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Abstract
Objective—Regulator of G-protein Signaling (RGS) proteins inhibit chemokine signaling by
desensitizing G-protein coupled receptor signals. The mechanisms by which RGS13 promotes the
generation of pathogenic autoantibodies in germinal centers (GC) were determined using BXD2-
Rgs13−/− mice.

Methods—Confocal and light microscopy imaging was used to determine the location of cells
that express RGS13 and activation-induced cytidine deaminase (AID) in the spleen and the
number of plasmablasts. The levels of GC and plasma cell program transcripts in GC B cells were
determined by quantitative real-time PCR. Differential IL-17-mediated expression of Rgs13 in GC
versus non-GC B cells was analyzed using A20 versus 70Z/3 B cells.

Results—In spleens of BXD2 mice, RGS13 was mainly expressed by GC B cells and was
stimulated by IL-17 but not IL-21. IL-17 upregulated Rgs13 in A20 GC but not 70Z/3 non-GC B
cells. BXD2-Rgs13−/− mice exhibited smaller GCs, lower AID levels, suggesting lower somatic
hypermutation and affinity maturation. There were, however, increased IgMbright plasmablasts,
upregulation of plasma program genes Irf4, Blimp1, Xbp1 and pCREB target genes Fosb and
Obf1, with down-regulation of GC program genes Aicda, Pax5 and Bach2 in GC B cells of
BXD2-Rgs13−/− mice. BXD2-Rgs13−/− mice showed lower titers of IgG autoantibodies and IgG
deposits in the glomeruli, suggesting reduced autoantibody pathogenicity.

Conclusion—RGS13 deficiency is associated with reduction in GC program genes and exit of
less pathogenic IgM plasmablasts in BXD2 mice. Prolonged GC program, mediated by
upregulation RGS13, enhanced AID expression and enabled generation of pathogenic
autoantibodies in autoreactive GCs.
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INTRODUCTION
The production of pathogenic autoantibodies in SLE (1) and RA (2, 3) has been extensively
studied. Bootsma et al have shown that disease relapse in SLE was associated with a rise in
IgG anti-dsDNA but not IgM anti-dsDNA (4). In addition, non-pathogenic autoantibodies
have been extensively observed in the rheumatic diseases as elevated levels of anti-Ro or
anti-CCP can be observed for many years before the onset of SLE (5) or rheumatoid arthritis
(RA) (6, 7) and serum autoantibodies are not directly correlated with disease activity.
However, the mechanisms of production of pathogenic vs. non-pathogenic autoantibodies
are not known.

A key event for transition from non-pathogenic to pathogenic autoantibodies is somatic
hypermutation (SHM) and class switch recombination (CSR) that regulated by activation-
induced cytidine deaminase (AID). Diamond and colleagues (8) showed that IgM anti-
dsDNA antibodies from peripheral blood from a patient with SLE can be derived from
germline DNA that does not necessarily recognize self-antigens, but SHM enables anti-
DNA recognition (1). Jiang et al (9) have shown that MRL-Faslpr/lpr mice that exhibit a
heterozygous genotype for AID exhibit impaired SHM, affinity maturation, lower levels of
specific anti-dsDNA and delayed development of renal disease, suggesting that AID levels
impact the SHM and CSR and directly implicate affinity maturation of autoantibodies in
autoimmunity. We have previously shown that BXD2 mice exhibit large, well-formed and
numerous germinal centers (GCs) with high expression of AID in B cells (10–12).
Importantly, BXD2 AID-dominant negative (AID-DN) Tg mice that express an AID with
mutations in the catalytic domain and the PKA binding site exhibit decreased SHM, CSR,
decreased development of autoantibodies and decreased autoimmune disease (13). Together
these results indicate that upregulation of AID, leading to increased SHM and CSR is a
crucial event to development of pathogenic autoantibodies.

Although AID plays a central role to promote development of pathogenic autoantibodies, the
mechanism for the high expression of AID in autoreactive GCs remains unclear. There is,
however, an extensive literature on the role of T cells to promote GC development (14, 15)
and defects in GC selection has been shown to be operative in SLE (16, 17). IL-4, which is
has been described to induce AID expression, does not appear to be upregulated in
autoreactive T cells or in SLE (18, 19). Interestingly, although IL-21, the key cytokine
produced by follicular T helper cells, has been shown to upregulate AID, a main function of
IL-21 was shown to promote plasma B cell differentiation and it does not help B-cell SHM
(20). BXD2 mice develop a lupus-like disease with high titers of high-affinity, class-
switched autoantibodies and glomerulonephritis (10–12). We have previously shown that
TH17 CD4 T cells in BXD2 mice are essential for development of large, numerous GCs that
produce highly pathogenic autoantibodies (11). Further, IL-17 does not directly affect BCR
or anti-CD40-induced B cell proliferative responses (21) and thus, IL-17-mediated
development of autoreactive GC differs from the effects of IL-21 (20). Instead, IL-17
induces expression of regulator of G-protein signaling 13 (RGS13), which retards the B-cell
chemotaxis response to CXCL12 and CXCL13. RGS13 is a critical GTPase accelerator
(GTPase-activating protein) for Gα subunits that can control the magnitude and duration of
the chemokine receptor signals (22, 23). Importantly, the CD4 T cell-B cell interaction
promoted by IL-17 and upregulation of RGS13 was strongly needed for AID upregulation
since B cells from BXD2-Il17ra−/− mice exhibited dramatically smaller GCs and reduced
levels of AID (21).

To enable analysis of the mechanisms by which IL-17-mediated upregulation of RGS13
influences the generation of pathogenic autoantibodies, we generated BXD2-Rgs13−/− mice.
We found that RGS13 expression occurred exclusively in GC B cells and its expression in
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BXD2 B cells was stimulated by IL-17 but not IL-21. Interestingly, although a deficiency of
RGS13 does not completely block the formation of GC structure, it resulted in an increase in
IgMhi plasmablasts as well as increased expression of plasma program genes and decreased
expression of GC program genes. AID expression in situ was significantly attenuated in the
GC B cells of BXD2-Rgs13−/− mice even though equal numbers of PNA+ B cells were
found surrounding each CD4+ T cell in the spleen of BXD2-Rgs13−/− versus BXD2 mice.
Collectively, these results propose a novel mechanism of generation of pathogenic
autoantibodies as a result of IL-17-induced RGS13 which prolonged GC to plasma cell
transition and promoted AID-mediated SHM and CSR.

MATERIALS AND METHODS
Mice

Female homozygous C57BL/6J (B6), BXD2 recombinant inbred mice were obtained from
The Jackson Laboratory; B6-Rgs13−/− mice were provided by Dr. Kirk Druey at NIH.
BXD2-Rgs13−/− were generated by backcrossing B6-Rgs13−/− mice, with BXD2 mice for >
seven generations. All mouse procedures were approved by the University of Alabama at
Birmingham Institutional Animal Care and Use Committee.

Confocal Imaging Analysis
Spleens from mice were collected, embedded in Frozen Tissue Media (Fisher Scientific) and
snap-frozen in 2-methylbutane. Frozen sections (8 µm thick) were fixed and processed as we
previous described (21). The following primary antibodies conjugated to Alexa dyes were
used to stain spleen tissues for confocal image analysis: biotin-PNA (Vector Laboratory) to
Alexa 350–streptavidin (Invitrogen); anti-IgM to Alexa 555; anti-AID (mAID-2,
eBioscience) to Alexa 555, anti-RGS13 (N1C3-2, GeneTex, Irvine, CA) to Alexa 647, and
anti-CD4 (RM4-5, Invitrogen) to Alexa 488 or 647.

Confocal imaging intensity analysis was carried out using the 1.4 version of the Image J
software developed by the U.S. National Institutes of Health and available on the Internet at
http://rsb.info.nih.gov/nih-image/). Background intensity was subtracted for each image. The
single color intensity plot was generated using the Image J interactive 3D surface plot
module. The localization of RGS13 and AID staining was determined by analysis of the
color intensity of each relative to the color intensity of PNA, IgM or CD4. The area of the
marginal zone (MZ) was defined as the IgM+ area outside the marginal sinus (MS); the area
of the FO as the IgM+ area inside the MS but excluding the mantle area; the mantle area as
the IgM+ area between the GC and MZ (24).

Immunohistochemical (IHC) staining
IHC staining was carried out as described previously (13) using 4-µM sections of formalin-
fixed tissues. Sections were incubated with HRP-linked anti-mouse IgM (Southern Biotech)
and/or anti-mouse IgG (Southern Biotech) then treated with 3,3',5,5'-tetramethylbenzidine
(Sigma) and counterstained with methyl green. Stained sections were viewed using an
Olympus BX41 System Microscope. Quantitation of IgG+ glomeruli was carried out using
the ImageJ program as described above.

Flow cytometry analysis and sorting
Flow cytometry was carried out on fluorescently-labeled single-cell suspensions as we
described previously (13, 21). Unless specified, all fluorochrome conjugated antibodies were
obtained from Biolegend (San Diego, CA). For the detection or isolation of GC B cells, cells
were labeled with biotin-conjugated PNA (Vector Laboratories), APC-conjugated GL-7
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(GL7 eBioscience), PE-anti-Fas (Jo2, BD-Pharmingen), APC-conjugated anti-mouse B220
(RA3-6B2), biotin-anti-CD138 (281-2), Alexa700- or pacific blue-anti-CD19 (clone 6D5),
and Pacific blue- or Alexa647-conjugated streptavidin (SA).

For sorting of subsets of B cells, pan B cells were first enriched from single-cell spleen
preparations using anti-CD19 MACS Beads (Miltenyi Biotech Inc, Auburn, CA). The FO
(IgMloCD1dloCD21loCD23hi), MZ (IgMhiCD1dhiCD21hiCD23lo), and MZ-precursor (MZ-
P) (IgMhiCD1dhiCD21hiCD23hi) subsets of B cells were sorted and gated based on the
method that we described previously (25, 26).

Cytokine stimulation of B cells
Single-cell suspensions were prepared from the spleens of BXD2 mice. B cells were
enriched by positive selection using magnetic anti-CD19 microbeads as described above.
The purified B cells were rested at 4°C overnight and then cultured for 2 h at 37 °C/5% CO2
in RPMI 1640 medium (Invitrogen) supplemented with 2 mM L-glutamine, 25 mM HEPES,
100 U/ml of penicillin, 100 µg/ml of streptomycin, 5.5 × 10−5 M β-mercaptoethanol and
10% FCS in the presence and absence of 50 ng/ml of either recombinant mouse IL-17 or
IL-21 (R&D Systems). GC B cell line A20 and the pre-GC B cell line 70Z/3 were obtained
from ATCC (Manassas, VA).

ELISA
Serum levels of autoantibodies were determined by ELISA as we have described previously
(13). BiP was purchased from Assay Designs, Inc. and all other autoantigens from Sigma-
Aldrich. Urinary albumin was analyzed using a competitive Albuwell M ELISA kit
(Exocell, Inc.) as described previously (13).

Anti-NP response analysis
Mice were immunized intraperitoneally with 50 µg of NP21–chicken gamma globulin (NP21-
CGG; BioSearch Technologies) adsorbed to 1.3 mg alum (Sigma-Aldrich) in a total volume
of 100 µl NP21-CGG alum/phosphate-buffered saline (PBS). Anti-NP antibodies in the
serum were measured by ELISA in which the target antigens (Biosearch Technologies) were
either NP7–bovine serum albumin (BSA)(a low hapten density with a molar ratio of NP to
BSA of ~7) to detect high-affinity anti-NP antibodies; or NP33–BSA (a high hapten density
with a molar ratio of NP to BSA of ~33) to detect both high and low-affinity anti-NP
antibodies.

RNA Quantitation
Quantitative real-time-PCR (qRT-PCR) was carried out using the Bio-Rad IQ5
Thermocycler. cDNA was synthesized using the Maxima® First Strand cDNA Synthesis Kit
(Fermentas Inc.). The real-time qPCR mixtures contained SYBR Green PCR Master Mix
(Bio-Rad) and a pair of primer sequences as shown in Supplementary Table 1 for each gene.

Statistical analysis
All results are shown as the mean ± standard error of the mean (SEM). A two-tail t test was
used when two groups were compared for statistical differences. ANOVA test was used
when more than 2 groups were compared for statistical differences. P values less than 0.05
were considered significant.
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RESULTS
RGS13 is expressed in GC B cells and is induced by IL-17 but not IL-21

The expression of RGS13 in autoimmune B cell subpopulations had not been examined
previously. We found that RGS13 is expressed exclusively in GC B cells among splenic B
cell populations (Fig. 1A, 1B). By confocal imaging of spleens from 3-mo-old BXD2 mice,
we found high intensity staining of the RGS13 protein in cells in the GCs with only minimal
staining of cells in the MZ, FO and mantle areas (Fig. 1A, 1B). Very minimal RGS13
expression could be detected in the spleen of age-matched BXD2-Rgs13−/− mice (Fig. 1C),
although PNA+ GC cells were not completely absent (Fig. 1C).

Analysis of GC, FO, MZ and MZ-P B-cell subpopulations by qRT-PCR indicated that
Rgs13 transcripts were limited to the GC B cells and increased in BXD2 compared to B6
mice, with extremely low expression in the FO, MZ and MZ-P B cells (Fig. 2A).

To verify the GC T helper cytokine that can potentially stimulate Rgs13, 3-mo-old BXD2 B
cells were stimulated with either IL-17 or IL-21 for 2 hrs, and the increase in Rgs13
expression in cytokine stimulated compared to unstimulated control (fold induction) was
analyzed. The results showed that IL-17 induced the upregulation of Rgs13. In contrast,
IL-21, which up-regulated Bcl-6, did not induce the expression of Rgs13 and even slightly
downregulated its expression relative to unstimulated cells (Fig. 2B). To further determine
that upregulation of Rgs13 is a GC B cell specific response to IL-17 stimulation, we
analyzed the effect of IL-17 on the GC B cell line A20 and the pre-GC B cell line 70Z/3.
Flow cytometry analysis revealed that A20 were predominantly a GC phenotype as
indicated by Fas+ PNA+, whereas 70Z/3 cells were Fas−PNAlow (not shown). Interestingly,
despite relatively lower expression of Il17r by A20 versus 70Z/3 B cells (Fig. 2C), there
were higher levels of Rgs13 and higher induction of Rgs13 after 0.5-hour co-culture with
IL-17 in the A20 cell line compared to no detectable upregulation of Rgs13 in the 70Z/3 cell
line. Upregulation of Rgs13 in the A20 cell line was not transient, but was maintained in the
presence of IL-17 for at least 24 hours (Fig. 2D).

Rgs13 deficiency suppressed autoantibody pathogenicity
A deficiency of RGS13 significantly reduced the manifestations of lupus characteristic of 6-
mo-old BXD2-WT mice, including proteinuria (Fig. 3A) and the deposition of IgG-
containing immune complexes in the glomeruli (Fig. 3B). At 6 mo of age, BXD2-WT mice
had very high sera titers of class-switched IgG anti-DNA, anti-histone, and anti-BiP
autoantibodies (10, 11). A deficiency of RGS13 resulted in a significant reduction in the
titers of these IgG autoantibodies in 6-mo-old mice (Fig. 3C, left). The titers of these IgG
autoantibodies were also elevated in the 1.5 mo-old BXD2-WT mice, compared to those
detected in B6 mice (Fig. 3C, right). A deficiency of RGS13 is associated with reduction of
IgG autoantibody titers in BXD2 mice at both ages (Fig. 3C). However, there was no
significant difference in the titers of the IgM autoantibodies in the BXD2-WT and BXD2-
Rgs13−/− mice at either 6 mo or 1.5 mo of age (Fig. 3D). Thus, a deficiency of the Rgs13
gene restricted age-related development of IgG pathogenic autoantibodies in the BXD2 mice
but has a limited effect on the production of IgM autoantibodies.

Rgs13 deficiency inhibited GC progression but enhanced IgM plasmablasts
We next determined if the lower titers of autoantibody production in these mice is associated
with reduction in GC formation and plasma cell development. Consistent with our previous
observations (13, 21), we found significantly higher numbers of GC B cells of 1.5 mo-old
and 6 mo-old BXD2-WT mice as compared to age-matched B6 mice, with the frequency
being 8-fold higher in the 6-mo old mice (Fig. 4A, right). A deficiency of RGS13 was
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associated with a significant reduction in the frequency of GC B cells in the 6-mo-old BXD2
mice (Fig. 4A, right), but the frequency of GC B cells were only slightly lower in the 1.5
mo-old BXD2-Rgs13−/− as compared to BXD2-WT mice (Fig. 4A, left).

The development of plasmablasts within the spleen can be quantified via enumerating the
percent of CD138+ B220+ B cells. There was a significant increase in CD138 plasmablasts
in the 1.5-mo-old BXD2 mice compared to B6 mice (Fig. 4B). Surprisingly, there was a
significantly increased percentage of CD138+ plasmablasts in BXD2-Rgs13−/− mice,
compared to BXD2 mice (Fig. 4B). The presence of plasmablasts was further quantitated by
enumerating IgMbright or IgGbright plasmablasts B cells exiting through bridging channels as
they migrate into the perifollicular areas (27). Consistent with the flow cytometry findings,
at 1.5 mo of age, there were significantly higher numbers of IgMbright plasmablasts in the
spleens of the BXD2-Rgs13−/− mice than the BXD2-WT mice (Fig. 4C, upper left and
right). A high power view of the represented area further shows higher numbers of IgMbright

plasmablasts located in bridging channels and outside of the marginal zone in the BXD2-
Rgs13−/− mice, compared to BXD2 mice (Fig. 4C, upper middle). At this age, very few
IgGbright cells were observed in the spleens but higher numbers of IgGbright cells were seen
in the BXD2-WT mice than the BXD2-Rgs13−/− mice (Fig. 4C, lower). Together these
results confirm that in 1.5-mo-old BXD2-Rgs13−/− mice, there is a significant increase in the
number of plasmablasts, especially IgM plasmablasts, compared to BXD2 mice.

At 6 months of age, there was no significant difference in the numbers of IgMbright

plasmablasts in the spleens of these strains (Fig. 4D, upper). In contrast, the numbers of
IgGbright plasmablasts in the spleens of BXD2-WT mice were markedly higher than in the
BXD2-Rgs13−/− mice (Fig. 4D, lower).

Decreased GC but increased plasma cell program genes in Rgs13−/− GC B cells
The above results suggested the possibility that a deficiency of RGS13 enhances the
transition of GC B cells to plasma cells. To determine if RGS13 deficiency favors plasma
program over GC program, we sorted GC B cells from 3-mo-old mice, and quantified the
expression of plasma cell program genes and GC program genes by qRT-PCR. In terms of
GC program genes, there was significantly lower expression of Bach2, Pax5 and activation-
induced cytidine deaminase (Aid or Aicda), but not Bcl6, in GC B cells from BXD2-
Rgs13−/− mice as compared to GC B cells from BXD2-WT mice (Fig. 5A).

Notably, a deficiency of RGS13 resulted in significant upregulation of plasma cell program
genes Blimp1, Irf4, and Xbp1 in the GC B cells of 3 mo of age (Fig. 5B). The B-cell-
restricted Oct-2 is a POU family transcription factor, which recruits the coactivator OCA-B/
Bob-1/OBF-1, and plays an important role for Ig gene transcription and plasma
differentiation (28, 29). Xie et al (30) recently showed that RGS13 acts as a nuclear
repressor of CREB and can suppress the downstream target genes of CREB phosphorylation
including Fosb and Obf1. We also found that the expression of the genes encoding of Fosb
and Obf1 was significantly upregulated in GC B cells of BXD2-Rgs13−/− as compared to
BXD2-WT GC B cells (Fig. 5C). In contrast, expression of the gene encoding Oct-2 was not
altered by a deficiency of RGS13 (Fig. 5C).

RGS13 deficiency reduced AID and SHM in vivo
It has been established that the expression of AID is associated with close contact and
prolonged interactions between cytokine secreting CD4+ T cells and GC B cells in vivo (31).
The lower expression of AID in GC B cells detected in the BXD2-Rgs13−/− mice was
further verified using confocal microscopy. Regions of the GC that exhibited equivalent
numbers of CD4 T cells and PNA+ GC B cells were examined to determine the relative
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number of AID+PNA+ GC B cells that are in contact with each CD4 T cell (Fig. 6A, left and
middle high-power panels). In the RGS13 deficient spleen, although there were equivalent
numbers of PNA+ B cells (red) in contact with CD4+ T cells (white), there was a significant
decrease in the number of B cells in close proximity to T cells that also express AID (green),
as compared to BXD2-WT spleens (Fig. 6A). These results suggest that in the absence of
RGS13, PNA+ B cells that are in proximity with CD4+ T cells exhibited a lower ability to
upregulate AID.

To determine if altered GC and plasma cell program genes in the BXD2-WT mice is
important for a T-dependent antibody affinity maturation GC response, we compared the
responses of BXD2-WT and BXD2-Rgs13−/− mice to immunization with NP21-CGG, a T-
dependent antigen. Affinity maturation requires SHM of the V186.2/V3 genes of the J558
family (32, 33). From day 14 to day 28, the development of the high affinity anti-NP7, (Fig.
6B) and high + low affinity anti-NP33 (Fig. 6C) IgG1 and IgG2b antibodies was significantly
higher in BXD2-WT mice than BXD2-Rgs13−/− mice, suggesting a reduction in GC-
mediated SHM in the BXD2-Rgs13−/− mice. These results together suggest that while there
was spontaneous release of low affinity antibodies, the generation of high-affinity T-
dependent antibodies was markedly reduced in BXD2-Rgs13−/− mice as compared to the
BXD2-WT counterparts.

DISCUSSION
The present results identify RGS13 as a key regulator in the GCs to prolong the GC program
kinetics. In the presence of intact RGS13 in the GC of BXD2 mice, there was an increase in
the number of GC B cells that interacted with CD4 T cells in a manner that enabled the high
levels of AID in spontaneous GC B cells in BXD2 mice. Although large numbers of
IgMbright plasmablasts were found in young BXD2-Rgs13−/− mice, autoantibodies produced
from these mice exhibited lower pathogenicity as immune complexes and renal disease
development were attenuated in older BXD2-Rgs13−/− mice. The results obtained by the
NP21-CGG immunization in BXD2-Rgs13−/− mice further support the role of RGS13 in
enabling SHM and the generation of high affinity antibody responses.

Upregulation of AID has been shown to be an essential step in murine models of SLE,
humans with SLE (1, 9) and in RA (34), to promoting SHM, CSR and development of
highly pathogenic autoantibodies. Upregulation of AID in autoimmunity may requires close
T-B interactions in addition to factors that promote either GC development (TFH) or B cell
survival and tolerance loss (such as BAFF). In BXD2 mice, we previously showed that
inhibition of CD28/CD86 interaction within Ad-CTLA4Ig had a prolonged and profound
effect on inhibition of Aicda and autoimmune disease (10). IL-4 (35), CD40L (36) and IL-21
(37–39) can all upregulate AID and promote CSR and SHM, as recently reviewed (40).
IL-4+ TH-2 T cells were almost undetectable in the spleen of BXD2 mice (21). Importantly,
the present study shows that IL-17, but not IL-21, upregulates Rgs13 in BXD2 B cells.
Furthermore, a deficiency of RGS13 results in a significant increase in several plasma genes
including Blimp1, Irf4, and Xbp1 but attenuates the expression of GC program genes Aicda,
Pax5 and Bach2. The results suggest that IL-17-induced Rgs13 favors the GC program
genes and delays the transition of GC B cells to plasma cells.

How extension of the GC program facilitated the formation of pathogenic autoantibodies in
autoimmune BXD2 mice? A model of delay-driven diversity in which antibody affinity
maturation processes, including SHM and CSR, can be controlled at the point in which GC
B cells undergo the transition to plasma cell differentiation has been proposed recently by
Igarashi and colleagues (41, 42). In this model, regulatory transcription factors that prolong
the GC gene-expression program and thereby delay the transition to the plasma gene
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regulatory program promote antibody maturation and the generation of plasma cells that
produce antibodies that have undergone CSR and exhibit high levels of SHM (41). This
extension of the delay-driven diversity model to regulation of pathogenic autoantibody
production suggests a previously unsuspected susceptibility to autoimmune disease in which
temporal differences in relative expression of specific genes regulating GC to plasma B cell
transition can affect disease severity. We have observed that, Fosb, a target of pCREB and
can positively regulate Blimp1 expression for terminal differentiation of activated B cells to
plasma cells (28, 43), was significantly upregulated in GC B cells of BXD2-Rgs13−/− mice.
Consistently, Obf1, another target of pCREB (44) and can directly bind to XBP-1 to regulate
plasma differentiation (29), was also significantly upregulated in GC B cells of BXD2-
Rgs13−/− mice. In contrast, Oct2, which is not a target of pCREB, was not upregulated as a
result of RGS13 deficiency. Together, these results suggest that one likely mechanism by
which IL-17 induced RGS13 can enhance AID-mediated autoantibody SHM and CSR is via
repression of the pCREB-related plasma cell transition, leading to a prolonged GC program
kinetics of the GC B cells.

One question is if RGS13 directly affects GC to plasma cell transition or if it acts through
prolonged T-B interaction to affect AID induction. RGS13 protein was first defined as
molecules that modulate the chemokine signaling event, i.e., CXCR5 chemotaxis in
response to CXCL13, and RGS13 and can act through desensitization of GPCR to enable
retention and close contact of GC B cells and CD4 T cells (23). It has been reported that the
retention of B cells play a key role in shaping a GC response (45) and is needed either to
promote the interaction of CD4+ T cells with B cells, which facilitates recycling of B cells
into the GC (46) or promotion of the interactions of FDC with B cells to enhance antigen
encounter (47). The present results suggest that the expression of RGS13 at least regulates
successful contacts between GC B cells and CD4+ T cells that can lead to the upregulation
of AID in autoantigen triggered spontaneous GC B cells.

In summary, in addition to providing a framework for the understanding of IL-17-mediated
promotion of GC formation and autoantibody production, the current studies identify new
mechanisms that may promote the development and severity of autoimmune disease. The
results imply that factors such as IL-17 and protein kinase A (48) that can directly regulate
expression of RGS13 can also act through this gene to manipulate the size of GCs and the
extent of affinity maturation and CSR of the antibodies produced. We therefore propose that
upregulation of RGS13 can have a positive effect on AID by delaying the transition of the
GC B cell from the GC program to the plasma cell program, and this in turn results in
increased CSR, SHM, and production of pathogenic autoantibodies. This effect is distinct
from factors that promote GC development, such as IL-21 from TFH, and factors that
promote tolerance loss in GC B cell survival such as BAFF, and provide insights into a
unique, and distinct step used for development of pathogenic autoantibodies.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
RGS13 is exclusively expressed by GC B cells. Confocal imaging photomicrographs of
RGS13 expression (white) in the spleen of 3-mo-old (A, B) BXD2 or (C) control BXD2-
Rgs13−/− mice. A, C, Frozen spleen sections were costained with PNA (blue), anti-IgM
(red) and anti-CD4 (green)(Objective lens = 20×). Abbreviations used: MZ, marginal zone;
FO, follicular area. Image-J analysis of the RGS13 color intensity relative to the color
intensity of PNA and IgM by overlay of separate color projections. B, The individual 3D
plots represent the section of a representative BXD2 spleen tissue examined by confocal
microscopy, with the z-axis representing intensity. Intensity of RGS13 in specified areas is
shown as the mean ± SEM. Four sections were evaluated with 3–5 randomly chosen follicles
analyzed per section (*** p<0.005 between RGS13 in GC compared to RGS13 in other
regions).
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Figure 2.
Induction of Rgs13 in GC B cells by IL-17. A, qRT-PCR analysis of Rgs13 expression in B
cells sorted from the spleens of indicated strains (ND = not detectable; ** p<0.01 for the
indicated comparisons). B, qRT-PCR analysis of Rgs13 after normalization to Gapdh, in
purified BXD2 B cells 2 hrs after treatment with IL-17 or IL-21 (50 ng/ml) and Bcl6, after
normalization to Gapdh, in purified BXD2 B cells 2 hrs after treatment with IL-21 (50 ng/
ml)(Rt bar). Fold changes of the indicated genes relative to the untreated control (indicated
by a gray line) are shown. C, qRT-PCR analysis of basal levels of Il17ra, after
normalization to Gapdh, in A20 and 70Z/3 cells. (D) Gel electrophoresis (upper) and qRT-
PCR analysis (lower) of Rgs13, after normalization to Gapdh, by A20 and 70Z/3 cells. Cells
were stimulation with IL-17 at the indicated time points. Results are shown as the mean ±
SEM (ND = not detectable; *** p< 0.005 between the indicated comparison or between
basal versus stimulated cells)(N=4 for all panels).
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Figure 3.
Kidney disease and production of pathogenic IgG autoantibodies are reduced in BXD2-
Rgs13−/− mice. A, ELISA analysis of urinary albumin in 6-mo-old mice (N=6, ***p<0.005).
B, Left: Representative photomicrographs of immunohistochemical staining of IgG antibody
deposits on glomeruli. Objective lens was 20×. Box indicates area that was enlarged and
shown in lower panels. Right: ImageJ quantitation of the intensity of IgG deposits in
glomeruli of the indicated strain at 6-mo of age. Data are shown as mean ± SEM. At least 4
kidney sections were examined per mouse, and staining of at least 10 glomeruli quantified
for each kidney section. C, D, ELISA analysis of serum levels of (C) IgG and (D) IgM
autoantibodies in the indicated strains at 6.0-mo and 1.5-mo of age (mean ± SEM, N=6–10
mice/group; * p<0.05, ** p<0.01, *** p<0.005 for results for each strain in comparison with
age-matched BXD2-WT mice).
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Figure 4.
A deficiency of RGS13 in BXD2 mice obstructs age-related increase of GCs but enhances
the numbers of IgM plasma cells in young mice. A, FACS analysis of the percent of
PNA+Fas+ CD19+ GC B cells in the spleens of 1.5- and 6-mo-old mice (mean ± SEM of the
percent of gated population within B cells, N=4; ** p<0.01, *** p<0.005 for the indicated
strain in comparison with BXD2-WT mice). B, FACS analysis of the percent of CD138+

(Syndecan-1) B220+ plasmablasts in B6, BXD2, and BXD2-Rgs13−/− mice, at 1.5-mo-old.
C, D, Left, Low power (10× objective lens) and Middle, zoomed view: Representative
photomicrographs of immunohistochemical staining of IgMbright and IgGbright cells in the
spleens of (C) 1.5-mo-old and (D) 6-mo-old mice. Right, Quantitation of the number of
IgMbright and IgGbright cells per 10× objective lens microscopic view (mean ± SEM. N=4
mice per group). At least 3 randomly chosen areas were counted per section (** p<0.01 or
*** p<0.005 between the indicated comparisons, for Panels B - D).
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Figure 5.
Decreased GC program and increased plasma program gene expression in the absence of
RGS13. qRT-PCR analysis of (A) GC program-related, (B) Plasma program-related, and
(C) pCREB targeted or POU family transcription factor genes (CD19+PNA+Fas+) sorted
from the spleens of mice (N=2 mice per group with 3 independent measurements. * p<0.05,
** p<0.01, *** p<0.005 between BXD2 and BXD2-Rgs13−/−).
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Figure 6.
A deficiency of RGS13 in BXD2 mice limits AID expression and antibody affinity
maturation. A, Confocal immunofluorescent assessment of position of PNA+ or AID+ B
cells and CD4 T cells in the GCs. Yellow rectangle gated areas were enlarged to reveal the
contact between CD4 T cells (white) and PNA+ GC B cells (red) or between CD4 T cells
(white) and AID+ B cells (green). Bar graph showing the average numbers of PNA+ GC B
cells or AID+ GC B cells surrounding each CD4 T cell in the GCs. At least 3 GCs were
analyzed per section with 4 sections per strain (** p<0.01, as compared to BXD2-WT mice).
B, C, ELISA analysis of the serum (B) high affinity anti-NP and (C) high+low affinity anti-
NP IgG1 and IgG2b antibody responses at the indicated days after immunization of mice
with NP21-CGG (N=4 mice per group; * p<0.05; ** p<0.01; *** p<0.005 as compared to
BXD2-WT mice). All Data are shown as mean ± SEM.
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