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Dysregulation of the immune system is associated with many pathologies, including
cardiovascular diseases, diabetes, and cancer. To date, the most commonly used models
in biomedical research are rodents, and despite the various advantages they offer, their
use also raises numerous drawbacks. Recently, another in vivo model, the chicken
embryo and its chorioallantoic membrane, has re-emerged for various applications. This
model has many benefits compared to other classical models, as it is cost-effective, time-
efficient, and easier to use. In this review, we explain how the chicken embryo can be used
as a model for immune-based studies, as it gradually develops an embryonic immune
system, yet which is functionally similar to humans’. We mainly aim to describe the avian
immune system, highlighting the differences and similarities with the human immune
system, including the repertoire of lymphoid tissues, immune cells, and other key features.
We also describe the general in ovo immune ontogeny. In conclusion, we expect that this
review will help future studies better tailor their use of the chicken embryo model for testing
specific experimental hypotheses or performing preclinical testing.

Keywords: immunology, chicken, chick embryo, chicken embryo, preclinical model, chorioallantoic membrane,
ontogeny, egg
1 INTRODUCTION

The immune system has vital functions for the organism, from defense to homeostasis. Its efficiency
is mainly based on a constant balance between activation and tolerance, which helps protect the
organism against dangers such as pathogens and abnormal cells, without disturbing its own cells.
However, this balance can sometimes be fragile and might eventually be disturbed, leading to
immune-related diseases. These pathologies are diverse: besides immune deficiency and auto-
immune diseases, these also include less-obvious ones, such as cancer, diabetes, and many
cardiovascular conditions (1). The high prevalence of these diseases underlines the need for
therapeutic solutions for patients suffering from these pathologies (2–4). Therefore, it is now
essential to conduct immunology-based studies to better understand the pathways involved, but also
to develop new treatments.

The immune system is very complex and involves the whole organism, with many cells,
cytokines, chemokines, and other proteins interacting together, which cannot be fully replicated
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in vitro. Currently, the most widely used animals in biomedical
research are rodents. As mammals, their biological functions,
including the immune system, are well-described and
comparable to humans. Despite many advantages, rodent
models are far from optimal. First, there are obvious ethical
issues that are raised with the use of laboratory animals, with
more than 100 million rodents believed to be used for
experiments each year in the U.S. alone (5). Many biological
experiments are potentially painful for animals, including
immune system-related experiments. Indeed, disturbing the
rodent immune system can exhibit a great impact on the
animal’s well-being. For instance, injecting lipopolysaccharide
(LPS), one of the most used modulators to induce inflammation,
can have a dramatic impact on mice, with the appearance of
depressive-like behaviors (6) and neurological damage (7).
Besides the obvious ethical issues, there are also substantial
differences between the rodent and human immune systems (8).

Although rodents represent a pertinent model for biomedical
research, other models are also very promising. One well-
established in vivo model that is gaining increased interest is
the chicken embryo model, and more importantly, the use of its
chorioallantoic membrane (CAM) (9). Indeed, the avian CAM
functions as a homolog of the mammalian placenta, which
provides the egg with a rich capillary vascular network and an
interface for gas exchange (10, 11). It can easily be used in
biomedical research for a multitude of applications, such as
evaluating angiogenesis, tumor growth, metastasis, and therapy
responses (12–18). Furthermore, this model is far from new:
Rous and Murphy initially used it in 1911 to demonstrate the
growth of chicken sarcoma tumors transplanted onto the CAM
(19, 20). It has since been extensively studied and described, and
it is very well understood today. This review will therefore
attempt to describe and explain the various advantages of the
chicken embryo model, and its relevancy for immune-
based studies.
2 OVERVIEW OF THE MATURE CHICKEN
IMMUNE SYSTEM

To understand the use of the chicken embryo model, it is
essential to first understand the mature avian immune system,
by highlighting the similarities and differences with the human
immune system. Indeed, since the avian organism shows many
specific differences with the mammal, either in its repertoire of
lymphoid tissues, immune cells, and molecules, this review will
first broaden its scope to encompass general lymphoid tissue
morphology, before focusing on the various components of the
immune system itself (Figure 1).

2.1 Morphology of the Lymphoid System
Lymphoid organs are an essential aspect of the immune system
of all vertebrates. They can be divided into two categories based
on their functions: the primary and the secondary lymphoid
organs. Even though these organs appeared early in the
evolutionary tree with their functions mainly conserved, they
Frontiers in Immunology | www.frontiersin.org 2
may differ between species (21–23). In humans, primary
lymphoid tissues are composed of the thymus and the bone
marrow. They host the development and maturation of
hematopoietic progenitors, which can differentiate into a wide
panel of immunologically competent cells depending on the
organ (24, 25). In both humans and chickens, the thymus is
located around the pharynx and is mainly composed of reticular
epithelial cells, macrophages, and fibroblasts that are all involved
in the formation of the T cell repertoire (26–28). While the
thymus functions and location are quite similar in both species
with slight differences in morphology (e.g., humans have 2 lobes
whereas chickens have 7-8 lobes), the organ for B cell maturation
is however entirely different (29). Indeed, in chickens, this
maturation doesn’t occur in the bone marrow, but in an organ
specific to birds: the bursa of Fabricius, a diverticulum located
near the cloaca, which is also the site of development of the
antibody repertoire (30). The “B” in B cells actually refers to this
bursa, reflecting the historical origins of B cell discovery (31, 32).
The follicles of the bursa are composed of reticular epithelial
cells, bursal secretory dendritic cells, mature T helper cells,
macrophages, and B cells at different stages of maturation (33).
In this organ, most of the lymphoid cells are B cells (98%), with
only 2% of T cells (27). Even though the tissue for B cell
generation differs between the two species, hematopoiesis in
chickens, and mostly the generation of immune cell precursors,
still occurs in the bone marrow as in humans (34, 35).

While primary lymphoid organs act mainly as the center of
the adaptive immune cells’ generation and maturation,
secondary lymphoid tissues instead specialize in the
coordination of immune responses, namely by activating
immune effector cells such as lymphocytes (22). After
maturation in the primary lymphoid organs, T and B cells re-
enter the bloodstream and colonize the secondary lymphoid
tissues, to facilitate antigen presentation to lymphoid cells and
initiate and regulate the adaptive immune response. In humans,
the main secondary lymphoid tissues are the spleen, the tonsils,
the lymph nodes, and the mucosa-associated lymphoid tissues.
Even though they vary slightly in functionality and morphology,
they all share the same basic structure, with a T cell zone and B
cell follicles (36, 37). In mature chickens, the secondary
lymphoid tissues are similar to those in humans, from their
basic structural aspect to the organs themselves, but some
differences must still be mentioned (29, 38). Indeed, even
though there are also some slight differences in the organs’
morphology and location, the most striking distinction is that,
unlike mammals, birds lack encapsulated lymph nodes. To
compensate, other lymphoid tissues, namely the spleen and the
Harderian gland, have a higher contribution to the chicken
immune system (29, 39). Moreover, chickens have extensive
mucosa-associated lymphoid tissues (e.g., Peyer’s patches and
Meckel’s diverticulum). While chickens do not have the classical
lymphoid nodes, they do have instead rudimentary mural
lymphoid nodules that are different both anatomically and
histologically when compared to mammalian lymph nodes,
with a lower contribution to the chicken immune system
overall (29).
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2.2 The Diverse Panel of the Avian
Immune Cells
To build a proper immune response, the chicken, like all
vertebrates, uses a wide panel of immune cells. Their respective
biological functions, but also their coordination with each other
through various mediators, allow them to contribute towards a
robust defense against pathogens. Succinctly, the immune
response can be subdivided into two categories: innate and
adaptive immunity. In a matter of minutes, innate immunity
employs a wide range of cells, such as dendritic cells,
macrophages, granulocytes, and Natural Killer (NK) cells, to
generate an inflammatory reaction and destroy infected cells and
pathogens non-specifically. Adaptive immunity slowly develops
within several days and involves T and B cells in an antigen-
specific manner, as they are activated by antigen-presenting cells,
i.e., dendritic cells and macrophages, involved in innate
immunity. This activation leads to the generation of antigen-
specific antibodies and T helpers cells, allowing the vertebrate
animal to build an efficient and complete defense against a given
pathogen (40). To properly understand the chicken immune
system, it is essential to describe the main cell populations
involved in the immune response.

2.2.1 Dendritic Cells
Dendritic cells (DCs) are the main antigen-presenting cells,
capable of endocytosis, exocytosis, and cytokine production. In
humans, DCs are composed of two major populations:
conventional DCs (cDCs), previously called myeloid dendritic
cells , which are further subdivided into two major
subpopulations, cDC1 and cDC2, and plasmacytoid DCs
(pDCs). cDCs are the professional antigen-presenting cells of
the innate immune system. They reside in tissues, and after tissue
Frontiers in Immunology | www.frontiersin.org 3
infection or injury, they become activated and migrate to lymph
nodes to promote adaptive immune responses (41). pDCs are
distinct from cDCs in terms of their development and function.
They arise from the lymphoid progenitor and their main
function in the human immune response is type I and type III
interferon secretion upon acute or chronic viral infection (42).

In both chickens and humans, DCs act as a bridge between
the innate and the adaptive immune responses, though many
differences are described in these heterogeneous cell types. For
instance, a specific subset of DCs, present in birds but not in
mammals, exist: the bursal secretory DCs, located in the bursa of
Fabricius (43). Overall, chicken DCs have high plasticity, and all
of these cell subsets share structural and functional differences
with humans, from regulating central tolerance to shaping the
adaptive immune response (44). A comprehensive review
previously summarized the ontogeny, cytoarchitecture, and
immunophenotype of avian DCs (45). To this day, knowledge
of avian DCs still appears to be limited compared to that of
mammals. Nevertheless, many aspects of mature DCs, including
their morphology, their surface receptors, their response to
stimuli, and their respective functions, seem to be highly
similar between chickens and humans (45–47).

Chicken cDCs are the most thoroughly studied dendritic cell
subset. Indeed, comparative gene expression profiling has been
performed in chickens and humans, which demonstrated that
cDC subsets are homologous (48, 49). A recent study also
revealed the enrichment of cDC lineage in the chicken spleen
(50). Still, a key aspect should be further investigated: the
location of antigen presentation to lymphocytes. Indeed, while
this phenomenon generally appears in vertebrates’ secondary
lymphoid organs, it occurs mostly in lymph nodes in humans,
which chickens lack as mentioned earlier. This location is still
FIGURE 1 | Summary of the similarities and differences between the human and the chicken immune systems. * Present in both species, with a lower contribution
in chickens. † Present in both species, with a lower contribution in humans.
November 2021 | Volume 12 | Article 791081

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Garcia et al. The Chicken Embryo Model for Immune-Based Studies
not properly identified in chickens yet, although it is
hypothesized that lymphoid nodules, and several novel
lymphoid structures and aggregates, might be involved in
antigen presentation (46).

2.2.2 Macrophages
Macrophages are an essential component of the innate immune
system. Like dendritic cells, macrophages can present antigens to
T cells. Their main function is to phagocytose cellular debris,
pathogens, and damaged cells, but they also play a crucial role in
tissue homeostasis and the host immune response by mediating
inflammation (51). Under normal physiological conditions or
during inflammation, circulating monocytes, the precursors of
macrophages, migrate into an appropriate location according to
chemotactic signals. After cytokine-mediated differentiation,
mature macrophages are then capable of destroying a pathogen,
producing cytokines capable of modulating other inflammatory
cells, and secreting various growth factors to promote
angiogenesis and tissue repair (52). Depending on the various
mediators and cytokines present in their environment, immature
macrophages from humans and chickens can be differentiated
schematically into two main types of macrophages: M1 and M2.
However, macrophages being extremely plastic, it is not possible
to simply divide them into two phenotypes but are rather
characterized by a range of intermediate phenotypes between
the extremes (53, 54). In both species, while M1 macrophages
stimulate inflammation, mainly by secreting IL-1b, TNF-a, and
IL-6, M2 macrophages instead stimulate cell reparation and
angiogenesis through secretion of IL-10, TGF-b, and VEGF
(55–58).

Similar to humans, functional studies on chicken macrophages
indicate the presence of scavenger receptors, complement
receptors, Fc receptors, C-type lectins, and mannose receptors,
all mediating the recognition of antigens before phagocytosis (59–
62). Moreover, the production and release of nitric oxide, an
important microbicidal mechanism of activated macrophages in
humans, has been described in chicken macrophages with high
homology (63–65). Finally, as in humans, IFN-g can induce
polarization of immature chicken macrophages into the pro-
inflammatory M1 phenotype, while IL-4 can induce it into the
anti-inflammatory M2 phenotype (53, 54, 66). However, although
the mammalian peritoneal cavity contains non-activated resting
macrophages, these cells are mainly absent in chickens. Instead,
avian macrophages must be recruited from the bloodstream into
the cavity by inflammatory stimuli (46). Interestingly, a recent
study characterized several different macrophage subsets in the
chicken spleen that may play an important role in antigen
presentation and immune responses (50).

2.2.3 Granulocytes
Granulocytes are described as non-specific immune cells
containing granules (with defensins, lysozymes, histamines,
etc.) in their cytoplasm. They are derived from common
myeloid progenitors in the bone marrow, and they also
contribute to the initial innate immune response against
pathogens. In mammals, they can be divided into three
subsets, with structural and functional differences: neutrophils,
Frontiers in Immunology | www.frontiersin.org 4
eosinophils, and basophils (67). Neutrophils are highly
heterogeneous and the most abundant type of myeloid cells
(68, 69), representing 50-70% of the total circulating human
white blood cells. Neutrophils are released into the bloodstream
with as a main function to phagocytose infected cells and destroy
pathogens through degranulation (70). Eosinophils, however,
represent a small number of circulating leukocytes (1-6%) and
are mainly involved in fighting parasitic infections, but also in
allergic diseases (71). Finally, basophils, accounting for less than
1% of total blood leukocytes, can release histamine and other
mediators, which contribute to the inflammatory response (72).
All these cells’ subsets migrate to peripheral and lymphoid tissues
during inflammation.

Even though granulocytes represent essential cells of the
chicken immune system, they do differ from mammals.
Indeed, chickens lack neutrophils, but they do have a
functional counterpart called heterophils. These cells are highly
phagocytic as well, but in contrast to mammalian neutrophils
they lack myeloperoxidase, they have a lower bactericidal activity
through oxidative burst, and their granule components seem to
differ (73). It is however still unknown whether heterophils
represent a single set of cells with identical functions, or
whether they encompass functionally different subsets of cells
(74). Despite these differences, the biological functions of avian
heterophils seem to be highly similar to mammalian neutrophils.
They are the first cell type recruited to the inflammation site in
response to chemokines. They express pattern recognition
receptors (mostly Toll-like receptors) at their surface to
recognize antigens, and they can eliminate pathogens through
oxidative burst, degranulation, and extracellular traps (47,
75–77).

Even though eosinophils are present in chickens, they have
yet to be demonstrated to be functional. For instance, IL-5
expression and IgE production, both essential for the response
and function of mammalian eosinophils, are absent in chickens.
Furthermore, eotaxins (CCL11, CCL24, and CCL26) and their
receptor (CCR3), which are vital for eosinophils migration in
mammals, are absent in the chicken genome (27, 78). Earlier
studies also showed that avian eosinophils are less responsive to
antigenic stimulation than in mammals (79). Basophils are
present in chickens as well, and appear to have a function
similar to their mammalian counterpart, with the induction of
a hypersensitivity reaction through histamine release (80, 81).

2.2.4 Natural Killer (NK) Cells
Natural Killer (NK) cells represent a lymphoid lineage that
shares many features with cytotoxic T lymphocytes. Indeed,
they are both defined as large granular lymphocytes, and they
play an essential role in the innate immune response by
eliminating infected and damaged cells. Even though NK cells
are derived from a common lymphoid progenitor, their
development is independent of the thymus in both species and,
for chickens, of the bursa of Fabricius as well. For both mammals
and chickens, the maturation process instead relies on the bone
marrow (73, 82). NK cells’ functions rely mainly on a
combination of their inhibitory and activating receptors (83,
84), which is a similar system in humans and chickens.
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Several homologs exist between the two species, namely CD107,
CLEC-2, 2B4, and DNAM-1 (84–87). Furthermore, human NK
cells can express KIR, NKp46, LILR, and PIR, whereas chickens
cannot. They instead express the chicken Ig-like receptor (CHIR)
family that may be used as a functional homolog of these
receptors (27, 88). Likewise, chickens do not express NKR-P1
but have a functional equivalent, B-NK (87, 89). This suggests
that chicken NK cell biology is close to mammalians’, although
some other mammalian receptors do not seem to be expressed in
chickens, and orthologs have yet to be found.

NK cells bear three main roles in both humans and chickens,
although the underlying mechanisms can be slightly different.
The first is a direct cytolytic activity, mainly through the
secretion of perforin and granzyme, and surface expression of
Fas ligand and TRAIL (90, 91). Another essential role of NK cells
in both species is antibody-dependent cell-mediated cytotoxicity
(ADCC), a mechanism activated by cross-linking of an activating
Fc receptor with the Fc region of an antigen-bound antibody,
leading to secretion of perforin, granzymes, and cytokines (92,
93). In humans, the activating Fc receptor mainly expressed by
NK cells is FcgRIIIa (CD16a), a receptor specific for IgG (94).
However, as described earlier, chickens are not able to produce
IgG, and therefore do not express FcgRIIIa. To perform ADCC,
they instead use another receptor, CHIR-AB1, a high-affinity Fc
receptor for IgY (88, 95). Finally, the third role of NK cells is
cytokine secretion, and more importantly of IFN-g, involved in
inflammation and macrophage activation in both species
(96, 97).

While NK cell biological functions appear to be highly similar
between humans and chickens, it is still unsure how much these
cells contribute to the chicken immune response. Indeed, earlier
studies showed that the frequency of NK cells in blood, spleen,
and cecal tonsils was remarkably low (0.5 to 1% of blood
lymphocytes) (98), whereas 5-20% of circulating lymphocytes
appear to be NK cells in humans (99). However, other
publications still observed an important NK-like activity in
chickens (73, 100). One of the most plausible explanations
resides in the difficulty to properly identify them in chickens.
Indeed, in contrast to B and T cells, NK cells do not appear to
have a unique specific marker. It is possible that the frequency of
NK cells is far higher in peripheral tissues, and that the panel of
markers used in the above-mentioned study (TCR- IgL- CD3-

CD8+ lymphocytes) may be inappropriate or insufficient (86).
There is therefore a need to identify additional markers for NK
cells, like the analog of CD56 that is used to identify NK cells in
humans and chickens (101, 102). Another explanation could be
an actual lack of NK cells, compensated with other functionally
similar T cells. For example, the high proportion of gd T cells in
chickens, as described further below, might potentially be
involved in maintaining an NK-like activity, since they share
common features with NK cells (103, 104). Further studies are
then needed to properly understand how much NK cells
contribute to the chicken immune system.

2.2.5 Other Innate and Related Immune Cells
While all the above-mentioned classical immune cells play
essential and distinctive roles in the general immune response,
Frontiers in Immunology | www.frontiersin.org 5
other cells are also involved. Among them, we find the mast cells,
described as tissue-resident hematopoietic cells with cytoplasmic
granules. In humans, these cells are capable of histamine release
and are involved in a wide range of physiological processes,
including homeostasis, tissue repair, and angiogenesis.
Additionally, they are associated with innate and adaptive
immune processes, including immune tolerance and
inflammation (105–107). Even though they seem to be quite
similar to basophils, in both structure and function, they differ
in their development, their reaction to stimuli, and their ability to
release immunomodulating cytokines (108). In chickens, mast
cells have been greatly studied. Many aspects, including the
general ontogeny, the morphology, and the biological functions,
appear to be similar to their mammalian analogs (109). Several
studies have also demonstrated that avian mast cells can mediate
the inflammatory response, infiltrate contaminated tissues and
release antimicrobial substances after pathogen infection, similar
to human mast cells (110, 111).

In the circulating blood, two other essential types of cells can
be found: the thrombocytes, and the erythrocytes. They are
respectively involved in coagulation (112) and oxygen delivery
(113), though they also appear in humans to be both potentially
involved in the mediation of immune responses (114–116).
While human thrombocytes and erythrocytes are both
enucleated, they appear different in chickens as they kept their
nucleus. Many aspects, such as morphology, biology, and
ontogeny, are different in both species. For instance, avian
thrombocytes arise from a stem cell whereas mammalian
thrombocytes arise from megakaryocytes (112, 117). In
chickens, thrombocytes have a more defined role in the
immune response: even though they share similar biological
functions to their mammalian equivalents (e.g., initiation of
coagulation), various papers report how their role in the
mediation of the inflammatory response is important. Indeed,
thrombocytes are not only able to recognize pathogen-associated
molecular patterns through Toll-like receptors (TLRs), but can
also perform phagocytosis, produce nitric oxide, and release pro-
inflammatory cytokines (118–120). Likewise, in contrast to their
mammalian counterparts, avian erythrocytes have conserved
their nucleus and mitochondria, allowing the cell to produce
reactive oxygen species that might be used as an antimicrobial
defense (121). Nucleated erythrocytes are believed to have a
direct role in immune responses, as they also express TLRs and
are capable of regulating the expression of different immune-
related genes (e.g., TLRs, CCL4, and a-interferon) (122). Thus,
thrombocytes and erythrocytes are believed to play a more
important role in the chicken immune response than their
mammalian counterparts.

2.2.6 T Cell Lineage, From Helpers to Effector
Lymphocytes
T cells are a key component of the cell-mediated adaptive
immune response and can be distinguished from other
lymphocytes by the presence of T cell receptors (TCR) on their
surface. They are differentiated from hematopoietic progenitors
and matured in the thymus, before being released into the
bloodstream. These immune cells are then able to recognize
November 2021 | Volume 12 | Article 791081
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antigens presented by major histocompatibility complex (MHC)
molecules through their TCR. T cell development and
conservation between avian and mammalian models have been
investigated for more than two decades and are now well-
described: central features, such as the general TCR structures,
the T cell subpopulations, and their respective biological
functions, seem to be similar between chickens and humans
(123, 124).

As in humans, chicken T cells use the TCR, a heterodimeric
surface receptor, for antigen recognition. Each TCR chain is
composed of two immunoglobulin super-family domains: a
variable region with an extensive sequence diversity, and a
constant domain, anchored into the plasma membrane. Both
birds and mammals have similar TCR chains which can form
either TCR-ab or TCR-gd heterodimers, defining the two major
T cell lineages. TCR-ab+CD4+ T cells are often described as T
helper cells, TCR-ab+CD8+ T cells as cytotoxic T cells, and TCR-
gd+ T cells as a cytotoxic lymphocyte subset that can bind to
many different ligands, independently of MHC recognition
(124–127). gd T cells are mainly enriched in peripheral tissues,
where they make key contributions to immune responses with
essential functions such as immune surveillance and protection
that cannot be compensated by ab T cells (128, 129). Overall, the
TCR complexes are quite similar between humans and chickens,
and their assembly, their surface expression, and their signal
transduction are all controlled and regulated by CD3, a
transmembrane receptor (124, 130).

Despite the similarity in T cell structures and functions, there
are interesting differences between the two species as well. For
instance, in mammals, the CD3 complex consists of three chains:
CD3g, CD3d, and CD3ϵ. These chains can then form two
different heterodimers, CD3ϵg and CD3ϵd, before assembly
with the TCR. In chickens, however, only two CD3 genes exist:
a CD3ϵ homolog, and a single CD3g/d gene, which has an equal
homology to both mammalian CD3g and CD3d. Both subunits
form two identical dimers (CD3ϵg/d) before complex assembly
(124, 131). This difference might be explained by CD3g/d being
an evolutionary precursor before CD3g and CD3d genes were
split in mammals. Even though CD3 complexes share similar
functions in both species, chicken TCR/CD3 components are not
able to replace the human molecules in T cells, whereas this is
possible for sheep and mouse TCR chains (132). Another notable
difference between the two species resides in the TCR expression.
Indeed, while gd T cells have a relatively low expression in
humans (around 2 to 10%), frequencies of gd T cells in
chickens can reach up to 50% of the circulating T cell
population. This can be explained by the fact that chicken gd T
cells develop exclusively in the thymus, whereas development in
mammals can also occur in periphery organs where this T cell
subpopulation is enriched (124, 126, 128, 133).

2.2.7 B Cell Lineage and the Antibody Repertoire
Generation
While most T cells’ functions are related to cell-mediated
immunity, B cells are instead mainly known to be involved in
the humoral component of the adaptive immune system through
Frontiers in Immunology | www.frontiersin.org 6
the production of antigen-specific antibodies, a secreted form
of the B cell receptors (BCR), following exposure to a pathogen. B
cells, and the generation of the BCR repertoire, have been
conserved throughout evolution and are relatively similar
between chickens and humans (134). Even though the cells
themselves share a great resemblance to both species, the main
difference resides in their maturation. As mentioned earlier,
while B cells mature in the bone marrow in humans, their
development in chickens occurs in an avian-specific organ: the
bursa of Fabricius. This organ’s function has been discovered as
early as 1956 through a series of bursectomy experiments on
chickens, where Glick et al. demonstrated that the antigen-
specific antibody response was bursa-dependent (135). The
general nature and development of B cells, analogous between
humans and chickens despite the different organs, have then
been thoroughly described in the literature (136, 137).

Succinctly, key differences between the two species are linked
to the generation of the antibody repertoire. Indeed, in mammals,
this process happens mostly through gene rearrangement, which
is ongoing throughout life. Each chain of immunoglobulins, heavy
and light, is composed of a V (variable) region, a D (diversity)
region for heavy chains, and J (joining) segments, joined together
with a C (constant) region to produce funct ional
immunoglobulins with VJ light chains and VDJ heavy chains.
This production of variable regions leads to a vast antibody
repertoire of more than 1011 different immunoglobulins that can
be generated (31, 137, 138). This process is different in chickens
due to their very limited number of variable genes. Because they
only have a single copy of functional V and J segments for both
chains, the chicken immune system relies on another mechanism
known as somatic gene conversion, a process taking place during
bursal development (134, 136). Thus, the clusters of pseudogenes,
upstream of the immunoglobulin loci, are critical for antibody
diversity in chickens (139, 140). After a low-efficiency V(D)J
rearrangement in the bone marrow, immature B cells migrate to
the bursa of Fabricius where gene conversation, a process in which
V sequences are replaced with the pseudogene sequences, takes
place. This contributes to the chickens’ robust immune response,
with a mammalian-like BCR repertoire (31). However, while the
generation of the mammalian antibody repertoire continues
throughout life, gene conversion in chickens is only active until
the bursa involutes, around 6 months after hatching. It is believed
that afterwards, the adult chicken might use, as a source of B cells,
post-bursal stem cells mainly from the spleen (31, 134, 136).

Finally, while chicken and mammalian immunoglobulins are
also similar in their general structure and functionality, there are
notable differences between the two species as well. Indeed, there
is some confusion in the literature: although chickens are not
able to produce IgG per se, they do secrete another
immunoglobulin, IgY. Mammalian IgG and avian IgY
functions are equivalent, but the main difference resides in
their structure: the chicken IgY heavy chain contains one V
domain and four C domains, whereas mammalian IgG contains
only three C domains (136, 141). Furthermore, even though
chickens have homologs for mammalian IgM and IgA, they are
not able to generate IgD and IgE at all. It is nonetheless believed
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that mammalian IgE functions may be replaced by avian IgY
(142, 143).

2.3 Key Receptors and Molecules on
Immune Cells
To properly function, immune cells need essential proteins at
their surface, which are useful for recognizing and presenting
antigens, co-stimulating effector proteins, and regulating
inflammation. While some of these proteins have already been
described in this review, others also play essential functions in
the immune system overall and ought to be detailed further. For
instance, to recognize pathogen-associated molecular patterns,
immune cells, namely antigen-presenting cells and granulocytes,
express pattern-recognition receptors at their surface. To this
day, some of the best-characterized ones are TLRs, which have
been thoroughly described both in humans and chickens (73,
144, 145). Kaiser et al. have detailed the similarities and
differences of the TLRs between both species (47, 77). They
have mainly shown that chickens have a different repertoire of
TLRs: some chicken TLRs have human orthologs (e.g., TLR4),
some possess slight variations (e.g., human TLR2 ortholog is
duplicated into TLR2A and TLR2B in chickens), some human
TLRs are absent (e.g., TLR9), and some are specific to the chicken
(TLR15 and TLR21). However, despite the different repertoire,
chicken cells can potentially recognize a range of pathogens
similar to mammals’ (146).

Another essential cell-surface protein present in most cells,
and specifically in the antigen-presenting cells, are the major
histocompatibility complexes (MHC). MHC class I molecules are
expressed by all nucleated cells and can present exogenous
antigens to cytotoxic T lymphocytes. MHC class II molecules,
however, are expressed by B cells, dendritic cells, and
macrophages, and they process antigen material to T helper
cells. While phagocytosis and endocytosis are highly similar
between chickens and humans, the MHC molecules are
however somewhat different. Indeed, the main difference is
that compared to its mammalian counterpart, the chicken
MHC is very compact and less polymorphic: the human MHC
contains over 200 genes in a region of around 4000 kb, while the
chicken MHC contains only 46 genes in a region of
approximately 209 kb (147–149). Nevertheless, the chicken
MHC contains the essential counterparts of genes present in
the mammalian MHC, with two class I genes and two class IIb
genes, allowing the animal to potentially mount a robust, yet
inferior, immune response to a pathogen (27, 150).

Finally, some of the most studied cell-surface proteins for
these last couple of years, especially for cancer treatment, are
immune checkpoints. Indeed, most of the therapeutic strategies
currently developed involve immune checkpoint inhibitors, a
revolutionary approach allowing reactivation of the immune
system and generation of an efficient antitumor immune
response (151). In humans, many of these proteins have been
described, and some of them are already targeted by marketed
treatments: among them, we find PD-1, PD-L1, CTLA-4, LAG-3,
A2aR, BTLA, IDO, and KIR (152). For all of these proteins,
homologs have been found and described in chickens,
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highlighting a great similarity between both species (88,
153–157).

2.4 Cytokines and Chemokines
Cytokines and chemokines are small, secreted proteins involved
in the growth, differentiation, and activation of the immune cells.
Cytokines’ main functions are to elicit and regulate immune
responses, whereas chemokines are mostly involved in
controlling the traffic of immune cells. They are both crucial to
immune defense and homeostasis, and they both help modulate
inflammatory responses and organize the cellular arrangement of
immune organs (158, 159). Among the vast repertoire of human
cytokines and chemokines, a high proportion has been identified
to be present in chickens as well, though some exceptions
remain. For instance, in multigene families, chickens seem to
have fewer members than their mammalian counterparts. The
Tumor Necrosis Factors superfamily and their receptors, for
instance, lack several mammal orthologs in chickens, though
functional orthologs for TNF-a and other cytokines can be
found (57, 160). Likewise, while the interleukin-1 family is
composed of 11 cytokines in humans, only four (IL-1b, IL-18,
IL-1RN, and IL-36RN) have been found in chickens to date, with
similar biological functions (78, 161). Chicken cytokines have in
general only about 25-35% of amino acid identity with their
mammalian orthologs, although they share similar biological
activities (27, 78). Because of the vastness of the human cytokine
repertoire, this review will not detail every point of comparison
with the chicken’s. Avian cytokines have already been thoroughly
described in the literature, and have been compared in great
detail with their mammalian counterparts (78, 161, 162).

2.5 Inflammation
Inflammation is a complex adaptive response that can be
triggered by various harmful stimuli, such as an infection, a
tissue injury, or a tissue malfunction. This process involves most
of the immune system, and its main functions are to eliminate
the cause of inflammation (e.g., pathogens, damaged cells,
irritants), clear out necrotic cells, and repair damaged tissues
(163). Inflammation can generally be split into two phases. The
first one is an acute phase, where immune cells, mainly
granulocytes, migrate to the site of injury, remove the
inflammatory stimulus, and eventually initiate healing. Acute
inflammation is often enough to eliminate the cause of
inflammation. However, if it persists, it can eventually reach a
chronic phase, where immune cells are continually being
recruited. While acute inflammation mainly promotes immune
defense, chronic inflammation essentially supports tissue repair
characterized by the accumulation of tissue macrophages and
fibroblasts (164). However, chronic inflammation can sometimes
lead to various complications, like tissue damage and fibrosis,
which can cause and amplify a wide range of pathologies,
including cardiovascular diseases, diabetes, and cancer (1,
165, 166).

All the immune cells mentioned until now play essential roles
in the coordination of inflammation. They all make use of a vast
panel of mediators to precisely orchestrate this process through
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various signaling pathways (167, 168). Among them, we find
many cytokines and chemokines that act as soluble mediators to
regulate inflammation. Some appear to be essential for proper
mediation. Indeed, in humans, IL-1b, IL-6, IL-8, IL-12, IL-17,
IFN-g, TNF-a, and GM-CSF have all been reported to be key
promotors for the activation of inflammation while other
cytokines, such as IL-4, IL-10, and TGF-b, promote inhibition
(159, 167, 168). In chickens, homologs for all these cytokines and
chemokines have been found and documented, with biological
functions similar to their mammalian equivalents (57, 66, 169–
176). The same is true with downstream inflammatory
mediators, such as iNOS, COX-2, and prostaglandin (168,
177). Another key factor for the mediation of inflammation is
the complement system that has also been thoroughly described
in chickens, with high similarity to its human equivalent
(73, 178).

Classical animal models of inflammation use the
administration of lipopolysaccharide (LPS). This large
molecule is a specific component of the outer membrane of
Gram-negative bacteria and can induce an inflammatory
response via TLR4 (179, 180). Many studies have been done in
chickens, where administration of LPS has been shown to cause a
significant influx of heterophils, and to increase the release of
pro-inflammatory mediators such as IL-1b, IL-6, IL-8, TNF-a,
iNOS, and COX-2 (145, 181–183). Other methods, such as
ammonia exposure, can also induce inflammation in the
chicken model due to its irritant properties (184).
3 THE CHICKEN EMBRYO AS A NEW
PARADIGM FOR IMMUNE-BASED STUDIES

The chicken embryo model shows many advantages over other
classical models such as rodents. Besides being a partial solution
for the ethical issues raised earlier, this model is also simpler to
maintain, gives faster results with a lower cost, and can be used to
screen a large range of molecules and biotherapies. Furthermore,
the model is characterized by high reproducibility and reliability,
and its biology and physiology are well-known. However, the
chicken embryo model still has some limitations. For instance,
the reagents for immune-based studies are limited compared to
the mouse model, the protocols are less standardized, and it is
not possible to orally administrate drugs (9, 11, 16). Nevertheless,
before embryonation day (ED) 9, the chicken embryo develops
only partial immunity, allowing the model to be grafted with
human cells with a low risk of transplant rejection, while
gradually building its immunocompetence (9, 11, 133). As
some components of the innate immune system still develop
after hatching, the immune responses of late-stage chicken
embryos might be sufficient, yet incomplete (185). To this date,
it is still difficult to properly describe the ontogeny of the
immune system in chickens. Many papers try to document the
development of avian immunology (133, 186–189), but some
information can be contradictory and the general timeline lacks
precision. Thus, to determine whether the chicken embryo could
be an interesting model for immune-based studies, it is essential
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to perform a general overview of immune system development in
ovo (Figure 2). Most of the information described below comes
from general observations from the scientific literature. As such,
further investigation is needed to precisely determine the various
time points of in ovo immune system development. We kindly
remind the reader that some of the time points described below
might not accurately represent the complete chronology of
immune development and is instead an observation of existing
immune components at different times. Some of the immune
components described may have already appeared earlier in the
chicken embryogenesis.

During the embryonic development of chickens, the first
lymphoid organ to develop is the thymus. The thymic
rudiment first appears at ED3, and the organ is fully developed
by ED12 (186, 189). The epithelial anlage of the bursa of
Fabricius usually appears a bit later, at ED4-5, then undergoes
several structural transformations until ED14, when epithelial
cells transform into lymphoid cells. By ED18, about three days
before hatching, the bursa has a well-organized lymphoid
structure (27, 139, 186, 189). Since the bone marrow is still
being developed in the early stages of embryogenesis,
hematopoiesis occurs only in the yolk sac between ED4 and
ED12, then in both organs after ED13 (190, 191). Finally, during
embryo development, the spleen has a high contribution to
lymphopoiesis. Its primordium first appears at ED2, hosts
granulopoiesis from ED7, erythropoiesis from ED11, and some
B cell progenitors undergo BCR rearrangement there before
colonizing the bursa. It only becomes a secondary lymphoid
organ once the egg hatches (27, 29).

While the lymphoid organs are being formed, lymphoid cells
undergo development as well. Common lymphoid progenitors,
deriving from the yolk sac and spleen, colonize the epithelial
thymus in three waves: at ED6, ED12, and ED18, until just after
hatching (186, 189). T cells can be detected at ED10-11, and cell-
mediated immunity has been reported as soon as ED13-14. T
cells are then believed to be fully immunocompetent by ED18
(14, 192, 193). Among them, gd T cells are the first to appear in
the thymus, three days before ab T cells (133, 186, 189). After
maturation and TCR rearrangement, gd T cells migrate to the
spleen and intestinal epithelium by ED15, whereas ab T cells
only start doing so at ED19 (27, 133, 194, 195). Meanwhile, the
bursa of Fabricius rudiment is colonized by lymphoid
progenitors between ED8 and ED14 (136, 140, 186). B cells
can first be detected there at ED11-12, and like T cells, are
believed to be fully immunocompetent by ED18 (14, 193, 196).
Immunoglobulin gene rearrangement begins before colonization
of the bursa, and can be detected as early as ED5-6 in the yolk
sac, and only at about ED10 in the bursa (197). However, until
ED15, B cell progenitors isolated from the bursa mostly had
partial or non-productive gene rearrangements (136). Gene
conversion initiates later in developing B cells at ED15-17,
until bursal involution, about 6 months after hatching (186).
This allows B cells to produce a wider panel of antigen-specific
immunoglobulins, as explained earlier. Immature IgM+ cells can
be detected at ED12 when lymphoid progenitors colonize the
bursa, and B cells are then able to produce IgM at ED14 and IgY
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at ED21, around hatching time (186, 189). B cells gradually
mature between ED16 and ED19, with great differences in the
genes expressed, until they leave the bursa with rearranged BCRs
(27, 198). IgM+ B cells are already observed outside the bursa at
ED17, and IgY+ B cells are only detected in other organs post-
hatch (186). NK cells, the third lymphoid cell population, are
generated from the bone marrow and can be detected in the
embryonic spleen at ED14. At this time, they are already
functionally similar to those from 4-week-old chickens (86,
199). However, NK cell functionality might appear earlier.
Indeed, since these studies only begin at ED14, it is unsure
from which time point embryonic NK cells can be detected, and
when they gain their functionality. After T cell migration from
the thymus, NK cells are found in abundance both in the
intraepithelial lymphocyte compartment and the embryonic
spleen by ED19 (87, 133).

Antigen-presenting cells, and more generally CD45+ cells, are
derived from progenitors from the bone marrow in mature
chickens. However, at the early stages of embryonic
development, they are derived from the yolk sac instead, and
precursors can be found as early as ED2 (200). While avian
dendritic cells and their ontogeny are not well-known yet, Dóra
et al. have found that CD45+ MHC II+ cells colonize the
epidermis from ED8, representing potential precursors of
Langerhans cells. They have also demonstrated that these cells
colonize the bursa of Fabricius, the cecal mesenchyme, and the
splenic mesenchyme at about ED10, and might then differentiate
into other tissue-specific dendritic cells (200). Other studies have
shown that thymic dendritic cells precursors are identified in the
thymus by ED11 (45). It is however unsure when these
precursors mature into dendritic cells and become functionally
competent. Macrophage development, however, is better
described in chicken embryogenesis. In the early stages of
development, at about ED2-4, cells with a macrophage-like
morphology and a phagocytic activity can already be found in
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the yolk sac. They appear to be homologs of mammalian fetal
macrophages, and they may play a crucial role in tissue growth
and remodeling by removing apoptotic cells (46, 133). Later,
macrophages can also be observed in the liver at ED12, and in the
spleen at ED16 (46, 187, 193). They are functionally competent,
as they can recognize and phagocytose microbial antigens, and
they are capable of chemotaxis. However, they are not recruited
to incisional wounds during embryonic development (17, 133,
201). Most TLRs, essential for antigen-specific recognition, are
expressed as early as ED3 in chicken embryos. Their expression
increases over time, especially in the liver where TLR4 is highly
expressed at ED12, which might be correlated to the progressive
acquisition of the chicken’s immunocompetence (133, 202).

To date, knowledge of avian granulocyte ontogeny is lacking,
and the structural and functional developments in ovo are not
properly defined. Granulopoiesis appears to begin early in
embryonic development, with an expansion of the granulocytic
lineages from ED7 to ED20 in the yolk sac and the splenic
primordium, and granulocytic differentiation in the liver from
ED15 (29, 190). Reports on heterophil functionality are usually
done once the egg has already hatched, and they describe how
their activity, including phagocytic ability, microbial killing,
degranulation, and oxidative burst, appears decreased compared
to mature birds until 21 days of age (75, 133). It is however unsure
when heterophils begin to be functional. Early studies have
demonstrated that chicken embryos, stimulated at ED18, have
heterophils with enhanced immune functions, suggesting that
they are already functional at that time (203, 204). Furthermore,
high recruitment of heterophils to an inflammatory site can be
detected as early as ED7 (205). Xenografts of foreign tumor cells in
the model have also shown that the chicken embryo is not able to
mount a proper immune response until ED12, though there is a
visible infiltration of avian heterophils in the tumor
microenvironment (11). Overall, this suggests that chicken
heterophils are capable of chemotaxis early in development, and
FIGURE 2 | Observed immune system features during chicken embryogenesis. Caveat: This figure summarizes observations reported in the scientific literature. They
correspond to specific studies each performed at specific time points and do not represent the extent of immune system features over the embryogenesis. Thus, it
cannot be interpreted as an accurate depiction of the immune system development in ovo, since most papers do not cover the entire development period.
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while it is unsure when they become immunocompetent, they
appear to be functional between ED12 and ED18. Mast cells are
first detected at around ED3 in the chicken extraembryonic
vascular membranes, and at around ED14 in the uvea and the
lung while they gradually become functional (109). After hatching,
the number of mast cells greatly increases, especially in the bursa
of Fabricius in 7-day-old chickens and the thymus and spleen in
21-day-old chickens (206).

Even though most cytokines are expressed at high levels two
weeks after hatch (207), they can already be detected in the
chicken embryo, as reviewed by Alkie et al. (133). IL-1b, IL−8,
IL-12, and IL−18 can be detected as early as ED3 (208) while IL-
4, IL-10, and IFN-g are identified in the spleen at ED12 (209). It
is not clear when IL-6 begins to be expressed but late-stage
studies at ED18 were able to quantify its expression (185). The
early secretion of cytokines suggests that the model can be used
to study inflammation. Several papers have demonstrated that
this model, and the use of its CAM, can be pertinent for
inflammation studies (17, 210–212). Indeed, deposits of LPS
onto the CAM as early as ED7 have been shown to induce a
significant inflammatory response after 24 hours (205). Other
studies at ED9-11 have described that the presence of TLR
ligands, including LPS and Pam3CSK4, upregulates the
expression of pro-inflammatory cytokines (213). Finally,
intestinal epithelial cells show enhanced expression of IL-6 and
IL-18 at ED17 after LPS administration (214). All these studies
show how, even with a partial immune system, the chicken
embryo is already capable of mounting a robust immune
response, making this model pertinent for immune-based
studies. Thus, correct timing is extremely important for
addressing immune-specific questions, and experiments
requiring a more complex immune system should be
performed at the appropriate stage (Figure 2).

Besides inflammatory studies, CAM assays are used for a large
range of biological studies. Because of their dominant advantages
compared to other models, they are now widely used for studying
the angiogenesis process in vivo (215, 216). Many papers have
described its relevance for basic angiogenesis studies. Indeed, its
rich vascular network, high oxygenation, and rapid development
are ideal for investigating cardiovascular diseases (217),
retinopathy (17), and anti-angiogenetic treatments (218).
Moreover, the CAM is used to investigate tumor-related
angiogenesis. Since the chicken embryo’s immune system
develops gradually over time, it is possible to perform tumor
tissue xenografting while the immune system is still immature.
Previous studies have confirmed that grafting before the first
observed T cells in the thymus at ED10-11 offers a lower
rejection rate (14, 192, 215, 219). It is however important to
keep in mind that because of the progressive development of its
immunocompetence, non-specific inflammatory reactions can
occur if experimentation on the CAM is performed at a later
embryonic stage (9, 11, 215). To conclude, the CAM is now
described as an excellent platform for tumor xenografting, and for
understanding the tumor-related angiogenesis process (18, 220–
222). More importantly, it can be used to investigate the efficacy
and mechanisms of action of proangiogenic and antiangiogenic
agents (13, 223).
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4 DISCUSSION

Even after more than 310 million years since the last common
ancestor, chickens and humans, l iving in the same
environmental niche and challenged with the same ranges of
pathogens (27, 224), appear to be capable of building comparable
immune responses. Indeed, despite the different lymphoid
organs and even though some key differences should be
highlighted, chickens appear to have a simpler yet functionally
similar immune system. The chicken model has already enabled
valuable contributions to our understanding of immunology and
is now considered to be excellent for immune-based studies (31).
More recently, the use of the chicken embryo model has re-
emerged and has shown many strong advantages over other
classical models, including cost-effectiveness, time efficiency, and
simplicity. It can be used in a multitude of applications, such as
the evaluation of angiogenesis, tumor growth, metastasis, and
therapy responses. However, this model also has limitations and
cannot be suggested as a complete replacement of classical
preclinical models. It can instead be used as an intermediate
step between cell culture and a more complex mammalian
model, following the general principles of the 3Rs (9, 205). In
this review, we described how the chicken embryo could build a
robust immune response even with a partial immune system,
making this model pertinent for immune-based studies, mainly
after 10 days of embryonic development (225). However, because
the avian immune system appears to be partially different from
humans, all discrepancies in immune responses should be
considered when using this model. Despite these caveats, the
model appears to be an excellent way to study immunology and
inflammation and can be an optimal solution for validating
various ranges of molecules.
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