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Abstract

The disparate diversity in immunoglobulin (Ig) repertoire has been a subject of fascination since the emergence of prototypic
adaptive immune system in vertebrates. The carboxy terminus region of activation-induced cytidine deaminase (AID) has
been well established in tetrapod lineage and is crucial for its function in class switch recombination (CSR) event of Ig diver-
sification. The absence of CSR in the paraphyletic group of fish is probably due to changes in catalytic domain of AID and
lack of cis-elements in IgH locus. Therefore, understanding the arrangement of Ig genes in IgH locus and functional facets of
fish AID opens up new realms of unravelling the alternative mechanisms of isotype switching and antibody diversity. Further,
the teleost AID has been recently reported to have potential of catalyzing CSR in mammalian B cells by complementing AID
deficiency in them. In that context, the present review focuses on the recent advances regarding the generation of diversity in
Ig repertoire in the absence of AID-regulated class switching in teleosts and the possible role of T cell-independent pathway
involving B cell activating factor and a proliferation-inducing ligand in activation of CSR machinery.
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Abbreviations MDM?2 Mouse double minute 2 homolog

VLRs Variable lymphocyte receptors LPS Lipopolysaccharide

Ig Immunoglobulin

SHM Somatic hypermutation

CSR Class-switch recombination Introduction

GC Gene conversion

AID Activation-induced cytidine deaminase Owing to the increasing unpredictable threat imposed by det-

APOBEC Apolipoprotein B mRNA-editing catalytical rimental pathogenic infiltrates, agnathans, the most primitive
component chordates evolved the complex adaptive immune system reg-

BAFF B cell activating factor ulated by variable lymphocyte receptors (VLRB and VLRA)

APRIL A proliferation-inducing ligand equivalent to B and T lymphocytes of jawed vertebrates

TLR Toll-like receptors [1-4]. The increasing experimental accessibility of mamma-

TNF Tumour necrosis factor lian and non-mammalian vertebrate models has established

NF-xB Nuclear factor-kB the framework of our present knowledge regarding evolution

MHC Major histocompatibility complex of immunoglobulin (Ig) isotypes, their function and alter-

native mechanisms for Ig receptor diversification [5-9]. It
was in the late 1957 that Burnet had put forward his conjec-
tures regarding the clonal selection theory in an attempt to
explain the complex interplay of antigen—antibody interac-
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However, a direct evidence of the combinatorial rearrange-
ment of variable and constant regions of the IgL. chain gene
occurring at DNA level came in 1978 when two independent
groups led by Leder and Tonegawa reported the compara-
tive analysis of germline and rearranged V gene segments
of k¥ and A light chain locus, respectively [12, 13]. Several
other studies in line were enough to elucidate the fact that
the primary diversification of the B and T cell progenitors
is brought about by an antigen-independent recombination
event that entails de novo random assortment of germline
variable (V), diversity (D) and joining (J) gene segments to
encode functional Ig molecule [14-16].

This lineage-specific reaction is well known as V(D)J
recombination and is mediated by recombination activat-
ing genes (RAGI and RAG2) and is supported by DNA
repair factors [17-19]. After cognate antigen exposure, B
cells are attributed to somatic hypermutation (SHM) where
variable regions of the IgH and IgL chains are subjected to
point mutations and are further diversified [16]. Class switch
recombination (CSR) was the last of the DNA modification
reaction to have evolved in amphibians. It is the region-spe-
cific recombination event that switches the constant regions
of the expressed Ig heavy chain without jeopardizing the
antigen specificity [20]. Therefore, it became established
that antigen receptors found in all jawed vertebrates—bony
fish, amphibians, reptiles, birds and mammals, are products
of any two or three of lymphocyte-specific antigen receptor
diversification processes—V(D)J recombination, SHM, GC
(gene conversion) and CSR [5, 21-23].

Activation-induced cytidine deaminase (AID) belongs to
a fascinating group of mutagenic proteins of apolipoprotein
B mRNA-editing catalytical component (APOBEC) family
and is essential for initiating both SHM [24] and CSR [25].
Although bony fish do possess AID protein, conventional
CSR has not been reported to exist in fish and has emerged
only in amphibians. The differences in the catalytic domain
of AID, the absence of switch regions and constant region
clusters in IgH locus may be responsible for the absence of
CSR in this group [26, 27]. However, several studies have
reported that AID from fish (zebrafish, pufferfish, catfish)
have potential to induce CSR in mouse cells, indicating that
early vertebrate AID already possessed the ability of catalyz-
ing recombination reactions pertaining to receptor diversi-
fication [27, 28]. Moreover, the presence of multiple Ig iso-
types, namely—IgM, IgD and IgNAR in cartilaginous fish
[29-31] and additionally novel IgZ/T in bony fish [32-35]
strongly plugs to the possibility of alternative diversification
mechanisms in fish for generation of Ig repertoire.

Extensive studies in the higher vertebrates especially in
humans have successfully proved that CSR induction in B
cells entails two crucial signals. First one is the conventional
T cell-dependent pathway which is regulated by the indi-
rect interaction of T cell-dependent antigens to CD40 on B
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cells through binding CD40L ligand, and the second one is
the classical pathway involving cytokine-mediated signals
[36-38]. B cell activating factor (BAFF) and a proliferation-
inducing ligand (APRIL) are crucial members of tumour
necrosis factor (TNF) superfamily and have been reported to
induce CSR in B cells through T cell-independent pathway
[39]. This involves antigen recognition through germline-
encoded pattern recognition receptors (PRRs) like Toll-like
receptors (TLRs) [40] and stimulation of NF-kB pathway
[41]. BAFF and APRIL thus collectively contribute in regu-
lating residual CSR in higher vertebrates during CD40 and
CDA40L deficiency. Therefore, it might be hypothesized that
these two factors may have critical role in generating isotype
switching in lower vertebrates like fish.

In this review, the basic functions of AID in fish are dis-
cussed in the context to the absence of class switch recombi-
nation. The focus is laid on uncovering the molecular mech-
anisms underlying different affinity maturation events and
resolving paradigms of antigen diversification and memory
formation in various classes of these radically different ecto-
thermic vertebrates. Further, the alternative possibilities for
class switch recombination in fish are explored, highlighting
the T cell-independent pathway and interplay of AID and
BAFF/APRIL in activation of Ig isotype switching.

Evolution of AID and Its Explicit Role
in Antigen Receptor Diversification Events

The discovery of AID almost two decades ago greatly revo-
lutionized our understanding, regarding the regulation of
complex secondary diversification processes like SHM,
gene conversion (GC) and CSR that have implications on
vertebrate physiology and B cell memory formation [25,
42-46]. GC is essential for underpinning V region diversi-
fication in chickens, pigs and cattle [21, 42, 47]. In contrary,
humans and mice exclusively rely on SHM, while rabbits
use both the maturation processes [48, 49]. Based on the
theory that there must be a specific recombinase to orches-
trate CSR, AID was discovered by employing a subtractive
hybridization approach after stimulating B lymphocyte cell
line (CH12F3) [50]. Subsequently, AID knockout studies
in mice failed to exhibit SHM and CSR processes, clearly
suggesting that AID is central to both affinity maturation
and isotype switching events [25]. Contemporary studies in
humans demonstrated that mutation in AID molecules were
responsible for complete abrogation of CSR and overexpres-
sion of IgM isotype in serum of human patients with hyper-
IgM syndrome [51].

Unlike higher vertebrates, the presence of affinity matu-
ration events in gnathostomes has been a topic of debate
due to two apparent shortcomings. Although fish possess
B, T cells and generate memory responses like mammalian
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counterparts, the absence of high-affinity Igs on immuniza-
tion and prototypical germinal centres that are the distinct
sites for affinity maturation events in fish greatly pointed
towards the complete absence of antibody diversification
processes [52]. However, the identification of AID ortholog
became evident by the discovery of SHM in elasmobranchs
and amphibians [49, 53, 54]. The characterization of tran-
script sequences of primitive shark species, Heterodontus
using gene-specific oligodeoxynucleotide hybridization,
revealed that SHM occurs in immunoglobulin heavy chains
[55]. Subsequent studies in shark light chain and IgNAR
transcripts reported distinguished hypermutations, suggest-
ing the presence of AID in lower vertebrates [56, 57]. The
first evidence of the possibility of occurrence of affinity
maturation in bony fish came when Cain et al. [58] carried
out the antigen antibody kinetics in rainbow trout following
immunization. The study reported the higher affinity of tetra-
meric serum IgM antibody for antigen post-immunization
which might be due to the presence of pre-existing high-
affinity Ig producing cells [59]. Additionally, few studies
undertaken in both catfish variable heavy chain [60] and
zebrafish light chains [61] revealed the nucleotide targets of
SHM, suggesting the possible contribution of both affinity
maturation processes and AID in generation of Ig diversity
in bony fish. However, it was also evident that affinity matu-
ration processes can also occur at alternative sites due to the
absence of germinal centres in fish [62, 63]. Macrophage-
populated melanomacrophage centres might serve as analo-
gous to germinal centres for antigen retention and antibody
binding in fish [52].

Although by now it has became apparent that AID pro-
tein is explicitly expressed in germinal centre centroblasts,
the exact function and the molecular mechanism of the pro-
tein are yet to be explored. In addition to the expression of
AID in CH12F3, Muramatsu et al. [50] reported that amino
acid sequence of AID cDNA obtained in their study was
homologous to APOBEC-1, a class of apo-B mRNA-editing
cytidine deaminases. Therefore, based on the above report,
it was hypothesized that AID has potency to edit mRNA in
sequence-specific manner during both CSR and SHM events
and it was designated as—RNA-editing hypothesis [24, 50].
There were other competent groups who postulated that
AID mutated at DNA level and not at RNA level [64, 65].
Numerous studies in the same line were conducted in non-
lymphocyte (B cells) cell lines to speculate both the hypoth-
eses, and it was found that ectopic expression of AID could
induce hypermutation and class switching in fibroblasts
[66, 67] and hybridomas [68] using sophisticated tools of
recombinant DNA technology. Similar results were reported
in Escherichia coli [69] and yeast [70]. The best model to
elucidate AID-mediated Ig gene conversion mechanism was
bursal B cells (DT40) in which by using two AID knockout
constructs, it was evident that AID gene disruption led to a

complete termination of GC in chickens, which was revers-
ible when AID deficiency was complemented [42]. However,
similar experimental trials to understand a comparative role
of AID homologs in V(D)J recombination process revealed
that AID mutation did not alter the germline V gene assort-
ment process [71]. Collectively, these findings in mice and
humans clearly implied that AID is a key regulator in all
three known Ig diversification processes (SHM, CSR and
GCO) [25, 72]. However, the site-specific V(D)J recombina-
tion process that occurs during the early development of
naive B and T lymphocytes was rarely examined.

AID belongs to a class of potential nucleic acid (RNA/
DNA)-editing enzymes of APOBEC family that employ
ssDNA as their substrates and effectively deaminates deoxy-
cytidine (dC) residues to deoxyuridine (dU) [73-75]. Five
of the APOBEC family members have been reported yet,
APOBECI1, APOBEC2, APOBEC3 (A-H) sub-branch, AID
and APOBEC4 [76, 77]. APOBECI is capable to mutate
apolipoprotein B mRNA by specifically converting cyto-
sine at position 6666, with the help of an associated protein
APOBEC-1 complementation factor (ACF) [78—80]. While
other members of the family are exclusively DNA muta-
tors, APOBEC2 has been reported to have implications in
pattern development in Xenopus and Danio rerio embryos
and is regulated by TGF-p signalling [81]. The role of AID
in regulation of secondary antigen receptor diversification
has already been established in several studies by editing
cytosine residues [76, 82, 83]. However, APOBEC3 pro-
teins are known to be responsible for abrogation of retroviral
propagation [84] and was found to have inhibitory effect
on the HIV-1, HBV and HCV replication, although clinical
manifestation of its role in host-viral interaction is not clear
[85, 86]. Recently, several studies have reported the crucial
role of APOBEC3 A3 sub-branch members in cancer initia-
tion [86—88]. APOBEC4 is the newly discovered member
of the family by computational prediction approach in the
tetrapod lineage; however, its function is yet to be uncov-
ered [89]. Interestingly, APOBEC2 and AID are found to
be conserved in all vertebrates. The first homolog of AID
in fish was reported in channel catfish [59]. APOBECI,
APOBEC2, APOBEC3C and APOBEC4 have been suc-
cessfully expressed in Protopterus sp., although the pres-
ence of AICDA or AID sequence was not ascertained [90].
APOBEC4 and AID are found in all the jawed vertebrates
including cartilaginous fish and mammals (Fig. 1). However,
APOBEC2 in fish is restricted to teleosts and is additionally
present in frogs, chickens and mammals [59, 91, 92].

Structurally, the most defining AID/APOBEC proteins
comprise of a zinc coordination motif containing consen-
sus sequences, (HA/VEXPCxxC) motif that is crucial for
coordination of a zinc atom. The highly conserved motif is
arranged in the form of catalytic pocket consisting of zinc
coordinating triad of two histidines and a cysteine on the
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Fig. 1 Phylogenetic tree showing the co-relationship of AID among
different fish species. Heterologous nucleotide sequences of AID
from various fish species were downloaded from NCBI database, and
phylogenetic tree was constructed using neighbour-joining method
with the MEGA 6 program. Bootstrap values were calculated from

surface of glutamic acid [76, 77, 93]. X-ray and NMR stud-
ies pertaining to AID structure have made it clear that the
core structure comprises of a sandwich of central § sheet
between 6 and 7 a-helices interconnected with loops of vari-
able length [88]. AID proteins have been demonstrated to
possess four distinct domains each having crucial role in the
collective regulatory functions of AID [92]. AID protein is
composed of 198 amino acids, and prototypic four domains
are known to include an APOBEC type domain, anticipated
to have similar functions of cytosine conversion, a catalytic
domain for targeting and binding DNA substrates, a nuclear
export signal (NES) and nuclear localization signal (NLS)
domain [94-97] and a dimerization domain. C-terminal NES
motif of AID is crucial for CSR and has been found to be in
association with CSR-related cofactors [72, 98, 99]. Stud-
ies on AID mutants have elucidated that the non-catalyt-
ical NES motif is critical for export of AID from nucleus
employing chromosome region maintenance 1 (CRM1)
association [100]. Extensive studies involving AID fusion
constructs of zebrafish, fugu, catfish have revealed that
zebrafish AID could restore the ability to induce SHM and
CSR activity when transfected to mammalian cells [27, 28,
101]. Additionally, disruption of C-terminus NES domain
of catfish [27] or treatment of cell cultures with leptomycin
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Scyliorhinus canicula AID (AY705386)

Callorhinchus milii AID (KC707911)

1000 repetitions. AID nucleotide sequences from all members of
Actinopterygii and Sarcopterygii classes of bony fish formed a sepa-
rate cluster. AID nucleotide sequences of cartilaginous fish were cho-
sen as outgroups. The scale bar indicates the divergence time

B, an inhibitor of CRM1 exportin [101], led to retention of
fish AID in the nucleus. Therefore, it can be assumed that the
function of C-terminus of fish AID is restricted to orchestrat-
ing AID transport out of nucleus, although having potential
to regulate CSR as well.

Various Mechanisms of Ig Diversification
in Fish

Agnathans: Lampreys and Hagfishes

Ever since the “Immunological Big Bang” took place, many
questions were raised regarding the sudden emergence of
clonally diverse antigen receptors, invasion of the ancestral
RAG1 and RAG?2 genes into the host genome and initia-
tion of different affinity maturation processes [1, 102, 103].
The enigma of such critical questions began to resolve in
the late 1960s when the work of eminent scientists laid the
foundations of comparative immunology. The evolutionary
precursors of the vertebrate antigen-specific receptors of
the anticipatory immune system could be traced back to the
ancestors of the jawed vertebrates [104, 105]. Urochordate
and cephalochordate ancestors of chordate phylum did not
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exhibit the presence of any identifiable key elements of this
pivotal immune system according to the experimental tri-
als conducted on Ciona intestinalis [106] and Amphioxus
[107]. In C. intestinalis, no orthologs of T cell receptors
(TCRs), Ig, MHC and RAG genes were apparent, while in
amphioxus, a protochordate, radically different type of secre-
tory proteins encoded by multigene families comprising of
two diverse Ig-like variable domains and a chitin-binding
domain (VCBP) were reported [106—108]. However, none
of the molecules could be compared with that of prototypic
AIS (anticipatory immune system) genes. Based on these
findings, it began to be anticipated that agnathans lack pri-
mordial features of adaptive immune system until the histo-
logical evidence of lymphocyte like molecules in two extant
members of agnathans-lampreys and hagfish [109, 110].

Extensive experimental trails were then extended to
include early jawless vertebrate group-lampreys where tran-
scriptional analysis revealed the presence of single copies of
TCR-like and CD4-like genes [111]. Concomitant non-triv-
ial discovery of variable lymphocyte receptors (VLRs) com-
posed of leucine-rich repeat (LRR) sequences and the fact
that their diversification occurs in somatic cells reveal that
vertebrates have been gifted with radically different classes
of antigen receptors to combat microbial threats [2, 112,
113]. The presence of canonical T cell activity confirmed by
allograft rejection [114], delayed antigen sensitivity reaction
[115], production of circulating agglutinins in response to
stimulation [115, 116] and the expression of transcription
factors like ikaros, PU.1 and Spi-B pertaining to lymphocyte
differentiation [117] in lampreys, convincingly attribute to
the presence of newly encountered clonally diverse VLRs
in agnathan clade.

Therefore, in contrary to jawed vertebrates who possess
highly diverse TCRs and IgH locus of B cell Receptors
(BCRs) comprised of complex V(D)J segments, ancestral
jawless vertebrates assemble their atypical VLRs, through
variable modular LRR segments which are bound to the
lymphocyte surface through an invariant flexible stalk region
in association with a glycosyl-phosphatidyl inositol (GPI)
anchor [2, 118]. It also became appreciated that both lam-
preys and hagfish possess two disparate VLRs—VLRA and
VLRB, that are reciprocally expressed and morphologically
equivalent to TCRs and BCRs of mammalian counterparts
along with a recently discovered third lymphocyte lineage—
VLRC exhibiting resemblance with y3T cells [4, 119, 120].
These lymphocyte lineages are known to be diversified by
somatic rearrangement of LRR cassettes that flank naive
VLR gene; thus, a diverse repertoire of VLRs exhibiting
unique sequences comparable to mammalian antibody rep-
ertoire (~ 10') is generated [117, 118].

The amino acid sequence analysis and crystallographic
studies undertaken to explore structural prediction and
protein interaction surfaces of VLRs indicate that its

hypervariable concave region is critical for the antigen rec-
ognition [121]. Pancer et al. [2] have initially revealed that
the basic structure of the germline VLRs is a concave sole-
noid flanked by amino-terminal and carboxyl-terminal LRRs
at both ends resembling to that of the Toll-like receptor ecto-
domains. Thus, it became evident that the germline popula-
tion of VLRs is incomplete and do not express functional
proteins encoding only the amino-terminal and carboxyl-
terminal region of the mature VLR proteins—(LRRNT) and
(LRRCT), respectively, and is intervened by non-coding
sequences [119]. However, fully functional VLR proteins
are encoded in lymphocytes, where germline VLRs are
subjected to somatic recombination that occurs by random
selection of multiple flanking LRR cassettes [118].

Unlike jawed vertebrates, the multistep LRR reassortment
process in germline VLRs do not require any recombination
signal sequences flanking the segments meant to be assorted
which is otherwise requisite for Ig-based antibody diversifi-
cation mechanism—V(D)J recombination in gnathostomes
[122]. A prototypic VLR protein is composed of a (1) signal
peptide (SP) followed by (2) N-terminal (LRRNT) region
containing 30-38 residues; (3) a variable (LLR1) region of
18 residues followed by 7-8 (LRRV) regions of 24 resi-
dues; (4) a terminal LRRVe region containing a signature
sequence; (5) a truncated LRR connecting peptide (CP)
and C-terminal (LRRCT) region, to which a threonine/
proline-rich stalk, GPI anchor site and a hydrophobic tail
are attached [2, 119]. The structure of VLRA is conserved
between both lampreys and hagfish. In addition to the above
structure, lamprey VLRB has a glycosylphosphatidylinositol
(GPI) membrane anchor cleavage site. VLRA and VLRC
are exclusively transmembrane proteins, while VLRB can
be secreted when VLRB™ lymphocytes are triggered with
antigen stimulation and allowed to proliferate and differenti-
ate to form plasma cells secreting VLRB antibodies [104,
123]. VLRA is known to have similarity with mammalian T
cell lineages expressing genes unique to mammalian TCRs
involved in differentiation and induction of pro-inflamma-
tory cascade generation [4]. It can be additionally noted that
VLRA™" and VLRB* lymphocytes lineages are reported to
interact with each, suggesting functional resemblance with
anticipatory B and T cells of jawed vertebrates [104].

It has been predicted that an array of 1500-2400 LRR
modules in the genomes of agnatha is anticipated to be
responsible for huge VLR diversity [118]. This multistep
assembly of the VLR genes occurs through a gene con-
version mechanism and is known to be regulated by AID/
APOBEC family members [59, 122]. It is important to note
that no AID or AID/APOBEC family member counterparts
were reported in the evolutionary primitive urochordates
and cephalochordates AID/APOBEC orthologs, namely
cytidine deaminase 1 (CDA1) and cytidine deaminase 2
(CDA2) are known to differentially orchestrate VLRA and
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«Fig. 2 Schematic representation of IgH locus and V(D)J recombina-
tion events in Gnathostomes. a Cartilaginous fish IgH locus. The IgH
locus is consisting of cluster arrangement. Combinatorial rearrange-
ment is not possible, and both V(D)J and VJ arrangements occur
within clusters, and b bony fish IgH locus. The IgH locus of the bony
fish is consisting of prototypical translocon arrangement. IgZ/IgT is
expressed on rearrangement of V{ region exons with D{-J{ and CC.
Alternative splicing occurs for the expression of either IgM or IgD as
Cu and Cd region exons in the IgH locus lie close to each other with-
out intervening enhancers

VLRB assembly during gene conversion process. As these
set of deaminases were first discovered in Petromyzon mari-
nus, they were designated as PmCDA1 and PmCDA?2. The
two lamprey deaminases are detected in blood lymphocytes
and hematopoietic tissues and are found to be evolutionary
related to the AID/APOBEC family of cytidine deaminases
existent in gnathostomes. A complete polypeptide of CDA1
comprises of 208 residues and is encoded by single exon,
while CDA2 (311 residues) is encoded by four exons [119].
Both sets of enzymes exhibit distinguishing zinc coordina-
tion motif sequence, “HXE-PCxxC” where (x =any amino
acid) and an additional AT-hook motif is present in CDA2.
Extensive studies were carried out in lampreys to speculate
the functions of secretory VLRB proteins, and they were
found to provide humoral immunity by binding to the solu-
ble and particulate antigens [118, 124]. When immunized
with anthrax, the concentration of soluble VLR protein
titers was found to increase in serum of lampreys. Further,
the increased capability of VLR protein in recognizing
exosporium-specific BclA protein clearly implicates its role
in imparting humoral immunity.

Cartilaginous Fish

Cartilaginous fish (Class—Chondricthyes) are the earliest
vertebrate group to possess prototypic immunoglobulin
(Ig) molecules, TCRs and MHC genes and are capable of
imparting antigen-specific immunity based on RAG-medi-
ated V(D)J recombination against a myriad of pathogens
[30, 125]. Several distinct patterns of antigen receptor diver-
sification processes were concurrent with evolution of the
primordial key genes in jawed vertebrates. All the contem-
porary members of jawed vertebrates have been known to
possess rearranging antigen binding receptors—four types
of TCRs (a, B, y and §), and immunoglobulin IgH and IgL
chains [126]. Three types of heavy chain isotypes are dem-
onstrated in this group of fish, namely IgM, IgD/IgW and
IgNAR [31]. Sharks and skates have two divergent types
of light chains that more or less resemble A and k¥ IgNAR
which is unique Ig isotype lacking light chain and is basi-
cally a homodimer of two heavy chains bound by peculiar
disulphide bonds [54]. The most interesting features of car-
tilaginous fish regarding arrangement and organization of

the Ig genes are presence of various segments of IgH and
IgL chains in the form of clusters, comparatively decreased
set of inter-family variations in the sequences of variable
light and heavy chains and lack of combinatorial rearrange-
ment of the clusters [127, 128]. Thus, it is clear that the IgH
and IgL chain exists in cluster arrangement and each cluster
consists of one variable (V), two or three diversity (D), one
joining and a set of constant (C) region exons [119]. Com-
mon type of IgH clusters present throughout this fish group
is (Vy-Dyl-Dy2-J3-Cyy),. Although it is quite impressive
that lower vertebrates like agnathans (as described above)
somatically diversify their so-called VLRs, the cartilagi-
nous fish being member of jawed vertebrates still retain the
capacity to somatically diversifying their antigen receptors
as described below.

Primary lymphoid organs that are central for lymphocyte
development in higher vertebrates, like bone marrow and
well-developed lymphatic system are lacking in cartilagi-
nous fish. Instead, Leydig cells and epigonal organs unique
to this group are present that act as equivalents of bone mar-
row and express high levels of RAG1 and terminal deoxynu-
cleotide transferases (TdT) [130]. RAGI and RAG2 genes
have been exclusively responsible for targeting and recog-
nizing recombination signal sequences (RSS) adjoining the
V(D)J gene segments introducing double-stranded breaks
(DSBs) and facilitate in rearrangement process popularly
known as V(D)J recombination, by recruiting several DNA
repair enzymes [17, 131]. The presence of RSS sequences
of 22 nucleotides long, downstream of V regions and 12 or
22/23 nucleotides long sequences flanking three D regions
present in NAR of sharks further confirms the occurrence
of deletional V(D)J recombination event [54]. Terminal
transferases are specialized group of DNA polymerases
that enable addition of N-nucleotides at the junction of V, D
and J segments during Ig gene recombination and provide
junctional diversity. Thus, it is clear that both IgH and IgL
chains in sharks are brought about by RAG-mediated rear-
rangement process which occurs early in the germline [132].

After the discovery of the novel IgNAR in cartilaginous
fish, many extensive studies have been conducted to explore
the evolution of hypermutation process tailoring antigen
receptor diversification. IgNAR is a unique form of Ig
found in cartilaginous fish which greatly differs from other
Igs and TCRs present in the group [49, 133]. The secretory
immunoglobulins IgM and IgNAR are generated by an array
of 100-200 clusters, comprising of few rearranging V(D)J
segments and a set of constant region [126]. All evidences
in cartilaginous fish obtained so far reveal that both V(D)J
rearrangements in IgH and VJ rearrangements in IgL chains
occurs within clusters and is restricted to occur between
clusters [129] (Fig. 2a). Additionally, 22 RGYW and its
complementary WRCY hotspot motifs are found in the V
and J segments of nurse sharks where rate of hypermutations
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was high. It is also reported that the tandem substitutional
changes in nurse shark Igs are regulated by error prone DNA
repair mechanisms involving an AID homolog [8, 134].

Therefore, it is apparent that somatic hypermutation
mechanism in NAR is very similar to that in mammals,
where AGY hotspots are central targets for mutational
events, greater concentration of mutations in CDR3 regions
and mechanism of point mutations [49]. However, charac-
terization of IgL. chain assembly revealed that the pattern
of hypermutation occurring in nurse shark light chains also
contains tandem alterations of 2-5 bp substitutions along
with the point mutations [57]. A similar study in horn shark
cDNA does not show any trace of substitutions in the Cu
regions. Nurse shark Cu regions exhibit 85-92% identity
between groups and are almost 100% identical within group
[134]. Additionally, V, J and C regions show many co-rela-
tions, indicating that the interlocus rearrangement hardly
occurs. All these results clearly suggested that combinato-
rial arrangement of V(D)J and C regions, central in tetra-
pod lineage is not prominent in cartilaginous fish, and they
undergo somatic arrangement of their Igs [134]. The point
mutations generated in the IgL locus of the sharks are bias
towards transitions just like the higher vertebrates [108, 129,
135]. The huge diversity in the antigen receptor repertoire is
largely imparted by the junctional diversity and rearrange-
ment of partially germline-arranged V(D)J segments, where
different combinations of either individual diversity (D) seg-
ments or in combination with others and inverted combina-
tions are joined [8, 132]. Therefore, it is clear that Igs of
cartilaginous fish diversify through somatic hypermutation
and tandem changes. It is hypothesized that Ig isotypes are
defined based on generation of B cell lineages, similar to the
expression of aff and Y6 TCRs [31, 136]. However, recently
sharks have been reported to have alternative form of iso-
type switching which involves switching of VDJ exons of
one locus with exons of constant region from different locus
[52, 137].

Bony Fish (Class: Osteichthyes)

As bony fish share common ancestor with that of mam-
mals, the IgH loci in them unlike that present in carti-
laginous fish is consistent with diverse multiple families
of rearranging variable heavy and light chain segments
that are highly diverse and exhibit translocon arrangement.
However, there are few exceptions where IgL locus of
some teleosts exhibits cluster arrangement and resembles
that of cartilaginous fish [138]. It is interesting to note that
bony fish in addition to IgM and IgD possesses a novel Ig
isotype IgZ/IgT first discovered in Danio rerio and Onco-
rhynchus mykiss concomitantly [32, 139]. Increasing evi-
dences suggest that subsequent to the divergence of bony
fish from mammals, whole genome duplication occurred in
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Teleostei as revealed by comparative analysis of pufferfish
and mammalian genomes [140]. This may be the probable
reason for the subtle differences found in the IgH locus
of Ictalurus punctadus, O. mykiss and D. rerio studied so
far in terms of the pseudogenes and the duplicated genes
[141], translocon arrangement of IgH locus and cluster
arrangement of IgL locus [138]. The IgH locus consists
of the D, J and C regions of the newly identified isotype
1gZ/1gT lying between several V segments and D, J and Cp
and C96 regions. The IgM or IgD isotype is expressed by
alternative splicing of the Cd and Cu region exons, respec-
tively, while the novel I1gZ/IgT isotype is expressed after
alternative rearrangement of the V segments. It should be
noted that the rearrangement that entails the expression of
IgM locus is basically a deletional process in which (DJC)
€ is removed and (DJC)u are joined, similar to the way
TCRad are expressed (Fig. 2b) [142].

During both heavy and light chain rearrangements, N
and P nucleotide additions in the V, J and D region occur
in a very canonical way [142]. The V(D)J rearrangement
takes place in a similar fashion as in cartilaginous fish and
employs RAG 1 and RAG 2 proteins. RAG 1/2-mediated
dsDNA breaks in RSS regions flanking Ig genes is perpetu-
ated by hairpin formation and resolution by involving non-
homologous end-joining (NHEJ) repair pathway [143]. It
was determined that combinatorial rearrangements of the
V and J segments can occur in the IgL clusters of the cat-
fish by tailoring inversions and avoiding deletions. TdT is
predicted to be absent in catfish; however, identification in
zebrafish strengthens our notion of its explicit role in provid-
ing junctional diversity in bony fish as described previously.
The location of the enhancers differs in fish in comparison
with higher vertebrates like human and mice [144]. The
Eu3 enhancer is located in between the Cp and Cd regions
and is comprised of eight octamer motifs with six variable
sequences established so far [142, 144]. The enhancers
have been additionally shown to have potential to bind to
the Octamer-binding transcription factors (Octl and Oct2).

Bony fish are evolutionary first vertebrate group, in which
extensive functions of AID with respect to protein structure
have been established. It is apparent that basic structure of
AID with certain germline B cell functions has already been
developed early in the evolution; however, not all the aspects
of the functions were exploited [128]. Therefore, it is likely
that AID may be involved in the recruitment of sequences
during somatic hypermutation events. However, switch (S)
sequences are identified in the junction intervening the Cu
and CJ region exons, suggesting that class switching is not
present in teleosts similar to cartilaginous fish [142, 144].
Thus, it is clearly evident that during the course of metazoan
phylogeny, the anticipatory immune system has sophisticat-
edly evolved and so as prototypic AID proteins regulating
the affinity maturation events (Table 1).
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Table 1 Evolution of receptor diversification mechanisms in vertebrates
Vertebrate class Anticipatory immune ~ V(D)J recombination ~ Somatic Class switch ~ AID homologs References
system elements hypermuta- recombina-
tion tion
Agnathans: Lampreys ~ Variable lymphocyte Germline recombina-  _ _ PmCDA1, PmCDA2 [119]
receptors (VLRA, tion
VLRB and VLRC)
Cartilaginous fish Immunoglobulins IgM, V(D)J recombination SHM _ APOBEC2, AID [130, 134]
IgW/D, IgNAR, (RAG1)
ofTCR and y0TCRs
Bony fish Immunoglobulins IgM, V(D)J recombination SHM _ APOBECI, [32, 90, 128]
IgD and IgZ, apTCR (RAGI and RAG2) APOBEC2,
and y8TCRs APOBEC3C,
APOBEC4, AID
Amphibians Immunoglobulins IgM, V(D)J recombination SHM CSR APOBEC2, AID, [89, 192]
IgD, IgY, IgX and IgF  (RAGI and RAG2) APOBEC4
Reptiles Immunoglobulins IgM, V(D)J recombination =~ SHM CSR APOBEC2, AID [105]
IgD, IgY, IgA and (RAGI and RAG2)
IgD2
Aves Immunoglobulins IgM, V(D)J recombination GC CSR APOBEC2, AID, [42, 89]
IgY and IgA (RAGI and RAG2) APOBEC4
Mammals(humans, Immunoglobulins IgM, V(D)J recombination SHM/GC CSR APOBECI, [89, 149]
mice etc.) IgD, IgA, IgE and (RAGI and RAG2) APOBEC2,
1gG APOBEC3 AID,
APOBEC4

Regulatory Mechanism of AID: Anticipated
Targets and Cofactors

It was quite fascinating for many eminent immunologists
to speculate the molecular mechanism of AID/AICDA in
orchestration of SHM, CSR and GC. CSR and SHM are
most salient mechanisms to have evolved in the vertebrates
for antigen receptor diversification and enable them to recog-
nize huge range of pathogens through the generated diverse
repertoire. Through the analysis of actively transcribing Ig
genes by transgenic engineering studies, it was explained
that transcription might be prerequisite to generation of Ig
diversity based on two crucial observations. First is the fact
that ssDNA is predominant targets of AID, and second is
that the reports suggest the linear correlation between tran-
scription and hypermutation rates [73, 145]. Upon encoun-
tering antigen, naive B cells get activated followed by AID
upregulation and its recruitment to active transcription
sites. On reaching target location, AID directly converts
cytosine to uracil generating U:G mismatches that are sub-
jected to point mutations [73, 146]. As per its name, AID
preferentially targets cytidine residues on single-stranded
DNA (ssDNA) with consensus sequence WRCH (W = A/T,
R=A/G, H=T/C/A) [74, 147]. Second step after deami-
nation of uracil is recruitment of DNA repair machinery
involving uracil-DNA glycosylase (UNG) responsible for the
removal of uracils from the U:G mismatches introduced by
AID [73]. The archetypal DNA repair pathways employing

base excision repair (BER) and mismatch repair (MMR) are
then initiated. It is during this point that the SHM and CSR
take their respective mutational phase differently as SHM
generates diversity in the V regions by introducing point
mutations, while CSR regulates switching of the CH regions
by generating double-stranded breaks in the switch regions
[25, 147, 148].

In case of SHM, U:G lesions produced by AID are sub-
jected to replication during which transitional or transver-
sional mutations with a bias on transitions are introduced
initiating C:G base pair formation [82, 149]. Following
uracil addition, abasic (AP) sites are formed which are
subsequent targets of endonucleases. AP endonuclease
1 (APE1) introduces nicks at the AP site on the opposite
DNA strands adjacently creating double-stranded breaks
(DSBs) in the proximity of AGCT motifs. SHM exploits
MMR pathways to process the DSBs created comprising of
C:G-based mutations and spreading them to form A:T-based
mutations, while CSR employs activities of both BER and
MMR repair pathways [43, 82, 150]. During class switch
recombination (CSR), AID introduces mutations into large
repetitive S regions that flank the upstream portion of all CH
genes. S regions harbour multiple guanosine residues and
are AGCT hotspots [25]. The AID-initiated lesions are sub-
sequently converted into DSBs by co-opted BER and MMR
activities. Deletional end-joining of the DSBs introduced is
resolved by employing classical NHEJ pathway preferen-
tially. CSR is promoted when the donor Sp region located
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in the upstream end of a DSB harness downstream S region
in the downstream end of a DSB of the adjacent strand. This
arrangement juxtaposes the V(D)J exon and downstream CH
gene that initiate isotype switching of the CH gene located
in proximity to the donor switch regions [151].

Large amount of information regarding the AID struc-
ture, domain analysis, functional aspects and regulatory
mechanisms pertaining to affinity maturation events have
been distinct due to extensive studies which revealed the
putative proteins and cardinal elements interacting with the
functional motifs of AID [152-155]. It is noteworthy that the
regulation of AID on SHM and CSR share several features in
common but differ in their selection of DNA repair factors.
CSR entirely depends on H2AX, Ku70/Ku80 containing
heterodimer required for initial lesion formation and DNA-
dependent protein kinases (DNA-PKcs) for processing the
recognized lesions [156—158], whereas SHM and GC do not
employ these proteins. Recent studies have indicated that
the expression of AID in B cells is regulated by four con-
served regions of DNA. The region I contains a HomeoBox
C4/Octamer and NF-kB/SP1/SP2 binding region which
regulates AID activation and repression, region II contains
silencer elements which substantially regulate the activity
of transcriptional factors by binding to repressor proteins
like cMyb, region III is responsible for the physiological
functions of AID by binding to B cell activating transcrip-
tional factor while the region I'V is known to bind to NF-kB
and other factors associated with B cell activation [159].
Interestingly, C-terminus region of AID has been indicated
to be negatively regulated by MDM?2 and its putative tar-
get p53 in B cell avian cell line. Although MDM2 is well
established as an ubiquitin ligase and is known to shuttle
between nucleus and cytoplasm, it is reported to have no role
in nucleo-cytoplasmic trafficking of AID [76, 160]. Replica-
tion protein A, a regulatory protein, central to replication
and repair mechanism is critical for the capability of AID
protein to predominantly target ssSDNA and not dsDNA in a
very mysterious way [161, 162]. Increased evidences sug-
gest that AID needs to be phosphorylated and is subjected
to post-translational modifications in order to get activated
and is therefore associated with protein kinase A (PKA)
[163—-165]. These findings were further supported by the
AID mutational events concerning phosphorylation defects
which led to a decrease in somatic hypermutation. It has
been shown that AID and replication protein A (RPA) inter-
action depends on the phosphorylation event entailing PKA
at Serine-38 and Threonine-27 position necessary for plac-
ing AID in the vicinity of its ssSDNA targets which is critical
during CSR [161, 163]. Recently, AID has been reported to
regulate gene conversion by Bach2 association in DT40 cell
line [166]. Hu et al. [167] have elucidated that several het-
erogeneous nuclear ribonucleoprotein (hnRNPs) cofactors
are associated with AID and regulate its important functions
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like DNA cleavage and recombination. Similar findings of
RNA-dependent associations of AID monomers with hnRNP
K and dimers with hnRNP U, hnRNP L were reported by
Mondal et al. [72].

In contrary to mammals, analysis of AID hotspot motifs
in catfish revealed that although the AID targets share com-
mon motifs in both mammals and fish, their number in fish
is comparatively lesser [60]. Further, unlike mammals, AID
access to its targets does not involve PKA phosphorylation at
S-38 site in Takifugu, zebrafish and catfish [164]. Zebrafish
AID was found to catalyze CSR in mouse cells mutated with
S-38 PKA site utilizing aspartate 44 (D44) phosphorylation
both in vivo and in vitro. The study showed that the intro-
duction of PKA site in zebrafish AID mutant of aspartate 44
restored the ability to orchestrate CSR. Thus, the presence of
classical PKA site in bony fish and AID EST in fish suggest
that AID in tetrapods might have shared a common phyloge-
netic ancestor and have gradually sophisticated the regula-
tory features and switch elements to harness CSR in higher
vertebrates [165]. Human and bony fish AID have been
reported to have different deamination efficiencies [168].
Zebrafish AID was found to be more catalytically robust
as compared to human and catfish AID. The similar study
also elucidated that the differences in the catalytical rates in
humans and bony fish AID are associated with the ssDNA
binding pattern regulated by a C-terminal residue. Further,
in silico study carried out by Villota-Herdoiza et al. [169]
to determine the potential transcriptional genes regulating
AID function in fish revealed the importance of Myb and
E2f binding sites for either all or few introns of the regula-
tory regions in catfish and zebrafish AID locus. The study
additionally predicted that coupling of zebrafish upstream
region with intron 1 region would possibly show equivalent
function as transcriptional enhancer complex as observed in
AID locus of mouse or other higher vertebrates.

Alternative Mechanisms Involved
in Regulation of Isotype Switching

In the absence of lymph node, pronephros or head kid-
ney plays an equivalent role in the B cell lymphogenesis
[170]. It has been established earlier that the AID expres-
sion is limited to germinal centres and the induction of its
expression in them is regulated in a T cell-dependent and
T cell-independent pathway. Similar to activated B cells,
AID gets predominantly induced by any signals that are
important to activate CSR in naive B cells-like interleukin
4 (IL-4), anti-CD40 signals, lipopolysaccharide (LPS) and
transforming-growth factor  (TGF-f), to name a few. These
signals concomitantly regulate activation of AID expres-
sion through association of signal transducer and activator
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of transcription 6 (STAT6) and canonical nuclear factor-xB
(NF-xB) [162, 171].

Recent evidences suggest that cytokine receptor signal-
ling in B cells efficiently drives IgH germline transcription
of (CH) regions and activates respective switch elements to
initiate CSR. It is well determined that a CH gene cluster
comprises of three components present in juxtaposition: the
IH promoters crucial for germline transcript initiation, the S
regions that are putative site of DSB breaks introduction and
the CH genes [172]. In the presence of CD40 or LPS stimuli,
IL-4 induces the NF-xB and STAT-6 activation, which bind
to their respective promoters, initiate germline Iy1-Cy1 and
Ie-Ce transcription for IgG1 and IgE, respectively [173].
Additionally, Basu et al. [40] have recently elucidated the
crucial role of B cell activating factor (BAFF) induced by
TLR and NLR ligands in modulating IgM synthesis. These
evidences clearly points towards critical role of PRR stimuli
and subsequent signal transduction in inducing CSR through
aberrant T cell-independent pathway.

Role of PRRs: TLR-Dependent Pathway

Toll-like receptors are the pivotal components of the innate
immune arm of the complex gnathostome immune sys-
tem, evolved long before in invertebrate and is conserved
throughout the tetrapod lineage [174, 175]. These are basi-
cally group of TYPE-I integral transmembrane glycoproteins
that are equipped to recognize huge range of pathogens and
thus provide non-specific immunity. The pathogen detec-
tion by TLRs is manifested by the cognate receptor—ligand
binding interaction that is regulated by the unique molecu-
lar patterns associated with different pathogens recognized
by corresponding pattern encoded in the receptors [174].
The molecular patterns pertaining to the pathogens include
lipopolysaccharides, flagellin, peptidoglycans, zymosan,
dsRNA and are popularly known as pathogen-associated
molecular patterns (PAMPs). TLRs and other similar recep-
tors in the group like NOD-like receptors, C-type lectins,
RIG-like receptors are therefore known as pattern recogni-
tion receptors (PRRs) [176]. The prototypical TLR structure
consists of a N-terminal region of primordial LRR repeats
(LRR domain), a membrane spanning transmembrane
domain and C-terminal Toll/IL-1 receptor family domain
(TIR) [175].

The cognate binding of membrane bound TLRs-TLRI1,
TLR2, TLR4, TLRS5 and endosomal TLRs—TLR3, TLR7,
TLR8 with respective PAMPs or unique signature molecules
located on the surface of microbes results in induction of
the highly conserved TLR signalling events [171]. The
canonical TLR signalling pathway comprises of MyD88
(myeloid differentiation factor 88)-dependent and MyD88-
independent pathways of pro-inflammatory cytokine pro-
duction and Ig diversification [174]. MyD88-independent

pathway is known to harbour TRIF (TIR domain containing
adaptor inducing interferon-f3) that eventually leads to secre-
tion of TYPE-1 interferons. The MyD88-dependent pathway
activates molecules like IL-1RI-associated protein kinase
(IRAK), TGF-B-associated kinase (TAK1), TAK1 binding
protein 1 (TAB1), TAB2 and TRAF6. TRAF6 activation
promotes Ikk complex ubiquitinylation leading to the acti-
vation of NF-kB, followed by pro-inflammatory cytokine
production leading to antibody production [170, 177].

LPS recognition by TLR4 in murine B cells along with
co-stimulation by IL-4 has earlier been reported to induce
B cell proliferation and subsequent cytokine production
leading to isotype switching [178]. There is also increas-
ing body of evidence of CSR induction in murine cells fol-
lowed by co-stimulation of LPS and IFN-y leading to isotype
switching of IgG2a and LPS in combination with TGF-f
imparts CSR to IgG2b and IgA. Likewise, Pone et al. [172]
have earlier reported that induction of TLR1/6 by cognate
ligand, Pam3CSK4 initiated cytokine-mediated CSR. These
evidences pointed towards the important conclusions that
TLRs not only aid in cytokine production but also contribute
to modulation of B cell-regulated antibody responses [40,
177]. BCR crosslinking with O-saccharide component of
LPS has elucidated the potential of B cells in regulating
antibody response and specificity in an aberrant TLR ligand-
independent way. This crosslinking is known to amplify B
cell differentiation process by enhancing the cytokine stimuli
required for isotype switching of immunoglobulins [173].

NLR-Dependent Pathway

The nucleotide oligomerization domain-like receptors
(NLRs) are another set of soluble cytoplasmic PRR family
members as described above. NLRs exhibit complex tripar-
tite structure and comprises of three distinct domains that
include a C-terminal leucine-rich repeat (LRR domain), a
middle nucleotide oligomerization domain (NACHT) and a
N-terminal protein—protein interaction domain that can be
of three types—caspase activation and recruitment domain
(CARD), pyrin domain (PYD) and a baculovirus inhibitor
of apoptosis repeat domain (BIR) [179]. The LRR domain
is meant for recognizing PAMPs, activating other NLRs in
the vicinity leading to the self-oligomerization regulated
by the NACHT domain, and the signal is finally processed
to the downstream signalling molecules through CARD-
PYD-BIR domain [171]. On antigen encounter, NLRs have
been known to get activated, self-oligomerize, thus aggra-
vating the combinatorial binding potential and recruiting
a downstream signalling recruitment interacting proteins
RIP2 (RICK, CARDIAK). This recruitment and signalling
mediated by homotypic CARD—-CARD domain lead to inter-
action with NF-kB complex subunits, triggering phospho-
rylation of IK-kB and activating NF-xB [171]. The NF-xB
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stimulation and MAPK (mitogen-activated protein kinase)
activation collectively results in the activation of specific
transcriptional factors like activator protein-1 (AP-1) and
induction of pro-inflammatory cytokines and chemokines—
interleukin (IL-1p), IL-6, IL8, tumour necrosis factor (TNF)
and interferon (IFN-y). Production of these cytokines and
chemokines plays a significant role in the production of anti-
bodies [180].

Role of BAFF/APRIL

Tumour-necrosis factor superfamily 13B (TNFSF 13B)
of proteins or cytokines is established in all gnathostomes
for a huge range of functions in inflammation, germinal
centre development and apoptosis. Two pivotal cytokines
include B cell activating factor (BAFF) and its closely
related homolog; a proliferation-inducing ligand (APRIL)
is exclusively expressed in the myeloid cells [181]. Both
these cytokines share two receptors, a transmembrane acti-
vator, calcium modulator and cyclophilin ligand interactor

TLR stimulation

TLR

Pro-inflammatory cytokine
| 12,1L8

Fig.3 A hypothetical diagram of T cell-independent antibody switch-
ing mechanism involving TLR. Toll-like receptors on activation by
their cognate ligands like lipopolysaccharides, flagellin, dsSRNA gets
stimulated and activates its downstream signalling cascade through
myeloid differentiation factor (MyD88) finally leading to phosphoryl-
ation of nuclear factor-kB (NF-kB). This is turn releases p65 subunit
of NF-kB complex and enhances transcription of pro-inflammatory

@ Springer

Y“ B cell receptor

(TACI) and B cell maturation antigen (BCMA). The third
receptor is restricted to BAFF and is known as BAFF recep-
tor (BAFFR). The role of BAFF has been established in B
cell development, T cell-dependent and T cell-independent
antibody response, isotype switching [182, 183] (Fig. 3).
Research on systematic mutagenesis of various portions
of TACI, BCMA and BAFFR has demonstrated different
essential determinants of ligand binding in terms of their
selectivity and affinity. These studies have exemplified that
BAFFR might not be a cognate receptor of APRIL, whereas
BAFF and BCMA exhibit very weak interactions [184]. In
addition to TACI and BCMA, APRIL also interacts with
the polysaccharide side chains of sulfated glycosaminogly-
cans like heparan sulphate proteoglycans (HSPGs) [180].
This interaction is mediated by basic residues of APRIL and
does not interfere with binding to either TACI or BCMA.
It is noteworthy that HSPG-bound APRIL is biologically
active. TACI is known to consist of two splice variants. One
contains a high-affinity ligand binding site which may or
may not be preceded by the other low-affinity binding site.

Epithelial cells

Secretory IgM
(serum)

Alternative rearrangement and
deletion in absence of AID

.: ... Soluble BAFFand APRIL
L °® proteins

| Germinal centre (Head Kidney)

cytokines like TNF-a, IL-6, IFN-y which in turn activates B cell acti-
vating factor (BAFF) and a proliferation-inducing ligand (APRIL).
BAFF and APRIL are soluble proteins which then bind to their cog-
nate TACI and BCMA receptors present in B cells thus activating it,
leading to its proliferation and switching in terms of alternative rear-
rangement and splicing mechanisms in the absence of AID generating
different isotype expressing plasma cells
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Similar to APRIL, TACI interacts with proteoglycans such
as syndecans, which are expressed on the surface of multi-
potent stromal cells, stimulated B cells and macrophages.
This interaction results in multimerization of APRIL in the
extracellular matrix. Therefore, syndecans may play crucial
role as local activators of APRIL, either as ligands that acti-
vate signalling through TACI or by promoting appropriate
signals to antibody-secreting cells [175].

Whether weak interactions existing between BAFF and
BCMA have any physiological relevance was not clear.
BAFF and APRIL disruption in BCMA-dependent plasma
cells of bone marrow eventually ameliorated the number
of plasma cells. However, on selective removal of either
BAFF alone or APRIL alone resulted in plasma cell sur-
vival, suggesting that in vivo signal recognition by BCMA
receptor can occur interruptedly by binding to both the cog-
nate ligands. It was thus postulated that the weak interac-
tion between BAFF and BCMA is probably stabilized by
avidity effects [181]. Bombardieri et al. [177] has indicated
earlier that human rheumatoid arthritis synovial fibroblasts
express high levels of BAFF and APRIL in response to
TLR3 induction. This TLR-dependent B cell stimulation led
to the enhancement of AID expression and promoted CSR in
unswitched IgD + B cells. Additionally, Castigli et al. [183]
have demonstrated the role of BAFF and APRIL receptors
in inducing class switching in mouse B cells by examining
their mice deficient in TACI, BCMA and BAFFR receptors.
All these results clearly indicate that BAFF and APRIL-may
have a critical role in inducing class switching of Ig isotypes
through TLR and NLR signalling pathways in the absence
of conventional switching mechanism in lower vertebrates
like fish.

Concluding Remarks

It is clear from the above that since the introduction of hybri-
doma technology, the discovery of AID and elucidation of
detailed molecular mechanisms of AID-mediated affin-
ity maturation events have revolutionized our paradigms
regarding complex diversification mechanisms pertaining
to both variable and constant regions of immunoglobulin
molecule both in fish and in tetrapod lineage [185, 186].
Several lines of recent evidences indicate that role of AID
is not restricted to orchestration of SHM and CSR events,
rather it is involved in epigenetic reprogramming, disrupting
retroviral replication and possess wide range of targets in
B cells [161, 187]. Further, genetic manipulation and bio-
chemical studies need to be conducted in order to gain a
clear insight into the functional aspects of AID/APOBEC
proteins in antigen receptor diversification mechanisms. AID
regulation in the germinal B cells in a TLR-dependent and
TLR-independent fashion [97], its potency in DNA mutation

reactions and its probable non-Ig targets have already been
reported to have huge implications in tumorigenesis [88,
188—191]. Collectively, it can now be envisioned the pos-
sible alternative class switching mechanisms regulated by
AID entailing TLR-dependent Ig diversification mechanisms
might be responsible for the presence of multiple Ig isotypes
in earlier representatives of vertebrates—cartilaginous and
bony fish.

The enigma of how VLR-based adaptive immune system
emerged in lampreys in the evolutionary dichotomy between
protochordates and earlier representatives of chordates [2]
still remains uncovered and needs to be determined. Sev-
eral extensive studies in this line needs to be carried out to
address the unanswered issues such as direct role of non-
functional AID of fish in tailoring Ig class switching. Fur-
thermore, such studies would shed light in the complicated
affinity maturation event and CSR evolution throughout the
metazoan phylogeny. Comparative studies on AID proteins
from protochordates to mammalian vertebrates and deeper
information regarding their biological properties both
in vivo and in vitro would probably aid in resolving this
paradigm.
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