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INTRODUCTION
Developing and maintaining an anti-

body repertoire that protects an organism
from the multiple pathogens in the envi-
ronment begins with B-cell ontogeny in
bone marrow. Antibodies against numer-
ous antigens are generated during the for-
mation of a B-cell repertoire, and
processes are required to limit the sur-
vival and maturation of those B cells mak-
ing autoantibodies (1,2). Tolerance check-
points occur at multiple times throughout
B-cell development; a breakdown in one
or more of these checkpoints lies at the
crux of systemic lupus erythematosus
(SLE). SLE is characterized by an array of
antibodies against self-antigens (3,4).
Anti–double-stranded (ds) DNA antibod-
ies are the most common and are essen-
tially diagnostic of SLE. Additionally, they
have been demonstrated to contribute to
tissue damage in kidney and possibly in
brain (5–9).

The etiology of SLE is currently un-
known, but experimental evidence in
mouse models and clinical evidence in
patients implicate both genetic suscepti-
bility and environmental triggers (10,11).
SLE disproportionately affects women,
with a 9x greater incidence in women
than in men (12). Although this occur-
rence may be in part determined by sex,
there are data to support the role of sex
hormones as a trigger for disease and a
modulator of disease severity (13,14). Pa-
tients with SLE have been reported to
have increased metabolism of more mito-
genic forms of estrogen (15). In several
mouse models, exogenous estradiol (E2)
can accelerate and exacerbate disease
(16–19).

We developed a transgenic BALB/c
mouse that harbors the heavy chain of an
IgG2b anti-DNA antibody (20,21). Trans-
gene-expressing B cells have been shown
to develop normally in the bone marrow

and spleen. The BALB/c mouse normally
maintains B-cell tolerance, deleting high-
affinity DNA-reactive B cells and permit-
ting the maturation to immunocompe-
tence of low-affinity DNA-reactive B cells.
Serum titers of anti-DNA antibody remain
low (22,23). In the mouse, E2 acts as an
environmental trigger for an SLE-like se-
rology. E2 administration breaks B-cell tol-
erance in this mouse and permits the sur-
vival and activation of high-affinity
DNA-reactive B cells, leading to elevated
serum levels of anti-DNA antibody (22).
Altered B-cell selection occurs at the im-
mature and T2 transitional stages of B-cell
development; the autoreactive B cells ma-
ture as marginal zone (MZ) B cells (24).

There are two estrogen receptors: es-
trogen receptor α (ERα) and estrogen re-
ceptor β (ERβ) (25). These form homod-
imers and heterodimers and are
expressed in many cells including T cells,
B cells, monocytes and dendritic cells
(26–28). ERα and ERβ regulate gene tran-
scription, having both overlapping and
distinct target genes (29,30). Some re-
ports suggest that they can function an-
tagonistically (25). ERα can also function
at the cell membrane to activate certain
signaling cascades. Polymorphisms in
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ERα have been associated with SLE in
studies of a small number of both Japa-
nese and Swedish patients (31,32). Re-
cently, it was shown that deletion of ERα
in lupus-prone mice leads to reduced
disease; the effect seems to be both a re-
duction in autoantibody production and
an independent decrease in inflamma-
tion within the kidney itself (33,34).

Our interest has been the effect of E2
on B-cell maturation and selection. We
chose to study the role of E2 on B-cell de-
velopment and selection without the
confounding factors present in an auto-
immune background. E2 has been shown
to decrease B-cell lymphopoiesis in the
bone marrow at the pro–B-cell stage
(35,36). We have previously shown that
E2 alters B-cell subsets in the spleen. Be-
cause of the decreased lymphopoiesis in
the bone marrow, there are fewer splenic
transitional B cells. We also observed an
E2-induced increase in the MZ B-cell
compartment (24). Furthermore, E2 expo-
sure causes a decrease in B-cell receptor
(BCR) signaling in response to anti-IgM
activation. This is accompanied by an E2-
induced increase in expression of the
negative regulator of the BCR, CD22
(24,37). These data led us to hypothesize
that E2 dampens the BCR signal through
an increased expression of CD22. We fur-
ther hypothesized that the diminished
BCR signal favored the generation of MZ
B cells and allowed for survival of au-
toreactive B cells. Thus, we speculated
that there was a relationship between the
reduced BCR signal and the alteration in
both B-cell maturation and selection.

Using BALB/c mice deficient in ERα or
ERβ, we found that the decrease in transi-
tional B cells and the expansion of the
MZ B-cell compartment, which is seen in
wild-type (WT) mice exposed to E2, was
mediated by both ERα and ERβ. The E2-
mediated reduction in BCR signal
strength occurred in WT and ERβ-
 deficient mice, demonstrating that BCR
signal strength is regulated by ERα. We
further were able to demonstrate that
ERα engagement led to a breakdown in
B-cell tolerance, with increased survival
to immunocompetence of high-affinity

DNA-reactive B cells. Just as ERβ engage-
ment did not alter BCR signal strength,
ERβ engagement also did not alter B-cell
selection. Thus, ERα may be a therapeutic
target in some patients with SLE.

MATERIALS AND METHODS

Mice and In Vivo Treatment
All mice were housed in a specific path-

ogen-free barrier facility, and experiments
were performed according to the guide-
lines of the Institutional Animal Care and
Use Committee. WT BALB/c mice, ERα-
deficient (β-sufficient) and ERβ-deficient
(α-sufficient) C57Bl/6 mice were obtained
from Jackson Laboratories. ERα- and ERβ-
deficient BALB/c mice were backcrossed
to BALB/c mice for at least nine genera-
tions before homozygous ERα- or ERβ-
 deficient BALB/c mice were generated.
ERα- and ERβ-deficient BALB/c mice
were then mated to R4A-Tg BALB/c mice
to produce ERα- or ERβ-deficient mice
harboring the R4A transgene. Six- to ten-
wk-old mice were ovariectomized, and
time-release pellets, estradiol (E2) or pla-
cebo (P) (Innovative Research of America,
Sarasota, FL, USA) were implanted sub-
cutaneously for 3–6 wks as described (22).
The E2 pellets maintain serum E2 concen-
trations of 75–100 pg/mL. In some stud-
ies, 100 μg 4,4’,4’’-(4-propyl-[1H]pyrazole-
1,3,5-triyl) Tris-phenol (PPT), the ERα
agonist; 100 μg diarylpropionitrile (DPN),
the ERβ agonist; and 2 μg E2 or vehicle
(DMSO) was given daily by subcutaneous
injection for 3 or 6 wks (38).

Flow Cytometry and Antibodies
Fluorophore-coupled antibodies spe-

cific for B220, Erk1/2, CD21, CD23 and
CD22 were purchased from BD Pharmin-
gen (San Jose, CA, USA). Fluorophore-
coupled antibody to CD23 and CD24
(M1/69) were obtained from Caltag Labo-
ratories (Burlingame, CA, USA). Antibody
to AA4.1 was purchased from eBioscience.
Extracellular staining was performed by
using a crystallizable fragment (Fc) recep-
tor block for 20 min followed by incuba-
tion with antibody for 30 min in 0.2%
bovine serum  albumin (BSA)/phosphate-

buffered saline (PBS) at 4°C. For intracel-
lular staining, cells were fixed and per-
meabilized with cytofix/cytoperm.
 Antibodies were diluted in cytoperm.
Phosphoflow cytometry was performed
using protocol from BD Biosciences (San
Jose, CA, USA). Splenocytes were stimu-
lated with 20 μg/mL anti-IgM F(ab)′2 anti-
body for 5 min at 37°C. Cells were stained
with B-cell surface markers, and intracel-
lular staining was performed using anti-
bodies to phospho Erk. Flow cytometry
was performed on an LSR II (BD Bio-
sciences) and analyzed using Flowjo soft-
ware (Tree Star, Ashland, OR, USA).

Single-Cell PCR of Light Chain Genes
Splenocytes were stained with anti-

bodies specific for B220, IgG2b and
AA4.1, and mature (B220+/Tg+/AA4.1–)
cells were individually sorted into 96-
well plates using a FACSAria (BD
 Biosciences). Single-cell RT-PCR was per-
formed as described previously (39).
Kappa light chain transcripts were am-
plified by two rounds of PCR. The fol-
lowing primers were used: universal 
Vκ 5′-GGCTGCAGSTTCAGTGGCAG
TGGRT CWGGRAC-3′ + constant region
primer (Cκ) (first round) 5-′TGGAT
GGGTG GGAAGATG-3′; and Cκ (second
round) 5′-AAGATGGATACAGTTGGT-3′.
The PCR products were subjected to 
exo-SAP treatment (USB Biochemicals,
Cleveland, OH, USA), and automated
 sequencing was performed using the
 second-round Cκ primer  (Genewiz,
South Plainfield, NJ, USA). Analysis of
the DNA sequences was performed
using the  IgBLAST program (http://
www. ncbi. nlm. nih.gov/  igblast). The
Fisher exact test was performed to assess
statistical  significance.

mRNA Analysis
Splenic B-cell RNA from ERα–/–, R4A-

ERα–/–, ERβ–/–, R4A-ERβ–/–, WT BALB/c
and R4A mice was prepared using an
RNeasy plus kit (Qiagen). Reverse-
 transcriptase generation of cDNA was
performed on 500 ng total RNA using an
 iScript cDNA synthesis kit (Bio-Rad Lab-
oratories, Hercules, CA, USA) according
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to the manufacturer’s instructions. For
the analysis of ERα mRNA, primers that
amplify exon 2 of the ER gene were
used: namely, 5′-GGGAGCCAGTCTGTA
ACTCG-3′ and 5′-GGGCTCGTTCTCCAG
GTAGT-3′. ERβ mRNA was analyzed
using primers described by Krege et al.
(40). Primers specific for β-actin cDNA
were used as a positive control.

Real-Time PCR
Total splenocyte RNA from ERα–/–,

ERβ–/– and WT mice were isolated using
the RNeasy plus kit (Qiagen, Valencia,
CA, USA), and the cDNA was synthe-
sized using the iScript cDNA synthesis
kit (Bio-Rad). Real-time PCR was per-
formed with a Roche 480 light cycler
using a Roche 480 master mix (Roche
Applied Science, Indianapolis, IN, USA)
and Taqman primer/probe sets (Applied
Biosystems, Carlsbad, CA, USA). The rel-
ative expression of B-cell–activating fac-
tor (BAFF); interferon (IFN)-α subunits 2,
4 and 12; IFNβ subunit 1; and IFNγ were
determined by comparing the expression
to polymerase (RNA) II (DNA directed)
polypeptide A (Polr2a). Data were ana-
lyzed using the ΔΔCT method. Applied
Biosystems primers used are as follows:
Polr2A:Mm00839502_m1,
BAFF:Mm00446347_m1,
IFNα2:Mm00833961_s1,
IFNα4:Mm00833969_s1,
IFNα12:Mm00616656_s1,
IFNβ1:Mm00439546_s1 and
IFNγ:Mm00801778_m1.

DNA ELISA
Costar half-well plates were coated

with 25 μl 100 μg/mL filtered calf thy-
mus DNA (Sigma) in carbonate buffer,
pH 8.6. DNA was dry coated overnight
at 37°C. Plates were washed with water
and blocked for 1 h at 37°C with 100 μl
2% BSA/PBS. Plates were washed twice
with PBS/Tween. Sera were diluted in
0.2% BSA/PBS; 25 μL was added to each
well and incubated at 37°C for 1 h. Plates
were washed 5x. Alkaline phosphatase–
coupled antibody to mouse IgG2b was
diluted in 0.2% BSA/PBS and incubated
for 1 h at 37°C. Plates were washed 5x

with PBS/Tween and developed using
phosphatase tablets according to the
manufacturer’s instructions (Sigma
Aldrich, St. Louis, MO, USA). The optical
density (OD) was measured at 405 nm.

ELISpot Assay
Immulon 2HD plates were coated with

50 μl 100 μg/mL filtered calf thymus
DNA in PBS. To identify IgG2b-producing
B cells, 50 μl anti-IgG2b antibody was ad-
sorbed to the plate in PBS at a concentra-
tion of 10 μg/mL. To identify anti-
DNA–producing B cells, 50 μl dsDNA
(100 μg/mL) was adsorbed to the plate.
Plates were blocked with tissue culture
medium consisting of RPMI containing
10% fetal calf serum for 1 h at 37°C.
Splenocytes in tissue culture medium
were added to triplicate wells starting at
2 × 106 followed by two-fold serial dilu-
tions. Plates were spun at 300g for 2 min,
incubated for 16 h and washed 5x with
PBS/Tween. Biotinylated anti-IgG2b anti-
body was diluted in tissue culture me-
dium at a dilution of 1:600 and added to
the plates for 2 h at 37°C. After washing,
alkaline phosphatase–conjugated strepta-
vidin was added at a dilution of 1:1,000
(Southern Biotechnology). The plates
were further incubated for 2 h and devel-
oped using BCIP and AMP buffer. Protein
plates were incubated at room tempera-
ture for 30 min. DNA plates were incu-
bated at room temperature for 4 h, and
the spots were counted under a dissect-
ing microscope.

Western Blotting
Splenic B cells were purified by nega-

tive selection using Dynal Beads and re-
suspended in RPMI 1640 medium contain-
ing 5% fetal calf serum and 10 mmol/L
HEPES. After incubation for 5 min at
37°C, the cells were left resting or were
stimulated with F(ab′)2 anti-IgM
(20 μg/mL) for 5 and 15 min at 37°C. The
cells were then suspended in cold Dul-
becco’s PBS, pelleted and lysed in lysis
buffer (Cell Signaling Technology, Dan-
vers, MA, USA) containing protease
(Roche Applied Science) and phosphatase
inhibitors (Pierce). Protein cell lysates were

quantitated using Coomassie Plus (Pierce,
Rockford, IL, USA) and stored at –20°C
until further use. A total of 20 μg protein
was subjected to SDS-PAGE and subse-
quently transferred to polyvinylidene di-
fluoride membranes. Direct immunoblot-
ting for Erk tyrosine phosphorylation used
phospho Erk1/2 or total Erk1/2 antibody
followed by anti-rabbit IgG secondary an-
tibody. The membranes were subse-
quently stripped and reprobed with the
antibodies to hypoxanthine-guanine phos-
phoribosyl transferase (HPRT) (Santa
Cruz, Santa Cruz, CA, USA) to confirm
equivalent Erk protein abundance be-
tween samples. Immunoblots were devel-
oped with an enhanced chemilumines-
cence kit (Pierce). Densitometry was
performed to quantitate the levels of Erk
phosphorylation compared with Erk1 and
Erk2 total proteins individually. HPRT
was used as a loading control.

Statistical Analysis
Statistical analysis was performed using

an unpaired Student t test and the Fisher
exact test as appropriate. A P value of <0.05
was considered statistically significant.

RESULTS

ERα and ERβ Alters B-Cell Maturation
Mice lacking ERα and ERβ have previ-

ously been reported and were generated

Figure 1. ERα and ERβ transcript in mouse
B cells. ERα and ERβ mRNA levels were de-
termined in purified splenic B cells from
ERα–/–, R4A-ERα–/–, ERβ–/–, R4A-ERβ–/–, WT
BALB/c and R4A mice. Actin mRNA was
used as a control.
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by insertion of a neomycin resistance
gene into exon 2 or 3, respectively, of the
coding gene by homologous recombina-
tion (40,41). We determined the expres-
sion of ERα and ERβ in B cells by analyz-
ing ERα and ERβ transcripts in total
splenic B cells of ERα–/–, ERβ–/– and WT
mice (Figure 1). ERα transcripts were ab-
sent in ERα-deficient mice; ERβ tran-
scripts were absent in ERβ-deficient
mice. Interestingly, we saw no compen-
satory overexpression of ERα in ERβ-
 deficient B cells or ERβ in ERα- deficient
B cells.

It has been shown that ERα or ERβ ac-
tivation can inhibit B-cell maturation in
the bone marrow. Studies have yet to
elucidate the role of each ER on subse-
quent B-cell development. To this end,
we analyzed B-cell maturation in WT,
ERα-deficient and ERβ-deficient mice
treated with E2 or placebo. Engagement
of ERα in ERβ-deficient mice was suffi-
cient to mediate a marked reduction in
transitional B-cell number similar to that
seen in WT mice (Figure 2A). These data
confirmed the previously reported pro-
found effect of ERα engagement on B-cell

lymphopoiesis (42). Engagement of ERβ
in ERα-deficient mice also led to a reduc-
tion in transitional B cells, although to a
lesser degree (Figure 2A). In previous
studies, we showed that E2 treatment
leads to an expansion of the MZ B-cell
subset (CD21highCD23negHSAlow) in WT
BALB/c mice (24). We confirmed this ob-
servation and observed an E2-induced
expansion of MZ B cells in both ERα-
 deficient and ERβ-deficient mice similar
to that seen in WT mice (Figure 2B).

Because diminished B-cell lym-
phopoiesis leads to elevated BAFF ex-
pression and increased BAFF enhances
MZ B-cell development, we examined
BAFF mRNA levels in WT, ERα-deficient
and ERβ-deficient mice given E2 or pla-
cebo. We were able to detect a significant
increase in BAFF in all strains after E2
treatment, probably contributing to the
expansion in MZ B cells (Figure 3). The
increase was approximately two-fold,
similar to the increase in BAFF reported
in some patients with SLE (43,44).

BCR Signaling
We previously hypothesized that both

the expansion of MZ B cells and loss of
B-cell tolerance in E2-treated mice was
related to an observed reduction in BCR
signal strength in the transitional B-cell

Figure 2. ERα B-cell subsets in WT, ERα-deficient and ERβ-deficient mice after administra-
tion of E2 or placebo. (A) Transitional B-cell subset in WT, ERα-deficient and ERβ-deficient
mice. WT, ERα-deficient and ERβ-deficient mice were treated with E2 or placebo for 3 wks,
and splenocytes were analyzed by flow cytometry. Transitional B cells were identified as
B220+CD24high cells. E2 but not placebo exposure reduced transitional B cells. (B) MZ B cells
were identified as B220+CD24lowCD21highCD23neg cells. MZ B cells were expanded by E2
but not placebo exposure in WT, ERα-deficient and ERβ-deficient mice. At least five mice
were included in each group, and representative dot blots are shown.

Figure 3. BAFF mRNA levels in splenocytes
of WT, ERα-deficient and ERβ-deficient
mice. Total splenocyte RNA from spleens
of mice treated with E2 pellets for 6 wk
was used to measure BAFF levels. BAFF was
increased after administration of E2 com-
pared with placebo in WT, ERα-deficient
and ERβ-deficient mice (n = 5 per group).
Student t test was used to analyze the sig-
nificance between the groups.
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subset. Both elevated BAFF levels and re-
duced BCR signal strength can result in
MZ B-cell expansion. Moreover, it was
shown that BCR signal strength helps de-
termine the threshold for apoptosis of
developing B cells. Because we observed
a significant expansion of MZ B cells
when either ERα or ERβ was engaged by
ligand, we asked whether BCR signaling
was also modulated by engagement of
both estrogen receptors. Figure 4A dem-
onstrates a reduction in phosphorylation
of Erk1/2 after BCR ligation by anti-IgM
F(ab)′2 in transitional B cells from WT
and ERβ-deficient mice treated with E2
compared with placebo-treated mice, as
detected by phosphoflow. In contrast,
transitional B cells from ERα-deficient
mice exhibited a significant increase in
BCR signal strength after exposure to E2.
We also performed Western blot analysis
on total splenic B cells examining Erk
phosphorylation after BCR engagement.
Anti-IgM–induced Erk phosphorylation
was greater in B cells from placebo-
treated WT and ERβ-deficient mice than
from the E2-treated mice. E2 treatment
induced a modest decrease in BCR-
 mediated Erk2 phosphorylation in B cells
from ERα-deficient mice (Figure 4B and
C), but there was no effect of E2 treat-
ment on Erk1 phosphorylation. Thus,
ERα was the primary ER responsible for
the E2-induced diminution in the BCR
signaling pathways.

Expression of Molecules Regulating 
B-Cell Survival and Maturation

Previously, we demonstrated that E2
increased expression of CD22, a negative
regulator of the BCR. We assumed that
the altered expression of this molecule
contributed to the E2-mediated change in
BCR signaling (37). We, therefore, antici-
pated an E2-induced upregulation of
CD22 in WT and ERβ-deficient mice but
not in ERα-deficient mice after E2 expo-
sure, consistent with the demonstration
that only ERα engagement led to a re-
duced BCR signal strength. As shown in
Figure 5, engagement of either ERα or
ERβ led to an increase in CD22 expres-
sion, similar to that seen in WT BALB/c

Figure 4. BCR signaling in B cells from WT, ERα-deficient and ERβ-deficient mice. (A) Splenic
cells from WT, ERα-deficient and ERβ-deficient mice treated with E2 or placebo were incu-
bated with or without 20 μg/mL anti-IgM F(ab)′2 antibody, and Erk phosphorylation was
determined by flow cytometry. Transitional B cells from E2-treated WT and ERβ-deficient
mice displayed a decrease in pErk after anti-IgM stimulation compared with transitional 
B cells from placebo-treated mice (stimulated/unstimulated [Stim/Unstim]) as determined
by flow cytometry. There was no reduction in anti-IgM–induced pErk in B cells of E2-
treated ERα-deficient mice compared with B cells of placebo-treated mice. (B) Total
splenic B cells from WT, ERα-deficient and ERβ-deficient mice were stimulated with 
20 μg/mL anti-IgM F(ab)′2 antibody for 0, 5 and 15 min at 37°C, and 20 μg protein at each
time point was subjected to Western blotting. Erk phosphorylation was determined by
probing the blots with antibodies to Erk and phospho Erk1/2. To normalize for protein lev-
els, the blots were probed with antibodies to HPRT. (C) The blots were scanned to quanti-
tate pErk1:Erk1 as well as pErk2:Erk2 ratio at 0, 5 and 15 min of stimulation with anti-IgM
F(ab)′2 antibody and were expressed as arbitrary units.

Figure 5. CD22 expression in transitional B cells. CD22 was significantly increased in transi-
tional B cells of WT, ERα-deficient and ERβ-deficient mice administered E2 compared with
placebo (n = 5 per group).
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mice. This increase was restricted to the
transitional B-cell population and was
not found in mature B cells (data not
shown). Thus, CD22 overexpression was
mediated by both ERα and ERβ and was
not sufficient to cause a reduced BCR
signal in B cells. Additional effects of E2
must be present in B cells of WT and
ERβ-deficient E2-treated mice to mediate
the change in BCR signal strength.

ERα Mediates an Increase in 
Anti-dsDNA Antibodies and an
Altered B-Cell Repertoire

To analyze changes in autoantibody
production and survival of autoreactive 

B cells, we studied mice that express the
heavy chain of an anti-DNA antibody.
We mated the R4A transgene onto ERα-
or ERβ-deficient BALB/c mice. In the
R4A-Tg mouse, a vast majority of the Tg-
expressing B cells are allelically excluded
and display normal maturation (45).
Most express a non-DNA binding anti-
body or a low affinity DNA binding anti-
body. There is a small number of alleli-
cally included (IgM and IgG2b) anergic
B cells that express an anti-DNA IgG2b
antibody and a non-DNA reactive IgM
antibody, but these cells can be detected
only by generation of hybridomas of LPS-
stimulated splenic B cells. We assayed

serum anti-dsDNA levels after E2 treat-
ment to determine whether B-cell toler-
ance is breached. DNA ELISAs confirmed
the previously reported E2-mediated in-
crease in anti-DNA antibody titers in WT
R4A-Tg mice and demonstrated that ERα
engagement in ERβ-deficient mice re-
sulted in increased anti-DNA antibody
production. ERβ engagement in ERα-
 deficient mice did not alter anti-DNA an-
tibody levels (Figure 6A). Consistent with
this observation, ELISpot analysis
demonstrated an increased frequency of
splenic B cells spontaneously secreting
anti-DNA antibody in both WT and ERβ-
deficient R4A-Tg mice after E2 exposure,
but not in ERα-deficient R4A-Tg mice
after E2 exposure (Figure 6B). The in-
crease in serum anti-dsDNA antibody
levels is not due to increased expression
of type 1 IFN (IFNα, IFNβ) in spleno-
cytes, since type 1 IFN was increased in
ERα–/– and not in WT or ERβ–/– mice,
which displayed an E2-mediated induc-
tion of anti-DNA antibodies. IFNγ mRNA
levels were modestly increased in ER-de-
ficient mice (Figure 6C). Thus, there was
no significant evidence for an effect of
IFN on antibody titer.

Because we know the light chains that
associate with the R4A heavy chain to
produce high-affinity or low-affinity
anti-DNA antibodies, we were previ-
ously able to show that E2 alters the 
B-cell repertoire of WT mice by increas-
ing survival of high-affinity DNA- reactive
B cells. We, therefore, used single-cell
PCR to determine light chain usage in
Tg-expressing (γ2b) B cells in WT, ERα-
deficient and ERβ-deficient mice with
and without E2 exposure. Tg+ B cells
were first analyzed to confirm that they
expressed a γ2b heavy chain and not μ
chain, thus maintaining allelic exclusion.
The percent of B cells expressing a kappa
light chain that associates with the R4A
heavy chain to produce a high-affinity
anti-dsDNA antibody was increased by
E2 exposure in both WT and ERβ-
 deficient mice compared with placebo-
treated mice (Table 1). ERβ engagement
did not lead to an increased survival of
high-affinity DNA-reactive B cells.

Figure 6. Serum anti-DNA antibody levels, DNA-reactive B cells and IFNγ transcripts in WT,
ERα-deficient and ERβ-deficient mice. (A) Serum anti-DNA antibody levels in WT, ERα-
 deficient and ERβ-deficient mice. E2 or placebo (P) was administered to R4A-Tg WT, ERα-
deficient and ERβ-deficient mice for 6 wk. Serum was obtained at several time points and
analyzed for anti-dsDNA antibody levels. E2 induced increased anti-DNA antibody titers in
WT and ERβ-deficient mice, whereas placebo treatment led to no change in antibody
titer. ERα-deficient mice treated with E2 failed to display an increase in anti-DNA antibody
titers compared with placebo. (B) Enumeration of DNA-reactive B cells in WT, ERα-deficient
and ERβ-deficient mice. E2 or placebo was administered to WT, ERα-deficient and ERβ-
 deficient mice for 5–6 wk, and the total number of splenic B cells producing γ2b and B
cells producing γ2b anti-dsDNA antibody was quantitated by ELISpot assay. The frequency
of anti-dsDNA B cells among the γ2b-producing B cells was calculated as DNA spots/γ2b
spots. Both WT and ERβ-deficient mice displayed an increased frequency of DNA-reactive
B cells after E2 administration compared with placebo administration; ERα-deficient mice
showed no E2-induced change in DNA-reactive B cells. Five mice were used per group for
these studies. (C) Type 1 (IFNα, IFNβ) and type 2 (IFNγ) transcripts were measured in total
splenocytes from ERα–/–, ERβ–/– and WT mice. The relative expression in comparison to
Polr2A is represented. Six or eight mice were used in each group for the studies.
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WT Mice Treated with an ERα Agonist
To confirm these observations on the

importance of ERα in abrogating B-cell
tolerance, we treated WT R4A-Tg mice
with E2, the ERα agonist PPT, the ERβ ag-
onist DPN or placebo. Administration of
E2 and the ERα agonist PPT, but not pla-
cebo, led to an increase in anti-dsDNA an-
tibody titers and an increased frequency
of DNA-reactive B cells—but administra-
tion of DPN, the ERβ agonist, did not
(Figure 7 and Table 2). We therefore fo-
cused subsequent studies on ERα and
showed that both E2 and PPT caused a
similar reduction in transitional B-cell
number and expansion of MZ B cells
compared with placebo in WT mice (Fig-
ure 8A, B). We were also able to demon-
strate by flow cytometry a reduction in
BCR-mediated Erk phosphorylation
in WT mice administered E2 or PPT com-
pared with placebo (Figure 9A, B). More-
over, administration of E2 or PPT led to an
increase in CD22 expression (Figure 9C).

DISCUSSION
We have previously shown that contin-

uous in vivo exposure to E2, at a concen-
tration of 75–100 pg/mL, which is equiv-

alent to a concentration at the high end of
the estrus cycle, alters B-cell maturation,
reduces BCR signaling strength and up-
regulates CD22 expression in WT
BALB/c mice (24,37,39). In this study, we
asked which ER was responsible for these
changes. We addressed this question by
studying WT mice with a specific dele-
tion of ERα or ERβ. We also showed E2
exposure breaks tolerance in R4A-Tg
mice; therefore, we studied survival and
activation of autoreactive B cells in 
R4A-Tg mice with a deletion in ERα or
ERβ. Our data demonstrate that the alter-
ations in splenic B-cell maturation seen in
ER-sufficient mice exposed to a continu-
ous high, but physiologic, level of E2 can
all be mediated by either ERα or ERβ.
While the upregulation of CD22 was also
seen after engagement of either ERα or
ERβ, the E2-mediated change in BCR sig-
nal strength depended on engagement of
ERα. Consistent with the role of BCR sig-
naling in negative selection, an increase
in autoreactive B cells was seen only after
ERα engagement. Concordant results
were obtained in ERβ-deficient mice and
in WT mice exposed to high levels of an
ERα-specific agonist.

This study confirms data from other
investigators who have demonstrated
that E2 decreases B-cell lymphopoiesis in
the bone marrow and that this effect can
be mediated through either ERα or ERβ
(33,46). The decreased lymphopoiesis has
been shown to reflect an E2-mediated de-
crease in IL-7 production by bone mar-
row stromal cells, although a B-cell in-
trinsic response to increased E2 at early
stages of B-cell development has also
been reported (35,36).

There are two possible mechanisms for
the enhanced MZ B-cell population that
was observed after either ERα or ERβ en-
gagement. First, E2 induced an increase
in BAFF levels in WT, ERα-deficient and
ERβ-deficient mice two-fold similar to
the increase in BAFF levels in SLE pa-
tients (43,44). It is now clear that low 
B-cell numbers, as occurs after increased

Table 1. Frequency of high- and low-affinity DNA-reactive B cells in WT, ERα-deficient, and
ERβ-deficient R4A-Tg mice treated with P or E2.a

WT ERβ–/– ERα–/–

P E2 P E2 P E2

High-affinity 3/48 (6.3%) 14/54 (26%)b 6/58 (10%) 22/65 (33%)b 7/62 (11%) 14/70 (20%)
Low-affinity 7/48 (18%) 6/54 (11%) 6/58 (10%) 7/65 (11%) 8/62 (13%) 8/70 (9%)

aThe Fisher exact test was performed to compare the frequency of high- and low-affinity
DNA-reactive mature B cells between E2-treated and P-treated R4A-Tg WT, R4A-Tg ERβ-
deficient, and R4A-Tg ERα-deficient mice.
bP < 0.05 (P value signifies a difference between P-treated and E2-treated mice).

Figure 7. ERα agonists trigger autoimmunity.
(A) Serum anti-DNA antibody levels in R4A-
Tg mice given ER agonists. E2, PPT, DPN or
vehicle were administered to R4A-Tg mice
for 6 wks. Serum was obtained at several
time points and analyzed for anti-dsDNA
antibody levels. Mice administered E2 and
PPT exhibited increased titers of anti-dsDNA
antibody compared with mice adminis-
tered vehicle. (B) DNA-reactive B cells in
R4A-Tg mice given ERα agonists. E2, PPT,
DPN or vehicle were administered to 
R4A-Tg mice for 6 wks. Total splenic IgG2b-
producing B cells and IgG2b B cells pro-
ducing anti-dsDNA antibody were enu-
merated. The frequency of anti-dsDNA 
B cells among the IgG2b-producing cells
was calculated as DNA spots/IgG2b spots.
Both E2 and PPT administration led to an
increased frequency of DNA-reactive 
B cells compared with vehicle.

Table 2. Frequency of high- and low-affinity DNA-reactive B cells in R4A-Tg mice treated
with P, E2, or PPT.a

P E2 PPT

High-affinity 6/67 (9%) 15/65 (23.1%)b 14/70 (20%)b

Low-affinity 7/67 (10.5%) 5/65 (7.7%) 5/70 (7.1%)

aThe Fisher exact test was performed to compare the frequency of high- and low-affinity
DNA-reactive mature B cells in E2-treated or PPT-treated R4A-Tg WT mice, compared to 
P-treated mice.
bP < 0.05 (P value signifies a difference compared to P-treated mice).
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E2 exposure due to reduced B-cell lym-
phopoeisis, always results in high serum
BAFF levels (47). Studies of BAFF trans-
genic mice have shown that elevated
BAFF causes an increase in MZ B cells
(48). Although it was reported that 
B cells can express BAFF mRNA and per-
haps BAFF protein (49), most BAFF pro-
tein is produced by other cell types (50).
It may be, therefore, that the contribution
of BAFF to the increase in MZ B cells oc-
curs as an indirect effect of E2 on B cells.

The E2-mediated increase in CD22 ex-
pression seen in WT, ERα-deficient and
ERβ-deficient mice might also contribute
to the expansion of MZ B cells. CD22-defi-
cient mice have a reduced MZ B-cell pop-
ulation. Moreover, mice deficient in
ST6GALI, an enzyme involved in the gen-
eration of α2,6 sialic acid epitope, the lig-
and for CD22, exhibit a diminished MZ
subset (51). Mice expressing a mutated
CD22 that lacks the ligand binding do-
main also exhibit a diminished MZ B-cell
subset; thus, MZ B-cell expansion may re-
flect a ligand-dependent consequence of
increased CD22 expression (52).

Somewhat surprisingly, our studies
demonstrate that the enhanced MZ B-cell

population did not depend on a de-
creased BCR signal strength. Thus, if
overexpression of CD22 contributed to
the MZ B-cell expansion, it is not because
of an inhibitory effect on the BCR signal-
ing pathway. Interestingly, mice express-
ing a mutated CD22 which fails to bind
ligand exhibit a reduced MZ subset but
display no change in BCR signaling; thus,
changes in CD22 function can lead to a
change in MZ B-cell number without a
change in BCR signaling (52).

In our studies, prolonged B-cell expo-
sure to E2 reduced Erk phosphorylation
after BCR ligation through ERα engage-
ment, in particular, in transitional B cells.
While we had previously believed the re-
duction in BCR signal strength was due
to increased expression of CD22, our cur-
rent data refute this hypothesis. We do
not currently know the mechanisms for
the reduced BCR signal strength that oc-
curs after E2 engagement through ERα.
Interestingly, T cells from SLE patients,
exposed to E2, exhibit reduced Erk phos-
phorylation after TCR/CD3 stimulation
(53). Additionally, reduced Erk phospho-
rylation was recently shown to associate
with DNA hypomethylation, a trigger for

the development of a lupus-like serology
(54–56). Therefore, it is plausible that the
E2-mediated reduction of phosphory-
lated Erk is associated with DNA hy-
pomethylation in B cells. This point will
need to be addressed in future studies.

We observed an E2-induced break-
down in B-cell tolerance in both WT and
ERβ-deficient mice after E2 exposure,
demonstrating that this effect is also me-

Figure 9. BCR signaling is altered by E2
and PPT. (A,B) BCR signaling in transitional
B cells of BALB/c mice treated with E2, PPT
or vehicle. B cells were incubated with or
without 20 μg/mL anti-IgM F(ab)′2, and Erk
phosphorylation was determined by flow
cytometry. B cells from E2 and PPT-treated
B cells displayed a lesser increase in anti-
IgM–induced Erk phosphorylation com-
pared with B cells from vehicle-treated
mice. (C) An increase in mean fluores-
cence intensity (MFI) of CD22 expression is
evident in WT transitional B cells after E2
and PPT exposure compared with vehicle
exposure. 

Figure 8. Splenic B-cell subsets in WT BALB/c mice given ER agonists or vehicle. (A) ERα
regulates transitional B cells in the spleen. WT BALB/c mice were treated with E2, the ERα-
specific agonist PPT or vehicle (DMSO) for 3 wks, and splenocytes were analyzed by flow
cytometry. E2 and PPT reduced transitional B cells in WT mice compared with vehicle.
O.D., optical density. (B) MZ B-cell subsets in E2 and PPT-treated WT mice. MZ B cells were
expanded by E2 and PPT treatment compared with vehicle. At least five mice were ana-
lyzed in each group, and representative dot plots are shown.
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diated by ERα. In contrast, ERβ engage-
ment did not alter B-cell selection. BCR
signal strength correlated with strin-
gency of negative selection of autoreac-
tive B cells; thus, WT and ERβ-deficient
mice exposed to E2 exhibited a reduced
BCR signal and increased survival of
high-affinity DNA-reactive B cells and el-
evated serum titers of anti-DNA anti-
body. In previous in vitro studies, we
demonstrated that the effect of E2 on
BCR signaling and BCR-mediated apo-
ptosis in WT B cells was B-cell intrinsic
(37). The change in BCR-mediated apo-
ptosis may be sufficient to alter B-cell se-
lection; it is possible, however, that in-
creased BAFF levels contribute to this
phenomenon also in the in vivo situation,
since BAFF has been shown to alter the
threshold for negative selection and per-
mit survival of autoreactive B cells, even
in the absence of an altered BCR signal
(48). Finally, it is possible that ERα en-
gagement affects other, as yet unknown,
pathways to alter B-cell negative selec-
tion, although our data, in contrast to a
study in NZB/W mice, do not demon-
strate an E2-mediated decrease in IFNγ
levels (33).

The observations presented here have
clinical implications. They suggest that
selective antagonism of ERα may alter
the threshold for negative selection dur-
ing B-cell maturation to reduce autoreac-
tivity in the naive, immunocompetent 
B-cell repertoire. It might be possible to
design a drug that could specifically tar-
get ERα in B cells; this approach would
not affect ERβ-regulated gene expression
and would limit the effects of ERα antag-
onism in other tissues. This result would
represent a nonimmunosuppressive ap-
proach to lupus therapy. Furthermore,
understanding functional polymorphisms
in ERα or other genes in ERα-regulated
pathways may help explain why some
but not all lupus patients may experience
hormonally induced exacerbations of dis-
ease. Further studies to understand in de-
tail the molecular pathways that underlie
these changes in B-cell selection may
identify important new therapeutic tar-
gets in autoimmune disease.
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