Diversification of the Primary Antibody
Repertoire by AID-Mediated Gene
Conversion
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Abstract Gene conversion, mediated by activation-induced cytidine deaminase
(AID), has been found to contribute to generation of the primary antibody repertoire
in several vertebrate species. Generation of the primary antibody repertoire by gene
conversion of immunoglobulin (Ig) genes occurs primarily in gut-associated lym-
phoid tissues (GALT) and is best described in chicken and rabbit. Here, we discuss
current knowledge of the mechanism of gene conversion as well as the contribution
of the microbiota in promoting gene conversion of Ig genes. Finally, we propose
that the antibody diversification strategy used in GALT species, such as chicken
and rabbit, is conserved in a subset of human and mouse B cells.

1 Introduction

Activation-induced cytidine deaminase (AID) catalyzes three important immuno-
logical processes—somatic hypermutation, class-switch recombination, and
somatic gene conversion (Muramatsu et al. 2000; Arakawa et al. 2002). Although
somatic hypermutation and class-switch recombination are widely utilized among
vertebrate species, somatic gene conversion has been observed, as an immunolog-
ical mechanism, primarily in vertebrates that diversify their primary antibody
(Ab) repertoires in gut-associated lymphoid tissues (GALT). These species gener-
ate their primary antibody repertoires through a fundamentally different strategy
than that used by mice and humans (Fig. 1). B cells of mice and humans, for
example, generate a highly diverse antibody repertoire by utilizing many different
V, (D), and J gene segments during V(D)J gene rearrangement of the immunoglob-
ulin (Ig) heavy and light chain loci. In contrast, B cells of vertebrates that diversify
their primary antibody repertoires in GALT use V(D)J gene recombination
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Fig. 1 Two strategies for generating a diverse primary antibody repertoire. B cells of humans and
mice (/eft) utilize many different V, (D), and J gene segments during V(D)J gene rearrangement of
the immunoglobulin (Ig) heavy and light chain loci (Ig heavy chain rearrangement is shown). A
diverse primary antibody repertoire is thus generated directly through V(D)J gene rearrangement,
and the B cells exit the bone marrow and enter the periphery. In contrast, B cells of chickens,
rabbits, and artiodactyls (right) preferentially utilize a small subset of V (and often (D) and J) gene
segments during V(D)J gene rearrangement and thus generate much less initial antibody diversity.
Upon exiting the bone marrow, B cells migrate to gut-associated lymphoid tissues (GALT), where
they undergo proliferation and mutate their V(D)J genes through somatic gene conversion and
somatic hypermutation. A tissue section from rabbit appendix, the major site of rabbit GALT, is
shown, with proliferating B cells stained green and non-proliferating B cells stained red. V(D)J
gene mutation is initiated by AID-mediated deamination of cytidines, and the resulting lesions
(G/U mismatches) induce somatic hypermutation or somatic gene conversion. Somatic
hypermutation introduces point mutations (arrows) throughout the V(D)J gene and into the J-C
intron. Somatic gene conversion transfers nucleotide tracts (bounded by yellow lines) from
upstream V donors into the rearranged V gene. A highly diverse primary antibody repertoire is
generated and the B cells exit GALT and enter the periphery

primarily for assembling functional Ig heavy and light chain genes, rather than for
generating antibody diversity. B cells in these species preferentially utilize a small
subset of V (and often (D) and J) gene segments during V(D)J gene rearrangement,
and the resulting V(D)J genes serve as mutation substrates during a subsequent
phase of antibody repertoire diversification in GALT. During repertoire diversifi-
cation, mutations are introduced into the rearranged V(D)J genes through somatic
gene conversion and somatic hypermutation. This process generates an extremely
large array of different antibody specificities, collectively termed the primary
antibody repertoire, which serves to anticipate and protect against a vast range of
potential pathogens.
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2 Prevalence of AID-Mediated Antibody Repertoire
Diversification Among Vertebrates

This strategy for generating a diverse primary antibody repertoire was first recog-
nized in the chicken, which has only one functional V gene at both the Ig heavy and
light chain loci and uses gene conversion to diversify its primary antibody reper-
toire in a gut-associated lymphoid tissue called the bursa of Fabricius (Reynaud
et al. 1985, 1987). Shortly thereafter, the Ig light chain loci of the mallard duck,
turkey, quail, pigeon, hawk, and cormorant were found to preferentially utilize a
single Vi gene segment during V-J recombination, suggesting that these avian
species also use gene conversion to diversify their primary antibody repertoires
(McCormack et al. 1989a). While this strategy was briefly thought unique to birds,
it was subsequently found that rabbits (Knight and Becker 1990), swine (Sun et al.
1998), and cattle (Parng et al. 1996) also generate limited antibody diversity during
V(D)J gene recombination due to preferential rearrangement of a few V gene
segments. In these species, Ig gene diversification also occurs in GALT, primarily
the appendix in rabbits and the ileal Peyer’s patch in cattle. It is not clear where Ig
gene diversification occurs in swine, as it has recently been shown not to occur in
the ileal Peyer’s patch (Butler et al. 2011). These tissues contain thousands of
lymphoid follicles where B cells proliferate and diversify their Ig genes and are
considered mammalian equivalents of the bursa of Fabricius.

3 Somatic Gene Conversion vs. Somatic Hypermutation

Although somatic hypermutation and somatic gene conversion are both mediated
by AID, they are fundamentally different mutational processes. Both processes are
initiated by AID-mediated deamination of cytidine residues, particularly at RGYW
consensus hotspots, in V(D)J genes, but they represent two different pathways of
resolving this initial DNA lesion. Somatic hypermutation introduces point muta-
tions through error-prone repair of the resulting uracil residues (Di Noia and
Neuberger 2007). While primarily known for driving affinity maturation in germi-
nal centers during primary immune responses, somatic hypermutation is also
utilized, in an antigen-independent manner, to diversify the primary antibody
repertoire in some species, e.g., the rabbit. Somatic gene conversion, rather than
introducing point mutations, transfers nucleotide tracts from upstream donor V
gene segments into the rearranged V(D)J gene through nonreciprocal homologous
recombination. The unidirectionality of the sequence exchange, leaving the donor
sequence unaltered, distinguishes somatic gene conversion from double homolo-
gous recombination. During diversification of the primary antibody repertoire, a
single round of gene conversion can introduce multiple nucleotide substitutions, as
well as codon insertions and/or deletions, and multiple rounds of gene conversion
can occur within a given V(D)J gene.
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4 Gene Conversion-Mediated Antibody Repertoire
Diversification in the Chicken

Somatic gene conversion was first recognized as a mechanism for antibody reper-
toire diversification in the chicken by Reynaud et al. (1987). The chicken Ig heavy
and light chain loci each contain only one functional V gene segment (V[ and V; I,
respectively), as well as a single functional J gene segment (J; and J;) (Reynaud
et al. 1985, 1989). In addition, only limited junctional diversity is introduced by V
(D)J gene rearrangement, which does not continue throughout life, but solely during
a brief period of early embryonic development (Weill et al. 1986; McCormack et al.
1989b). Thus, unlike humans and mice, little antibody diversity is generated during
rearrangement of the chicken Ig loci. The majority of repertoire diversity is
generated subsequently in the bursa of Fabricius, beginning between days 15 and
18 of embryonic development, by gene conversion-mediated replacement of nucle-
otide tracts in the rearranged Vy/ and V,/ gene segments (Reynaud et al. 1987;
Thompson and Neiman 1987).

The chicken Ig light chain locus contains 25 V;, pseudogene (yV,) segments in
the 19 kb region upstream of the V;/ and J; gene segments (Reynaud et al. 1987,
1989). Reynaud et al. (1985, 1987) first observed that tracts of nucleotide sub-
stitutions within diversified V,/ cDNA sequences corresponded to nucleotide
sequences present in the WV, gene segments. The chicken Ig heavy chain locus
contains around 80 yV}; gene segments, similar to V-D joints, in a 60-80 kb region
upstream of Vyl/, about 15 Dy gene segments and a single Jy gene segment
(Reynaud et al. 1989). Reynaud et al. (1989) similarly found tracts of nucleotide
substitutions in diversified VI cDNA sequences that corresponded to nucleotide
sequences in YVH gene segments (Reynaud et al. 1989). All yV, and gV, gene
segments lack a promoter, leader exon, or V(D)J recombination signals. Few of
them contain stop codons or frameshift mutations, but many are truncated at their 5’
or 3’ ends. Carlson et al. (1990) demonstrated that the diversifying nucleotide tracts
in the chicken Ig light chain gene result from intrachromosomal gene conversion.
By restriction mapping donor yV;, gene segments and recipient V; / genes in a panel
of v-rel-transformed chicken B cell lines and sequencing donor yV, gene segments
used in V;/ nucleotide substitutions, these authors showed that donor yV, gene
segments were not modified during the sequence exchange. The authors further
showed, by means of allelic V71 and yV; gene segment polymorphisms in the SC
chicken strain (an F; cross between the G4 and S3 inbred strains), that gene
conversion uses donor and recipient V; gene segments from the same allele and
thus from the same chromosome.
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5 Gene Conversion-Mediated Antibody Repertoire
Diversification in the Rabbit

The recognition of preferential V; gene segment usage in the rabbit, first reported
by Knight and Becker (1990), provided a solution to the long-standing problem of
allelically inherited rabbit Vy allotypes (Knight and Becker 1990). The presence in
rabbits of Vy allotypic markers, inherited in a simple Mendelian fashion, on 80—
90 % of serum Ig molecules had been difficult to explain under the assumption that
multiple V; gene segments were utilized during rearrangement of the heavy chain
locus. This problem was resolved with the recognition that rabbit B cells, like those
of chickens, preferentially utilize the 3’-most V}; gene segment during V(D)J gene
rearrangement and generate antibody repertoire diversity through subsequent muta-
tion of the rearranged I/gH genes (Knight and Becker 1990; Becker and Knight
1990).

While rabbits and chickens use the same strategy to generate a diverse primary
antibody repertoire, there are some interesting differences between the two species.
Rabbits, for example, generate a more diverse range of Ig genes during the initial V
(D)J gene rearrangements. Unlike the chicken Ig heavy chain locus, many of the
upstream rabbit V; gene segments are potentially functional, and a small number of
them are used in 10-20 % of VDJ gene rearrangements (Friedman et al. 1994). In
contrast to the single chicken Jy gene segment, the rabbit heavy chain locus
contains five functional J; gene segments, although Jy4 is preferentially used in
VDIJ gene rearrangements (Becker et al. 1989; Lavinder et al. 2014). Also unlike
chickens, multiple /gk gene segments are utilized during rearrangement of the
rabbit Ig light chain locus, thus contributing significant diversity to the initial
antibody repertoire (Sehgal et al. 1999; Lavinder et al. 2014). Although the rabbit
light chain locus contains three functional J;, gene segments, one of these, IGKJ1_2,
is used nearly exclusively in Ig light chain gene rearrangements (Lavinder et al.
2014). Interestingly, in both chickens and rabbits, gene conversion also contributes to
Ig gene mutation in germinal centers during antigen-specific immune responses, in
addition to its role in diversifying the primary antibody repertoire (Winstead et al.
1999; Arakawa et al. 1996).

While chickens rely exclusively on gene conversion to diversify the primary
antibody repertoire, rabbits use both gene conversion and somatic hypermutation
(Becker and Knight 1990; Weinstein et al. 1994). As in chickens, rabbit V(D)J
genes are diversified in GALT, primarily the appendix in rabbits (Weinstein et al.
1994; Vajdy et al. 1998). In chickens, B cells seed the bursa of Fabricius and begin
diversifying their V(D)J genes shortly before hatch (Reynaud et al. 1994). Ig gene
diversification in the chicken thus begins as a developmentally programmed event
that occurs in the absence of exogenous antigen, as well as in experimentally
manipulated B cells expressing truncated B cell receptors that lack the antigen-
binding region (Sayegh et al. 1999). In contrast, rabbits begin diversifying their
primary antibody repertoire shortly after birth. The differential timing of the onset
of repertoire diversification in rabbits and chickens might reflect their differing
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rates of embryonic development. While newly hatched chicks are well-developed
precocial offspring, rabbit pups are altricial offspring requiring maternal care for
the first 2-3 weeks of life.

Rabbits further differ from chickens in requiring select members of the intestinal
microbiota to initiate the diversification process (Zhai and Lanning 2013; Rhee
et al. 2004). Rhee et al. (2004) demonstrated that maintaining the rabbit appendix as
a germ-free tissue by ligating it at birth to prevent microbial colonization prevented
V(D)J gene diversification. These authors further found that V(D)J gene diversifi-
cation could be induced by colonizing germ-free ligated appendix with colony-
purified isolates from the rabbit intestinal microbiota. Surprisingly, only
co-colonization with Bacillus subtilis and Bacteroides fragilis induced V(D)J
gene diversification, despite each of several tested isolates attaining similar
colonization densities (Rhee et al. 2004). Rabbit B cells thus require select mem-
bers of the intestinal microbiota to initiate V(D)J gene diversification in GALT.

As in chickens, repertoire diversification in rabbits is initiated in an antigen-
independent manner. The diversification patterns in appendix B cell Ig genes, for
example, differ strikingly from those driven by an immunizing antigen in splenic
germinal centers (Sehgal et al. 2002). Severson et al. (2010) reported evidence that
bacterial superantigen-like molecules drive repertoire diversification in rabbit
GALT. These authors found that spores from Bacillus subtilis and other Bacillus
species bind a superantigen-like binding site on rabbit IgM and that surface
molecules from B. anthracis stimulate B cell proliferation in rabbit GALT. Fur-
thermore, Rhee et al. (2005) identified a putative superantigen-like binding site on
rabbit Vya allotype Ig by comparing the amino acid sequences of the Vya and Vyn
allotypes. VyI, the preferentially utilized V; gene segment, encodes the Vya
allotype, while the less frequently utilized V gene segments primarily encode the
Vun allotype. Mutant ali/ali rabbits lack V1, and, as a result, Vyn B cells comprise
the vast majority of peripheral and GALT B cells during the first 6 weeks of life
(Pospisil et al. 1995). Between 6 and 11 weeks of age, however, the small Vya B
cell population expands rapidly and becomes the dominant B cell type. Rhee
et al. (2005) demonstrated that this shift from Vgn to Vhza B cell dominance is
driven by the intestinal microbiota in GALT, because it did not occur when the
appendix was ligated to prevent microbial colonization and all other organized
GALT was removed from newborn ali/ali pups. Taken together, these data suggest
that bacterial superantigen-like molecules induce repertoire diversification in rabbit
GALT by polyclonally activating B cells that express Vya allotype B cell receptors.

6 Determinants of Gene Conversion Donor Usage

The chicken Ig light chain locus has proven useful for determining some of the
molecular requirements for gene conversion, because it is compact and the nucle-
otide sequences of all 25 of its yV, gene segments are known. Efficient
intrachromosomal gene conversion in mammalian cells requires at least 200—
300 bp of homologous nucleotide sequence and an overall nucleotide sequence
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identity of >80 % (Liskay et al. 1987; Waldman and Liskay 1987). In the chicken
IgL locus, the frequency with which yV; gene segments are used as gene conver-
sion donors is similarly influenced by the extent of their homology with VI
(McCormack and Thompson 1990). This is dependent on both their percent nucle-
otide sequence identity with V; I and their length. Truncated yV; gene segments, for
example, are used less frequently than full-length yV; gene segments (McCormack
and Thompson 1990). Proximity to the rearranged V,./—J; gene also influences the
frequency of WV, gene segment use, with those located most proximal utilized more
frequently than those located more distally (Reynaud et al. 1987; McCormack and
Thompson 1990). A third determinant of yV, gene segment usage is relative
orientation with respect to the V./—J; gene, those in inverted or antisense orienta-
tion being preferentially utilized. Gene conversion tracts are not found in the 5’
region of V1, despite the presence of yV; gene segments with homology to this
region (Reynaud et al. 1987), but are found throughout the remainder of V, /, with
particularly high frequency in CDRI1, the FR2/CDR2 boundary, and CDR3
(McCormack and Thompson 1990). Gene conversion tracts range in length from
8 bp to around 200 bp (McCormack and Thompson 1990). Although the 5" ends of
gene conversion tracts always begin in regions of homology between the yV; gene
segment and V1, the 3’ ends can occur in nonhomologous regions and frequently
contain nucleotide insertions or deletions, suggesting that the gene conversion
mechanism operates with a 5’ to 3’ polarity (McCormack and Thompson 1990).

7 The Chicken DT40 Cell Line: A Model for Studying
Ig Gene Conversion

The avian leukemia virus (ALV)-induced chicken B cell lymphoma line DT40 has
provided additional insights into the molecular mechanism of gene conversion
(Arakawa and Buerstedde 2004). DT40 appears to be arrested at the stage of bursal
B cells and continues to undergo gene conversion of the Ig light chain gene during
in vitro culture (Buerstedde et al. 1990; Kim et al. 1990). It also integrates
transfected gene constructs highly efficiently into essentially any gene locus,
regardless of transcriptional activity (Buerstedde and Takeda 1991). Although
such highly efficient targeted integration is not seen in human or murine B cell
lines or chicken non-B cell lines, it is seen in other chicken B cell lines that do not
undergo Ig gene conversion (Buerstedde and Takeda 1991). This suggests that
targeted integration in chicken B cell lines is mediated by a homologous recombi-
nation activity that supports, but is not sufficient for, gene conversion. Studies of
DT40 attribute this supportive role to the RADS?2 pathway.
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8 The Role of the RADS52 Pathway in Gene Conversion

The RADS52 pathway mediates double-strand break (DSB) repair by homologous
recombination and is required for both gene conversion and targeted integration in
the yeast Saccharomyces cerevisiae. It is comprised of proteins that recognize
double-strand breaks (RADS0, MREI11, and XRS2) and proteins that promote
homology searches and strand invasion (RADS51, RAD52, RAD54, RADSS, and
RADS57). Homologues of the genes encoding several of these yeast proteins have
been cloned from chicken bursal cells, and their roles in targeted integration and
gene conversion have been studied by disrupting them in DT40 cells (Arakawa and
Buerstedde 2004). RAD54-deficient DT40 cells, for example, are highly sensitive to
DNA damage and exhibit a 100-fold decrease in targeted integration efficiency, as
well as reduced Ig light chain gene conversion activity (Bezzubova et al. 1997).
DT40 cells deficient in NBSI, the vertebrate homologue of the yeast XRS2 gene,
exhibit a similar phenotype (Tauchi et al. 2002). Five vertebrate genes (RADSIB,
RADS5IC, RADSID, XRCC2, and XRCC3) are considered Rad51 paralogs on the
basis of sequence similarity with the yeast RADS5] gene. The RADS51 proteins are
structural homologues of the bacterial DNA repair protein, recA (Kawabata et al.
2005). Disruption of each of these individually in DT40 cells results in reduced
targeted integration efficiency and deficiencies in DSB repair, while disruption of
all five loci is lethal (Takata et al. 2000, 2001; Sonoda et al. 1998). Although
S. cerevisiae RAD52 mutants exhibit severe recombination and DNA repair defects,
DNA repair is normal and homologous recombination only moderately reduced in
RADS52-deficient DT40 cells. The function of RAD52, however, appears to partially
overlap that of XRCC3 in chicken B cells because, while disruption of either results
in comparatively mild deficiencies, disruption of both leads to chromosome insta-
bility and cell death (Fujimori et al. 2001).

These studies suggest that gene conversion is dependent on the more general
processes of homologous gene targeting and recombinational repair mediated by
the RADS52 pathway. Indeed, co-localization of RADS51D and XRCC2 has been
directly observed in diversifying Ig A, genes in DT40 cells, and ectopic expression
of either accelerates the rate of gene conversion and influences the length of gene
conversion tracts (Ordinario et al. 2009). RADS]1 is also highly expressed in the
rabbit appendix, which, like the chicken bursa, is a site of gene conversion-
mediated antibody diversification (Barrington et al. 1999; Schiaffella et al. 1998).
While establishing that the homologous recombination activity of the RADS52
pathway is necessary for efficient Ig gene conversion, these studies do not explain
how gene conversion is initiated and specifically targeted to the Ig loci. The
resolution of this question came with the surprising discovery that gene conversion
of Ig genes requires activation-induced cytidine deaminase (AID), a protein previ-
ously identified as essential for both somatic hypermutation and class-switch
recombination.
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9 AID Is Required for Gene Conversion of Ig Genes

AID was first identified as a protein specifically upregulated in germinal center B
cells that shares homology with the apolipoprotein B mRNA-editing enzyme,
APOBEC-1 (Muramatsu et al. 1999). It was subsequently found to be required
for both somatic hypermutation and class-switch recombination of Ig genes
(Muramatsu et al. 1999, 2000; Revy et al. 2000). Shortly thereafter, disruption of
the AID locus in chicken DT40 cells was found to cause complete loss of Ig gene
conversion activity (Arakawa et al. 2002; Harris et al. 2002). Thus, remarkably,
AID was identified as a master regulator of all three B cell-specific modifications of
rearranged Ig genes. It is currently thought that all three modifications are initiated
by AID-mediated deamination of cytidines and that the manner in which the
resulting lesions (G/U mismatches) are resolved determines whether somatic
hypermutation, gene conversion, or class-switch recombination follows. Inhibition
of uracil-DNA glycosylase, for example, reduces gene conversion and activates
somatic hypermutation in DT40 cells (Di Noia and Neuberger 2002). This obser-
vation demonstrates that gene conversion is favored by uracil excision of AID-
induced G/U mismatches, rather than by their recognition by the mismatch repair
complex. It further suggests that gene conversion might be facilitated by a DNA
strand break generated by an apyrimidinic endonuclease acting on an abasic site
(Di Noia and Neuberger 2002).

Impairment of homologous recombination in DT40 cells can also reduce gene
conversion activity and activate somatic hypermutation of Ig genes. Disrupting the
RADS1 paralogs RAD5IB, XRCC2, or XRCC3, for example, shifts the pattern of Ig
V region mutations from gene conversion tracts to frequent point mutations local-
ized preferentially at G/C base pairs, especially at RGYW motifs, known as somatic
hypermutation hotspots (Sale et al. 2001; Rogozin and Kolchanov 1992). This
observation supports the idea that gene conversion and somatic hypermutation
represent distinct pathways for resolving a common AID-mediated lesion in the
Ig V gene and suggests that recombination-mediated repair influences the choice of
pathway. Furthermore, preventing Ig gene conversion by deleting the upstream gV,
gene segments in DT40 cells induces somatic hypermutation of the /gL gene
(Arakawa et al. 2004). As in the RADS5I paralog mutants, point mutations are
found primarily at G/C base pairs in RGYW hotspots. The mutations occur between
150 and 500 bp downstream of the Ig light chain promoter and are dependent on
AID expression. The point mutations observed in DT40 RADS51- and yV,-deletion
mutants are thus similar to those observed in human and mouse germinal center B
cells in their distribution with respect to the Ig light chain promoter, dependence on
AID, preference for RGYW hotspots, and restriction to the Ig locus. They do differ,
however, in preferentially occurring at G/C base pairs and consisting primarily of G
to C and C to G transversions, whereas somatic hypermutation in germinal center B
cells targets G/C and A/T base pairs with similar frequency and exhibits a slight
bias for transitions.



288 D.K. Lanning and K.L. Knight

10 A Model for the Regulation of Gene Conversion
and Somatic Hypermutation

Arakawa and Buerstedde (2009) incorporated many of the insights gained from
DT40 studies into a model explaining the initiation and regulation of somatic
hypermutation and gene conversion of Ig genes. In their model, both are initiated
by a common DNA lesion, AID-mediated cytidine deamination, within the Ig gene.
In the absence of nearby homologous donors or high homologous recombination
activity, the resulting G/U mismatch is resolved by error-prone repair pathways that
introduce point mutations characteristic of somatic hypermutation. The availability
of homologous donors and high homologous recombination activity, on the other
hand, favors resolution by gene conversion. Irreversible commitment to the gene
conversion pathway, however, only occurs during strand exchange, and prior to this
step, a shift to somatic hypermutation is still possible. Thus, deletion of individual
RADS1 paralogs, which participate in steps preceding strand exchange, decreases
Ig gene conversion and induces Ig somatic hypermutation, while deletion of
RADS52 members that are active after strand exchange, such as RAD54, only
decreases Ig gene conversion (Sale et al. 2001; Bezzubova et al. 1997). This
model also predicts that Ig gene conversion will only occur if homologous donors
and high homologous recombination activity are both available, potentially
explaining why B cells in some species utilize Ig gene conversion, while those in
other species do not.

11 Antibody Repertoire Diversification in GALT
in Humans and Mice

Although mice and humans use combinatorial rearrangement of multiple V, (D),
and J gene segments as a strategy for generating a diverse primary antibody
repertoire, might the strategy employed by chickens, rabbits, and artiodactyls be
conserved in some human and mouse B cell populations? A number of observations
suggest that this might indeed be the case. Casola et al. (2004), for example, found
that B cell receptor-deficient transgenic mice spontaneously develop germinal
centers (GCs) in Peyer’s patches. This antigen-independent B cell activation in
mouse GALT, presumably induced by signals acquired from the intestinal
microbiota, is reminiscent of the antigen-independent B cell activation stimulated
by intestinal commensals in rabbit GALT that drives diversification of the primary
antibody repertoire. Furthermore, Shimomura et al. (2008) identified an intestinal B
cell population that develops independently of B cell receptor specificity, Lyn or
Btk signaling, or T-cell help. A proportion of these B cells expressed mutated V(D)J
genes, suggesting they had undergone antigen-independent diversification by
somatic hypermutation.
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A B cell population with similar characteristics has been identified in humans
with common variable immune disorders caused by mutations in genes encoding
proteins required for T-cell help and GC formation. A circulating population of
IgM*IgD™ B cells has been identified in these patients that expresses the post-GC
memory B cell marker CD27 and has mutated V(D)J genes (Weller et al. 2001).
These B cells are probably not generated during T-cell-independent (TI), antigen-
specific responses to bacterial capsules or cell wall components because they are
also found in human infants too young to respond to TT antigens (less than 2 years of
age) (Weller et al. 2008). Instead, Weill et al. (2004) suggest that human
CD27*IgM*IgD™ B cells diversify their V(D)J genes independently of antigen,
in a manner similar to that seen in “GALT species” (Weill et al. 2004). Interest-
ingly, the CD27*IgM*IgD" B cell population is markedly reduced in children
deficient in MyD88 or IRAK-4 (interleukin-1 receptor-associated kinase 4), mole-
cules required for MyD88-dependent Toll-like receptor (TLR) signaling (Maglione
et al. 2014). These children suffer from life-threatening, often recurrent, pyogenic
bacterial infections, particularly invasive pneumococcal disease (Picard et al. 2003;
von Bernuth et al. 2008). They are, however, otherwise healthy and mount protec-
tive immune responses against other bacterial infections. Moreover, their clinical
status improves with age, becoming essentially normal by 10 years of age. These
observations suggest that human CD27 IgM*IgD* B cells provide important,
nonredundant immune protection against pyogenic bacteria early in life. The
CD27"IgM*IgD™ phenotype is characteristic of marginal zone B cells, which
provide a first line of defense because they localize in marginal sinuses where the
blood first enters the spleen and produce low affinity, polyreactive “innate IgM”
that effectively recognizes repetitive epitopes, such as microbial glycans and
carbohydrates. Significantly, Maglione et al. (2014) found that serum IgM of
children with MyD88 or IRAK-4 deficiency recognizes a greatly reduced range
of microbial glycans, compared to that of normal children. Taken together, these
data suggest that human CD27 " IgM IgD™ B cells generate a diversified antibody
repertoire in a TLR-dependent, antigen-independent manner and are important for
protection against pyogenic bacteria early in life. These similarities to the antibody
diversification strategy used by the “GALT species” suggest that this strategy might
be conserved in human and mouse B cell populations serving specialized functions.

12 Concluding Statement

The generation of a diverse primary antibody repertoire in vertebrates is funda-
mentally important for protection against pathogens. The emergence, during ver-
tebrate evolution, of primary antibody repertoire diversification by AID-mediated
gene conversion provided a highly effective solution to this problem. This strategy
is likely more widely utilized among vertebrates than is currently appreciated and
might be conserved in specialized B cell populations in those that generate their
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primary antibody repertoires by combinatorial rearrangement of multiple V, (D),
and J gene segments.
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