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1. Introduction
Systemic lupus erythematosus (SLE) is an autoimmune disease that can affect any organ
system. Pathogenic autoantibodies are a hallmark of this disease, and have been shown to play
a necessary role in many of the manifestations of lupus. Although many molecular pathways
can be abnormal in lupus and several cell types can become dysregulated, B cells have emerged
as central players in this disease because autoantibodies are key to diagnosis and because
autoantibodies arise years before there is any other evidence of immune dysregulation
(Arbuckle, McClain et al. 2003). B cells are not only the cells that secrete autoantibodies; they
also play crucial roles in antigen presentation and cytokine secretion.

In this review, we will examine the pathogenic role played by B cells in lupus, including a
discussion of the importance of different B cell subsets in lupus development and flare. We
will examine important pathways involved in the generation of autoreactive B cells, focusing
on the role of B cell receptor (BCR) signaling in B cell escape from negative selection early
in B cell development, and again in the censoring of autoreactive mature B cells that emerge
from the germinal center (GC). We will examine how non-BCR mediated signaling in B cells
can contribute to lupus. Because lupus is predominantly a disease of women, we will discuss
the effect of estrogen on B cell tolerance. Lastly, we will briefly examine B-cell directed
therapies in lupus.

2. Pathogenic role of B cells in lupus
B cells are important initiators and effectors of a normal immune response. In autoimmunity,
B cells carry out those same roles, turning their arsenal towards self antigens. Autoantibodies
are a defining characteristic of lupus, and many antibodies make a clearly delineated
contribution to disease pathogenesis, such as anti-DNA antibodies, which we will discuss in
detail and which contribute to kidney and brain disease, anti-β2 glycoprotein I and anti-
cardiolipin antibodies that predispose to thrombosis, and anti-Ro antibodies that cause fetal
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heart block in the offspring of women with lupus (Tomer, Buskila et al. 1993). Other antibodies
are of diagnostic use, such as the highly disease-specific anti-Smith (Sm) antibody.

Anti-DNA antibodies are the most extensively studied specificity in lupus. These antibodies
have been shown to be present in 50-70% of SLE patients at some point in their disease and
are a highly specific diagnostic marker (Pisetsky 2000). With few exceptions, these antibodies
to double-stranded DNA (dsDNA) are detected only in lupus patients. A number of studies
have shown that titers of anti-DNA antibodies tend to rise during flares of SLE disease activity,
particularly lupus nephritis (ter Borg, Horst et al. 1990). In addition, in vivo murine studies
have shown that passive transfer of some anti-DNA antibodies can deposit in glomeruli leading
to inflammation and proteinuria (Ehrenstein, Katz et al. 1995; Gaynor, Putterman et al.
1997). It is important to note that not all anti-DNA antibodies are pathogenic; some anti-DNA
antibodies have no pathogenic effect despite their binding DNA with affinities that are equal
to those of pathogenic antibodies. Recent studies have suggested that certain isotypes and
antigen binding properties are associated with pathogenicity. IgG anti-dsDNA antibodies, for
example, are more closely associated with disease activity and tissue damage than IgM
antibodies (Isenberg, Ravirajan et al. 1997). Indeed, there is increasing evidence that IgM anti-
DNA antibodies may actually be protective (Witte 2008). Anti-dsDNA antibodies are more
pathogenic than anti-single-stranded DNA antibodies (Okamura, Kanayama et al. 1993). Anti-
DNA antibodies from SLE patients with renal lupus display a higher affinity for DNA
(Williams, Malone et al. 1999). Anti-DNA antibodies extracted from kidney are more cationic
than serum anti-DNA antibodies (Cabral and Alarcon-Segovia 1997). Furthermore, many
display cross-reactivity to glomeruli even after DNase treatment of the glomeruli (Budhai, Oh
et al. 1996). A recent understanding of DNA interactions with toll like receptor 9 (TLR9)
(Krieg and Vollmer 2007), an innate receptor for DNA in monocytes, dendritic cells, B cells
and other cell types, suggests that the particular DNA motif recognized by an anti-DNA
antibody may also determine its pathogenicity. Distinguishing pathogenic anti-DNA
antibodies from harmless ones will provide a useful diagnostic and prognostic tool.

Antibodies to naked dsDNA develop after anti-nucleosome antibodies in both murine and
human disease (Hardin and Craft 1987). Recent studies have suggested that nucleosomes,
which consist of DNA wrapped around a core of histone proteins, may in fact be more important
antigenic targets in lupus than naked DNA. The presence of T helper cells specific for histone
peptide has been demonstrated in both patients and murine models of SLE (Kaliyaperumal,
Mohan et al. 1996; Lu, Kaliyaperumal et al. 1999). Furthermore, levels of circulating
nucleosomes have been shown to be increased in the plasma of lupus patients (Williams,
Malone et al. 2001). Nucleosomes are present in apoptotic blebs that form at the surface of
dying cells (Radic, Marion et al. 2004). This is of great interest because a number of
abnormalities that impair the clearance of apoptotic debris have been associated with lupus.
These include deficiency of complement components C1q, C2, C4 (Truedsson, Bengtsson et
al. 2007) and mannose-binding lectin (Monticielo, Mucenic et al. 2008), of DNAse I (Tsukumo
and Yasutomo 2004; Martinez Valle, Balada et al. 2008), and of proteins expressed by
macrophages that are necessary for their clearance of apoptotic debris, such as Macrophage
Receptor with Collagenous Structure (MARCO) (Wermeling, Chen et al. 2007), Scavenger
Receptor A (SR-A), and the Mer tyrosine kinase (Cohen, Caricchio et al. 2002). Recently,
levels of anti-nucleosome antibodies have been shown to correlate highly with lupus disease
activity (Min, Kim et al. 2002), particularly with renal flare (Simon, Cabiedes et al. 2004).
Patients with higher titers of anti-nucleosome antibodies have a shorter time to first flare after
a serologically active but clinically quiescent period (Ng, Manson et al. 2006). These studies
suggest that titers of anti-nucleosome antibodies may be better than titers of anti-DNA
antibodies in predicting flare.
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How autoreactive antibodies develop has been intensely studied. Many pathogenic anti-DNA
antibodies appear to be the products of a germinal center reaction: they exhibit heavy chain
class-switching and have undergone somatic hypermutation (Diamond, Katz et al. 1992).
Molecular analysis of anti-dsDNA antibodies from humans and mice suggests that there is an
antigen-driven selection of these mutations in at least some antibodies. For example, a high
frequency of replacement mutations to the amino acids Arginine, Asparagine and Lysine has
been observed in the complementarity-determining regions of murine and human anti-dsDNA
IgG antibodies (Radic and Weigert 1994). It has been postulated that these amino acid residues
enhance the affinity for DNA, partially due to the positive charge of their side chains. Single-
cell analysis of IgG memory B cells from SLE patients and healthy controls demonstrated that
the majority of autoreactive IgG antibodies arise from nonautoreactive precursors, because
most of these autoantibodies lost reactivity to tested self antigens when their sequences were
back-mutated to their germ line configuration (Mietzner, Tsuiji et al. 2008). In another study,
use of a tetrameric form of a peptide mimetope of dsDNA allowed identification of an IgM+
autoreactive B cell population in the peripheral blood of SLE patients (Zhang, Jacobi et al.
2008a). Interestingly, back-mutation analysis of three autoantibodies from this population
revealed that two of them lost reactivity to self antigens, but one retained reactivity to DNA
when reverted to the germ line sequence (Zhang, Jacobi et al. 2008b). This study demonstrates
that autoantibodies can be generated from self-reactive or non self-reactive B cell precursors,
and that chromatin is not the trigger for all anti-DNA antibodies.

The antigens other than chromatin that trigger production of anti-DNA antibodies in lupus
remain a mystery. Cross-reactivity of anti-DNA antibodies with other antigens has clearly been
established. Immunization of mice with phosphorylcholine, a molecule found in various
membranes, was shown to induce generation, through somatic mutation, of DNA-reactive B
cells, although these cells never move to the memory B cell compartment (Kuo, Bynoe et al.
1999). This is important because phosphorylcholine is expressed by a number of bacteria,
including Streptococcus, Haemophilus and Mycoplasma, and anti-phosphorylcholine
antibodies are protective in mice against a lethal pneumococcal infection (Trolle, Chachaty et
al. 2000), demonstrating that antibodies that cross-react with DNA can arise in the course of
a protective response to an infectious agent. Epstein Barr virus has been a favored candidate
trigger as some anti-DNA antibodies cross-react with EBNA1 protein (Sundar, Jacques et al.
2004). Environmental triggers of lupus are known to be important, but no study has clearly
established that a particular pathogen is needed to trigger the disease.

Anti-DNA antibodies can also cross-react with other self-antigens. It has been demonstrated
that certain anti-DNA antibodies can bind to N-methyl D Aspartate (NMDA) receptors on
neurons (DeGiorgio, Konstantinov et al. 2001). Binding of these antibodies to NMDA
receptors was shown to induce excitation-mediated neuronal death and cerebrospinal fluid
levels of the cross-reactive antibodies correlate with central nervous system manifestations of
lupus. Furthermore, in mice, these antibodies were shown to pass through the placenta during
pregnancy and deposit in the developing fetal brain, resulting in behavioral abnormalities that
persist through adulthood (to be published in Nature Medicine).

In additon to secreting pathogenic antibodies, B cells also play other important roles in lupus.
B cells are known to be professional antigen presenting cells, and secrete both pro-and anti-
inflammatory cytokines. The role of B cells as antigen-presenting cells and cytokine secretors
in autoimmunity was demonstrated in the MRL/lpr murine model, where elimination of B cells
completely abrogates disease (Shlomchik, Madaio et al. 1994). The presence of B cells that
are unable to secrete antibody but can still function as antigen presenting cells and still secrete
cytokine, results in some kidney and vascular disease, albeit less than when fully functional B
cells are present (Chan, Hannum et al. 1999). Thus, B cells contribute more than autoantibody
to autoimmune pathogenesis. B cells activate T cells by surface expression of peptide-MHC
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complexes that interact with the T cell receptor (TCR), as well as a number of other molecules
on the B cell surface, such as C80 and CD86, CD40, Inducible Costimulator (ICOS) ligand,
and OX40 ligand, which bind to CD28, CD154 (CD40 ligand), ICOS and OX40, respectively,
on the T cell surface. In addition, activated B cells themselves express CD154, and B cell to
B cell CD40-CD154 interactions have been shown to be necessary for normal memory B cell
differentiation and development of plasma cells from memory B cells (Grammer and Lipsky
2003). This is of interest because CD154 has been found to be over-expressed by B cells of
lupus-prone mice and some lupus patients.

Another central function of B cells is cytokine secretion. B cells have been shown to produce
Interleukin (IL)-4, IL-6, IL-10, Interferon (IFN)-γ, Transforming Growth Factor-β and
Lymphotoxin-α (Anolik 2007). Lymphotoxin-α is important for the formation of tertiary
lymphoid tissue. This tissue consists of organized collections of lymphocytes in non-lymphoid
peripheral organs, where such immune aggregates are not normally found. In lupus, tertiary
lymphoid tissue has been demonstrated in the kidney. Tertiary lymphoid tissue can also be
seen in rheumatoid arthritis (RA), Sjogren’s syndrome, inflammatory bowel disease, Type I
diabetes, and autoimmune thyroid disease. Lymphotoxin-α secreted by B cells has been shown
to be necessary for the formation of these tertiary lymphoid tissues.

While IL-6 and IFN-γ are pro-inflammatory cytokines secreted by B cells, B cells are also able
to secrete IL-10, which, in many cases, has been shown to dampen inflammation. Hence, the
B cells that primarily secrete IL-10 have been termed regulatory B cells. Early evidence for
regulatory B cells in autoimmune diseases came from the observation that B10.PL mice lacking
B cells developed a more severe and chronic form of experimental autoimmune
encephalomyelitis (EAE) (Wolf, Dittel et al. 1996). Delineation of the underlying mechanism
revealed that B cells regulate disease severity through production of IL-10. The transitional B
cell subset that comprises marginal zone precursors is a major B cell subset producing IL10
(Yanaba, Bouaziz et al. 2008). This may be a mechanism by which a reconstituting B cell
compartment might be anti-inflammatory. IL-10-producing regulatory B cells were also found
to play a role in suppressing other murine models of autoimmune disease, such as inflammatory
bowel disease (Mizoguchi, Mizoguchi et al. 2002) and collagen-induced arthritis (Mauri, Gray
et al. 2003). Studies have shown that B cell-derived IL-10 plays a beneficial role in murine
lupus models by inhibiting Th1 cytokine production and ensuing tissue damage. IL-10 deficient
mice with SLE develop more severe lupus associated with higher levels of Th1 cytokines (Yin,
Bahtiyar et al. 2002). It is worth noting, however, that IL-10 is also a suppressor of Th2-
mediated immune pathology such ulcerative colitis and schistosomiasis (Hoffmann, Cheever
et al. 2000). Therefore, immune deviation toward a Th2 response cannot fully explain the
regulatory role of IL-10 producing B cells. Unfortunately, the role of IL-10 in human lupus
remains controversial and paradoxically, most data suggest that IL-10 enhances, rather than
prevents, disease. Blocking IL-10 with antibody was shown to reduce disease activity in
refractory cases of SLE (Llorente, Richaud-Patin et al. 2000). Also, an IL-10 promoter
polymorphism leading to increased cytokine expression is associated with higher susceptibility
to SLE (Chong, Ip et al. 2004). These conflicting results highlight the need to better understand
the role of IL-10 and IL-10 producing B cells in lupus.

3. Contribution of different B cell subsets to lupus
Mature B cells are designated as either B1 or B2 cells, and the latter are further divided into
follicular and marginal zone B cells. While all three subsets are able to secrete anti-DNA
antibodies (Schiffer, Hussain et al. 2002), a major focus has been on the role of follicular B
cells, as these are the B cells that were known to participate in T-dependent immune responses
that involve germinal center reactions, and early studies of murine lupus emphasized the role
of the germinal center reaction. Recent evidence, however, also points to an important
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contribution of marginal zone B cells. Marginal zone B cells are expanded in NZB/W mice,
and have been found to produce 25 times higher levels of anti-DNA IgM than non-marginal
zone B cells (Zeng, Lee et al. 2000). In the context of high BAFF levels (Bossen and Schneider
2006) or TLR9-activating DNA (Jegerlehner, Maurer et al. 2007), these B cells may switch to
production of IgG antibodies independently of T cell stimulation. Mice that over-express B
cell activator of the TNF family (BAFF), an important B cell survival factor, show a lupus-
like phenotype and expansion of marginal zone B cells (Mackay, Silveira et al. 2007). Estrogen
has been implicated in the pathogenesis of lupus (discussed below). In an estrogen-induced
model of lupus, marginal zone B cells are expanded and these cells display a ten-fold increased
frequency of DNA reactivity than follicular B cells (Grimaldi, Michael et al. 2001). In addition
to secreting anti-DNA antibodies, marginal zone B cells appear to play an important role in
antigen presentation, as demonstrated by the recent finding that these B cells are not confined
to the marginal zone and frequently shuttle back and forth between the marginal zone and the
follicular area, where helper T cells and follicular dendritic cells reside (Cinamon, Zachariah
et al. 2008).

Different B cell subsets may contribute differentially to disease flare. After antigen activation,
B cells can become short-lived plasma cells, long-lived plasma cells, or memory cells. The
former usually develop after T-independent activation, while the latter two are typically T-cell-
dependent. Short lived plasma cells live weeks to months, reside in the tissue where they are
generated, and, in vitro, are unable to secrete antibody in the presence of anti-proliferative
drugs (Grammer and Lipsky 2003). Long-lived plasma cells, on the other hand, home to the
bone marrow where they live and secrete antibody for many years. These plasma cells have
been shown to secrete antibody even in the presence of anti-proliferative drugs. This is of
interest because different autoantibodies in lupus show different patterns of expression. Anti-
RNP antibodies, for example, show a stable pattern of expression over a patient’s lifetime, and
their levels are not typically affected by immune suppression. This pattern is suggestive of
antibody secretion by long-lived plasma cells. In contrast, anti-DNA antibodies fluctuate
significantly in titer, and often rise in association with clinical flares and diminish with
immunosuppressive treatment. This suggests that these antibodies, which are the one most
closely associated with pathology in lupus, are produced by short-lived plasma cells, and
suggests that flares may arise either with a new wave of activation of naïve autoreactive B cells
or with activation of memory B cells.

4. The role of BCR signaling in predisposition to lupus
B cells pass through various developmental stages before they become mature cells that can
be activated by encounter with antigen. Of central importance to this maturation is the process
of negative selection, which eliminates immature B cells that react to self antigen with high
affinity. B cells form immunoglobulin by random rearrangements of a set of genes, which for
the heavy chain include the V (variability), D (diversity) and J (joining) gene segments, and
for the light chains include V and J segments. This process generates a wide diversity of
receptors, and hence provides protection against a tremendous number of foreign pathogens.
However, this process also generates receptors that recognize self antigens. In fact,
experimental evidence suggests that the majority of B cells at the immature stage have receptors
that recognize self antigen (Wardemann, Yurasov et al. 2003). During the immature stage in
the bone marrow and the transitional stage within the spleen and tonsils, B cells are susceptible
to negative selection, wherein an encounter with antigen that triggers BCR signaling beyond
a certain threshold results in receptor editing (generation of a new light chain rearrangement),
anergy, or deletion. It follows that abnormalities that affect BCR signaling can predispose to
autoimmune disease.
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The majority of research until recently has focused on increased BCR signaling as a pathway
to autoimmunity, with the demonstration that over-expression of molecules that enhance the
strength of BCR signaling, such as CD19 (Tsubata and Honjo 2000), or deletion/dysfunction
of molecules that reduce BCR signaling, such as SHP-1 (Shultz, Rajan et al. 1997) and
FcγRIIb (Kono, Kyogoku et al. 2005), lead to autoimmunity. This model depends on the same
exposure to antigen delivering a stronger signal in mature B cells than in immature B cells,
such that exposure to antigen does not mediate tolerance in immature cells but does mediate
activation of mature B cells. This model requires that the strength of BCR signaling differs at
different stages of B cell development and indeed, experimental data confirm some differences
in signaling mechanisms between immature and mature B cells (Koncz, Bodor et al. 2002).

A growing body of literature is now demonstrating that diminished BCR signaling can also
lead to autoimmunity. Given that negative selection depends on BCR signaling (Monroe,
Bannish et al. 2003), it is clear that diminished signaling allows B cells that express self-reactive
immunoglobulins to escape negative selection, and hence become mature immunocompetent
cells that can contribute to autoimmune disease. Evidence for this model was provided by the
study of B cells in patients with X-linked agammaglobulinemia (XLA), a disease caused by
defects in Bruton’s tyrosine kinase, a mediator of BCR signaling (Ng, Wardemann et al.
2004). This study found that peripheral B cells from XLA patients were enriched with
autoreactive clones, demonstrating a link between diminished BCR signaling and increased
autoreactivity in the naïve B cell population. A similar study of B cells from lupus patients
shows a higher frequency of autoreactive cells in the immature, transitional and naïve B cell
compartments compared to non-autoimmune individuals (Yurasov, Wardemann et al. 2005),
demonstrating impaired negative selective and consistent with diminished BCR signaling
strength. Compelling evidence for diminished signaling in autoimmunity comes from the study
of the PTPN22 gene. PTPN22 is a phosphatase that inhibits BCR and TCR signaling. A
polymorphism in this gene, R620W, has been associated with autoimmunity (Vang, Miletic et
al. 2007). It has been shown that the risk allele causes a gain of function (Vang, Congia et al.
2005), and inhibits TCR and BCR signaling to a greater extent than the protective allele (Rieck,
Arechiga et al. 2007). An important prediction of the model wherein diminished BCR signaling
leads to B cell escape from negative selection is that this defect would predispose to multiple
forms of autoimmunity; this is borne out by the association of the PTPN22 risk allele with
lupus, rheumatoid arthritis, type I diabetes, and autoimmune thyroid disease, all of which have
critical contributions from B cells, either as antibody-producing cells or antigen-presenting
cells. A recent genome-wide association study has found that alleles of the gene BLK are
associated with lupus (Hom, Graham et al. 2008). BLK is a mediator of BCR signaling, and
the alleles associated with lupus risk correlate with decreased BLK expression, furthering the
link between diminished BCR signaling and lupus.

Diminished BCR signaling has also been implicated in mouse models of lupus. The NZM2410
is a strain that has highly penetrant autoimmune disease that includes glomerulonephritis.
Various genetic susceptibility loci have been identified in these mice, and the Ly108 gene was
recently identified as a likely culprit gene within the SLE1b locus (Kumar, Li et al. 2006). The
autoimmune-associated variant of this gene was shown to decrease BCR signaling, and cause
diminished BCR-mediated apoptosis of an immature B cell line, mirroring a failure of negative
selection.

Our laboratory has worked on a murine model of lupus in which diminished BCR signaling is
associated with a naïve B cell repertoire enriched for DNA-reactivity. While Balb/c mice do
not develop any spontaneous autoimmune disease, they can be induced to produce anti-DNA
antibodies by immunization with a peptide mimetope for DNA, named DWEYS-MAP
(Putterman and Diamond 1998). The antibodies generated in this way have been shown to
deposit in glomeruli and contribute to lupus central nervous system disease (DeGiorgio,
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Konstantinov et al. 2001). Comparison of Balb/c to DBA/2 mice, which are resistant to the
induction of autoimmunity by MAP-DWEYS, reveals that Balb/c B cells have a lower BCR
signaling amplitude, less apoptosis in transitional B cells in response to BCR cross-linking,
and a higher prevalence of naïve, mature splenic DNA-reactive B cells (Wang, Khalil et al.
2003). These studies further support the model where a defect that attenuates BCR signaling
strength allows autoreactive immature or transitional B cells to escape negative selection and
hence become immunocompetent cells that can contribute to the pathogenesis of lupus (Figure
1).

BCR signaling strength can also affect B cell fate after antigen activation. In mice transgenic
for the heavy chain of an antibody to the hapten nitrophenyl (NP), B cells with low affinity
BCRs participate in germinal center reactions and produce both memory and long-lived plasma
B cells after antigen challenge, whereas B cells with high affinity BCRs differentiate into short-
lived plasma cells and do not enter germinal center reactions (O’Connor, Vogel et al. 2006).
This is of note because, as previously discussed, many pathogenic anti-DNA antibodies in
lupus demonstrate class switch to IgG and affinity maturation, both of which are hallmarks of
the germinal center reaction.

5. Tolerance induction in antigen-activated B cells
In recent years, a series of peripheral tolerance checkpoints have been identified in antigen-
experienced B cells, both in humans and in mice. Single-cell studies showed that in humans,
up to 20% of IgM+ naïve mature B cells express low-affinity self-reactive antibodies (Tsuiji,
Yurasov et al. 2006). However, these self-reactive B cell clones are removed from the IgM+

memory compartment before the onset of somatic mutation. The exclusion from the memory
compartment seems to be specific for self-reactive B cells, because cells expressing antibodies
specific for bacterial polysaccharides are allowed to enter the memory pool. This suggests that
a checkpoint exists at the junction between naïve and memory B cells. Studies of human
tonsillar B cells have identified a tolerance checkpoint before entry into the germinal center
response. 9G4 is an anti-idiotype antibody that delineates B cells that are reactive to self
glycoproteins and apoptotic cells (Cappione, Anolik et al. 2005). 9G4 positive B cells represent
5-10% of the mature, naïve B cell repertoire in normal individuals. In healthy individuals, 9G4
B cells are prevented from participating in the germinal center response. In contrast, germinal
center exclusion of 9G4 B cells is impaired in SLE patients and the autoreactive B cells are
able to expand through the germinal center response and differentiate into IgG-expressing
memory and plasma cells. Interestingly, the faulty regulation of 9G4 B cells seems to be specific
for human SLE, because it is not observed in RA patients. Thus, germinal center exclusion
represents an important mechanism in peripheral B cell tolerance and loss of this checkpoint
may be implicated in the pathogenesis of SLE.

Interestingly, a recent study reported that approximately 50% IgG+ memory B cells from
healthy humans express self-reactive antibodies, including anti-nuclear antibodies, and many
of them are polyreactive (Tiller, Tsuiji et al. 2007). The self-reactivity in the IgG+ memory B
cell compartment appears to represent a by-product of somatic mutation in B cells responding
to foreign antigens (Diamond and Scharff 1984; Ray, Putterman et al. 1996), as the germ line
encoded precursor antibodies are often not autoreactive. Moreover, it is not known how many
of these self-reactive IgG+ memory B cells eventually develop into plasma cells. Given the
fact that non-autoimmune humans do not routinely express pathogenic autoantibodies, there
might be a checkpoint that prevents activation and expansion of these autoreactive IgG+

memory cells.

B cells may acquire autoreactivity as a result of somatic hypermutation in the germinal center.
These antigen-activated autoreactive B cells are tightly regulated by a number of checkpoints
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along the differentiation pathway toward antibody-secreting plasma cells. Newly generated
antigen-specific memory B cells have been shown to pass through a window of tolerance
susceptibility (Linton, Rudie et al. 1991). This tolerance can be induced by exposure to soluble
antigen. Soluble antigen is able to reduce the primary antigen-specific antibody response when
it is administered to mice several days after immunization (Nossal, Karvelas et al. 1993). Other
studies have identified the germinal center as an important checkpoint for antigen-activated
autoreactive B cells. At the peak of the germinal center response, administration of a large
amount of soluble antigen induces extensive apoptosis of light zone B cells in mice immunized
with the same antigen or a cross-reactive antigen (Han, Zheng et al. 1995; Pulendran,
Kannourakis et al. 1995; Shokat and Goodnow 1995). B cell death in the germinal center can
be inhibited completely or partially by constitutive overexpression of a Bcl-2 transgene. The
deletion induced by soluble antigen is antigen specific and is thought to be a mechanism for
peripheral tolerance of B cell clones that acquire self reactivity through the process of somatic
hypermutation.

Using the DWEYS-MAP model, we have identified a tolerance checkpoint in early memory/
pre-plasma cells at a post-germinal center stage (Wang and Diamond 2008). We observed de
novo expression of recombinase-activating genes (RAG) and secondary light chain
rearrangement, termed receptor revision, in post-germinal center autoreactive B cells.
Expression of RAG is antigen dependent and required IL-7R signaling. The production of
autoantibody is markedly elevated when receptor editing is suppressed by inhibiting IL-7
signaling. Therefore, receptor revision in the early memory population plays a potent role in
restricting autoantibody production during an ongoing immune response. Interestingly, we
observed that the potential for induction of receptor revision is impaired in aged NZBW F1
mice but intact in young mice (unpublished data). This suggests that defects in receptor revision
in antigen-activated B cells may be implicated in the breach of self tolerance and contribute to
pathogenesis in lupus (Figure 2).

Studies of immunoglobulin transgenic mice have revealed several additional tolerance
checkpoints in antigen-activated B cells in the immune system. In rheumatoid-factor (RF)
transgenic mice, for instance, RF-expressing autoreactive B cells are subject to regulation at
two checkpoints after their initial activation (William, Euler et al. 2006). The RF B cells
participate in germinal center formation and undergo somatic mutation in both autoimmune
and non-autoimmune backgrounds. In non-autoimmune mice, however, RF B cells neither
differentiate into plasma cells nor clonally expand, thus preventing the generation of pathologic
autoantibodies. In autoimmune-prone mice the regulation of RF B cells in germinal centers is
abrogated, leading to production of high titers of autoantibody.

Tolerance induction has also been reported at the early pre-plasma cell stage in anti-Sm heavy
chain transgenic B cells (Culton, O’Conner et al. 2006). Anti-Sm B cells are present at a high
frequency in the spleen and bone marrow of the transgenic mice and express the plasma cell
marker CD138; however, these cells do not differentiate into antibody secreting cells in normal
mice. Regulation of anti-Sm B cells occurs before the expression of Blimp1, the transcriptional
repressor required for plasma cell differentiation. In addition, these anti-Sm B cells display a
higher turnover rate than B cells not binding Sm, suggesting that they have a shorter lifespan.
It has been shown that IL-6 contributes to sustained non-responsiveness in these B cells. Thus,
IL-6 appears to be a mechanism for sustaining B cells in an anergic state after antigen activation.

These studies, together with earlier studies inducing tolerance with soluble antigen, suggest
that antigen activated B cells are susceptible to tolerance induction. However, the mechanisms
by which they are tolerized remains to be elucidated. Clonal deletion cannot account all the
tolerance induction because many autoreactive B cells are not eliminated. Other mechanisms
that appear to be operative in preventing the cells from further evolving into plasma cells or
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memory cells, include the induction of anergy, and alteration of the BCR specificity through
secondary V (D)J rearrangement, but details of these processes are lacking.

6. Non-BCR-mediated signaling in autoreactive B cells
Non-BCR pathways of note in lupus include the Toll-like receptor (TLR), FcγRIIb, and BAFF
signaling pathways. Contributing to their ability to induce inflammation in lupus, B cells
express of a number of Toll-like receptors, in particular TLR7 and TLR9, which recognize
single-stranded RNA and DNA rich in unmethylated CpG, respectively. Both DNA and RNA
are found in the apoptotic blebs that are thought to be important to lupus pathogenesis. B cells
that express DNA-reactive BCRs can be activated by DNA simultaneously through the BCR
and TLR9 signaling pathways (Viglianti, Lau et al. 2003), which leads to augmented activation
compared to signaling by either pathway alone. Similarly, B cells with receptors specific for
RNA can be activated by ribonucleoproteins simultaneously through the BCR and TLR7
signaling pathways (Krieg and Vollmer 2007). TLR7 is of further interest because the gene is
duplicated in the Yaa chromosomal abnormality found in the BXSB murine lupus model, and
this increased gene dosage has been shown to contribute to autoimmunity in this mouse
(Fairhurst, Hwang et al. 2008). Another pathway of note is that of FcγRIIb, which is the only
Fcγ receptor is activated by the Fc portion of cross-linked IgG molecules, and dampens B cell
activation by the recruitment of the phosphatase SHIP, which dephosphorylates and thus
inactivates mediators of BCR signaling. Recently, lupus-prone strains of mice were shown to
have low levels of FcγRIIb expression and over-expression of FcγRIIb in B cells was shown
to diminish anti-DNA antibody levels and proteinuria in the NZM2410 and BXSB lupus-prone
mouse models (McGaha, Sorrentino et al. 2005). FcγRIIb has been shown to be critical for
increasing the signaling threshold for memory B cell activation. FcγRIIb is upregulated on
memory B cells in normal humans, but this upregulation is significantly decreased in SLE
patients (Mackay, Stanevsky et al. 2006). Accordingly, there is a decreased FcγRIIb-mediated
suppression of BCR activation in B cells from lupus patients. The abnormally low expression
of FcγRIIb may impair tolerance induction in memory B cells or lead to activation by a
diminished concentration of antigen and contribute to disease development.

BAFF is a molecule of great relevance to normal B cell physiology and autoreactivity (Mackay,
Silveira et al. 2007). BAFF can either be expressed on the cell surface or can be secreted as a
homotrimer. The cells that typically express BAFF include monocytes, macrophages, dendritic
cells and activated T cells, but recently, other cell types have been shown to produce BAFF,
including astrocytes, bone marrow stromal cells, osteoclasts and epithelial cells. Inflammatory
cytokines such as IFN-γ, as well as TLR agonists such as LPS, upregulate expression of BAFF.
BAFF has three receptors: BAFF-R, TACI (transmembrane activator and CAML [calcium
modulator and cyclophilin ligand] interactor), and BCMA (B cell maturation antigen). All of
these receptors are expressed on B cells, but at different levels depending on developmental
stage. BAFF signaling has been shown in vitro to promote survival of B cells after the T1
transitional stage of development. Consistent with this finding, BAFF deficient mice lack B
cell development past the T1 transitional stage. One pathway by which BAFF has been shown
to promote B cell survival is the induction of NF-κB activation through the alternate NF-κB
pa thway. BAFF-transgenic mice develop an expansion of the peripheral B cell pool, in
particular marginal zone B cells, and spontaneously produce autoantibodies. Elevated BAFF
levels have been found in the serum of various autoimmune mouse models, and in 20–50% of
patients with various autoimmune diseases. BAFF-R-Ig and TACI-Ig, soluble receptors for
BAFF, diminish serum BAFF levels and have shown promise in treating mouse models of
lupus. Studies in humans are ongoing.

Women are nine times more likely to be afflicted with lupus than men (Grimaldi, Hill et al.
2005), and the common age of onset is between menarche and menopause. Yet prepubertal
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girls are only three times more likely to develop lupus than boys (Buoncompagni, Barbano et
al. 1991). Because of these data, a role for sex hormones in lupus has been postulated. In a
large, randomized-controlled study, post-menopausal women with lupus were found to have
a higher rate of flare if they received hormone replacement compared to those who received
placebo (Buyon, Petri et al. 2005). In animal models, estrogen has been found to accelerate
disease in both NZB/W (Roubinian, Talal et al. 1978) and MRL/lpr mice (Carlsten, Tarkowski
et al. 1990). The mechanism by which estrogen induces or aggravates autoimmunity has been
studied using Balb/c mice transgenic for the heavy chain of an anti-DNA antibody. The
transgenic heavy chain is able to assoicate with endogenous light chains to form BCRs of
varying affinity for DNA. These mice do not spontaneously develop autoimmunity as B cells
with high affinity DNA-reactive receptors are able to undergo normal tolerization. However,
when treated with estradiol, these mice develop high titers of anti-DNA antibodies and
glomerular IgG deposition (Bynoe, Grimaldi et al. 2000). Estradiol was found to allow B cells
to escape negative selection at both the immature and transitional checkpoints (Grimaldi,
Jeganathan et al. 2006). This failure of negative selection is associated with a decrease in BCR-
mediated signaling and an increase in the expression of CD22 and SHP-1, which negatively
regulate the BCR (Grimaldi, Cleary et al. 2002). These studies further strengthen the
association between diminished BCR signaling and lupus. Estrogen also causes an expansion
of the marginal zone population, which is corroborated by the body of data that suggests that
B cell fate is in part determined by BCR signaling amplitude, with lower signaling promoting
the differentiation of immature and transitional B cells into marginal zone B cells (Pillai,
Cariappa et al. 2005).

7. B-cell-directed therapies
As this review emphasizes, B cells have been proven to play a critical role in both human lupus
and in mouse models. Thus, the rationale clearly exists for therapies that target B cells.
Rituximab, a monoclonal antibody against CD20, was initially developed to treat B cell
lymphomas(Marwick 1997), but its application has grown to the treatment of autoimmune
disease. CD20 is expressed on immature and mature B cells, but is not expressed on plasma
cells (Glennie, French et al. 2007). Rituximab has been shown to be effective in a randomized-
controlled trial in rheumatoid arthritis (Edwards, Szczepanski et al. 2004). Recently, the
EXPLORER (Jayne 2008) study was undertaken to test the efficacy of Rituximab in lupus.
EXPLORER was a phase II/III randomized trial that treated patients with moderate to severe
lupus, excluding those with renal disease. This study exhibited no therapeutic effect. Another
study, the LUNAR trial, to examine the effect of Rituximab on lupus nephritis, is currently
ongoing. The lack of plasma cell targeting may have contributed to the failure of Rituximab
in EXPLORER, especially given the direct role of some autoantibodies in tissue injury. Also,
depletion of B cells by Rituximab has been shown to cause elevations in serum BAFF levels
(Lavie, Miceli-Richard et al. 2007). Hence, when the B cell repertoire reconstitutes,
autoreactive B cells, which normally are deleted or tolerized due to limited levels of BAFF,
may survive in the presence of elevated levels of BAFF. Thus, while B cells clearly remain
essential mediators of lupus, an understanding of how to tackle them remains to be fine-tuned.

8. Conclusion
The failure of B cell depletion to demonstrate an effect of a B-cell targeted therapy in SLE
crystallizes our need to better understand the role B cells are playing in this disease. B cells
are clearly important in lupus, and a tremendous number of B cell abnormalities may precipitate
this disease. For example, in some murine models of lupus, increased BCR-mediated signaling
leads to autoimmunity, while in other cases, diminished BCR signaling does the same. In some
cases, marginal zone B cells play an important role, whereas in others, follicular B cells appear
more important. Currently, treatments for lupus are administered, developed and tested in trials
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without a focus on the heterogeneity that clearly exists in this disease. This heterogeneity at
the molecular level may in fact be “built in” to lupus because the diagnosis includes such a
wide variety of symptoms. We need to understand the abnormalities that lead to lupus in
humans at the molecular and cellular level. By determining which of those abnormalities an
individual patient has, we can consider customized therapy. We would surely have greater
success in treating disease in this fashion, rather than attempting to treat all lupus patients with
the same medications. Hence, B cells still have many mysteries yet to reveal with respect to
how they mediate SLE and how we can successfully negate those effects.
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Figure 1.
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Figure 2.

Nashi et al. Page 18

Int J Biochem Cell Biol. Author manuscript; available in PMC 2011 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


