
Evolution of B Cell Immunity

David Parra#, Fumio Takizawa#, and J. Oriol Sunyer
Department of Pathobiology, School of Veterinary Medicine, University of Pennsylvania,
Philadelphia, Pennsylvania 19104

# These authors contributed equally to this work.

Abstract

Two types of adaptive immune strategies are known to have evolved in vertebrates: the VLR-

based system, which is present in jawless organisms and is mediated by VLRA and VLRB

lymphocytes, and the BCR/TCR-based system, which is present in jawed species and is provided

by B and T cell receptors expressed on B and T cells, respectively. Here we summarize features of

B cells and their predecessors in the different animal phyla, focusing the review on B cells from

jawed vertebrates. We point out the critical role of nonclassical species and comparative

immunology studies in the understanding of B cell immunity. Because nonclassical models

include species relevant to veterinary medicine, basic science research performed in these animals

contributes to the knowledge required for the development of more efficacious vaccines against

emerging pathogens.
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INTRODUCTION

Evolution of the immune system is driven by exposure of organisms to new pathogenic

insults that arise from physiological or environmental changes. Two forms of immunity,

innate and adaptive, exist. Innate immunity is present in all plants and metazoans, although

some forms of innate immunity are present even in eukaryotic unicellular organisms such as

amoebas (1). Moreover, even prokaryotic organisms, such as bacteria, are considered to bear

immune mechanisms against pathogens (2). Hallmarks of innate responses include: (a)

microorganism recognition by germ line–encoded and nonrearranging receptors, such as

pattern-recognition receptors (PRRs), which have both broad and uniquely exquisite

specificities for several pathogen-associated molecular patterns (PAMPs); and (b) rapid

effector mechanisms that involve phagocytosis, proteolytic activation cascades, and
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synthesis of potent antimicrobial molecules (3). However, after these innate processes are in

place, adaptive immunity is activated and endowed with immunological memory to cope

with previously encountered antigens. Adaptive immunity is based on antigen receptors

assembled through somatic recombination of gene segments present in the germ line. These

antigen receptors are expressed as one type of receptor on a lymphocyte in a monoallelic

fashion and are highly specific for a great diversity of antigens. Currently, two types of

adaptive immune strategies are known to have evolved in vertebrates (4): (a) the VLR-based

system, which is present in jawless organisms and is mediated by VLRA and VLRB

lymphocytes, and (b) the B cell receptor (BCR)/T cell receptor (TCR)-based system, which

is present in jawed organisms and is provided by BCRs and TCRs expressed by B and T

cells, respectively. One of the hallmarks of adaptive immunity is the enormous variability

that immunoglobulins (Igs), TCRs, and variable lymphocyte receptors (VLRs) present,

which allows them to recognize almost any antigen. In Igs, different mechanisms such as

junctional diversity, somatic hypermutation (SHM), gene conversion, and class switch

recombination (CSR) generate this variability (Figure 1). They all introduce several

sequence variations in the Ig loci, generating diversity in Ig structure and amplifying vastly

the antibody repertoire.

Evolution of B cell immunity from jawed fish to mammals has led to increased diversity,

specificity, and affinity of Igs, which has thus fine-tuned adaptive immune responses against

almost any pathogen. This evolutionary trend may have been fueled, at least partially, by the

emergence of warm-blooded vertebrates on earth (5). The capacity of microbes to grow and

mutate faster in warmer hosts probably acted as a selective force to improve, diversify, and

fine-tune the adaptive immune system tool kit present in cold-blooded vertebrates (6). In

higher vertebrates this led to the evolutionary emergence of B cell subsets highly specialized

in adaptive immunity (i.e., B-2 B cells). More recently described innate features (i.e.,

phagocytic and microbicidal capacities) of some B cell subsets indicate that B cells have

conserved attributes from primordial phagocytes with which they likely share a common

ancestor (7, 8). In the same vein, and probably reflecting both their ancient and more

modern origins in their subsets, in the past few years it has become apparent that B cells do

not only produce antibodies; in addition to their newly described phagocytic and

microbicidal capacities, subsets of cytokine-secreting effector and regulatory B cells have

been shown to modulate T cell responses to microbes and self-antigens (9). These novel B

cell functions have opened up fresh research avenues in the basic understanding of B cell

function as well as new opportunities for the improvement and development of new vaccines

and prophylactics.

It is important to point out the critical role of nonclassical species and comparative

immunology studies in the understanding of B cell immunity both in the past and in recent

years. For example, B cells were first characterized in birds (10), and phagocytic B cells

were first described in teleost fish (8). In this review, we summarize features of B cells and

their predecessors in the different animal phyla, from invertebrates and agnathans, which

lack bona fide B cells, to mammals, in which adaptive immune responses mediated by B

cells are very sophisticated. We discuss features that B cells have acquired during evolution
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as well as highlight the conserved features that they have retained from their ancestors

(Table 1).

PREDECESSORS OF JAWED VERTEBRATE LYMPHOCYTES

Upon microbial challenge, invertebrates respond with both cellular and humoral

components. Invertebrates appear to lack bona fide adaptive immune responses and

lymphocytes, although this cannot be established conclusively until more species are

thoroughly analyzed. Thus, some processes reminiscent of acquired vertebrate responses

have been described in invertebrates, which suggests that invertebrate species could have

some memory and specificity in their responses (11, 12).

Recombination-activated gene (RAG)-1 and RAG-2 proteins regulate recombination of

variable, diversity, and joining (VDJ) segments in B and T cells to generate the acquired

immune repertoire (13). However, the lack of lymphocytes in invertebrates raises the

question of how the RAG system evolved. V(D)J recombination presumably arose owing to

transposon insertion of an ancestral RAG gene (14). Whether the insertion of this primordial

RAG gene took place in a TCR- or BCR-like gene is unknown. This gene may be more

similar to TCR than BCR, because although lampreys lack V(D)J recombination, they

contain a single TCR-like gene with characteristics of V and J regions (15); hence, this

TCR-like gene might have been the target of the transposon insertion (14). The BCR might

have evolved by gene duplication from this ancient RAG-containing, TCR-like gene cluster,

and both genes would have gradually diverged into contemporary BCRs and TCRs.

However, this transposon insertion event possibly occurred in species from which jawed

vertebrates emerged. These species contained distinct populations of cytotoxic killer cells

and phagocytes, and both cell populations would have had a BCR/TCR prototype.

Subsequent to the transposon insertion event, the cytotoxic killer and the phagocytes would

have evolved into T and B cells, respectively (7). In that regard, the presence of B cells with

phagocytic abilities in fish may reinforce the aforementioned scenario (8).

Interestingly, sequence analysis of the complete sea urchin genome has revealed a gene

encoding RAG-1-like protein adjacent to a gene encoding a functional RAG-2-like protein.

Because sea urchins do not apparently possess an adaptive immune system, this data may

suggest that RAG proteins have had alternative functions in invertebrates and that in

vertebrates, RAG function evolved to play a role in V(D)J recombination (16). While more

work is needed to address the roles of sea urchin RAG1/2, the aforementioned possible

evolutionary pathway of invertebrate RAG may question the validity of the transposon

model.

Jawless fish (agnathans) represent the most primitive living vertebrates. BCR, TCR, and

RAG orthologs have not been identified in these species. Instead, agnathans express VLRs,

named for their expression on lymphocyte-like cells and their considerable sequence

diversity (17).

To date, two lymphocyte populations have been identified in lamprey based on their cell-

surface expression of VLRA or VLRB molecules. VLRA+ lymphocytes resemble T cells in

some functional regards, because they can proliferate after PHA stimulation (a widely used

Parra et al. Page 3

Annu Rev Anim Biosci. Author manuscript; available in PMC 2014 October 20.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



T cell mitogen) and they don't secrete VLRA. By contrast, VLRB+ lymphocytes, similar to

mammalian B cells, can secrete VLRB molecules into plasma. After immunization with

bacteria or human erythrocytes, VLRB+ lymphocytes show proliferation, lymphoblastoid

transformation, and differentiation into plasma-like cells that secrete antigen-specific

VLRBs (34). VLRB+ cells also bind cognate bacteria through endogenous antigen receptor,

analogous to binding by the BCR in B cells (18). VLRB+ lymphocytes also express

transcripts of orthologous genes related to B cell activation and differentiation. In particular,

transcripts for TLRs, IL-8, and IL-17R are expressed in VLRB+ lymphocytes, which implies

the involvement of VLRB+ lymphocytes in innate immunity (18). Intriguingly, VLRA+

lymphocytes can express IL-17 and IL-8R transcripts, which suggests the functional

interactions between VLRA+ and VLRB+ lymphocytes.

Jawless fish have no lymph nodes (LNs) or true thymus, but the blood, typhlosole (an

invagination of the intestinal epithelium), kidneys, and gills all contain lymphoid cells.

Whereas gill filament tips and the neighboring secondary lamellae of lamprey larvae were

identified as candidates for hematopoietic tissue for VLRA+ lymphocytes, termed thymoids

(17), the typhlosole and/or kidney may be the tissues for VLRB+ lymphocyte development

through CDA2 enzyme expression. Accordingly, VLRB+ lymphocytes outnumber VLRA+

lymphocytes in kidney and typhlosole, whereas these populations are comparable in number

in the gill. This implies that, similar to T and B lymphocytes, VLRA and VLRB

lymphocytes individually develop in spatially distinct tissues.

CARTILAGINOUS FISH B CELLS

Cartilaginous fish (Chondrichthyes), the Holocephali (chimeras and ratfish) and the

Elasmobranchii (sharks, skates, and rays), are the first jawed vertebrate group within living

gnathostomes and diverged from the common ancestor of other jawed vertebrates

approximately 500 Mya. Cartilaginous fish are the oldest living vertebrate species in which

essential molecules for BCR/TCR-based adaptive immunity [including major

histocompatibility complex (MHC), Ig, TCR, and RAG] have been identified.

Immunoglobulins

Three Ig isotypes, designated IgM, IgNAR, and IgD, have been identified in cartilaginous

fish to date, together with four light chain (IgL) isotypes, κ, λ, σ, and σ-cart. CSR is not

found in cartilaginous fish. IgM is the major antibody in serum and is secreted as two forms,

a monomeric (7S) and a pentameric (19S) form, that are equally present and can constitute

as much as half of the total serum protein in an adult (19). On B cells, surface IgM is

expressed exclusively as a monomeric form. In nurse sharks, a subclass of IgM, termed

IgM1gj, is encoded by a germ line–joined, nondiverse VDJ gene. It is found predominantly

in neonatal serum and is secreted by neonatal splenocytes and cells from the epigonal organ.

As neonates mature, IgM1gj expression decreases in the serum and spleen, but it is still

detectable in the adult epigonal organ (20). IgNAR is a unique, heavy-chain isotype in

elasmobranchs that forms disulfide-bonded dimers of two identical heavy chains without

IgL. The dimers are reminiscent of camelid heavy-chain V domains, which also have no

IgLs (19). Serum IgNAR levels are much lower than those of IgM. IgD was referred to

previously as IgW, IgNARC, IgX, and IgR, depending on the species in which it was found.
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It is now known to be orthologous to other, vertebrate IgD, based on phylogenetic analysis

(21). The function of IgD in elasmobranchs remains to be investigated. Interestingly,

monomeric IgM and IgNAR are present in the yolk of nurse sharks and may be transferred

from the mother to the embryo via the egg yolk (19).

B Cell Development

Cartilaginous fish are known to have bona fide thymus and spleen as lymphoid organs,

although they lack bone marrow and LNs. Moreover, elasmobranchs contain unique

lymphoid tissues, such as the epigonal organ (a tissue connected to the gonads) and the

Leydig organ (associated with the esophagus). Continuous transcript expression of RAG,

terminal deoxynucleotidyl transferase (TdT), and T/B cell–specific transcription factors are

found in thymus and the aforementioned elasmobranch-specific tissues (22, 23). Thus,

Leydig and epigonal organs of elasmobranch are regarded as a primary lymphoid organ for

B cells.

In dogfish shark embryos, although conventional Ig expression is first identified in the liver,

during early development, the kidney is thought to be the most important site for the

differentiation of large populations of B cells (19). As the hatch time approaches, B cells are

observed in the kidney, spleen, and Leydig/epigonal organs. The number of kidney

leukocytes declines sharply at the posthatch stage, at which time the main hematopoietic

tissue is apparently shifted to the spleen. In nurse shark, the epigonal organ is the main site

for neonatal B lymphopoiesis. Notably, adult elasmobranch spleen shows clearly

compartmentalized red and white pulp areas. The white pulp areas in nurse shark compose

the central T cell zone and surrounding B cell zone and are thought to be a major site of

antibody synthesis following antigen stimulation (22).

B Cell Immunity

Sera from unimmunized nurse shark include high levels of IgM capable of innately

recognizing and binding to diverse antigens (24). The pentameric IgM, which is induced

earlier than other isotypes during an immune response, shows a low-affinity interaction with

various antigens and localizes mainly in plasma. In contrast, monomeric IgM, which is

capable of entering tissues, appears to be the main Ig involved in antigen-specific responses.

IgNAR also shows increased titer and high specificity to antigen after immunization. IgNAR

and IgM reportedly are expressed by different B cell subsets, although there are no B cells

that coexpress both B cell receptors. However, nothing is known at this point regarding the

IgD+ B cell (25). It is unclear whether a B cell subset producing multimeric IgM can switch

to monomeric IgM production or whether distinct lineages of IgM+ B cells are specialized to

make either multimeric or monomeric IgM. In summary, although the kinetics of the

humoral immune response of sharks to antigen is much slower than that of mammals, Ig

isotype diversity and the capacity to generate specific and memory responses exists in this

primitive jawed vertebrate (24).
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TELEOST FISH B CELLS

Telostei arose during the Triassic period, approximately 420 Mya, and are considered the

oldest living vertebrates with bony skeletons as well as the largest class of vertebrates in

existence today. Similar to cartilaginous fish, they have a BCR/TCR-based adaptive immune

system.

Immunoglobulins

In 2005, an in-depth analysis of the IgH loci in two teleost species (rainbow trout and

zebrafish) revealed a novel IgH genomic architecture: Another set of VHDJC elements was

found upstream of the known (VH)-DJCμCδ elements. This new set encodes for τ heavy

chain in trout (26) and for ζ heavy chain in zebrafish (27). Thus, bony fish present three IgH,

designated as μ, τ/ζ, and δ, which are part of the IgM, IgT/Z, and IgD isotypes, respectively.

In addition, teleosts are known to contain at least three IgL: κ, λ, and σ. As opposed to the

pentameric mammalian IgM, teleost IgM is a tetramer formed apparently in the absence of

the immunoglobulin joining (J) chains (28). Moreover, the IgM tetramers are found in

different oxidation states that depend on the degree of interdisulfide-bond formation among

the Ig monomers believed to be important for function (29). In some teleosts, IgM can also

be present as a low–molecular weight Ig in serum, although the nature of this Ig is not well

understood (29). Teleost IgM is by far the most abundant Ig in serum and is the Ig isotype

that plays the most prevalent role in systemic immunity. In addition, IgM also plays a role in

intestinal and cutaneous immune responses (29). IgT is a monomer in serum and a multimer

(associated by noncovalent bonds) in gut (30) and skin mucus (Z. Xu, D. Parra, D. Gomez, I.

Salinas, Y.A. Zhang, G.L. Jørgensen, R.D. Heinecke, K. Buchmann, S.L. LaPatra, J.O.

Sunyer, unpublished data). Its concentration in serum is much lower, approximately 1,000

times less, than that of IgM, but in gut mucus the IgT/IgM ratio is almost 100 times higher

than in serum. Importantly, IgT represents the most ancient vertebrate mucosal Ig identified

to date (30), breaking the paradigm that compartmentalization of immune responses

(systemic versus mucosal) arose during tetrapod evolution. Interestingly, secreted IgD

(sIgD) has been characterized in two teleost species, catfish and trout, and its structure is

very different. Thus, catfish sIgD does not possess Cμ1 or variable domains (31), whereas

these domains are present in trout IgD (32). In addition, IgD is secreted as a monomer in at

least two different isoforms in trout and is produced through a novel splicing mechanism

(32). In all species analyzed except catfish, IgD is coexpressed with IgM on B cells.

However, in catfish, the existence of B cells uniquely expressing IgD has been reported (33).

The function of IgD in bony fish is still unclear, although the IgD Fc-region of catfish may

play a role as a pattern-recognition molecule. In addition, catfish have also been shown to

contain IgD-armed granulocytes (31). In mucosal surfaces, including the gut and skin, IgT

and IgM associate with a polymeric immunoglobulin receptor (pIgR) that probably mediates

their transport into the gut lumen and skin epithelial-mucosal surface (30, 34).

B Cell Development

The structure of the trout and zebrafish IgH locus predicts that the expression of IgT/IgZ

cannot occur in IgM/IgD-expressing cells. Our lab confirmed this in a recent study in which

we characterized a novel lineage of B cells in trout uniquely expressing IgT (30). Similarly,
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genetic evidence for two distinct lineages expressing IgM or IgZ has also been reported in

zebrafish (35). Two populations of IgD+ B cells have been described in teleost: IgD+/IgM–

B cells, found only in catfish (33), and IgD+/IgM+ B cells, which have been shown in all

teleosts analyzed thus far (29).

The development of B cells at early stages in teleost fish varies between different species.

Based on the expression of specific markers important to B cell development, several studies

have reported different results. Early studies suggested that B cells originate in the kidney

(36), although no RAG-1 expression could be detected in early stages of development in the

kidney (37), which suggests a lack of progenitors in this organ. However, making use of

GFP expression technology, in zebrafish the kidney may be the first organ (after thymus)

that expresses RAG-2 [8 days post-fecundation (dpf)] (38). Danilova & Steiner (39)

observed RAG-1 expression and the first rearrangement of genes encoding Igμ at 4 dpf and

10 dpf, respectively, in zebrafish pancreas, although the same authors later suggest that the

rearrangement likely corresponds to Igζ instead of Igμ (27). Thus, B cell differentiation may

start in the pancreas and move to the kidney early in the development, but eventually this

could vary depending on the species, and nevertheless, the results on fish pancreas are

limited to only one study. Similarly, in different fish species lymphocytes differentiate

within the lymphoid organs at different times relative to hatching. However, some features

can be generalized: (a) Ig-producing cells first appear in the kidney, followed by the spleen,

and mucosal-associated lymphoid tissues (MALTs) are the last place where Ig-producing

cells migrate; (b) it seems that cytoplasmic Ig is produced later than surface Ig; and (c) Ig-

producing cells appear earlier in freshwater species than in marine species (37, 29).

Thymus and kidney (anterior and posterior) are the primary lymphoid tissues in teleost fish

after hatching, whereas the spleen, gut-associated lymphoid tissue (GALT), and kidney most

likely act as secondary lymphoid tissues (38). Teleost fish have no germinal centers (GCs)

or organized lymph structures, such as LNs and Peyer's patches (PPs). However, small

aggregates of intraepithelial lymphocytes, mainly composed of T cells and a few B cells,

and lymphocyte populations in lamina propria (LP) have been described in GALT (29).

B Cell Immunity

IgM+ B cells are the major subset of B cells in the spleen, kidney, blood, and peritoneal

cavity, whereas IgT+ B cells outnumber IgM+ in gut (53) and skin (Z. Xu, D. Parra, D.

Gomez, I. Salinas, Y.A. Zhang, G.L. Jørgensen, R.D. Heinecke, K. Buchmann, S.L. LaPatra,

J.O. Sunyer, unpublished data). In addition, recent studies appear to suggest an important

role of IgT+ B cells in the gills, which are considered to be another fish mucosal surface

(40). All teleost B cells expressing surface IgM also express surface IgD, and from this

perspective, these cells resemble mammalian B-1 B cells. Similar to mammalian B-1 B

cells, both IgT+ and IgM+ head kidney B cells can proliferate rapidly and secrete IgT and

IgM, respectively, in response to microbial stimulation (30).

The IgM antibodies generated in teleost fish are of limited heterogeneity, and the response

time is generally longer than that in mammals (41). Thus, IgM titers are not normally seen

until after the third or fourth week of immunization (42), although that appears to be a

temperature-dependent process. Teleost IgM is secreted mainly by plasmablasts and plasma-
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like cells that are localized mostly within the head kidney, where they play a key role in

eliciting memory IgM responses (42). It is well known that after booster immunizations,

teleost fish show significant increases in IgM (41). Nevertheless, it is generally accepted that

the IgM response shows poor anamnestic properties, and that even after repeated

immunizations, teleost fish show little increase in IgM affinity (43). Finally, in addition to

their important role in systemic responses, IgM plays a role in mucosal responses, because

the presence of antigen-specific IgM, albeit low, has been demonstrated in the gut and skin

mucus (29).

The gut of vertebrates is inhabited by large, complex microbial communities. Antibodies

play a pivotal role in the maintenance of gut homeostasis in mammals. In mammals, IgA,

and to a lesser extent IgM and IgG, coats commensal intestinal bacteria, precluding their

translocation into the intestinal epithelium by a process known as immune exclusion. The

gut of fish also contains bacteria at extremely high density. Analogous to mammalian IgA, a

very interesting characteristic of IgT is its capacity to coat a large percentage of intestinal

luminal (44) and skin (Z. Xu, D. Parra, D. Gomez, I. Salinas, Y.A. Zhang, G.L. Jørgensen,

R.D. Heinecke, K. Buchmann, S.L. LaPatra, J.O. Sunyer, unpublished data) with commensal

bacteria, which thus suggests a role of IgT in performing bacteria-immune exclusion in these

mucosal surfaces. Further reinforcing the role of IgT in gut immunity, we have shown that

infection of trout with Ceratomyxa shasta, a gut parasite, induces a massive accumulation of

IgT+ B cells in the LP and gut epithelium in surviving fish. Moreover, IgT-specific titers

against the parasite are confined to gut mucus, whereas IgM is the only isotype involved in

serum responses (30). Overall, these studies provided the first evidence for

compartmentalization of Ig isotypes into mucosal (IgT) and systemic (IgM) areas in

response to pathogenic challenge in a nontetrapod species. Although it is tempting to

speculate that IgT will be the main Ig class responding in other mucosal sites (e.g., skin,

gills), this remains to be investigated.

Notably, our group first described phagocytic B cells in teleost fish (8). Until recently,

vertebrate primary B cells were believed to be incapable of performing phagocytosis. In

2006, we broke this paradigm by showing for the first time that teleost primary IgM+ B cells

had a potent phagocytic capacity and were able to kill engulfed microbes (8). Later studies

showed that rainbow trout IgT+ B cells also contained subsets with phagocytic and

bactericidal capacities (30). In addition to rainbow trout, other teleost fish species, including

catfish, cod, and Atlantic salmon, contain phagocytic B cells, which suggests that this is a

general feature of teleost B cells (8, 45).

AMPHIBIAN B CELLS

Amphibians, including Anuran, Caudata/Urodela, and Gymnophiona, are the most primitive

ectothermic tetrapods and diverged from other tetrapods ~350 Mya. Most amphibians

undergo metamorphosis from a water-breathing larval form to an adult air-breathing form, at

which time they change their lifestyle as well as their body structure. Therefore, a

reconstruction of the immune system is also required to cope with different types of agents

and to acquire immune tolerance to new, adult-specific self-antigens. However, such
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reconstitution may render frogs vulnerable to infection, because postmetamorphic defenses

are not yet mature (46).

Immunoglobulins

Most amphibians have five Ig isotypes, IgM, IgY, IgX, IgD, and IgF, and three IgL genes, ρ,

σ, and type III (ρ and type III are orthologous isotypes to the other vertebrate κ and λ,

respectively). IgM is the most abundant isotype and associates mainly with J chain and

forms hexamers (47). IgM and IgX are present in thymectomized animals, which thus

indicates that their production is T cell independent (47). IgY is present as a monomer in

serum and is regarded as a counterpart to both mammalian IgE and IgG. The production of

IgY is thymus dependent (48). IgX is abundant in the gut epithelium and is considered an

important Ig in amphibian mucosal immunity (6). Xenopus IgD was identified in 2006 (21,

49) and was shown to be orthologous to IgW from cartilaginous and lungfish. It was

concluded that, like IgM, IgD/W was present in the ancestor of all living jawed vertebrates.

IgD is expressed on the surface of Xenopus IgM+ B cells (21). IgF was cloned in Xenopus

tropicalis and has only two constant domains, similar to the first and fourth constant

domains of IgY, which suggests IgF generation occurs by tandem duplication of IgY

followed by a loss of internal constant domains (49). The functions of amphibian IgD and

IgF are unknown.

Pleurodeles waltl has been shown to have three Ig isotypes, IgM, IgY, and IgP, but no IgX

to date (50). Transcript levels for IgY were found higher in intestine than in spleen, an

observation that may suggest an important role of IgY in gut immunity. IgP is unique to P.

waltl and is mainly expressed during larval life, and its expression decreases after

metamorphosis. Based on primary sequence analysis, IgP appears to be similar to IgD (31).

Interestingly, in Ambystoma mexicanum, another urodele amphibian, no IgP has been found,

whereas IgM, IgX, and IgY are present. The involvement of IgX in mucosal immunity in A.

mexicanum was suggested at the transcript level (51).

The Ig gene locus in Xenopus and mammals has a similar organization and usage to that of

somatic combinatorial joining of V(D)J segments. CSR and allelic exclusion operate in

Xenopus (46). However, like other ectothermic vertebrates, the immune system of Xenopus,

including CSR, is affected by temperature; for example, the switch from IgM to IgY is

prevented at 19°C (46). Interestingly, similar to those of fish and birds, X. laevis eggs

contain maternal antibodies with antigen specificity that help during the first stages of larvae

(48).

B Cell Development

B cell lymphopoiesis in Xenopus larvae occurs first in the liver, where IgM heavy chain as

well as transcripts of RAG, AID, and rearranged IgH chain are detected five days after

fertilization (46), and later it moves to the spleen. At later developmental stages (12 days

postfertilization and onward) larvae are immunocompetent, display a diverse Ig repertoire

distinct from adults, and are able to undergo SHM (46). Importantly, the immune system of

tadpoles is considered more ancestral than that of adult frogs. In that regard, CSR from IgM

to IgY in tadpoles is poor. In addition, compared with adults, larvae have a lower V-region
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diversity and antibody affinity (46). In the tadpole of Rana pipiens, B cell development is

observed predominantly in the pronephros and mesonephros (36). In Xenopus tadpoles, IgY

is present in serum (IgY was detected three days after IgM detection at the developmental

stage). Moreover, IgY induction was observed after tadpole immunization (52).

In Mexican axolotl, B cells are first observed in spleen seven weeks after fertilization.

Interestingly, TdT as well as RAG-1 expressions in spleen and liver are detected in juvenile

axolotl but diminish in 15-month-old axolotl. Thus, gene rearrangement occurs in early

stages of development to diversify the repertoire of B cell antigen receptors, and the Ig

repertoire is established during the first year of life in axolotl (53). The spleen of urodele

amphibians is not clearly divided into white and red pulp (54), eliciting low IgM antibody

heterogeneity and poor humoral responses to antigens when compared with anuran

amphibians (51).

Although the immune system of adult amphibians is similar in many instances to that of

mammals, no equivalent of mammalian GCs, LNs, or PPs are observed in amphibians. The

spleen in Xenopus is the main peripheral lymphoid organ, and B cell accumulation in the

white pulp has been detected during immune responses to bacteria and virus, whereas no

accumulation of B cells was observed in bone marrow (52). Therefore, Xenopus bone

marrow is not considered to be a bona fide hematopoietic organ, and the liver and spleen

mostly serve in B cell differentiation (46). In adult R. pipiens, bone marrow reportedly is

used as a site for B cell development (36). In fact, IgY+ B cells are found in the liver, spleen,

and blood, but not in the intestine, whereas IgM+ B cells are widely located in most tissues

(55). In contrast, main distribution of Xenopus IgX+ B cells was detected in intestine (55).

Recently, the aforementioned isotypes, IgD, IgF, and IgP, have been identified in

amphibians. Thus, in addition to IgM+, IgY+, and IgX+ B cells, other B cell subsets

expressing IgD, IgF, and IgP may exist. However, their expression pattern on B cells

remains to be determined, although the expression of IgD on IgM+ B cells was indicated at

transcript levels (21).

B Cell Immunity

Antibody affinity maturation in Xenopus is poor when compared with that of mammals,

perhaps owing to its lack of LNs and GCs. However, in viral infection, especially after

secondary infection, a significant increase of splenic B cells and IgY specific to the virus is

induced along with AID upregulation (56). Moreover, immunization with heat-killed

Batrachochytrium dendrobatidis, a chytrid fungus, can induce production of IgM and class-

switch to IgY, detectable for at least one month after the last immunization (57). Notably,

larval B cells can upregulate IgY and AID mRNA upon bacterial stimulation or viral

infection (52). In addition, effective memory responses are known to occur in amphibians

(47, 58).

Skin mucus from X. laevis exposed to mucosal pathogens contains significant amounts of

IgM, IgY, and IgX antibodies capable of binding specifically to the pathogen, with IgX

antibody being the most effective (57). Recently, it was revealed that in contrast to

intracoelomic injection, oral immunization of antigen in frogs induces IgX in plasma (59). In

contrast, following intraperitoneal immunization with DNP, specific anti-DNP IgM and IgY,
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but not IgX, were significantly induced in serum (55). These studies suggest that oral

immunization specifically induces mucosal Ig in amphibians and that amphibian IgX is

probably a functional homolog of mammalian IgA. Similar to teleost fish, B cells from X.

laevis are phagocytic, although the percentage of blood B cells with phagocytic capacity was

lower than that found in teleost fish (8).

REPTILIAN B CELLS

Reptiles emerged ~320 Mya, in the carboniferous period. They are ectodermic vertebrates

presenting scales and/or scutum covering their skin. Four living orders exist presently:

Crocodilia, Squamata, Sphenodontia, and Testudines. In contrast to amphibians that must

return to water to lay eggs, reptiles are amniotes, whose eggs possess a shell that allows

them to be laid on land. Thus, they were better adapted to the new drier conditions after the

Carboniferous rainforest collapse. Lymphoid tissues in reptiles include the thymus, spleen,

MALT, and bone marrow (60). Structurally, the lymphoid tissues of reptiles vary with the

seasons (61).

Immunoglobulins

Reptiles have four Ig classes, IgM, IgY, IgD, and IgA-like (62, 63), which contain λ and κ

IgLs (64). Evidence of CSR and SHM was found in reptiles (Pseudemys scripta) after a

study on the organization and complexity of the Ig gene system (65). IgM is formed as a

pentamer and has been referred to as the secretory Ig in reptiles (66), although this remains

to be confirmed. So far, it is the only surface Ig described in reptilian B cells (67). Several

species produce two forms of IgY, a 7.5S molecule and a truncated form lacking an Fc

region, IgY(ΔFc), although the function of the latter remains unknown (68). In snakes, 3

subclasses (IgYA, IgYB, and IgYC) have been described recently (63). IgY is transferred

from the mother to the embryo via the yolk (69). The presence and function of IgY+ B cells

are unknown. The function of IgD is not entirely understood. Its expression on the surface of

B cells has not been described thus far, although mRNA transcript expression levels and

distribution are similar to those of IgM (70). An IgA-like antibody was recently found in the

intestine of the leopard gecko (71). Authors considered this an IgA-like Ig based on the high

transcript levels of this molecule in the intestine (whereas no expression was detected in

liver or blood) and on its homology in primary sequence with Xenopus IgX and bird IgA.

Interestingly, the authors suggested that a process of recombination between IgY and IgM

was responsible for the evolutionary emergence of this IgA in the leopard gecko. However,

no IgA was identified in Anolis carolinensis, another lizard (68), which suggests a degree of

variation between species. Studies at the protein level are necessary to demonstrate the

functional role of reptilian IgA-like molecule as an Ig that specializes in mucosal immunity.

B Cell Development

Initial reptilian B cell differentiation is produced in fetal liver (72), whereas the main

hematopoietic tissue in the studied reptile species is the bone marrow (62, 73). However, in

adults of some species, the spleen reportedly can contribute to the production of

lymphocytes (74). In terms of secondary lymphoid organs, and similar to that of mammals,

the spleen of reptiles is constituted mostly by red pulp, a small fraction of white pulp, and a
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marginal zone, although this may vary among species. Thus, in snakes, white pulp prevails

over red pulp (75). In reptiles, GALT can be observed along the entire gastrointestinal tract

(76).

B Cell Immunity

Reptiles have no LNs or GCs, even after repeated immunization. Information regarding

antibody responses in reptiles is primarily derived from experiments using fixed pathogens

or soluble proteins as antigen (62, 77). IgM is the predominant systemic Ig in primary

responses and has a slow response relative to that observed in mammals. After the initial

IgM response, reptiles utilize IgY as the major Ig, similar to the mammalian secondary IgG

response. Unlike in amphibians, no functional mucosal Ig has been described thus far,

although, as indicated previously, an IgA-like molecule has been cloned in the leopard

gecko (71). However, IgM likely plays a role in mucosal responses, owing to its presence in

gut mucus and its role as secretory Ig (66, 68). Splenectomy abrogates the humoral response,

which demonstrates the functional importance of the spleen in immune responses in the

lizard Scincus scincus (78). Notably, the spleen is subject to seasonal variation in the snake

Psammophis schokari: The white pulp is involuted during summer, and winter slows the

immune response (79). Natural antibodies have been identified in several reptiles, which

increase throughout the lifetime of the reptile (61). However, little is known about their

function in reptiles.

Similarly to teleost fish and amphibian, Zimmerman and collaborators (80) have recently

reported that reptilian B cells can phagocytose latex beads, although like in amphibians, the

percentage of phagocytic B cells is much lower than that reported for fish.

AVIAN B CELLS

Birds diverged from mammals ~330 Mya. In 1956, Glick et al. (81) revealed that a majority

of bursectomized chickens injected with Salmonella typhimurium O antigen failed to

produce antibodies to the antigen, which indicates that the bursa of Fabricius, discovered

350 years earlier by Hieronymus Fabricius, plays a crucial role in the development of

humoral immunity (82). Approximately ten years later, Cooper and collaborators (83)

demonstrated that thymus- and bursa-dependent systems are critical for cellular and humoral

immunity, respectively. Thus, experiments in chickens were the first to reveal (a)

lymphocyte specialization for antibody production and (b) the existence of dual arms of

adaptive immunity–based T and B cells. These findings led to the identification of the

mammalian equivalent for the bursa of Fabricius (83).

Immunoglobulins

Birds possess three different Ig isotypes, IgM, IgA, and IgY, although only one IgL isotype

(λ) has been identified in chicken, duck, and zebra finch (84). IgM and IgA are clearly

homologous to their mammalian counterparts, although no IgD has been identified in avians.

IgM is predominantly pentameric, although tetrameric structures are also observed. IgM is

the major isotype expressed on avian B cells and is generated first during a primary antibody

response. IgA is present in serum and secretions, such as bile. In serum, ~80% is dimeric
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and 20% is monomeric (85). In bile, chicken and duck IgA may exist in dimeric (350 kDa)

and tetrameric (890 kDa) forms, respectively (86). IgY is monomeric, similar to mammalian

IgG and IgE, and is produced during secondary antibody responses, which indicates a

functional equivalency to mammalian IgG. Ducks express a truncated IgY, which lacks the

two C-terminal domains of its heavy chains (87), and its function remains unknown.

Primary antibody repertoires in the chicken are generated through a process of somatic gene

conversion mediated by AID. For heavy and light chains, VDJH and VJL genes are

functionally rearranged, and diversity arises through gene conversion from an upstream pool

of pseudogenes, which include approximately 80 pseudo-VH genes and 26 pseudo-VL genes

in the IgH and IgL loci, respectively (88). This gene conversion for the B cell repertoire is

also used in GALT species, such as rabbit, cattle, and sheep, which utilize the GALT as the

primary lymphoid organ (see section on GALT Animals, below).

B Cell Development

The bursa of Fabricius, a critical organ involved in avian B cell development, is unique to

the avian system, although the appendix and ileal PP (IPP) in some mammals have similar

function (25). Contrary to its role in humans or mice, chicken bone marrow does not play a

main role in B cell development, although B cell precursors have been described in chick

bone marrow (89). Chickens have only one functional V and J segment for both the heavy

and light Ig chains, and the rearrangement occurs only during a short period of embryonic

development. Ig gene rearrangement begins in the yolk sac and is seen throughout

embryogenesis in all hematopoietic tissues. After reaching the bursa, B cells begin to

migrate across the basement membrane and cluster between this membrane and the

epithelium (86). B cells that productively rearrange Ig genes are selected for subsequent

expansion in bursal follicles. After the colonization of bursal follicles by B cells, gene

conversion is induced to diversify the IgH and IgL genes. Around hatching, only 5% of

bursal B cells survive and migrate from the bursa to the periphery (86). Gene conversion

most likely continues until the bursa involutes four to six months after hatching. The IgA-

producing B cells are derived from IgM+ B cells generated in the bursa of Fabricius around

hatching (90) and colonize the intestine between the third and seventh day after hatching.

IgA-producing B cells are the prevalent B cell subset in MALT but are sparse in spleen,

blood, and thymus (91). Moreover, the peripheral seeding of IgA-producing B cells appears

to require T cell help, especially in expressing the V1 TCR, whereas IgY production level is

not impaired by thymectomy (92). IgY+ B cells are first observed in bursa in 21-day

embryos and expand sharply on the eighth day after hatching (93). In adult chickens, this

subset is widely distributed in lymphoid organs, including MALT (91).

B Cell Immunity

As in other tetrapods, the type of antibody response is dependent on the microorganisms as

well as the infection or the vaccine delivery route (94). As a systemic immune response, the

IgM is initially induced in the avian primary immune responses, and IgY is the predominant

isotype with antigen specificity in the secondary response. In addition, infection or

vaccination via a mucosal route induces local IgA (94). Similar to other vertebrates, chicken

humoral immune responses are induced in the secondary lymphoid organs, such as spleen,
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as well as head-associated lymphoid tissues, including the Harderian gland and conjunctiva-

associated lymphoid tissues, nasal-associated lymphoid tissues, bronchus-associated

lymphoid tissues, GALTs (pharyngeal, esophageal, pyloric, and caecal tonsils; PPs; and

Meckel's diverticulum), skin-associated lymphoid tissues, and pineal-associated lymphoid

tissues (95).

Spleen and all MALTs present GCs, in which CSR of IgM to IgY or to IgA, in addition to

affinity maturation of the Ig genes, occurs during an immune response (88, 96). Notably, the

mechanism of affinity maturation in chicken Ig is different from that in mice and humans B

cells; in these species, SHM is the main mechanism for affinity maturation, whereas gene

conversion and SHM both contribute to the affinity maturation in chicken (97). Moreover,

when compared with murine GCs, a higher rate of hypermutation of Ig genes occurs in

chicken GCs, which causes the affinity maturation of chicken Ig to tend toward more

diversification and less selection (98). These processes are important to maintain the Ig

diversification in the adult chicken, in which peripheral B cells are maintained by self-

renewal (97), although, in terms of affinity maturation, the efficiency of these processes may

be low (98).

The duck is a natural host and reservoir of influenza virus. Humoral immunity to influenza

in ducks is generated through hemagglutination inhibition and neutralization by full-length

IgY, IgM, and IgA but not by truncated IgY. The inability of truncated IgY to carry out

these effector functions may contribute to the susceptibility of ducks to this virus (87).

Interestingly, ducks appear to show antibody responses with higher affinity maturation when

compared with chickens (99). This might result from the lack of LNs in chickens (99, 100).

Natural antibodies, mainly IgA secreted from the Harderian gland, are believed to be

transported to the nasal cavity and to be involved in immune exclusion in the upper airways

(101). Natural antibodies in GALT were enhanced following probiotic treatment (102).

Application of IgY to Passive Immunization and Human/Veterinary Medicine

Maternal transfer of antibodies has been well characterized in chickens (103). Prior to

ovulation, the developing embryo is protected from potential pathogens by IgY antibodies

transferred from the hen's blood to the egg yolk by IgY-specific receptors on the yolk

membrane. In a separate process, IgM and IgA antibodies are transferred to the chicken egg

white and then later to the embryonic digestive tract.

Notably, egg yolk IgY has attracted considerable attention for prophylaxis and control of

disease, because its production is cost-effective and convenient and results in high yields

relative to the analogous production of mammalian IgG. Moreover, in contrast to antibiotics,

IgY does not promote antibiotic-resistant bacteria or leave toxic residues in animal products

(104). Potential applications of IgY to human and veterinary medicine are currently under

way, and oral administration of a specific IgY antibody to livestock as a feed additive has

been effective against a variety of enteric and nonenteric infections of bacterial and viral

origin (104). Several IgY antibodies and hyperimmune egg products are available

commercially to treat specific diseases in veterinary medicine (104).
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MAMMALIAN B CELLS

The first mammals appeared in the Late Triassic, approximately 200 Mya. There are two

mammalian subclasses: Prototheria and Theria. In Theria, there are two infraclasses: Meta-

theria and Eutheria. In this review, we focus on Eutheria, mammals with real placenta,

which represents more than 95% of the treated animals in veterinary medicine. One of the

key features that distinguish mammals from other groups is the appearance of mammary

glands that produce milk to feed young offspring. Passive transfer of Igs from mother to

newborn through the colostrum (first milk produced in mammary glands after birth) or milk

is crucial to provide protection for the newborn.

Based on B cell–development pathways, Eutheria mammals can be divided into two groups:

(a) mammals that continually replenish the B cell repertoire in the bone marrow throughout

life, represented by rodents and primates, and (b) GALT mammals, in which gene

diversification is terminated in the perinatal period and which utilize the GALT as the

primary lymphoid organ for repertoire diversification before or after birth (Figure 2). Thus,

there are significant differences in the development and capacity of antibody diversification

between mammalian species. However, once the B cell repertoire is assembled, there is less

variation in immune response mechanisms. In this section, we summarize the main features

of the most representative animals in both groups. It is important to point out that this

classification is based in the presence of ileum IPPs in GALT animals. IPPs are

characterized by an accumulation of B cells, by a high rate of apoptosis, and by involution a

few days or weeks after birth. However, the evidence that B cells need IPPs for maintenance

and to create antibody diversity has only been demonstrated experimentally in sheep (107).

In the other animals usually included in this group (swine, cattle, horse, rabbit, and dog) the

IPP function has been inferred based only on the similar anatomy to sheep IPPs or chicken

bursa and the existence of large numbers of B cells inside the tissue. Therefore, functional

studies are required in several animals to determine whether IPPs are really necessary for B

cell development and whether they act as a primary lymphoid organ or can be considered as

only a secondary lymphoid organ. This is the case for swine, which we do not consider to be

GALT animals (Table 2), because recent reports suggest that in these animals IPPs are not

necessary for maintenance of B cells but rather function as a secondary lymph organ (108,

109).

MICE AND HUMANS

Immunoglobulins

Human Ig isotypes include IgA (with 2 subclasses, IgA1 and IgA2), IgG (with 4 subclasses,

IgG1, IgG2, IgG3, and IgG4), IgM, IgD, and IgE. Mice have the same Ig classes, but two

IgG2 (IgG2a and IgG2b) and only one IgA subclass have been described. Humans use κ and

λ IgLs equally, while mice preferentially utilize the κ IgL. Importantly, CSR in both mice

and humans is mediated by external stimuli, such as antigens or cytokines. Thus, in contrast

to GALT mammals, there is little CSR in fetal stages of mice or humans, although CSR can

occur in early development outside of GCs in lymphoid tissues (108). IgM is the first

antibody produced in primary humoral responses. IgM is present in pentameric form and can

induce a very strong activation of the complement system. IgM is the most prevalent isotype
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that acts as a natural polyreactive antibody secreted by B-1 B cells in pleural and peritoneal

cavities. IgG is monomeric, which facilitates its diffusion into extravascular sites, and is the

most abundant isotype in serum. IgG is believed to have evolved from bird IgY, although no

evidence is available to explain how IgG acquired hinge region, which is not present in IgY.

Hinge region introduces flexibility to the Fab region of the Ig, thus facilitating antigen

binding. Different IgG subclasses in mice and humans show distinct effector functions. IgE

is monomeric and, like IgG, it probably evolved via gene duplication and subsequent

evolution from bird IgY. IgE cannot activate complement. However, it is implicated in

allergic reactions through its binding to mast cell receptor FcεRI. Its concentration is very

low in serum, but after helminth parasite infection, large amounts of IgE are produced.

Moreover, several studies indicate an important role for IgE in fighting parasite infection

through opsonization of the parasite (109, 110). IgA in humans is monomeric (in blood) or

dimeric (in secretions, called secretory IgA or sIgA). In mice, serum IgA concentration is

very low, and sIgA represent the majority of IgA. One of the main functions of sIgA is that

of a neutralizing antibody, and it is also known to be an anti-inflammatory Ig. sIgA critically

prevents infection in mucosal surfaces, such as intestinal, respiratory, or reproductive tracts,

by inhibiting the adhesion of pathogens to the epithelial cells lining these surfaces in a

process called immune exclusion. Similar to IgT in fish or IgX in amphibians, sIgA is the

main mucosal Ig in mammals (111). Human IgA in serum presents different effector

functions than mucosal sIgA. Thus, serum IgA can be inflammatory and can bind to FcαR

(CD89) in myeloid cells, including neutrophils, dendritic cells, Kupffer cells, eosinophils,

monocytes, and several macrophage subsets (e.g., alveolar, tonsilar, and splenic, but not

small intestine macrophages). So far, CD89 has not been described in mice. Plasma IgA is

involved in the opsonization of microbes, which can then be taken up by phagocytes

expressing CD89. Signaling pathways of CD89 binding to IgA-immune complexes

modulate several processes, such as gene expression by activation of several transcription

factors (including nuclear factor-B, AP-1, and Sp1), phagocytosis, respiratory burst,

degranulation, antigen presentation, and release of cytokines and inflammatory lipid

mediators (112, 113). Interestingly, binding of IgA to CD89 in absence of antigen

downregulates IgG-mediated phagocytosis, bactericidal activity, oxidative burst, and

cytokine release (114). Thus, crosslinking of FcαR with IgA-opsonized pathogens (i.e.,

during an infection) may result in proinflammatory responses, whereas serum IgA that is not

complexed with an antigen induces inhibitory signals through FcαR to regulate exacerbated

immune responses (114). IgD is secreted as a monomer and, together with IgM, is

coexpressed on the surface of mature B cells. Coexpression is achieved through a process of

alternative splicing of μ and δ exons, although its regulation is not well understood. After

antigen encounter, μ is expressed abundantly and transcription of δ exon is repressed, which

explains the low levels of IgD+ cells found in GCs of lymphoid tissues (115). As described

previously in catfish, an IgM–IgD+ population has been described in the human respiratory

tract (116). Expression of IgD in this subset is produced by CSR. Although the roles of IgD

in immunity are not completely understood, it was shown recently that IgD participates in

mucosal immunity in the respiratory tract by binding bacteria and their products and that

IgD can bind to basophils and mast cells through a still-unknown receptor and activate

proinflammatory responses (116).
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B Cell Development

Mice and humans have different B cell subsets that differ not only in surface markers but

also in their development pathways, function, and location. Thus, naïve B cells generally are

divided into three subsets: B-2 (which includes follicular B cells and B-2 B cells from

peritoneal and pleural cavities), B-1, and marginal zone (MZ). After activation, memory B

cells (long-lived B cells primed against a specific antigen) and plasma cells (which secrete

high amounts of specific Igs) are produced from naïve cells. A new B cell subset, the

regulatory B cell population (Breg), was described recently, although it is not clear whether

it represents a committed subset or whether all B cells can behave as Bregs under the

appropriate conditions (117).

B-2 B cell development begins in the fetal liver and continues in the bone marrow

throughout the life of the animal. Once a B cell expresses a functional nonautoreactive BCR,

IgM, and IgD, it can mature and survive in the periphery. The majority of B-2 B cells in the

periphery are found in the spleen or in LNs, mainly as follicular B cells. After antigen

recognition, B-2 B cells can either differentiate into plasma or memory cells or initiate

processes, such as SHM or CSR, to increase antibody repertoire and affinity.

B-1 and MZ B cells seem to share a common progenitor distinct from that of B-2 B cells

(118). While both populations emerge from fetal progenitors in the liver, some B-1

progenitors have been observed in spleen (119) and in bone marrow (120) in adults.

However, B-1 lymphopoiesis is not sustained at constant levels throughout life because

hematopoietic stem cells and common lymphoid progenitors, typical precursors of B cells in

bone marrow, produce very few B-1 B cells (121). Thus, B-1 B cells are still considered

mainly self-renewing, while MZ B cells are long-lived. The last are present in spleen,

representing approximately 15% of the total splenic B cell population, whereas B-1 B cells

predominate in pleural and peritoneal cavities, representing 60–80% of all B cells, and exist

in very low percentages in spleen (approximately 2% of total B cells). MZ B cells have been

described in humans (122), whereas only one recent publication (123) has reported the

existence of B-1 B cells in humans. (For further details on B-1 and MZ subsets, please refer

to reviews 124 and 125.) Development of the Breg subset is not fully understood. Bregs

share some characteristics of B-1 B cells (IL-10 production) and MZ B cells (surface

markers), and they are also considered innate-like cells. For more details see Mauri &

Ehrenstein (126).

B Cell Immunity

Adaptive immune responses are initiated in secondary lymphoid tissues. In mice and

humans, secondary lymphoid tissues consist of (a) LNs that collect antigens from the

tissues; (b) spleen, which collects antigen from the bloodstream; and (c) MALT, which

collects antigen from the respiratory, gastrointestinal, and urogenital tracts. B cell responses

in MALT tissues differ from those in spleen or LNs. In MALT, adaptive responses are

primarily mediated by IgA (111, 127), whereas IgM is the first Ig in primary systemic

responses and IgG is utilized in secondary responses (128).
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B-2, B-1, and MZ B cells have different functions in immunity. In terms of antibody

diversity, B-2 B cells produce more diversified antibodies than B-1 or MZ B cells. Thus,

B-1 and MZ B cells present a more restricted V-region repertoire and a lower SHM rate than

B-2 cells. Furthermore, B-2 B cells have extensive N regions in contrast to B-1 cells, in

which there are few. Owing to their capacity to secrete natural antibodies, which participate

in immune exclusion in the gut as well as in protection in several infections, and to respond

to T-independent antigens (129, 130), MZ and B-1 B cells are considered innate-like B cells.

Recent findings reinforced this role in innate immunity, describing for the first time the

capacity of mouse peritoneal cavity (PerC) B-1 B cells to perform phagocytosis and kill

internalized bacteria (131, 132). Critically, we showed that phagocytic B-1 B cells were able

to efficiently present antigen from internalized particles to CD4+ T cells (131). Interestingly,

the capacity to present particulate antigen of phagocytic B cells was significantly greater

than that of macrophages, although it was inferior to that of bone marrow–derived dendritic

cells. Gao and collaborators (132) recently confirmed most of the above findings on

phagocytic PerC B-1 B cells. Nakashima et al. (133) also identified phagocytic B cells in the

mouse liver and spleen. Most phagocytic B cells in liver and spleen belonged to the B-1 B

cell subset. However, many phagocytic B-2 B cells in these organs were also identified in

greater numbers than those seen in PerC and spleen B-2 B cells in other studies (131, 132).

Whether murine liver and spleen phagocytic B cells can function as antigen-presenting cells

remains to be defined. It is worth mentioning that liver, but not spleen, phagocytic B cells

secrete IL-12 (133). Together these data suggest that phagocytic murine B cells resemble

phagocytic B cells described in fish, amphibians, and reptiles, which supports the hypothesis

proposed by us and others that B cells evolved from a phagocytic predecessor (134).

The function of these phagocytic B-1 B cells is not fully understood. Depending on the

scenario, the immune responses could be diverse (Figure 3). For example, if commensal

bacteria leak from gut as the result of an injury, PerC B-1 B cells may phagocytose them,

which initiates an anti-inflammatory response either in situ or following migration into the

gut (i.e., LP or PPs) in which they may produce anti-inflammatory cytokines and secrete IgA

and IgM antibodies to enhance immune exclusion and thus prevent bacterial entry.

However, if PerC B-1 B cells encounter pathogenic microbes, they could produce

polyreactive antibodies and proinflammatory cytokines in the peritoneum, although the

production of anti-inflammatory cytokines by these cells cannot be ruled out. These

cytokines could be released by the phagocytic B-1 B cells or by T cells primed by the B-1 B

cells after antigen presentation. Depending on the nature of the pathogen, phagocytic B-1 B

cells could migrate to spleen, LNs, or gut (LP, PPs, or MLNs) and elicit roles similar to

those described above. Finally, phagocytosis of apoptotic bodies likely leads to production

of anti-inflammatory cytokines and induction of self-tolerance in CD4+ and CD8+ T cells.

B-1 B cells have been implicated broadly in autoimmune diseases (135). Phagocytic B-1 B

cells may play a key role in this process owing to the secretion of polyreactive antibodies

induced by the phagocytosis of microbes or apoptotic bodies.

Although many of the immune roles of phagocytic B cells, as well as their in vivo

significance, remain undefined, their identification has unveiled a wide range of potential

new roles in B cell function that require further investigations. Notably, B-1 B cells have
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been described recently in humans (123). Thus, it would be interesting to determine whether

these human B-1 B cells or other human B cell subsets have retained the phagocytic and

microbicidal capacities described above for murine B-1 B cells.

Role of B Cells in Xenotransplantation

Because of the similarities between swine and humans, swine are used occasionally as

xenogeneic organdonors (136) and as a source of xenotissues, including skin trans plantation

for temporary cover of severe skin burns (137) and replacement of human heart valves

(138). However, a major problem for xenotranspla ntation is rejection by the xenoreactive

natural antibodies (XNA) that human B cells produce (139). Genetic manipulation of pigs to

remove antigens recognized by XNA (136) and induction of tolerance of human B cells are

current strategies being used to avoid rejection (140).

GALT ANIMALS

Sheep, cattle, rabbit, horse, and dog are the representative species in the GALT group.

However, whereas B cell development has been well studied in farmed animals (i.e., sheep

and cattle), significantly less is known about development in dogs and horses, owing in part

to ethics-related problems derived from working with early stages of the fetus. Thus, we

mainly focus on farmed animals and only mention the main features of B cell responses in

other species (Table 2).

Immunoglobulins

GALT mammals express IgM, IgD, IgG, IgE, and IgA, except rabbit, in which no IgD has

been described so far. In sheep, nine VH gene segments, including three pseudogenes, have

been identified, and these VH genes belong to only one family (141). Similarly, single VH

gene dominates the Ig heavy-chain repertoire in cattle (142). In rabbit, the repertoire is

slightly more diversified, although one predominant segment is rearranged most frequently

(143). This limited use of VH regions led to a very low Ig diversification after V(D)J

recombination, and GALT animal repertoire diversification is generated in the GALT, hence

the name. Igl is the major IgL isotype used in sheep and cattle, whereas in rabbits the κ and

λ IgL loci are duplicated. There are two IgG allotypes in sheep, three in cattle, and one in

rabbit. Interestingly, rabbits do not have IgD but do have 13 IgA allotypes.

B Cell Development

In sheep, the yolk sac and fetal liver serve as the earliest sites of hematopoiesis. The first B

cells can be identified in the fetal spleen by gestational day 48 (144). In early fetal life, the

spleen appears to be the major organ of B cell proliferation (145). In rabbit, B lymphopoiesis

begins in the fetal liver and omentum and switches, shortly before birth, to the bone marrow.

In all GALT animals, B cells from the bone marrow, as well as from fetal liver or omentum,

migrate to the GALT before birth. These GALT tissues, including the appendix and sacculus

rotundus in rabbit and IPP in cattle and sheep, are considered the primary lymphoid tissues

in which the B cell repertoire undergoes expansion and diversification (by gene conversion

and SHM) (Figure 2). Although spleen is the major organ of B cell proliferation,

splenectomy in early fetal development does not influence the development of IPP (145).
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Generation of diversity occurs in the rabbit GALT only after gut colonization (146),

probably driven by superantigen-like molecules (147). In sheep and cattle, diversity is

generated prior to gut colonization, although gut bacteria can play an important role. B cell

progenitors in bone marrow disappear approximately 18 weeks after birth, almost

completely ceasing lymphopoiesis in adult animals. However, signs of some de novo

formation of B cells have been found in adult rabbit bone marrow and spleen (148, 149).

As we mentioned before, B cell lymphopoiesis in GALT animals declines drastically during

adulthood. Consequently, the repertoire of the adult peripheral B cell pool remains constant

throughout life. This situation resembles that of B-1 B cells in mice, which are generated

pre- and perinatally, and although they are capable of self-renewal, de novo formation of

B-1 B cells during adulthood is very restricted (124). This feature, together with the fact that

some B cells—approximately 4% in sheep, 5–10% in cattle and more than 90% in rabbit—

express CD5 on their surface have led some authors to claim the existence of B-1 B cells in

GALT animals. Although CD5 is a good marker for the B-1a B cell subset in mice, it cannot

be used as a unique marker for B-1 B cells in other species. Thus, human B-2 B cells can

express CD5 after activation (124), and some human B cells present CD5 on their surface,

but they do not possess B-1 B features (123). More functional studies are necessary to

confirm the existence of B-1 B cells in GALT animals. No MZ B cells have been described

in GALT animals so far. However, a recent report suggests the existence of MZ B cell in

sheep, based only on morphological analysis (150). Thus, more studies in GALT animals are

necessary to determine the presence of the different naïve subsets above described for mice

and humans. Recently a new subset of B cells expressing IL-10 has been described in PPs in

sheep (151) that may represent B regulatory cells.

Passive Transfer of Immunity

In GALT animals (except for rabbit), the placenta is impermeable to large molecules, and

Igs are not transferred to the fetus (Table 2). Antibodies are transferred to newborns by

absorption through the gut. In sheep, the major Ig in colostrum is IgG, and IgM and IgA are

also found in low concentrations. As colostrum is replaced by milk in sheep, IgG1 becomes

the main Ig, and there is a slight increase in IgA and IgM (152). The situation in cattle is

very similar, although IgA and IgM are relatively higher in colostrum. However, in rabbit

there is active transfer of maternal antibodies to the fetus through the yolk-sac

splanchnopleure (153). Rabbit colostrum contains IgG and IgA, which are also transferred to

the newborn.

B Cell Immunity

There are no major variations in the immune responses of different mammal species. Thus,

as we described in mice and humans, in GALT animals, antigen-specific IgM (primary

responses) and IgG (secondary responses) are generated during systemic responses against

pathogens (154–158), whereas IgA predominates in mucosal responses (159). Similar to

mice and humans, the administration route is important to maintain this

compartmentalization between mucosal and systemic responses (160). Generation of IgA

responses in rabbit is different than in other GALT animals. Thus, IgA is produced in the

gut, and it can diffuse to the bloodstream and enter the liver. Hepatocytes in rabbit express
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pIgR that binds IgA and releases it into the bile canaliculi (112). Thus, bile is the major

route by which IgA reach the intestine in rabbit, whereas in the other GALT mammals it is

mainly through the pIgR localized in intestinal enterocytes. As we described for mice and

humans, immune responses in some parasitized GALT animals are mediated predominantly

by IgE (161, 162). Natural antibodies are present in GALT animals (163, 164); however,

they have been poorly studied.

CONCLUDING REMARKS

Innate and adaptive immunity have coevolved in response to changing environments that

expose organisms to new antigenic insults. Whereas innate immunity is present in all plants

and metazoans, and even in some unicellular organisms, adaptive immunity seems to have

evolved along with the emergence of vertebrates. Two distinct forms of adaptive immunity

exist, both of which generate immune diversity via rearrangement of gene segments. Thus

the VLR- and Ig/TCR-based adaptive immune systems arose in the jawless and jawed

vertebrates, respectively. V(D)J recombination, a hallmark of Ig/TCR-based adaptive

immunity, emerged through the acquisition of functional RAG recombinase activities.

However, the jawless fish appear to have no RAG genes; CDAs, homologs to AID, are used

in lamprey for VLR diversification through a gene conversion–like mechanism. Thus, the

emergence of the AID/APOBEC family in vertebrates (165) appears to represent the turning

point at which adaptive immunity arose in evolutionary time. Interestingly, although CDA1

serves to generate VLRA diversity in lamprey VLRA+ lymphocytes (analogous to T cells of

jawed vertebrates), only B cells in jawed vertebrates utilize AID for affinity maturation and

memory through gene conversion, SHM, and CSR (25, 166, 167). Interestingly, fish AID

can mediate CSR in mouse cells, although CSR does not exist in teleosts (168). Whether an

ancestor of VLR and Ig/TCR systems existed in a primordial lymphocyte-like cell with

features of both adaptive immune responses is still unclear; however, VLR and Ig/TCR

systems likely have evolved through a process of convergent evolution (169). It is worth

mentioning that the presence of phagocytic B cells in teleosts, amphibians, reptiles, and

mammals supports the hypothesis that B cells evolved from an ancient phagocytic

predecessor (7, 8). It would be very interesting, therefore, to determine whether lampreys

have phagocytic VLRB+ lymphocytes, an observation that would support further the

phagocytic ancestry of cells containing rearranging immune receptors.

Although the ancestral cell lineage from which Ig-producing B cells evolved is still

unknown (as discussed above), fish B cells clearly represent the cell predecessors from

which amphibian, reptilian, avian, and mammalian B cells evolved. In that regard, there are

obvious morphological and functional similarities between mammalian B-1 B cells and fish

IgM-bearing B cells: (a) They can innately secrete IgM when activated by several PAMPs;

(b) they have phagocytic and microbicidal capacities; and (c) upon antigenic or pathogenic

challenge, they generate antigen-specific IgM in a T cell–independent manner. Thus, it is

tempting to conjecture that B-1 B cells evolved from IgM-bearing B cells of cold-blooded

vertebrates and that the B-2 B cell lineage emerged later as a more advanced B cell subset,

which gradually specialized to perform a dominant role in adaptive immunity (170). The

aforementioned scenario can be reconciled with the concept of an “evolutionarily layered

immune system,” first proposed by Herzenberg & Kantor (171). According to this concept,
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the B-1 B cells represent the oldest B cell layer evolutionarily; thus, they play a more innate

role than B-2 B cells, the most evolved layer of all B cell subsets, which bear a key role in

adaptive immunity. This concept, and these suggested paths of B cell evolution, could also

account for the much lower phagocytic capacity observed in B-2 versus B-1 B cells (131,

132), because phagocytosis is a key mechanism of innate immunity. However, the

predecessor of B-1 and B-2 lineages also might have evolved concomitantly from B cell

subsets that have not yet been uncovered in other poikilothermic vertebrates. Thus, the

evolutionary origins of B-1 and B-2 B cell lineages may not be mapped out precisely until

all existing B cell lineages of lower vertebrates, as well as their specific roles in innate and

adaptive immune reactions, are investigated.

In addition to the evolutionary modifications in the B cell itself, changes in immunological

structures in the animal have been key to driving the evolution of B cell immunity. Thus, the

faster and more robust adaptive responses that birds and mammals present, compared with

those of poikilothermic vertebrates, owe greatly to the acquisition of LNs and GCs, in which

B cells and dendritic cells can encounter antigen easily and interact more efficiently with T

cells. This in turn results in a vastly expanded antibody repertoire with increased affinity and

specificity for the antigen.

Many questions are still unanswered regarding the evolution of B cells as well as their roles

in immunity. In that regard, old paradigms that were generally accepted have been

challenged recently. For example, the old concept of one type of adaptive immunity, based

on Ig/TCR molecules that emerged first in jawed vertebrates, has been refuted with the

finding of VLR-mediated immunity in jawless vertebrates (17). The old belief that

compartmentalization of immune responses in mucosal and systemic sites emerged in

tetrapods has been changed with the recent finding that fish contain an Ig specialized in

mucosal immunity (30). The old dogma that vertebrate B cells were not phagocytic has been

overturned recently with findings that B cells from fish, amphibians, reptiles, and mammals

are in fact phagocytic (8, 80, 131). And the old view that B cells are cells mainly dedicated

to the production of antibodies has now changed in view of recent reports showing not only

their phagocytic capacity but also their ability to modulate adaptive immunity through the

secretion of an array of pro- or anti-inflammatory cytokines (i.e., effector and regulatory B

cells) (9, 172). These changed dogmas open a vast array of new questions regarding the

evolution and thus far unrecognized roles of B cells in innate and adaptive immunity. It is

important to recognize that many of the new discoveries that have helped overturn some old

B cell paradigms have been made in nonclassical animals, which indicates the importance of

comparative immunology studies in the understanding of B cell function and evolution.

Moreover, many nonclassical models include species relevant to veterinary medicine. Thus,

basic science research performed in these animals will also lead to the knowledge required

for the development of more efficacious vaccines and prophylactic strategies to combat

infectious diseases in many veterinarily relevant species.

In conclusion, through evolutionary time, all vertebrate species, from agnathans to

mammals, have been exposed to many common selective pressures that have led to similar

immunological solutions, through either parallel or convergent evolution. Thus, general

design principles of adaptive immunity can be discerned after comparing the adaptive
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immune systems of even jawless and jawed species, as already asserted by Boehm (173).

Hence, although significant disparities are evident among jawed vertebrate immune systems,

the study of immuno-relevant body areas that have been subjected to very similar selective

pressures (i.e., gut mucosal surfaces) will probably unveil conserved structural and

functional aspects of B cell biology.
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Junctional diversity: a mechanism to generate diversity through the addition and

subtraction of nucleotides at the joints between different gene segments

Somatic hypermutation (SHM): a mechanism to generate immunoglobulin diversity by

point mutation, which allows the affinity of the antibody response to increase

Gene conversion: a process of diversifying immunoglobulins by replacing homologous

sequences in rearranged immunoglobulin genes with pseudogene-derived sequences

Class switch recombination (CSR): a mechanism in which antigen-activated B cells

change the isotype from IgM to another isotype; provides antibody with the same antigen

specificity but distinct effector function
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Recombination-activated gene (RAG): encodes enzymes essential for the rearrangement

and recombination of Ig and TCR genes during the process of V(D)J recombination
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Terminal deoxynucleotidyl transferase (TdT): enzyme that inserts nontemplated

nucleotides or N-nucleotides into the junctions between gene segments in

immunoglobulin V-region genes

Primary (central) lymphoid organ: the site for development of lymphocyte from

immature progenitor cells and for selection of lymphocyte to prevent autoimmune

reactions
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Germinal centers (GCs): the lymphoid follicles in peripheral lymphoid tissues for intense

B cell proliferation, differentiation, somatic hypermutation, and class switching during

antibody responses
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Immune exclusion: an ability of soluble IgA, IgM, and IgT to prevent microbial

pathogens and antigens from entering the body, especially in intestine
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Allelic exclusion: expression of only single immunoglobulin molecules in a single B cell

by selecting one of the two alleles

AID: Activation-induced cytidine deaminase; an enzyme essential for the somatic

hypermutation, class switch recombination, and gene conversion

Gene rearrangement [V(D)J recombination]: recombination of V(D)J gene segments in

the Ig and TCR loci to produce a functional variable region
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Secondary (peripheral) lymphoid organ: the site where mature naïve lymphocytes are

maintained and adaptive immune responses are initiated; e.g., lymph nodes, spleen, and

mucosal lymphoid tissues

Natural antibody: an antibody present without any infection, vaccination, or passive

immunization that has a broad specificity for self- and microbial antigens
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Figure 1.
Antibody diversification mechanisms. In addition to the combinatorial diversity of variable

(diversity) joining [V(D)J] segments and heavy/light chains, antibodies are diversified by

different mechanisms, including gene conversion, somatic hypermutation, and class switch

recombination. The main enzymes implicated in each process are shown in orange. Animal

names represent species in which a mechanism has been experimentally demonstrated.

Abbreviations: AID, activation-induced cytidine deaminase; GALT, gut-associated

lymphoid tissue.
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Figure 2.
Immunoglobulin (Ig) repertoire diversification in rodents/primates and gut-associated

lymphoid tissue (GALT) mammals. In primates and rodents, VH genes from many VH

families rearrange to one diversity (D) and one joining (J) segment, which thus leads to the

generation of enormous diversity through combinatorial joining and the rearrangement

process itself (junctional diversity). In the GALT species, a single or very few variable (V)

genes rearrange with D and J segments, generating a poor repertoire that is further modified

and amplified in the GALT (e.g., the ileum Peyer's patches in sheep and the appendix in

rabbit) in a nonantigen-dependent process. After antigen encounter and as a secondary

response, the mammalian repertoire is diversified by somatic hypermutation (SHM) in

rodents and primates and SHM and gene conversion in GALT mammals. Abbreviation: C,

constant region.
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Figure 3.
Hypothetical roles of phagocytic B-1 B cells. In peritoneal cavity (PerC), B-1 B cells

phagocytose apoptotic bodies (purple arrows) generated from apoptotic cells, which may

lead to the secretion of IL-10 by these cells. Subsequent antigen presentation of epitopes

from apoptotic bodies will likely induce T cell tolerance. In a different scenario, and as a

result of injury or inflammatory damage, commensal bacteria may leak from the gut lumen

into the PerC, where phagocytic B-1 B cells engulf them (green arrows). Alternatively,

these cells could phagocytose pathogenic bacteria that have intruded into the PerC (red

arrows). As result, phagocytic B-1 B cells may secrete polyreactive immunoglobulin M

(IgM), which can recognize either leaked commensals or pathogenic microbes found in the

PerC. It is also possible that after clonal expansion, they secrete specific antibodies against

pathogenic bacteria. In addition, some of the secreted IgM may recognize self-antigens and

thus play a role in autoimmunity. After ingesting commensals or pathogens, phagocytic B-1

B cells may migrate into the gut lamina propria (pink arrow) or the spleen or peripheral

lymph nodes (blue arrows). In those sites, the phagocytic B cells may produce polyreactive

IgM or IgA [after class switch recombination (CSR)]. The produced IgA and IgM will be

transported into the gut lumen (dashed arrow) to coat commensals, thus playing a role in

immune exclusion. In addition, phagocytosis by B-1 B cells may lead to their expression of

proinflammatory cytokines in PerC, spleen, and lymph nodes, whereas their expression of

anti-inflammatory cytokines is less likely (indicated in gray with question mark).

Conversely, production of anti-inflammatory cytokines by phagocytic B-1 B cells that have
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migrated into the gut lamina propria likely is more probable than production of

proinflammatory cytokines.
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