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Abstract

The cyclic adenosine monophosphate (cAMP) signaling pathway plays an essential role in
immune functions. In this study we examined the role of the cCAMP/EPAC1 (exchange protein
directly activated by cAMP) axis in regulatory T-cell (Treg)-mediated immune suppression using
genetic and pharmacologic approaches. Genetic deletion of EPACL in Treg and effector T-cells
(Teff) synergistically attenuated Treg-mediated suppression of Teff. Mechanistically, EPAC1
inhibition enhanced activation of the transcription factor STAT3 and up-regulated SMAD7
expression while down-regulating expression of SMADA4. Consequently, CD4*T-cells were
desensitized to TGF-B1, a cytokine employed by Treg cells to exert a broad inhibitory function
within the immune system. Furthermore, deletion of EPAC1 led to production of significant levels
of OVA-IgG antibodies in a low dose oral tolerance mouse mode. These in vivo observations are
consistent with the finding that EPAC1 plays an important role in Treg-mediated suppression.
More importantly, pharmacological inhibition of EPAC1 using an EPAC specific inhibitor
recapitulates the EPAC1 deletion phenotype both in vivo and in vitro. Our results show that
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EPACL boosts Treg-mediated suppression, and identify EPAC1 as a target with broad therapeutic
potential since Treg cells are involved in numerous pathologies including autoimmunity,
infections, and a wide range of cancers.
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INTRODUCTION

Regulatory T-cells (Treg) are T-lymphocytes that possess a general suppressor function and
play an essential role in both adaptive and innate immunity [1, 2]. They maintain peripheral
tolerance to prevent autoimmunity and control the immune response to preclude exaggerated
reactions to infections and innocuous antigens [1]. Due to their broad control over the
immune system, Treg cells have tremendous therapeutic potential and can be exploited for
the treatment of a plethora of diseases. For instance, numerous studies have shown that solid
tumors exploit these cells to escape immune surveillance and eliminating the Treg
population with antibodies improves prognosis in cancer patients [3-5].

Treg cells employ various mechanisms to inhibit proliferation and activation of other
immune cells. Some of these mechanisms are contact-dependent, including suppression
through membrane-bound TGF-p1 and the expression of cytotoxic T-lymphocyte protein 4
(CTLA-4), which binds to receptors on the target immune cells, leading to hypo-signaling
and anergy [6, 7]. Treg cells also utilize contact-independent mechanisms that rely on
secretion of immunosuppressive cytokines like IL-10 and IL-35 [7]. However, the molecular
signaling networks underlying the various mechanisms of Treg-mediated suppression
remain poorly understood.

Recent studies have shown that cyclic adenosine monophosphate (CAMP), a potent regulator
of innate and adaptive immunity [8-10], plays an essential role in Treg-mediated
suppression, and this role is transduced by cAMP-dependent protein kinase (PKA)-
dependent and -independent pathways [7, 11-13]. These observations potentially suggest the
involvement of the cCAMP/EPAC (exchange protein activated by cAMP) axis. However, the
role of EPAC in modulating Treg function has not been examined and no studies have
directly linked EPAC to Treg-mediated suppression. EPAC is a family of cAMP sensor
proteins, composed of EPACL1 and EPAC2, which act primarily as guanine exchange factors
(GEF) for the small GTPase effector proteins Rapl and Rap2 [14, 15]. While EPAC2 has
not been detected in the immune system, EPAC1 is expressed in T and B-lymphocytes,
monocytes, and macrophages [9, 16-18]. In this study, we examined the role of EPAC1 in
Treg-mediated suppression using genetic and pharmacologic approaches. Our findings
indicate that EPACL plays an important role in enhancing Treg suppression of effector T-
cells (Teff): it boosts Treg suppressive potency while sensitizing Teff to suppression.
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EXPERIMENTAL

Antibodies

Mice

The following antibodies were used: EPAC1 (# 4155), EPAC2 (# 4156), phospho-STAT3
(Tyr705) (# 9131), STAT3 (# 4904), SHP-1 (# 3759), SHP-2 (# 3397), SOCS3 (# 2923),
LCK (# 2752), p-LCK (Try505) (# 2751), JAK2 (# 3230), SMAD?2 (# 5339), p-SMAD2
(Serd65/467) (# 3108), and SMADA4 (# 9515) (Cell Signaling Technology, Inc., Danvers,
MA). Actin—Cy3 (C 5838) (Sigma-Aldrich, St. Louis, MO).SMAD?7 (sc-11392) (Santa Cruz
Biotechnology, Dallas, TX).

The generation of EPAC1 global knockout mice was described previously [19]. Mice used
in this study were backcrossed to the C57BL/6 background for more than 10 generations and
derived from wild-type or homozygous littermates. The mice were housed with a 12-h-12-h
light-dark cycle, with free access to water and food. All animal experiments were performed
according to protocols approved by the Institutional Animal Care and Use Committee of the
University of Texas Medical Branch or the University of Texas Health Science Center at
Houston.

In vitro suppression assay

Single-cell suspensions were prepared from spleens of 8-10 week old female mice and Teff
(CD4*CD257) and Treg (CD4*CD25™) cells were isolated using an EasySep™ Mouse
CD4*CD25* Regulatory T Cell Isolation Kit (Stemcell Technologies, Vancouver, Canada).
The purity of Treg was determined by FACS by staining isolated cells with PerCP-Cy 5.5-
conjugated anti-CD4 and PE-conjugated anti-CD25 antibodies (BD Biosciences, San Jose,
California). Treg cells used were 90% pure. 5 x 10* Teff cells were cultured in complete
RPMI (RPMI 1640, 10% FCS, 2 mmol/L L-glutamine, penicillin/streptomycin) alone
(positive control), or with Treg (2.5 10%). Wells with Treg cells alone were used as a
negative control. Plates were pre-coated with 5 pg/mL anti-CD3 antibody and 2 pug/mL
soluble anti-CD28 antibody (Life Technologies, Grand Island, NY) was added to the
medium. Plates were incubated at 37°C in 5% CO, for 96 hrs. Where indicated, ESI-09 (5
uM) and/or stattic (50 ng/mL, Sigma-Aldrich, St. Louis, MO) in DMSO were added to the
medium. Cell proliferation was determined based on DNA content using a CYQUANT Cell
Proliferation Assay (Life Technologies, Grand Island, NY). Teff proliferation was calculated
by subtracting the determined cell number from the negative control wells from that
determined for the co-culture wells.

Detection of gap junction formation

Effector T-cells were incubated with carboxyfluorescein succinimidyl ester (CFSE) (1 uM)
(Invitrogen) for 5 min in ice cold phosphate buffered saline (PBS). Regulatory T-cells were
incubated with Calcein Red-Orange-AM (2 pM) in serum free RPMI-1640 culture medium
at 37°C in 5% CO, for 30 min. The cells were then washed three times and co-cultured as
described for the suppression assay at a 1:1 ratio for 24 hrs. GJ formation was determined by
the percentage of cells positive for both dyes.

Biochem J. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Almabhariq et al.

Page 4

p-STAT3 studies

Single-cell suspensions were prepared from spleens of 10-12 week old female mice and
Teff and Treg cells were isolated as described earlier. The isolated cells (3 x 10%/well) were
then cultured with plate-bound anti-CD3 (5ug/mL) and soluble anti-CD28 (2ug/mL) in
complete RPMI 1640 medium at 37°C and 5% CO,. Where indicated, 5 uM ESI-09 was
added to the medium. Total cellular proteins were extracted at the indicated time points
using SDS lysis buffer (2% SDS, 10% glycerol, 60 mM Tris, pH 6.8). Total protein lysate
was separated by SDS-PAGE and transferred to a polyvinylidenedifluoride membrane. The
indicated proteins were probed with the appropriate antibodies and protein levels were
determined using densitometry.

TGF-B1 studies

IL-2 ELISA

Single-cell suspensions were prepared from spleens of 10-12 week old female mice and
CD4™* T-cells were isolated as described earlier. Isolated cells were stimulated with plate-
bound anti-CD3 (5 pg/mL) and soluble anti-CD28 (2 ug/mL) in the presence or absence of
TGF-B1 (2 ng/mL) and/or ESI-09 (5 uM) for 17 hr at 37°C and 5% CO,. Total cellular
proteins were extracted and the levels of p-SMAD2, SMAD4, and SMAD7 were determined
by Western blotting as described earlier using the appropriate antibodies. Similarly, total
RNA was isolated using an RNeasy Mini Kit (Qiagen, Valencia, CA) and used for
quantitative real-time PCR analysis. The supernatants were collected and IL-2 levels were
determined as described below.

At the end of their indicated incubation periods, supernatants from the Treg suppression and
TGF-B1 sensitivity assays were collected and assayed for IL-2 using a Mouse I1L-2 DuoSet
Kit (R&D Systems, Minneapolis, MN).

Quantitative real-time PCR

First-strand cDNA synthesis was performed using 1 pg of total RNA with M-MLV
MultiScribe™ Reverse Transcriptase (Life Technologies, Grand Island, NY) and
quantitative real-time PCR was performed using iTag™ Universal SYBR®GreenSupermix
(Bio-Rad, Hercules, CA) in a LightCycler thermal cycler (Roche,Nutley, NJ). The
amplification program included the initial denaturation step at 95 °C for 2 min, and 40
cycles of denaturation at 95 °C for 15 s, annealing at 62 °C for 15 s and extension at 68 °C
for 30 s. Gapdh was used as an internal control for normalization of the target gene signal.
The primers used were as follows: forward primer 5’-CTCCTCCTTACTCCAGATACC-3’
and reverse primer 5’-TCTTGGACACAGTAGAGCCTC-3’ for Smad?7, forward primer 5’-
TGGATGGACGACTTCAGGTG-3’ and reverse primer 5’-
AGGTGAGACAACCCGCTCAT-3’ for Smad4, and forward primer 5’-
TGCACCACCAACTGCTTAG-3’ and reverse primer 5’-GCAGGGATGATGTTCTGG-3’
for Gapdh.
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Oral immunization with ovalbumin

Prior to immunization, mice were orally administered 0.2 mL of an isotonic bicarbonate
solution (8 parts Hanks' balanced salt solution and 2 parts of 7.5% sodium bicarbonate) to
neutralize stomach acidity. Mice were then orally primed with ovalbumin (OVA) (100 pg in
0.2 mL of PBS) on day 1 and boosted with the same dose on day 21. For ESI-09 treatment,
mice were orally gavaged with the drug (50 mg/kg in vegetable oil). Drug treatment was
initiated 3 days prior to priming and continued daily until 2 days after boosting. Mice were
bled on day 28 (one week after boosting). All animals used were 8-12 week old female
mice.

Determining total and OVA-specific IgG

For direct ELISA assays, 96-well plates (Corning Life Sciences, Lowell, MA) were coated
with ovalbumin (Grade V, Sigma-Aldrich, St. Louis, MO, 3ug/mL, 100 uL/well) overnight
at 4 °C. Plates were then incubated with blocking buffer (100 uL 1% BSA in PBS) for 2 hrs
at room temperature. After blocking, sera from OVA-immunized mice, diluted in dilution
buffer (PBS/0.05% Tween-20), were added (100 uL/well) and incubated for 2 hrs at room
temperature. HRP-conjugated secondary anti-mouse IgG antibody (100 uL/well 1:2500
diluted, Cell Signaling Technology, Inc., Danvers, MA) was added and incubated at room
temperature for 1 hr. Plates were then incubated with 100 pL per well of o-
phenylenediamine (OPD) (Sigma-Aldrich, St. Louis, MO). Optical density was determined
at 450 nm using a SpectraMax M2 microplate reader (Molecular Devices, Sunnyvale, CA).
Total serum-1gG levels from naive 10-12 week old female mice were determined using the
same described assay, but the plates were initially coated with anti-mouse IgG (BioLegend,
San Diego, CA).

Immunophenotyping of spleen cells

Spleen cells were isolated from 10-12 week old female WT and Epacl™~ mice and stained
with the indicated surface markers (BD Biosciences, San Jose, California) using standard
flow cytometry staining protocols. Cells were sorted using a BD FACSCalibur Flow
Cytometr. Six mice were used for each group.

Statistical Analysis

RESULTS

Student t test was used for data analysis in this study and results were considered as
statistically significant if P values were <0.05.

EPAC1 regulates Treg-mediated suppression

To address whether EPAC1 modulates Treg cell function, we generated Epacl™~ mice [19],
confirmed the deletion of EPAC1 in CD4* T-cells (Fig. 1A) and verified that EPAC2 level
was low and not up-regulated in T-cells as a result of EPAC1 deletion (Fig. 1B). We
examined the suppressive potency of WT and Epacl™~ Treg using a standard in vitro assay,
in which proliferation of CD4*CD25~ T cells (Teff) was monitored in the presence or
absence of CD4*CD25*Treg cells (Fig. 1C). Epacl™~ and WT Teff proliferated at the same
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rate when stimulated with anti-CD3/CD28 alone. As expected, the addition of WT Treg
suppressed the proliferation of WT Teff significantly (~75% suppression). However, the
addition of Epac1~/~ Treg only suppressed WT Teff by ~45%, indicating an attenuated
suppressive potency for Epacl-deficient cells. On the other hand, the ability of WT Treg
cells to suppress Epacl™~ Teff was also compromised (~50% suppression), and combining
Epacl™~ Treg and Epacl™/~ Teff resulted in the least amount of Teff suppression (~20%).
To confirm our observations of EPAC1’s impact on Treg-mediated suppression based on
genetic manipulation, we repeated the suppression assay using the EPAC-specific inhibitor
ESI-09 [20]. Pharmacologic inhibition recapitulated the effect of EPAC1 deletion and
reduced Treg-mediated suppression significantly (~25% suppression).

Since Treg are also known to inhibit Teff’s production of IL-2 [1], an important cytokine for
T-cell proliferation, we examined the concentration of this cytokine in the co-culture assays.
Treg suppression of IL-2 production by Teff followed a pattern similar to that described for
suppression of Teff proliferation (Fig. 1D). Together, these results indicate that EPAC1
plays a role in regulating both Treg suppressive potency and Teff susceptibility to Treg-
mediated suppression.

EPAC1 has no impact on GJ mediated communication between Treg and Teff

Treg cells are known to suppress Teff cells by direct transfer of cCAMP through gap junctions
(GJ) [21-23], and EPAC1 has been shown to play a role in the formation of GJ by
facilitating the trafficking of their subunits [24]. We hypothesized that EPAC1 might
regulate the formation of GJ between Treg and Teff cells. Effective GJ-mediated
communication between Treg and Teff cells, as determined by the appearance of cell
populations double positive for CFSE and Calcein Red-Orange, was observed. However,
transfer of the membrane-impermeable dye was not affected by inhibition or deletion of
EPACL (Fig. 2). These results suggest it is unlikely that cAMP transfer between Treg and
Teff is affected by EPAC1.

EPAC1 modulates T-cell sensitivity to suppression by attenuating STAT3 activation

Our group and others have previously shown that EPAC1 weakens activation
(phosphorylation) of signal transducer and activator of transcription 3 (STAT3) in non-
immune cells [19, 25]. STATS3 is a known downstream signaling target of the T-cell receptor
(TCR) [26, 27], and its activation in Treg and Teff has been shown to decrease suppression
of the latter by the former [28]. Hence, we reasoned that EPAC1 could affect Treg-mediated
suppression by attenuating STAT3 signaling. We examined STAT3 activation levels by
measuring phospho-STAT3 (p-STAT3-Tyr705) in Epacl™~ Treg and Teff to determine if
EPACL alters STAT3 signaling in these cells. Upon activation of the T-cell receptor, p-
STATS3 levels increased to a significantly higher level in both Epacl™~ Treg and Teff cells,
and were sustained longer when compared to their WT counterparts (Fig. 3A). Also,
pharmacologic inhibition of EPAC1 by ESI-09 recapitulated the impact of genetic
knockdown and increased STAT3 phosphorylation in WT Teff cells; while addition of the
EPAC-activator 007-AM reduced ESI-09’s impact p-STAT3 levels (Supplemental Fig.
S1A). Furthermore, addition of stattic, an inhibitor of STAT3 activation, enhanced Treg
suppressive potency and abolished Epacl™~ Teff’s resistance to Treg suppression (Fig. 3B).
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Additionally, stattic treatment negated the effect of the EPAC-specific inhibitor ESI-09 on
Treg activity (Fig. 3B). Taken together, these findings suggest that EPACL increases Treg
suppressive potency and enhances Teff sensitivity to suppression by reducing the level of
STAT3 phosphorylation in these cells.

EPAC1 regulates STAT3 activation by an atypical mechanism

Phosphorylation of STAT3 in response to cytokine and TCR stimulation is typically
attenuated by suppressor of cytokine signaling 3 (SOCS3) [29, 30] and the protein tyrosine
phosphatases (PTP) SHP-1 and SHP-2 [31-33]. We hypothesized that the lack of EPAC1
might potentially alter the induction of these proteins. However, the levels of SOCS3
induction were similar in WT and Epacl~/~ CD4* T-cells, while SHP-1 and SHP-2 were
unexpectedly higher in Epac1™~ cells (Supplemental Fig. S2A). We further examined the
levels of JAK2, the main activator of STAT3 in response to cytokine stimulation, and
activation of LCK (p-LCK-Try505), the main kinase triggering STAT3 phosphorylation
downstream of TCR stimulation [33, 34]. However, there was no difference between WT
and Epac1™~ T cells (Supplemental Fig. S2B). These results suggest that EPAC1 most
likely exerts its impact on STAT3 independently of the canonical regulatory pathways of
STAT3 activation.

EPAC1 sensitizes CD4* T-cells to TGF-B1 signaling

Several recent studies have shown that TGF-B1 plays a significant role in Treg-mediated
suppression [35-37]. Not only does TGF-1 serve to suppress Teff, but it also maintains the
suppressive capacity of Treg through autocrine signaling [38]. Given the well documented
cross-talk between STAT3 and TGF-B1 signaling [39-41] and that Epacl™~ have elevated
levels of p-STAT3 upon T-cell activation, we hypothesized that EPAC1 might modulate
TGF-B1 sensitivity in T-cells.

TGF-B1 is known to suppress IL-2 production by T-cells [42], so we measured WT and
Epacl™~ Teff’s sensitivity to TGF-B1 by determining their IL-2 production in the presence
or absence of TGF-1. While TGF-B1 suppressed IL-2 production by ~90% in WT Teff, it
only suppressed production by ~50% and ~60% in Epacl~/~ Teff and ESI-09 treated WT
Teff, respectively (Fig. 4A). TGF-p1 induced phosphorylation of SMAD2 was also
significantly inhibited in WT CD4* T-cells after the addition of ESI-09 and in Epacl™/~
CD4™* T-cells (Fig. 4B), indicating a reduced TGF-B1 response. Furthermore, upon TCR
stimulation, SMAD?7, which inhibits TGF-B1 signaling [43], rose to significantly higher
levels at the mRNA and protein levels in Epacl/~CD4* T-cells and ESI-09-treated WT
CD4" T-cells compared to their vehicle-treated WT counterparts (Fig. 4C & D). To further
confirm the specificity of the impact of EPAC1 on the TGF-1 pathway, we also utilized the
EPAC-activator 007-AM. Addition of 007-AM enhanced TGF-B1 induced phosphorylation
of SMAD?2 (Supplemental Fig. S1B) and reduced the protein and mRNA levels of SMAD7
(Supplementary Fig. S1C & D).

We also examined the level of SMAD4, which is essential for nuclear translocation of
activated SMAD?2 in response to TGF-p1 stimulation. We found that EPAC1 regulates the
mRNA and protein levels of SMAD4. Stimulation of CD4* T-cells in the presence of the
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EPAC agonist 007-AM significantly increased the mRNA and protein levels of SMAD4,
while pharmacologic inhibition or genetic deletion of EPACLI significantly reduced SMAD4
levels (Fig. 4E & F). Together, the results presented here suggest that EPAC1 potentially
regulates TGF-B1 signaling in CD4* T-cells by multiple mechanisms including regulation of
p-STAT3 and SMAD4 levels.

Epacl™~ mice are resistant to developing oral tolerance

To test whether EPAC1 might regulate Treg-mediated suppression in vivo, we utilized a
mouse model in which mice are administered a low dose of ovalbumin (OVA) orally. This
model has been shown to induce activation and expansion of antigen-specific Treg, which
actively suppress the immune response to OVA and lead to lower levels of IgG production
[36, 44-46]. As expected, intragastric administration of low dose OVA (100 ug) led to a
weak response in WT mice as determined by serum OVA-1gG levels (Fig. 5A). Conversely,
a significantly higher level of OVA-1gG was detected in Epac1™~ mice (Fig. 5A). To
confirm that the altered immune response was a direct consequence of EPACL suppression,
rather than a compensatory mechanism as a result of global knockdown of Epacl, we
inhibited EPAC pharmacologically by feeding WT mice with an EPAC-specific inhibitor,
ESI-09 [20, 47]. Similarly to genetic deletion of EPACL, pharmacologic inhibition also
resulted in a higher anti-OVA 1gG titer (Fig. 5A). Furthermore, the basal level of total
serum-IgG was higher in naive unchallenged Epac1™~ mice than in their WT counterparts
(Fig. 6B), indicating a generally heightened immune response in the absence of EPACL.
Taken together, these findings support a potential role for EPAC1 in modulation of Treg
activity in vivo. While we cannot rule out other possible roles for EPACL1 in controlling the
immune response, we found EPACL1 to be dispensable for immune cell development as
similar populations of various immune cells were detected in WT and Epacl~~ mice
(Supplemental Table S1).

DISCUSSION

The cAMP signaling axis exerts broad control over the immune system through mediating
the activity of Treg cells, but the pathways regulated by this axis have not been fully
elucidated. In the current study, we examined the previously unexplored role of the cAMP
sensor protein EPACL in Treg-mediated suppression using genetic and pharmacologic
approaches. Our results revealed that EPAC1 plays an essential role in Treg-mediated
suppression. The suppressive capacity of Treg cells was reduced in the absence of EPAC1.
Furthermore, the removal of EPACL in Teff rendered them resistant to suppression by Treg,
and inhibition/deletion of this protein in both cell populations had an additive effect on
compromising Treg-mediated suppression. Our findings are in agreement with the facts that
stimulation of human CD4*CD25" Treg cells leads to significant elevation of the main
EPACL effector Rapl [48], and transgenic mice expressing a constitutively active Rapl
have lower levels of pro-inflammatory cytokines [49].

One of the main contact-dependent suppression mechanisms employed by Treg cells is the
direct transfer of cAMP into Teff cells through gap junctions [21-23], EPACL facilitates the
accumulation of the ubiquitous subunit Cx43 at the site of GJ formation in cardiac cells [24].
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Cx43 is the main connexin in the immune system [50, 51], and thus it possible that EPAC1
mediates CAMP transfer between Treg and Teff cells by maintaining GJ permeability. Since
formation of GJ requires trafficking of connexins in both cell types, we hypothesized that a
loss of EPACL in Treg or Teff would partially hinder their communication, while a lack of
EPACL in both Treg and Teff would have an additive negative impact. However, this
possibility is unlikely since neither genetic deletion, nor pharmacologic inhibition of EPAC1
reduced gap junction communication between these cells as determined by membrane
impermeable dye transfer.

On the other hand, our results show that EPACL1 regulates Treg-mediated suppression
through the STAT3 and TGF-B1 pathways. In the absence of EPAC1, both Treg and Teff
cells had higher levels of p-STAT3, and inhibition of STAT3 activation restored the potency
of Epacl™~ Treg-mediated suppression. These results are consistent with previous reports
showing that activation of STAT3 in Treg and Teff synergistically leads to desensitization to
suppression of the latter by the former [28, 52, 53]. The levels of SMAD?7, which inhibits
TGF-B1 signaling, were elevated after suppression/deletion of EPAC1, in concordance with
previous studies showing hyper-activation of STAT3 leads to desensitization to TGF-p1
signaling by inducing SMAD?7 [39, 40]. Consequently, in the absence of EPAC1 CD4* T-
cells were less sensitive to TGF-B1 as demonstrated by the lower activation levels of
SMAD?2 and reduced IL-2 production in response to stimulation by TGF-B1.

Interestingly, we found that even in the absence of TGF-p1 stimulation, activation of
EPAC1 induced expression of SMAD4, while inhibition/deletion of EPAC1 blunted its
expression. These results suggest the presence of a previously unidentified connection
between EPAC1 and SMADA4. The lower levels of SMAD4 in EPAC1 deficient CD4* T-
cells most likely contributed to their resistance to TGF-B1 stimulation.

Treg cells utilize membrane-bound TGF-31 as one of their main mechanisms of suppressing
Teff cells. Not only does this membrane-bound form suppress activation and proliferation of
target cells, but it also maintains the suppressor function of Treg cells through autocrine
signaling and activation of the SMAD2/SMAD3 cascade as has been shown by several
studies [35, 38, 54]. In the absence of TGF-B1 signaling, CD4*CD25* T-cells had
diminished suppressive potency in vivo and in vitro [35]. Therefore, our data are consistent
with a model in which EPAC1, through attenuation of p-STATS3, a transcriptional regulator
of SMAD?7, and promotion of SMADA4 expression, plays an essential role in sensitizing Treg
and Teff cells to TGF-B1 signaling. As such, its inhibition in both cells has an additive
impact on compromising Treg-mediated suppression.

Our results show that EPAC1 regulates STATS3 activation independently of the canonical
regulatory loops involving SOCS3 and SHP-1/2. A recent study showed that SMAD4
inhibits STAT3 phosphorylation in non-immune cells [55]. Hence, it is feasible that by
inducing SMAD4, EPACL1 blunts STAT3 phosphorylation. Additionally, studies have
shown that TGF-B1 signaling, through SMAD?2, inhibits STAT3 activation and nuclear
translocation [41]. Therefore, EPAC1 may mediate a regulatory loop in which it promotes
expression of SMAD4, which maintains low levels of p-STAT3 and consequently reduces
SMADY levels; leading to additional up-regulation of TGF-B1 signaling and-SMAD2
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activation. The latter in turn further suppresses p-STAT3. However, more studies are needed
to confirm and fully elucidate the details of this potential pathway.

Consistent with our findings based on the in vitro suppression assay, genetic deletion and
pharmacological inhibition of EPACL1 led to an enhanced antibody production in an active
oral tolerance model. Intragastric administration of low dose ovalbumin induces the
production of antigen-specific Treg cells, which in turn suppress the immune response to the
administered protein in an antigen nonspecific manner [36, 44-46]. Furthermore, while the
composition of immune cells was similar between Epacl™~ and WT mice, the former had
significantly higher basal IgG levels even in the absence of an antigen challenge. These
findings suggest that Treg-mediated suppression is attenuated in the absence of EPACL in
vivo. Nonetheless, our results cannot rule out other possible roles for EPAC1 in the function
of other immune cells that might affect oral tolerance and antibody production, including
antigen presenting cells, B-cells, or myeloid-derived suppressor cells (MDSC).

In conclusion, our study shows that EPAC1 facilitates cCAMP signaling during Treg-
mediated suppression. Inhibition of EPAC1 leads to resistance of Teff to Treg suppression
and concurrently diminishes the suppressive potency of the latter. Such knowledge
significantly expands our understanding of the mechanism of cCAMP-mediated Treg
suppression and suggests that PKA and EPAC1 differentially and/or synergistically regulate
T cell functions. The impact of EPACL1 on these cells seems to be mediated by regulation of
STAT3 activation and TGF-B1 signaling. These findings have significant potential clinical
implications as they validate EPACL as a potential target for fine tuning Treg cell activity
and TGF-f1-mediated immune suppression. One of the biggest hurdles facing the clinical
application of Treg-modulating therapies is the significant potential for severe side effects.
Treatments that significantly reduce the number of Treg cells can cause autoimmunity. In
fact, Ipilimumab, one of the few cancer immunotherapies currently approved by the FDA, is
an anti-CTLA-4 antibody that eliminates Treg cells, but despite its efficacy, it led to
potentially fatal immune-related gastrointestinal side effects in some cases [56]. On the other
hand, treatments that boost the number of Tregs in patients, such as transplant recipients in
whom attenuation of the immune response is desired, might compromise the immune system
and increase the risk of serious infections [57]. Therefore, it is of paramount importance that
we elucidate the intricate signaling networks that regulate the potency of Treg cells to
identify targets that can be utilized to fine tune Treg activity in a controlled manner. Neither
genetic deletion, nor long term pharmacologic inhibition of EPAC1 had observable side
effects in mice as we have shown previously [19]. Hence, pharmacologic modulators of this
protein might have excellent therapeutic potential in vaccine adjuvant development,
infection control, autoimmune disease, and cancer immunity, among other fields.
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Refer to Web version on PubMed Central for supplementary material.
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