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Abstract

The transcription factor Foxp3 is critical to the suppressive phenotype of CD4* regulatory T cells.
Studies have clearly shown that numerous autoimmune diseases are marked by the presence of
activated CD4™" T cells within the setting of chronic inflammation. Therefore drugs capable of
inducing Foxp3 expression in activated CD4* T cells could be of great therapeutic interest. We
have previously shown that the small molecule G-1, an agonist directed against the membrane-
bound estrogen receptor GPER, can induce IL10 expression in naive CD4™ T cells. In addition, we
and others have demonstrated that G-1 attenuates disease in an animal model of experimental
autoimmune encephalomyelitis. Using ex vivo cultures of purified CD4* T cells, we show that
G-1 can elicit Foxp3 expression under Ty17 polarizing conditions, which mimic the /n situ
inflammatory milieu of several autoimmune diseases. These findings build upon previous results
demonstrating the immunosuppressive properties of the novel estrogenic small molecule G-1.
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INTRODUCTION

The immune response is largely coordinated by CD4* T cells, which upon T cell receptor
(TCR) antigen recognition undergo clonal expansion and differentiation into one of three
main effector lineages; Thl, TH2, or Ty17 cells. These divergent populations coordinate
distinct immune responses through the expression of unique mediators and signaling
molecules, including canonical transcription factors; T-bet (Ty1), GATA3 (TH2), or RORyt
(TH17). While highly effective at limiting infection and neoplastic disease, an inherent risk
to this process is the generation of clones that recognize self-antigens (eg. autoimmune
disease) or otherwise benign environmental contaminants (eg. allergies). To mitigate this
danger, the immune system has evolved mechanisms aimed at eliminating self-reactive cells
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and limiting the extent of inflammation /n7 situ. One such mechanism is the induction of
regulatory T (Trgg) cell populations.

CD4" Trgg cells are a diverse population of immunosuppressive T cells that function via a
variety of mechanisms. The most well defined class of Trgg cells expresses the
transcription factor Foxp3 (1-3). This protein is critical to immune homeostasis as loss of
Foxp3 function in both humans and mice precipitates a fatal multi-organ autoimmune
condition marked by the inability to control T cell responses (4, 5). Experimentally, Foxp3™*
Treg cells suppress numerous animal models of autoimmune disease (6). Conversely,
excessive Trgg activity has been shown to inhibit protective anti-tumor immune responses
(7, 8) and immunity against infection (9). Thus, the regulation of Foxp3* cell populations is
a critical point of control in many disease settings.

Foxp3 expression can be elicited during thymic development in a TCR dependent fashion
(10), leading to “natural” or nTreg cells. However, conventional T cells activated in the
periphery can be driven towards a suppressive phenotype when stimulated in the presence of
TGFB (11), IL2 (12), IL10 (13), 1L35(14), and/or retinoic acid (15), or when antigen
recognition occurs in the absence of appropriate costimulatory ligands such as CD80 and
CD86 (16). This leads to numerous types of inducible regulatory T (iTrgg) cell populations
(17), many of which express Foxp3.

The female sex steroid hormone estrogen (E2) has several well-documented
immunosuppressive properties, including induction of Foxp3 in T cells (18) and expression
of the cytokine IL10 (19). Although the effects of E2 are traditionally thought to be
mediated by the classical nuclear estrogen receptors, ERa and ERp, recent studies have
suggested that the G protein-coupled estrogen receptor (GPER, previously termed GPR30)
may contribute to many of the physiological effects of E2 (reviewed in (20, 21)). GPER is a
member of the 7-transmembrane spanning superfamily of G protein-coupled receptors
(GPCRs) and has been shown to function as an estrogen-binding and-responsive protein (22,
23). The identification and characterization of GPER presented a novel therapeutic target
relative to the classical estrogen receptors and provided the opportunity to identify receptor
class-specific regulators of estrogen activity.

In 2006, we identified a non-steroidal GPER agonist G-1 that displays high selectivity
against the classical estrogen receptors permitting the selective activation of GPER in
cellular and animal models (24). G-1 binds to GPER with similar affinity to E2 (G-1
exhibits about 2-fold lower affinity) and initiates multiple signaling pathways, similar to E2,
including calcium mobilization and ERK, PI3K and adenylyl cyclase activation (24, 25).
However, unlike E2, G-1 exhibits minimal reproductive effects on the uterus, such as
imbibition and epithelial proliferation (26). Nevertheless in animal models, like E2, G-1 can
attenuate multiple pathophysiological conditions that exhibit an important immune/
inflammatory component such as stroke (27), cardiac ischemia-reperfusion injury (28) and
experimental autoimmune encephalomyelitis (EAE, a murine model of multiple sclerosis)
(29, 30). Although the effects of estrogen in ameliorating symptoms and immune cell
infiltration in EAE have been well documented (31), a critical role for GPER in the
protective anti-inflammatory effects of E2 and oral ethinyl estradiol in the EAE model has
only recently been demonstrated using GPER knockout mice (19). A potential mechanism
involves the direct or indirect regulation of pro-inflammatory cells and cytokines or the
conversion of pro-inflammatory immune cells into regulatory or anti-inflammatory cells. We
have recently shown that G-1 can induce IL10 expression in T cells both /n vitroand in in
vivo (32). In the current study, we show that G-1 can induce Foxp3 expression in cultured
CD4™* T cells, even under pro-inflammatory TH17-polarizing conditions. Our findings are
significant as numerous disease processes are associated with chronic inflammation
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characterized by Ty17-polarizing conditions. Therefore, G-1’s effects on Foxp3 expression,
and its immunosuppressive properties in additional autoimmune models, warrant further
exploration.

MATERIALS AND METHODS

Mice

Wild type and Foxp3-IRES-EGFP knockin (Foxp389fP) mice (33) (7-11 weeks of age) were
used in this study for collection of purified T cell populations by fluorescence-activated cell
sorting (FACS). All mice were on the C57BL/6 genetic background and were purchased
from Jackson Laboratory. Animals were housed, bred, and cared for according to the
institutional guidelines in the Animal Resource Facility at the University of New Mexico,
and studies were carried out in accordance with the guidelines of the Institutional Animal
Care and Use Committee (IACUC) under approved protocols. Only male mice were used in
this study.

Purification of T cell populations

T cells were obtained from single cell suspensions following homogenization of spleens and
lymph nodes by mechanical disruption and passage through a 70.m nylon filter.
Suspensions were stained with anti-CD4, anti-CD62L, and anti-CD44 antibodies
(Biolegend). Enriched populations of CD4*CD62L" and CD4*CD441°CD62L N naive T
cells were collected by flow cytometric cell sorting on a MoFlo cell sorter (Cytomation).
Purity was regularly >96%.

Culture conditions

All experiments and cell purification were carried out in RPMI 1640 medium supplemented
with fetal bovine serum (FBS), penicillin/streptomycin, L-glutamine, HEPES, sodium
pyruvate, and 2-mercaptoethanol. Phenol red-free buffers and charcoal-stripped FBS were
used to minimize exposure to estrogens or phyto/xenoestrogens that could confound results.
Cells were stimulated in culture with soluble anti-CD3e (1.0 pg/mL) and anti-CD28 (2.5
pg/mL) antibodies (Biolegend), and supplemented with various combinations of TGFp
(0.5-5.0 ng/mL, 0.5 ng/mL was used unless otherwise indicated), IL6 (20 ng/mL), and I1L23
(20 ng/mL) as described (Biolegend and eBiosciences). Where indicated, cultures were
supplemented with 100nM G-1 (a concentration based on previous studies (32)).

Flow cytometry

RT-PCR

Cells were collected from single cell suspensions of homogenized tissue or from purified
cultures of T cells as indicated. For surface staining, cells were resuspended in 1001 50%
PBS + 50% medium with appropriate antibodies (including the appropriate isotype matched
control antibodies) diluted 1:100. Cells were stained for 30 minutes at room temperature,
after which 500l of PBS/medium was added to dilute the antibody, and incubated for an
additional 5 minutes before being harvested by centrifugation. Cells were then fixed with
Fixation Buffer (FB, Biolegend). Alternatively, for intracellular cytokine staining, cultures
were then treated with PMA (50 ng/mL) and ionomycin (500 ng/mL) for 4-5 hours in the
presence of Brefeldin A (Biolegend) followed by fixation in FB prior to staining with
antibodies diluted 1:50. Immediately after staining, data were collected on a FACScalibur
(Becton Dickinson). Data analysis was performed using FlowJo software (TreeStar).

For RNA collection, cells were homogenized with QlAshredder tubes (Qiagen) and RNA
was extracted using the RNeasy mini kit (Qiagen) following manufacturer instructions.
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RNA was then quantitated using a Nanodrop spectrophotometer (Thermo Scientific).
Reverse transcription was performed in a 20ul reaction volume using 100 ng RNA and
Applied Biosystems High Capacity cDNA Reverse Transcription kit with RNase inhibitor
(Applied Biosystems). For end-point PCR, 2 ul RT reaction was amplified with Tag DNA
polymerase (Applied Biosystems) according to manufacturers instructions. Resulting
amplicons were separated on agarose gels and visualized using ethidium bromide. For
quantitative PCR (QRT-PCR), samples were prepared using Applied Biosystems SYBR
Green Master Mix. Reactions were carried out in a 20 ul reaction volume containing 10 ul
2X SYBR Green master mix, 0.5 uM forward and reverse primer, and 2 ul (10 ng) cDNA
template. Quantitative PCR was performed on an Applied Biosystems 7500 Fast Real-time
PCR system under standard conditions consisting of 50°C for 2 min followed by 40 cycles
of 95° C for 15 sec, 60° C for 1 min. GAPDH was used as a loading control for all samples.
7500 Fast software was used for data collection. Data were analyzed using the standard
AACT method (34).

GPER expression in CD4* T cells

It has been reported that human regulatory T cells (29) and murine splenocytes (35) express
GPER. However, no reports investigating GPER expression in murine CD4* T cells have
been published to date. To begin our studies, we sought to determine if GPER is expressed
within various CD4* T cell populations from C57BL/6 mice. Hence CD4*Foxp3* Tregs
and CD4*CD44!°CD62LNiFoxp3™ naive T cells were sorted by FACS from Foxp389fP mice.
Due to a lack of antibody sensitivity, expression of GPER mRNA was determined by
endpoint RT-PCR, with GPERKO and ERaKO splenocytes serving as controls. We
detected GPER expression in both Treg cells and naive T cells (Figure 1A).

G-1induces Foxp3 mRNA expression

We next examined the impact of G-1 stimulation on the expression of lineage-specific
transcription factors responsible for programming the various helper T cell subsets. To
determine if G-1 could affect the expression of the canonical transcription factors by direct
action on CD4* T cells, naive T cells were collected by FACS from Foxp3¢9™ mice and
expanded ex vivo with antiCD3 and antiCD28 antibody treatment (to mimic stimulation by
antigen-presenting cells) under Ty0 conditions (without the addition of exogenous cytokines
or neutralizing antibodies), in the presence of 100 nM G-1 or equivalent concentrations of
DMSO. Samples were collected after 4 days in culture and analyzed for mRNA expression
of T-bet (TH1), GATAS3 (TH2), RORyt (TH17), and Foxp3 (Treg) by gqRT-PCR. G-1
treatment led to an increase in the expression of Foxp3, with no change in the expression of
the other three effector T cell transcription factors (Figure 1B). The increase in overall
Foxp3 RNA expression within the population of cells correlated with an increase in the
number of cells expressing Foxp3, as determined by GFP expression (see Figure 2, first
column). This result was interesting given the findings from previous reports which showed
that estrogen could expand the Foxp3 population /n vivo (18), while G-1-mediated
suppression of EAE was associated with an increase in the expression of PD-1 on Foxp3™*
cells with no corresponding increase in the number of Foxp3* cells under disease conditions
(30).

G-1increases the number of Foxp3+ cells under T(H)17 polarizing conditions

We hypothesized that the difference between our observations in Figure 2B and the previous
report discussed above (30) was due to the presence of a Ty17-polarizing inflammatory
milieu in the EAE mice. This would not be unexpected as it is known that IL6, one of the
cytokines implicated in Ty17 differentiation, can inhibit Foxp3 expression (36). If there
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were a high concentration of IL6 during the preclinical stages of EAE development it is
possible that this would mask the effects of G-1 in terms of Foxp3 induction, even without
the development of overt disease. To determine if any of the key Ty17-polarizing cytokines
could alter G-1-mediated increases in Foxp3, naive T cells were collected by FACS from
Foxp39™ mice and stimulated in cultures supplemented with various combinations of
TGFB, IL6, and 1L23. The cytokine 1L23 is important in the stabilization of the Ty17
lineage (37) and is thought to be a critical factor in establishing the balance between T17
and regulatory T cells in chronic inflammatory diseases such as Crohn’s Disease (38-40).
Following 4 days in culture, cells were analyzed for the expression of GFP (a marker for
Foxp3™ cells). Representative histograms are shown in Figure 2A. As mentioned above, we
observed that G-1 treatment resulted in an increase in the number of Foxp3* cells under THO
conditions (Figure 2B). We also observed that G-1 led to an increase in the number of cells
expressing Foxp3 in cultures supplemented with I1L6 and IL6 + TGFp. No effect was
observed in cultures supplemented with TGF alone, though this may reflect the fact that
TGFB is a potent inducer of Foxp3 on its own, which has the potential to mask any
additional effects of G-1. While we observed a trend towards increased numbers of Foxp3™*
cells in G-1-treated cultures supplemented with 1L23, the results were sufficiently variable
between experiments that statistical significance was not reached (Figure 2B). However, the
latter result does suggest that G-1-induced upregulation of Foxp3 continues to be
physiologically regulated as 1L23 opposes this upregulation.

To further delineate G-1’s effects under Ty17-polarizing conditions (IL6 + TGFp), we
asked whether Foxp3™ cells induced in this setting express the T17 cytokine IL17A, and if
so, was there was a difference between control and G-1-treated cultures? This was pertinent
as we have previously shown that cells expressing Foxp3 under these experimental
conditions are entirely of the hybrid T cell category (Foxp3*RORyt*) (32). Thus in theory
they could secrete IL17A. If G-1-induced Foxp3* cells were in fact secreting IL17A, they
may exacerbate local inflammation rather than attenuate it. However, we detected very few
IL17A* cells in the Foxp3* population (<0.2%, Figure 3), consistent with evidence showing
Foxp3 can inhibit the function of RORyt (41).

small changes in PD-1 & CTLA-4 on stimulated CD4* T cells

As mentioned previously, G-1 treatment has been reported result in increased surface
expression of the inhibitory molecule programmed death 1 (PD-1) on Foxp3* Treg cells
within the draining lymph nodes of EAE mice (30). Thus we next examined the surface
expression of PD-1, and another inhibitory receptor cytotoxic T-lymphocyte antigen 4
(CTLA-4), following G-1 treatment of purified T cells stimulated in culture. Like PD-1,
CTLA-4 inhibits T cell activation and is upregulated on Treg populations. As before, we
utilized naive T cells purified by FACS and cultured with various combinations of Ty17-
polarizing cytokines TGF, IL6, and IL23, in addition to either G-1 or DMSO. Analysis of
the entire culture population collectively showed that, under THO0 conditions, G-1 treatment
led to an increase in the expression of PD-1 (Figure 4A/C) and CTLA-4 (Suppl. Figure S1A/
C), as measured by geographic mean fluorescence intensity (GMFI). Similarly, PD-1
expression was increased in cultures supplemented with IL6 (Figure 4C). CTLA-4 was
increased in cultures supplemented with either IL6 or TGFp, but not when both were added
together (Suppl. Figure S1C). Overall, no changes in either PD-1 or CTLA-4 expression
were detected under either of the T17-polarizing conditions (TGFp + IL6 + IL23). When
gated exclusively on the Foxp3* population, increases in PD-1 (Figure 4B/D) and CTLA-4
(Suppl. Figure S1B/D) were detected solely under non-polarizing conditions (TH0). Thus,
there was no change in the surface expression of either inhibitory molecule on Foxp3™* cells
when exogenous cytokines were added to the culture medium. All increases in PD-1 (Figure
4) and CTLA-4 (Suppl. Figure S1) were modest, in the range of 10 — 20%.
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DISCUSSION

In this study, we have built upon our previous work delineating the effects of G-1 treatment
on helper T cell lineages. Our previous report showed that G-1 induces 1L10 expression
within and secretion from CD4" T cell undergoing clonal expansion and differentiation in
culture (32), including under conditions known to drive T17 differentiation. In that same
report we also showed that splenocytes extirpated from naive mice treated with
subcutaneous G-1 demonstrated increased production of IL10 upon T cell activation in
culture. Here we report that G-1 treatment of naive T cells cultured under non-polarizing
(THO) conditions increases expression of the canonical regulatory T cell transcription factor
Foxp3, while not affecting the expression of the effector transcription factors T-bet,
GATAZ3, or RORYt, as determined by gRT-PCR. To determine whether increased Foxp3
mRNA reflected an increase in the number of Foxp3* cells, we cultured naive T cells from
Foxp3°9Pf knock-in mice, which express GFP under the control of the Foxp3 promoter. Flow
cytometric analysis of FACS purified naive T cells stimulated under T0 conditions
demonstrated that G-1-treated cultures contained increased numbers Foxp3* cells, consistent
with the qRT-PCR data.

We next sought to further delineate the conditions under which G-1 could elicit Foxp3
expression, in particular the ability of G-1 to act as an immunosuppressive mediator in the
setting of chronic inflammation, using T cell populations exposed to a Ty17-like milieu,
common in diseases such as rheumatoid arthritis (42) and inflammatory bowel disease (43).
Thus we assessed the impact of G-1 on Foxp3 expression in cultures supplemented with
various combinations of T17-polarizing cytokines. Our data demonstrate that G-1 can elicit
Foxp3 expression in cultures treated with IL6 and 1L6 + TGFp. Collectively, these data
suggest that G-1-mediated Foxp3 expression resulting from direct action on the T cell
populations can occur in a variety of inflammatory milieux. However, as I1L23-treated
cultures did not exhibit a similar extent of Foxp3 induction following G-1 treatment, it is
possible that stabilization of the Ty17 lineage following prolonged exposure to 1L23 (37,
44-46) may limit G-1-mediated Foxp3 expression. This would indicate that G-1 is acting on
differentiating but uncommitted Ty17 cells to drive Foxp3 expression, a concept that
warrants further investigation.

Two previous reports demonstrated that G-1 suppresses disease in the MS-like animal model
EAE (29, 30). In one study, the authors found that G-1’s protective effects correlated with
increased PD-1 expression on Foxp3* Trgg cells, and were dependent on intact PD-1
expression in the host animal as PD-1KO mice were not protected from disease by G-1 (30).
These experiments were based on /7 vivo administration of G-1, and analysis was based on
experiments with cells from the draining lymph nodes of diseased animals. Thus, it is not
clear whether these observations reflect a direct effect of G-1 driving PD-1 expression
within the Foxp3* population itself, or are the result of G-1 effects on another cell type,
perhaps leading to the induction of other mediators that indirectly led to the increase in PD-1
expression. We were able to detect increased expression of both PD-1 and CTLA-4 in some
of the conditions tested ex vivo, but these effects were much smaller than those reported by
Wang et. al. following /in vivo G-1 treatment of EAE mice, wherein the percent of Foxp3*
cells expressing PD-1 nearly doubled (30). Additionally, we detected no changes under
Twl7-polarizing conditions (TGF + IL6 % 1L23), suggesting that G-1-mediated induction
of PD-1 is likely the result of a distinct mechanism from that responsible for G-1-mediated
Foxp3 expression.

The above data provide evidence that GPER is involved in estrogen-induced regulation of
Foxp3 expression, building on data previously demonstrating a role for the “classical”
estrogen receptor ERa. It has been reported that estrogen treatment induces Foxp3™*

J Immunother. Author manuscript; available in PMC 2014 April 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Brunsing et al.

Page 7

expression within the draining lymph nodes of EAE mice in an ERa-dependent fashion as
E2 treatment did not increase Foxp3 expression in ERa.™/~ mice (47). Moreover, these
findings correlate with clinical outcomes as E2-mediated protection from EAE is attenuated,
but not eliminated, in ERa™/~ mice (47, 48). It is notable that a similar reduction in E2-
mediated protection that has been shown in GPER™'~ mice (30). It is possible that ERa and
GPER act through distinct mechanisms, which would be consistent with the data showing
that G-1’s protective effects in the setting of EAE are completely lost in GPERKO mice
while estrogens effects are only partly attenuated in the same mice. The direct relationships
between GPER and ERa signaling pathways within immune populations are likely complex
and warrant further investigation.

There are several caveats to our work that deserve further discussion. We chose to use male
mice in our studies to eliminate the confounding effects of surgery (ovariectomy) and/or
cycling levels of endogenous estrogens found in female mice. Thus, an important caveat to
this approach is that the findings herein may not recapitulate in ovary-intact female mice and
some of the differences in the data discussed above may in fact represent a sexual
dimorphism of GPER signaling. Additionally, the data presented here reflect the direct
effects of G-1 on T cell populations, but it is unclear how readily these findings will
translate to the disease context /n vivowhere complex networks of cytokine signaling may
have a profound impact on the final outcome of GPER and/or ERa activation. Moreover,
previous studies have focused on Foxp3 expression within the setting of EAE in female
mice, and /n vivo data outside this model are currently lacking. Further studies investigating
GPER involvement in estrogen-induced Foxp3 expression and immune regulation in a
variety of contexts are warranted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. G-1 drives Foxp3 expression in CD4* T cells

(A) CD4+GFP+ natural Tyeq and CD4+CD62LNCD44!°GFP- naive T cells (NTC) were
isolated by FACS from Foxp3¢9?, GPERKO, and ERaKO mice. RNA was collected and
reverse transcription used to make cDNA that was then used as the template for end-point
PCR. PCR products confirmed the presence of GPER in nTreg, NTC, and ERaKO but not
GPERKO cells. GAPDH was used as a loading control. (B) Naive T-cells (CD4*CD62L"i)
were collected from spleen and inguinal lymph nodes of mice by FACS. Quantitative PCR
was performed using GAPDH as an internal control and data were analyzed using the
2AACT method. Average relative expression over 4 independent experiments is shown for
the Transcription factors Foxp3, GATA3, RORyT, and T-bet. P values determined by
Student’s t-test. Error bars = S.D. If no P value is indicated, P > 0.05.
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Figure 2. G-1 induces Foxp3 under T(H)17-polarizing conditions

CD4*CD62LNCDA44!° naive T cells from Foxp329™P mice were collected by FACS and
cultured for 4 days under the conditions indicated. (A) Representative histograms showing
gating for GFP (Foxp3) expression analysis. (B) Summary of data from three to four
independent experiments, with conditions for all panels indicated at the bottom of the figure.
Individual wells were supplemented with either 100nM G-1 (Black bars) or DMSO (White
bars). P values determined by Student’s t-test. *** = P < 0.0005, ** = P< 0.005, * =P <
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0.05, N.S. = not significant. Error bars = S.D.
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Figure 3. Foxp3+ cellsinduced under T(H)17-polarizing conditions do not express L 17
CD4*CD62LH! naive T cells from Foxp329fP mice were collected by FACS and cultured for
4 days with IL6 + varying concentrations of TGF (0.5, 1.0, or 5.0 ng/mL). Cultures were
supplemented with either DMSO or 100nM G-1, as indicated. Cells were subsequently
stained for IL17A. Representative plots demonstrating IL17A and Foxp3 staining are shown.
Data are from one of two independent experiments performed in triplicate.
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Figure4. G-1 hasa modest effect on PD-1 surface expression

CD4*CD62LNCDA44° naive T cells from Foxp329'™P mice were collected by FACS and
cultured for 4 days under the conditions indicated, supplemented with either DMSO or
100nM G-1, as indicated. Surface expression of PD-1 was determined by flow cytometry.
(A, B) Representative histograms showing gating for analysis of PD-1 surface expression,
quantified using geographic mean fluorescence intensity (GMFI), on DMSO- (grey line) or
G-1- (black lines) treated cells, and isotype (rat 1gG2b,x) controls (shaded region). (C, D)
Summary of data from three to four independent experiments showing relative GMFI for
G-1 treated cells (black bars) relative to DMSO treated cells (white bars). Treatment
conditions for all panels (AD) are indicated at the bottom of the figure. P values were
determined by Student’s t-test. *** = P < 0.0005, ** = P< 0.005, * =P < 0.05, N.S. = not
significant. Error bars = S.D.
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