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Abstract
The generation of a B cell repertoire involves producing and subsequently purging autoreactive B
cells. Receptor editing, clonal deletion and anergy are key mechanisms of central B cell tolerance.
Somatic mutation of antigen-activated B cells within the germinal center produces a second wave
of autoreactivity; but the regulatory mechanisms that operate at this phase of B cell activation are
poorly understood. We recently identified a post germinal center tolerance checkpoint, where
receptor editing is re-induced to extinguish autoreactivity that is generated by somatic
hypermutation. Re-induction of the recombinase genes RAG1 and RAG2 in antigen-activated B
cells requires antigen to engage the B cell receptor and IL-7 to signal through the IL-7 receptor.
We demonstrate that this process requires IL-6 to upregulate IL-7 receptor expression on post
germinal center B cells. Diminishing IL-6 by blocking antibody or haplo-insufficiency leads to
reduced expression of the IL-7 receptor and RAG and increased titers of anti-DNA antibodies
following immunization with a peptide mimetope of DNA. The dependence on IL-6 to initiate
receptor editing is B cell intrinsic. Interestingly, estradiol decreases IL-6 expression thereby
increasing the anti-DNA response. Our data reveal a novel regulatory cascade to control post
germinal center B cell autoreactivity.

1. Introduction
It is well established that the process of V (D) J rearrangement for the generation of the B
cell receptor (BCR) leads to a high frequency of autoreactive B cells [1]. These B cells must
be purged from the repertoire prior to the acquisition of immunocompetence in order to
avoid autoimmune pathology. Numerous elegant studies have revealed mechanisms for the
removal or neutralization of such B cells during early B cell development. These
mechanisms all rely on engagement of the BCR and include apoptosis, anergy and receptor
editing. They occur in the bone marrow and during the transitional B cell stage when B cells
exit the bone marrow and migrate to the spleen to complete the process of selection and
maturation. Apoptosis rather than proliferation occurs in immature B cells following BCR
cross-linking because the events downstream of BCR ligation differ in the immature B cell
from those events downstream of BCR ligation in the mature, immunocompetent B cell [2].
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The nature of the anergic B cell, now termed transitional 3 (T3), remains controversial.
There appear to be a number of phenotypes of anergic B cells, yet all share the features of
failure to respond to BCR ligation and a shortened life span unless rescued from the state of
anergy [3]. Receptor editing refers to the re-expression of RAG genes once a complete BCR
has been formed to generate most commonly a new light chain, but occasionally a new
heavy chain [4, 5]. The new heavy and light chain combination has a new antigenic
specificity; if no longer autoreactive, the B cell will continue a maturation program to
immunocompetence. Receptor editing is initiated in the bone marrow and represents the
most frequently occurring mechanism of negative selection or tolerance induction [6].

Studies in mice have shown that both immature and transitional B cells are subject to
tolerance induction and studies of human bone marrow and peripheral blood B point to a
tolerance checkpoint at the junction of immature and transitional B cells and again at the
junction of transitional and mature B cells [7].

Numerous studies have also shown that autoreactivity is generated de novo by somatic
hypermutation during the germinal center response following antigen activation [8]. In our
own studies of the B cell response to the hapten phosphorylcholine (PC) coupled to a protein
carrier, we observed that 40% of the PC-reactive B cells displayed cross-reactivity with
double-stranded (ds) DNA and can be rescued from apoptosis through increased expression
of the anti-apoptotic molecule Bc1-2 [9]. The mechanisms that operate at this moment to
mediate negative selection are of particular interest because many studies of the
autoantibodies derived from peripheral blood B cells of patients with autoimmune disease
demonstrate the presence of extensive somatic mutation and back mutation to the germline
variable region gene sequence often abrogates the autoreactivity [10–13]. We have recently
identified a post germinal center tolerance checkpoint, where receptor editing is re-induced
to diminish the frequency of autoreactive B cells generated by somatic hypermutation [14].
This process reduces the autoreactivity in a primary response and even more markedly
diminishes autoreactivity in the memory compartment [15].

In order to study germinal center B cell selection, we generated a model for antigen-induced
anti-DNA antibody production. Immunization of BALB/c mice with a peptide mimetope of
DNA, DWEYS, multimerized on a polylysine backbone, MAP-peptide, leads to the
productions of anti-DNA antibodies [12]. These lupus-like anti-DNA antibodies have
pathogenic potential as they bind glomeruli and neurons [16]. The production of
autoantibodies is T cell dependent, Ed restricted and genetically determined by MHC
haplotype as DBA/2 mice, which express H-2d like BALB/c mice, mount a robust T cell
response to peptide but do not produce autoantibodies [17]. Using fluorochrome-tagged
tetramers composed of biotinylated peptide and fluorochrome-tagged streptavidin, we have
been able to visualize and isolate antigen-specific B cells. Approximately 75% of tetramer-
reactive B cells produce an antibody that cross-reacts with DNA [12]. Some produce an
antibody specific for peptide with no DNA reactivity. The tetramer-reactive population can
be subdivided into an early and late stage of differentiation based on expression of B220.
B220hi cells express GL-7, produce IgM unmutated antibodies, and express AID, exhibiting
a phenotype consistent with germinal center B cells. B220lo cells do not express GL7,
produce IgG mutated antibodies, and express Blimp-1 and XBP. These are late post-
germinal center B cells [15]. We have previously demonstrated that by day 17 after
immunization, the tetramer-reactive B220lo population expresses RAG1 and RAG2 and
initiates new light chain rearrangements [14]. This process requires BCR engagement,
hence; it does not occur in mice treated with DNase to remove the BCR-binding autoantigen
[15]. The process also requires IL-7; blocking antibody to the IL-7 receptor (IL-7R) leads to
a marked decrease in RAG expression [15]. The role of receptor editing in these antigen-
activated B cells is to reduce the number of autoreactive B cells; as interfering with the
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process leads to increased titers of autoantibodies [15]. Interestingly, the RAG expressing B
cells are located in extrafollicular regions of the spleen [15].

It has been reported that re-expression of RAG can be triggered in mature human B cells by
exposure to IL-6 [18]. Studies of ex vivo cultures of human peripheral blood B cells have
shown that RAG expression can be induced by IL-6 exposure and blocking with anti-IL-6
receptor (IL-6R) antibodies inhibits RAG production in peripheral blood B cells of healthy
individuals [18, 19]. Based on this activity of IL-6 in human B cells ex vivo we speculated
that IL-6 contributes to the in vivo regulation of receptor editing in post germinal center B
cells.

In this study, we show that IL-6 functions to upregulate the expression of IL-7R on tetramer-
reactive B220lo B cells. When IL-6 signaling is blocked, either by neutralizing antibody or
by genetic deletion, receptor editing is diminished and autoantibody titers increase in mice
immunized with the DWEYS peptide. In this process, IL-6 seems to function in an autocrine
fashion because a B cell specific decrease in IL-6 production abrogates receptor editing.
Moreover, the production of IL-6 is regulated by estrogen; estradiol treatment
downregulates IL-6 and, thereby, decreases receptor editing. These observations identify a
novel role for IL-6 in tolerance induction in antigen-activated B cells, and further suggest
that hormonal milieu contributes to the control of autoreactivity.

2. Materials and Methods
2.1 Mice and Immunizations

3-month-old female wild type (WT) BALB/c mice or BALB/c mice heterozygous for IL-6
expression (IL-6+/−) (The Jackson Laboratory, Bar Harbor, ME) were housed according to
AAALAC regulations. Female μMT mice on a (C57BL/6 × 129/Sv) background were
obtained from K. Rajewsky (Cologne, Germany)[20] and backcrossed to the BALB/c strain
for greater than ten generations. Mice were immunized with 100 μg of DWEYSVWLSN
peptide on a poly-lysine backbone (DWEYS-MAP, AnaSpec, San Jose, CA)
intraperitoneally on day 0 in complete Freund’s adjuvant (CFA, Difco Laboratories, Detroit,
MI). On day 7, mice were boosted intraperitoneally with 100 μg DWEYS-MAP in
incomplete Freund’s adjuvant (IFA, Difco Laboratories). Rat anti-mouse-IL-6 (BD
Bioscience, San Jose, CA) or isotype control antibody (purified rat IgG1, BD Bioscience)
was administrated intravenously (i.v.) on day 8 and day 14. Mice were sacrificed on day 17
for analysis.

2.2 Adoptive Transfer
B cells from WT BALB/c or IL-6+/− mice were purified using the mouse B cell isolation kit
(Miltenyi Biotec, Auburn, CA). Purified splenic B cells (2–5 × 107 cells/mouse) were
injected i.v. into μMT mice. Three weeks later, recipient μMT mice were immunized with
DWEYS-MAP as described above. Spleens from μMT mice with WT B cells or IL-6+/− B
cells were harvested on day 17 following the initial immunization.

2.3 Tetramer Generation
DWEYSVWLSN-streptavidin-allophycocyanin (DWEYS-APC) tetramers were generated
as previously described [21]. Biotinylated peptide was synthesized by AnaSpec.
Streptavidin-APC was purchased from Invitrogen (Carlsbad, CA).

2.4 Cell Sorting
To sort the tetramer binding populations, splenocytes were harvested from 3–5 mice at day
17 after the first immunization and placed in cold Hank’s Balanced Salt Solution (HBSS,
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Invitrogen) supplemented with 5% fetal calf serum (FCS, Invitrogen) and 10mM HEPES
(Invitrogen). PerCP-anti-B220 antibody (clone RA3–6B2, BD Bioscience) and APC-
DWEYS tetramer were used to detect antigen-binding B cells. 4′-6-Diamidino-2-
phenylindole (DAPI) was added before flow cytometry to exclude dead cells. Immediately
after isolation, tetramer-reactive B cells were resuspended in Trizol (Invitrogen) and frozen
at −80°C until RNA isolation. Cell sorting was performed on a FACSAria Flow Cytometer
(BD Bioscience). Data were analyzed by using FlowJo software (Tree Star Inc., Ashland,
OR).

2.5 RNA isolation and qPCR
RNA was extracted from the isolated cells using TriZol reagent (Invitrogen) following the
manufacturer’s protocol. cDNA synthesis was performed on 15 μl RNA using iScript cDNA
Synthesis Kit (Bio-Rad, Hercules, CA) in a final volume of 20 μl. qPCR was performed on a
LightCycler®480 Real-Time PCR System (Roche, Indianapolis, IN) and analyzed using
LightCycler®480 Software (Roche). ABI TaqMan Gene Expression Assays sets were used,
and the reactions were performed using LightCycler®480 Probes Master Mix (Roche) in a
final volume of 10 μl. All primer sets spanned an intron/exon border. ABI (Applied
Biosystems, Carlsbad, CA) Primer IDs: RAG1= Mm01270936_m1, RAG2=
Mm00501300_m1, IL-7R= Mm00434295_m1, IL-6= Mm99999064_m1, polr2a=
Mm00839493_m1.

2.6 Histology
Spleens were collected on day 17 after the initial immunization and frozen in Tissue-Tek
OCT Compound (Miles, Elkhart, IN) by immersion in a 2-methylbutane bath on dry ice.
Sections were cut to 5-micron slices using a Leica CM3050S cryostat. Prior to staining,
sections were warmed to room temperature and rehydrated in PBS. Slides were then fixed in
ice-cold acetone for 10 minutes and blocked with PBS, containing 2% BSA, 5% goat serum,
and 0.2% Triton X-100 (blocking buffer), for 30 minutes at room temperature. Staining was
performed with antibodies in blocking buffer for 1.5 hour at room temperature. Slides were
washed in PBS and mounted in Aqua-Poly/Mount (Polysciences, Inc, Warrington, PA).
Fluorescence microscopy was performed on an AxioCam II microscope (Carl Zeiss
Microimaging, Thornwood, NY). Image acquisition was performed with a Hamamatu
ORCA-ER camera using the Openlab imaging software (PerkinElmer, Inc., Waltham, MA).
The following antibodies were used: anti-RAG1 or anti-RAG2 (rabbit polyclonal, BD
Biosicence), PE-anti-B220 (RA3-6B2, BD Bioscience), Streptavidin-Alexa-Fluor-350
(Invitrogen) for tetramer labeling. Anti-RAG antibodies were detected using Zenon Alexa-
Fluor-488 anti-rabbit IgG labeling kit (Invitrogen). Isotype control for RAG was rabbit IgG
(blocking reagent from the kit).

2.7 ELISA
ELISA plates (Costar, Corning, NY) were coated with 15 μg/ml DWEYS-MAP or 100 μg/
ml sonicated, filtered calf-thymus DNA (Calbiochem, San Diego, CA). Plates were blocked
with phosphate buffered saline with 1% bovine serum albumin (PBS/BSA). Serum
antibodies were diluted in PBS/0.5%BSA and incubated for one hour at room temperature
for the peptide ELISA or 37°C for DNA ELISA. After washing the plates in PBS-Tween20,
anti-mouse-IgG-AP (goat polyclonal, Southern Biotech, Birmingham, AL) in PBS/0.5%
BSA was added at 1 μg/ml. Plates were washed and 1mg/ml PNPP (Sigma, St Louis, MO)
was added for detection. The assay was read at 405nm on a 1430 Multilabel Counter
Spectrometer (PerkinElmer, Inc., Waltham, MA).
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2.8 Ovariectomy
3-month-old female mice were ovariectomized. Sixty-day time-release pellets containing
17β estradiol (E2, 0.18 mg/pellet) or placebo pellets (vehicle control) (Innovative Research
of America, Sarasota, FL) were implanted subcutaneously. The E2 implant elevates serum
E2 levels to 75–100 pg/ml [22]. Mice were then rested for 7–10 days before immunization.

2.9 Data Analysis
Data were analyzed in Microsoft Excel (Microsoft, Redmond, WA) or Graphpad Prism
v4.02 (Graphpad Software, San Diego, CA).

3. Results
3.1 Anti-IL-6 antibody treatment diminishes the expression of RAG and IL-7R in DWEYS-
MAP immunized BALB/c mice

In vitro studies showed that IL-6 regulates the expression of RAG in mature human B cells
[18]. We were interested in determining whether IL-6 also participates in the regulation of
RAG and receptor editing in antigen-activated post-germinal center B cells in vivo. We,
therefore, immunized BALB/c mice with MAP-peptide as previously described, to induce a
cross-reactive anti-peptide, anti-DNA response. On day 8 and 14 following immunization,
we administered either anti-IL-6 or isotype control antibody. Three days later, we harvested
spleen and isolated B220hi and B220lo tetramer-reactive B cells by flow cytometry.

We first examined the transcription of RAG by qPCR and observed that anti-IL-6-treated
mice displayed a reduction in RAG expression in the antigen-specific (DWEYS-tetramer
binding, Figure 1A and 1D/1E) B220lo B cells compared to mice treated with isotype control
antibody (Figure 1B). This observation was confirmed by immunohistochemistry of the
spleen showing a decrease in RAG protein in anti-IL-6-treated mice (Figure 1B and
supplementary Figure 1). To gain insight into how RAG is downregulated by the IL-6
blocking antibody, we next measured the expression of IL-7R, as previous data from our
laboratory showed that the B220lo antigen-specific B cells upregulate IL-7R and receptor
editing in this population requires IL-7R signaling [15]. qPCR analysis showed that the
expression of IL-7R in the B220lo antigen-specific B cells is reduced in mice given anti-IL-6
antibody compared to control group (Figure 1C). These data suggest that IL-6 is required for
re-induction of RAG in antigen-activated B cells and that IL-6 may act through regulating
IL-7/IL-7R signaling.

3.2 Anti-IL-6 treatment elevates serum autoantibody titers in DWEYS-MAP immunized
BALB/c mice

Next, we wanted to examine the impact of diminished RAG expression in mice treated with
anti-IL-6 antibody on the production of autoantibodies. On week 6 after the initial
immunization, we collected serum from anti-IL-6-treated or isotype control-treated mice.
The serum level of anti-dsDNA antibody was significantly higher in the anti-IL-6 treated
mice, while the anti-DWEYS peptide level was not affected by anti-IL-6 administration
(Figure 2). These data indicates IL-6 contributes to the regulation of autoimmunity, and that
the anti-IL-6 antibody, that treatment did not affect the immune response to foreign antigens.

3.3 IL-6 haplo-deficiency diminishes RAG/IL-7R expression in DWEYS-MAP immunized
BALB/c mice

To confirm the requirement for IL-6 to initiate receptor editing, we repeated the study in
mice that were heterozygous for a deletion of the IL-6 gene. BALB/c mice heterozygous for
IL-6 (IL-6+/−) were immunized with DWEYS-MAP as described above. On day 17, we
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harvested spleen cells and isolated B220hi and B220lo cells. The IL-6+/− mice had fewer
RAG-expressing B cells in their extrafollicular region compared to wild-type BALB/c mice
(Figure 3A and 3B). Consistent with the data generated in mice treated with anti-IL6
antibody, IL-7R was also reduced in this subset.

3.4 B cell production of IL-6 is required for re-induction of receptor editing in activated B
cells

According to Jamin and colleagues, the IL-6 that contributes to RAG expression is made by
B cells and functions in an autocrine fashion [19]. We first showed that B cells undergoing
receptor editing produce IL-6 (Figure 4A). The antigen-activated B cells themselves are a
source of IL-6. We further explored this paradigm by transferring splenic B cells from wild
type or IL-6+/− mice to BALB/c μMT mice. We then immunized the recipient mice with
DWEYS-MAP as described above. Because all the B cells in the recipient mice were of
donor origin, we were able to address the requirement for B cell-derived IL-6 in this process.
As shown in Figure 4B, both RAG and IL-7R transcripts levels were decreased in the μMT
mice reconstituted with IL-6+/− B cells. RAG protein levels were reduced in the spleens of
mice reconstituted with B cells from IL-6 heterozygous (Figure 4C). In composite, these
observations indicate that the dependence on IL-6 to initiate receptor editing is B cell
intrinsic.

3.5 Estrogen regulates receptor editing in activated B cells through IL-6/IL-7R
Previous studies from our laboratory have shown that hormones can modulate B cell
development and central tolerance. In particular, estrogen increases the signaling threshold
for B cell apoptosis and abrogates naïve B cell tolerance at both the immature to T1 junction
and the T2 to naïve junction [22, 23]. Thus, mice transgenic for the R4A heavy chain of an
anti-dsDNA antibody exhibit an expanded marginal zone compartment that is enriched with
immunocompetent DNA-specific autoreactive B cells when treated with estradiol [23].
Interestingly, RAG expression is negatively regulated by estrogen [24]. We, therefore,
investigated the regulatory role of estrogen on receptor editing in antigen-activated B cells.

To circumvent the influence of the endogenous estrus cycle on estrogen concentrations,
ovariectomy was performed on BALB/c mice 7–10 days prior to immunization with
DWEYS-MAP. Mice were implanted with placebo or 17β estradiol (E2) pellets (60-day
release) subcutaneously. The E2 pellet generates a continuous serum concentration of 75–
100pg/ml, which represents peak levels during the estrus cycle [22].

On day 17 following the initial immunization with MAP-peptide it was evident that RAG
transcripts in antigen-specific B cells were decreased by estradiol treatment (Figure 5).
Estradiol-treated mice displayed lower expression of IL-7R on B220lo tetramer-reactive B
cells than placebo-treated mice. These changes are likely due to an estradiol-mediated
reduction in IL-6, as IL-6 transcripts were also lower in estradiol-treated mice in the antigen-
specific B220lo population that is the B cell source of IL-6 (Figure 5). Moreover, estradiol
treated mice had significantly higher levels of anti-dsDNA autoantibodies in their sera than
placebo-treated mice (Figure 6). Thus, in addition to interfering with tolerance induction in
immature B cells, estrogen also perturbs tolerance maintenance in antigen-activated mature
B cells by inhibiting receptor editing. The observed drop in IL-6 production is consistent
with a model in which the effects of estrogen on editing are mediated through its effects on
IL-6.

Yan et al. Page 6

J Autoimmun. Author manuscript; available in PMC 2013 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



4. Discussion
In this study, we have identified a novel function of IL-6 in the maintenance of B cell
tolerance. IL-6, a cytokine produced by a variety of cells, mediates a broad range of
biological activities including immune regulation, inflammation, hematopoiesis and
oncogenesis [25, 26]. It was first discovered as a T-cell-derived B cell stimulation factor that
induces B cells to produce IgG antibodies [26]. The role of IL-6 in promoting B cell
terminal differentiation into antibody-secreting plasma cell has been well demonstrated [25].
Studies in myeloma cells and B cell lymphomas have shown that IL-6 functions in an
autocrine fashion to promote cell proliferation and survival but paracrine signaling also
occurs [27].

The importance of IL-6 in immune homeostasis has been highlighted in studies using IL-6
deficient mice and IL-6 overexpressing mice. IL-6 deficient mice display impaired GC
formation with a decrease in both size and number of GCs [28]. The mice also exhibit
defects in T cell growth and function, failure of an acute phase response and impaired self-
renewal of uncommitted progenitor cells [29]. Mice overexpressing the human form of IL-6
have increased IgG production, an increased number of plasma cells, and autoantibody
production [30].

We investigated the role of IL-6 in the regulation of receptor editing after antigen activation
when autoreactive BCRs have been generated through somatic hypermutation during the GC
reaction. We were led to consider the role of IL-6 by previous studies by Jamin and
colleagues who demonstrated that human mature peripheral blood B cells upregulate RAG
expression upon BCR stimulation and that abrogation of IL-6 signaling with a blocking
antibody to the IL-6 receptor (IL-6R) inhibits the expression of RAG genes [18, 19]. In the
present study, blocking IL-6 activity by anti-IL-6 antibody not only reduced RAG
expression but also decreased B cell expression of IL-7R. Previous studies from our
laboratory have demonstrated the importance of signaling through the IL-7R in the initiation
of receptor editing in post GC B cells [15]. These observations suggest that IL-6 regulates
receptor editing in activated B cells through the control of IL-7/IL-7R signaling. It is
important to note that receptor editing alters autoantibody response without altering the
antibody response to foreign antigen; thus, it does not lead to impairment in protective
immunity. It is possible that the most critical function of the receptor editing process is to
purge the B cells that enter the memory compartment of autoreactivity as we have
previously shown [15].

The dependence of light chain rearrangement on IL-7 signaling remains controversial. Early
studies demonstrated that withdrawing IL-7 allowed pre-B cells to mature and generate an
intact light chain gene [31]. Recent studies in a pre-B cell line have been cited to confirm
that attenuation of IL-7 signaling promotes RAG expression [32]. In contrast, others have
argued that these data reflect an in vitro culture system in which cells lack exposure to some
vital factors like hepatocyte growth factor β that forms a chimeric molecule, pre-pro-B cell
growth stimulating factor (PPBSF), which is required to upregulate IL-7R, thereby enabling
the B cell to respond to IL-7 [33]. In fact, others have shown directly that IL-7 does not
prevent light chain rearrangement in pre-B cells [34]. Rather, withdrawal of IL-7 from the
culture only causes the death of a subset of IgM-negative pro-B cells but does not change
the number of cells that differentiate to the surface IgM-positive stage. Our recent studies,
together with those described here, further support the notion that IL-7R does not repress
light-chain rearrangement, but rather, is positively correlated with RAG expression in post-
germinal center B cells [15]. Moreover, inhibition of the IL-7R abrogates RAG expression
in these cells and leads to greater autoantibody production [15].

Yan et al. Page 7

J Autoimmun. Author manuscript; available in PMC 2013 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Although the present study shows that IL-6 is required for receptor editing in antigen-
activated B cells and controls titers of serum autoantibody, the pleiotropic IL-6 also plays a
pivotal, but contradictory, role in pathogenesis of many autoimmune and inflammatory
diseases [25]. Elevated IL-6 levels have been found in serum of individuals with systemic
lupus erythematosus (SLE), Sjogren’s syndrome (SS) and rheumatoid arthritis (RA) patients
[25]. A humanized anti-IL-6 antibody, tocilizumab, has demonstrated efficacy in the
treatment of RA and has been approved for clinical use [35]. IL-6 directly contributes to the
production of autoantibodies since anti-IL-6R antibody diminishes anti-dsDNA production
by B cells of SLE patients [36] and anti-aquaporin production by B cells of patients with
neuromyelitis optica [37]. B cells from NZB/W F1 mice that spontaneously develop SLE
show hyper-responsiveness to IL-6 and produce anti-DNA antibody following exposure to
IL-6 [38]. IL-6R blockade ablates the onset of autoimmune kidney disease in these mice
[38]. In another SLE-like autoimmune mouse model, the Lyn-deficient mice, Lyn-null B
cells produce high levels of IL-6 and genetic deletion of IL-6 ameliorates the autoimmune
disease in these mice [39]. B cell-derived IL-6 directly facilitates activation of B cells,
splenomegaly and generation of pathogenic autoantibodies in the Lyn-deficient mice [39].
The constitutive expression of IL-6R on SLE B cells and an auto-stimulatory function of
IL-6 in proliferation and differentiation of these cells has been reported [40]. IL-6 helps
modify autoreactive B cell receptors after the GC reaction, but we speculate that if any such
cells pass through that checkpoint and become cells that are responsive to IL-6’s autocrine,
proliferative effects, autoimmunity is thus promoted by IL-6.

The role of estrogen in SLE is somewhat controversial but a substantial amount of data
suggests that sex hormones contribute to disease expression. The incidence of SLE in human
is 9 times greater in woman than in men, but in individuals with disease onset prior to
puberty or after menopause the female to male ratio is 3:1 [41]. The timing of lupus onset
and disease activity suggests that female sex hormones may be regulators of lupus activity
[42]. Studies of animal models provide clear insight into the hormonal modulation of
autoimmune diseases. In the lupus-prone NZB/W mouse, there is a greater incidence of
disease in females than in males and administration of exogenous estrogen leads to earlier
onset and increased severity of disease [43]. In contrast, ovariectomy of female mice reduces
disease incidence and severity and castration of male mice increases their disease incidence
[43]. Estrogen also exacerbates disease in another spontaneous mouse model of lupus, the
MRL/lpr mouse, although to a lesser extent [44].

Studies from our laboratory indicate that estrogen can regulate B cell development and
tolerance induction in mice. Estrogen increases the signaling threshold for BCR-mediated
apoptosis of transitional B cells and impairs naïve B cell tolerance [22, 23]. Because
estrogen has been shown to down-regulate the expression of RAG [24] and IL-6 [45, 46] in
B cell precursors and osteoblasts, respectively, we asked whether it also plays a similar role
in mature post-GC B cells. Indeed, our data confirm the suppressive effect of estrogen on
RAG and IL-6 expression in antigen-activated B cells. In our DWEYS-induced
autoimmunity model, BCR engagement by autoantigen, along with autocrine IL-6
production and IL-7R signaling leads to induction of RAG expression and subsequent light-
chain editing to convert the cell to an innocuous specificity. This whole process is inhibited
by estrogen, while we did not determine whether estrogen regulates RAG expression
directly or indirectly, we surmise an indirect effect through IL-6 production, although it may
be that there are both direct and indirect effects of estrogen on RAG gene expression.

Two signals are involved in mediating RAG expression in lymphoid progenitor cells [47].
Interestingly, both our model of receptor editing in antigen-activated in B cells and the
model of receptor editing in cultured mature human B cells also require two signals. Our
model requires BCR engagement and IL-7 signaling; human B cells require BAFF as well as
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IL-6 [48]. Whether the same downstream pathways are involved in each model remains to
be determined. An increased number of RAG-expressing B cells are observed in both the
peripheral blood of SLE patients and in the synovial tissues of RA patients [40]. This may
reflect high serum levels of IL-6, which are present in both diseases.

In the present study, we elucidated a novel function of IL-6 in the modulation of tolerance
induction in antigen-experienced B cells. This study suggests a need for careful monitoring
of autoreactive B cells as anti-IL-6 antibody is taken to the clinic in SLE treatment. More
importantly, it demonstrates that IL-6 has functions that are pro-inflammatory, but it also
functions to control autoimmunity. Similarly, IL-10 also functions in homeostatic regulation.
It has also been suggested to act in an autocrine fashion to promote B cell survival and
autoantibody secretion [49] and yet B cell production of IL-10 can suppress immune
responses [50]. Herein, we identify an analogous quality in IL-6 function in which balanced
IL-6 secretion is required for a properly behaved immune system; homeostasis is maintained
through a coordination of discrete and seeming opposite functions of key cytokines.
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• IL-6 is required for post germinal center receptor editing that diminishes
autoreactivity.

• IL-6 is regulated by estrogen with estrogen decreasing IL-6 production by B
cells.

• These data suggest one mechanism for the increased humoral autoimmunity in
women.
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Figure 1. Reduced RAG/IL-7R expression after anti-IL-6 treatment in DWEYS-MAP
immunized BALB/c mice
BALB/c mice (3-month-old) were immunized with DWEYS-MAP and boosted a week later
(see Material and Methods). Anti-IL-6 antibody or isotype control (3–5 mice each group)
was administrated to mice intravenously at day 8 and day 14 following the initial
immunization. Spleens were collected at day 17. Antigen specific B cells were sorted as
shown in (A) and RNA was extracted for qPCR to assess RAG (B) and IL-7R (C) mRNA.
Spleen sections were frozen on the same day and immunohistochemistry was performed to
detect RAG (left column, staining in green) and DWEYS peptide reactivity (mid
column, tetramer staining in blue) levels (D and E).
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Figure 2. Elevated serum anti-dsDNA IgG titer after anti-IL-6 treatment in DWEYS-MAP
immunized BALB/c mice
BALB/c mice (3-month-old) were immunized with DWEYS-MAP and boosted a week later
(see Material and Methods). Anti-IL-6 antibody or isotype control (10 mice each group) was
injected to mice intravenously at day 8 and day 14 following the initial immunization.
Serum was collected at week 6 post initial immunization. ELISA was performed to assess
IgG titer of anti-dsDNA autoantibody (A) and anti-DWEYS-peptide antibody levels (B).
The experiment was performed twice. Data are from a representative experiment.
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Figure 3. Reduced RAG/IL-7R expression in DWEYS-MAP immunized IL-6+/− mice
IL-6 heterozygous (IL-6+/−) mice (3-month old) and age-matched wild type BALB/c mice
were immunized with DWEYS-MAP and boosted a week later (see Material and Methods).
Antigen specific B cells were sorted on day 17 following the initial immunization and RNA
was extracted for qPCR to check RAG and IL-7R mRNA (A). Spleen sections were frozen
on the same day of sorting and immunohistochemistry was performed to detect RAG protein
levels (B).
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Figure 4. B cell production of IL-6 is required for re-induction of receptor editing. BALB/c mice
(3-month-old) were immunized with DWEYS-MAP and boosted a week later. RNA was
extracted from splenocytes at day 17 for qPCR to assess IL-6 mRNA level
(A). Splenic B cells from 3-month-old IL-6+/− mice or age-matched wild type BALB/c mice
were purified and adoptively transferred to μMT mice by intravenous injections. 3 weeks
later, the recipient mice were immunized with DWEYS-MAP and boosted a week later (see
Material and Methods). Spleens were collected at day 17. Antigen specific B cells were
isolated and RNA was extracted for qPCR to assess RAG and IL-7R mRNA (B). Spleen
sections were frozen on the same day and immunohistochemistry was performed to detect
RAG protein levels (C).
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Figure 5. Estrogen downregulates RAG expression through IL-6/IL-7R
BALB/c mice (3-month-old) were ovariectomized and implanted with either estradiol (E2)
or placebo pellets subcutaneously. Mice were rested 7–10 days and then immunized with
DWEYS-MAP as described in Material and Methods. On day 17, antigen-specific B cells
were isolated and RNA was extracted for qPCR to assess mRNA levels of RAG, IL-7R and
IL-6.
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Figure 6. Estrogen increases serum anti-dsDNA IgG titer in DWEYS-immunized BALB/c mice
BALB/c mice (3-month-old) were ovariectomized and implanted with either estradiol (E2)
or placebo pellets subcutaneously. Mice were rested 7–10 days and then immunized with
DWEYS-MAP as described in Material and Methods. On week 6 following the initial
immunization, serum was collected to detect anti-dsDNA autoantibody (A) and anti-
DWEYS-peptide antibody (B) levels by ELISA.
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