Article

VIP boosts regulatory T cell induction by
trophoblast cells in an in vitro model of
trophoblast-maternal leukocyte interaction

Laura Fraccaroli,* Esteban Grasso,* Vanesa Hauk,* Daniel Paparini,* Elizabeth Soczewski,™*
Gil Mor,” Claudia Pérez Leirés,* and Rosanna Ramhorst**!

*Laboratory of Imnmunopharmacology, University of Buenos Aires School of Sciences, IQUIBICEN-CONICET (National Research
Council), Buenos Aires, Argentina; 'Reproductive Immunology Unit, Department of Obstetrics, Gynecology and Reproductive
Sciences, Yale University School of Medicine, New Haven, Connecticut, USA; and 1University of Buenos Aires School of Medicine,
Buenos Aires, Argentina

RECEIVED OCTOBER 17, 2014; REVISED FEBRUARY 25, 2015; ACCEPTED FEBRUARY 28, 2015. DOI: 10.1189/j1b.1A1014-492RR

ABSTRACT

Inducible regulatory T cells (Tregs) exert a timely and
efficient immunosuppressive action at the critical peri-
implantation stage essential for maternal tolerance to the
conceptus. Vasoactive intestinal peptide (VIP) promotes
anti-inflammatory and tolerogenic profiles through binding
to VIP receptors on immune cells. We evaluated whether
VIP produced by trophoblast cells induces Tregs during the
early interaction of maternal leukocytes with trophoblast
cells, thus contributing to maternal tolerance. We used an
in vitro model of maternal leukocyte-trophoblast cell in-
teraction represented by cocultures of fertile women’s
PBMCs with a human trophoblast cell line (Swan-71) and
evaluated the effect of VIP added exogenously and of the
endogenous polypeptide. VIP increased the frequency of
CD4*CD25*FoxP3" cells after coculture, and these cells
were able to suppress the maternal alloresponse. VIP also
increased the frequency of CD4*IL10" and CD4*TGFg* cells,
but it did not modulate IFN-y or IL-17 production. Swan-71
secreted VIP, and their coculture with maternal PBMCs
significantly increased the frequency of Tregs. This effect
was even more pronounced if the trophoblast cells had
been pretreated with VIP. In both situations, the VIP antag-
onist prevented the increase in the frequency of CD4*Foxp3*
cells, reflecting a specific effect of the polypeptide after the
interaction with Swan-71 cells. Finally, the increase in
CD4'CD25"FoxP3* frequency was prevented by an anti-
TGF-B Ab and a VIP antagonist. These results suggest that
VIP could have an active role in the immunoregulatory
processes operating in the maternal-placental interface by
contributing to the induction of Tregs through a mechanism
involving TGF-B1. J. Leukoc. Biol. 98: 49-58; 2015.

Introduction

Pregnancy challenges immune cells and the immunomodulatory
circuits of the mother and the developing fetus to dynamically

Abbreviations: CNS1 = FoxP3 enhancer conserved noncoding sequence 1,
RUNX = runt-related class of transcription factors, T-bet = T-box transcrip-
tion factor, Treg = regulatory T cell, VIP = vasoactive intestinal peptide
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adapt to each other in a homeostatic and tolerant environment
for fetal growth. Pregnancy evolves through a predominantly
proinflammatory first stage that mostly coincides with the
implantation process, followed by a predominant immunosup-
pressant period, characterized by uterine quiescence and fetal
growth, which lasts for the whole second and most of the third
trimester [1, 2]. In particular, in the peri-implantation period,
a variety of cellular processes are encompassed to ensure proper
trophoblast growth and invasion with intense vascular remodel-
ing in an immunotolerant microenvironment [3-5]. Several
leukocyte populations and mediators contribute to tolerance
induction and homeostasis maintenance. These include special-
ized uterine NK cells, decidual macrophages activated in an
alternative profile, and tolerogenic DCs [6-8], as well as various
cytokines, chemokines, galectins, and other polypeptides [9-11].
Consistently, a central role for Tregs has been demonstrated at
the early stages of pregnancy in several animal models and in
humans. They were shown to suppress alloantigen immune re-
sponses inducing maternal tolerance to the conceptus [5, 7, 8, 12].
Thus, natural Tregs that recognize self-antigens are further
expanded in the blood compartment, peaking in the second
trimester [13, 14]. In contrast, newly generated inducible Tregs
(iTregs) are differentiated against non—self-antigens inherent to
pregnancy such as paternal alloantigens or antigens of the
trophoblast. Recently, Samstein et al. [15] have shown that iTregs
are generated in placental mammals in a FoxP3 enhancer CNSI-
dependent manner and has been proposed as a mechanism that
emerged to enforce maternal—fetal tolerance [16]. This intronic
FoxP3 enhancer contains binding sites for Smad3 and for
retinoic acid receptors that facilitate iTreg induction through
TGF-B—mediated signaling [17]. Moreover, TGF-B can target
members of the Runtrelated class of transcription factors
(RUNX), such as RUNXI1, which binds to the FoxP3 promoter,
inducing its expression [18, 19].
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In contrast, the VIP proved to have potent immunomodulatory
and trophic effects through its action on VIP receptors (VPACs)
on adult and embryonic tissues. Evidence of the VIP anti-
inflammatory and tolerogenic effects were provided by in vitro

studies of human [20] and murine [21] cells and from studies in
animal models of viral disease [22] and chronic inflammation

[23-26]. In particular, during pregnancy, evidence from murine
models and experimental designs with human leukocytes and
trophoblast cells has indicated that trophoblast cells produce VIP
and that it exerts immunomodulatory effects, promoting anti-
inflammatory and tolerogenic responses [27-30]. In experimental
coculture designs with human cells, VIP modulated the
immune-trophoblast cell interaction, inducing CD4'CD25 FoxP3"
cells, and reduced proinflammatory markers [31, 32]. First-
trimester human Swan-71 trophoblast cells express VPACs, which
has been shown in first-trimester human placental trophoblasts
and also in third-trimester trophoblast cell lines [29-31].
Considering that iTreg induction appears to be crucial for
a successful pregnancy outcome, that their induction involves
TGF-B signaling, and that VIP exerts potent anti-inflammatory
and tolerogenic effects in various inflammatory disease models,
we hypothesized that the VIP produced by trophoblast cells
would induce iTregs, involving TFG- production and contrib-
uting to maternal tolerance. In the present study, we have shown
that VIP specifically increased the frequency of maternal
CD4'CD25'FoxP3" cells after coculture with trophoblast cells,
with the ability to suppress the maternal alloresponse through a
mechanism involving TGF-B1 production, and increased the
frequency of CD4'IL-10" and CD4'TGF-8" cells

MATERIALS AND METHODS
PBMC Samples

PBMCs were obtained from fertile volunteers, defined as women who had had

2 or more previous normal pregnancies without any miscarriages. PBMCs were
isolated from heparinized peripheral blood using density gradient centrifu-
gation on Ficoll-Hypaque (Amersham Pharmacia Biotech, Uppsala, Sweden).
The cells were extensively washed and resuspended in DMEM-F12 (Gibco,
Invitrogen, Buenos Aires, Argentina), supplemented with 10% FBS (Natocor,
Cordobo, Argentina), 2 mM glutamine (Sigma-Aldrich, St. Louis, MO, USA),
and 100 pg/ml penicillin and 100 U/ml streptomycin (Invitrogen).

Cell lines

The trophoblast cell line Swan-71 (derived by telomerase-mediated trans-
formation of a 7-wk cytotrophoblast isolate described by Straszewski-Chavez
et al. [33]) was used as representative of first-trimester trophoblast cells. The
JEG-3 (derived from human choriocarcinoma, American Type Culture
Collection HTB-36) cell line derived from a third-trimester trophoblast was
used as a control system [34, 35]. The cells were cultured in 24-well, flat
bottom, polystyrene plates (Becton Dickinson, Franklin Lakes, NJ, USA) in
complete DMEM-F12 10% FBS to 70% confluence. Swan-71 cells were
cultured in the absence or presence of VIP 10 nM (PolyPeptide Laboratories,
Strasbourg, France) for 4, 8, 12, 24, and 48 h. At each time point, cells and
supernatants were recovered and used for qRT-PCR analysis and TGF-8
quantification.

Cocultures

For the cocultures, the trophoblast cell lines were cultured in 24-well plates in
complete DMEM-F12 10% FBS at 70% of confluence (10° cells/well) in the
absence or presence of maternal PBMCs (5 X 10° cells/well) with or without
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VIP (100 nM), anti-TGF-B neutralizing Ab (1 ug/ml; R&D System,
Minneapolis, MN, USA), recombinant TGF-8 (10 ng/ml; eBioscience, San
Diego, CA, USA), and VIP antagonist (1077 M; Peninsula-Bachem, San Carlos,
CA, USA) in several combinations. In some experiments, before culture,
freshly isolated PBMCs were first labeled with 3 uM carboxyfluorescein
diacetate succinimidyl ester (CFSE; Molecular Probes, Eugene, OR, USA), as
recommended by the manufacturer.

In another set of experiments, PBMCs were cultured alone in the same
experimental conditions of the cocultures to evaluate the contribution of the
trophoblast cells. In pretreatment experiments performed in the presence of
VIP antagonist, trophoblast cells were preincubated with VIP 10 nM for 24 h
before PBMC coculture. After 48 h of culture, suspension cells were recovered
and used for flow cytometry or Western blot analysis.

Flow cytometry analysis

Intracellular staining for FoxP3 detection. Flow cytometry analysis for CD4,
CD25, CD127, CTLA-4, CD39, and FoxP3 staining was performed according to
the manufacturer’s instructions using different combinations. In particular,
for CD4, CD25, and FoxP3 staining, we used the human regulatory T cell
staining kit (eBioscience). In brief, 1 X 10° cells were stained with a CD4/
CD25 cocktail. After 30 min, the cells were washed with staining buffer and
then incubated with the fixation/permeabilization buffer for 1 h at 4°C. After
washing with permeabilization buffer, nonspecific sites were blocked by
adding 2 ul (2% final) normal rat serum, in approximately 100 ul for 15 min.
Next, the cells were incubated with anti-human Ab or rat IgG2a isotype
control for 30 min. Finally, the cells were washed with permeabilization buffer
and analyzed. In the VIP antagonist experiments, PBMCs were stained only for
CD4 (Becton Dickinson) and FoxP3 (eBioscience).

Intracellular cytokine detection. For cytokine detection in each cell
population, maternal PBMCs were cultured with or without Swan-71 cells in
the presence or absence of VIP for 48 h and then incubated with StopGolgi
(Becton Dickinson) for the last 4 h of culture, in accordance with the
manufacturer’s instructions, to promote intracellular accumulation of
proteins. PBMCs were stained with a PeCy5 or APC-conjugated anti-CD4 Ab
(eBioscience and Becton Dickinson). After fixation and permeabilization as
described in the previous section, the cells were stained with PE-conjugated
anti-IL-10, TGF-B, IL-17 Ab, or FITC-conjugated IFN-y Ab (IL-10 and IFN-y
from eBioscience; IL-17 from BioLegend, San Diego, CA, USA; and TGF-38
from 1Q Products, Groningen, The Netherlands). Ten thousand events were
acquired in a FACS Aria II cytometer (Becton Dickinson), and the results were
analyzed using WinMDI, version 2.9, software (facs.scripps.edu/software.html).
Negative control samples were incubated in parallel with an irrelevant, isotype-
matched Ab (see Figs. 1, 2, and 5). The results for positive cells are expressed
as a percentage of the respective population, and the quadrant was set
using irrelevant isotype-specific Abs. In particular, for Treg analysis, positive
cells were determined inside the electronically gated CD4-positive cell
population using the WinMDI, version 2.9, software.

Western blot

Analysis of the expression of FoxP3, T-bet, and RUNXI1 was performed in
PBMCs cocultured with Swan-71 cells in the absence or presence of VIP

100 nM by Western blotting. In brief, PBMCs were recovered after 48 h of
culture and washed with PBS. The cell pellet was mixed with cold lysis buffer
(PBS containing 1% nonidet P-40 and 1% SDS) with freshly added protease
inhibitor cocktail (0.2 mM PMSF, 1 ug/ml leupeptin, 0.7 ug/ml pepstain,
0.1% aprotinin; Sigma-Aldrich) and incubated for 20 min on ice, vortexing
periodically. The samples were finally centrifuged at 13,000g for 15 min at 4°C,
and the supernatant (cell protein lysate) was recovered and stored at —70°C
until use. The protein concentration was determined using the micro-BCA
protein assay reagent kit (Pierce, Rockford, IL, USA). Equal amounts of
proteins were diluted in sample buffer and separated on 12% SDS-
polyacrylamide gels. After electrophoresis, the separated proteins were
transferred onto nitrocellulose membranes and probed with antibodies
against RUNX1 (1:500), FoxP3 (1:500) T-bet (1:500), or B-actin (1:1000)
(Santa Cruz Biotechnology, Dallas, TX, USA). The blots were then incubated
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with HRP-conjugated anti-rabbit IgG for RUNXI1 (1:1500, Sigma-Aldrich) or
anti-mouse IgG for FoxP3, T-bet, and B-actin (1:2500; BioRad, Hercules, CA,
USA) and developed using and enhanced chemiluminescence detection kit
(Amersham, Uppsala, Sweden) in a Bio-Imaging Analyzer Fujifilm LAS-1000.
For each experiment, the same blot was stripped and reprobed using Restore
Western Blot Stripping Buffer (Thermo Scientific, Hudson, NH, USA) to
remove the primary and secondary antibodies. Inmunoreactive protein bands
were analyzed using Image] software (NIH, Bethesda, MD, USA) [36]. The
results are expressed as arbitrary units (A.U.) relative to B-actin expression.

qRT-PCR Assay

Determination of VIP, VPACI1, and VPAC2 expression was performed in
trophoblast cells, and TGF-81, -82, and -83 expression was tested in Swan-71
cells at different time points. In brief, total RNA was isolated with TRIzol
reagent (Life Technologies, Grand Island, NY, USA), followed by reverse
transcription according to the manufacturer’s instructions (Promega,
Madison, WI, USA). For amplification of VIP, VPACI1, VPAC2, and GAPDH, 1
or 2 ul of the cDNA were used. The sample volume was increased to 20 ul with
0.25-uM specific primers and the FastStart SYBR Green Master Mix (Roche,
Indianapolis, IN, USA). For the TGF-1, -82, and -383 reaction, the KAPA SYBR
FAST qPCR kit was used (KapaBiosystems, Woburn, MA, USA). Reactions
were performed in the MyiQ2 Real-Time PCR detection system (BioRad).
After a predenaturation step at 95°C for 5 min, 40 cycles of a denaturation
step at 95°C for 20 s, an annealing step at 56°C (VPAC2), 58°C (VPACL1), 60°C
(VIP, TGF-B1, -B2, and -B3) for 20 s, and an elongation step at 72°C for 20 s
were performed. An additional extension step at 72°C for 10 min was
performed. Primers were designed using the Primer-Blast software (available
at: www.ncbi.nlm.nih.gov/tools/primer-blast/). Data were analyzed using iQ5,
version 2.1, optical system software (BioRad) using the comparative cycle
threshold (Ct) method, with GAPDH expression as the internal control. The
results are expressed as the fold change (2744 = spm or 274 + sgw).

Transwell assays

Swan-71 cells were grown in 24-well, flat bottom, polystyrene plates in
complete DMEM-F12 10% FBS to 70% of confluence. The cells were
cocultured with PBMCs obtained from fertile women (5 X 10° cells/ well) with
or without a 0.4-um cell culture insert with polycarbonate membrane (Becton
Dickinson). In both situations, cocultures were performed in the absence or
presence of anti-TGF-B8 neutralizing Ab and VIP antagonist in several
combinations. After 48 h of culture, PBMCs were recovered, stained, and
analyzed by FACS for Treg frequency, as described. Data are expressed as the
percentage of induction of CD4'CD25'FoxP3".

Suppression Assays

Maternal PBMCs were obtained from fertile women and cultured with or
without Swan-71 cells at 70% of confluence in the absence or presence of VIP
for 48 h. Then, PBMGs in suspension were recovered, and 1 X 10° cells/well
was transferred to a culture with 1 X 10° cells/well mismatched allogeneic
healthy donor PBMCs. These last PBMCs had previously been treated with
mitomycin C (0.5 ng/ml; Sigma-Aldrich) for 30 min at 37°C to inhibit DNA
synthesis by crosslinking DNA at the guanine and adenine residues to obtain
a unidirectional proliferation. The mixture of cells was incubated in a U-shape
microtiter plate in the presence of 10% human AB serum. After 5 d, the cells
were pulsed with 1 uCi/well of methyl-[gH]-thymidine [*H]TdR during the
last 18 h of cell culture and then harvested on glass fiber filters using

a Packard Filtermate cell harvester (Packard Instruments, LaGrange, IL,
USA). Incorporated radioactivity was measured in a liquid scintillation
B-counter (Packard Instruments). The tests were conducted in triplicate, and
results are expressed as the mean cpm = SEM.

TGF-3 determination

Supernatants obtained from Swan-71 cells cultured in the absence or presence
of VIP (10 nM) for 12 and 24 h were quantified using TGF-81, -82, -83
Milliplex MAP Kit (TGFB-64K-03, Millipore, St. Charles, MO, USA). This assay
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is based on the Luminex xMAP technology, which allows the performance of
a variety of bioassays or immunoassays on the surface of fluorescent-coded
beads known as microspheres. In brief, in a 96-well microtiter filter plate, 25 ul
of standard, quality controls or samples were mixed with 25 ul of beads and
incubated overnight at 4°C. After washing twice with wash buffer, 25 ul of
detection Abs were incubated for 1 h with agitation. To this mixture, 25 ul of
streptavidin-phycoerythrin was added and incubated for another 30 min at
room temperature. The plate was washed twice, and the beads were
resuspended in sheath fluid and read on a Luminex 200 (Luminex, Austin,
TX, USA). Detection and analysis were performed using the Luminex 100 IS
system (Upstate Biotechnology, Charlottesville, VA, USA). The results are
expressed in pg/mL. TGF-83 was not detected under these conditions.

VIP determination

VIP secretion was quantified in supernatants obtained from Swan-71 and JEG
cells after 24 h of culture with VIP using the EIA Kit (Peninsula Laboratories-
Bachem, San Carlos, CA, USA). In brief, 25 ul of antiserum and 50 ul of the
standard or sample were incubated in 96-well immunoplates for 1 h at room
temperature. Then, 25 ul of biotinylated tracer was added and incubated for
2 h. After 5 washings with EIA buffer, 100 ul of streptavidin-HRP were added
and incubated at room temperature for 1 h. After washing with EIA buffer,
tetramethylbenzidine solution, and 2N HCI were sequentially added for color
development. Absorbance was determined using the iMark Absorbance
Microplate Reader (Bio-Rad) at 650 nm and 450 nm for the blue and yellow
products, respectively. The results are expressed in pg/ml.

Immunofluorescence

Trophoblast cell lines were grown over a glass slide until they reached 70%
confluence. The cells were washed with PBS, fixed with cold methanol during
20 s, and then washed again with PBS. The permeabilization was performed
using 1% BSA, 0.5% saponin in PBS buffer for 15 min in agitation. The cells
were incubated overnight at 4°C with rabbit anti-VIP Abs (1:50 in
permeabilization buffer; Abcam, Cambridge, MA, USA) and then washed with
permeabilization buffer. The secondary antibody Alexa 488-conjugated anti-
rabbit IgG (1:80; Santa Cruz Biotechnology) was incubated for 2 h at room
temperature. After washing with permeabilization buffer, DAPI staining (Cell
Signaling, Danvers, MA, USA) was performed during 10 min in darkness. The
cells were mounted with 20% glycerol in PBS. Photographs were acquired
using a IX71 Olympus inverted fluorescence microscope (Olympus, Center
Valley, PA, USA) and Micro-Manager software [37]. A negative control was
performed in the absence of anti-VIP Abs.

Statistical analysis

The significance of the results was analyzed using Student’s ¢ test and the
Mann-Whitney U test, for nonparametric samples, using the Prism4 software
(GraphPad, San Diego, CA, USA). A value of P < 0.05 was considered
significant.

RESULTS

VIP increases Treg population with suppressive ability
in cocultures of leukocytes with first-trimester
trophoblast cell line

On the basis that iTregs mediate fetal-maternal tolerance to

non-self-alloantigens and because VIP was shown to increase the
frequency of CD4"CD25"FoxP3" cells in an in vitro model of
allogeneic response [38], we investigated the ability of VIP to
modulate the frequency of maternal Tregs on interaction with
first-trimester trophoblast cells in the Swan-71 cell line. VIP (100 nM)
significantly increased the frequency of CD4"CD25FoxP3*

cells in maternal PBMCs that were cocultured with Swan-71 cells
but not in those that were not cocultured (Fig. 1A). Figure 1A,
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Figure 1. VIP increases the frequency of CD4"CD25"FoxP3 cells with suppressor ability in PBMC-Swan-71 cell cocultures. Maternal PBMCs from fertile
women were cocultured in the absence or presence of Swan-71 at 70% of confluence with or without VIP (100 nM). After 48 h, PBMCs were recovered
and (A) the frequency of CD4"CD25'FoxP3" was evaluated by FACS analysis. Results are expressed as the mean percentage of CD4'CD25FoxP3" cells *
sEM of at least 5 independent experiments using PBMC samples from different fertile women. *P < 0.05, Mann-Whitney U test. (Right) Representative
dot plots and the frequency of CD25'FoxP3" cells (inside the electronically gated CD4") after culture or not with trophoblast cells in the absence or
presence of VIP. (B) In some experiments, before culture with trophoblast cells in the presence of VIP, freshly isolated PBMCs were first labeled with
CFSE, and proliferation was investigated after 0, 24, and 48 h of coculture by FACS analysis. Result shown is representative of 3 similar runs. (C) After
coculture, PBMCs in suspension were recovered, and the frequency of CD4'CD25*CD127~, CD4'CD25"CTLA-4", and CD4"'CD25'CD39" was evaluated
by FACS analysis. The dot plots show the percentage of CD25'CD127" cells (inside the electronically gated CD4" cells). The histograms show the
percentage of CTLA-4 or CD39 cells (inside the electronically gated CD4'CD25" cells). (D) Maternal PBMCs were cultured with or without Swan-71 cells
in the absence or presence of VIP (100 nM) for 48 h. Then, PBMGs in suspension were recovered and transferred to a culture with mismatched
allogeneic healthy donor PBMCs (1 X 10° cells/well). These last PBMCs had previously been treated with mitomycin C to inhibit DNA synthesis by
crosslinking DNA at guanine and adenine residues to obtain a unidirectional proliferation. After 5 d, [*H]TdR was added for 18 h, and uptake was
determined using a B-scintillation counter. Results are expressed as mean cpm * seM of at least 3 independent experiments run in triplicate. *P < 0.05,
Mann Whitney U'test. (E) At 48 h of coculture, PBMCs recovered were harvested and analyzed by Western blot for FoxP3, T-bet, and RUNXI1 expression.

Representative immunoreactive bands and semiquantification, expressed as relative to S-actin in A.U. * sEm are shown from 4 independent experiments.
*P < 0.05, Mann Whitney U test.
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right, shows representative dot plots with the frequency of
CD4'CD25'FoxP3" cells in PBMCs cocultured or not with Swan-71
cells in the absence or presence of VIP. In addition, we
quantified the proliferation by CFSE staining of maternal PBMCs
after 0, 24, and 48 h of culture with trophoblast cells in the
presence of VIP. Maternal lymphocytes had not entered their
first cell division after 48 h (Fig. 1B). Hence, the frequency of
Foxpf’3+ cells increased after 48 h, before any cell division could
be detected by CFSE staining.

Moreover, we performed additional Treg immunostaining
using different combinations of markers. We observed that VIP
(100 nM) increased the frequency of CD4"CD25 FoxP3'CD127 /low,
CD4'CD25'FoxP3*CTLA-4*, and CD4'CD25"CD39" in maternal
PBMC:s after coculture with Swan-71 cells (Fig. 1C).

Because the hallmark of Tregs is their ability to suppress
immune responses by inhibiting the proliferation of effector
T cells [39], we evaluated whether Tregs induced in cocultures
with Swan-71 cells in the presence of VIP displayed suppressive
ability. For that purpose, maternal PBMCs were cultured with or
without Swan-71 cells in the absence or presence of VIP for 48 h.
Next, PBMCs in suspension were recovered and transferred to
a culture with mismatched allogeneic healthy donor PBMCs. The
latter PBMCs had previously been treated with mitomycin C to
inhibit DNA synthesis by crosslinking DNA at guanine and
adenine residues to obtain a unidirectional proliferation. After
5 d of culture, we quantified the proliferative response by
thymidine incorporation. A significant decrease in proliferation
was observed in the allogeneic response of those cultures
performed with maternal PBMGs in the presence of trophoblast
cells compared with PBMCs alone, and this effect was even more
pronounced in the presence of VIP (Fig. 1D). Moreover,
maternal PBMCs that had not interacted with trophoblast cells
did not suppress allogeneic proliferation, regardless of whether
VIP was present. Subsequently, we evaluated the expression of
the transcription factors associated with a suppressive phenotype
of Tregs, such as FoxP3 and RUNX1, and T-bet as a characteristic
factor of the Thl responses. PBMCs that have interacted with
trophoblast cells in the presence of VIP significantly increased
FoxP3 and decreased T-bet expression, analyzed by Western
blotting (Fig. 1E). This modulation was accompanied by a trend
toward an increase in RUNXI1 expression, which is associated
with FoxP3 at the protein level, contributing to Treg induction.
Taken together, these results support that trophoblast cells have
the ability to increase the frequency of functional CD4'CD25"
FoxP3" cells able to suppress the allogeneic response and that
VIP can boost this effect, accompanied by an increase in FoxP3
and RUNXI and a decrease in T-bet protein expression.

VIP increases the frequency of CD4" cells producing
TGF-f8 and IL-10 after coculture with Swan-71 cells

To study whether the coculture of maternal PBMCs with the first-
trimester trophoblast cell line modulated cytokine production in
CD4" T cells and the effect of VIP, we evaluated the cytokine
intracellular expression by FACS in the presence or absence of
VIP. VIP strongly induced CD4"TGF-8" and CD4'IL-10" fre-
quency in PBMCs cocultured with trophoblast cells (Fig. 2). In
contrast, no modulation was observed under these conditions in
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the frequency of CD4'IL-17" and CD4'IFN-y" cells. The
frequency of CD4"TGF-8" cells was also increased in cocultures
in the absence of VIP, indicating the presence of additional
mechanisms contributing to the induction of a tolerogenic
microenvironment. Figure 2B shows representative dot plots with
the frequency of CD4 cells expressing IL-10, TGF-8, IFN-y, and
IL-17 from the same fertile donor, after the interaction with
Swan-71 cells in the absence or presence of VIP.

VIP increases TGF- production by trophoblast cells
Several reports have indicated that the induction of FoxP3
through TGF-8 involves Smad proteins, which bind to specific
sites at the CNS1 enhancer of the FoxP3 gene, inducing the
expression of the transcription factor FoxP3 [15, 40]. Hence, to
investigate whether the TGF-8 produced by trophoblast cells was
involved in the increased frequency of Tregs observed in
cocultures stimulated with VIP, we performed a kinetic analysis of
TGF-B1, 82 and B3 expression in Swan-71 cells in the absence or
presence of VIP by qRT-PCR. Swan-71 cells increased the
expression of the 3 isoforms of TGF- after 12 h of culture in the
presence of VIP (Fig. 3A). In particular, VIP significantly
increased TGF-B1 expression in Swan-71 cells at 12 h of
incubation, which was mainly associated with immunomodula-
tory effects (Fig. 3A). Quantification of the 3 isoforms of TGF-8
in culture supernatants with Luminex determination (Luminex
200, Austin, Texas, USA) confirmed the effect. VIP significantly
increased TGF-B1 secretion in trophoblast cells after 12 h of
culture (Fig. 3B). VIP did not modulate TGF-B2 secretion, and
TGF-B3 was not detected under these conditions.

VIP produced by trophoblast cells contributes to Treg
induction involving TGF-

Because exogenously added VIP induced Tregs after interaction
with Swan-71 cells, we next investigated the ability of endogenous
VIP, produced by trophoblast cells, to induce Tregs. First, we
characterized the expression of VIP and its receptors, VPACI and
VPAC2, in the first-trimester trophoblast cell line Swan-71.
Additionally, we used the third-trimester JEG-3 trophoblast cell
line obtained from a choriocarcinoma. The qRT-PCR analysis
revealed that although both cell lines expressed VIP and its
receptors (Fig. 4A, C, and D), Swan-71 cells secreted significantly
higher levels of VIP than did the JEG-3 cells (Fig. 4B). To confirm
this result, indirect immunofluorescence was performed.

Figure 4E shows microscopy photographs with higher cytoplas-
mic VIP staining in the Swan-71 cells than in the JEG-3 cells.
Next, we tested the ability of endogenous VIP to induce maternal
Tregs. Swan-71 cells were cocultured with maternal PBMCs in the
absence or presence of VIP antagonist, and we quantified Tregs
by FACS analysis. The frequency of Tregs in the maternal PBMCs
increased significantly after the interaction with Swan-71 cells
(Fig. 5A). This effect was even more pronounced if the
trophoblast cells had been pretreated with VIP (10 nM). In both
situations, VIP antagonist prevented the increase in the
frequency of CD4'Foxp3" cells, reflecting a specific VIP effect
after the interaction with Swan-71 cells. Figure 5B shows
representative dot plots of PBMCs cultured with Swan-71 cells
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pretreated or not with VIP in the absence or presence of VIP
antagonist. Because Swan-71 cells produce TGF-8, we next
investigated Treg induction in cocultures in the presence of an
anti-TGF-B neutralizing Ab and a VIP antagonist. CD4'CD25"

Figure 3. VIP induces the expression of TGF-£ in
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-B2, and B3 expression on Swan-71 cells in the
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independent experiments. *P < 0.05, Student’s
ttest. (B) In parallel, supernatants were collected,
and Luminex quantification was performed for
the 3 TGF-B isoforms after 12 and 24 h of VIP
treatment. Results are expressed as the mean
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antagonist and anti-TGF-8 Ab was found, suggesting that their
actions are mediated through a common pathway. Finally, we
performed transwell assays to distinguish between the contribu-
tions of soluble or membrane-bound TGF-8 forms. Cocultures
were performed in the presence of 0.4-um inserts in the absence
or presence of an anti-TGF- neutralizing Ab and VIP
antagonist. After 48 h of culture, the anti-TGF-8 Ab and VIP
antagonist significantly prevented the increase in the frequency
of Tregs, even in the presence of the transwell, suggesting that
the TGF-B soluble form is implicated in Treg modulation (Fig.
5D). Taken together, the present results support that VIP
produced by Swan-71 cells can boost Treg induction involving
TGF-B1 secretion and that exogenously added VIP can further
induce this effect.

DISCUSSION

The initial proinflammatory response characteristic of implan-

tation is actively modulated to a predominant anti-inflammatory
and tolerogenic profile at early gestation. Also, iTregs are
essential for this immune switch, and VIP displays anti-
inflammatory and tolerogenic effects in several in vivo and in
vitro models. Therefore, we analyzed the role of this neuropep-
tide as a physiologic local regulator of the maternal-placental
interaction through the induction of Tregs with suppressor ability.
The present results provide experimental evidence that VIP
produced by human first-trimester trophoblast cells can act
as a tolerance-inducing factor, increasing the frequency of
CD4" CD25"FoxP3" cells with increased secretion of TGF-8. Our
conclusions were based on several observations. First, VIP
increased the frequency of CD4'CD25'FoxP3" cells after
maternal PBMC interaction with Swan-71 cells. The Treg subset
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induced upon VIP incubation was able to suppress the maternal
response against alloantigens. Moreover, VIP modulation was
accompanied by an increase in FoxP3 and RUNX1 expression
and a decrease in T-bet expression in maternal PBMCs after their
interaction with Swan-71 cells. Second, VIP induced an increased
frequency of CD4" T cells that produce TGF-8 and IL-10,
amplifying the suppressive immune response. Third, first-
trimester trophoblast cells synthesize and release VIP, which
specifically induces Tregs through a mechanism involving soluble
TGF-8, because VIP antagonist and anti-TGF-3 Ab prevented
the effect.

Several redundant immune circuits ensure the maintenance of
immune homeostasis at the early maternal-placental interface.
VIP could be analyzed as an interesting example that fulfills the
criteria for multiple cell targets to promote an anti-inflammatory
and tolerogenic microenvironment. For example, VIP has been
proposed to favor a regulatory/suppressor macrophage pheno-
type through induction of IL-10 synthesis and reduction of IL-12,
TNF-a, and iNOS activity in human and murine macrophages
through both VPAC receptor subtypes [41-44]. Dendritic cells
are also targeted by VIP to differentiate into a tolerogenic profile,
with failure to upregulate costimulatory molecules and proin-
flammatory cytokine expression after Toll-like receptor signaling.
In contrast, they produce significant levels of IL-10 and induce
the generation of Ag-specific Tregs in vivo and in vitro [45, 46].
The treatment of human CD4'CD25™ T cells with VIP during in
vitro stimulation induces CD4"'CD25'FoxP3" cells with a potent
regulatory function against allospecific effector T cells, resulting
in acute graftvs.-host disease protection in a mouse model of
allogeneic bone marrow transplantation [38, 47].

The maternal immune system is challenged by paternal and
trophoblast alloantigen stimulation and by the release of fetal
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antigens into the maternal circulation, a phenomenon known as
microchimerism. Thus, a crucial mechanism for tolerance
induction during the peri-implantation window is the generation
of Tregs specifically against non—self-antigens through the
interaction of TGF-8 with Smad3 and retinoic acid receptor
binding sites in the FoxP3 promoter [48-50]. We have shown
that VIP increases TGF-B1 expression and secretion in first-
trimester trophoblast cells after 12 h of culture, and the blockade
of soluble TGF-B prevented the increase in the frequency of
Tregs, suggesting that VIP immunomodulatory effects on Tregs
involves a TGF-B—dependent mechanism. Also, VIP induced an
increase in the expression of the transcription factors FoxP3 and
RUNXI after coculture with trophoblast cells. In particular,
RUNXI facilitates the stability of FoxP3 gene binding to CNS2
region and then promotes FoxP3 expression [18, 51].

It is important to highlight that Tregs induced in the peri-
implantation phase of pregnancy are crucial for bystander
tolerance of the conceptus. Thus, the exposure to a limited
repertoire of non-self-antigens in the appropriate microenvi-
ronment generates iTregs that, once activated and fully
functional, are enough to induce a tolerogenic response toward
a wider repertoire of antigens expressed later on in the
gestational tissues [48, 49]. Thus, the VIPs produced by first-
trimester trophoblast cells would contribute to the proper
microenvironment necessary for induction of iTregs in the early
stages of maternal-placental interaction. Furthermore, differ-
ences in VIP/VPAC system expression were present in the
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10°

PBMG s of patients with early pregnancy complications, such as
recurrent spontaneous abortion [52, 53]. In line with this, in
non—-obese diabetic mice with an increased embryo resorption
rate at the prediabetic stage, the local expression of VIP mRNA
was diminished at the resorption sites compared with that at the
viable implantation sites [29, 53].

Once generated, iTregs in the regional lymphoid node must
migrate into the fetal-maternal interface to exert their suppres-
sive function. Thus, trophoblast cells contribute to the re-
cruitment of iTregs toward the maternal-placental interface
[5, 53, 54]. Nancy et al. [55] showed evidence indicating that
a potential epigenetic modification of chemokine genes in
decidual stromal cells could be responsible for the regulation
of T cell trafficking as a mechanism of fetal survival.

Finally, Obermajer et al. [56] recently reported the conversion
of Th17 cells into Tregs by which mesenchymal stem cell-induced
myeloid-derived immunosuppressive cells mediate operational
transplant tolerance. They demonstrated that retinoic acid-
related orphan receptor-y is a common factor in the differen-
tiation of Tregs and Th17 cells in mice. Also, the identification of
IL-17A" FoxP3" cells and ex-IL-17-producing IL-17A"FoxP3"

T cells strongly argues for direct conversion of Th17 cells into
Tregs [56]. This plasticity underlies a new mechanism of immune
regulation to mediate allograft survival.

Research in the past few years has displayed a better un-
derstanding of the molecular mechanisms leading to immune
tolerance and homeostasis in the maternal-fetal interface. The
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results we have presented suggest that VIP could have an active
role in the immunoregulatory processes operating in the
maternal-placental interface by contributing to the induction of
functionally active iTregs.
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