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Abstract

Receptor editing, a major mechanism of B cell tolerance, can also lead to allelic inclusion at the
immunoglobulin light chain loci and the development of B cells that co-express two different
immunoglobulin light chains and, therefore, two antibody specificities. Most allelically included B
cells express two x chains, although rare dual-\ cells are also observed. Moreover, these cells
typically co-express an autoreactive and a nonautoreactive antibody. Thus, allelically included B
cells could operate like “Trojan horses”: expression and function of the nonautoreactive antigen
receptors might promote their maturation, activation, and terminal differentiation into effector
cells that also express and secrete autoantibodies. Indeed, dual-x B cells are greatly expanded into
effector B cell subsets in some autoimmune mice, thus indicating they might play an important
role in disease.

Introduction

B cells develop in the bone marrow tissue in a step-wise process during which
immunoglobulin heavy (Ig H) and light (Ig L) chain genes randomly assemble via the
ordered joining of V, D and J gene segments at the Igh locus first followed by V and J
joining at the L chain loci, Igk and 1gA. Each B cell productively rearranges, generally, only
one Ig H and one L chain genes and, thus, expresses an antibody with a unique specificity, a
phenomenon known as allelic exclusion (Box 1). The purpose of VV(D)J recombination is to
create a B cell population with a diverse and large antibody repertoire, however, this process
also produces—at least in mice and humans—Ig genes that most frequently encode
autoreactive antibodies [1,2]. Therefore, B cell selection (and tolerance) mechanisms have
evolved to decrease the likelihood of developing self-reactive immune responses. Indeed,
during their maturation from immature to effectors, B cells pass through tolerance
checkpoints that eliminate most autoreactive cells from the functional repertoire [3,4]. The
earliest checkpoint (referred to as central tolerance) takes place in the bone marrow when
immature B cells first express their newly acquired Ig H + L chains on the cell surface in the
form of an IgM antigen receptor (BCR). If this BCR binds a self-antigen with medium-to-
high avidity, the cells undergo negative selection, otherwise, they enter the blood and
differentiate into transitional and then mature B cells. Studies employing Ig transgenic and
gene targeted (“knock-in"") mice have demonstrated that central B cell selection operates
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primarily via receptor editing and not clonal deletion [5-7]. Receptor editing is a process by
which immature B cells perform secondary V-J gene recombination at the Ig L chain loci.

These secondary rearrangement events not only remove the original gene encoding the
autoreactive L chain, but also provide a new rearranged V| -J;_ gene encoding a
nonautoreactive L chain [8-10]. H chain gene replacements are also an option during
receptor editing, but they succeed less frequently [11**]. Receptor editing is an efficient
process in both 1g “knock-in” mice [5,12] and wild-type mice [13], occurring in
approximately 25% of immature B cells in a diverse repertoire [14,15].

Box 1

V(D)J
recombination

Productive
rearrangement

RS (recombining
sequence)
recombination

Allelic exclusion

Allelic inclusion

Isotypic
inclusion

Glossary terms

a stochastic process by which developing B cells use Ragl and
Rag2-mediated DNA rearrangement to juxtapose Ig gene
segments and create an Ig variable region coding sequence or
exon. The Ig H chain variable region is made via joining Vy,
Dy, and J4 gene segments, while the Ig L chain variable region
is made by joining only V| and J .

a V(D)J rearrangement that is in frame and, therefore, capable
of encoding a protein. Stochastically, only about one third of
the rearrangements are in frame, while the rest are out of frame
and contain stop codons.

a Rag-mediated recombination event that takes place between a
recombination signal sequence (RSS) located downstream of
the 3’ Igk enhancer and an RSS located either within the Jk-Ck
intron or an upstream germline Vk gene. In both instances, RS
recombination prevents further rearrangement and expression
of the Igk allele because it deletes the Igk enhancers and the Ck
gene region.

a process by which each B cell productively rearranges only
one Ig H and one L chain allele and, thus, expresses one H and
one L chain that pair in an antibody with one specificity.

when a B cell harbors two productively rearranged alleles at the
Ig H or L chain locus and, thus, expresses two different H or L
chains, respectively.

when a B cell harbors productively rearranged Igk and g4
alleles and, thus, expresses both k and A L chains. It differs
from allelic inclusion by the fact that the rearrangements are
not on alleles of the same gene.

Since its discovery, receptor editing was appreciated as being potentially dangerous, partly
because autoreactive B cells survive for a few days while undergoing central tolerance [16]
with the risk they might be selected for entry into the periphery. Also, receptor editing does
not guarantee that the gene encoding the autoreactive Ig chain is disrupted, as the V(D)J
machinery does not discriminate between Ig L chain alleles and targets the non-rearranged
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and rearranged alleles with similar frequency [17*]. Since there are no general mechanisms
that prevent expression of a rearranged Ig allele, receptor editing has the potential to produce
allelically or isotypically included B cells that express the original autoreactive antibody
along with an edited nonautoreactive antibody (Box 1 and Figure 1). Indeed, Weigert and
colleagues were the first to report that in anti-DNA 1g gene targeted mice receptor editing
results in B cells expressing two L chains (or less often two H chains) [18]. In 3H9/56R anti-
DNA mice these B cells represent 25% of the mature B cell compartment and co-express an
autoreactive (\) and a nonautoreactive (x) L chain [19]. In these dual x/A B cells, the
autoreactive antibody has a low avidity for the self-antigen, as also implied by its
maintenance on the cell surface. However, this characteristic is not necessarily a feature of
all allelically/isotypically included B cells. For example in the 3-83lgi mouse model, in
which the autoreactive BCR has a high avidity for the H-2KP self-antigen and is thus almost
completely downmodulated from the cell surface, 15-20% of the B cells enter the mature
peripheral pool retaining cytoplasmic expression of 3-83 while expressing a different Ig on
the cell surface [20]. Thus, immature B cells with low or high avidity for self-antigens can
give rise to mature B cells that co-express autoreactive and nonautoreactive antibodies
(Figure 1). These allelically included B cells have the ability to bind a foreign antigen and
differentiate into cells that also secrete autoantibodies and, thus, represent an enigma in
respect to our understanding of B cell tolerance. The scope of this review is to discuss
mouse studies that, in recent years, have investigated the development of allelically/
isotypically included B cells in a diverse repertoire, the role of receptor editing in this
process, and the function these cells have in the context of autoimmune responses.

Development of dual-k B cells in a wild-type antibody repertoire

The discovery of dual-L chain-expressing B cells in the repertoire of Ig “knock-in” mice
suggested that allelically included B cells might also arise within a wild-type antibody
repertoire, an hypothesis supported by the rare observation of dual H chain [21] and x*A* B
cells in mice and humans [22,23]. Because the k:\ ratio in mice is about 95:5, dual-x B cells
were expected to be the predominant allelically included B cell subset. However, their
identification was not easily achieved until the Nussenzweig lab created the Igk™" mouse
strain in which one Igk allele bears the human instead of the mouse Ck gene region [14]. In
Igk™N mice, B cells that co-express two x chains are identified by simultaneous staining
with anti-mouse and anti-human Cxk antibodies. Studies from two groups used flow
cytometric analysis as well as single cell and hybridoma analyses, respectively, to show that
dual-x B cells are generated within a wild-type B cell repertoire at frequencies of 2-10%
[17*,24*], and demonstrating that dual antibody-expressing B cells are not an artifact of Ig
transgenic animals. The high prevalence of allelically included B cells in autoreactive Ig
transgenic mice suggested that these B cells might be more frequently autoreactive in wild-
type animals as well. Indeed, the frequency of autoreactivity toward HEp-2 and DNA self-
antigens is threefold higher in dual-x B cells than in single-x B cells of wild-type mice [17*,
25**], indicating that autoreactive immature B cells are generally the progenitors of
allelically included mature B cells.

Autoreactive L chains drive the development of allelically included B cells

A recent study that examined mechanisms of B cell selection in mice, also investigated the
likelihood of generating allelically included B cells when cells are bestowed from the start
with a x chain that exhibits either a high (V«4-Jk4) or low (aHELx) tendency to contribute
to autoreactivity [26**]. In these studies, the frequency of transitional B cells co-expressing
the original x chain and a newly rearranged one was more than twofold higher (50% versus
20%) in 1gkV4N than in 1gk®HEL/N mice. Reduced allelic inclusion in aHELxk B cells was
achieved via greater frequency of RS recombination—a process that inactivates a previously
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rearranged Vk-Jx allele ([12,27], Box 1)-and possibly also as a result of increased out of
frame secondary Vk-Jx recombination events. To explain the difference between Vx4 and
aHELxk B cell tolerance, the investigators suggested that some autoreactive x chains (such
as Vk4) might have low affinity of pairing with H chains and thus be easily outcompeted by
other k chains for binding to the H chain and consequent surface expression. Alternatively,
they might confer a level of autoreactivity that is easily diluted by other H+L chain
combinations allowing the cell to resume differentiation without the need for receptor
editing-mediated gene inactivation [26**]. The V«4-Jx4 allele, moreover, had only one
remaining Jx for secondary recombination events while the aHELx chain used Jx2 and had,
therefore, two remaining Jxs. It is plausible that the higher number of recombination
substrates increases the chances of V-to-J recombination events, which are most often (2 out
of 3) non-productive (Box 1). Although these options were not tested, results of this study
suggests that the propensity to create dual antibody-expressing B cells varies depending on
the number of unrearranged Jik segments remaining on the “autoreactive” allele and/or the
type of autoreactivity. Similar to the findings in 3-83Igi mice, most dual-x B cells in both
IgkVk4h and 1gk@HEL/N mice did not display detectable levels of the autoreactive « chain on
the cell surface-V«4 and aHEL« were detected by RT-PCR in single hCx* cells-suggesting
a high avidity for the self-antigen or low affinity for the H chain. The former possibility was
demonstrated in 3-83Ig* allelically included B cells, which re-express the 3-83 autoreactive
BCR on the cell surface upon removal of the self-antigen or pharmacological inhibition of
receptor internalization [20].

Rearrangements at 1gA occur subsequent to those at Igk and can salvage a developing B cell
after failed Vk-Jx recombination attempts. Mice possess only four possible VA-JA
rearrangements referred to as AX, and A1, A2, and A3 (abbreviated into A1,2,3). X is one of
the most negatively-charged L chains and can reduce DNA binding, while 11,2,3 are
positively-charged L chains that promote DNA binding [11**]. The murine IgA locus does
not support secondary recombination or RS-like inactivation events like those occurring at
Igk and, thus, receptor editing at IgA might lead to cells co-expressing multiple L chains. By
using flow cytometric analyses with anti-AX- and anti-A1,2,3-specific antibodies and also
single cell genetic analyses, Weigert and colleagues have recently identified the presence of
dual-\* cells co-expressing A1, A2, or A3 together with AX [11**]. These cells, most of
which express both L chains on the cell surface, are 2-4% of all (\*) B cells in x-deficient
mice with a germline H chain locus, but markedly increase to 35% in mice with an anti-
DNA H chain transgene. Thus, although rare (about 0.2%) within the normal murine B cell
population, dual-A B cells contribute to the allelically/isotypically-included autoreactive B
cell repertoire of wild-type mice.

Receptor editing as the source of dual L chain B cells

Increasing effort has been spent to demonstrate that allelically included B cells arise via
receptor editing. BrdU incorporation studies in 1gk™" mice demonstrated that the
development of dual-k B cells is delayed relative to that of single-x B cells [17*],
suggesting a requirement for extended Ig gene recombination (i.e., receptor editing).
Moreover, if receptor editing is a pre-requisite for the development of L chain-included B
cells, one of the H+L chain combinations should be autoreactive while the other should not.
Wilson and colleagues tested this predicament by analyzing the reactivity toward HEp-2 and
DNA of each H+k antibody expressed by a sample of dual-« B cells in IgkVk¥N mice [26**].
Remarkably, the reactivity with these self-antigens was consistently lower for antibodies
containing the x chain acquired via editing compared to those containing the original V4.
With a similar goal, Weigert and colleagues analyzed the CDR3’s arginine content of the H
chains, indicative of DNA affinity, expressed by single or dual A B cells of k-deficient mice
[11**]. They found that the arginine content of the H chains in dual 11,2,3/AX B cells was
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significantly higher than in single A1,2,3 cells suggesting that the dual cells had expressed a
)1,2,3 chain to reduce the overall autoreactivity. These sets of data indicate that receptor
editing, rather than synchronous bi-allelic recombination, leads to allelic inclusion and the
expression of a new L chain and that this latter reduces the level of autoreactivity relative to
the original H+L antibody.

Dual antibody-expressing B cells in autoimmunity

Allelically included B cells have been shown to successfully compete with allelically
excluded cells in immune responses [24*] and to enter the IgG* memory B cell
compartment in proportion to their frequency in the naive B cell population [17*] (Figure 1).
As dual antibody-expressing B cells most often (if not always) express autoantibodies, this
suggests included B cells might be more abundant in autoimmune-prone animals. To address
this question, we recently evaluated dual-k B cells in Igk™h mice bred onto the MRL and
MRL-FagP/IPr (MRL/Ipr) genetic backgrounds [25**]. Notably, the frequency of dual-i
cells within the immature and mature B cell subsets was significantly increased in
autoimmune MRL and MRL/Ipr over control mice. Onset of disease was required for
increased output of dual-x B cells, indicating that the disease process modulates the extent
of receptor editing and/or the efficiency of positive selection. Results from short-term
kinetic studies of BrdU incorporation suggest that dual-x B cells are generated more
frequently in autoimmune than healthy mice because of either aborted editing or increased
cell proliferation [25**]. Interestingly, the frequency of dual-x/A B cells was not similarly
increased in MRL/Ipr mice [25**] and also in anti-DNA 3H9/56R-MRL/Ipr mice [28],
supporting the idea that in this genetic background, dual-x B cells develop because of
aborted editing.

Many low avidity autoreactive B cells, such as anergic B cells, do not undergo receptor
editing in the bone marrow but are instead removed from the repertoire at a checkpoint
existing between the transitional and the mature B cell stages [6,29,30], a selection step
apparent also in wild-type repertoires [2,26**]. B cells at this stage are apparently unable to
induce receptor editing [26**,31], but remain susceptible to clonal deletion [32]. A
comparison of dual-x B cell frequencies in the transitional and follicular B cell subsets
indicated that about half of these cells undergo clonal deletion at the transitional checkpoint
in both healthy [26**] and autoimmune [25**] mice (Figure 1). Moreover, the majority of
allelically included cells that bypass this checkpoint preferentially differentiate into marginal
zone, instead of follicular, mature B cells [17*,19,25**,33*] thus reducing their
participation in a germinal center reaction. Collectively these findings indicate that
peripheral tolerance plays an important role in diminishing the burden of B cells that react
with both foreign and self-antigens.

An important remaining question regarding allelically/isotypically included B cells is
whether they have the ability to participate in autoimmune processes. Our studies indicate
this may indeed be the case as dual-x B cells were strongly favored for entry into the
effector B cell subsets over single-x B cells in both MRL and MRL/lpr mice (Figure 1),
resulting in about 40% of plasmablasts and memory B cells that were allelically included
[25**]. Furthermore, dual-x plasmablasts, which were clonally diverse, secreted
autoantibodies at levels significantly above those of single-x cells, and Ig gene sequencing
demonstrated the presence of somatic hypermutations in some of these cells. Whether the
mutations were in the autoreactive or the nonautoreactive k chain was not investigated.
Interestingly, Fas inactivation did not play an important role in the selection of dual-x B
cells in MRL/Ipr mice besides that of accelerating the kinetics of their generation and further
increasing their number in the memory B cell subset. Overall, dual-x B cell numbers
correlated with the level of serum autoantibodies and disease progression in MRL mice.
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Since these cells are most often autoreactive and abundant in effector B cell populations, this
strongly suggests allelically included B cells play a major role in disease.

In similar studies by the Eilat lab, dual-x B cells were evaluated in NZB/NZW autoimmune
mice, and results were significantly different from those in MRL mice [33*]. Generation of
dual-x B cells was not increased in autoimmune NZB/NZW mice relative to control
animals, and the frequency of autoreactive dual-x B cells was similar to that of single-x cells
[33*]. These differences among autoimmune-prone mouse strains indicate that a genetic
factor associated with the development of lupus-like disease alters the efficiency and
mechanism of central tolerance but is not required for the development of lupus.

Potential mechanisms driving the development of included B cells

Allelically included B cells develop despite the presence of established mechanisms at the
immature B cell stage that promote tolerance of autoreactive cells and allelic exclusion of
Ig-positive cells. Distinct types of BCR signals mediate these mechanisms (Figure 2). On the
one hand, binding self-antigen promotes the BCR to transduce a signal that leads to both
arrest in cell differentiation and receptor editing [34]. On the other, a ligand-independent
BCR signal referred to as tonic inhibits V(D)J recombination and promotes cell
differentiation [35,36,37*,38*]. It is important to note that in allelically included cells, both
(autoreactive and nonautoreactive) antibodies compete for binding to Iga/Igp and, thus, for
surface expression [20]. Thus, at least two events must occur to promote development of
allelically included autoreactive B cells: 1) the autoreactive BCR must be sufficiently
diluted to decrease any “negative” signal below the level required for the continuation of
receptor editing, and 2) the nonautoreactive BCR and its tonic signal must attain levels
sufficient to inhibit receptor editing and mediate differentiation (Figure 2). Behrens and
colleagues have suggested that antigen-induced BCR signaling might not be the actual cause
of receptor editing. They proposed instead that this signal might just induce receptor
downmodulation, with the consequence of reducing tonic signaling and its ability to inhibit
V(DJ) recombination [39*] (Figure 2). Studies of mice with subnormal levels of BCR give
support to this model [38*,40,41], which implies that the maturation of allelically included
B cells could depend solely on whether surface IgM and tonic BCR signaling reach the
threshold level for positive selection. In this case, the activation level of molecular mediators
of the tonic BCR signaling cascade such as PI3K and Erk [37*,38*,42] could play a primary
role in the development of B cells that co-express autoreactive and nonautoreactive
antibodies.

Conclusions

Receptor editing is considered a major mechanism of central B cell tolerance and is also
noteworthy for repertoire diversification. Studies presented herein provide demonstration
that receptor editing is also responsible for increasing the self-reactive potential of the
mature B cell repertoire, by generating B cells that co-express autoreactive and
nonautoreactive antibodies. In depth evaluation of dual-x B cells have revealed that in spite
of being autoreactive in both healthy and autoimmune mice, these cells contribute to disease
only when fostered by autoimmune genetic predisposition. Therefore, the role of dual-x B
cells in autoimmunity is most likely not in the initiation, but in the progression of disease.
Studies of two distinct autoimmune-prone mice, moreover, demonstrate that not every
autoimmune genetic background fosters the development and positive selection of allelically
included B cells suggesting that their relevance in human autoimmunity, if any, may not be
widespread. A challenge for the future will be to identify the molecular mechanisms that
drive the selection of allelically included autoreactive B cells in the bone marrow to
determine whether the tonic BCR signaling cascade can promote the development of
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autoreactive B cells independent of the level of antigen-mediated signaling. Moreover, with
respect to their potential contribution to disease it will be of foremost importance to identify
the signals that drive the activation of allelically included B cells and their participation in
immune responses, whether these cells require binding to a foreign antigen or they are just
driven by self-antigen in the context of autoimmunity. Finally, a better definition of their
role in murine autoimmunity and their association with human autoimmunity will clarify
whether allelically included B cell represent a relevant therapeutic target.
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Figurel.

Development of allelically included B cells in healthy and autoimmune conditions. Upon
binding self-antigen, an autoreactive immature B cell activates receptor editing, which (left
side of the diagram) leads to cells that have deleted the V-J gene encoding the original
autoreactive L chain (depicted in blue) and replaced it with a new V-J gene encoding a
nonautoreactive L chain (depicted in orange). Receptor editing can also operate by inclusion
(right side of the diagram), resulting in dual-L chain B cells that retain the original
rearrangement but also harbor a new V-J gene, and thus co-express an autoreactive and a
nonautoreactive L chain. The amount of autoreactive antibody retained in the cytoplasm of
allelically included B cells varies depending on the avidity for the self-antigen (or less likely
the affinity for the H chain in relation to the second L chain). Despite their autoreactivity, at
least half of dual L-chain B cells differentiate into mature B cells and participate in immune
responses. Positive selection of allelically included B cells into effector B cell subsets (e.g.,
plasmablasts, memory B cells) is enhanced under some autoimmune conditions.
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Figure 2.

Proposed models for the development of allelically included B cells. Models “1” and “2”: in
immature B cells, self-antigen binding by BCR, signals receptor editing in addition to
receptor internalization. Tonic BCR signaling, on the other hand, inhibits receptor editing
(via PI3K) and induces cell differentiation (via Erk). Note that in low avidity cells, tonic
BCR signaling may also be induced by BCRs that are not currently binding self-antigen (as
shown in model “2”). If the majority of BCR is engaged with self-antigen, the cell continues
the editing process to delete the autoreactive antibody resulting in allelically excluded cells
(“1™). In contrast, if most BCRs are not engaged and thus transduce tonic signals, the cell
stops editing and differentiates in spite of expressing an autoantibody (“2”). Model “3”
postulates that antigen-induced BCR signaling mediates only receptor internalization, and
the extent of both receptor editing and cell differentiation depends solely on the level of
tonic BCR signaling.
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