
protein limitation within those hosts. Albumin’s primary role is 

maintaining osmotic pressure in the blood (80), and, in wildlife, 
lower levels can reflect costs of reproduction (81) and indicate 
reduced survival probability in wildlife (37).

Interestingly, the choice of supplemental wild forage was 
marginally associated with differences in leptin concentrations. 
Leptin concentrations tended to be higher in animals that ate 
proportionally more plants in the legume family, Fabaceae, which 
includes clover (Trifolium sp.) and beggar’s lice (Desmodium 
sp.). These plants have a higher protein content and are widely 
known to be good forage for livestock and wildlife (82), even 
increasing sheep weight gain by an average of 40% compared 
with feeding on ryegrass alone (83). Thus, behavioral compensa-
tion for immunological or infection costs may explain the trend 
toward higher consumption of these plants in infected mice. 
Conversely, lab mice that ate proportionally more plants in the 
families Oxalidaceae (Oxalis sp.; wood sorrel) and Violaceae 
(Viola sp.) tended to have low leptin levels. Mice consumed 
similar amounts of chow in the enclosures (g chow/g mouse) 
as they did in the laboratory setting, so wild plants probably do 
not represent a replacement food source for most individuals. 
We cannot quantify the amount of wild plant matter eaten by 
mice in the different treatments using DNA metabarcoding, but 
these emerging trends are suggestive of compensatory foraging 
behaviors worth further investigation.

Infected mice found physiological ways to compensate for the 
costs of T. muris infection, rather than following our alternate 
hypotheses of increased foraging or infection-induced inap-
petence. The increased cecum size of infected individuals could 
be a consequence of parasite manipulation to create more habitat 
space, but the increase in large intestine size with infection is 
more difficult to explain. Large intestines, emptied of contents 
and relative to body size, were over 10% heavier in infected mice. 
This additional weight was not due to the worms themselves, 
which were located in the cecum. In the average size mouse, this 
difference translates to a 15-mg increase in colon weight. Hosts 
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could increase colonic tissues to enhance water balance, nutrient 
reabsorption, or house more commensal microbes to aid in diges-
tion. Similarly, H. polygyrus, which resides in the small intestine, 
is associated with increased investment in small intestine tissues 
(67). An influx of immune cells or an increase in gut microbe 
communities could also contribute to these differences; this 
hypothesis could be examined histologically in future studies. 
However, given estimates of approximately 1 pg per E. coli cell 
(84) and 2.2 pg per lymphocyte (85), they cannot fully account for 
the increase in colon size in T. muris-infected mice.

To some degree, infected mice may also supplement their 
food intake with clovers. This trend was driven by a lack of beg-
gar’s lice in feces of uninfected mice and an absence of clover 
in LP-uninfected mice. Plants in the Fabaceae family, including 
clovers and beggar’s lice, tend to be high in protein (82), and 
that could help hosts either resist infection by providing more 
resources for immune defense or tolerate infection by compensat-
ing for costs of infection and immune defense. A larger sample 
size, particularly of LP-uninfected mice, would help elucidate the 
efficacy and generality of this potential behavioral compensa-
tion mechanism. At this stage, however, we can conclude that 
infected mice gained less weight per minute of chow feeding 
than uninfected mice, despite increased large intestine size and 
use of potentially high-protein wild forage. This in turn suggests 
that their compensation for the costs of infection (e.g., parasite 
resource theft, elevation of immune defenses, tissue repair, etc.) 
was incomplete.

CONCLUSION

Ultimately, biomedical and evolutionary immunology both 
aim to explain how resource costs of immunity and infection 
at the cellular level scale up to the whole organism embedded 
in its natural environment. Seeking such an explanation—and 
indeed bridging from biomedical to evolutionary immunology—
requires altered experimental designs that allow organisms to 
modify both their behavior and physiology in response to infec-
tion. An experimental approach is critical given the plausibility 
of alternate hypotheses (e.g., increased or reduced investment 
in immunity with a high-protein diet; increased or reduced 
foraging in response to parasite infection). Laboratory mice in 
semi-natural enclosures such as those studied here provide such 
an opportunity. The enclosures provided an environment with 
natural thermal regimes and space for activity (e.g., foraging, dig-
ging burrows) that could generate stronger energetic demands, 
and therefore stronger trade-offs than under typical laboratory 
conditions. Given the importance of gut microbiomes in T. muris 
infection (76–78) and in nutrition–immune interactions in gen-
eral (19, 86, 87), the more diverse gut microbiomes generated by 
the enclosures (See text footnote 1) likely provide more realistic 
results than laboratory settings would. Additionally, this system 
shows potential for future studies of microbiome-helminth-diet 
interactions pertinent to the increasing rates of diseases linked to 
nutrition and immune dysregulation in developed nations (e.g., 
diabetes, obesity, autoimmune disorders). Our custom-built 
feeding monitoring system and dietary DNA metabarcoding 

allowed detection of compensatory feeding on chow and wild 
plants, respectively, that otherwise masked effects of infection.

By investigating lab mice, we were able to utilize a large suite 
of physiological and immunological tools, which proved useful 
given their variable responses to protein and infection. Much 
work remains to deploy such tools and new experimental designs 
to definitively dissect the mechanisms of the host–parasite 
interaction. In semi-natural enclosures, we observed high inter-
individual variation that reduces statistical power and, therefore, 
requires much larger sample sizes than traditional laboratory 
studies. For example, the relationship between infection and 
weight gain was just above the significance threshold (p = 0.052), 
but our power to detect an effect with total sample size of 80 
individuals was only 0.45, far below the ideal power of 0.8. Thus, 
although we failed to detect an effect of infection on weight gain, 
we cannot conclude that T. muris does not affect mouse weight 
gain. Indeed, once we corrected for variation in weight gain due 
to time spent feeding, an effect of infection on weight gain was 
detectable (p  =  0.042). Additionally, to prevent uncontrolled 
disease transmission and “contamination” of the enclosures with 
parasite eggs, we ended the experiment before T. muris could 
develop into adults, which may be a more energetically costly 
parasite life-stage. Longer term studies and those with trickle 
infections (i.e., small doses over time) will provide additional 
insight into this host–parasite interaction. Finally, variation in 
individual movement and thermoregulatory behavior is difficult 
to monitor in the enclosures, but may contribute to overall energy 
budgets and weight gain. With some weatherproofing alterations, 
remote activity monitoring systems such as those developed to 
study the activity of barn mice (88), plus temperature-sensing 
chips, could be a useful addition to such field enclosure studies.

Nonetheless, examining the interactions among diet, nutri-
ents, immunity, and parasites in a realistic context revealed 
the central role of feeding behavior in infection outcomes and 
the complexity of interactions among environmental resources 
and within-host dynamics. Future experiments must therefore 
account for behavioral heterogeneity among individuals if we are 
to elucidate costs of parasitism and defense. Moreover, in the wild, 
altering feeding behavior in response to infection is a strategy 
available to individuals, but it may come with costs in terms of 
energy spent foraging, predation risk, and less time available for 
other behaviors (e.g., reproduction). Housing laboratory mice in 
outdoor enclosures provided new insights into the resource costs 
of immune defense to helminth infection and how hosts modify 
their feeding behavior to compensate for those costs.
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Figure S1 | Interferon gamma (IFNg), interleukin 10 (IL10), and interleukin 17 
(IL17) concentrations were higher in infected mice than uninfected mice 
(Wilcoxon tests; IFNg: W = 506, p = 0.046, IL10: W = 483, p = 0.010, IL17: 
W = 441, p = 0.0036), but did not vary with diet (IFNg: W = 843, p = 0.67, IL10: 
W = 929, p = 0.13, IL17: W = 899, p = 0.28).
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Parasitic helminths are extremely resilient in their ability to maintain chronic infection 
burdens despite (or maybe because of) their hosts’ immune response. Explaining how 
parasites maintain these lifelong infections, identifying the protective immune mecha-
nisms that regulate helminth infection burdens, and designing prophylactics and thera-
peutics that combat helminth infection, while preserving host health requires a far better 
understanding of how the immune system functions in natural habitats than we have at 
present. It is, therefore, necessary to complement mechanistic laboratory-based studies 
with studies on wild populations and their natural parasite communities. Unfortunately, 
the relative paucity of immunological tools for non-model species has held these types 
of studies back. Thankfully, recent progress in high-throughput ‘omics platforms provide 
powerful and increasingly practical means for immunologists to move beyond traditional 
lab-based model organisms. Yet, assigning both metabolic and immune function to 
genes, transcripts, and proteins in novel species and assessing how they interact with 
other physiological and environmental factors requires identifying quantitative rela-
tionships between their expression and infection. Here, we used supervised machine 
learning to identify gene networks robustly associated with burdens of the gastroin-
testinal nematode Heligmosomoides polygyrus in its natural host, the wild wood mice 
Apodemus sylvaticus. Across 34 mice spanning two wild populations and across two 
different seasons, we found 17,639 transcripts that clustered in 131 weighted gene 
networks. These clusters robustly predicted H. polygyrus burden and included well-
known effector and regulatory immune genes, but also revealed a number of genes 
associated with the maintenance of tissue homeostasis and hematopoiesis that have so 
far received little attention. We then tested the effect of experimentally reducing helminth 
burdens through drug treatment on those putatively protective immune factors. Despite 
the near elimination of H. polygyrus worms, the treatment had surprisingly little effect 
on gene expression. Taken together, these results suggest that hosts balance tissue 
homeostasis and protective immunity, resulting in relatively stable immune and, conse-
quently, parasitological profiles. In the future, applying our approach to larger numbers 
of samples from additional populations will help further increase our ability to detect the 
immune pathways that determine chronic gastrointestinal helminth burdens in the wild.

Keywords: wild immunology, Apodemus sylvaticus, transcriptome, machine learning applied to immunology, 
Heligmosomoides polygyrus, anthelminthics
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INTRODUCTION

Chronic helminth infections challenge our understanding of 
how the immune system functions. In natural populations, 
while individuals are continually exposed to helminth parasites, 
there is substantial variability in infection burdens, with some 
consistently showing no active infection (1, 2). This suggests that 
individuals can potentially control infection. In addition, while 
anthelminthics are commonly employed to reduce helminth 
burdens, after drug clearance, infections typically return to 
their initial burdens (3–5), suggesting that the immune system 
does not or cannot easily acquire complete protection against 
helminths. Such observations have lead to the hypothesis that 
hosts must balance the costs of helminth infection with the 
immunopathology and/or protein-energy-related costs associ-
ated with eliminating these parasites (6–8). If this trade-off exists, 
it suggests that the host can regulate the intensity of its immune 
attack on the parasites, and, alternatively, that these parasites can 
avoid and suppress host immune responses (9, 10). While these 
ideas have received substantial theoretical and experimental sup-
port, the mechanisms that underlie chronic helminth infection 
dynamics “in the real world,” and whether or how the balance 
of resistance and susceptibility might change over the lifetime 
of an individual, either naturally or in response to vaccination, 
remain very poorly understood. We suggest that addressing these 
questions is necessary for the development of more effective 
and sustainable treatment and immunization against parasitic 
helminths, which are the leading cause of productivity loss in 
livestock (11–13) and remain a substantial agent of poverty in 
the developing world (14, 15). It is, therefore, paramount to study 
hosts in their natural environment, outside of the controlled 
laboratory, where the data may be messy, but where relationships 
between hosts and their natural parasite communities are the 
result of millions of years of coevolution and more likely to be 
biomedically relevant.

Identifying protective immune mechanisms in inherently 
variable natural populations warrants relatively large sample sizes, 
the possibility to manipulate parasitological, physiological, and 
environmental parameters, and the ability to monitor individuals 
repeatedly over time. The wood mouse Apodemus sylvaticus has 
been extensively studied by disease biologists since the 1960s 
(16, 17) and is now increasingly used for immunological stud-
ies (18, 19). It offers many of the features that originally made 
small rodents attractive experimental models (i.e., affordable, 
easy to maintain and handle, prolific breeding, and short time to 
maturity) and adds features that make it an ecologically and epi-
demiologically sound model for mammalian, including human, 
immunology, and parasitology (i.e., high diversity and prevalence 
of parasites, good trapability, large population sizes, genetic relat-
edness to Mus musculus). Indeed, A. sylvaticus harbors a diverse 
and prevalent community of parasite and pathogens that closely 
resembles those found in larger mammals, including humans 
(20–24), and domestic animals (25). Importantly, unlike Mus 
musculus which is naturally infected by very few gastrointestinal 
helminth parasites (26, 27), A. sylvaticus is the natural host of the 
nematode Heligmosomoides polygyrus, which is routinely found 
in >50% of wild wood mice (28) and is closely related to H. bakeri 

(29), a species extensively studied as a model of human gastro-
intestinal helminths that is known for its ability to suppress the 
immune system of its host (30). In this study, we therefore used 
H. polygyrus as a model for chronic endemic helminthiasis, and 
aimed to identify immune networks that regulate infection bur-
den in a natural host–helminth system. Due to the preponderance 
of the laboratory mouse model in immunology, there are few, if 
any, reagents developed and optimized for non-model organisms 
(31). We, therefore, utilized a transcriptomics approach. While 
the genome itself provides invaluable information about immune 
resistance to infection (32–34), messenger RNA expression pro-
files provide a time- and context-sensitive picture of the immune 
system as it responds to antigenic stimuli. Moreover, unlike PCR 
and other candidate gene-driven approaches, transcriptomics 
allow discovery of unexpected correlates of immune protection 
and inclusion of physiological processes in the discovery of 
determinants of resistance to disease that would otherwise be 
overlooked in a purely immunology-focused approach.

In this study, we aimed (i) to identify gene networks that were 
either positively or negatively associated with H. polygyrus infec-
tion burden, (ii) to use those genes to identify immune pathways 
that promoted immunity to H. polygyrus, and (iii) to test whether 
those protective pathways were affected by sex and anthelminthic 
drug treatment. We used a newly published A. sylvaticus genome 
for the assembly and analysis of RNAseq samples generated 
from the spleens of 34 wild-caught wood mice from two distinct 
populations showing natural variation in helminth burdens, and 
then randomly treated a subset with anthelminthics to experi-
mentally reduce their nematode infection burdens. Identifying 
transcripts predictive of infection burdens in a natural system, 
and maximizing the chances of these associations to generalize 
across populations requires detecting potentially weak signals 
among many variables, while simultaneously avoiding spurious 
variation (false positives). We addressed this challenge by reduc-
ing transcripts into co-expression gene networks, and identifying 
therein robust predictors of immunity to H. polygyrus using 
supervised machine learning—a class of statistical models that 
can integrate multiple variables that each carry weak signal into 
a stronger predictor by mapping them to a response variable, 
here H. polygyrus burdens. These types of supervised machine 
learning approaches hold promise for ecological and immuno-
logical studies (35, 36). We then applied a similar supervised 
approach to a narrower set of transcripts explicitly associated 
with immunity to assess how the immune system regulates its 
response to chronic helminth burdens in both male and female 
mice. To ensure that our models were not specific to a single 
population, time point, and sequencing platform, and thereby to 
increase the generalizability of our conclusions, we split samples 
spanning two wood mouse populations repeatedly at random 
into training sets on which predictive models were generated, 
and corresponding test sets on which the predictions of trained 
models were validated against observed values. Finally, given the 
widely reported propensity of anthelminthic-treated individuals 
(humans included) to return to their initial helminth burdens 
within weeks, we assessed whether the correlates of protection 
identified by our supervised learning approach were impacted by 
anthelminthic treatment.
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MATERIALS AND METHODS

Ethics Statement
All procedures on animals were approved by the University of 
Glasgow ethics committee and the UK Home Office (PPL60/4572) 
and conducted in accordance with the Animals (Scientific 
Procedures) Act 1986.

Wood Mouse Field Treatment  
and Sampling
To minimize false discovery and ensure that our findings could 
generalize to other wood mouse populations, we included sam-
ples from two geographically and temporally distinct A. sylvaticus 
populations at two woodland sites: Haddon Wood (N 53.16°,  
W 3.1°, hereafter referred to as HW) in north-west England in 
2011, and Callendar Wood (N 55.99°, W 3.78° hereafter referred 
to as CW) in the Central Lowlands of Scotland in 2015.

Mice were trapped using Sherman live traps (H. B. Sherman 
2  ×  2.5  ×  6.5 inch folding trap, Tallahassee, FL, USA) baited 
with grain, carrot, and bedding material. Two traps were placed 
every 10 m in a 70 m × 70 m (total 128 traps per grid). At first 
capture, each individual was microchipped (AVID microchips, 
Lewes, UK). In CW only, mice were allocated to one of two sex-
balanced groups: anthelminthic drug-treated or control. Age and 
reproductive status, assessed by the body mass, color of the coat, 
position of testes, occlusion of the vagina, and visible signs of 
lactation and pregnancy were also recorded. The drug treatment 
removed gastrointestinal nematodes, which are typically the 
most abundant parasites in wood mice (4). Drugs were given 
as a single oral dose of 2 µl g−1 of body weight of a mixture of 
9.4 mg kg−1 Ivermectin and 100 mg kg−1 Pyrantel (IVM + PYR), 
and controls consisted of oral delivery of 2 µl g−1 of body weight 
of water (H2O). Mice that were recaptured 14 ± 3 days post first 
capture were sacrificed on site. After cervical dislocation and 
exsanguination by cardiac puncture, the spleen of each individual 
was extracted and immediately transferred to a tube containing 
4 ml RNA later, followed by whole removal of the intestine and 
storage in phosphate-buffered saline for subsequent dissection 
and parasite identification.

Parasitology
Heligmosomoides polygyrus are ingested at their third larval (L3) 
stage, penetrate the submucosa of the small intestine within 24 h, 
and migrate to the muscularis externa, where they develop into 
L4-stage larvae. 8–10 days after infection, adult worms begin to 
emerge into the lumen of the intestine and attach to the intestinal 
villi within ~14  days, where they mate and release eggs. We 
measured adult H. polygyrus intestinal burdens of all sacrificed 
mice to assess immune resistance to infection. Worm burdens 
are preferred over fecal egg counts because they have much lower 
variability and likely reflect interactions with the host’s immune 
system during larval development. While it was not possible 
to measure individual level differences in exposure to parasite 
infective L3s in the wild, we selected mice of similar ages within 
both sexes, and assumed lifetime exposure levels were similar 
across all selected mice. Worm burdens were compared between 

sites (CW or HW), sexes and treatment groups using negative 
binomial generalized linear models because of the significant left-
skew coupled with high worm prevalence, over a zero-inflated 
distribution.

RNA Sequencing, Assembly, Annotation, 
and Quantification
A transversal segment of each spleen was cut under sterile condi-
tions, weighed, and processed following the RNeasy kit (Qiagen). 
RNA quantity and quality were assessed using a Tapestation 
(Agilent Technologies), and stored at −80 until RNA sequenc-
ing. All RNA samples were evaluated on a Bioanlayzer (Agilent 
Technologies) immediately prior to Poly-A selection of messenger 
RNA. Ten wood mice from Haddon Wood were sequenced on an 
Illumina Solexa 454 with 100 bp paired end reads by Edinburgh 
Genomics (2011). Twenty-four wood mice from Callendar wood 
were sequenced on an Illumina NextSeq 500 with 75 pb paired 
end reads by Glasgow Polyomics (2015). Raw reads generated by 
the sequencers were quality-checked using FastQC v. 0.11.5 (37) 
and sequences of low-quality and sequencer adapters trimmed 
using cutadapt v. 1.14 (38). The resulting trimmed reads were 
then quality-checked using FastQC and MultiQC (39) as above 
(see MultiQC report in Supplementary Data Sheet 1), and aligned 
to a reference transcriptome and quantified using Kallisto v. 0.43.1 
(40). An A. sylvaticus transcriptome generated from a recently 
published genome (assembly ASM130590v1, https://www.ncbi.
nlm.nih.gov/nuccore/LIPJ00000000.1) was used as the reference 
for assembly and read counts.

Transcriptome Analysis
Dimensionality Reduction
To select within the full transcriptome only the genes that had a 
potential role in resistance or tolerance to H. polygyrus across the 
full wood mouse transcriptome, we first grouped highly intercon-
nected transcripts that may form distinct biological pathways by 
applying a weighted correlation network analysis (41) with the R 
package WGCNA (42). This entailed constructing gene networks 
(or modules) using a co-expression similarity measure defined as:

	 A cor(x , x )ij i j= 0 5 0 5. .+( )β	
where Aij is the pairwise correlation between gene expressions 
(xi, xj), and β is the soft-threshold weight which is set at 6 in our 
analysis based on scale-free topology criterion (41). The WGCNA 
cluster eigengenes, which summarize the expression levels of all 
transcripts within each cluster, were used for further analysis as 
combining such clusters into biologically linked “meta-networks” 
as been shown to help identify biologically meaningful pathways 
(43–45). In addition to identifying the strongest correlates of pro-
tection across the full transcriptome, we sought to describe how 
genes explicitly associated with immunity might be functionally 
associated with H. polygyrus infection burdens. We, therefore, 
selected all genes for which the BLAST annotation contained 
the following immunological terms: “chemokine,” “cytokine,” 
“gata3,” “immunoglobulin,” “interferon,” “interleukin,” “platelet,” 
“relm,” “resistin,” “ror-gamma,” “t-bet,” “TBX21,” “TGF,” “TNF,” 
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or “toll-like” for their reported roles in immunity or regulation of 
responses to parasitic nematodes (9, 46–49).

Supervised Learning
To identify WGCNA clusters or immune genes (“features”) that 
may have a role in regulating H. polygyrus burdens, we trained 
supervised learning models to map them to parasite counts of 
untreated individuals from both CW and HW populations.  
All features were scaled to unit variance to ensure homoscedas-
ticity, and worm counts were log10+1-transformed to improve 
machine learning algorithm performance. To predict H. polygyrus 
burdens, we used a regression analysis with the task of minimiz-
ing mean squared errors (MSE) between parasitic worm burdens 
observed in a test set and burdens predicted by a model trained 
on an independent training subset of the full dataset.

To select which algorithm was most likely to generate the best 
models from our data, we began by comparing the baseline per-
formance of widely used algorithms using their default settings 
on the full dataset using 10-fold cross-validation: Elastic Net; 
k-Nearest Neighbors for Regression; Random Forest regressor; 
and eXtreme Gradient Boosting regressor using either a linear 
(GLM) booster, or a tree booster.

The full dataset was then split 75/25 into a training set and 
the corresponding test set 10 times repeatedly at random with-
out replacement to avoid sampling bias affecting our choice of 
trained model. For each of the random train-test paired subsets, 
the selected algorithm was tuned on the training set using a wide 
range of possible parameter settings on the training subset using 
fivefold cross-validation, and the trained models that achieved 
the lowest MSE between predicted and observed burdens in the 
test set were retained. Summary statistics (mean and SEM) of all 
50 resulting MSE, and of all 50 weights applied to each cluster 
within the trained models were used for ranking the importance 
of each gene transcript or cluster in predicting H. polygyrus 
burdens.

Statistical Analysis
Immune features (WGCNA clusters and transcripts) that contrib-
uted most to the predictive performance of each model were used 
as response variables in generalized linear models to assess the 
effects of host sex (two level factor) and anthelminthic treatment 
(two level factor) on their expression. To reduce type 1 errors 
due to multiple testing, statistical significant was considered at 
p ≤ 0.01.

All data processing, machine learning, statistical analyses, and 
graphs were performed using Python 3.6 packages pandas (50), 
scikit-learn (51), statsmodels (52), and seaborn (53), respectively.

RESULTS

Infection by H. polygyrus Was Prevalent 
but Infection Intensity Varied Substantially 
between Individuals and Populations
As is typical of parasite burdens where a minority of the animals 
carry most of the infection (54), H. polygyrus infection burdens 
followed a negative binomial distribution in the 61 individuals 

sampled in the two field populations (CW and HW), with 
burdens ranging from 0 to 135 worms (Figure 1A). Of those, 34 
adult mice selected at random with H. polygyrus burdens at post 
mortem ranging 0–86 were retained for further analysis. While 
worm burdens within each population did not to differ signifi-
cantly between sexes (Figure 1B), they were markedly higher 
in CW than in HW (Figure 1C, p < 0.0001, n = 22 untreated 
wood mice). All males and all females from CW included in 
subsequent analyses were infected with H. polygyrus, while 
prevalence was 60% for the females from HW (Figure  1B), 
amounting to a 91% prevalence of H. polygyrus in our untreated 
individuals. Half of the males and females caught in CW were 
treated with anthelminthic drugs to test associations between 
transcript expression (Illumina RNA-seq counts) and gastro-
intestinal helminth burdens. Treatment was equally effective at 
reducing H. polygyrus numbers and prevalence in both sexes 
but failed to remove the parasites completely (Figure 1C, 60× 
reduction in burden p < 0.0001; prevalence X2 = 0.0007, n = 24 
in CW only). Taken together, these results confirm that this 
parasite is common in A. sylvaticus, suggest that H. polygyrus 
varies substantially in intensity between and within populations, 
and that anthelminthic treatment, while effective, did not com-
pletely eliminate gastrointestinal helminths from the treated 
individuals.

Transcriptome-Wide Correlates  
of Resistance and Susceptibility  
to H. polygyrus Were Highly  
Predictive of Worm Burden
To identify transcriptome-wide gene expression profiles that 
might explain the observed variation in worm burdens and help 
identify immune mechanisms that regulate H. polygyrus burdens 
in wild wood mice, we began by clustering transcripts into co-
expression networks to reduce the number of variables for fur-
ther analysis. WGCNA reduced the 17,639 transcripts contained 
in the full transcriptome to 131 clusters. We used the eigengene  
(or first principle component) of each cluster to capture the 
majority of variation of all the genes contained within that 
cluster. Despite differences in infection burdens reported 
above, we found no clustering of transcription profiles by 
sampling origin, sex, or treatment (Figure S2 in Supplementary 
Material), indicating that our sampling procedure, use of dif-
ferent sequencing platforms, host sex, and drug treatment did 
not cause transcriptome-wide biases between individuals. All 
34 transcriptomes were, thus, treated as belonging to the same 
statistical population. To identify the clusters associated with 
chronic H. polygyrus burdens, we used a supervised learning 
approach with clusters entered as explanatory variables and 
log10+1-transformed H. polygyrus counts as the response vari-
able. Only mice that were not treated with anthelminthics were 
considered. A comparison of machine learning algorithms using 
fivefold cross-validation suggested two classes of algorithms 
were best suited for generating models mapping gene expres-
sion clusters to H. polygyrus burdens, gradient boosting with a 
linear booster (55) and Elastic Nets (Figure S3 in Supplementary 
Material). Elastic Nets identified several positively and negatively 
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Figure 1 | Heligmosomoides polygyrus prevalence and burdens in sampled Apodemus sylvaticus. (A) Distribution of H. polygyrus intestinal burdens in 61  
A. sylvaticus sampled in HW and CW (histogram) and among those the 34 individuals randomly selected for the transcriptome analysis (vertical black lines).  
(B) H. polygyrus burdens of untreated male (M) and female (F) mice from CW and HW. (C) H. polygyrus burdens of treated (T) and untreated controls (C) from CW 
only. In (B,C) H. polygyrus prevalences in each category are given as percentages, bars represent mean log-transformed worm counts and error bars show the SEM.
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correlated clusters with robust statistical support. Elastic nets are 
particularly useful when the number of predictors is larger than 
the number of observations, as they tend to group together highly 
correlated features, a desirable behavior when selecting gene 
expression variables (56). Conversely, the XGBoost algorithm 
selected few clusters with clear positive of negative associations 
with worm burdens and appeared too sensitive to outliers, sug-
gesting that it was likely to overfit (Figure S4 in Supplementary 
Material)—we, therefore, retained only Elastic Nets for further 
analysis. We then trained Elastic Nets as described in the sec-
tion “Materials and Methods” on 10 randomly selected training 
subsets of untreated only mice from both CW and HW. The 
resulting models predicted log10+1-transformed H. polygyrus 
burdens in the corresponding test sets with a MSE of 0.24 ± 0.01.  
To identify clusters that were most informative to the predic-
tion models, we ranked them using the Elastic Net coefficients, 
of which both positively- and negatively associated transcript 

expression networks were identified (Figure 2A). Within the 10 
top-ranking clusters, we only retained for further analysis the 
five clusters that correlated significantly with worm burden at 
p ≤ 0.01 (Figure 2B). The KEGG pathways associated with the 
gene transcripts that correlated positively with parasite burdens 
included farnesylated proteins-converting enzyme 1, ubiquitin 
protein ligase synthesis and terpenoid backbone synthesis, ATP-
dependant RNA helicase activity, and the NOD-like receptor 
signaling pathway (see Table S1 in Supplementary Material for 
details of all clusters positively associated with worm burdens). 
Pathways negatively correlated with parasite burdens included 
apoptosis, phosphatidylinositol 3-kinase regulatory subunit 
binding, glucosidase activity, C2H2 zinc finger domain binding, 
disordered domain specific binding, protein tyrosine kinase 
activity, and ATP-binding cassette transporters (see Table S2 
in Supplementary Material for details of all clusters negatively 
associated with worm burdens). Host sex did not significantly 

148

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


A B

Figure 2 | Top gene networks predictive of chronic Heligmosomoides polygyrus worm burdens in wild wood mice. (A) Average ranking of WGCNA clusters based 
on Elastic Net coefficients of 50 models trained on 22 untreated wood mice from HW and CW (see Materials and Methods for description details). (B) Regression 
plots of the top five positive and negative clusters based on their coefficients against log-transformed H. polygyrus burdens, for which p ≤ 0.01. Each point 
represents a wood mouse, the solid line is the regression line and the shaded areas represent the corresponding 95% bootstrapped confidence intervals. KEGG 
pathways (human and mouse) associated with: Cluster 1: ubiquitin protein ligase synthesis and terpenoid backbone synthesis; Cluster 7: ATP-dependant RNA 
helicase activity, NOD-like receptor signaling pathway; Cluster 24: phosphatidylinositol 3-kinase regulatory subunit binding, glucosidase activity, apoptosis; Cluster 
25: C2H2 zinc finger domain binding, disordered domain specific binding; Cluster 23: protein tyrosine kinase activity, ATP-binding cassette transporters.
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affect the expression of either sets of genes (Figure S5 in 
Supplementary Material).

Immune Gene Transcription Correlates  
of Resistance and Susceptibility  
to H. polygyrus
To specifically identify, within the transcriptome, only immune 
genes associated with the regulation of H. polygyrus burdens, 
we applied our supervised learning approach to transcripts 
selected on the basis of their BLAST annotations containing 
explicit reference to immune function (see Materials and 
Methods for details). This retained a list of 222 unique genes 
out of the 12,437 present in the full transcriptome. Elastic nets 
mapping those immune transcripts to log10+1-transformed  
H. polygyrus burdens predicted H. polygyrus burdens of mice in 
the test datasets with a MSE of 0.33 ± 0.02 (Figure 3A). Among 
the transcripts that contributed most to the prediction, eight 
were significantly (p  ≤  0.01) correlated with parasite burden 
(Figure  3B), 2 positively—which included TGF-β-activated 

kinase 1 and MAP3K7-binding protein 2 (TAB 2), and dedica-
tor of cytokinesis protein 7 (DOCK7), and 4 negatively—which 
included interleukin-5 receptor alpha, interleukin-17 receptor 
alpha, atypical chemokine receptor 3 (ACKR3), and platelet 
endothelial aggregation receptor 1.

Effect of Sex and Treatment on Immune 
Pathways Correlated with Parasite 
Burdens
Sex effects are widely reported to affect gastrointestinal 
parasite burdens (57–60). Although there was little sex bias 
in H. polygyrus burdens in our study population (Figure  1B; 
Figure S1B in Supplementary Material), we did investigate 
whether the expression of protective pathways identified above 
differed between sexes. In addition, we predicted that experi-
mental reduction of parasite burdens through anthelminthic 
treatment, which had resulted in a dramatic reduction in  
H. polygyrus worm burdens (Figure  1C), would profoundly 
affect the expression of immune genes associated with responses 

149

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


A B

Figure 3 | Top immune predictors of chronic Heligmosomoides polygyrus worm burdens in wild wood mice. (A) Average ranking of immune gene transcripts 
based on Elastic Net coefficients of 50 models trained on 22 untreated wood mice from HW and CW (see Materials and Methods for details on immune gene 
selection procedure and model training). (B) Regression plots of the top five positive and negative clusters based on their coefficients against log-transformed  
H. polygyrus burdens, for which p ≤ 0.01. In regression plots, each point represents a wood mouse, the solid line is the regression line and the shaded areas 
represent the corresponding 95% bootstrapped confidence intervals.
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to these parasites. Contrary to our expectations, neither sex 
nor drug treatment resulted in major differences in expres-
sion of gene networks (Figure S2 in Supplementary Material), 
nor specifically in the expression of genes that correlated with  
H. polygyrus burdens in untreated individuals (Figure 4). Because 
our choice of Elastic Nets favored linear relationships and may, 
thus, have failed to identify non-linear relationships between 
gene expression and worm counts, we repeated the analyses 
above using gradient boosted trees. Consistent with expectations 
(Figure S3 in Supplementary Material), XGBoost achieved very 
similar predictive performances to the Elastic Nets (mean MSE 
[range] = 0.34 [0.11–3.3], Figure S6 in Supplementary Material), 
and of the top features, two out of the four that were significantly 
correlated with parasite burden were in agreement with those 
identified by the Elastic Nets (DOCK7 and IL17RA, Figure S6B 
in Supplementary Material). The two other genes identified by 
XGBoost were suppressor of cytokine signaling 2 (SOCS2) and 
interferon-stimulated 20 kDa exonuclease-like 2 (I20L2), which 
both showed greater variance in gene expression at intermedi-
ate parasite burdens. SOCS2 and I20L2 were expressed at only 
marginally different levels between treated and untreated ani-
mals (p = 0.04 and p = 0.05, respectively), and between sexes 
(p = 0.15 and p = 0.03, respectively) (Figure S7 in Supplementary 
Material).

DISCUSSION

The distribution of parasite infection burdens within a population 
is typically highly dispersed, with a small proportion of the hosts 
harboring the heaviest infections (61). Here, the prevalence of  
H. polygyrus was high in both populations studied, and remained 
detectable even after drug treatment. This suggests, assuming 
similar exposure to infection at a given age, that most individuals 
limited their parasite burdens but did not eliminate infection 
completely, consistent with reports on chronic helminth infections 
across diverse host species (61–63). Furthermore, drug treatment 
usually needs to be administered regularly to control helminth 
infections, as otherwise worms recrudesce within weeks (3, 5, 64).  
We sought to better understand how the immune system, under 
natural exposure and chronic helminth infection, regulates its 
response to infection, what immune traits allow some hosts to 
maintain low infection burdens, and how anthelminthic treat-
ment and the subsequent reduction in parasite burdens impact 
those protective immune traits.

Addressing these questions required choosing a species 
that naturally harbors a diverse community of parasites at high 
prevalence and densities to maximize our chance of detecting the 
effects of their removal on the host. This ruled out M. musculus, 
which despite being a powerful model for immunology, is a 
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Figure 4 | Effects of host sex and drug treatment on protective immune gene expression. No statistically significant effects of host sex and drug treatment were 
detected among the best predictors of Heligmosomoides polygyrus burdens identified in untreated mice only. Each plot represents transcript counts scaled to unit 
variance but not centered. Horizontal bars represent the median, boxes represent the interquartile range, whiskers the range, and diamonds transcript counts that 
lay beyond 1.5× of the interquartile range.
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relatively poor model for parasitology owing to the uncharac-
teristically low helminth infections naturally present in that 
species (26, 27). Wood mice, however, resemble species of 
greater societal importance in the diversity and prevalence of 
the parasite communities (21, 65). Here, we chose to focus on 
the gastrointestinal nematode H. polygyrus due to its prevalence 
in wood mice, and to its extensive use as a laboratory model 
(24, 66, 67), thus providing a powerful way to compare lab-based 
and field-based immune responses to this parasite. In our study 
populations, H. polygyrus was present in 91% of the wood mice 
we caught.

The immune system of A. sylvaticus is poorly known, thus 
we chose to take a transcriptomic approach to discover specific 
host–parasite interactions. In addition, having the full transcrip-
tome also allowed us to use a candidate gene approach based 
on BLAST annotations. Moreover, it is likely that a significant 
amount of variation in chronic helminth burdens could be driven 
by processes not typically classified as immunological. We, 
therefore, decided to combine the discovery approach afforded 
by our sequencing of the full transcriptome with an approach 
focused on the genes explicitly associated with the immune 
system. However, RNAseq risks overestimating transcript 
abundance due to splicing variants, or being dominated by the 
more abundantly transcribed genes. While a technical solution 
would be to combine platforms with different read depths and 
lengths, here we used analytical solutions (e.g., FastQC reports 
of overrepresented sequences), and supervised learning to focus 
on transcripts that had statistically significant correlation with 
a biological read-out, here, parasite burdens. In short, we used 
parasite burdens to select the genes and co-expression networks 
for further analysis. By using Elastic Nets to identify correlates of 
parasite burdens, we ensured that redundant transcripts would 
feature together in the ranking of coefficients once models 
were trained. Yet, after removing all exact duplicates from the 
raw transcript counts, our models generated lists of uniquely 
represented genes, suggesting that for any that may have had 
differently expressed isoforms, only one of each correlated 
significantly with parasite burden.

We found that within the transcriptome, the best predictors of 
parasite burdens included both immune and non-immune genes. 
Among non-immune genes that were associated with H. polygyrus,  
were farnesylated proteins-converting enzyme 1 (FACE1), which 
is involved in protein hydrolysis (68), dedicator of cytokinesis 
protein 7 (DOCK7), which is reported to influence lipid regula-
tion (69, 70), and proteases, helicases, and ABC transporters—
genes generally involved in protein and energy metabolism, 
and potentially tissue growth and/or repair. Although nutrition 
plays an important role in resistance to helminth infections (71), 
how these specific pathways relate to immunity or exposure to  
H. polygyrus is currently unclear.

Examining immune genes more specifically confirmed 
known associations between gastrointestinal helminths and 
immune factors, and revealed others that merit further study. 
Among previously reported associations was the negative corre-
lation between parasite burdens and the receptor for IL-5, which 
is the main cytokine involved in the activation of eosinophils, 

part of the group-2 innate lymphoid cell-driven responses to 
helminths in the gut (48). Also consistent with previous reports 
in laboratory models was the negative relationship between 
H. polygyrus and IL-17A. Indeed, this parasite has previously 
been reported to inhibit IL-17 production in the gut mucosa 
(72), and more recently, that this interaction may be mediated 
by a subset of gut-resident eosinophils that suppress IL-17 
(47, 73–75). Furthermore, interactions between H. polygyrus, 
Th17, and regulatory T  cell responses have been reported to 
interact with the gut microbiota and be genotype dependent. 
Indeed, a susceptible mouse strain has elevated IL-17 and 
increased proportions of Lactobacilli whereas in a resistant 
mouse strain, H. polygyrus has no effect on Lactobacillus 
abundance (76). In wild wood mice, these interactions are 
likely to be driven, in part, by seasonal changes in diet (77), 
which is consistent with three-way interactions observed 
between hosts, helminths, and their microbiota in wild seabirds 
(78). We also detected strong positive associations between  
H. polygyrus burdens and TAB 2 expression, which is reported 
to activate IL-1 via JNK and NF-κB (79). This is consist-
ent with their positive correlation with the reactive oxygen 
species-expressing NOD-like receptor signaling pathway (80) 
we identified among WGCNA clusters. This suggests either an 
inflammatory response to H. polygyrus or to the damage it may 
cause in the gut (81), or that immune systems already skewed 
toward inflammation are less able to control parasitic helminths. 
While we did not detect clear signatures of regulatory T cell acti-
vation in the spleen, two genes potentially involved in immune 
regulation correlated strongly with parasite burdens: IL17RA, as 
mentioned above, and ACKR3, a chemokine scavenger (82) that 
is widely expressed in the hematopoietic system, heart, vascular 
endothelial cells, bone, kidney, and brain, and that is reported 
to be upregulated in many cancers (83) and also mimicked by a 
herpesvirus agonist (84, 85).

Interestingly, we did not detect significant associations 
between worm burdens and cytokines or chemokines, but rather 
with that of their receptors. Likewise, we might expect GATA-3 
to correlate with H. polygyrus burdens, since this transcription 
factor is central to ILC2 initiating Th2 responses to helminths in 
the gut (48). This suggests that in the spleen associations between 
infection burdens and RNA expression of cytokine receptor 
genes are more statistically robust, and thus more functionally 
interpretable, than those between infection burdens and cytokine 
messenger RNA.

Having observed no significant difference between male and 
female mice in their parasite burdens, we also did not detect 
significant differences in the expression of any of the top predic-
tors of parasite burdens, and host sex only marginally explain-
ing the variation in the expression of ACKR3. More surprising 
was that a 60-fold reduction in H. polygyrus burdens within 
an individual mouse would have so little effect on the immune 
pathways that predict their chronic burdens. This may be due to 
the target of the anthelminthic drugs we used, ivermectin and 
pyrantel (86). The combination of immune-regulatory predictors 
of chronic infection burdens, the mode of action of commonly 
used anthelminthics, and the ensuing lack of immune response to 
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drug-induced worm death may explain the high reinfection rates 
post drug-removal (3–5).

Finally, while wood mice infected with high worm burdens 
may be more tolerant to infection [i.e., the ability of hosts to 
minimize adverse fitness consequences of increasing parasite 
burdens (87)], our study could not address this question satis-
factorily because we did not collect data to assess fitness-relevant 
effects of infection nor of drug treatment in the wood mice. While 
recent studies suggest a complex relationship between protective 
immunity, resource limitation, and immunopathology (88, 89), 
how organisms balance the benefits of eliminating helminth 
infection and the costs of mounting the anthelminthic immune 
responses to do so is poorly understood. A further limitation of 
this study is its reliance on the transcriptome to assess immune 
responses: in the future, it will be important not only to validate 
our findings in additional wood mouse populations, e.g., using 
quantitative RT-PCR, but also to integrate protein, cellular, and 
metabolomic data alongside transcriptomic data (90) to reduce 
the risk of overlooking important processes that vary in their 
post-transcriptional regulation.

In conclusion, we have generated the first transcriptome for  
A. sylvaticus and identified a number of transcriptional predictors 
of chronic infection chronic infection burdens by H. polygyrus 
that include previously known immune pathways as well as novel 
candidates which merit further investigation. Notably, resolving 
the causal relationships between hosts, parasitic helminths and 
microbiota in the maintenance of immune homeostasis even 
in the face of drug-induced parasite removal, merits further 
attention. By combining two distinct wood mouse populations, 
integrating two different sequencing platforms, and applying 
machine-learning-based cross-validation procedures to map 
transcript expression levels to parasite burdens, we have sought 
to maximize the generalizability and functional relevance of our 
analysis of the wood mouse immune system. In the future, longer 
term studies and the integration of multiple biological levels, 
from genomes to cells, should help further our understanding of 
how the immune system maintains the health of the organism in 
its natural habitat.
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Life-history theory is fundamental to understanding how animals allocate resources 
among survival, development, and reproduction, and among traits within these cate-
gories. Immediate trade-offs occur within a short span of time and, therefore, are more 
easily detected. Trade-offs, however, can also manifest across stages of the life cycle, a 
phenomenon known as carryover effects. We investigated trade-offs on both time scales 
in two populations of Dall sheep (Ovis dalli dalli) in Southcentral Alaska. Specifically, we 
(i) tested for glucocorticoid-mediated carryover effects from the breeding season on 
reproductive success and immune defenses during parturition and (ii) tested for trade-
offs between immune defenses and reproduction within a season. We observed no 
relationship between cortisol during mating and pregnancy success; however, we found 
marginal support for a negative relationship between maternal cortisol and neonate 
birth weights. Low birth weights, resulting from high maternal cortisol, may result in low 
survival or low fecundity for the neonate later in life, which could result in overall pop-
ulation decline. We observed a negative relationship between pregnancy and bacterial 
killing ability, although we observed no relationship between pregnancy and haptoglobin. 
Study site affected bactericidal capacity and the inflammatory response, indicating the 
influence of external factors on immune responses, although we could not test hypoth-
eses about the cause of those differences. This study helps advance our understanding 
of the plasticity and complexity of the immune system and provides insights into the how 
individual differences in physiology may mediate differences in fitness.

Keywords: allocation theory, carryover effect, constitutive immunity, glucocorticoids, immune defenses, Ovis dalli 
dalli, reproduction, trade-offs

INTRODUCTION

Life-history theory is fundamental to understanding how animals allocate resources among life-
history traits including performance traits and physiological functions that contribute to survival  
(1, 2). Immediate trade-offs occur within a short span of time and, therefore, are more easily detected. 
Trade-offs, however, can also manifest across multiple stages of the life cycle, a phenomenon known 
as carryover effects (3). That is, events during one stage of the life cycle may influence allocation 
decisions of an individual during another stage of the life cycle. For example, capital breeders finance 
their reproduction from energy stores gained in months prior to the mating season (4, 5). Generally, 
individuals with larger fat stores upon initiation of reproduction have the greatest reproductive 
success (6) and those who initiate reproduction with insufficient energy stores pay a fitness cost of 
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reduced offspring survival (3, 7, 8). Because fat reserves at the 
time of reproduction depend upon previously acquired resources, 
events that affect resource acquisition in one season carry over 
and subsequently affect the energy available for reproduction (9). 
Similar logic dictates that allocation of resources to physiological 
functions, such as immune defenses, may be influenced by car-
ryover effects, and physiological mechanisms, such as integrative 
hormone signaling networks, may mediate these effects across 
seasons (10, 11).

Survival and reproduction are two key life-history traits, and 
selection should result in optimal investment in processes that 
contribute to both (1). Because immune defenses contribute 
to survival, energetic and nutritional costs of maintaining and 
mounting immune defenses are included within the optimality 
equation for life histories (12–14). The effects of collateral dam-
age from immune responses, that is immunopathology, are also 
included within these optimality equations of life history (15, 16). 
As a consequence of the expense of immune defenses, individuals 
are often unable to maintain both a high level of immune func-
tion and successfully reproduce when limited resources force a 
trade-off in allocation between these two physiological processes 
(14, 15, 17, 18). Nonetheless, life-history strategy may dictate 
whether an individual reduces investment in reproduction in 
favor of immune defenses in a given year (16). Many species 
reduce immune defenses when committed to reproduction 
(17–22). However, manifestation of these trade-offs may depend 
on an individual’s energetic state and be regulated facultatively, 
and it may depend on overall life history strategy (16, 17). Large 
herbivores often exhibit tradeoffs between current and future 
reproduction, rather than between reproduction and survival 
(1, 23–25). Thus, individuals from slow-paced species should 
favor investment in traits that enhance survival, such as immune 
defenses, when resources are limited (6, 26, 27).

Availability of energetic and nutritional resources mediate 
trade-offs between immunological and reproductive performance 
mechanistically through integrative physiological networks and 
shared signaling molecules (15, 28). Specifically, key integrators 
in physiological pathways may act as the mechanism by which 
carryover effects mediate differences among individuals in 
investment in immune function and reproduction (11, 15, 29). 
Glucocorticoids are one proposed integrator of carryover effects 
(30). Glucocorticoids are released to support metabolically 
demanding activities and, as such, their circulating concentra-
tions change during predictable seasonal and life-cycle events 
and they increase in response to stressful events (31–34). As part 
of the signaling pathway that mediates immune defenses and 
reproduction, acute increase of glucocorticoids facilitates repro-
duction and stimulate or redistribute immunological defenses 
(28, 33, 35, 36). However, sustained, elevated concentrations of 
glucocorticoids that are indicative of chronic stress can suppress 
immune defenses, prevent pregnancy, and lower juvenile survival 
by reducing birth weight of neonates (31, 35, 37–39). In brief, 
glucocorticoids can alter the cost-benefit equation of investment 
in immune defenses (28).

Changes in glucocorticoid levels during one stage of the life 
cycle may affect events during another stage (30). Specifically, 
high levels of glucocorticoids during mating may reduce 

reproductive success in large ungulates in two ways. First, 
integrated long-term levels of glucocorticoids may indicate 
elevated energy expenditure (40, 41), and females with high 
energy expenditures during the mating season may have fewer 
resources to invest in reproduction. Alternatively, high levels of 
glucocorticoids during the mating season may indicate chronic 
stress unrelated to energetic demands, and high, chronic stress 
levels can suppress reproduction regardless of energetic con-
straints (31, 33, 41).

During pelage growth, glucocorticoids from blood are 
deposited into hair of mammals and evidence suggest that hair 
glucocorticoids represents systemic-levels of circulating free 
glucocorticoids (42–44). Thus, glucocorticoid concentrations 
in pelage represent a non-invasive measure of integrated blood 
concentrations during pelage growth and provide researchers 
with the opportunity to study carryover effects by providing 
information about physiological state during a life event prior 
to sample collection (41, 45). Briefly, hair glucocorticoid con-
centrations are sensitive to major prolonged stressors and are 
correlated with changes in circulating glucocorticoids observed 
during pregnancy (43, 46, 47). However, single acute events of 
high glucocorticoids are not reflected in hair glucocorticoid 
concentrations (48). Thus, measurements of hair glucocorticoids 
provide a good indicator of energetically demanding or stressful 
events experienced during pelage growth (43). In most large 
mammals, pelage growth during the autumn occurs concur-
rently with the mating season, and thus provides an indicator of 
an individual’s state when allocation decisions about reproduc-
tion were made.

We studied two populations of Dall sheep (Ovis dalli dalli) in 
Southcentral Alaska to investigate (i) trade-offs between immune 
defenses and reproduction within a season and (ii) carryover 
effects mediated by glucocorticoids on reproduction in a long-
lived, slow-paced species. Dall sheep are large ungulates that 
reside in highly seasonal environments throughout mountainous 
regions in Alaska and northwestern Canada. They produce a 
maximum of one offspring per year. We focused on an energy 
allocation framework because Dall sheep are capital breeders 
that live in a seasonal environment and, after mating in the fall, 
undergo gestation during the winter months when food is scarce. 
They undergo parturition beginning in May and lactate into 
the early autumn (49). Capital breeders like Dall sheep rely on 
stored energy reserves for the majority of their energy during the 
winter, their annual cycles are organized around gaining energy 
stores in the summer to fuel survival and reproduction in the 
winter, and their ecology makes energy trade-offs likely (50). 
We focused on constitutive immunity because these defenses 
are always present, they represent the first line of physiological 
defense against an invading pathogen, and they can mediate the 
outcome of some infections (51, 52). Specifically, we quantified 
bactericidal capacity and haptoglobin. Bactericidal capacity 
provides a broad assessment of host immune ability to eliminate 
bacterial pathogens (53, 54). Haptoglobin is a protein marker that 
is generally interpreted as a biomarker of an individual’s ability 
to upregulate inflammation (55). The inflammatory response is 
a cascade involving acute phase proteins that recruit cells and 
molecules to destroy pathogens (55–57).
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FIGURE 1 | Map of study areas GMU 14C and GMU 13D in the Chugach Range, AK. Anchorage is within the black circle. The map inlay of Alaska shows 
approximate location of the study units within the state.
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Both energy constraints and elevated glucocorticoids can serve 
as mechanisms that underlie a potential carryover effect from 
autumn to spring that can reduce pregnancy and constitutive 
immune function. Thus, we expect that high glucocorticoid levels 
in the autumn will reduce the probability of parturition in the 
spring. The timing of our measurements means that our measure 
of reproduction integrates the probability of becoming pregnant, 
probability of successful parturition if pregnant, and probability 
of the neonate surviving until the time of capture. Specifically, 
we hypothesized (i) that individuals that are non-pregnant in the 
spring would have had higher glucocorticoid levels during the 
previous autumn than those that are pregnant in the spring and 
(ii) that within pregnant individuals, high glucocorticoid levels 
in the autumn would lead to reduced birth weights of neonates 
in the spring. Because we expect this slow-paced species to invest 
in survival (i.e., immune defenses) over reproduction, we did 
not expect pregnant individuals to reduce constitutive immunity 
relative to non-pregnant individuals.

MATERIALS AND METHODS

Study Area
We studied two populations of Dall sheep in Southcentral 
Alaska in the Chugach range. One population was within Alaska 
Department of Fish and Game’s game management unit 14C 

(GMU 14C) and the other was within game management unit 
13D (GMU 13D). The units are approximately 76.5 km apart and 
separated by a prominent glaciers (Figure 1). Dominant vegeta-
tion is similar in both study areas and changes with elevation; 
black spruce (Picea mariana) and alder (Alnus spp.) occur at 
lower elevations and short alpine forbs (e.g., mountain avens, 
Dryas octopetala) and grasses (e.g., alpine timothy, Phleum alpi-
num) occur at higher elevations. Most sheep in the study resided 
between 914 and 1,829 m in elevation.

GMU 14C lies within the Chugach State Park northeast of 
Anchorage and is comprised of five drainages and their sur-
rounding ridges: Goat Creek, Eklutna, Peters Creek, Eagle River, 
and Ship Creek. GMU 14C is bordered by Anchorage and the 
town of Eagle River to the west, the Knik arm and river to the 
North, and the Turnagain arm to the South. The total study area 
is approximately 800  km2. From the weather station closest to 
GMU 14C, the 30-year (1981–2010) mean annual temperature 
was about 2.4°C, mean annual snowfall was 189.23 cm, and mean 
annual precipitation was 41.91 cm (58).

GMU 13D is northeast of GMU 14C and lies between the 
Matanuska Glacier and Tazlina Lake and is bordered to the 
north-northwest by the Alaska State Highway 1. GMU 13D is 
comprised of several mountain groups separated from each other 
by three prominent glaciers—Powell, Nelchina, and Tazlina—
that limit movement within the study unit. The total study area 
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is approximately 925 km2. From the weather stations closest to 
GMU13D, the 30-year (1981–2010) mean annual temperature 
was −2.17°C, mean annual snowfall was 167.13 cm, and mean 
annual precipitation was 41.33 cm (58).

Field Methods
In 2012 and 2013, we captured sheep using standard helicopter 
and netgun techniques (59), and marked individuals with 
Telonics VHF radio collars. We attempted to recapture the same 
individuals each year, however, inaccessible terrain and weather 
conditions hindered capture efforts of some individuals. During 
capture, we collected blood samples (2012 and 2013) to determine 
pregnancy status and to quantify immune defenses, and hair 
samples (2013 only) to quantify cortisol levels. We determined 
pregnancy by testing blood serum for the presence of pregnancy 
specific protein B (BioTracking LLC, Moscow, ID, USA) (25, 60, 
61). We determined age using horn growth rings (62). A body 
condition score was assigned based on the amount of bony struc-
tural protrusions felt in the rump, spine, neck, and shoulders (63). 
Scores ranged from 0 to 5 with 0 representing no subcutaneous 
fat and five representing individuals with substantial fat reserves 
(63). All radio-tagged animals were monitored once to twice per 
week from March to early May when parturition occurred. We 
attempted to monitor females every day during the parturition 
season (approximately May 7 to June 10) to detect and capture 
neonates. Neonates were captured on the ground on foot, collared 
with Telonics VHF radio collars, weighed (to the nearest 0.1 kg), 
and sex was determined. Age in days was estimated based on 
umbilical cord presence and condition, pelage coloration, and 
mobility. As neonates age, the umbilical cord dries and usually 
has fallen off by 3 days of age (T. Lohuis, personal observation). 
At the time of birth, neonate pelage has a gray appearance and 
lightens with age (T. Lohuis, personal observation). In addition, 
Dall sheep neonates are precocial and quickly gain stability and 
mobility with increasing age (64, 65), and we were often limited 
to capturing neonates between 0 and 5 days old because of this. 
We did not recapture adult females at the same time that we  
captured neonates.

Ethical Statement
All aspects of this research were approved by the Institutional 
Animal Care and Use Committee at the University of Nevada 
Reno (Protocol #2012-00542) and Alaska Department of Fish 
and Game (Protocols #2009-13 and #2012-024). All methods 
were in keeping with protocols adopted by the American Society 
of Mammalogists for field research involving mammals (66). Use 
of Escherichia coli was approved by the Institutional Biosafety 
Committee at University of Nevada Reno (B2013-10) and 
methods were in keeping with recommendations in CDC/NIH 
Guidelines.

Immune Assays
The bacteria killing ability assay was used to quantify bactericidal 
capacity of circulating, constitutive components of immune 
defenses in plasma—complement, acute phase proteins, and 
natural antibodies (54, 67). We performed assays on serum sam-
ples, following Zysling et al. (68) and calibrated for Dall sheep. 

We used E. coli (Epower Microorganisms #0483E7, ATCC8739, 
MicroBioLogics, St. Cloud, MN, USA) as our ecologically relevant 
pathogen. Briefly, we mixed 100 µl of a sample with 100 µl of Luria 
Bertani (LB) broth to make a 1:2 dilution of serum solution and 
then added 20 µl of our working E. coli solution (~5,000 bacteria 
ml−1). We made two positive controls by mixing 200 µl LB broth 
with 20 µl of working E. coli solution. Samples and controls were 
vortexed and incubated at 37°C for 30 min. We vortexed samples 
and controls and plated 50 µl aliquots onto LB agar in petri dishes 
in triplicate to help ensure reproducibility. One positive control 
was plated at the beginning and end of each batch. Plates were 
incubated overnight at 37°C, after which bacteria colonies were 
counted. We used all six positive control plates (three replicates of 
two controls) to determine the mean number of control colonies 
for a particular batch, and samples were compared with the posi-
tive controls from their batch. Bactericidal capacity was calculated 
as percent bacteria killed relative to the positive control. To better 
ensure reproducibility, we calculated mean intra-control coeffi-
cient of variance (CV); it was 8.8%. It was inappropriate to look at 
CV of number of colony forming units on sample plates because 
small changes in the number of colonies among plates when there 
are few colonies results in very high CVs.

We measured haptoglobin concentrations in serum to assess 
potential for an inflammatory response. Functionally, hapto-
globin is an acute phase protein that binds to heme preventing it 
from serving as a nutrient for pathogens and initiating deleterious 
oxidation reactions resulting in a rapid inflammatory response 
(55, 56, 69). Haptoglobin is normally present at low constitu-
tive levels but increases when a pathogen is encountered (70). 
Because constitutive haptoglobin concentrations are predictive 
of haptoglobin concentrations after an endotoxin challenge (55), 
they are indicative of ability to mount an inflammatory response. 
We assessed haptoglobin presence in raw serum samples (i.e., not 
diluted) using the Phase Range Haptoglobin Assay Cat. N. TP-801 
(Second Generation; Tridelta Development Ltd., Maynooth, 
Ireland) (55, 71). We followed the manufactures instructions. We 
ran 16 samples twice to check for reproducibility, the mean CV 
for these was 13.4%. Mean intra-sample CV was 2%.

Cortisol Assays
We quantified cortisol levels from hair samples collected from 
44 individuals in 2013. Cortisol is the dominant glucocorticoid 
in bighorn sheep (Ovis canadensis), another wild sheep species 
(72). To prepare hair for cortisol extraction, the hair was washed 
twice in isopropanol, dried, and ground to a powder using a ball 
mill (SPEX SamplePrep 8000M Mixer/Mill, Metuchen, NJ, USA). 
Ground hair samples were ~0.05 g and weighed to the nearest 
0.0001 g. We then added 1 ml of methanol to each sample, rocked 
samples for 24 h, and centrifuged them at 2,000 rpm for 1 min. 
We pipetted 0.6  ml of the supernatant into a vial, evaporated 
the sample on a heat block at 37°C under nitrogen. The residual 
cortisol from the sample was reconstituted with 1,040 µl of a 95% 
assay diluent from the kit and 5% methanol mixture. We quanti-
fied cortisol levels using a commercially available kit (Salametrics 
Salivary Cortisol EIA kit, product #1-3002) (46), following 
modifications for hair samples suggested by Davenport et al. (46) 
and Koren et al. (42). Before quantifying samples, we verified that 
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FIGURE 2 | Dall sheep pregnancy rates for years 2012 and 2013 (Z = 4.31, 
P < 0.0001) and study sites (2012 Z = 0.503, P = 0.615; 2013 Z = −0.092, 
P = 0.927) in the Chugach Range, AK. Letters over bars indicate results of 
comparisons following a significant Z-test, where different letters are 
statistically different.

TABLE 1 | Description of number of adult female and neonate Dall sheep 
captured in each of the study areas (GMU) for each year in the Chugach Range, 
AK 2012–2013.

Year GMU Adult females 
captured

Pregnancy rate Neonates captured

2012 13D 31 0.32 14
14C 34 0.44 26

2013 13D 26 0.83 26
14C 22 0.86 11
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the kit worked for hair samples from Dall sheep by checking for 
parallelism between an unknown dilution curve and the standard 
curve (73). We used a high and low standard provided with the 
kit as an inter-assay control and we re-quantified all the samples 
on a plate if these controls were not within the expected range. 
We re-quantified samples if the coefficient of variation between 
replicates was greater than 15%.

Statistical Methods
All statistics were performed in SAS (v. 9.3, SAS Inst 2010). We 
assessed variation in pregnancy rates between years and study 
sites using the Z-test for proportions that allowed sampling 
with replacement (74). The Z-test was appropriate because we 
attempted to capture the same individuals each year, and no new 
animals were added to the study after the first year of capture. We 
used Pearson correlations (Proc CORR) to determine the repeat-
ability of our immune measure across years and to determine the 
correlation between our immune measures within year. We used 
untransformed data for all correlations.

We determined the effect of pregnancy status on bactericidal 
capacity and haptoglobin concentrations using generalized linear 
models (Proc GLM), with a separate model for each year. We ana-
lyzed each year separately because not all individuals were cap-
tured in both years. We transformed bactericidal capacity from 
percent to angular arcsine square root to improve normality of 
residuals (74). We included study site and body condition score as 
main effects for both bactericidal capacity and haptoglobin con-
centration. To account for possible senescence, we included age 
as a predictor variable of bactericidal capacity and haptoglobin 
concentrations using linear regression weighted by sample size 
(74). We did not find a relationship and, therefore, did not include 
age in further analyses of constitutive immunity.

To determine the effect of cortisol during the autumn on preg-
nancy status (binomial response: pregnant or not pregnant) the 
following spring, we used logistic regression (Proc Logistic) and 
included study site and spring body condition score as dependent 
variables alongside cortisol. During the preliminary analysis, we 
also included age as a predictor variable of pregnancy but did not 
find a relationship and, therefore, did not include age in the final 
analysis.

To calculate neonate birth weight, we used linear regression to 
estimate weight gained per day and back calculated birth weight 
based on age and weight of the neonate at capture. We then deter-
mined the effect of cortisol during the autumn on neonate birth 
weight during the spring with analysis of covariance (Proc GLM). 
We included maternal age, maternal body condition during the 
spring, study site, and cortisol concentration as explanatory vari-
ables. We also determined the effects of a maternal haptoglobin or 
bactericidal capacity during pregnancy on birth weights of neo-
nates using separate linear regressions (Proc REG). Significance 
was determined at α  =  0.05; however, we consider patterns 
intriguing at α = 0.1 because of our small sample sizes.

RESULTS

The number of adult female sheep and lambs we captured for 
each GMU during 2012 and 2013 are presented in Table 1. Adult 

female ages ranged from 2 to 11 years and body condition scores 
ranged from 1.75 to 2.75. Overall pregnancy rates were higher in 
2013 (0.833) than in 2012 (0.378) (Z = 4.31, P < 0.0001), and this 
pattern held for both GMUs (Table 1; Figure 2). Pregnancy rates 
did not differ between study sites in either year (2012: Z = 0.503, 
P = 0.615; 2013: Z = −0.092, P = 0.927, Figure 2).

Immune Defenses
We had bactericidal capacity data from 91 samples and hap-
toglobin data from 87 samples; our samples were spread fairly 
evenly among sites and years (Table 2). Haptoglobin had an 18% 
repeatability when data were combined across sites, but was not 
repeatable when only 13D or 14C were examined independently. 
Bactericidal capacity had a 53% repeatability in GMU 14C, but 
was not repeatable across years in 13D or when all data were 
combined (Table 3). Haptoglobin levels were not correlated with 
bactericidal capacity within a year for either site or all the data 
combined (Table 3).

Mean bactericidal capacity was 74.0 ± 27.4% during 2012 and 
76.2 ± 27.7% during 2013. In 2012, bactericidal capacity was not 
associated with pregnancy status (F1,45 = 0.52, P = 0.476), body 
condition (F3,40 =  0.200, P =  0.896), or study site (F1,45 =  2.41, 
P  =  0.128). Similarly, we observed no relationship between 
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FIGURE 3 | Mean (±SE) bactericidal capacity for female Dall sheep by study sites in the Chugach Range, AK (A) and pregnancy status (B). Samples were  
collected in 2013.

TABLE 3 | Repeatability of immune assays between years and correlations 
between immune traits within years for all data combined and data from each 
study areas (GMU).

Sites Variable 1 Variable 2 r P-value n

Both GMUs BKA 2012 BKA 2013 0.258 0.176 29
Hapt 2012 Hapt 2013 −0.180 0.036 28
BKA 2012 Hapt 2012 −0.015 0.938 28
BKA 2013 Hapt 2013 −0.062 0.748 29

13D only BKA 2012 BKA 2013 0.126 0.967 13
Hapt 2012 Hapt 2013 −0.308 0.263 15
BKA 2012 Hapt 2012 −0.058 0.845 14
BKA 2013 Hapt 2013 −0.119 0.687 14

14C only BKA 2012 BKA 2013 0.532 0.034 16
Hapt 2012 Hapt 2013 0.485 0.093 13
BKA 2012 Hapt 2012 0.213 0.465 14
BKA 2013 Hapt 2013 0.100 0.724 15

BKA, bactericidal capacity assay; Hapt, haptoglobin.
Bold results indicate significant correlations.

TABLE 2 | Samples sizes for immune assays and the cortisol assay by year and 
site in the Chugach Range, AK 2012–2013.

Site Year Bacteria killing assay Haptoglobin Cortisol

All data 91 87 44
14C 2012 22 21 N/Aa

2013 24 25 22
13D 2012 23 20 N/A

2013 22 21 22

aWe did not quantify cortisol concentrations in 2012.
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body condition and bactericidal capacity in 2013 (F2,41 = 0.690, 
P  =  0.507). In 2013, however, bactericidal capacity was sig-
nificantly greater in GMU 14 C than GMU 13D (F1,45 = 5.050, 
P  =  0.030; Figure  3A), and there was an intriguing pattern of 
a negative effect of pregnancy status on bacterial killing ability 
(F1,45  =  3.19, P  =  0.081; Figure  3B; overall model F2,45  =  3.99, 
P = 0.026). Bactericidal capacity was not significantly associated 
with neonate birth weight (F1,13 = 1.89, P = 0.193, n = 15).

In 2012, haptoglobin did not differ between sites (F1,41 = 0.79, 
P  =  0.381), and was not associated with pregnancy status 
(F1,45 = 1.16, P = 0.287) or body condition (F2,41 = 0.180, P = 0.832). 
In 2013, haptoglobin concentration was significantly greater in 
GMU 13D than 14C (F1,46  =  4.64, P  =  0.037, Figure  4A); this 
is the opposite of the pattern observed for bactericidal capacity 
between sites. In 2013, haptoglobin was not significantly pre-
dicted by pregnancy status (F1,41 = 0.45, P = 0.506, Figure 4B) 
or body condition (F3,37 = 0.630, P = 0.598). Haptoglobin levels 
were not significantly associated with neonate birth (F1,13 = 0.89, 
P = 0.362, n = 15).

Cortisol
We quantified concentrations of cortisol from 44 samples; those 
samples were evenly distributed between the two study sites 
(Table  2). In 2013, logistic regression was 65.8% concordant 
and indicated that pregnancy status during the spring was not 
associated with cortisol during the previous autumn (Wald Chi-
Square  =  1.275, P  =  0.259), body condition during the spring 
(Wald Chi-Square = 1.331, P = 0.249), or study site (Wald Chi-
Square = 0.008, P = 0.9298). There was a marginal negative trend 
between maternal cortisol during the autumn mating season and 
neonate birth weight the following spring (F1,11 = 4.79, P = 0.057, 
Figure  5). Adult age (F1,11  =  1.000, P  =  0.547), spring body 
condition (F1,11 = 2.70, P = 0.146), and study site (F1,11 = 1.14, 
P = 0.317) did not explain birth weight of neonates during spring.

DISCUSSION

We tested for glucocorticoid-mediated carryover effects on repro-
ductive success. We also tested for trade-offs between immune 
defenses and reproduction within a season. We observed no 
relationship between maternal cortisol and pregnancy success; 
however, we found marginal support for a negative relationship 
between maternal cortisol and neonate birth weights, providing 
weak evidence of a carryover effect. We observed a weak nega-
tive relationship between pregnancy and bacterial killing ability 
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FIGURE 4 | Mean (±SE) haptoglobin concentrations in female Dall sheep by study sites in the Chugach Range, AK (A) and pregnancy status (B). Sample were  
collected 2013.

FIGURE 5 | Effect of maternal cortisol levels on Dall sheep neonate birth 
weight (n = 11) in the Chugach Range, AK, 2013. The dashed lines are the 
95% confidence limits and gray solid lines are the 95% prediction limits.
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during 1  year of our study providing evidence of a trade-off, 
although we observed no relationship between pregnancy and 
haptoglobin. We also found that constitutive immunity differed 
between sites and years highlighting the plasticity of immune 
defenses.

Carryover Effects Mediated by Cortisol
We found no evidence of cortisol mediating the ability to become 
pregnant during the mating season in autumn 2012. Because preg-
nancy rates were low in the spring of 2012, few sheep underwent 
the energetically expensive processes of gestation, parturition, 
and lactation prior to the 2012 autumn mating season. Females 
in autumn 2012 were likely in better condition going into the 
mating season because of so few individuals produced offspring 
the previous year (6, 23). Because females in good nutritional 
condition are more likely to conceive and maintain pregnancy 

(6, 23), the low pregnancy rate in 2012 may have led to the high 
pregnancy rate of spring 2013. If our interpretation is correct, 
these data would provide evidence of a carryover effect between 
years, and they corroborate a pattern commonly found in capital 
breeders with large body sizes (23–25).

Cortisol levels observed during autumn may not have been 
high enough to affect pregnancy, but we found weak evidence that 
they were high enough to affect fetal development. Even though 
we had a small sample of body weights of neonates, we observed 
that cortisol levels of mothers during autumn were weakly and 
inversely correlated with birth weights of neonates born the 
following spring. The effect of maternal cortisol during mating 
on offspring mass potentially has longer-term implications of 
reducing success of offspring because low birth weight has been 
shown to reduce survival of young and lower fecundity during 
adulthood (75, 76). Furthermore, in highly seasonal environ-
ments, like Alaska, young with low birth weight have rarely been 
observed to catch up in body mass with the larger individuals in 
their cohorts (77, 78), and larger adults tend to have higher fitness 
(79). Therefore, the disadvantage of being born small may carry 
throughout the individual’s lifetime.

Pregnancy and Immune Defenses: 
Evidence of a Carryover Effect?
Parturition in Dall sheep occurs in June. We captured adult female 
sheep in mid-March, and during that stage of the annual cycles, 
females are not provisioning offspring (i.e., lactating) from the 
previous year and because lactation is energetically expensive and 
most are relying on stored fat for energy because environmental 
food sources are not readily available (80). Although pregnancy 
status was not significantly associated with either measure of 
constitutive immunity in 2012, we observed an interesting trend 
in 2013, whereby sheep that were pregnant had lower bactericidal 
capacity than those that were not pregnant (P < 0.1). Although 
our sample sizes were small, the trend suggesting a relationship 
between pregnancy and bactericidal capacity is worth examining 
further in future studies.
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If generalizable, this trend suggests that Dall sheep approaching 
parturition invest fewer resources in immune response in favor 
of reproduction, as has been seen in numerous fast-paced species 
(17–21). Published results about trade-offs between immune 
defenses and pregnancy in slow-paced ungulates are ambiguous. 
Pregnant N’Dama cows maintained under traditional husbandry 
practices in Gambia had higher rates of Trypanosomiasis than 
non-pregnant cows (81), indicating a difference in underlying 
physiology or behavior. Similarly, free-ranging Soay sheep (Ovis 
aries) with higher concentrations of antinuclear antibodies, an 
indicator of immune defenses, had lower siring probability and 
lower female breeding probability (82), although this study is not 
a direct comparison to ours because we instigated how pregnancy 
affected constitutive immunity rather than investigating how con-
stitutive immunity affected probability of pregnancy. In contrast, 
pregnancy status did not affect hemolytic-complement activities or 
bactericidal activity in free-ranging North American elk (Cervus 
elaphus) (26), nor did it affect bactericidal capacity in free-ranging 
African buffalo (Syncerus caffer). These contradictory results sug-
gest that an immune trade-off with reproduction may depend on 
the immune defense measured, timing of the measurement, and 
other external variables that regulate traits such as physiological 
condition and hormone concentrations. Mechanistically, and as 
previously discussed, the negative trend between pregnancy and 
immune defenses in 2013 could arise from a carryover effect that 
is likely mediated by an individual’s energy budget.

As pregnancy progresses, some studies show that constitutive 
immune defense decline (83, 84). Other studies have shown that 
immunity shifts from humoral to cell-mediated responses as 
pregnancy progresses (85–87), although those studies focused 
on adaptive rather than innate immune responses. Our results 
are consistent with both of those patterns, because we found that 
humoral measures of constitutive immunity were lower in sheep 
late in their pregnancy. These shifts in immune strategy might be 
facilitated by hormones that mediate pregnancy. The physiology 
mediating pregnancy alone, however, is unlikely to explain our 
results because we did not find a significant difference in immune 
defenses between pregnant and non-pregnant sheep in both years. 
That is, our incontinent results over years may indicate a faculta-
tive strategy caused by a reconfiguration of the immune system 
to increase probability of a successful reproductive event while 
taking into account other cues such as body condition (17, 28, 87).

Population and Individual-Level Patterns 
in Immune Defenses
Immune defenses are highly plastic and change between years, 
seasons, and even weeks (88–90). Immune assays in our study 
exhibited repeatability across years for only 2 of the 8 analyses we 
performed, and those repeatabilities suggested an upper limit of 
additive genetics of only 54 and 18% (Table 3). Similarly, a study 
of captive red knots (Calidris canutus) showed that microbiocidal 
activity for three microbes, white blood cell differentials, hemo-
lytic and hemogglutination activity changed across the annual 
cycle (88). In addition, T-cell-mediated immunocompetence of 
free-ranging, nesting tress swallows was influenced by weather 
within a single nestling season (89).

Constitutive bactericidal capacity and constitutive haptoglobin 
concentrations of plasma differed between sites during 2013, and 
interestingly, bactericidal capacity and haptoglobin concentra-
tions showed opposite trends between the two sites. In 2013, 
sheep from GMU 13D had higher haptoglobin concentrations 
and lower bactericidal capacity relative to sheep from GMU 14C. 
These results add to a growing number of studies that have found 
population-level differences in constitutive immunity. At the 
same spatial scale of our study, other studies have linked differ-
ences in constitutive immunity to group-level differences in mean 
physiological state (26), parasite prevalence (91), population 
characteristics such as density (26, 92), habitat quality (92, 93), 
and weather (89). We cannot distinguish among these alternative 
possibilities with our data.

Interestingly, neither immune response was related to body 
condition as measured by body condition scores. These results 
have two possible explanations. First, body condition scores alone 
are a coarse measure of body condition and likely are subject 
to observer bias (94, 95). Therefore, body condition score may 
not be a precise enough measure to correlate with physiological 
traits, like immune defenses. Second, we observed little variation 
in body condition scores. The range of fat scores was 1.75–2.75 
on a 6-point scale, and thus the sheep were generally in medium 
to low nutritional condition, and none were in high condition 
(63). The range of condition scores is likely related to the season 
in which we captured individuals. In strongly seasonal environ-
ments, as in our study, all individuals lose weight and decline in 
body condition even when fed ad libitum because they use stored 
fat for energy (96). At the time of capture, sheep were likely in the 
lowest condition of the annual cycle because we captured at the 
end of winter (80).

CONCLUSION

Our correlative results suggest extrinsic factors, including study 
site, play a larger role in mediating immunocompetence than the 
intrinsic factors studied (reproduction and body condition). This 
finding corroborates previous work that found local environmen-
tal conditions can overwhelm the genetic signature of immune 
defenses (89). We found weak evidence that high maternal cor-
tisol levels are correlated with low neonate birth weights. Thus, 
our results have implications for understanding how individual-
level differences in chronic glucocorticoids concentrations and 
individual-differences in immune defenses may affect population 
dynamics by affecting fitness components (97).

Although interpretation of our results is limited by the com-
plexity of a natural system and the difficulties of studying a natural 
system in rough terrain and harsh weather conditions, we argue, 
as others do (98, 99), that studying immunological defenses in 
free-ranging animals is important for understanding dysfunction 
of the immune system. Immune defenses and pathologies are the 
product of genotype by environment interactions and these inter-
actions are hard to replicate in laboratory conditions (100–103). 
For example, a high level of pathogen exposure causes wild mice 
(Mus musculus domesticus) to have immune systems that are in a 
highly activated or primed state relative to those of laboratory mice 
(104). Furthermore, the implications for population dynamics are 
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hard to extrapolate from laboratory studies. In general, lessons 
about immunological responses in wild, free-ranging animals will 
help advance our understanding of the plasticity and complexity 
of the immune system and enhance our understanding of disease 
and its effects on population dynamics.
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Virginia Tech, Blacksburg, VA, United States, 3 Avian Immunobiology Laboratory, Department of Animal and Poultry 
Sciences, Virginia Tech, Blacksburg, VA, United States

The recent emergence of the poultry bacterial pathogen Mycoplasma gallisepticum 
(MG) in free-living house finches (Haemorhous mexicanus), which causes mycoplasmal 
conjunctivitis in this passerine bird species, resulted in a rapid coevolutionary arms-race 
between MG and its novel avian host. Despite extensive research on the ecological and 
evolutionary dynamics of this host–pathogen system over the past two decades, the 
immunological responses of house finches to MG infection remain poorly understood. 
We developed seven new probe-based one-step quantitative reverse transcription poly-
merase chain reaction assays to investigate mRNA expression of house finch cytokine 
genes (IL1B, IL6, IL10, IL18, TGFB2, TNFSF15, and CXCLi2, syn. IL8L). These assays 
were then used to describe cytokine transcription profiles in a panel of 15 house finch 
tissues collected at three distinct time points during MG infection. Based on initial screen-
ing that indicated strong pro-inflammatory cytokine expression during MG infection at 
the periorbital sites in particular, we selected two key house finch tissues for further 
characterization: the nictitating membrane, i.e., the internal eyelid in direct contact with 
MG, and the Harderian gland, the secondary lymphoid tissue responsible for regulation 
of periorbital immunity. We characterized cytokine responses in these two tissues for 60 
house finches experimentally inoculated either with media alone (sham) or one of two 
MG isolates: the earliest known pathogen isolate from house finches (VA1994) or an evo-
lutionarily more derived isolate collected in 2006 (NC2006), which is known to be more 
virulent. We show that the more derived and virulent isolate NC2006, relative to VA1994, 
triggers stronger local inflammatory cytokine signaling, with peak cytokine expression 
generally occurring 3–6 days following MG inoculation. We also found that the extent 
of pro-inflammatory interleukin 1 beta signaling was correlated with conjunctival MG 
loads and the extent of clinical signs of conjunctivitis, the main pathological effect of MG 
in house finches. These results suggest that the pathogenicity caused by MG infection 
in house finches is largely mediated by host pro-inflammatory immune responses, with 
important implications for the dynamics of host–pathogen coevolution.

Keywords: avian pathogen, bird cytokine signalling, disease ecology, emerging infectious diseases, evolution of 
virulence, host–parasite interaction, periocular inflammation, wild immunology

167

http://www.frontiersin.org/Immunology/
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2018.00013&domain=pdf&date_stamp=2018-01-22
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/Immunology/editorialboard
http://www.frontiersin.org/Immunology/editorialboard
https://doi.org/10.3389/fimmu.2018.00013
http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
https://creativecommons.org/licenses/by/4.0/
mailto:michal.vinkler@natur.cuni.cz
https://doi.org/10.3389/fimmu.2018.00013
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.00013/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.00013/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.00013/full
https://www.frontiersin.org/Journal/10.3389/fimmu.2018.00013/full
http://loop.frontiersin.org/people/482023
https://loop.frontiersin.org/people/514369
http://loop.frontiersin.org/people/263732
http://loop.frontiersin.org/people/434903
http://10.13039/100000002
http://10.13039/100007397


Vinkler et al. Cytokine Responses to Evolving Pathogen

Frontiers in Immunology  |  www.frontiersin.org January 2018  |  Volume 9  |  Article 13

INTRODUCTION

Emerging infectious diseases apply novel and powerful selection 
pressures on wildlife host immune responses. There is a growing 
list of examples of wildlife hosts that have rapidly evolved resist-
ance or tolerance to recently emerged infectious diseases [e.g., 
rabbits and myxoma virus (1); amphibians and chytridiomycosis 
(2); bats and white-nose syndrome (3); and house finches and 
mycoplasmal conjunctivitis (4)]. However, due to a his-
torical dearth of techniques available for characterizing immune 
responses in non-model systems (5), we still know relatively 
little about the immune responses of natural wildlife hosts to 
well-studied emerging diseases, particularly for non-mammalian 
hosts (6, 7). Furthermore, there have been few opportunities to 
experimentally characterize how pathogen evolution following 
initial disease emergence has altered the immune responses of 
natural wildlife hosts to infection (8, 9).

Here, we use a well-studied and recently emerged wildlife 
disease system—the bacterium Mycoplasma gallisepticum (MG) 
and its novel songbird host, the house finch—to characterize 
cytokine responses during in vivo infection, and to understand 
how cytokine responses differ for birds inoculated with an 
original versus evolved pathogen isolate. MG is an economically 
significant pathogen of poultry, where it largely causes a chronic 
respiratory disease (10). In the early to mid-1990s, a novel clade 
of this pathogen emerged in house finches (11), causing severe 
conjunctivitis (12), and resulting in significant decreases (up 
to 60%) in the size of free-living house finch populations (13). 
Since its initial detection in 1994, MG spread rapidly across the 
United States (14) and evolved both genotypically (15, 16) and 
phenotypically (17), with rapid increases in virulence and patho-
genicity observed following MG’s establishment on each coast of 
the United States (18). Thus, while original isolates (e.g., VA1994) 
produce moderately severe but often self-healing disease in 
captivity, evolutionarily derived isolates (e.g., NC2006) are more 
likely to cause severe and/or chronic infection and disease (9, 19).

The house finch–MG interaction has become an important 
natural model of coevolution between a host and an emerging 
pathogen, facilitating insights into fundamental issues in disease 
ecology and evolutionary biology (18, 20, 21). However, we still 
have only a limited understanding of the key immunological 
features of the house finch response to MG. Several studies 
show that house finch immune responses to MG are associ-
ated with hematological changes (22, 23) and antigen-specific 
antibody production in both lachrymal fluid and blood (9, 24). 
Nevertheless, the protective effects of humoral immunity remain 
unclear (19). Studies of house finch gene expression in the spleen 
using suppression subtractive hybridization and cDNA microar-
rays identified several immune response genes differentially 
expressed 14 days after experimental inoculation with MG (25), 
with upregulation of many immune response genes in birds from 
a resistant population relative to a susceptible population (4). 
Differential expression of immunity genes was also detected in 
house finch spleens on day 3 postinoculation (26), with popula-
tion differences at that time point suggesting that differences 
in innate immunity might be important for host resistance. 
However, the role of cytokines, shown to be upregulated early 

in poultry infection with MG at the infection site (27), could not 
be elucidated in this study. Using the ratio of interleukin (IL)-
1β (IL1B) to IL10 mRNA expression in whole blood 24 h after 
experimental inoculation with MG, Adelman et al. (28) provided 
evidence for a potential association between early inflammatory 
cytokine responses and the degree of inflammation caused by a 
given load of MG. Thus, inflammatory immune responses may 
play an important role in host defense to this disease, but these 
responses have not yet been well examined during MG infection 
in house finches. Furthermore, despite the existence of archived 
MG isolates that span the course of this emerging disease (29), 
no studies to date have examined how inflammatory immune 
responses differ for hosts inoculated with an early, less virulent 
isolate of MG versus a more derived, virulent isolate (18).

Inflammation is one of the most important mechanisms 
of pathogen clearance in vertebrate immunity (30). As a self-
damaging immunological process, inflammation is carefully 
regulated by highly coordinated cytokine signaling. In birds, pro-
inflammatory cytokines such as IL1B, IL6, IL18, tumor necrosis 
factor superfamily members (TNFSF), and various chemokines 
(e.g., IL8 homologs including avian CXCLi2), together with anti-
inflammatory cytokines including IL10 and transforming growth 
factor-β (TGFB), guide the immune response to avoid severe 
host damage associated with immunopathology (31, 32). Initial 
variation in the balance between these cytokines in different 
tissues may be responsible for the difference between successful 
and unsuccessful pathogen elimination. Here, using quantitative 
reverse transcription polymerase chain reaction (RT-qPCR), 
we investigate the temporal dynamics and mechanisms of 
MG-induced inflammation in the house finch. Furthermore, we 
examine whether differences in cytokine signaling are linked to 
the higher virulence associated with more recently evolved iso-
lates of MG (18). To provide a comprehensive view, we described 
the house finch immune response to MG in a panel of 15 house 
finch tissues. We then examined a subset of tissues that showed 
strongest responses to MG infection at three time points over the 
course of MG infection with two distinct MG isolates. We identify 
differences between an original and evolutionary-derived MG 
isolate in their capacity to trigger expression of key inflamma-
tory cytokine genes (IL1B, IL6, IL10, IL18, TGFB2, CXCLi2, 
and TNFSF15) leading to signaling that may be crucial for the 
development of MG-induced immunopathology.

MATERIALS AND METHODS

Animals
Sixty house finches of mixed sex (34 males, 26 females) were 
trapped in June–July 2015 (31 hatch-year individuals) and 
December 2015 (29 individuals of unknown age) via mist net or 
cage traps placed around feeders at sites located in Montgomery 
County, VA, USA or within the city of Radford, VA, USA (all 
capture sites were within 25  km of each other). House finches 
can only be accurately aged by plumage before completion of the 
pre-basic molt in September–October, and thus birds captured 
in December were of unknown age. Immediately following 
capture, birds were housed individually or in pairs in wire-mesh 
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Table 1 | Design of Mycoplasma gallisepticum (MG) inoculation experiment.

Treatment Day 3 PI Day 6 PI Day 13 PI

Control N = 4 N = 4 N = 4
VA1994 N = 8 N = 8 N = 8
NC2006 N = 8 N = 8 N = 8

House finches were inoculated with sham treatment (media alone) or one of two MG 
isolates (VA1994 or NC2006) on day 0. Equal sample sizes from each treatment group 
were euthanized on one of each of the three post inoculation (PI) time points.
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cages (76 cm ×  46 cm ×  46 cm) in a Biosafety Level 1 animal 
facility with constant daylength (12L:12D) and temperature 
(21–22°C) and provided with drinking water and pelleted diet 
ad libitum (Daily Maintenance Diet, Roudybush Inc., Woodland, 
CA, USA). All birds underwent a 2-week quarantine following 
capture to ensure they had no exposure to MG before capture. 
In brief, birds were captured and assessed every 3–4  days for 
the presence of visible eye lesions (see methods below). On day 
14 following capture (to account for time for development of 
antibodies if exposure to MG occurred on the day of capture), 
all birds were tested for MG-specific antibodies using an Idexx 
FlockCheck MG antibody ELISA kit (IDEXX, Westbrook, ME, 
USA) with modifications described in Ref. (33). Only individuals 
that were seronegative, never showed clinical signs, and were 
never housed with a cagemate that showed clinical signs were 
used in this experiment. Because their immune systems were still 
maturing at the time of capture, animals caught in July–August 
were treated preventatively with Cankarex and sulfadimethoxine 
(see Supplementary Material) in their drinking water to prevent 
overgrowth of Trichomonas and coccidial parasites, respectively. 
Following quarantine, mass and tarsus length (estimate of size) 
were measured in all birds used in this experiment, and the birds 
were moved to individual cages, but all other housing conditions 
remained unchanged. Animal capture was approved by federal 
(USFWS permit MB158404-1) and state (VDGIF permit 050352) 
agencies, and procedures for animal care and use were approved 
by Virginia Tech’s Institutional Animal Care and Use Committees.

MG Isolates
Expansions of MG field isolates were acquired from the 
Mycoplasma Diagnostic and Research Laboratory at the NC 
State University College of Veterinary Medicine [ADRL NCSU 
CVM (29)]. For our study, we selected two MG isolates: (1) isolate 
VA1994 that is an expansion of the earliest collected MG isolate 
from a free-living house finch with conjunctivitis, collected in 
Virginia in 1994 shortly after MG first emerged in house finches 
[(34); ADRL NCSU CVM Accession No. 7994-1 (7P) 2/12/09] and 
(2) isolate NC2006 that is an expansion of a more evolutionarily 
derived isolate collected from a house finch in North Carolina 
with conjunctivitis in 2006 [ADRL NCSU CVM Accession No. 
2006.080-5-4P 7/26/12]. Upon thawing, isolates were diluted in 
Frey’s media with 15% swine serum (FMS) to match the suspen-
sion concentration of 2 × 104 color changing units/mL.

Experimental Design and Timeline
To quantify house finch cytokine responses to an original and more 
evolved isolate of MG, we used three treatment groups (Table 1): 

(1) sham-inoculated controls (n =  12), (2) NC2006-inoculated 
experimental group (n  =  24), and (3) VA1994-inoculated 
experimental group (n = 24). To capture the temporal dynamics 
of cytokine expression, birds were further divided within each 
group into three equally sized time-point batches (n  =  4 per 
time point in the case of controls and n = 8 per time point in 
the case of experimental groups). All groups were designed to 
contain approximately equal proportions of males and females, 
and hatch-year birds and individuals of unknown age (Table S1 
in Supplementary Material), but otherwise assignments to treat-
ments were random. We tested for pretreatment differences in 
size or mass and no significant differences in these traits were 
present (all P > 0.05).

The experiment was conducted in January–February 2016. On 
day 0, the mass of all individuals was measured, and conjunctiva 
was swabbed for qPCR to ensure that no birds harbored baseline 
loads of MG (see below for details). Thereafter, all birds were 
treated with the respective inoculum: experimental birds were 
inoculated with 35 µL of MG suspended in FMS (either isolate 
NC2006 or VA1994) administered directly into the palpebral 
conjunctiva of each eye via micropipette (70 µL in total), while 
sham control individuals were given the same volume of FMS 
alone. Afterward, birds were held in individual paper lunchbags 
for approximately 5 min to allow full absorption of inoculum, and 
then released back into their home cages and left undisturbed. 
On day 3 post inoculation (DPI 3), birds assigned to the first 
time point batch were eye scored (see below), conjunctival swabs 
were collected (see below), and the birds were euthanized via 
rapid decapitation to collect fresh tissue samples and prevent 
confounding effects of chemical inhalants on gene expression. 
The same procedure was performed with birds assigned to the 
second time point batch on DPI 6 and to the third time point 
batch on DPI 13. All manipulation with experimental animals 
(including euthanasia) was performed in the quickest and most 
humane way possible to minimize pain and distress. Latex gloves 
were changed between manipulations with each individual to 
prevent any inadvertent MG transmission. Because MG requires 
direct contact between individuals or contact with a highly 
contaminated surface (35), this measure is sufficient to prevent 
transmission between experimental birds.

Eye Lesion Scoring and Conjunctival 
Swabbing
Eye lesions characteristic of mycoplasmal conjunctivitis were 
visually scored on a 0–3 scale as previously described (36). Briefly, 
no visible clinical signs were scored as 0, minor swelling and dis-
coloration around the eye was scored as 1, moderate swelling with 
occasional conjunctival eversion was scored as 2, and moderate 
to severe swelling, conjunctival eversion, and noticeable exudate 
was scored as 3. Scores from each eye were combined within 
time points to give a total eye score ranging from 0 to 6 for each 
individual.

To quantify MG load, conjunctivae were gently swabbed for 
5 s with a sterile cotton swab pre-dipped in sterile tryptose phos-
phate broth (TPB). Swabs were swirled in 300 µL of sterile TPB 
and then wrung out into the sample collection tube. Samples from 
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both eyes were pooled within sampling date for a given individual 
and frozen at −20°C until further processing. Genomic DNA was 
extracted with Qiagen DNeasy 96 Blood and Tissue kits (Qiagen, 
Valencia, CA, USA). Extracted DNA was used to measure overall 
numbers of MG in the conjunctivae using a qPCR assay target-
ing the mgc2 gene of MG using primers and a probe previously 
described (37) and qPCR methods previously outlined (18).

Samples Used for Gene  
Expression Analysis
Immediately after decapitation, blood from the disconnected 
carotids was collected from each bird into a microcentrifuge 
tube containing RLT lysis buffer (Qiagen, Cat No. 79216). Then, 
the following tissues were collected separately into RNAlater 
(Ambion, cat. No. AM7021): conjunctiva (lower external eyelid), 
nictitating membrane (internal eyelid), Harderian gland (HG), 
upper respiratory tract and choana, brain, bone marrow, liver, 
spleen, trachea, lungs, kidney, pancreas, duodenum, and ileum 
(small intestine ca. 1 cm proximal from the caeca). Dissection and 
sample collection were performed simultaneously by three per-
sons, and all tissues were collected within 15 min after euthanasia. 
The collected tissue samples were stored at −80°C until total RNA 
extraction. RNA extraction was performed using High Pure RNA 
Tissue Kit v. 09 (Roche, Cat. No. 12033674001) according to the 
manufacturer’s instructions. The total RNA concentration in 
each extracted sample was then measured using NanoDrop 2000 
(Thermo Scientific): range 2.7–1,335.8 ng/µL, average 197.6 ng/
µL. We checked for the quality of the RNA extracted from different 
tissues in different batches using TapeStation (Agilent) as a service 
of the Genomics Research Laboratory, Biocomplexity Institute, 
Virginia Tech. In most tissue samples, the RNA quality was good 
[RNA integrity number (RIN) generally ranged between 8.4 and 
9.5]. RIN was <8.0 in some lung, liver, and tracheal samples, and 
these tissues were thus excluded from further analysis.

RT-qPCR Assays for Assessment of Target 
and Reference Gene Expression
In this study, we focused on a set of 7 selected pro-inflammatory 
and anti-inflammatory cytokine genes: IL1B, IL6, IL10, IL18, 
TGFB2, CXCLi2 (IL8L), and TNFSF15. Pro-inflammatory IL1B 
and anti-inflammatory IL10 were selected as key target genes 
based on the results of previous studies (28, 38). To be able to 
normalize the RT-qPCR data, we had to select an appropriate 
reference (house-keeping) gene to serve as an endogenous con-
trol in the analysis. We tested three reference genes: beta-actin 
(ACTB), glyceraldehyde 3-phosphate dehydrogenase (GAPDH), 
and 28S rRNA.

Because allelic variation in primer/probe-annealing regions 
would importantly bias the accuracy of our RT-qPCR data, we 
first evaluated the sequence variation in the genes of interest in a 
sample of six individuals (three control and three MG infected) 
with spleen and liver RNA-seq data available (sequences obtained 
through Illumina HiSeq 2500) to check for common SNPs. The 
reads were filtered for hits to the genes of interest using blast with 
Atlantic canary (Serinus canaria) sequences (XM_009086347.1, 
XM_009091807.1, XM_009093631.1, XM_009096394.1, 

XM_009097367.1, XM_009097655.1, XM_009098024.1, 
XM_009098521.1, and XM_009102634.1) as references. The 
filtered reads were then quality trimmed and mapped to reference 
using Geneious v. 9.1.8-implemented tools. While this approach 
yielded good data on sequence variation for the reference genes 
(full-length mean coverage 600–7,000, 8,000–150,000 reads per 
individual and tissue), the sequence data were scarce for several 
cytokine genes (full-length mean coverage 0–35, 0–850 reads per 
individual and tissue). Therefore, to improve our information 
on the sequence variation in our genes of interest, we Sanger-
sequenced the partial coding regions in mRNA of the cytokines 
in seven additional individuals and of ACTB and GAPDH in two 
additional individuals (sequences uploaded to NCBI GenBank 
under accession numbers MG587727–MG587771; for descrip-
tion of the PCR protocol see Table S2 in Supplementary Material).

Based on the sequence information on the genes of interest 
in the canary and the house finch, including the common house 
finch sequence variation, we designed the primers and probes for 
RT-qPCR that were located across exon–exon borders, avoided 
any interspecifically and intraspecifically variable positions and 
selecting primers that shared basic features for the RT-qPCR 
with annealing temperature standardized to 60°C (see the list in 
Table S3 in Supplementary Material). PCR with these primers was 
tested using cDNA (electrophoresis and Sanger-sequencing of 
amplicons was performed for assay specificity verification). Next, 
qPCR with synthesized standard DNA sequences (IDT, gBlocks 
Gene Fragments; Table S4 in Supplementary Material) was done 
using the iTaq™ Universal Probes One-Step Kit (BioRad, Cat. 
No. 172-5140) with cycling conditions following manufacturer’s 
instructions. Once the assay efficiency was estimated, all further 
RT-qPCR were performed with the same kit (iTaq™ Universal 
Probes One-Step Kit) and set up: final primer concentration 
0.6  µM, final probe concentration 0.125  µM and mixed RNA 
template diluted in carrier tRNA (Qiagen, Cat. No. 1068337) 
enriched molecular water 1:5 (or 1:500 for 28S rRNA qPCR); 
cycling conditions (1) 50°C 10 min, (2) 95°C 3 min, (3) (95°C 
15 s, 60°C 60 s) × 40. All assays were performed with a template-
free negative control and gBlock positive controls (Table S4 in 
Supplementary Material) in a freshly prepared dilution series. 
Calibrator samples were included in all assays to check for inter-
plate RT-qPCR variation. Based on the results of GeNorm and 
RefFinder analyses (39, 40), 28S rRNA was selected as a reference 
gene for the RT-qPCR assays (see Supplementary Material).

RT-qPCR Data Analysis
Before data analysis, any technical replicates with Cq values highly 
deviating from the other two measurements in the triplicate (dif-
ference greater than 1.5, indicating error in PCR) were excluded 
from the calculation of Cq means. To select candidate tissues 
of interest, we first performed an initial screening of the qPCR 
data on IL1B and TGFB2 across all 15 tissues in two controls and 
two NC2006-infected individuals at DPI 6 by using the relative 
quantification method described by Pfaffl (41). Here, the rela-
tive expression ratio (R) is calculated as R = (ET)ΔCqT/(ER)ΔCqR, 
where ET is the mean amplification efficiency of the particular 
assay for a target gene (cytokine), ER is the mean amplification 
efficiency of the particular assay for a reference gene (28S rRNA), 
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Figure 1 | Design of the experiment and qPCR analysis. Successive steps are linked with gray arrows indicating procedures being done. The text above the 
arrows indicates the specific cytokine genes used for each step, and the text below the arrows indicates the treatment group(s) used for that step [control (C)]. The 
text inside the arrows indicates the sample size per tissue and the metric of gene expression used [relative expression (R) ratio (41) calculation and standardized 
expression quantity (stQ) (42, 43)]. The stQ quantification was used for analyses where statistical comparisons between treatments and controls were necessary, as 
this is not possible using the R ratio. Blue triangles indicate traits for which associations to cytokine expression were tested. For isolate differences in cytokine 
expression in Harderian gland and choana, only a subset of cytokines was examined, and thus those two tissues are in parentheses.
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the ΔCqT is the difference in Cq values between control mean 
and the treatment mean in the target gene (cytokine), and ΔCqR 
is the difference in Cq values between control mean and the 
treatment mean in the reference gene (28S rRNA). Then, for the 
purpose of statistical testing of the differences in cytokine expres-
sion between controls and treatments in the selected tissues, we 
calculated the relative RNA quantities (Q) as Q = EΔCq, where E 
is the mean amplification efficiency of the particular assay and 
ΔCq is the difference between an arbitrary Cq value chosen for 
the gene (in our case the lowest Cq value in the data set) and 
the sample Cq (42, 43). The level of 28S rRNA expression was 
used as a normalization factor to standardize RNA quantities for 
each target gene, providing standardized expression quantity, 
stQ = QTARGET/Q28S rRNA. Absolute quantity (aQ) was calculated as 
number of target gene copies per nanogram of the total extracted 
RNA. Target gene copy number was estimated based on the aver-
age standard curve equation obtained from a dilution series of a 
calibrated synthetic standard (gBlock sequences of known DNA 
copy number in the solution).

Finally, to compare the cytokine expression profiles of the 
response to VA1994 and NC2006 MG isolates in the data set of 
all experimental individuals, we again used the relative quan-
tification based on relative expression ratio R (41), where, this 
time, ΔCqT was obtained as the difference in Cq values between 
control mean for the particular sampling time point and the 
treatment mean in the target gene (cytokine), and ΔCqR was the 
difference in Cq values between control mean for the particular 
sampling time point and the treatment mean in the reference 
gene (28S  rRNA). Similarly, absolute quantification ratio was 
calculated as A = (CNT/CNR)Treatment/(CNT/CNR)Control, where CNT 

is target gene copy number, CNR is reference gene (28S rRNA) 
copy number; in controls we used mean copy number values 
for the particular sampling time point. Log base 2 values of R 
and A were used. A general overview of the gene expression data 
analysis procedure is shown in Figure 1.

Statistics
All statistical analysis was performed using R software v. 3.4.0 (44) 
with a significance level of P = 0.05. Because cytokine expression 
data (both absolute and relative) often deviate from a normal dis-
tribution (tested using the Shapiro–Wilk normality test), we used 
Spearman’s rank correlation tests to reveal correlations between 
relative (stQ) and absolute (A) expression data. As the relative 
and aQ data were highly correlated (for all cytokine genes studied 
P = 0.001 and rS > 0.84), we show only the results obtained for 
the relative expression data in the main text of the article and 
report analogous results obtained using absolute quantification 
in the Supplementary Material to provide quantification method-
independent confirmation to our main results.

We used the non-parametric Wilcoxon rank sum test to test 
for differential gene expression (stQ or aQ) between control and 
NC2006-infected individuals screened across 7 tissues selected 
for further investigation after the initial cursory screening of 15 
tissues in 2 individuals per treatment. To indicate consistency in 
the expression of the cytokine genes, principal component analysis 
(PCA) was done for the stQ and aQ data after log2-transformation. 
The first three principal component scores were added to a cor-
relation matrix prepared using Pearson’s correlations with Holm’s 
adjusted P-values. A heatmap showing variation in cytokine gene 
expression was constructed based on log2-transformed stQ and 
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aQ quantities in R software using the “heatmap” function of the 
“stats” library, with the Unweighted Pair Group Method with 
Arithmetic Mean selected as the clustering algorithm.

After this second and more in-depth round of screening of 
seven house finch tissues, we focused on a subset of two selected 
tissues (internal eyelid and HG) to examine the temporal dynam-
ics of cytokine expression responses to MG and the differences 
between MG isolates. We used generalized linear models (GLMs) 
with cytokine expression ratio R or A as the response variable. 
For these GLMs, the non-Gaussian response variables were log2-
transformed to achieve residual normality and tested against 
selected factors as explanatory variables: tissue or MG isolate 
(depending on analysis), time point, sex, and all two-way interac-
tions. Because there was little variability in size and mass and the 
treatment groups and time point groups did not show any signifi-
cant differences with respect to size or mass or mass change over 
the experiment (all P > 0.05), these variables were excluded from 
the full models tested in this study. We tested the significances of 
the explanatory variables both in full models and in minimum 
adequate models (MAMs; i.e., models with all terms either signifi-
cant, P ≤ 0.05, or marginally non-significant, P < 0.10) that were 
obtained by backward eliminations of particular terms from the 
full model. Candidate models were compared based on the change 
in deviance with an accompanied change in degrees of freedom 
(ANOVA) using F statistics. Tukey’s post hoc tests were used to 
test for differences between individual time points or MG isolates.

A two-sample t-test was used to compare relative IL1B and 
IL10 expression (log2R) induced by the two MG isolates in upper 
respiratory tract at DPI 6. Relative IL1B and IL10 expression 
(log2R) comparisons between upper respiratory tract, internal 
eyelid and HG were done using linear mixed-effects models 
(LMMs), where log2R data (response variable) were tested against 
MG isolate, tissue type, sex and all two-way interactions (explana-
tory variables with fixed effects). Individual identity was included 
into the models as a random effect and we used backward elimi-
nation of fixed effects to obtain the minimum adequate models.

For testing the association between IL1B expression and con-
junctival MG loads, IL1B log2R data were used as the response 
variable in a GLM containing endpoint MG quantities (log10MG), 
MG isolate, sampling time point (DPI), sex, and two-way inter-
actions of the factors as explanatory variables. In an analogous 
GLM, we tested for an association between total eye scores and 
IL1B expression using the quasipoisson residual distribution. 
Here, the endpoint total eye scores were used as the response 
variable, and we included IL1B log2R data, MG isolate, sampling 
time point (DPI), sex and two-way interactions of the factors as 
explanatory variables in the model. Again, we used a backward 
elimination method (as described earlier) to obtain the minimum 
adequate models.

RESULTS

Tissue-Specific Variation in Cytokine 
Expression Response to MG
To identify candidate tissues for further research, we first compared 
the relative expression ratios R based on two NC2006-infected 

and two control individuals for two selected genes (IL1B and 
TGFB2) across the whole panel of 15 tissues. Our results (Figure 
S1 in Supplementary Material) show highest R in at least one of 
these genes in blood, brain, conjunctiva, HG, choana and internal 
lid; we thus selected these six tissues for further analysis. Spleen 
was also included in further analysis as a standardly investigated 
lymphatic tissue for the purpose of comparison.

For these seven selected tissues, we analyzed the expression of 
all seven investigated cytokine genes in four control individuals 
and four NC2006-infected individuals at DPI 6 to identify the 
genes differentially expressed in individual tissues during MG 
infection. The cytokine standardized relative quantity data 
(stQ) show significant differential expression of IL1B in brain, 
conjunctiva, HG and internal eyelid, of IL6 in conjunctiva and 
internal eyelid, of IL10 in conjunctiva, HG and internal eyelid, 
and of CXCLi2 and TNFSF15 in conjunctiva and internal eyelid 
(Figure 2; see Figure S2 and Tables S5 and S6 in Supplementary 
Material for analogous results obtained based on aQ data, A). 
No differential expression was indicated for spleen and only 
marginally non-significant changes in inflammatory cytokine 
expression were revealed in blood and upper respiratory tract. 
No differential expression was revealed for IL18 or TGFB2 in any 
tissue. While there was low consistency in the cytokine expres-
sion patterns across distinct tissues (except for conjunctiva and 
internal eyelid; Figure 3; Figure S3 in Supplementary Material), 
the expression of different cytokine genes was highly correlated 
within individual tissue samples (Table S7 in Supplementary 
Material; PCA: cumulative proportion of variance explained by 
PC1–PC3  =  0.898). Based on these results and prior work in 
this system (28), we selected pro-inflammatory IL1B and anti-
inflammatory IL10 as the candidate genes, and internal eyelid 
and HG as the target tissues, for investigation of the temporal 
dynamics of cytokine expression.

Temporal Dynamics of the Cytokine 
Expression Response to MG
To initially compare temporal patterns of cytokine expression 
in internal eyelid and HG in MG infected birds, we compared 
IL1B and IL10 expression changes in NC2006 isolate-inoculated 
birds. Our results show significant effects of both tissue type 
and DPI for both genes (relative quantification: Figure 4; Table 
S8 in Supplementary Material; for absolute quantification, see 
Supplementary Material). Although in both genes there is appar-
ent peak of the response at DPI 6 in both tissues, Tukey’s post hoc 
tests showed significant differences between the sampling time 
points in internal eyelid only in IL10 (DPI 6–DPI 13: P = 0.023), 
while in HG, DPI 6 was significantly different from the other sam-
pling time points for both genes (IL1B: DPI 6–DPI 3: P = 0.018, 
DPI 6–DPI 13: P =  0.030; IL10: DPI 6–DPI 3: P =  0.001, and 
DPI 6–DPI 13: P < 0.001).

Differences between Cytokine Expression 
Responses to Original and Evolved MG 
Isolate
To compare the immune responses triggered by distinct MG 
isolates (VA1994 and NC2006), we selected the internal eyelid 
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Figure 2 | Tissue-specific differential cytokine gene expression in Mycoplasma gallisepticum (MG)-infected house finches versus uninfected control (C) on day 6 
postinoculation (DPI 6). The boxplots show the median (line), the upper and lower quartiles (the box), and the range (dotted lines) of relative cytokine quantity 
standardized on 28S rRNA expression (stQ). Tissue types are shown on the x axis highlighted with color: red—blood (Bl), green—brain (Br), orange—conjunctiva 
(Cj), blue—Harderian gland (HG), purple—choana and upper respiratory tract (Ch), yellow—nictitating membrane = internal eyelid (iL), light green—spleen (SP). 
Treatment type: C, control (light colors); MG, inoculation with MG isolate NC2006 (dark colors). Asterisks indicate significant difference in gene expression in the 
tissue (Wilcoxon test, P < 0.050).
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Figure 3 | Heatmap of differential cytokine gene expression in Mycoplasma gallisepticum (MG)-infected (red bar, far right) and control (green bar, far right) house 
finches on day 6 postinoculation (DPI 6). For this analysis, all MG-infected birds received the NC2006 isolate. The heatmap is based on relative cytokine quantity 
standardized on 28S rRNA expression (stQ). Gene names are shown at the bottom of the chart. Low gene expression is indicated in red; high gene expression in 
white. Tissue type is highlighted with color of the sample label: red—blood (Bl), green—brain (Br), orange—conjunctiva (Cj), purple—choana and upper respiratory 
tract (Ch), blue—Harderian gland (HG), light orange—nictitating membrane = internal eyelid (iL), light green—spleen (SP). Dendrograms showing the clustering of the 
cytokine expression patterns were constructed using Unweighted Pair Group Method with Arithmetic Mean method.
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as a primary model tissue, because here the strength of cytokine 
expression relative to controls was most prominent. In IL1B, 
IL10, IL6, CXCLi2, and TNFSF15, we found significant effects of 
MG isolate on cytokine expression quantified using both relative 
(Table  2; Figure  5) and absolute approaches (Supplementary 
Material). Generally, the evolved NC2006 isolate triggered 

stronger cytokine responses than the original VA1994 isolate, 
though the post hoc significance of isolate differences varied across 
genes and time points, with the strongest differences between 
isolates generally occurring earlier in infection (Figure  4). In 
most cases, we also detected significant effects of sampling time 
point. However, there was no significant effect of MG isolate or 
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Table 2 | Minimum adequate models (MAMs) for effects of infection with 
Mycoplasma gallisepticum isolates VA1994 and NC2006 on house finch 
expression of cytokines IL1B, IL6, IL10, CXCLi2, and TNFSF15 in internal eyelid 
(nictitating membrane) across three different time points.

MAM/variable Df F P

Log2R(IL1B) ~ treatment 1/46 17.88 <0.001
Log2R(IL6) ~ treatment + DPI 3/44 5.63 0.002

Treatment 1/44 6.70 0.013
DPI 2/44 5.09 0.010

Log2R(IL10) ~ treatment + DPI 3/44 8.50 <0.001
Treatment 1/44 9.33 0.004
DPI 2/44 8.09 0.001

Log2R(CXCLi2) ~ treatment + DPI 3/44 12.41 =0.001
Treatment 1/44 16.21 <0.001
DPI 2/44 10.51 <0.001

Log2R(TNFSF15) ~ treatment + DPI 5/42 4.55 0.002
Treatment 3/42 6.87 0.001
DPI 4/42 2.35 0.070
Treatment: DPI 2/42 3.63 0.035

Based on the relative expression ratio (R) data (i.e., 28S rRNA- and control-normalized 
relative expression quantities).
Treatment, inoculation with VA1994 or NC2006; DPI, days postinoculation; IL, 
interleukin; TNFSF, tumor necrosis factor superfamily members.

A B

Figure 4 | Temporal dynamics of IL1B (A) and IL10 (B) expression in response to MG-NC2006 infection in selected tissues across three different time points. The 
data are shown as relative expression ratio (R; i.e., 28S rRNA- and control-normalized relative expression quantities) mean ± SD. Red circles represent values in 
Harderian gland, and blue triangles indicate values in internal eyelid. Abbreviation: DPI, day postinoculation. Asterisks mark significant differences between DPI in the 
respective tissues (Tukey’s post hoc test Padj < 0.050).
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sampling time point on expression of IL18 and TGFB2 in internal 
eyelid in house finches (relative and absolute quantification data; 
all terms P > 0.05).

We also compared isolate-specific patterns of expression 
(original VA1994 versus evolved NC2006) for a subset of cytokines 
(IL1B and IL10) in HG. Similar to the results from internal eyelid, 
the NC2006 isolate triggered stronger IL1B responses than the 

original VA1994 isolate in HG (MG isolate F1/44 = 7.03, P = 0.011; 
stp F2/44  =  10.33, P  <  0.001; MAM: F3/44  =  9.23, P  =  0.001; 
Figure 6A). However, for the anti-inflammatory cytokine IL10, 
expression in HG was dependent only on sampling time point 
(MAM: F2/45  =  29.78, P  =  0.001; Figure  6B) and not the MG 
isolate.

Because MG infection in chickens induces cytokine responses 
in the upper respiratory tract (27), we also checked for isolate-
specific differences in IL1B and IL10 stimulation in the upper res-
piratory tract at the time of the peak cytokine expression response 
(DPI 6) and compared the cytokine expression in this tissue with 
cytokine expression in HG and internal eyelid. Although we 
found significant effects of both tissue and MG isolate on IL1B 
and IL10 expression across the three tissues (LMM analysis; Table 
S12 in Supplementary Material), we did not detect any significant 
differences between the MG isolates in either IL1B or IL10 in the 
upper respiratory tract in particular (two-sample t-test, in both 
cases P > 0.05; Figure 7). Thus, isolates VA1994 and NC2006 acti-
vate similar pro-inflammatory cytokine expression responses in 
the upper respiratory tract, but as shown earlier, NC2006 triggers 
significantly stronger immune activation in internal eyelid and 
HG (for IL1B alone) than VA1994 (Figure 7A). When analyzed 
as tissue-specific differences within individuals, there is no dif-
ference in IL1B and IL10 expression between upper respiratory 
tract, HG and internal eyelid for VA1994 (Tukey’s test, in all cases 
Fadj  >  0.05); however, in the case of NC2006, cytokine expres-
sion responses are significantly stronger in internal eyelid/HG 
compared with the upper respiratory tract (Tukey’s post hoc test, 
IL1B: Ch-HG Padj > 0.05, iL-HG Padj = 0.023, iL-Ch Padj = 0.005, 
IL10: Ch-HG Padj < 0.001, iL-HG Padj > 0.05, iL-Ch Padj < 0.001).
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Figure 5 | Effects of experimental infection with Mycoplasma gallisepticum isolates VA1994 and NC2006 on IL1B (A), IL6 (B), IL10 (C), CXCLi2 (D), and TNFSF15 
(E) expression in internal eyelid (nictitating membrane) across three different time points. The data are shown as 28S rRNA- and control-normalized mean ± SD 
relative expression quantities. Blue triangles indicate VA1994 isolate data, and red circles represent NC2006 isolate data. Asterisks indicate significant difference in 
gene expression between isolates at that time point (Tukey’s post hoc test, P < 0.050). Sampling points: DPI 3, 3 days post inoculation; DPI 6, 6 days post 
inoculation; DPI 13, 13 days post inoculation.
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Relationship between Cytokine Expression 
and Intensity of MG Infection
To examine the association between MG infection intensity (MG 
loads in the conjunctiva at the time of sampling, which differed by 
batch) and cytokine expression in periorbital tissues, we focused 
on IL1B as the cytokine that showed the most consistent differ-
ences between isolates. We found strong effects of conjunctival 
MG load on internal eyelid IL1B relative expression (F1/45 = 69.37, 
P  =  0.001), with higher IL1B relative expression in birds with 
higher conjunctival MG burdens (Figure  7). We also found 
notable effect of MG isolate (F1/45 = 18.53, P = 0.001), with higher 

average pathogen loads in birds inoculated with NC2006 (MAM: 
F2/45 = 56.90, P = 0.001; Figure 8).

Finally, to examine the relationship between pro-inflammatory 
cytokine expression in internal eyelid and MG pathogenicity, 
we analyzed the interaction between IL1B and total eye scores 
(representing the visible pathological effects of MG infection) at 
the time of sampling. Our results show significant associations 
between IL1B expression (F1/44  =  13.32, P  <  0.001), sampling 
time point (F2/44 = 12.37, P = 0.001), and total eye scores (MAM: 
F3/44 = 12.66, P = 0.001; Figure 9), such that birds with higher 
IL1B expression had significantly higher total eye scores.
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Figure 6 | Effects of experimental infection with Mycoplasma gallisepticum isolates VA1994 and NC2006 on IL1B (A) and IL10 (B) expression in Harderian gland 
across three different time points. The data are shown as 28S rRNA- and control-normalized mean ± SD relative expression quantities. Blue triangles indicate birds 
inoculated with VA1994 isolate, and red circles indicate birds inoculated with NC2006. Sampling points: DPI 3, 3 days post inoculation; DPI 6, 6 days post 
inoculation; DPI 13, 13 days post inoculation.

A B

Figure 7 | Effects of experimental infection with Mycoplasma gallisepticum isolates VA1994 and NC2006 on IL1B (A) and IL10 (B) expression in selected tissues 
at the time of peak cytokine expression [day 6 post inoculation (DPI 6)]. The data are shown as 28S rRNA- and control-normalized mean ± SD relative expression 
quantities. Blue triangles indicate VA1994 isolate data, and red circles represent NC2006 isolate data. Asterisks above connecting lines indicate significant difference 
in gene expression between tissues (Tukey’s post hoc test, P < 0.050). Tissues: HG, Harderian gland; Ch, upper respiratory tract and choana; iL, internal eyelid 
(nictitating membrane).
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Figure 9 | Relationship between IL1B expression in internal eyelid and total 
eye scores (index of MG pathogenicity) at the time of sampling (which varied 
for each batch collected at one of three sampling time points). The data on 
IL1B expression (explanatory variable) are shown as 28S rRNA- and 
control-normalized relative expression quantities (log2R). Because sampling 
time point was significant in the minimum adequate model, points are labeled 
by sample date (light blue = DPI 3, blue = DPI 6, and dark blue = DPI 13).

Figure 8 | Association between conjunctival MG loads at the time of 
examination (which varied for each batch collected at one of three sampling 
time points) and IL1B expression in internal eyelid. The data on IL1B expression 
are shown as 28S rRNA- and control-normalized relative expression quantities 
(log2R). Because isolate was significant in the statistical model, points are 
labeled by MG isolate (blue circles = VA1994 and red triangles = NC2006).
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in blood leukocyte profiles (22) and antibody production (24). In 
this study, we characterized the tissue distribution and temporal 
dynamics of cytokine responses to MG infection, showing that 
cytokine expression changes are strongest in periocular tissues, 
and peak between days 3 and 6 postinoculation (PI). Furthermore, 
we showed that cytokine responses are significantly stronger fol-
lowing inoculation with an evolutionarily derived lineage of MG, 
and that the load of MG infection among individuals directly 
predicts the degree of IL1B expression, which is associated with 
the severity of mycoplasmal conjunctivitis (an index of MG 
pathogenicity).

The capacity of MG to trigger expression of pro-inflammatory 
cytokines has been previously shown in both poultry (27, 45, 46) 
and human (47) cells and tissues. Here, we first used a subset 
of individuals to characterize the tissue distribution of cytokine 
expression on day 6 postinoculation in house finches. For this 
analysis, we chose to only examine the most virulent isolate of 
MG to maximize our likelihood of detecting differential expres-
sion. We detected significant upregulation of five (IL1B, IL10, 
IL6, CXCLi2, and TNFSF15) of the seven examined cytokines 
in conjunctiva and nictitating membrane (internal eyelid), and 
significant upregulation of IL1B and IL10 in HG. In birds, the 
conjunctiva and the HG are parts of the eye-associated second-
ary lymphoid tissue (48). Being colonized with large number of 
T cells and B cells, the HG plays an important role in the regula-
tion of ocular immunity, including antibody and inflammatory 
responses to conjunctival pathogens. The nictitating membrane, 
on the other hand, is primarily a non-lymphoid tissue, that is, 
however, rapidly infiltrated with leukocytes upon MG infection.

While upregulation of key cytokines in the periocular tis-
sues during MG infection is not surprising, we also observed 
significant upregulation of IL1B expression in the brain. IL1B 
experimentally administrated to the brain as well as released 
in the periphery during infection can elicit vertebrate sickness 
behaviors and impair memory (49, 50). Our results support the 
view that, like in mammals (51), IL1B may act in the avian brain 
as an important mediator of the acute phase response, which in 
house finches leads to fever and severe lethargy associated with 
MG infection (12, 28). The mechanism behind this relationship, 
however, awaits verification in the house finch–MG system.

There was only low consistency in the cytokine expression 
patterns across distinct tissues, and we found no evidence for sig-
nificant differential cytokine expression in any other tissues aside 
from the brain and periocular tissues, including spleen, upper 
respiratory tract, or blood. Although this result could be affected 
by the limited sample size used for the investigation of the tissue 
distribution of cytokine expression (n = 4 per treatment), overall, 
our results clearly indicate that differential cytokine expression 
responses during MG infection are strongest in periorbital tis-
sues (conjunctiva, internal eyelid, and HG). Finally, although 
the expression of most inflammatory cytokine genes was highly 
correlated within individual tissues, we did not detect differential 
expression of IL18 or TGFB2 in any tissue examined, suggesting 
that these cytokines do not respond to MG infection. This pattern 
is consistent with house finch cytokine regulation toward a type 
1 adaptive immune response that is mediated by non-specific 
inflammation leading to induction of Th1 cell activation.

DISCUSSION

Mycoplasma gallisepticum-infected house finches show several 
systemic changes in immunological traits, including alterations 
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After determining which genes and tissues would be most 
relevant for further study, we examined the temporal dynamics 
of cytokine expression in internal eyelid and HG (two distinct 
periorbital immune tissues), focusing on pro-inflammatory 
IL1B and anti-inflammatory IL10. For both of these cytokines, 
responses peaked at day 6 postinoculation, but this peak was only 
significant in both genes for HG, where overall expression was 
generally lower than in internal eyelid. In poultry, IL1B expres-
sion responses to MG inoculation appear to be strongest between 
day 4 and day 8 PI (27). This is consistent with our further find-
ings on the temporal dynamics in most other pro-inflammatory 
cytokines (IL6, CXCLi2, and TNFSF15), where the expression in 
internal eyelid exhibits similar patterns of early upregulation (DPI 
3–6) followed by a decline in cytokine expression at our latest 
sampling point examined (DPI 13). Nevertheless, our multiple-
isolate analysis showed that the temporal dynamics of responses 
varied to some extent with the strain of MG used. Future work 
with higher temporal sampling resolution and larger sample sizes 
will help to shed further light on strain-specific temporal dynam-
ics of cytokine expression in house finches.

A primary goal of our study was to examine how pathogen 
evolution affects cytokine expression responses in its host. 
Various MG strains, including those from the house finch–MG 
clade, differ in their surface antigens, which may cause variation 
in their interaction with the immune system of the host (16, 52). 
Because MG has evolved to become significantly more virulent 
since its initial emergence in house finches (18), we characterized 
cytokine responses to an original field isolate (VA1994) collected 
the year that MG was first detected in house finches, and a more 
evolved isolate (NC2006) shown to be significantly more virulent 
in house finches. These two isolates are closely related (11) but show 
notable genomic differences (19) and produce markedly distinct 
host responses and epidemiological parameters, with NC2006 
producing significantly higher conjunctival pathogen loads and 
disease severity (18), stronger IgG and IgA responses (9), and 
faster rates of transmission than that of VA1994 (53). For all five 
of the cytokine genes differentially expressed on day 6 post-MG 
inoculation in periocular tissues (IL1B, IL6, IL10, CXCLi2, and 
TNFSF15), we found significantly stronger cytokine responses in 
birds inoculated with NC2006 relative to those inoculated with 
VA1994 in internal eyelid (and for IL1B in HG). These results 
are consistent with the stronger stimulation of humoral responses 
by the NC2006 isolate relative to the VA1994 isolate detected 
in prior work (9). We did not detect any significant changes in 
cytokine expression in response to MG infection in the upper 
respiratory tract, and we did not detect any differences between 
the MG isolates in either IL1B or IL10 expression in this tissue. 
Hence, our results suggest that the house finch–MG strains have 
evolved in their capacity to specifically elicit pro-inflammatory 
cytokine expression in periorbital tissues and not in other tissues, 
such as the upper respiratory tract. MG was previously shown to 
adapt to its passerine host, resulting in milder virulence for more 
evolved house finch–MG isolates in the original poultry host  
(54, 55), but increased virulence in the novel house finch host, 
where the disease has become established (18, 56). Although 
our results are strongly suggestive of an evolutionary change in 
cytokine expression linked with increased virulence, multiple 

evolved (and virulent) isolates are needed to definitively link 
strain-level changes in virulence with host cytokine expression 
responses.

We also leveraged individual variation in the degree of patho-
genicity (eye lesion score) and infection intensity (conjunctival 
pathogen load) at the time of euthanasia to further link host 
immune responsiveness to virulence, as has been done in prior 
studies with humoral responses (9). We show that birds with 
higher expression of IL1B also had significantly higher eye 
lesion scores and conjunctival pathogen loads. Together, these 
results suggest that prolonged house finch pro-inflammatory 
cytokine responses are likely not protective during MG infection, 
but instead may underlie the degree of pathology experienced 
by hosts. Thus, although evolution of a protective immune 
response to MG has been reported in house finches (4, 26, 57), 
mycoplasmal conjunctivitis per  se appears to be largely immu-
nopathological in house finches, with important implication for 
host–pathogen coevolution (58). Experimental manipulations 
of pro-inflammatory cytokine signaling in the house finch–MG 
system are, nonetheless, needed to confirm the causality underly-
ing the detected associations.

There are several documented examples of animal diseases 
where overactivation of immune cytokine signaling is responsible 
for immunopathology (59–61). In poultry, overly strong inflam-
mation is likely a cause of some of the pathologies associated with 
mycoplasmosis (62). Although much of the recent knowledge on 
cytokine regulation of inflammation comes from mammalian 
studies (63), present evidence from birds, mainly from the 
domestic chicken (31), suggests that (although equipped with 
slightly different sets of cytokines) the basic functions of the most 
essential cytokines may be conserved within amniotes. In house 
finches, this has been confirmed for IL1B, where its conserved 
function was demonstrated in splenocytes (38). Our results, 
combined with prior research (28), suggest that the degree of 
inflammation is a key trait underlying house finch responses to 
this disease. Thus, any factors that suppress inflammation, such 
as anti-inflammatory cytokines, Treg cells or circulating immu-
nosuppressing stress hormones levels, may be key in limiting the 
severity of disease, and thus, the fitness effects on house finches. 
In fact, Love et al. (64) showed that preinfection glucocorticoid 
(in this case, corticosterone) concentrations in male house finches 
were associated with reduced inflammation and pathogen load, 
suggesting that dampened inflammation may be a key mecha-
nism of resistance or tolerance in this system.

Pathogens have been shown to use many different means to 
manipulate host immunity for the purpose of increasing their 
transmission rate (65, 66). This manipulation may include down-
regulation, as well as upregulation of host inflammatory immu-
nity that may be used by the pathogen to increase permeability 
of host tissues and facilitate transmission. While Ganapathy and 
Bradbury (67) previously reported temporary T-cell suppression 
at 2 weeks post MG infection in chickens, it is possible that in 
house finches, MG manipulates its host toward more intense and/
or prolonged pro-inflammatory gene expression in the periocular 
tissues. In house finches experimentally inoculated with MG, 
enhanced pathology (i.e., higher eye scores) leads to a higher 
proportion of conjunctival MG deposited onto bird feeders (68), 
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likely due to exudate or swelling enhancing pathogen deposition 
into the environment. Thus, prolonged or enhanced expression of 
pro-inflammatory cytokines may have important fitness benefits 
for MG by enhancing host pathologies that contribute to trans-
mission. However, experiments directly manipulating cytokine 
levels are needed to causally test this hypothesis.

Altogether, our results show that increased virulence of an 
evolutionarily derived MG isolate is associated with increased 
periocular expression of pro-inflammatory cytokines. Although 
our experiment cannot confirm the direction of causality under-
ling this association, immunopathology induced by this inflam-
mation might explain the mechanism of maladaptation of house 
finch immunity to MG. Given the demonstrated fitness costs of 
conjunctivitis for free-living house finches (69), future research 
should examine whether house finch populations with distinct 
coevolutionary histories with MG differ in their inflammatory 
cytokine responses to this pathogen, which would suggest that 
host evolution is also influencing house finch cytokine responses. 
Overall, future studies that simultaneously examine evolutionary 
variation in both host and pathogen will be critical to dissecting 
the distinct contributions of each coevolutionary player to house 
finch pro-inflammatory cytokine responses during MG infection.
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Non-human primates (NHP) are suitable models for studying different aspects of the 
human system, including pathogenesis and protective immunity to many diseases. 
However, the lack of specific immunological reagents for neo-tropical monkeys, such 
as Saimiri sciureus, is still a major factor limiting studies in these models. An alternative 
strategy to circumvent this obstacle has been the selection of immunological reagents 
directed to humans, which present cross-reactivity with NHP molecules. In this context 
and considering the key role of inhibitory immunoreceptors—such as the signal regu-
latory protein α (SIRPα)—in the regulation of immune responses, in the present study, 
we attempted to evaluate the ability of anti-human SIRPα monoclonal antibodies to 
recognize SIRPα in antigen-presenting S. sciureus peripheral blood mononuclear cells 
(PBMC). As shown by flow cytometry analysis, the profile of anti-SIRPα staining as well 
as the levels of SIRPα-positive cells in PBMC from S. sciureus were similar to those 
observed in human PBMC. Furthermore, using anti-SIRPα monoclonal antibody, it was 
possible to detect a decrease of the SIRPα levels on surface of S. sciureus cells after 
in  vitro stimulation with lipopolysaccharides. Finally, using computed-based analysis, 
we observed a high degree of conservation of SIRPα across six species of primates 
and the presence of shared epitopes in the extracellular domain between humans and 
Saimiri genus that could be targeted by antibodies. In conclusion, we have identified a 
commercially available anti-human monoclonal antibody that is able to detect SIRPα of 
S. sciureus monkeys and that, therefore, can facilitate the study of the immunomodula-
tory role of SIRPα when S. sciureus is used as a model.

Keywords: non-human primates, Saimiri sciureus, immune response, signal regulatory protein α, flow cytometry

INTRODUCTION

Saimiri sciureus, also known as squirrel monkey, is a small species of non-human primate natively 
found in the tropical rainforests of South America (1, 2). As many other non-human primates 
(NHP), S. sciureus is used in diverse areas of biomedical research and, although its full genome 
has not yet been sequenced, the well-known close phylogenetic relationship of NHP to humans 
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renders this model an accurate system to study biological, 
immunological, and pharmacologycal phenomena of medi-
cal importance (2). Indeed, S. sciureus has been shown to be 
susceptible to several human pathogens and, in this way, has 
been proposed as model for study the pathogenesis of malaria 
(3), measles (4), HTLV-associated diseases (5), BK virus infec-
tion (6), and vaginal trichomoniasis (7). Moreover, S. sciureus 
has been studied in the context of Parkinson’s disease therapy 
(8) and, as recommended by the World Health Organization 
(9), malaria vaccine candidates have been frequently tested 
in preclinical trials using S. sciureus in the last three decades  
(10, 11). However, the lack of specific immunological tools to 
assess immune response of S. sciureus represents a major factor 
limiting vaccinology and immunopathology studies using this 
model.

An alternative strategy to circumvent this limitation is the 
identification of immunological reagents directed to molecules 
of human immune system that also present reactivity with  
S. sciureus. In fact, a variety of anti-human monoclonal antibod-
ies commercially available are able to satisfactorily detect surface 
molecules of immune cells as well as cytokines of S. sciureus 
(12–14) and other non-human primate models, such as com-
mon marmoset (Callithrix jacchus), rhesus macaque (Macaca 
mulatta), and chimpanzee (Pan troglodytes) (15–17). To the best 
of our knowledge, however, there is no evaluation concerning the 
signal regulatory protein α (SIRPα) in NHP.

Signal regulatory protein α is a transmembrane protein present 
in leukocytes of the myeloid lineage, including monocytes and 
dendritic cells (DC), which is implicated in inhibitory signaling 
of innate immune functions, such as phagocytosis, proinflamma-
tory cytokine production, and DC maturation (18–20), as well 
as induction of programmed cell death (21). Comprehensively, 
SIRPα is believed to play a relevant role in the regulation of 
immune responses, impacting the pathogenesis of etiologically 
distinct diseases as well as vaccination (22–24). Nevertheless, 
SIRPα has not been investigated in non-human primate models. 
Thus, attempting to support further studies related to involve-
ment of SIRPα in immune responses, in the present work, we 
evaluated by flow cytometry if monoclonal antibody directed to 
human SIRPα cross-reacts with peripheral blood mononuclear 
cells (PBMC) from S. sciureus.

MATERIALS AND METHODS

Animals and Blood Samples
Seven clinically healthy S. sciureus monkeys from the breeding 
colony at the Department of Primatology of the Instituto de 
Ciência e Tecnologia em Biomodelos/Fiocruz, Rio de Janeiro, 
Brazil, were studied. Animals were male adults, aged 3–10 years, 
housed in accordance with the guidelines of the institutional 
ethical committee for animal use. For blood sample collec-
tion, animals were anesthetized with a combination of 0.1 mL 
midazolan and 0.4  mL ketamine and, then, 4  mL heparinized 
venous blood were drawn via femoral venipuncture. All animal 
experimentation was performed in compliance with the pro-
tocol reviewed and approved by the Fiocruz ethical committee 

(LW-9/14). Peripheral blood samples (4 mL) from five healthy 
human donors were also obtained by venipuncture in heparin-
ized tubes, as approved by the Fiocruz Research Ethic Committee 
(46084015.1.0000.5248).

PBMC Isolation and Antigenic 
Stimulation
Peripheral blood mononuclear cells were isolated from  
S. sciureus whole blood through density gradient centrifugation 
using Histopaque-1077 (Sigma). Cells were washed twice in 
RPMI-1640 medium (Sigma) containing 2.05 mM l-glutamine, 
25  mM Hepes, and 2.0  g/L sodium bicarbonate and, then, 
resuspended in RPMI medium supplemented with 200 U/mL  
penicillin (Gibco), 200 mg/mL streptomycin (Gibco), and 10% 
inactivated fetal calf serum (Gibco). Cells (2.5  ×  105) were 
assayed ex vivo or after 24 h stimulation with Escherichia coli 
lipopolysaccharides (LPS, 5  µg/mL, Sigma) in 96-well culture 
plates (Falcon) at 37°C in 5% CO2.

Flow Cytometry Assay
Detection of SIRPα in S. sciureus PBMC was assayed by flow 
cytometry using allophycocyanin (APC)-conjugated anti-human 
SIRPα monoclonal antibody purchased from eBioscience (iso-
type: mouse/IgG2a, clone: 15-414). Cells (2.5 × 105) were washed 
in phosphate saline buffer (PBS) and, subsequently, incubated at 
4°C for 30 min in PBS containing 10% fetal bovine serum (FBS) to 
reduce non-specific staining. After incubation, cells were stained 
with 2.0 µL anti-SIRPα monoclonal antibody or APC-conjugated 
isotype control (eBioscience) at 4°C for 40 min in 100 µL PBS 
containing 1% FBS. Cells were washed twice and, finally, analyzed 
by a FACSVerse flow cytometer (Becton Dickinson). In parallel, 
anti-SIRPα monoclonal antibody was tested ex vivo with PBMC 
obtained from blood human samples, as described in Section 
“PBMC Isolation and Antigenic Stimulation.”

Computer-Assisted Analysis of Sequence 
Alignment and Potential B-Cell Epitopes
To detect SIRPα protein homology among several primate 
species, protein BLAST were done and protein sequences of 
Homo sapiens (AAH26692.1), P. troglodytes (JAA44167.1),  
C. jacchus (JAB51896.1), Macaca fascicularis (XP_015313155.1), 
Gorilla gorilla (XP_004061735.2), and Saimiri boliviensis 
(XP_010350139.1) were analyzed. Multiple alignment CLUSTAL 
OMEGA, distance matrix, and the phylogenetic tree were done 
using the Megalign Pro 15 (Lasergene DNASTAR) program and 
the circular map of protein alignment was generated using the 
software GenVision 15 (Lasergene DNASTAR). The prediction 
of linear B-cell epitopes was carried out using the web server 
BepiPred. For each input FASTA sequence of extracellular 
domain of SIRPα, the server outputs a epitope prediction score 
for each amino acid. The recommended cutoff of 0.35 was used to 
determine potential B-cell linear epitopes, ensuring sensibility of 
49% and specificity of 75%. Linear B-cell epitopes of SIRPα extra-
cellular domain of H. sapiens and S. boliviensis were predicted to 
be located at the residues with the highest scores in at least nine 
consecutive amino acids.
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Figure 1 | Flow cytometry analysis of anti-human signal regulatory protein α (SIRPα) monoclonal antibody cross-reactivity with Saimiri sciureus cells. Peripheral 
blood mononuclear cells (PBMC) were isolated from human or S. sciureus whole blood, stained with anti-SIRPα monoclonal antibody or isotype control and, then, 
analyzed by flow cytometry. Reactivity of anti-SIRPα antibodies [allophycocyanin (APC)] with human (A) and S. sciureus (B) PBMC was evaluated gating 
lymphocytes (P1) or monocytes populations, as defined by forward scatter (FSC) and sideward scatter (SSC) parameters.
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RESULTS AND DISCUSSION

Signal regulatory protein α has been studied by flow cytometric 
analysis in both human (25, 26) and animal models, i.e., mice, 
rats, and cattle (27–29), but the frequency and distribution of 
SIRPα-positive cells in peripheral blood has not been reported. 
Thus, to investigate the reactivity of anti-human SIRPα monoclo-
nal antibody with S. sciureus PBMC by flow cytometry; we first 
evaluated anti-SIRPα staining profile in PBMC obtained from 
five normal healthy human donors.

Signal regulatory protein α is known as an immune inhibi-
tory receptor present in leukocytes of the myeloid lineage and, 
therefore, it is expected that SIRPα in PBMC population is 
mainly detected on surface of cells showing monocyte morphol-
ogy by size and granularity analysis in flow cytometry using 
forward scatter and sideward scatter parameters (30). Indeed, 
an elevated percentage (95.55  ±  1.16%) of SIRPα-positive 
cells was observed in the human monocyte population, while 
only 3.27  ±  3.38% cells presented SIRPα in the lymphocyte 
population (Figures 1A and 2). Moreover, SIRPα-positive cells 
corresponded to 18.98 ± 3.12% of total PBMC, agreeing with 
the frequency of total myeloid innate immune cells found in 
human PBMC samples, which manly comprises monocytes and 
DC (31, 32).

Subsequently, anti-human SIRPα monoclonal antibody was 
tested against S. sciureus cells. Previous reports demonstrated 
that different immune cell surface receptors as well as cytokines 
of S. sciureus can be detected by a range of antibodies directed 

to human (12–14) and, in the same way, we observed that 
anti-human SIRPα antibody cross-reacted with cell surface of 
S. sciureus PBMC. As shown in Figure 1B, the profile of anti-
SIRPα staining in PBMC from S. sciureus was similar to that 
observed in human samples. SIRPα-positive S. sciureus cells 
corresponded to 8.92 ± 3.65% of total PBMC and 1.59 ± 1.03% 
of the lymphocyte population, while an increased frequency 
of SIRPα-presenting cells (85.27  ±  1.41%) was observed in 
monocytes population (Figure 2). These data suggest that anti-
human SIRPα antibody recognizes a specific antigen present on 
surface of S. sciureus innate immune cells, possibly the cognate 
of human SIRPα in S. sciureus.

Although the cross-reactivity of antibodies cannot indicate 
per se the degree of homology between proteins across phyla, an 
increased similarity (>90%) has been shown through molecular 
approaches between human, S. sciureus, and other NHP con-
cerning nucleotide sequence of genes coding for many cytokines 
(33, 34) as well as dopamine transport (35) and, therefore, it was 
already possible to quantify gene expression of 12 S. sciureus 
cytokines (IL-1A, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12B, IL-17, 
IFN-β, IFN-γ, LTA, and TNF) by commercially available real-
time PCR assays using predesigned human gene-specific prim-
ers and probes (14). Moreover, genomic studies demonstrate 
the presence of SIRPα gene in a vast group of animals, from 
cats to NHP, supporting that SIRPα is a ubiquitous molecule of 
innate immune system of mammalians (36, 37). In the case of  
S. sciureus SIRPα, however, there are no molecular data available, 
i.e., neither genome nor SIRPα gene was reported yet, limiting 
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Figure 3 | Homology analysis of signal regulatory protein α (SIRPα) across primates. (A) Circular alignment of amino acid sequences of SIRPα protein in human 
and five non-human primates (Pan troglodytes, Gorilla gorilla, Macaca fascicularis, Callithrix jacchus, Saimiri boliviensis). The outer circle shows the amino acid scale. 
Green and gray bars on the second circle show the percent matching among all sequences used in the analysis. Inner circles show the sequence alignment in which 
each amino acid was represented by a different color. (B) Pairwise distance among all primates studied and (C) phylogenetic tree based on SIRPα protein 
alignments.

Figure 2 | Frequency of signal regulatory protein α (SIRPα)-positive cells  
in peripheral blood mononuclear cells (PBMC) samples from humans and 
Saimiri sciureus monkeys. PBMC were isolated from whole blood, stained 
with anti-human SIRPα monoclonal antibody and, then, analyzed by flow 
cytometry. Cells presenting SIRPα were quantified considering three main 
cells populations by morphological criteria: total PBMC, monocytes, and 
lymphocytes, as shown in Figure 1. Data represent mean ± SEM for five 
humans and seven monkeys.
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the analysis of S. sciureus SIRPα homology with their cognates 
in other primates.

In this scenario, to confirm that the cross-reactivity herein 
detected was a natural consequence of the similarity of SIRPα 
protein across primates, we aligned the amino acid sequences 
of SIRPα from six different primate species including Saimiri and 

Homo sapiens (Figure 3). As expected, a significant degree of 
identity was observed across the primates, which showed a com-
plete matching in 72% of all sequences analyzed (Figure 3A). 
The homology rate ranged from 87% (M. Fascicularis vs.  
S. boliviensis) to 99% (P. troglodites vs. G. gorilla) and human 
SIRPα showed a high identity with its orthologs, ranging from 
88% in S. boliviensis to 98% in G. gorilla, despite the deletion 
of 58 amino acid present in S. boliviensis sequence, which was 
determinant to reduce the homology rate (Figures 3A,B). Since 
the amino acid sequence to which the commercial anti-human 
SIRPα monoclonal binds is not available, we also checked if 
the deletion in S. boliviensis, which is taxonomically the closest 
to S. sciureus among the NHP species studied herein, could 
potentially influence the antibody recognition. In this way, we 
verified the potential epitopes shared between the H. sapiens 
and S. boliviensis through analysis of linear B-cell epitopes 
in SIRPα extracellular domain and we observed at least 10 
B-cell epitopes that can be targeted by antibodies (Figure 4). 
Importantly, all of these regions were shared by both species, 
indicating that anti-human SIRPα antibodies can target SIRPα 
of Saimiri monkeys in a similar way to its orthologous in 
human.

Thus, to better study the capacity of anti-human antibodies 
to detect S. sciureus SIRPα, we additionally evaluated the levels 
of this immune receptor on surface of PBMC after stimula-
tion with LPS. It has been described that pathogen-associated 
molecular patterns present modulatory effects on SIRPα levels in 
macrophages and DC and, in this context, LPS was recognized as 
a negative modulator (24, 38, 39). Indeed, analyzing monocytes 
population by flow cytometry, which mainly includes innate 
immune cells present in PBMC, we found that the anti-human 
SIRPα monoclonal antibody was able to identify a significant 
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Figure 4 | Prediction of linear B-cell epitopes in extracellular domain of signal regulatory protein α protein in Saimiri (A) and Homo sapiens (B). Linear B-cell 
epitopes were predicted to be located at the residues with the scores above 0.35 (yellow) and regions not predicted to be B-cell epitopes are under the threshold 
(green). The epitope score represents the average of the scores of least nine consecutive amino acids above the cut-off, and the sequences with higher mean 
values were detected as potential linear epitopes.

reduction not only in the frequency of SIRPα-positive cells but 
also in the levels of SIRPα present on the surface of these cells 
after LPS stimulation (Figure 5). Despite LPS-mediated regula-
tion of SIRPα expression has not been investigated in human or 
NHP PBMC, decreased levels of SIRPα on the surface of periph-
eral blood monocytes were found in LPS-treated pigs and it was 
already reported a downregulation of SIRPα gene expression in 
cultured primary mouse microglia following LPS-stimulation 
(40, 41), agreeing with our data on PBMC and, consequently, 
supporting that anti-human SIRPα antibodies can recognize 

SIRPα of S. sciureus, whose levels were downmodulated by LPS 
in monocyte population.

Collectively, the flow cytometry assays showing that SIRPα-
positive cells are similarly present and distributed in PBMC of 
human and S. sciureus, together with observation by computed-
based analysis that SIRPα has a high degree of conservation 
across primates, with the presence of conserved B-cell epitopes in 
the extracellular domain between humans and the Saimiri genus, 
strongly indicate that anti-SIRPα antibodies directed to humans 
can detect SIRPα of S. sciureus. Take into account the role of SIRPα 
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