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Abstract
B cells have been implicated both with pathogenic as well as protective capabilities in induction
and regulation of autoimmune diseases. Rheumatoid arthritis (RA) is an autoimmune disease that
occurs more often in women than men. A significant role of B cells as antibody producing and
antigen-presenting cells has been demonstrated in RA. Predisposition to RA is associated with the
presence of certain HLA class II alleles that share sequences with DRB1*0401. To determine the
role of HLA genes and B cells in vivo, we have generated transgenic mice carrying HLA genes,
DRB1*0401 and DQ8, known to be associated with susceptibility to RA. Humanized mice can be
induced to develop arthritis that mimics human disease in clinical, histopathological and sex bias.
Effect of hormones on immune cells and their function has been described in humans and mice
and has been suggested to be the major reason for female bias of autoimmune diseases. An
immune response to an antigen requires presentation by HLA molecules thus suggesting a critical
role of MHC in combination with sex hormones in susceptibility to develop rheumatoid arthritis.
Based on our observations, we hypothesize that modulation of B cells by estrogen, presentation of
modified antigens by DR4 and production of antigen-specific B cell modulating cytokines leads to
autoreactivity in females. These data suggest that considering patient’s sex may be crucial in
selecting the optimal treatment strategy. Humanized mice expressing RA susceptible and resistant
haplotype provide a means to investigate mechanism sex-bias of arthritis and future strategies for
therapy.
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INTRODUCTION
B cells play a central role in the adaptive immune response to antigens. Historically, the
major function of B cells for antibody production by plasma cells and generation of B
memory cells for enhanced recall response to an antigen has been well recognized. Their
role as antibody producing cells in autoimmune diseases like systemic lupus erythematosus
(SLE) and rheumatoid arthritis (RA) is well accepted. However, besides producing
antibodies, studies in animal models have shed light on the importance of B cells as antigen
presenting cells and influencing immune response via cytokine production and regulating
lymphoid tissue architecture. Recent advances in B-cell mediated immune responses have
brought forth an important role of B cells in immune regulation and protection from
diseases. Thus B cells have both pathogenic and immunoregulatory functions in the
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induction and maintenance of autoimmune diseases. B cells undergo many developmental
checkpoints under normal conditions from immature to mature stage to prevent the
development of autoimmunity. Healthy humans do have self-reactive B cells which escape
negative selection and are silent but may become activated under certain conditions and in
genetically predisposed individuals, a break in tolerance may lead to production of
autoantibodies and autoimmunity. Autoimmune diseases like SLE and RA occur more
frequently in women than men. Many studies have shown a hormonal regulation of B cells
and their functions. However, the mechanism of action by which B cells contribute to a sex-
bias disease is still poorly understood and remains an active area of research.

Peripheral B cell maturation and checkpoints for autoimmunity
B cells are generated throughout life in the bone marrow (BM). Upon completing B cell
maturation, immature naïve B cells have two choices; either they stay in the marrow and
further mature [1, 2] or they exit the marrow, enter the blood and travel to the secondary
lymphoid organs. Peripheral B maturation is BCR and antigen dependent. Conventional B
cells, or B2 cells, reside in the spleen, lymph nodes, and blood and are of two major types,
follicular (FO) or marginal zone (MZ) B cells. MZ B cells respond to T-independent antigen
whereas FO B cells require T cell help, undergo affinity maturation, and are the primary
source of long lived plasma cells and memory B cells.

Peripheral B cell maturation proceeds through a series of developmental intermediates
including transitional (T) subsets (T1-3), FO subsets (type I and II), MZ precursors and MZ
B cells[3]. A variety of studies in genetically manipulated mouse models support the notion
that BCR signal strength regulates the FO versus MZ fate decision [3]). However, FO versus
MZ cell fate bias has been observed in mature B cells under conditions of lymphopenia or
impaired B cell development, and is believed to reflect enhanced homeostatic proliferation
[4, 5]. Recirculating FO B cells can adopt a MZ phenotype upon transfer into lymphopenic
hosts[6]. The production of naïve B lymphocytes in BM is severely suppressed during
pregnancy or after experimental elevation of estrogen, while mature recirculating B cells are
unaffected[7, 8]. Together these findings provide evidence that mature B cells are sensitive
and responsive to physiologic cues.

Effective humoral immune responses are contingent on the ability to generate a diverse and
highly specific antibody repertoire. To limit the generation and/or survival of autoreactive B
cells, the B cell maturation pathway has multiple tolerance checkpoints (Figure1). Central
tolerance mechanisms limit the exit of naïve B cells with self-reactive BCRs from BM.
Central tolerance, although highly effective, is restricted to antigens expressed and/or
encountered in BM. Therefore, small numbers of self-reactive B cells escape central
tolerance as transitional immature B cells. These cells are removed by a second tolerance
checkpoint in the periphery, recognition of self-antigen in the absence of co-stimulatory
signals provided by T cells. However, self-reactive peripheral B cells do escape tolerance
checkpoints[9, 10]. Defects in BCR signaling can affect receptor editing and counterselect
for autoreactive B cells. Heightened BAFF levels can promote the survival and
differentiation of self-reactive anergic B cells. A high proportion of mature naïve self
reactive B cells have been found in patients deficient in CD40L or MHC Class II patients
with Bare Lymphocyte Syndrome, revealing that CD40/CD40L interactions together with
antigen presentation impact naïve peripheral B cell tolerance. Finally, sex differences in
susceptibility to autoimmune disease and modulation of disease pathophysiology during
pregnancy or after hormone administration are well established[11]. The decrease in
production of naïve B cells in BM could alter the repertoire of antibody specificities and it is
unknown whether the process of affinity maturation is altered by changes in systemic levels
of sex steroids.

Luckey et al. Page 2

Autoimmunity. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



B cells in Rheumatoid arthritis
Rheumatoid arthritis is a chronic inflammatory joint disease of unknown etiology. It occurs
more often in women than men suggesting a role of sex hormones in pathogenesis. Recent
studies suggest that compared to men, women tend to be younger at disease onset, have
higher disease activity and disability, and lower rates of remission—yet a similar
progression of erosive disease [12-15]. However, not all studies agree; one has suggested
that after accounting for disease duration, sex has minimal effect on disease severity [16]. It
has been suggested that bias in the definition or measurement of disease characteristics or
differences in pain perception or muscular strength might, in part, account for the reported
differences in disease characteristics among women and men [13, 14]. However, the
variance among the published studies in the relationships of sex with disease phenotype has
not been adequately explained. In attempting to understand the sources of this variance, we
must consider that while immune regulation by sex hormones clearly is polarized between
the sexes, estrogens and androgens to varying degrees have biochemical activity in both
sexes.

Predisposition to rheumatoid arthritis has been linked to environmental factors and presence
of certain Major Histocompatibility Complex (MHC) class II HLA-DRB1 locus [17].
Among the HLA-DR4 genes, DRB1*0401 (Dw4), DRB1*0404/0408 (Dw14), and
DRB1*0405 (Dw15) alleles confer genetic predisposition to RA while DRB1*0402 (Dw10)
does not [18]. The DQB1*0301 (DQ7) and DQB1*0302 (DQ8) genes linked with DRB1*04
(DR4) allele occur with increased frequency in some RA patients [19, 20]. Thus, the HLA
class II contribution to RA predisposition may be the result of the interaction between HLA-
DQ and HLA-DR molecules on both haplotypes carried by an individual. A strong
correlation of RA with the class II alleles could be due to their ability to present the
antigenic peptides to T cells. Published data is consistent with an involvement of T cells;
specially CD4+ T cells, in pathogenesis of RA [21, 22]. However, in synovial tissue of RA
patients, both T and B cell infiltrates are observed [23, 24]. B cells have been touted as the
main culprits in pathogenesis of certain autoimmune diseases, like rheumatoid arthritis and
systemic lupus erythematosus, mainly due to their contribution via antibody production. For
decades rheumatoid factor (RF) and more recently anti-citrullinated peptide antibodies
(ACPAs) produced by autoreactive B cells have been used as diagnostic markers for RA.
Studies have shown that onset of RA is preceded by the presence of autoantibodies
suggesting 1) a break in tolerance occurs much before the actual clinical phenotype and 2) B
cells have a significant role in events leading up to development of disease (Figure 2).

B cells could contribute towards pathogenesis by a) producing autoantibodies directed to
self-antigen such as rheumatoid factor and anti-citrullinated antibodies to various synovium-
derived antigens like type II collagen, fibrinogen and filaggrin among others b) presenting
antigen and activation of T cells and 3) by producing inflammatory cytokines like TNF-α
[25-28]. Enhanced function of B cells resulting in higher acute phase response and increased
levels of rheumatoid factor IgA has been associated with the presence of shared epitope in
RA patients [29]. Microarray studies on peripheral B cells from RA patients showed that
pathways controlling proliferation, activation and apoptosis of B cells are defective in these
patients [30]. Serum levels of IL-5 that induces B cell proliferation and IL-10, known to
induce differentiation, enhancement of class II expression and inhibition of apoptosis, were
found to be increased in RA patients compared to controls [30-32]. Chemokines involved in
B cell trafficking, inflammatory pathways and formation of ectopic lymphoid tissue are
present with differential expression on B cells of RA patients compared to healthy controls
[33]. There are indications that B cell activity is enhanced in RA and their elimination by
anti-CD20 antibodies from the synovial tissue can provoke a disruption of T cell activity and
production of monokines [34, 35]. Serum levels of B cell activating factor (BAFF) has been
shown to regulate maturation and survival of autoreactive peripheral B cells [36, 37].
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Stimulation via TLR3 has been shown to stimulate production of BAFF in synovial
fibroblasts from RA patients and leads to Ig class switching to IgG/IgA in B cells [38].
Patients with RA have elevated BAFF serum levels that can result in survival of autoreactive
B cell clones in them [39]. Therefore it is not surprising that depletion of B cells via anti-
CD20 antibody treatment provides an attractive therapeutic option for RA. Although
originally developed for the treatment of B cell lymphoma, B cell depletion therapy has been
shown to be effective for many autoimmune diseases like RA, multiple sclerosis and SLE
thus underpinning the role of B cells in pathogenesis of autoimmunity. It is difficult to study
the kinetics of B cell activation and their differentiation into autoreactive cells and also it is
not known which B cell function is most critical for autoimmunity. Animal models of
disease have provided a great avenue to advance our knowledge and understand how B cells
are involved in autoimmunity.

Experimental Collagen-induced arthritis and role of B cells
A critical role of B cells has been demonstrated in several models of autoimmune diseases
that include lupus, arthritis and diabetes [40-43]. Collagen induced arthritis (CIA) represents
an experimental autoimmune arthritis that is dependent on the MHC-restricted immune
response to type II collagen, a tissue restricted organ protein. The immune reactivity to type
II collagen varies between different mouse strains, thus providing a model to examine how
the development of an immune response to foreign/self antigen may progress to an
autoimmune response and subsequently to disease. Type II collagen constitutes 80-90% of
total collagen content of hyaline cartilage found in joints. Collagen specific T cells have also
been found in the synovial membrane of patients with rheumatoid arthritis [44-46].
Circulating antibodies to type II collagen have been demonstrated in the sera and synovial
fluids of RA patients [47, 48]. Ours and other data have shown CIA to be a T and B cell
dependent disease similar to that of RA [49, 50]. The B cell response in CIA has been shown
to be directed to epitopes located at position 358-369 of CII [51]. Crystal structure of an
arthritogenic anti-collagen immune complex has recently been resolved and suggests that
pathogenic autoantibodies bind a conserved sequence on CII [52]. In the experimental model
of arthritis, transfer of autoantibodies can induce transient and mild arthritis, presumably via
formation of immune complexes that induces proinflammatory cytokines like TNFα, IL-1β
and IL-8 [53, 54]. There is overwhelming evidence that B cells can present antigens to
CD4+ T cells, although the role of B cells in presenting antigenic peptides to naïve CD4+ T
cells has been somewhat controversial [55, 56]. Mouse studies using B-less mice have
shown an important role of B cells as antigen presenting cell (APC) to autoreactive T cells
[57, 58]. Depletion of B cells has been shown to reduce autoreactive T cells, suggesting a
direct role of B cells in pathogenesis[59]. Recent studies suggest that B cells can act as
APCs by internalizing antigen through BCR or by formation of immune complexes and their
internalization through FcgR expressed on professional APCs [60, 61]. Using Balb/C mice
in the proteoglycan-induced arthritis model, depletion of CD20 cells have been shown to
enhance T regulatory activity thus suppressing the disease and B cell deficient Balb/c mice
were resistant to proteoglycan-induced arthritis [62, 63] suggesting that B cells are required
as antigen presenting cells for inducing arthritis.

The most direct example of the role of B cells in pathogenesis of arthritis comes from the
KRN mouse model of spontaneous arthritis [64]. The molecular target of both T and B cells
in this model is an enzyme of the glycolytic pathway, glycosyl-phosphatidyl inositol (GPI).
This model showed that even though dendritic cells (DCs) are potent stimulators of T cells,
TLR ligation in B cells enhances their ability to stimulate T cells and production of TNFα,
suggesting a possible way by which polyclonal B cell activation contributes to disease
severity. [65]. The tumor necrosis factor (TNF) cytokine superfamily plays a central role in
immune regulation. B cell activating factor (BAFF) is a TNF family cytokine that binds
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BAFF-R on B cells and promotes activation and survival of B cells in vitro and in vivo [66,
67]. Arthritis in DBA/1 mice was found to be associated with increased expression of BAFF
on dendritic cells [68]. Further, CII-immunized DBA/1 mice that were treated with
recombinant BAFF showed an early onset of arthritis with a severe disease, while
neutralization of BAFF by administering soluble TACI-Fc to arthritic mice inhibited
proliferation of T and B cells, production of anti-collagen antibodies and arthritis
progression [68-70]. Silencing of the BAFF gene locally suppresses IL-17 cytokine and
ameliorates CIA in DBA/1 mice [71]. These studies show that B cells contribute to
pathogenesis of collagen-induced arthritis in many different ways.

B cells as effectors in humanized model of collagen-induced arthritis
The advent of class II knock-out mice expressing human HLA-DR and HLA-DQ transgenes
has significantly advanced our understanding of the role of individual HLA class II
molecules in various clinical conditions. Transgenic mice expressing HLA-DQA1*0301/
DQB1*0302 (DQ8) but lacking endogenous class II molecules (Aβo) have been helpful in
determining how HLA alleles contribute to pathogenesis. Transgenic mice develop normally
and can positively select various CD3 cells and B cells similar to that of a wild type CD57/
BL6 mouse [72, 73]. To determine if accessory molecules function normally in these
transgenic mice for proper folding of the HLA molecules and generation of immune
response via T and B cells, DQ8 mice lacking invariant chain, DQ8.Ii−/− were generated
[74]. Both strains positively selected CD8 and B220+ cells although DQ8.Ii−/− mice
exhibited much lower numbers of B cells with reduced expression of DQ8 and no CD4 T
cells compared to DQ8.Ii+/+ mice. Immunization of DQ8 and DQ8.Ii−/− mice with CII
elicited a vigorous CD4 mediated, DQ8-restricted CII-specific cellular and humoral
response which progressed to a severe form of CIA in around 70% of DQ8 mice [49, 74-76].
The arthritic paws showed cellular infiltration, marked synovitis consisting of synovial cell
hyperplasia and erosion of articular cartilage. DQ8.Ii−/− mice did not develop measurable
anti-CII antibodies and very low T cell response to CII and developed CIA with an
incidence of 20% suggesting an important role of invariant chain for proper functioning of
HLA molecules and cell selection process in transgenic mice. Studies using DQA1*0103/
DQB1*0601(DQ6).Aβo mice confirmed that positive selection of cells by MHC molecules
is an important phenomenon for susceptibility to or protection from arthritis [77]. HLA-DQ6
mice do not develop CIA and produce lower levels of antibodies than DQ8 mice even
though the total number of T and B cells are similar to that of DQ8 mice (Figure 3), thus
suggesting that positive and negative selection of T cells and B cells by HLA class II
molecules might form an important basis for the presence of autoreactive cells in genetically
predisposed individuals.

The role of B cells has been extensively studied in mouse models of lupus. In one of the
lupus mouse model, activation of autoreactive B cells via endogenous Toll like receptor
ligands rather than T cells has been suggested as the first step towards autoreactivity [78]. A
critical role of B cells in antigen presentation along with autoantibody production has been
described in both the MRL-lpr/lpr mouse model and proteoglycan induced arthritis model
[42, 79, 80]. Using an Ig transgenic mouse model, B cells have been implicated in driving T
cell autoimmunity prior to autoantigen presentation by DCs [58]. Requirement of B cells to
initiate systemic immune response that can lead to development of CIA in DQ8 mice was
studied by using DQ8 mice lacking mature B cells, DQ8.umt mice. DQ8.umt mice did not
produce any autoantibodies or develop CIA suggesting, that B cells are required for
induction of arthritis. Also, DQ8.umt mice generated low cellular immune response to
known DQ8-restricted CII-derived peptides even though the professional APCs were present
with much higher numbers than in DQ8 mice. In vivo substitution of DQ8.μmt mice with
primed B cells from parent DQ8 mice restored T cell response and production of IFN-γ
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when challenged in vitro, confirming that B cells can contribute towards pathogenesis by
presenting antigen to autoreactive T cells. For adaptive immune response, antigen
presentation requires CD4 T cells and costimulatory molecules like CD28. Using DQ8
transgenic mice lacking CD4 or CD8 molecules, CD4 cells were shown to be essential for
the initiation of CIA. While all the 3 strains of mice, DQ8, DQ8.CD4−/− and DQ8.CD8−/−,
showed similar B cell numbers, DQ8.CD8−/− mice produced higher levels of anti-CII
antibodies to self and priming CII compared to other strains. All arthritic mice produced
IgM and IgG rheumatoid factors, but DQ8.CD8−/− mice also produced anti-nuclear
antibodies, known to be present in lupus patients and around 30-40% of RA patients. These
data suggested that CD8 T cells may have a regulatory effect, specially on activation of B
cells. Upon activation, CD8 T cells produce IFNγ that can inhibit production of IL-4 and
thus down regulate proliferation of B cells. Thus in RA patients, dysregulation or a defect in
CD8 T cells may be the first step towards B cell activation and proliferation in certain
conditions.

Role of B cells in sex-bias of arthritis
Rheumatoid arthritis affects approximately 1% of the population and occurs two to three
times more often in women than in men with about 70% of patients being women. Most of
the models of experimental arthritis including DQ8 mice do not develop the sex-biased
arthritis that is observed in humans. A quantitative trait loci on chromosome 11 has been
shown to affect incidence and severity of arthritis and anti CII antibodies in female mice in a
mouse model of arthritis [81]. Although, there are not many models where arthritis is
observed with a sex-bias similar to that in humans, an antigen-induced arthritis model using
methylated bovine serum albumin showed severe arthritis in old females compared to young
female and male mice even though antibodies and T cell response were similar in all groups
[82]. Genes on the X chromosome have been shown to affect B cell populations and CIA in
a rat model [83]. Enumeration of resident leukocytes has shown that the numbers of
leukocytes occupying the naive peritoneal and pleural cavities is higher in female than in
male mice [84], and contribute to increase in immune response in females. In humans, DR4
is associated with susceptibility to RA in most ethnic populations. Mice carrying DR4/IE
transgene are susceptible to CIA though no sex bias was observed [85]. To determine the
role of DR4 and B cells in arthritis, we generated DRB1*0401 and DRB1*0401/DQ8.AE−/−
mice lacking all endogenous class II mice, DR4.AE−/− and DR4/DQ8.AE−/− mice. Both of
these strains develop sex-biased CIA with predominantly females being affected, female to
male 3:1, a ratio similar to that in RA. In humans, DR4 and DQ8 occur in linkage, making it
difficult to define the role of each gene. Since DQ8 mice develop arthritis with a similar
incidence in male and female mice, data in DR4 and DR4/DQ8 transgenic mice suggested a
role of DR4 in rendering susceptibility to develop arthritis in female mice. Female DR4
transgenic mice had more absolute numbers of CD4+ T cells and B cells than males. In
humans, a similar phenomenon has been shown with women having more absolute number
of CD4 cells and expressing more potent T and B cell responses to antigens relative to men,
which may contribute to autoimmunity [86]. Arthritic mice produced both IgG and IgM
rheumatoid factor (RF) as well as anti-citrullinated peptide antibodies (ACPAs), with female
mice producing much higher levels of autoantibodies than males. Recent data in RA patients
has suggested ACPAs to be a more sensitive diagnostic marker than RF for RA. Female
DR4 mice showed a higher expression level of DR4 on B cells compared to male B cells.
Similar to transgenic mice, RA patients also showed higher expression level of DR4 on
peripheral blood mononuclear cells in women compared to men [87]. Since the DR4
transgenic mice do not carry any endogenous class II molecules, autoimmune response is
generated by a DR4-restricted antigen presentation. This led to the speculation that DR-
restricted antigen presentation by B cells may contribute to autoimmune response.
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Presentation of an autoantigen by B cells may induce activation of T cells leading to epitope
spreading and a break in tolerance.

In humans and animal models, estrogen has been shown to modulate antigen presentation by
DCs and leads to differential HLA-restricted presentation of CII by DCs and macrophages
[88]. Evidence for differential cytokine production by T cells in response to antigen
presentation by B cells and macrophages has also been demonstrated [89]. The first study
describing sexual dimorphism in HLA-restricted antigen presentation by B cells was shown
using HLA-DR4 transgenic mice [87]. HLA-DR4 restricted presentation of an
immunodominant CII peptide by B cells generate a much more robust response in female
mice compared to males, while DCs present the same peptide robustly in males [87].
Further, a sex–specific cytokine profile was generated by the DR4 restricted CII peptide
presented by B cells. Female mice produced more B cell modulating cytokines, with IL-13
being the most distinguishing cytokine between sexes, while male mice produced Th1/TH2
cytokines. In RA patients, high levels of IL-13 has been correlated with ACPA positivity
[90]. On the other hand, DQ8-restricted CII peptide was presented robustly by B cells as
well as DCs in males compared to female mice and led to production of a sex-specific
cytokine profile. This data suggest that not only the type of antigen presenting cells, but
HLA-DR and DQ restricted presentation may also show sexual dimorphism. The results
from the humanized HLA-DR4 and DR4/DQ8 transgenic mice imply that mechanistic
differences in B cell- and dendritic cell (DC)-mediated antigen presentation and HLA-DR4-
restricted immune responses may underlie the sex-based differences in disease phenotype. If
the hypothesis is true, then it may be beneficial to target therapies to these distinct cellular
mechanisms in women versus men.

Recent investigations have shown that ACPAs precede arthritis development, making
citrullinated proteins strong candidates for driving the autoimmune response in this disease
[91]. Citrullination of a protein requires the posttranslational conversion of peptidyl arginine
to peptidyl citrulline. Female sex hormone modulates expression of and can increase
production of the peptidylarginine deiminase (PAD) enzymes required for citrullination of
proteins [92]. Presence of DRB1 shared epitope is considered a primary risk factor for
production of ACPAs in RA [93]. However, DR4-restricted CII peptide shown to be
immunodominant in DR4 transgenic mice [85], does not have any arginine. Interestingly,
immunization with a peptide non-responsive in native state and recall in vitro with
citrullinated peptide generated a higher response in female DR4 mice compared to males
confirming 1) previous studies that citrullinated peptides bind *0401 molecules with higher
affinity than native peptides[94] and 2) suggesting a way that DR4 and B cells can
contribute to sex-bias in autoimmunity.

Impact of sex hormones on B cell functions and sex bias of arthritis
Increased prevalence of autoimmune diseases in women, sex-differences in immune system
and remission of symptoms of disease during pregnancy have suggested a role of female sex
hormones in the pathogenesis of arthritis, although data in humans and animal models of RA
has been controversial [95]. Fluctuations in disease activity during pregnancy have been
mainly explained due to hormonal changes favoring a Th2 response. However, one study
found no correlation between disease course and autoantibodies levels in pregnant RA
patients, suggesting role of B cells other than antibody production may be involved in
pregnancy-induced remission [96]. Estrogen has been shown to enhance immunoglobulin
production in PBMCs and women have been known to produce elevated levels of antibodies
normally as well as in autoimmune diseases [86, 97, 98]. A central role of estradiol has been
shown in modulating antigen presentation, enhancing B cell responses by increasing
survival of autoreactive B cells and production of proinflammatory cytokines such as IL-1,
IL-6 and TNFα [86, 99-101]. Estrogen has been shown to impair negative selection of high
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affinity autoreactive B cells. Male RA patients have higher levels of estradiol compared with
healthy controls [102]. Animals with CIA show decreased disease activity during pregnancy
[103] and estrogen treatment in non-pregnant CIA mice leads to an increase in IgG1
antibodies which may explain remission during pregnancy [104]. In mice, estrogen has been
shown to inhibit autoreactive B cell apoptosis thus increasing their survival and contributing
to disease severity mainly via engagement of estrogen receptor alpha [105, 106]. Castration
and ovariectomy in mice showed an increase in circulating B cells [107]. However,
ovariectomized mice treated with estradiol showed decreased B lymphocytes and milder
CIA, suggesting a down regulatory effect of estrogen on B lymphopoiesis [108]. Contrasting
reports in mouse models of arthritis have been reported where a protective role of estrogen
and an inflammatory role of male hormones has been suggested based on castration and
exogenous supply of estradiol [103]. Since none of the models showed a sex-bias in CIA,
even though these studies contributed a wealth of information, the mechanism of sex-bias
still remained unknown.

Since DR4 mice developed arthritis predominantly in females, we tested how estrogen will
modulate DR-restricted antigen presentation. Male DR4 mice implanted with slow release
estradiol tablets showed an increase in expression levels of DR4 in splenic cells, in
particular on B cells, with a significant higher antigen-specific response in treated versus
untreated mice. Also, incidence of CIA doubled in castrated mice compared to non-castrated
mice, suggesting a protective effect of androgen. A higher antigen presentation has been
shown by splenic cells and epithelial cells during proestrous when estrogen is high [86,
109]. These data suggest that sex-bias in arthritis requires modulation of APC function by
estrogen, which leads to differential antigen presentation by DR4 molecule resulting in a
cytokine milieu of Th1/Th2/Th17 that decides the final outcome.

Since estrogen can increase expression of PAD enzyme, one can speculate that the increased
expression of PAD enzyme during estrous cycle could cause an increase in citrullination of
peptides, not only in the uterus, but other tissues including synovial tissue. This might result
in the citrullination of multiple synovial specific autoantigens and their presentation by
DRB1*0401 molecule leading to activation of autoreactive CD4 T cells and autoimmunity.
It is intriguing to contemplate that the explanation could be as simple as the difference in
posttranslational modification of arginine in both sexes which may dictate the final antigen-
specific immune response. Though the hypothesis needs to be proven, it can be further
speculated that in males there is less citrullination of the arginine residue due to lower levels
of PAD enzymes, making them available for other modifications. This would suggest that
posttranslational modifications of the arginine in an antigen may be a critical factor while
association of RA with HLA alleles is by virtue of antigen presentation by specific HLA
molecule and APC.

B cells as regulators in experimental arthritis
There is ample evidence indicating that B cells are essential for regulating immune
responses and maintaining a healthy state by producing antibodies and also as APCs that
allow development of memory CD4+ T cells [110]. While professional APCs can uptake
non-specific antigens, selective uptake of antigens by B cells is highly efficient in the
generation of antigen-specific immune response. In addition to the functions noted above, B
cells also produce cytokines, IL-4, IL-6, IL-10 and TNF-α, which have regulatory effects on
DCs and the differentiation of T cells, suggesting a regulatory function of B cells [111, 112].
Recent studies have highlighted the regulatory role of B cells in various autoimmune models
[113-115]. B cells producing IL-10 have been shown to prevent CIA in DBA/1 mice[116].
The phenotype of these regulatory B cells was shown to be T2-MZ precursor cells and they
needed to be stimulated via CD40 for regulatory function [117]. Apoptotic cells have been
shown to induce B regulatory cells that secrete IL-10 and inhibit CIA [118]. More than one
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type of B regulatory cell has been described. Another type of B regulatory cell that
represents only about 1-2 % of splenocytes, expresses CD19+CD5+CD1dhi and produces
IL-10, known as B10 cells, has been described [119]. Adoptive transfer of B regulatory cells
has been shown to prevent autoimmunity in various experimental models including arthritis
[113]. However, none of these studies showed a sex difference in the presence of B
regulatory cells and whether these B regulatory cells contribute to resistance to develop CIA
in genetically predisposed mice. Studies using DR4 transgenic mice described an increased
production of IL-10 by male mice in response to presentation of DR4-restricted CII peptide
by B cells. Male DR4 mice were shown to have higher numbers of B regulatory,
CD19+CD5+CD1dhi cells, and T regulatory cells, CD4+FOXP3+, compared to female
mice. These data do not directly prove a role of B regulatory cells in resistance to develop
arthritis in male mice and does not describe at what stage of arthritis B regulatory cells may
be expanded. However this data does suggest that serious consideration should be given to
sex-dependent treatment option for patients.

B cell directed Immunotherapy in RA
The various ways B cells can contribute to pathogenesis and severity of autoimmunity has
made them a perfect target for therapy, specially in a disease like RA where autoantibodies
precede the actual clinical phenotype. B cell depletion with a monoclonal anti-CD20
therapeutic antibody is effective and approved for the treatment of moderate to severe RA
with an unsatisfactory response to a TNF inhibitor [120-122]. Anti-CD20 depletion therapy
eliminates all of B cell functions although the function that is critical in determining its
efficacy is still unknown. B cell depletion in RA patients has shown a positive clinical
response with a reduction in B cells and improvement in ACR response and reduction in Ig
levels [123]. Since CD20 is not expressed by antibody-secreting plasma cells, antibody
secreting cells still exist although the source for plasma cells is eliminated. CD20 is
expressed on B cells from pre-B stage in the bone marrow to the mature B cell stage, these
lymphocyte subsets are eliminated by anti-CD20 treatment as demonstrated by several
clinical trails involving autoimmune diseases. The Phase III Randomized Evaluation of
Long-Term Efficacy of Rituximab in RA (REFLEX) trial demonstrated efficacy of RTX in
patients with a history of non response to tumor necrosis factor inhibitors [124]. However, in
another trial with CD20 depletion in RF-negative RA patients, no difference was observed
as compared to placebo-treated patients [121]. Treatment with anti-CD20 antibody has been
shown to deplete B cells in synovium although no change in B cell survival factor
expression was observed [125]. A more recent addition to treatment of RA is a fully human
monoclonal antibody against B lymphocyte stimulator (a growth and survival factor for B
cells). In a double-blind, placebo-controlled, phase II trial, it was well tolerated and had a
significant beneficial effect on the ACR 20 response. However, the exact mechanism by
which depletion of B cells works is still unknown. In CIA model in DBA/1 mice, treatment
with anti-CD20 antibodies delayed the onset of arthritis[126]. In other models of arthritis, B
cell depletion suppressed arthritis development by inhibiting autoreactive T cell responses
and increasing T regulatory cells [59, 62, 127]. Based on our data in DR4 transgenic mice,
we speculate that B cell depletion therapy, on average, might be more effective in women as
compared to men. To our knowledge, the published trials of rituximab therapy in RA do not
distinguish the treatment efficacy by sex, perhaps due to the smaller number of male
participants and hence low power to detect sex-based differences. In addition to B cells, DCs
are central in inducing immunity and in mediating immune tolerance in humans. Evidence
supports a significant role for DCs in the initiation, maintenance, and progression of RA
[128]. If the hypothesis based on the HLA-DR4 transgenic mice data is correct, then
therapeutic strategies that target DCs might be relatively more important for men than
women. Indeed one study reported that male sex predicted a higher probability of achieving
DAS28 remission with anti-TNF therapy, which is potentially consistent with observations

Luckey et al. Page 9

Autoimmunity. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



in transgenic mice, as TNF is an important mediator of myeloid cells such as DCs [15].
Emerging therapies that exploit the capacity of tolerogenic DCs or that target the
proinflammatory products of DCs might be particularly useful in managing men with RA.
Observations in DR4 transgenic mice shed light on how B cells behave in sex dependent
manner and persuade us to look into considering patient’s sex in selecting the optimal
treatment strategy.

Concluding Remarks
An initiating autoantigen for rheumatoid arthritis is not known. Association of HLA class II
molecules and genetic studies strongly indicate a role of class II-restricted responses in
pathogenesis although such a mechanism is not yet defined. Rheumatoid arthritis occurs two
to three times more often in women than men, however the mechanisms underlying the sex
bias on the phenotype of RA are unknown. B cells play a critical role in pathogenesis of RA
as is obvious with efficacy of anti-CD20 antibody treatment. Females have higher levels of
estrogen and thus have high PAD enzymes resulting in increase in citrullination of peptides
that can be presented by RA susceptible DR alleles. Estrogen modulates B cell function in
many ways thus enhancing MHC-restricted presentation of synovial antigens. Difference in
the presence of B regulatory cells and antigen presenting ability of B cells in sex-specific
manner has not been explored. We propose that B cells are hyperactive in females and
antigen presentation via B cells in the context of specific HLA molecules generates sex-
specific immune response determining the outcome of clinical phenotype (Figure 4).

Defining the mechanism of pathogenesis in experimental models will help define sex-bias of
disease. Humanized mice expressing HLA genes provide one way to study the role of
individual genes for investigating genetic, environmental and pathogenic aspects of an
autoimmune disease in a biologically relevant situation in order to address questions about
optimizing treatment based on patient’s sex.
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Figure 1.
Checkpoints for B cell tolerance during maturation.
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Figure 2.
Genetic (HLA) and environmental (Cigarette smoke, infections) factors predispose an
individual to develop autoimmunity. The onset of clinical symptoms of autoimmune disease
are preceded by several years of activation of T and B cells leading to production of
autoantibodies and ultimate a break in tolerance, tissue damage and epitope spreading of the
organ-specific autoantigen.
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Figure 3.
HLA-DQ8 mice are susceptible to collagen-induced arthritis and HLA-DQ6 mice are
resistant. DQ8 mice produce higher amounts of anti-type II collagen antibodies against chick
type II collagen (CII) and mouse CII (MCII) compared to DQ6 mice upon immunization
with CII. Naïve DQ8 and DQ6 mice do not differ in absolute numbers of splenic antigen
presenting cells, CD11c and B cells.
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Figure 4.
DRB1*0401-restricted antigen presentation by B cells regulates sex bias of arthritis.
Estrogen modulates B cell functions; increasing their survival, antigen presentation and
autoantibody production. Males have higher numbers of B regulatory cells that may expand
during immune response and produce IL-10 thus inhibiting T cell proliferation and limiting
autoreactivity and autoantibody production. Antigen presentation via B cells in females
leads to production of B cell modulating cytokines that increase their survival and
proliferation thus enhancing autoreactive immune response. This suggests that males need to
have a higher genetic load to develop autoimmunity.
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