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Production by Human T Lymphocytes

Vaishali R Moulton,” Dana R Holcomb,” Melissa C Zajdel, and George C Ts0kos

Division of Rheumatology, Department of Medicine, Beth Israel Deaconess Medical Center, Boston, Massachusetts, United States of
America; DR Holcomb is currently affiliated with the Department of Chemistry, Boston University, Boston, Massachusetts, United

States of America

Systemic lupus erythematosus (SLE) is an autoimmune disease with a complex multifactorial pathogenesis. T lymphocytes play

a critical role in disease pathogenesis and display abnormal gene expression and poor interleukin (IL)-2 production. We previously
showed that the expression of the transcriptional repressor cyclic AMP response element modulator a (CREMa) is increased in SLE
T cells and contributes to reduced IL-2 production. Alithough estrogen is implicated in the onset and exacerbation of SLE, the pre-
cise nature of molecular events regulated by estrogen in immune cell function is not well understood. Here, we asked whether es-
frogen regulates the expression of CREMa. in human T lymphocytes. We show that exposure of human T cells to 17-g-estradiol leads
to a dose-dependent increase in CREMa mRNA expression, and this increase appears to be mediated through the estrogen re-
ceptors o and B. We show that the increased expression of CREMa is due to increased transcriptional activity of the CREM pro-
moter and is mediated by increased expression and binding of the Sp1 transcriptional activator. We further show that estrogen
freatment leads to a dose-dependent decrease in IL-2 mMRNA and cytokine production by T cells. Finally, the effect of p-estradiol
on CREMa is observed more frequently in T cells from women than from men. We conclude that estrogen can modulate the ex-
pression of CREMa and lead to IL-2 suppression in human T lymphocytes, thus revealing a molecular link between hormones and
the immune system in SLE.
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INTRODUCTION

Systemic lupus erythematosus (SLE) is
an autoimmune multiorgan disease that
afflicts women and follows an unpre-
dictable clinical course marked by flares
and remissions. The disease is character-
ized by autoantibody production and im-
mune complex deposition in target or-
gans such as the joints, kidneys and
brain resulting in disease pathology. Ab-
normal T cells orchestrate responses of
multiple cellular components of the im-
mune system either directly or through

secretion of cytokines. Additionally,
T-cell infiltration into target organs con-
tributes to inflammatory damage of the
tissues (1,2). Thus, understanding the
molecular events that contribute to the
aberrant SLE T-cell behavior is of utmost
importance in understanding disease
pathophysiology.

SLE patients experience disease flares
during phases of hormonal change such
as puberty, menstruation (3), pregnancy
(4) and reduced disease activity after
menopause (5). Estrogen treatment of
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lupus-prone mice accelerates disease
onset and severity (6). Patients with SLE
have altered estrogen metabolism with
increased levels of estrogen metabolites
16-hydroxy estrone and estriol and de-
creased testosterone levels (7), and hor-
mone replacement therapy increases the
risk of mild-to-moderate flare-ups in
menopausal women with lupus (8).
These studies indicate that estrogen
plays a role in SLE disease onset, pro-
gression and exacerbation. However, lit-
tle is known about the precise nature of
molecular events regulated by estrogen
in the immune system. Estrogen has
been reported to increase the expression
and activity of calcineurin phosphatase
(9) and CD40L expression (10) in SLE

T cells. Mice treated with synthetic estro-
gen were susceptible to L. monocytogenes
infection, and their splenocytes showed
reduced IL-2 production (11). On the
other hand, splenocytes from estrogen-



treated mice showed increased IL-17
production (12).

We and others have shown that SLE
T cells display decreased capacity to
produce IL-2, a cytokine crucial to the de-
velopment of cytotoxic responses, regula-
tory T-cell function and activation-
induced cell death (13). IL-2 levels are
determined at the transcription level and
limited IL-2 promoter activity was
demonstrated to account for deficient
IL-2 production in SLE (14). The IL-2 pro-
moter defines a consensus CRE site at po-
sition —180, which can bind the cyclic
AMP response element binding (CREB)
and cyclic AMP response element modu-
lator (CREM) transcription factors. The
phosphorylated (p) form of the CREB
protein activates IL-2 gene transcription,
whereas pCREMa represses IL-2 tran-
scription. Thus, a balance between the ex-
pressions of these two transcription fac-
tors determines the occupancy of the IL-2
promoter and thus transcription (15). In-
creased expression of the protein phos-
phatase 2A (PP2A) enzyme in SLE T cells
leads to dephosphorylation of CREB (16)
and thus a tilting of the balance in favor
of the CREMa repressor. Increased bind-
ing of CREMa to the IL-2 promoter is en-
abled by calcium-calmodulin kinase IV in
SLE T cells (17). More recently, we pre-
sented evidence that the increased levels
of CREMo. in SLE T cells (18) can be at-
tributed to the increased binding of the
specificity protein (Sp)-1 transcription
factor to the CREM promoter (19).

17-p-Estradiol is the predominant form
of estrogen in nonpregnant females and
regulates gene expression through bind-
ing to the intracellular estrogen receptor
o (ERa) and ERp and to the recently
identified membrane G protein—coupled
receptor (GPR30) (20,21). On ligand bind-
ing, the ER homo- or heterodimerizes
and binds directly to estrogen response
elements defined by promoters of target
genes. Alternatively, the ER may recruit
other transcription factors such as Spl,
activator protein (AP)-1 and nuclear fac-
tor (NF)-kB, or other cofactors to regulate
gene transcription (22). Human T lym-
phocytes were recognized to express both

ERo and ERP. Moreover, putative mem-
brane receptors were reported and are
demonstrated to modulate T-cell
receptor—induced responses (23).

It is known that CREMa is differen-
tially expressed in nonpregnant versus
pregnant myometrium, such that the
highest levels are expressed in pregnant
and laboring myometrium (24). It is also
known that estrogen levels rise steadily
throughout pregnancy, increasing up to
100-fold over physiological levels. Fur-
thermore, estrogen mediates effects on
lymphocytes to modulate cytokine pro-
duction (23) through transcriptional reg-
ulation. On the basis of these concepts,
we hypothesized that estrogen regulates
CREMa expression in T lymphocytes.
Our results show that 17-B-estradiol in-
duces increased expression of CREMa in
human T cells, which appears to be ER
dependent, and this increase is due to an
increased transcriptional activity of the
CREM promoter. We show that 17-f-
estradiol induces increased expression of
the Sp1 transcription factor and that Sp1
binds to the CREM promoter. We further
show that estrogen suppresses IL-2 pro-
duction in a dose-dependent manner. Fi-
nally, we show that, whereas estrogen in-
duces CREMa. expression in both sexes,
the response was observed more fre-
quently in T cells from women than men.
Our data present a novel link between
hormones and the immune system,
which may be of importance in the
pathogenesis of SLE.

MATERIALS AND METHODS

Materials

Anti-Sp1 and mouse IgG antibodies
were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA).
The CREM antibody was custom synthe-
sized by the laboratory as described pre-
viously (17). The B-actin antibody, 17-f-
estradiol, 1,3,5-Tris(4-hydroxyphenyl)-
4-propyl-1H-pyrazole (PPT), diarylpropi-
onitrile (DPN) and methyl-piperidino-
pyrazole dihydrochloride (MPP) were
purchased from Sigma-Aldrich (St.
Louis, MO, USA). Anti-CD3 and anti-
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CD28 antibodies were purchased from
Biolegend (Raritan, NJ, USA), and the
goat anti-mouse cross-linker antibody
was purchased from Millipore (The
Woodlands, TX, USA). All primers were
purchased from Eurofins MWG Operon
(Huntsville, AL, USA).

T-Cell Isolation and g-Estradiol
Treatment

De-identified peripheral blood sam-
ples from healthy volunteers after
platelet-pheresis obtained from the Kraft
donor center (Dana Farber Cancer Insti-
tute) were used in this study (for experi-
ments in Figures 1-5). For some experi-
ments (Figure 6), peripheral blood
samples from healthy adult men and
women (25-45 years of age) were used.
All women had regular menstrual cycles
and were not on oral contraceptives. The
study protocol was approved by the in-
stitutional review board. Written in-
formed consent was obtained from all
participating subjects. Peripheral blood
was collected by venipuncture and
T cells purified using the RosetteSep
T cell kit (STEMCELL Technologies, Van-
couver, BC, Canada) and Lymphocyte
Separation Medium (Mediatech, Manas-
sas, VA, USA). T cells (3-5 x 10° cells per
1.5 mL per well) were resuspended in
RPMI medium without phenol red (Invit-
rogen, Carlsbad, CA, USA), supple-
mented with charcoal-dextran—stripped
fetal bovine serum (Hyclone; Fisher,
Agawam, MA, USA) and treated with the
indicated concentrations of p-estradiol
and cultured at 37°C in a 5% CO, incuba-
tor. In some cases, T cells were treated
with 10 mol/L p-estradiol and 10 mol/L
PPT, DPN or MPP as indicated.

mRNA Expression Studies

Total RNA was isolated using the
RNeasy mini kit (Qiagen, Valencia, CA,
USA). Total RNA (200 ng) was reverse-
transcribed into single-stranded cDNA
using the AMV reverse transcriptase kit
(Promega Madison, WI, USA). The se-
quences were amplified by the following
primers: CREMa: forward 5-GAA ACA
GTT GAA TCC CAG CAT GAT GGA
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AGT-3" and reverse 5'-TGC CCC GTG
CTA GTC TGA TAT ATG-3' (25); house-
keeping gene cyclophilin A: forward
5'-TTC ATC TGC ACT GCC AAG AC-3'
and reverse 5-TCG AGT TGT CCA CAG
TCA GC-3; Spl: forward 5'-CAC CAC
TCT CAC ACC CAT TG-3' and reverse:
5'-TCC ACC TGC TGT GTC ATC AT-3’;
IL-2: forward 5'-CAC TAC TCA CAG
TAA CCT CAA CTC CT-3' and reverse:
5'-GTG GGA AGC ACT TAATTATCA
AGT CAG TG-3'. Real-time polymerase
chain reaction (PCR) amplification was
carried out with SYBR Green I by using a
LightCycler 480 (Roche Applied Science,
Indianapolis, IN, USA) with the follow-
ing program: initial denaturation at 95°C
for 5 min, 40 cycles of amplification: de-
naturation at 95°C for 15 s, annealing at
60°C for 15 s and extension at 72°C for 30
s; one cycle of melting curves: 95°C for
15 s, 65°C for 2 min and 97°C (continu-
ous) and a final cooling at 37°C. All PCRs
were performed in triplicate. Threshold
cycle (Ct) values were used to calculate
relative mRNA expression by the AACt
relative quantification method.

Immunoblotting

Cells were pelleted and lysed with RIPA
buffer (Boston Bioproducts, Boston, MA,
USA). Lysates were resolved on 4-12% Bis-
Tris gels and transferred to a polyvinyli-
dene difluoride membrane. Membranes
were blocked with 5% nonfat milk in Tris-
buffered saline with Tween 20 (TBS-T) for
1h, incubated with primary antibody
(1:1,000) for 1 h (for B-actin) or overnight
(for CREMo. and Sp1), washed three times
with TBS-T, incubated with horseradish
peroxidase—conjugated secondary anti-
body (1:2,000) for 1 h, washed three times
with TBS-T, developed with ECL reagents
(GE Healthcare, Piscataway, NJ, USA) and
visualized by the Fujifilm LAS-4000 imager
(GE Healthcare, Piscataway, NJ, USA).

Cytokine Production Analysis

IL-2 production was measured using a
human cytometric bead array kit (BD
Biosciences, San Jose, CA, USA) follow-
ing the manufacturer’s instructions.
Briefly, culture supernatants were col-

lected from fB-estradiol-treated cells stim-
ulated with and without anti-CD3 anti-
body (10 ug/mL), anti-CD28 antibody

(5 ug/mL) and goat anti-mouse cross-
linker (5 ug/mL). The samples were incu-
bated with capture beads conjugated to
the cytokine-specific antibody and
stained with a phycoerythrin (PE)-
detection reagent. After washing, the
samples were analyzed on a BD LSR II
flow cytometer (BD Biosciences, San Jose,
CA, USA) and cytokine concentrations
calculated from the standard curves.

Reporter Gene Constructs and
Luciferase Assays

The luciferase reporter plasmid driven
by the CREM promoter was generated in
the laboratory as described before (19).
T cells were transfected by electroporation
with a nucleofector and a human T-cell
nucleofector kit (Lonza, Cologne, Ger-
many). Briefly, 4 x 10° cells were resus-
pended in 100 uL nucleofector solution.
Plasmid DNA (1 ug per 10° cells) and
transfection efficiency control plasmid pR-
TK (10 ng per 10° cells) were added and
cells were transfected using the nucleofec-
tor V-024 program. Cells were rescued in
prewarmed medium and immediately in-
cubated with indicated concentrations of
p-estradiol. Luciferase activity was deter-
mined using the Dual Luciferase assay
system (Promega) following the manufac-
turer’s protocol. Luciferase activity was
normalized for transfection efficiency by
obtaining the ratio of Firefly to Renilla lu-
ciferase readings. The data are presented
as the fold-increase in luciferase activity.

Chromatin Immunoprecipitation
(ChIP) Assays

Four to ten million T cells were used per
investigated antibody. After B-estradiol
treatment, the cells were collected and
treated with 37% formaldehyde (1% final
concentration) for 10 min, washed, lysed
and sonicated. The DNA protein com-
plexes were immunoprecipitated with
the indicated antibody bound to Dyn-
abeads Protein A /G (MAGnify Chro-
matin Immunoprecipitation System; In-
vitrogen, Carlsbad, CA, USA) and
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Figure 1. Estrogen induces the expression
of CREMa in T cells. (A) Peripheral blood

T cells from de-identified donors were
tfreated with increasing concentrations
(107 to 107® mol/L) of p-estradiol or solvent
DMSO control for 18-24 h. Cells were col-
lected, total RNA extracted and quantita-
tive real-time RT-PCR performed using spe-
cific primers for CREMa and housekeeping
gene cyclophilin A. Graph shows relative
expression of CREMa mRNA normalized to
cyclophilin A. Results show average values
from n = 14 (responders) of a total of n =
24 donors assessed. Error bars represent SD.
(B) Peripheral blood T cells from de-identi-
fied donors were freated without and with
increasing concentrations (107 to 10
mol/L) of p-estradiol for 18-24 h. Cells were
collected, lysed and immunoblotted for
CREMa and B-actin. A representative blot
is shown. (C) Average CREMa protein ex-
pression normalized to g-actin from n =8
(responders) of a total of n = 13 donors ex-
amined. Error bars represent standard error
of the mean (SEM). *P < 0.05.

extracted. After several washing steps,
the cross-link between DNA and protein
was reversed and protein digestion with
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Figure 2. The estrogen-mediated effect on
CREMoa. is ER dependent. T cells were
freated for 24 h with solvent DMSO control
or 107 mol/L p-estradiol, or 10° mol/L of
the selective ERa and ERB agonists PPT
and DPN, respectively, and 107 mol/L of
the selective ERa antagonist MPR (A) Cells
were collected, total RNA exfracted and
quantitative real-fime RT-PCR performed
using specific primers for CREMo. and cy-
clophilin A. Graph shows relative expres-
sion of CREMa mRNA normalized to cy-
clophilin A. Results show average values of
PCR ftriplicates from one representative ex-
periment of three independent experi-
ments (n = 3) of a total of n = 8 donors ex-
amined. Error bars represent SEM. (B) Cells
were lysed and immunoblotted for CREMa.
and B-actin. A representative blot is
shown. (C) Graph shows an average of
CREMa protein expression normalized to
B-actin from n = 6 donors and error bars
represent SEM. *P < 0.05.

proteinase K was performed at 55°C for
20 min, followed by a 95°C incubation,
and the DNA was then eluted. The DNA
was amplified with primers flanking the
CREM promoter. The sequences were as
follows: forward 5'-GGG AGA TAG AGG
TTG CAG AG-3' and reverse 5'-GAC

CAA AAG TAG CGC TGC AG-3'. Semi-
quantitative PCR was performed using the
following program: initial denaturation at
95°C for 5 min, 30 cycles of amplification:
denaturation at 95°C for 30 s, annealing at
55°C for 30 s, and extension at 72°C for 30
s, final extension at 72°C for 5 min and a
final cooling at 4°C; PCR products were
run on 1.8% agarose gels in 1x Tris acetate
EDTA buffer, stained with ethidium bro-
mide and imaged using a Bio-Rad gel doc
system. Densitometric quantitation of
bands was performed using the Quantity1l
software (Bio-Rad, Hercules, CA, USA).

Statistical Analysis

Student f test and the two-way repeated-
measures analysis of variance (ANOVA)
were used for statistical analysis. Statistical
significance was defined as P < 0.05.

RESULTS

Estrogen Exposure Leads to Increased
CREMo. Expression in Human
T Lymphocytes

We have previously shown that SLE
T cells produce decreased amounts of
IL-2 on stimulation in vitro and that in-
creased expression of the CREMa tran-
scriptional repressor contributes to this
deficiency (26). To understand the mecha-
nisms of CREMa. regulation, we asked
whether hormones may contribute to its
aberrant expression. Because SLE is an
autoimmune disease seen predominantly
in women, with estrogen implicated in
disease development and acceleration,
we chose to examine the role of estrogen
in the expression of CREMa.. To deter-
mine whether B-estradiol affects CREMa
expression, we treated peripheral blood
T lymphocytes with increasing 107 to 107
mol/L (100 nmol/L to 10 umol /L) concen-
trations of B-estradiol for 24 h and as-
sessed CREMa mRNA expression by
quantitative real-time reverse-transcriptase
(RT)-PCR. On the basis of initial dose and
time response optimization experiments,
we found the maximal responses to f3-
estradiol to be within this range, which we
used subsequently. A total of 24 donors
were examined; 14 of them displayed in-

RESEARCH ARTICLE

N N
- o N o oW
=}
11
[oe]
*

Luciferase activity

0 10'M 10°M 10°M
B-estradiol (24h)

Figure 3. Estrogen induces CREMa. fran-
scription in T cells. Peripheral blood T cells
were fransfected with a CREMa promoter-
luciferase reporter construct using a nu-
cleofector. Cells were rescued in pre-
warmed medium and incubated
immediately with increasing concentro-
tions (1077 to 10™° mol/L) of p-estradiol or
solvent DMSO control for 24 h. Cells were
lysed and luciferase activity was mea-
sured using the dual luciferase assay sys-
tem. Luciferase activity was normalized for
fransfection efficiency (firefly luciferase
readings normalized to renilla luciferase
readings). Data from p-estradiol freated
samples were then normalized to data
from control DMSO-treated sample. Results
are average values from n = 8 donors of a
total of n = 13 donors examined and error
bars represent SEM. *P < 0.05.

creased responses (designated as an in-
crease in CREMo. mRNA expression if
>1.2-fold of control treatment). As shown
in Figure 1A, induction of CREMo mRNA
expression was heterogeneous, but in-
creased in a dose-dependent manner with
increasing concentrations of f-estradiol. To
assess whether p-estradiol induces the ex-
pression of CREMa at the protein level,
we performed similar experiments and
immunoblotted cell lystes for CREMa
(Figures 1B, C). In these experiments, an
increase (if =1.2-fold of control treatment)
in CREMo. expression was observed in 8
of 13 donors examined. We found that es-
trogen induced a dose-dependent increase
in CREMao. protein expression levels.
These results show that estrogen induces
CREMa expression in human T cells.

Estrogen-Mediated Effect on CREMa
Expression Is ER Dependent

To examine whether the p-estradiol-
induced increase in CREMa expression
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Figure 4. Estrogen exposure leads o increased

Sp1 expression and binding to the CREM

promoter in T cells. Peripheral blood T cells were treated with 10° mol/L p-estradiol or sol-
vent DMSO conftrol for 18-24 h. (A) Cells were lysed, total RNA extracted and quantitative
real-time RT-PCR was performed using specific primers for Sp1 and cyclophilin A.The
graph shows the relative expression of Sp1 MRNA normalized to cyclophilin A. Results
show average values from n = 8 (responders) of a total of n = 14 donors examined. Error

bars represent SEM. (B) Cells were lysed and immunoblotted for Sp1 and g-actin. A repre-
sentative blot is shown. (C) Graph shows average Sp1 protein expression normalized to
B-actin from n = 5 (responders) of a total of n = 10 donors examined. Error bars represent
SEM. (D) Peripheral blood T cells were freated with 10 mol/L p-estradiol or solvent DMSO
control (BE) for 18 h. Cells were formalin fixed, lysed, washed and sonicated according to
the ChIP protocol outlined in Materials and Methods. The anti-Sp1 and anfti-IgG antibody
immunoprecipitates were subjected to semiquantitative PCR using specific primers for the
CREM promoter, and PCR products run on a 1.8% agarose gel stained with ethidium bro-

mide. (E) Densitometric quantification and background subtraction of the PCR bands
from the anti-Sp1 immunoprecipitates (lanes 2 and 4) was performed and expressed as
relative units. Results are the average values from n = 3 of a total of n = 7 donors exam-

ined. Error bars represent SEM. *P < 0.05.

was mediated through ERo and/or ER,
we used pharmacological agonists and
antagonists of these receptors. PPT and
DPN are selective agonists of ERa and
ERB, respectively. MPP is a selective ERa
antagonist. We treated T cells with sol-
vent dimethyl sulfoxide (DMSO) control
or 10 mol /L p-estradiol or 10-fold molar
excess of the selective ERa and ERp ago-
nists or ERo. antagonist. Treatment of

T cells with either ERa or ER agonist led
to increased CREMa. expression similar
to that seen with B-estradiol. Blocking the
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ERa using selective antagonist MPP was
sufficient to block the effect of B-estradiol
on CREMa mRNA expression (Figure
2A). We further determined the effect of
the ER agonists and antagonist on the
CREMa. protein expression and found
that PPT and DPN increased CREMa
protein expression in a manner similar to
that recorded with B-estradiol, whereas
the ERa antagonist MPP blocked this in-
crease (Figures 2B, C). These results indi-
cate that the effect of estrogen on CREMa
expression is ER dependent.
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Estrogen Exposure Leads to Increased
CREM Promoter Transcriptional
Activity

Because estrogen mediated an increase
in the mRNA expression of CREMa and
because estrogen regulates gene expres-
sion at the transcription level, we asked
whether estrogen regulates the transcrip-
tion of CREMoa. We used a CREM
promoter-luciferase vector construct to
transfect T cells using nucleoporation.
Transfected cells were treated immedi-
ately with increasing concentrations of
B-estradiol or solvent DMSO control, and
cells were collected 24 h later. Luciferase
activity was measured and normalized
for transfection efficiency. Luciferase ac-
tivity was expressed as fold change over
control (DMSO)-treated cells. Signifi-
cantly increased transcriptional activity
was seen at the 10° mol /L p-estradiol
concentration, with little to no increase
seen at the 107 and 10" mol /L concentra-
tions (Figure 3). These results show that
high concentrations of p-estradiol leads to
increased transcription of CREMo.

Estrogen Exposure Leads to Increased
Sp1 Expression and Binding to the
CREM Promoter in Human
T Lymphocytes

Estrogen mediates its effect on gene
transcription through several modes, in-
cluding direct binding of the ER to the
estrogen response elements within target
genes, or by recruitment and binding of
other transcriptional activators such as
Sp1 and AP-1 (22). We scanned the
CREM promoter sequence, and although
estrogen response elements or AP-1 con-
sensus sites were not identified within
this region, it defines seven core binding
sites for the transcription factor Sp1. Pre-
viously, we have shown that Sp1 binds to
and activates transcription of CREM (19).
Because the increase in CREM promoter
activity was observed with the
107 mol/L concentration of p-estradiol,
we chose this concentration in the fol-
lowing experiments. We analyzed the
mRNA expression levels of Sp1 in
B-estradiol-treated cells at 18 and 24 h
after treatment and noted a significant
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Figure 5. Estrogen suppresses IL-2 produc-
tion in T cells. (A) T cells were incubated
with increasing concentrations (107 to 107
mol/L) of p-estradiol or solvent DMSO con-
frol for 24 h. Anti-CD3, anti-CD28 and goat
anti-mouse cross-linker antibodies were
added to the cell cultures for another

24 h. p-Estradiol was kept in culture
throughout activation. Supernatants were
collected and IL-2 production was mea-
sured using a flow cytometry-based cy-
tokine bead array. Graph shows averages
from n = 3 of a total of n = 8 donors exam-
ined. Error bars represent SEM. (B) T cells
were incubated with increasing concen-
frations (107 to 107° mol/L) of p-estradiol or
solvent DMSO control for 24 h. Anti-CD3,
anti-Cb28 and goat anti-mouse cross-
linker antibodies were added to the cell
cultures for another 5 h. g-Estradiol was
kept in cultures throughout the activation.
Cells were lysed, total RNA extracted and
quantitative real-time RT-PCR was per-
formed using specific primers for Sp1 and
cyclophilin A.The graph shows the relative
expression of Sp1T MRNA normalized to cy-
clophilin A. Results show average values
from n = 5 of a total of n = 9 donors exam-
ined. Error bars represent SEM. *P < 0.05.

increase in Sp1 expression at 18 h of
f-estradiol treatment (Figure 4A),
whereas Sp1 expression either remained

high or decreased at 24 h of treatment
(data not shown). We further examined
the effect of B-estradiol on the induction
of Sp1 protein expression and found that
Sp1 protein levels increased in response
to p-estradiol (Figures 4B, C).

The observation that p-estradiol treat-
ment increases Spl expression led us to
question whether Sp1 bound to the
CREM promoter on f-estradiol treat-
ment. Accordingly, we treated T cells
with 10 mol /L of p-estradiol for 18 h
and then performed chromatin immuno-
precipitation (ChIP) assays using an anti-
Sp1 antibody to determine Sp1 binding
to the CREM promoter. We found that
p-estradiol treatment led to an increased
Sp1 binding to the CREM promoter, as
seen in Figures 4D and E. An isotype
control IgG antibody did not identify
any protein binding to the CREM pro-
moter (Figure 4D, lanes 1 and 3). A basal
level of Sp1 binding was seen in un-
treated cells (Figure 4D, lane 2), which
increased in the B-estradiol-treated cells
(Figure 4D, lane 4, and Figure 4E). These
data show that B-estradiol treatment
leads to increased expression of Sp1 and
increased Sp1 binding to the target
CREM promoter.

Estrogen Exposure Suppresses IL-2
Production by Human T Lymphocytes
We have previously shown that
CREMo. represses IL-2 transcription and
cytokine production, and we show
herein that B-estradiol treatment induces
CREMa expression (Figure 1). Therefore,
we wished to assess whether p-estradiol
treatment affected IL-2 production. We
treated T cells with increasing concentra-
tions of B-estradiol for 24 h and then
stimulated the cells with anti-CD3 and
anti-CD28 antibodies for another 5 h,
with p-estradiol present in the cultures
throughout. IL-2 mRNA expression was
measured by quantitative real-time RT-
PCR. We observed a dose-dependent
decrease in IL-2 mRNA levels with in-
creasing concentrations of p-estradiol
(Figure 5A). In parallel, cells were treated
with B-estradiol for 24 h and then stimu-
lating antibodies were added for another
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24 h, with p-estradiol kept in the cultures
throughout. Cell culture supernatants
were collected, and IL-2 levels were mea-
sured using a flow cytometry—based
cytokine bead array. We found that in-
creasing concentrations of B-estradiol
treatment led to gradually decreasing
amounts of IL-2 production (Figure 5B),
suggesting that the effect of p-estradiol
on the CREMa expression may lead to
downstream suppression of IL-2
production.

Estrogen Increases CREMo. Expression
in T Cells from Men and Women

The above experiments (Figures 1-5)
were performed in T cells obtained from
de-identified healthy donors for whom
information on age or sex gender was
not available. To assess whether the
estrogen-mediated increase in CREMa
expression was sex specific, we obtained
blood samples from 10 healthy men and
9 healthy women donors. In women, es-
trogen levels vary during the menstrual
cycle such that they are the lowest in the
follicular phase, increase steadily there-
after and peak just before ovulation to
decrease during the luteal phase. Thus,
the widest difference in estrogen levels
occurs between the follicular (lowest)
and peri-ovulatory (highest) phases. Ac-
cordingly, in female donors, blood was
drawn twice during the menstrual cycle
(once during the follicular phase [about
d 6-8] and once during the peri-
ovulatory phase [about d 13-17]). Pe-
ripheral blood T cells were exposed to
increasing concentrations of B-estradiol
and CREMa mRNA, and protein expres-
sion levels were assessed. In these exper-
iments, B-estradiol concentrations from
107 to 107 (10 nmol /L to 10 umol /L)
were included. Results from these experi-
ments showed that T cells from 3 of the
10 male donors showed an increase in
CREMo mRNA (Figure 6A) and protein
(Figure 6B) expression levels. In the
T cells from all nine women, we ob-
served a dose-dependent increase in
CREMoa mRNA expression (Figure 6C)
in response to f-estradiol (two-way
repeated-measures ANOVA [phase, con-
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centration], concentration F(3) = 5.835,

P =0.002). However, responses were not
significantly different between the follic-
ular and ovulatory phases (two-way
repeated-measures ANOVA [phase, con-
centration], phase F(1) = 1.048, P = 0.32).
To assess whether B-estradiol also in-
duced CREMa protein expression, we
performed immunoblots for CREMa. We
obtained sufficient amounts of lysates
from six of the nine samples. We found a
significant dose-dependent increase in
CREMoa. protein expression (Figures 6D,
E) during both the follicular and ovula-
tory phases (two-way repeated-measures
ANOVA [phase, concentration], concen-
tration F(3) = 2.959, P = 0.048). Again, the
responses were not significantly different
between the follicular and ovulatory
phases (two-way repeated-measures
ANOVA [phase, concentration], phase
F(1) = 0.632, P = 0.44). These results show
that the estrogen-mediated CREMa in-
duction in T lymphocytes is observed in
both men and women, although more
frequently in women than men.

DISCUSSION

In this study, we show for the first
time that B-estradiol treatment induces
an ER-dependent increase in CREMa
mRNA expression in human peripheral
blood lymphocytes, and this increase is
due to an induction of transcriptional ac-
tivity. We show that estrogen treatment
increases the expression of the transcrip-
tion factor Sp1 and also increases Sp1l
binding to the CREM promoter. We
further show that estrogen treatment
suppresses IL-2 production in a dose-
dependent manner. Finally, we show that
estrogen mediates increased CREMa. ex-
pression in female rather than male
human T lymphocytes.

Increase in the CREM promoter activ-
ity was seen most strikingly at the 107
mol /L concentration (Figure 3), whereas
increases in CREMo. mRNA expression
were observed even at the 10 and 10”7
mol /L concentrations (Figure 1). This
discrepancy may be explained by a dif-
ferential regulation at different concen-
trations. At lower concentrations of es-
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Figure 6. Estrogen induces CREMa. expression in T cells from men and women. (A-C) T cells
from peripheral blood from 10 healthy male donors were treated with increasing (107 to
107 mol/L) concentrations of p-estradiol or solvent DMSO control for 18-24 h. (A) Cells
were collected, total RNA extracted and quantitative real-time RT-PCR performed using
specific primers for CREMa and cyclophilin A. Graph shows relative expression of CREMa.
mMRNA normalized to cyclophilin A. Results show average values from n = 3 of a total of

n = 10 donors examined. Error bars represent SEM. *P < 0.05. (B) Cells were collected, lysed
and immunoblotted for CREMa and B-actin. A representative blot (one representative of
n = 3) is shown. (C-E) T cells from peripheral blood (collected at follicular and ovulatory
phases of menstrual cycle) from nine healthy female donors were freated with increasing
concentrations (107 to 10° mol/L) of p-estradiol or solvent DMSO control for 18-24 h. (C)
Cells were collected, total RNA extracted and quantitative real-time RT-PCR performed
using specific primers for CREMa and cyclophilin A. Graphs shows relative expression of
CREMa mRNA normalized to cyclophilin A. Results show average values from n = 9 donors.
Error bars represent SEM (fwo-way repeated-measures ANOVA, P = 0.002). (D) Cells were
collected, lysed and immunoblotted for CREMa and p-actin. A representative blot is
shown (one representative of n = 6). (E) Graphs show average CREMa. protein expression
normalized to B-actin from n = 6 donors. Error bars represent SEM. Two-way repeated-
measures ANOVA, P = 0.048.
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Figure 7. Molecular events that link estro-
gen to decreased IL-2 production. Estrogen
binds to the ER, increases Sp1 expression
(which binds to the CREM promoter) and
enhances the production of CREMa. (which
may suppress the production of IL-2).

trogen, there may be a preferential in-
crease in CREMa due to posttranscrip-
tional regulatory mechanisms such as al-
ternative splicing or mRNA stabilization.
Indeed, a preferential expression of
CREMa over the alternatively spliced
isoform CREMtau2a is seen progres-
sively within the myometrium from non-
pregnant to pregnant and laboring
stages, and this switch is mediated by
the splicing factor SRp40 (24). -Estradiol
has also been shown to increase ER ex-
pression by stabilizing its mRNA (27).
The estrogen-initiated suppression of
IL-2 production (Figure 5) may con-
tribute to the pathogenesis of SLE, since
it is clear that IL-2 is needed for the gen-
eration of cytotoxic responses, the gener-
ation of T regulatory cells and activation-
induced cell death. In patients with SLE,
various forms of cytotoxic responses
have been described ineffective and may
account for the increased rate of infec-
tion-associated morbidity and mortality
(28,29). Regulatory T-cell function and
numbers have been reported to be de-
creased in SLE patients, albeit the reports
are not definitive (30). Activation-
induced cell death is defective in SLE pa-
tients (31), and this may account for the

failure to eliminate activated autoreactive
T cells in a timely manner. Estrogen-
initiated suppression of IL-2 production
may not represent the only mechanism
whereby estrogens contribute to the
aberrant immunoregulation in SLE
patients. Estrogen has been claimed to
increase calcineurin expression in SLE

T cells (9), and this may lead to dephos-
phorylation and activation of nuclear fac-
tor of activated T cells (NFAT), which in
turn accounts for the increased expres-
sion of CD40 ligand in SLE T cells
(32,33). In addition, treatment of T cells
with estrogen leads to increased expres-
sion of CD40 ligand on T cells (10).
B-Estradiol is known to dampen the
B-cell receptor—initiated B-cell signaling
and to impair negative selection of high-
affinity anti-DNA-producing B cells (34).
In addition, estrogen alters the expres-
sion of apoptosis-related molecules and
renders B cells resistant to apoptosis (35).

While estrogen levels have not been
found to be significantly different in
women with SLE compared with healthy
women, expression of estrogen metabo-
lites is increased and testosterone levels
are decreased in SLE patients. Further-
more, it is thought that the sensitivity to
estrogen due to differential expression of
estrogen receptors may differ in patient
SLE compared with healthy individuals.
While it was shown that the ERp expres-
sion was not significantly different in pa-
tients with SLE compared with healthy
women, there was a wide variation in
the expression of ERa in SLE patients,
suggesting its potential role in the sensi-
tivity to estrogen in SLE T cells (36). In
our studies, it appears that the effect of
B-estradiol on CREMa is mediated
through the ER, since inducing either
ERa or ERB, with specific agonists, mim-
icked this effect. However, blocking ERa
alone significantly decreased the estro-
gen-induced CREMa expression (Fig-
ure 2), suggesting its potential impor-
tance in this mechanism.

Physiological estrogen levels in serum
range from 107" mol/L (100 pmol /L) to
107 mol/L (100 nmol/L). Although the
10° mol/L (1 umol/L) and 10° mol /L

RESEARCH ARTICLE

(10 umol/L) concentrations we have used
in this study are above the physiological
range, the 107 mol/L (100 nmol /L) con-
centration is routinely used for in vitro
experiments with human peripheral
blood T cells. We have also included the
10" mol/L (10 nmol/L) concentration in
some experiments (Figures 6A, B, D, and
E; and data not shown). Furthermore, the
T cells we studied are from healthy
donors and hence may not respond to
physiological hormone levels.

In our studies, we find that CREMo. ex-
pression increased in response to f-estra-
diol in T cells from both men and
women, albeit from a smaller percentage
of men. In studies with T cells from
women, whereas we noticed a trend to-
ward greater variability and higher mag-
nitude of responses in the ovulatory
phase compared with the follicular phase,
the responses were not significantly dif-
ferent between the two phases of the
menstrual cycle (Figure 6). Accordingly,
while estrogen is known to upregulate
expression of the ER in various cell types
(37), ER expression in T lymphocytes is
not different between the follicular and
luteal phases of the menstrual cycle (36).

CONCLUSION

In conclusion, we provide evidence for
a new molecular link between hormones
and the immune system (Figure 7). Spe-
cifically, p-estradiol increases Sp1 expres-
sion in human T cells, which binds to the
CREM promoter and enhances its activ-
ity. CREMa in turn binds to the IL-2 pro-
moter and suppresses the production of
IL-2, a central cytokine in the regulation
of the immune system.
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