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The reptilian perspective on vertebrate immunity: 10 years
of progress
Laura M. Zimmerman*

ABSTRACT
Ten years ago, ‘Understanding the vertebrate immune system:
insights from the reptilian perspective’ was published. At the time,
our understanding of the reptilian immune system lagged behind that
of birds, mammals, fish and amphibians. Since then, great progress
has been made in elucidating the mechanisms of reptilian immunity.
Here, I review recent discoveries associated with the recognition of
pathogens, effector mechanisms and memory responses in reptiles.
Moreover, I put forward key questions to drive the next 10 years of
research, including how reptiles are able to balance robust innate
mechanisms with avoiding self-damage, how B cells and antibodies
are used in immune defense and whether innate mechanisms can
display the hallmarks of memory. Finally, I briefly discuss the links
between our mechanistic understanding of the reptilian immune
system and the field of eco-immunology. Overall, the field of reptile
immunology is poised to contribute greatly to our understanding of
vertebrate immunity in the next 10 years.
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Introduction
When ‘Understanding the vertebrate immune system: insights from
the reptilian perspective’ was published 10 years ago (Zimmerman
et al., 2010), the field of eco-immunology (see Glossary) was taking
off, and dovetailed nicely with the contributions of evolutionary
immunology. It was clear then that understanding the immune
system of reptiles – the only ectothermic amniotes – would provide
contributions to both fields. However, basic knowledge of the
mechanisms and components of the reptilian immune system was
lacking. Zimmerman et al. (2010) summarized the field as it stood
and pointed to key areas primed for exploration. In the decade since
its publication, many of those questions have begun to be addressed
(see Box 1), whereas several new questions have emerged. Overall,
a more detailed picture of how the immune system of reptiles is
constructed, and how it operates, has come into focus.
The immune system is traditionally broken down into innate and

adaptive components. The innate system is defined as the first line of
defense, which is nonspecific and does not need a prior exposure to
mount a full defense. The adaptive system is slower to respond, but
is more specific. It also produces a quicker, stronger response upon
the second exposure to an antigen. However, these traditional
definitions have been increasingly unable to describe how the
immune system of many organisms functions in response to
pathogens (Rimer et al., 2014). It is clear that organisms without the
traditional adaptive components such as B and T cells can still have

immune responses that are adaptive in the sense that the response is
better the second time they encounter a pathogen (Pradeu and Du
Pasquier, 2018). In my opinion, the fact that organisms can have B
and T cells but lack traditional adaptive responses has been less
recognized. Recent studies in reptiles have established that their
immune systems tend to have the same general components as their
mammalian counterparts. However, upon closer examination, there
are subtle differences between these immune systems (Table 1),
such as the cytokines expressed (Zimmerman et al., 2014) and the
level of organization of lymphoid tissue (Neely and Flajnik, 2016).
This may result in different immune strategies that do not fall neatly
into the innate/adaptive categorization.

Regardless of how we categorize the reptilian immune system, we
know itmust recognize invading pathogens, use effectormechanisms to
clear infections and mount a memory response the second time it faces
the same pathogen. This article covers recent advances in identifying
themechanisms behind recognition, effectors andmemory responses in
reptiles, and then discusses what we are learning about how the reptilian
immune system functions in an ecological context.

Before beginning the overview, I must note that drawing
conclusions regarding the reptilian immune system as a whole is
made difficult by the fact that the four orders of reptiles (Squamata,
Tuatara, Crocodilia and Testudines) vary greatly in a wide range of
characteristics, including size, habitat and life history (Pincheira-
Donoso et al., 2013 and reviewed in Zimmerman, 2018). Thus, the
immune systems of the four orders of reptiles differ in terms of their
components, evolutionary history, pathogen exposure and potentially
many other factors. Although this does cause difficulties in
examining the immune system, it also offers the potential for
comparative studies that can draw together immunology, evolution,
ecology and physiology (Zimmerman, 2018).

Recognition
The immune system recognizes molecular patterns associated with
damage to tissue, known as damage-associated molecular patterns
(DAMPS), and conserved components of potential pathogens that
are known as pathogen-associated molecular patterns (PAMPs).
Both DAMPs and PAMPs are recognized by pattern recognition
receptors (PRRs) (Takeuchi and Akira, 2010). Because PRRs
recognize evolutionarily conserved elements of pathogens, families
of PRRs tend to be well conserved throughout the jawed vertebrates.
Within these families, however, differences can be found between
taxa owing in part to differences in the threat they face from
pathogens (Priyam et al., 2016). Understanding these differences in
PRRs among the orders of reptiles has been greatly benefited by the
increase in sequenced genomes.

Differences in PRRs between reptilians and other taxa may reflect
differing selection pressures. For example, Shang et al. (2018)
found evidence of gene duplication of the toll-like receptor (TLR)
2 in reptiles. TLR2 recognizes several PAMPs, including fungal cell
walls and bacterial lipoproteins. The authors of this study
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hypothesized that the thinner skin of reptiles, which is lacking a
thick dermal layer, leads to a greater number of skin infections and
thus the selection for additional TLR2 genes (Shang et al., 2018).
Comparison of the TLR5 gene – which recognizes bacterial
flagellin – in reptiles and humans has highlighted the effects of host-
specific coevolution with flagellated bacteria (Voogdt et al., 2016).
TLR5 from both lizards and humans could recognize the flagella of
Salmonella, whereas reptiles, but not humans, could recognize the
flagella of Pseudomonas aeruginosa. Neither could recognize the
flagella of Campylobacter. This suggested that the ability of
Campylobacter to evade immune recognition evolved before the
divergence of reptiles and mammals (Voogdt et al., 2016).

Studies into PRRs have also suggested that the semiaquatic
orders have faced different evolutionary forces compared with the
terrestrial orders. Because they could encounter pathogens on both
land and water, the semiaquatic Testudines and Crocodilia could
potentially encounter more pathogens than the terrestrial Squamata,
resulting in variations in the genes within PRR families (Priyam
et al., 2018; Shang et al., 2018). However, this hypothesis was based
on evidence of positive selection on sequence differences, so
functional studies are still needed to confirm this by examining how
cells that express these diverse PRRs respond to PAMPs from
aquatic and terrestrial environments.

Glossary
Adjuvant
Added to an immunization to increase the strength of the immune
response.
Antibody-dependent enhancement
A phenomenon where the presence of specific antibodies improves the
entry of the virus into host cells.
Affinity
How tightly one antibody binds to its antigen.
Avidity
How well a population of antibodies binds to an antigen. It can be
measured using several methods including a chaotropic ELISA.
C3
A protein that is a key component of complement. C3 binds to foreign
cells to trigger the complement cascade.
Complement
A series of proteins that exists in the blood plasma. The complement
system has a number of functions, which include poking holes in
pathogens, helping clear apoptotic cells, improving phagocytosis and
triggering inflammation.
Eco-immunology
A field interested in the causes and consequences of immune variation in
natural populations.
Epitope-masking
A phenomenon where pre-existing antibodies block the activation of
B cells.
Germinal center
Organized structures in secondary lymphoid tissues containing B cells
and other immune cells. In mammals, B cells producing high-affinity
antibodies are selected for in the germinal center.
Goblet cells
Single-cell glands that produce mucus in epithelial tissues.
Hinge region
The central, flexible portion of the heavy chain in antibodies. A longer
hinge region results in more flexible arms of the antibody but a higher risk
of the antibody being degraded by proteolytic enzymes.
Immunosenescence
Negative changes with age in the immune system.
Inflamm-aging
Chronic low-grade inflammation that increases with age.
Intraepithelial lymphocytes
Lymphocytes found in the epithelial layer of mucosal tissues.
Isolated lymphoid follicles (ILFs)
Small, B-cell aggregates found in the small intestine. Their formation can
be induced by changes in the microbial community within the gut.
Lipopolysaccharide (LPS)
A component of the cell walls in Gram-negative bacteria. LPS is often
used to trigger an immune response in immunological studies.
Mucins
Proteins found in mucus.
Nod-like receptors
A class of intracellular pattern recognition receptors that detect products
derived from the degradation of phagocytosed antigens such as cell-wall
components.
Opsonization
Modification of cells by substances such as antibodies or components of
complement. This process improves phagocytosis.
Polyreactive
Antibodies that can bind to multiple antigens.
Pyrogen
A fever-inducing substance.
Rig-like-receptors
A class of intracellular pattern recognition receptors that recognize viral
RNAs.
Seroconversion
The point at which antibodies to a particular antigen become detectable
in the serum.

Box 1. Reptilian immunology
In 1975, Kluger and colleagues illustrated the utility of reptiles to reveal
principles of the vertebrate immune system when they demonstrated the
adaptive significance of fever using lizards by showing that higher body
temperature improved survival (Kluger et al., 1975). Unfortunately,
further progress in understanding the immune system and diseases of
reptiles lagged behind that of other vertebrates, perhaps because of the
focus placed on commercial species and aquaculture. In the early 2000s,
the field of eco-immunology began to synthesize a broad range of ideas
to help researchers understand the causes and consequences of
immunological variation (Brock et al., 2014). Because many eco-
immunology studies were built on a foundation of techniques and
mechanisms developed for species such as chickens, Xenopus and
mice, reptilian studies were immediately at a disadvantage.
‘Understanding the vertebrate immune system: insights from the
reptilian perspective’ (Zimmerman et al., 2010) was written to bring
together in one publication as much information on the reptilian immune
system as possible and to make the case for a greater emphasis on
reptiles in eco-immunology. Since then, an ever-expanding number of
researchers have taken advantage of the unique characteristics of
reptiles to make contributions to not only eco-immunology but also
disease ecology, evolutionary biology andmany other fields. Assisting in
this effort is the increase in genomic sequences. In 2011, the green anole
lizard (Anolis carolensis) became the first reptile genome to be
sequenced (Alföldi et al., 2011). Subsequently, species representing
all four orders of reptiles have been sequenced. This has greatly
expanded the range of immunological studies that are possible by both
aiding in reagent development and providing the basis for comparative
studies across the orders. Reptile immunology also has many practical
applications. Populations of a number of reptiles are threatened by a
combination of emerging diseases and anthropogenic effects (Fitzgerald
et al., 2017), and increasing the available information on the immune
system of these reptiles will be key to devising conservation strategies.
There are also applications for human health. For example, the robust
innate immune system of reptiles may lead to new approaches to combat
antibiotic-resistant bacteria and other pathogens (Siroski et al., 2015).
Overall, there are many exciting avenues for the next 10 years of reptile
immunology research.
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Genetic studies have helped expand investigations of PRRs
beyond TLRs. A recent study compared Rig-like-receptor (RLR)
(see Glossary) and Nod-like receptor (NLR) (see Glossary) family
members in 28 reptile species (Chen et al., 2019). Although all
reptiles lacked the NOD2 gene, which recognizes a specific
peptidoglycan on bacterial cell walls, the remaining NLR genes
also reflected the different evolutionary forces between semi-
aquatic and terrestrial orders of reptiles. However, the authors did
not find a similar pattern in the RLRs, which recognize viral
ligands.

Following binding of a ligand to the PRR, signal transduction
pathways are activated inside the cell. These pathways appear to be
highly conserved, which should aid the development of reagents for
use in reptilian studies. One important pathway involves the
transcription factor NF-κB. In crocodiles, it appears that the
mechanisms for activation and transcriptional regulation of NF-κB,
including the translocation of NF-κB to the nucleus following
infection, are comparable to that in humans (Merchant et al., 2017). In
turtles, signaling through TLR4, which recognizes lipopolysaccharide
(LPS) (see Glossary), results in upregulation of TLR4 and the pro-
inflammatory cytokine IL-1β and involves the NF-κB signal
transduction pathway (Zhou et al., 2016). Another component of
PRR signal transduction pathways, Myd88, may also be highly
conserved. Cells that are transfected with the Chinese soft-shelled
turtle (Pelodiscus sinensis) variant of Myd88 initiate the typical NF-
κB signal transduction cascade that results in activation of NF-κB and
expression of the pro-inflammatory cytokines IL-1β and TNF-α
(Li et al., 2011).

Together, studies addressing pathogen recognition and signal
transduction can detail the earliest immunological events following
pathogen exposure, and this may clarify why only some individuals
display symptoms when infected. For example, in a study of captive
desert tortoises (Gopherus agassizii), turtles classified as clinically
abnormal based on long-term health evaluations had increased
transcription ofMyd88 compared with turtles categorized as normal
(Drake et al., 2017). Further, Myd88 expression was associated with
increased inflammation in this species.

Effectors
Innate effectors
It has been suggested that many reptiles have a more diverse and
robust innate immune system than their mammalian counterparts
(Quesada et al., 2019; Rios and Zimmerman, 2015). An exhaustive
review of the innate responses is not within the scope of this article,
and so only a few examples that highlight the robust nature of the
reptilian innate immune system will be given.

Fever is one of the first innate effectors activated as a result of
PRR signalling, and it results in a temporary increase in body
temperature (Goessling et al., 2017a). This evolutionarily conserved
mechanism increases host survival through a variety of
mechanisms, including limiting pathogen growth and enhancing
immune defenses of the host (Rakus et al., 2017). Because reptiles
are ectothermic, they must accomplish this increase in body
temperature by moving to warmer places. This is known as
behavioral fever (Rakus et al., 2017). Behavioral fever has been
demonstrated in squamates, testudines and crocodilians, but it is not
always consistently detected in response to pyrogens (see Glossary)
(Goessling et al., 2017a). Making broad conclusions about the
induction of behavioral fever and its subsequent effects on immune
responses in reptiles is difficult owing to variations in study design,
including dose and type of the pyrogen, as well differences in the
thermal gradients used (Rakus et al., 2017). Understanding the
connections in reptiles between behavioral fever, immune responses
and thermoregulation in general should be a priority given the
changing climate and the increase in novel pathogens affecting
reptiles (Ryan et al., 2018). Best practices for studying the thermal
ecology and physiology of reptiles have recently been reviewed
(Taylor et al., 2020).

Complement (see Glossary) activity has been described in a wide
range of reptiles. Typically, complement activity is temperature
dependent, with the maximum responses occurring at a species’
preferred temperature and responses being impaired above and

Table 1. A comparison of mammalian and reptilian immune systems

Component Mammals Reptiles

General
Endotherm/ectotherm Endotherm Ectotherm
Amniote + +

Cytokines (examples)1

IL-1β + +
TNF-α + +
IL-5 + −
Lymphotoxin-α + −

Complement2

Classical pathway + +
Alternative pathway + +
Lectin pathway + +

Toll-like receptors (examples)3

TLR4 + +
TLR15 − +

Leukocytes4

Macrophages, eosinophils,
basophils

+ +

Heterophils/neutrophils Neutrophils Heterophils
Fever5 Physiological Behavioral
Primary lymphoid organs4

Thymus + +
Bone marrow + +

Secondary lymphoid organs4

Spleen + +
Peyer’s patches + −
Gut associated lymphoid
tissue

+ +

Lymph node + −
B cells
B-1 cells6 + B-1-like
B-2 cells7 + ?
Other B-cell subsets (e.g.
Bregs)7

+ ?

T cells
Cytotoxic T cells4 + +
T helper cells4 + +
Other T-cell subsets (e.g.
Tregs)8

+ ?

Antibodies4

Natural antibodies + +
Isotype switching + +
Affinity maturation + −
Germinal centers + −
Light chain isotypes κ, λ κ, λ
Heavy chain isotypes IgA, IgD, IgE IgG,

IgM
IgA, IgD, IgM, Igy,
ΔIgY

Although mammals and reptiles share the same broad components of the
immune system, millions of years of evolution have led to several key
differences when they are compared in detail. In this table, examples of specific
similarities and differences within broad categories are given. This is not a
complete list, but meant to illustrate key comparisons. 1Zimmerman et al.
(2014), 2Baker et al. (2019), 3Shaffer et al. (2013), 4Zimmerman et al. (2010),
5Rakus et al. (2017), 6Sandmeier et al. (2018), 7Hoffman et al. (2016), 8Attias
et al. (2019).
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below this temperature (reviewed in Merchant et al., 2012). The
complement system of reptiles seems to be effective against a
broader range of pathogens than the mammalian system. In
crocodilians, this may be attributed to the fact that two forms of
C3 (see Glossary) exist, which increases the range of pathogens that
the complement system can respond to (Merchant et al., 2016). There is
also variation in the function of the complement system within the
orders of reptiles. For example, in crocodilians, the complement activity
of Caiman crocodilus was lower than that of Crocodylus acutus and
Crocodylus moreletii (Merchant, 2014). This may be explained by the
fact that the larger size and increased aggressiveness ofC. acutus andC.
moreletti may lead to greater exposure to pathogens owing to their
higher frequency of injuries (Merchant, 2014). In Testudines, two
closely related species of turtles – common (Chelydra serpentine) and
alligator (Macrochelys temminckii) snapping turtles – primarily utilize
differentmethods of complement activation (Baker et al., 2019). Further
studies in additional turtle species are needed to determine whether this
is a result of factors such as habitat differences or the result of differing
pathogen exposure throughout evolutionary history (Baker et al., 2019).
Investigations of reptilian innate leukocytes have traditionally

relied on morphological categorization, but as more techniques are
validated for reptiles, genomes are sequenced and specific reagents
developed, more functional studies can be completed. For example,
light and fluorescent microscopy were combined with flow
cytometry to examine functional properties of leukocytes in three
species of Brazilian snake (de Carvalho et al., 2017). This study
found that leukocyte migration is directed by chemokines, and
genomic sequences can now help us identify chemokines in reptiles.
Recently, nine chemokines and 20 chemokine receptors were
identified in the anole lizard (Nomiyama et al., 2013).
Innate immunity – especially inflammation – can be damaging to

an organisms’ own tissues, and thus it must be actively resolved in a
timely manner (Fullerton and Gilroy, 2016). A question remains:
how do reptiles balance a robust innate immune response with
avoiding collateral damage? Because of its well-established anti-
inflammatory functions, the cytokine IL-10 would be a logical place
to start investigating anti-inflammatory reactions in reptiles
(Ouyang and O’Garra, 2019). However, detection of IL-10
expression using PCR methods has encountered challenges, as
researchers were unable to confirm the published sequence for
IL-10 using conventional PCR in box turtles and red-eared slider
turtles (Trachemys scripta), and only a small proportion of
individuals demonstrated evidence of IL-10 transcription by RT-
qPCR. (Rayl et al., 2019). This included both pre- and post-
infection samples from turtles exposed to ranavirus, a viral disease
that is often lethal in reptiles (Wirth et al., 2018). Further studies
are needed to determine whether this was a result of assay
conditions, primer design or actual failure to produce IL-10
transcripts.
In mammals, a growing body of evidence has demonstrated that

inflammation changes with age – a phenomenon termed ‘inflamm-
aging’ (see Glossary; Franceschi et al., 2000). These changes
include a chronic low-grade systemic inflammation and, in humans,
likely contribute to diseases such as Alzheimer’s disease, heart
disease and cancer (Xia et al., 2016). Reptiles seem to avoid the
negative consequences of aging [i.e. immunosenescence (see
Glossary)] in humoral immunity (reviewed in Vogel et al., 2019
and Zimmerman, 2018) and certain innate mechanisms (Hoekstra
et al., 2020; Judson et al., 2020); however, it is not clear whether
they demonstrate inflamm-aging. If not, how do they avoid the
negative changes associated with this process? Investigating the
balance between immunosenescence and inflamm-aging in reptiles

has the potential to greatly contribute to our understanding of the
evolution of aging (Fulop et al., 2018; Hoekstra et al., 2020).

Cell-mediated effectors
Cell-mediated immunity involves T cells. Research progress in this
area has been slow, which is in large part due to a lack of reagents for
use in reptiles; however, some insight has come from examining
sequenced genomes. Jawed vertebrates can produce αβ and γδ T cell
receptors (TCRs). Generally, αβ T cells are used in adaptive
immune responses, whereas γδ T cells straddle the line between
innate and adaptive immune responses and have a more restricted
TCR repertoire (reviewed in McCarthy and Eberl, 2018). They tend
to play a role in immune responses in epithelial tissues (McCarthy
and Eberl, 2018). Whereas all reptiles are thought to have the αβ
TCR, squamates appear to have lost the γδ TCR (Olivieri et al.,
2014). The functional consequences of the lack of γδ T cells have
not been determined.

Two subsets of αβ T cells exist in mammals: CD4+ T helper cells,
which direct the immune response, and CD8+ cytotoxic T cells,
which directly kill virally infected or altered host cells. Early studies
suggested the presence of both subsets in reptiles (reviewed in
Zimmerman et al., 2010), and genetic studies have confirmed the
presence of key components of these subsets (Shaffer et al., 2013;
Quesada et al., 2019). In amphibians, CD8+ T cells play a role in the
defense against ranavirus (Morales and Robert, 2007). Given the
increasing threat from ranaviruses, a functional understanding of
CD8+ T cells and other cell-mediated immunity in reptiles is crucial
(Wirth et al., 2018).

It is key to balance the activation and suppression of immune
responses. Underreaction can lead to growth of a pathogen, whereas
overreaction of the immune system can cause damage to an
organism’s own tissues. In mammals, a class of T cells termed
regulatory T cells (Tregs) is pivotal in immune suppression (Attias
et al., 2019). Differentiation of Tregs from precursors occurs upon
expression of the FoxP3 transcription factor (Ramsdell and
Rudensky, 2020). Genomic sequences from reptiles have clarified
the evolutionary history of FoxP3 by determining that certain
functional regions of the FoxP3 gene are conserved in archosaurs
and squamates (Denyer et al., 2016). Studies are needed to
determine whether sequence differences between FoxP3 variants
result in functional differences in FoxP3+ cells across various taxa,
especially because it initially appeared that all structural
components of FoxP3 necessary for fully functional, tolerance-
inducing FoxP3+ Tregs only existed in mammals (Andersen et al.,
2012). If FoxP3+ is not fully functional in reptiles, the cytokine
TGF-β may play a role in inducing T-cell tolerance in reptiles (Liu
et al., 2018).

Humoral effectors
Humoral immunity involves the production of antibodies by B cells.
In mammals, two types of B cells are present. The subset of B cells
known as B-2 are conventional B cells that produce antibody after
being stimulated by antigen (Hoffman et al., 2016). The antibody
produced by each individual B-2 cell is variable and tends to be
highly specific, and binds with a high affinity (see Glossary) to
foreign antigens and not to self-antigens. In contrast, the B-1 subset
produces natural antibodies (NAbs), both before and after antigen
stimulation (Baumgarth et al., 2015). These NAbs tend to be
germline encoded, polyreactive (see Glossary) and bind to both
evolutionary-conserved components of pathogens and self-antigens
(Holodick et al., 2017). In addition, B-1 cells can be phagocytic
(Parra et al., 2012).
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Recent studies in reptiles have suggested the presence of this B-1
subset and the production of NAbs in reptiles (Goessling et al.,
2017b; Sandmeier et al., 2018; Zimmerman et al., 2013a).
Phagocytic B cells have been identified in slider turtles, green
turtles (Chelonia mydas), Mojave desert tortoises and three species
of neotropical snake (de Carvalho et al., 2017; Muñoz et al., 2014;
Slama et al., 2020; Zimmerman et al., 2017). In fish, phagocytic B
cells have microbicidal ability and can act as antigen-presenting
cells to trigger adaptive immunity (Wu et al., 2020). These functions are
unexplored in reptiles, and the role of phagocytic B cells in response to
pathogens is unknown. Responses against fibropapilomatosis (FP) in
green turtles found no differences in the phagocytic capacity of
lymphocytes in infected and uninfected turtles (Rossi et al., 2016).
However, FP is a skin disease, so an associationwith phagocytic B cells
may not be expected but could still be found for other pathogens.
Studies of phagocytic lymphocytes in reptilian species for which
specific reagents for identifyingB cells have not been developedwill be
aided by techniques that can examine phagocytic lymphocytes without
relying on flow cytometry (Slama et al., 2020).
In mice, two subsets of B-1 cells have been demonstrated: one

that secretes antibodies before antigen stimulation, and one that
responds to antigen presence (Baumgarth et al., 2015). Two subsets
of B-1 cells may be present in reptiles as well. Preliminary evidence
of this is present in slider turtles, as the amount of antibodies in
mucosal samples was not correlated with the amount of antibodies
in the plasma (Stromsland and Zimmerman, 2017). The same trend
was also found for antigen-specific antibody levels (Gray et al.,
2020). Although functional studies may add further evidence of
separate B-1 cell subsets, definitively identifying separate subsets
would most likely require the identification of multiple surface
receptors on B cells (Baumgarth et al., 2015).
B cells might be involved in polarizing the immune system away

from a damaging inflammatory response. In desert tortoises, at a
population level, the number of lymphocytes per individual is
associated with lower loads of the pathogenMycoplasma agassizii,
whereas inflammatory responses are associated with the presence of
upper respiratory tract disease (Sandmeier et al., 2018). In a follow-
up study, potential inflammatory responses and microbial loads
were highest in the desert tortoises in the spring, a time when
lymphocytes are at their lowest (Sandmeier et al., 2019). The
cytokine IL-10 may play a role in enhancing phagocytosis by B
cells, while inhibiting inflammatory responses. In fish, IL-10
increases B cell phagocytic ability and reactive oxygen species
production against an intracellular bacterium (Yang et al., 2019).
Given the potentially low level of IL-10 transcription mentioned
above, an in vivo study examining expression at various time points
following phagocytosis would be necessary to test whether this
observation can be replicated in reptiles.
In mammals, NAbs play a number of roles in immune defense,

including acting as a broad first line of defense. NAbs have been
identified in a wide range of reptiles (reviewed in Zimmerman,
2018) and titers tend to increase with age (Groffen et al., 2013;
Judson et al., 2020; Mestre et al., 2017; Zimmerman et al., 2013b).
In red-eared slider turtles, evidence exists that increased amounts of
NAbs are associated with lower amounts of parasites and that NAbs
may enhance bactericidal ability through opsonization (Gray et al.,
2020; Stromsland and Zimmerman, 2017; see Glossary).
Cross-reactive NAbs may also explain why no gastrointestinal
colonization with Salmonella has been found in tuatara, even
though they are exposed to the bacteria (Middleton et al., 2015).
One key role of NAbs in mammals that remains essentially

unexplored in reptiles is their housekeeping function, as self-

binding NAbs are involved in processes such as clearing of
apoptotic cells (Holodick et al., 2017). There is evidence for NAbs
that bind to a self-antigen (e.g. double-stranded DNA) isolated from
red-eared slider turtles with a higher affinity than antibodies that
bound to LPS (Rios, 2017). However, more studies are needed to
explore the potential role of self-binding antibodies in reptiles.

It is difficult to generalize antigen-specific antibody production
after exposure across orders of reptiles. Studies vary in the type of
antigens used, route of delivery and use of adjuvant (see Glossary).
Further, studies on antibody production in squamates and
crocodilians have been hampered by a lack of standardized
reagents, and researchers are often left to develop their own
polyclonal antibodies against the antibodies of their species of
interest (Hellebuyck et al., 2014). This makes techniques such as
flow cytometry and ELISA more difficult and time and resource
intensive (Demas et al., 2011). The recent isolation of Nile crocodile
and boa constrictor IgM and IgY antibodies should help lead to
reagent development (Shaik Abdool et al., 2020; Korzyukov et al.,
2016). Examining antigen-specific responses in reptiles is difficult
because individual responses are highly variable. Seroconversion
(see Glossary) often fails to occur after exposure, and the number of
individuals within a study that respond to an antigen ranges from 0
to 100%, with a variety of values in between. For example, in
bearded dragons (Pogona vitticeps) vaccinated with inactivated
Devriesea agamarum, the number of responding individuals ranged
from 0 to 60% depending on the adjuvant used (Hellebuyck et al.,
2014). This variation may be due to NAbs, which may limit or even
prevent specific antibody production entirely through a process
termed ‘epitope masking’ (see Glossary; Sandmeier et al., 2012;
Ujvari and Madsen, 2011; Zimmerman et al., 2013b).

Reptiles appear to vary by species and pathogen regarding
whether seroconversion can be used as a proxy for pathogen
exposure and whether antibody production is protective. In corn
snakes exposed to three genotypes of ferlavirus, the most
immunogenic genotype is associated with milder clinical signs
(Neul et al., 2017); however, in desert tortoises, seropositive
animals do not have lower rates of disease (Sandmeier et al., 2017).
In Nile crocodiles (Crocodylus niloticus) infected with the parasite
Trichinella zimbabwensis, there is no correlation between antibody
response and the number of larvae found in the muscle (Ludovisi
et al., 2013). Further, when Nile crocodiles are infected with three
different doses of this pathogen, there is no relationship between
infective dose and magnitude of antibody response or time to
seroconversion (La Grange and Mukaratirwa, 2014). In red-eared
slider turtles, higher amounts of total antibodies in the mucosal
samples (but not plasma samples) are associated with lower
amounts of intestinal parasites (Stromsland and Zimmerman,
2017). A follow-up study indicated that higher amounts of
Salmonella-specific antibodies in the mucosal samples are
associated with a lower likelihood of Salmonella presence, but the
avidity (see Glossary) of the antibodies is not associated with
likelihood of infection (Gray et al., 2020). Together, these two
studies illustrate the importance of considering the route of infection
when determining the method of measuring the immune response:
in each case, measuring only plasma antibodies would have resulted
in missing the connection with infection.

An increase in genomic sequences has led to the elucidation of
the antibody isotypes in reptiles. Evidence across vertebrate species
suggests that the common tetrapod ancestor expressed IgM, IgD,
IgY and IgA, followed by duplication and loss of these genes
throughout tetrapod evolution (Cheng et al., 2013). Lizards and
crocodilians appear to have multiple subclasses of IgM, whereas
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snakes and turtles only have one (Gambón-Deza and Olivieri, 2018;
Magadán-Mompó et al., 2013). The functional implications of
having multiple subclasses of IgM are unknown. In mammals, IgM
is typically found as a pentamer, which increases its avidity
(Blandino and Baumgarth, 2019). Interestingly, in crocodilians,
IgM1 is found as a pentamer and hexamer and IgM2 is found as a
tetramer (Cheng et al., 2013). Although the functional implications
of these different oligomerizations are currently unknown, in
addition to changing avidity, they may affect how the antibody can
enter tissue, as larger molecules find it more difficult to access tissue
(Blandino and Baumgarth, 2019). Moreover, they may affect the
ability of the antibody to trigger complement (Collins et al., 2002).

A duplication of the IgY gene likely took place in the common
ancestor of Aves, Crocodylia and Testudines (Magadán-Mompó
et al., 2013). Two subtypes emerged in Squamata (Olivieri et al.,
2016). This may reflect functional differences similar to the IgG
subclasses found in mammals, but this hypothesis needs to be
tested. In addition to a full-length IgY, turtles, tortoises and lizards
produce a truncated version of IgY (Fig. 1; Li et al., 2012). Because
this truncation is also found in aquatic birds, it may be an adaptation
in aquatic taxa to prevent antibody-dependent enhancement (see
Glossary) when infected with viruses (Meddings et al., 2014). It
may also allow for pathogen neutralization without inducing
inflammation (Zhang et al., 2017). In green turtles, two classes of
IgY have been identified, one of which is asymmetric (Work et al.,
2015). Despite lacking the conventional hinge region (see
Glossary), the antibody is flexible. The implications of this
unique structure have yet to be determined.

Studies indicate that the IgA isotype was lost in turtles and
squamates. Although it seems remarkable that they would lose a
gene so heavily involved in mucosal immunity, reptiles lack the
FcαR receptor, which is specific to the Fc portion of IgA
antibodies. Reptiles do produce the poly-Ig receptor (PIGR),
which is used to transport IgA or IgM across tissues (Akula and
Hellman, 2017). IgA deficiency is a relatively common
immunodeficiency in humans, and those that fail to produce IgA
instead rely on IgM in mucosal immune defense (Baumann et al.,
2014). This suggests the possibility that reptiles use the IgM
isotype in mucosal secretions. In support of this idea, a second
class of IgM was found in mucosal secretions of a lizard species
that lacks IgA (Olivieri et al., 2016).

IgD has 11 domains in all reptiles, though the gene can produce
several types of transcripts with different domains represented
(Gambón-Deza and Olivieri, 2018). A second class of IgD known
as IgD2 was likely present in the first reptilian ancestors, but has
been lost in iguanas and snakes (Gambón-Deza and Olivieri, 2018).
The function of IgD in any taxon is still unclear. Although IgD is
found in very low amounts in the serum of mammals, there is clear
evidence for its expression in reptiles. This suggests that its function
was perhaps taken over by the isotypes IgG and IgE in mammals
(Gambón-Deza and Olivieri, 2018).

Hinge
region

A  IgG of mammals

B  IgY of reptiles

Antigen binding site

Light chain

Disulfide
bond 

Disulfide bond 

VH domain

VL domain

CL domain

CH domain

Heavy chainFc region

Fab 
region

C  Truncated IgY of reptiles

Antigen binding site

Light chain

Heavy chain

Fig. 1. Comparison ofmammalian IgG and reptilian IgYantibodies. (A) IgG
of mammals. The IgG of mammals typically has two identical light chains
connected by disulfide bonds to two identical heavy chains. It has four heavy
chain constant domains (CH domain). The hinge region provides flexibility.
Splitting the antibody at the hinge region results in the Fab and Fc region. The
antigen-binding site is composed of the variable domains of the light chain (VL
domain) and the variable domain of the heavy chain (CL domain). (B) IgY of
reptiles. The typical IgY of reptiles is similar in structure and function to IgG.
However, it lacks the hinge region. (C) Truncated IgY. The truncated IgY of red-
eared slider turtles is similar in structure to the full length IgY except that it
contains only two CH domains. It is encoded by a separate gene.
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Mucosal immunity
The mucosae cover all surfaces that open to the exterior and thus are
the site of interactions between the immune system, the microbiota
and potential pathogens from the environment (Neish, 2014). These
interactions can influence the growth of pathogens (Pickard et al.,
2017) and host physiology (Krishnan et al., 2015). Unfortunately,
knowledge of these areas in reptiles has lagged behind that of birds
and mammals (Gilbert et al., 2019; Vogel et al., 2019).
In mammals, highly organized lymphoid structures called Peyer’s

patches are found within the small intestine along with isolated
lymphoid follicles (ILFs; see Glossary) that are distributed
throughout the intestines (Neish, 2014). Reptiles lack Peyer’s
patches, but ILF-like aggregates have been identified in the
intestines of hatchling slider turtles (Ashford et al., 2019).
Exposure to Salmonella resulted in an increase in ILF number
(Ashford et al., 2019). B cells in these ILF-like structures may be the
source of NAbs detected in cloacal swabs in adult slider turtles
(Gray et al., 2020; Stromsland and Zimmerman, 2017).
Intraepithelial lymphocytes (IELs) (see Glossary) and goblet cells
(see Glossary) have also been reported to increase in number after
exposure to a pathogenic bacteria and LPS in Chinese soft-shelled
turtles (Xu et al., 2019). An increase in IgM but not IgD was
reported after the challenge as well.
A study that illustrates the potential for interactions between the

microbiota and mucosal immune system was conducted in Chinese
alligator (Alligator sinensis) (Tang et al., 2019). The authors found
that during hibernation there was an increase in the abundance of
bacterial taxa that can feed off of host mucins (see Glossary). At the
same time, they saw a shift in the expression of antimicrobial
peptide genes, likely to prevent a breach of the intestines by
pathogenic bacteria made possible by the removal of the mucins
(Tang et al., 2019).
Further studies on mucosal immunity in a broad range of taxa are

needed to fully understand immune–microbe interactions at
mucosal surfaces. Because reptiles can carry pathogens that infect
both reptiles themselves and other animals, including humans (e.g.
Salmonella), a better understanding of these interactions will
increase our knowledge of disease spread in both humans and
natural populations of animals (Svedese et al., 2017). Given the
increasing availability of techniques for microbial identification
along with our growing knowledge of reptilian immunity, this is an
area ripe for exploration.

Memory
Upon encountering a pathogen for a second time, mammals will
respond with a stronger, more robust immune response. This is a key
aspect of the traditional definition of the adaptive immune response.
Both T and B cells can form amemory of pathogenic encounters and
respond more quickly the second time around (Kurosaki et al.,
2015). Further, the antibodies produced in the secondary response
are produced quicker and in greater quantities than in the primary
response, and also have a higher affinity for the antigen (Hoffman
et al., 2016). This can result in the clearance of the pathogen before
any signs or symptoms of disease are observed. A number of
immunization and inoculation studies across all four orders of
reptiles have searched for a similar response in reptiles. Upon a
second response, antibody production does occur more quickly than
in the primary response, but often it does not increase in titer (Grey,
1963; Hellebuyck et al., 2014; Kanakambika andMuthukkaruppan,
1973; Marchalonis et al., 1969; Sandmeier et al., 2017; Zimmerman
et al., 2013a,b). No change in affinity has been reported upon
secondary exposure, and this could be attributed to a lack of

germinal centers (see Glossary) in reptiles (Zimmerman et al.,
2010).

As our traditional understanding of innate and adaptive immunity
has expanded, evidence has grown that innate immune mechanisms
may also produce a more robust response after a second exposure to
an antigen. This has been termed trained immunity (Netea and van
der Meer, 2017). Given the reliance of reptiles on innate immunity,
it will be key to investigate whether their innate mechanisms can
exhibit hallmarks of memory.

The reptilian immune system in context
Eco-immunology is a field that is concerned with studying the
immune system in the context of biotic and abiotic factors in order to
understand sources of immunological variation (Downs et al.,
2014). As the only ectothermic amniotes, and given the wide range
of habitats, modes of reproduction, lifespans, diets, behaviors and
many other characteristics, there is a strong case for inclusion of

Table 2. Reptiles and eco-immunology

Topic Taxon Reference

Reproduction Lizards Meylan et al. (2013)a

Snakes Lind et al. (2020)a

Turtles Judson et al. (2020)a

Seasonality Snakes Tripathi et al. (2015)a

Tuatara La Flamme et al. (2010)a

Turtles Goessling et al. (2016)a

Urbanization Reptiles French et al. (2018)b

Hydration Lizards Moeller et al. (2013)a

Snakes Brusch et al. (2020)a

Stress/corticosterone Crocodilians Moleón et al. (2018)a

Lizards Telemeco et al. (2019)a

Snakes Neuman-Lee et al.
(2015)a

Turtles West and Klukowski
(2018)a

Cold/overwintering/
hibernation

Ectotherms Ferguson et al. (2018)b

Crocodilians Tang et al. (2019)a

Turtles Sandmeier et al. (2013)a

Hormones Crocodilians Finger and Gogal (2013)b

Lizards Neuman-Lee and French
(2017)a

Snakes Graham et al. (2011)a

Turtles Zimmerman et al. (2012)a

Pace of life Ectothermic
vertebrates

Sandmeier and Tracy
(2014)b

Snakes Palacios et al. (2013)a

Digestion Snakes Luoma et al. (2016)a

Ontogeny/development Crocodilians Groffen et al. (2013)a

Snakes Palacios et al. (2020)a

Turtles Dang et al. (2015)a

Metabolism/energetics Lizards Smith et al. (2017)a

Snakes Agugliaro et al. (2020)a

Pollution Crocodilians Finger et al. (2016)a

Snakes Haskins et al. (2020)b

Turtles Rousselet et al. (2013)a

Maternal effects Snakes Brown and Shine (2016)a

Climate change Snakes Stahlschmidt et al.
(2017)a

Turtles Refsnider et al. (2015)a

Trade-offs Lizards Smith and French (2017)b

Snakes Korfel et al. (2015)a

Reptiles offer key insights to a variety of topics in the field of eco-immunology.
This list provides a series of examples. It is not exhaustive but gives a starting
point for researchers interested in eco-immunology in reptiles. Some studies
may fit under multiple categories. Preference was given to review articles while
trying to illustrate the broad taxonomic range of studies. aPrimary article;
breview article.
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reptiles in eco-immunology studies. Because so much progress has
occurred in the past 10 years, it is beyond the scope of this Review to
cover eco-immunological aspects in much detail. However, Table 2
is provided as an overview and a starting point for researchers.
The past 10 years have demonstrated the relationship between

identifying mechanisms of immunity and understanding the
immune system in context. An eco-immunology perspective is
critical in designing studies to uncover mechanisms of reptilian
immunity because factors such as temperature and season influence
immunity in reptiles and can influence interpretation of data.
Conversely, the progress made in understanding mechanisms of
reptilian immunology and developing research reagents will surely
help drive the next 10 years of eco-immunology studies in reptiles.

Conclusions
Reptiles, like other jawed vertebrates, recognize pathogens using
pattern recognition receptors, which then activate innate, cell-
mediated and humoral effectors. When exposed to the pathogen a
second time, a memory response can be made, although the efficacy
of this secondary response in reptiles has yet to be determined. Great
progress has been made in our understanding in each of these areas
in the 10 years since ‘Understanding the vertebrate immune system:
insights from the reptilian perspective’ was published. However,
significant questions remain, and the need for specific reagents to
study reptilian immunology is still present. As we understand more
of the robust innate responses of reptiles, an emerging question is
how anti-inflammatory mechanisms resolve these potentially self-
damaging responses, especially in the context of long-lived reptiles.
Our understanding of T cells in reptiles continues to lag behind that
of other immune components. Functional studies are needed to
investigate the function of a wide range of isotypes and to further
define the function of phagocytic B cells. Although humoral
memory responses are generally absent in reptiles, it has yet to be
determined whether innate components can make memory
responses instead.
I am optimistic about our ability to address these issues and make

further progress. Given the rapid advances made in the past
10 years, I look forward towhat the next decade holds in terms of the
contributions that exploring the reptilian immune system can make
to our understanding of the vertebrate immune system as a whole.
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