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Introduction

The pregnant uterus at the implantation and early
post-implantation stages undergoes intense tissue
remodeling and leukocyte invasion with proinflam-
matory mediator release.'? Selective recruitment of
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Problem

Impaired pregnancy in non-obese diabetic (NOD) mice was related to
limited vascular remodeling and autoimmune background. Vasoactive
intestinal peptide (VIP) has anti-inflammatory and immunosuppressant
effects, so we explored its ability to modulate the immune microenvi-
ronment at the early maternal-placental interface and improve preg-
nancy in NOD mice.

Method of study

Implantation sites were isolated from pregnant NOD mice at gestational
day 9.5 and were incubated with VIP for evaluation of cytokine or tran-
scription factor expression by RT-PCR, immunoblotting, and immuno-
histochemistry. Alternatively, pregnant mice were injected with VIP at
day 6.5 and studied at day 9.5.

Results

VIP and VPAC receptors were detected in viable implantation sites. VIP
immunostaining was found predominantly on trophoblast giant cells.
The in vitro treatment of viable implantation sites with VIP increased IL-
10, TGF-B, and Foxp3 expression. Sites with resorption processes pre-
sented lower VIP expression, reduced suppressant markers, and
increased IL-17 and RORyT expression compared with viable sites and
VIP reduced RORYT expression. Pregnant mice treated with VIP at day
6.5 presented an even distribution of viable implantation sites with an
increased expression of IL-10, TGF- B, and Foxp3.

Conclusion
VIP induces an immunosuppressant profile at the early maternal-pla-
cental interface of NOD mice and improves pregnancy outcome.

maternal immune cells expressing suppressant and
anti-inflammatory functional profiles and the local
production of hormones and polypeptides contribute
to modulate the inflammatory response and main-
tain immune homeostasis at the early maternal-pla-
cental interface. In line with this, a deficient control
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of the inflammatory response at early pregnancy
stages has been associated with recurrent pregnancy
loss and preeclampsia.>® Regulatory T-cells (Treg)
and alternatively activated M2 macrophages appear
to have a central regulatory role at this stage. Treg
cells increase from days 2 to 3 of gestation indepen-
dently of the allogeneic or syngeneic nature of
pregnancy and contribute to the predominant sup-
pressant profile that characterizes the post-implanta-
tion period.”® They actively participate in tolerance
induction to prevent spontaneous abortion.” Consis-
tently, a decreased number of decidual Treg cells
were reported in the CBA/JxDBA/2 mouse mating
characterized by high resorption rates.”'' On the
other hand, macrophages bearing a predominant M2
alternative activation phenotype are mostly found
early after post-implantation favoring wound healing
processes and providing suppressor/regulatory signals
during the silent clearance of apoptotic cells.!***

Pregnancy in the non-obese diabetic (NOD) strain
of mice, a model of type 1 diabetes, presents some
pathological features both in the prediabetic and dia-
betic stages. In the prediabetic stage, NOD females
have the unique characteristic of developing exo-
crine gland dysfunction’®™” along with a decline in
litter size and increased resorption rates associated
with defects in the activity of NK cells'® and CD4*
CD25"% Foxp3* regulatory T-cells (Treg).'”?° Accord-
ingly, CTLA4Ig gene transfer improved pregnancy
outcome by expanding the CD4" CD25" regulatory
T-cell population.?' Moreover, at day 9 of gestation
in NOD mice, a switch from a predominant M1
inflammatory phenotype to an M2 alternative acti-
vated phenotype was found in peritoneal macro-
phages.?*%?

Vasoactive intestinal peptide (VIP) is a 28 aa
endogenous polypeptide with actions at multiple lev-
els and has been proposed as a promising therapeu-
tic agent based on its anti-inflammatory and
neuroprotective effects.?* It promotes exocrine gland
secretion?’ and hormone secretion by pituitary gland
and trophoblast cells,>**® and smooth muscle relax-
ation in pregnant uterus,”® and it regulates embry-
onic growth.’*>! On the other hand, VIP has potent
anti-inflammatory and protolerogenic properties in
mouse models of inflammation through its action
on VPAC receptors on macrophages and CD4"
T-cells.’*>* In prediabetic NOD mice, VIP reduced
prostaglandin synthesis and increased nitric oxide
synthase activity in non-pregnant uterus consistent
with a uterine quiescent effect.”® In pregnant NOD
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mice, VIP increased the expression of leukocyte
inhibitory factor (LIF) in viable implantation sites
and CD4" CD25" Foxp3™ Treg frequency to a similar
extent than normal mice.?° Peritoneal macrophages
from pregnant NOD mice treated in vitro with VIP
synthesized high levels of IL-10 and reduced Thl
cytokines contributing to a predominant M2 alterna-
tively activated phenotype.*’

We hypothesized that a local release of VIP at the
early post-implantation and placentation stage con-
tributes to the anti-inflammatory and suppressant
microenvironment required for immune homeostasis
and fetal growth and that a failure in this mecha-
nism in NOD pregnancy could be overcome by treat-
ing mice with the peptide. We present evidence to
indicate that VIP treatment improves NOD early
pregnancy outcome through a mechanism that
involves the targeting of VPAC receptors at the early
maternal-placental interface leading to a local induc-
tion of IL-10, TGF-B, and Foxp3 synthesis and the
reduced expression of proinflammatory signals.

Materials and methods

Mice mating and Treatments

Normally cycling NOD mice of 15-16 weeks of age
were mated (syngeneic mating), and the appearance
of vaginal plug was considered as gestational day
0.5. Mice were bred and maintained on a 12:12 hr
light—dark schedule in the Central Animal Care facil-
ity at the School of Exact and Natural Sciences, Uni-
versity of Buenos Aires (FCEyN-UBA). NOD mice at
days 8.5 or 9.5 of gestation were used for studies on
implantation sites and their cultures and pregnancy
outcome evaluation. NOD mice blood glucose levels
were registered and their values on two occasions
over a 24-hr period did not differ from normal mice
control values (NOD: 1.0 + 0.1 g/L, n = 37), thus
considered normoglycemic prediabeticc. NOD mice
treatment with VIP was carried out in the morning
of day 6.5 of pregnancy by means of one i.p. injec-
tion of 0.1, 1, 2, or 10 nmol VIP in 200 pL of PBS or
the same volume of PBS alone. Different end points
of early pregnancy outcome were analyzed macro-
scopically as the number of implanted viable
embryos, resorption process ongoing, distribution of
the embryos along the horns, and correspondence of
gestational day with embryo size and weight.
Implantation sites were excised and analyzed for
the expression of VIP, VPAC receptors, cytokines,
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transcription factors, and histological features. All
studies were approved by the Animal Care and Use
Committee of the FCEyN-UBA.

Uterus and Implantation Site Isolation for VIP/
VPAC Expression and Function

Implantation sites were excised at day 8.5 or 9.5 of
pregnancy, embryos discarded, and the uterine tis-
sues were either fixed in 4% paraformaldehyde for
immunohistochemistry, or processed for RT-PCR and
Western blot assays immediately or after 6 or 24 hr
of incubation in RPMI 1640 medium (Invitrogen,
Life Technologies, Buenos Aires, Argentina) with
10% FBS in 24-well plates at 37°C and 5% CO2
with VIP (1-100 nm) (Polypeptide labs, France), pro-
gesterone (1 pum) (Sigma Chemical Co, St Louis, MO,
USA) in the presence or not of a specific VIP antago-
nist (Nts 6-11/VIP 7-28 hybrid; Sigma Chemical Co)
in a final volume of 1 mL. Sites with viable embryos
and sites with incipient resorption processes at gesta-
tional day 9.5 were assessed under magnifying glass,
quantified to calculate resorption rate, and photo-
graphed to show embryo distribution along horns
among other gestation outcome signs as previously
described.*®

VIP/VPAC, Foxp3, RORYT, and Cytokines
Detection

Vasoactive intestinal peptide and VPAC receptors,
transcription factors, and cytokine expression were
determined by RT-PCR. Total RNA isolation and
reverse transcription were performed as previously
described®® using TRIzol® reagent (Invitrogen, Life
Technologies), Moloney murine leukaemia virus

reverse transcriptase and RNase inhibitor (Promega,
WI, USA), oligo-dTs (Biodynamics, Buenos Aires,
Argentina), and dNTPs (Embiotec, Buenos Aires,
Argentina). Specific primers for VIP, VPAC 1, VPAC
2, TGF-B, IL-17, IL-10, Foxp3, RORYT, and GAPDH as
internal control were used for ¢cDNA amplification.
Primers and conditions are indicated in Table I and
previously shown.?*?¢® PCR products and DNA size
markers were fractionated on 2% agarose gels, visual-
ized with ethidium bromide staining, and band den-
sity was expressed in arbitrary units normalized to
GAPDH. For quantitative RT-PCR determinations,
2 pL of cDNA, 0.20 mm dNTPs, 0.25 um specific prim-
ers, 3 mm MgCl,, 2 U Taq DNA polymerase, and
1:30,000 dilution of SYBR Green were added to the
reaction mix in a final volume of 25 pL, and reactions
were performed in a DNA Engine Opticon (MJ
Research Inc., Quebec, Canada). PCR products were
quantified in the Opticon Software®, Quebec, Canada
and normalized to endogenous GAPDH. Each assay
included a DNA minus control and a standard curve
performed with serial dilutions of control cDNA.

Western Blot and Immunohistochemistry

The expression and localization of VIP by immunohis-
tochemistry and Foxp3 protein levels by Western blot
in implantation sites were determined as previously
described.?®?> Briefly, for Western blot assays,
implantation sites isolated from NOD mice at day 9.5
of gestation were homogenized in 50 mm Tris—HCI
buffer pH 7.5 with 0.15% Triton-X-100 and protease
inhibitors at 4°C, subjected to 10% SDS-PAGE and
Foxp3 revealed by immunoblotting (clone: FJK-16s,
eBioscience, San Diego, CA, USA) and chemilumines-
cent reagent Amersham ECL (GE Healthcare, Wauwa-

Biomedical Research)

Table | Primers used in RT-PCR Assays. Oligonucleotide Primers were Designed Using the Online tool Primer3® (Whitehead Institute for

Primers Forward Reverse

GAPDH TGATGACATCAAGAAGGTGGTGAAG TCCTTGGAGGCCATGTAGGCCAT

VIP TTCACCAGCGATTACAGCAG TCACAGCCATTTGCTTTCTG

VPAC, GTGAAGACCGGCTACACCAT TGAAGAGGGCCATATCCTTG

VPAC, GTGAAGACCGGCTACACCAT TGAAGAGGGCCATATCCTTG

IL-10 GTTGCCAAGCCTTATCGGAAATG CACTCTTCACCTGCTCCACTG

TGF-B GACTCTCCACCTGCAAGACCA TTGGGGGACTGGCGAGCCTT

Foxp3 GGCCCTTCTCCAGGACAGA GCTGATCATGGCTGGGTTGT

IL-17 CTCCAGAAGGCCCTCAGACTAC AGCTTTCCCCTCCGCATTGACACAG

RORYT CACGGCCCTGGTTCTCAT CAGATGTTCCACTCTCCTCTTCTCT
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tosa, WI, USA). The immunoreactive protein bands
were analyzed with a Fotodyne Image Analyzer®
(Fotodyne, Inc., Los Angeles, CA, USA). Band densi-
tometry was performed with the Image Quant soft-
ware, and results were expressed relative to B-actin
expression. In some experiments, implantation sites
either viable or undergoing resorption were incubated
for 24 hr in RPMI 1640 supplemented with 10% FBS
as indicated above in the presence of 10 nm VIP to
assess Foxp3 protein expression by Western blot. For
immunohistochemistry studies, implantation sites
were fixed in 4% paraformaldehyde, sections rehy-
drated in buffer, and after endogenous peroxidase
activity, quenched slices were incubated with 1:20
anti-VIP antibody (Abcam, Cambridge, UK) or anticy-
tokeratin antibodies and then biotinylated secondary
antibodies and immunoperoxidase staining kit Ldab2
(DAKO, Carpinteria, CA, USA).

Statistical analysis

Statistical significance of differences was determined
by the two-tailed t-test for independent populations.
When multiple comparisons were necessary, the
Student-Newman—Keuls test was used after analysis
of variance. For in vivo treatment experiments, the
Mann-Whitney test was used. Differences between
groups were considered significant at P < 0.05.

Results

VIP and Functional VPAC Receptor Expression in
NOD Mice Viable Implantation Sites

We first studied the expression of VIP in viable
implantation sites. As shown in Fig. la, pregnancy
highly induced the expression of VIP at day 9.5,
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Fig. 1 Vasoactive intestinal peptide and VPAC expression in viable implantation sites of NOD mice and non-pregnant uterus. Uteri from 16-week-
old NOD mice either pregnant or non-pregnant were excised out for the assessment of VIP/VPAC system expression as described in Materials and
Methods. (a) Implantation sites at day 9.5 (day 9.5), deciduae at day 8.5 (day 8.5), or non-pregnant uteri at proestrus (NP) were evaluated for the
expression of VIP by RT-PCR after 6 hr of culture at 37°C in the presence of VIP (100 nwm) or non-treated (-). Bands were semiquantified with
Image)® and intensity expressed in arbitrary units (AU) relative to GAPDH. Values represent mean + S.E.M of at least three experiments. (b)
Implantation sites at day 9.5 were removed and immediately fixed in paraformaldehyde for immunohistochemistry studies as indicated in
Materials and Methods. Cells immunostained for cytokeratin (CK) or VIP (VIP) are shown at original magnification x250 and x400. Representative
of at least four different implantation sites analyzed similarly. Arrows point to small VIP-positive/cytokeratin-negative decidual cells. (c)
Implantation sites from NOD mice at day 9.5 were processed for VPAC1 and VPAC2 expression by RT-PCR after 6 hr of culture at 37°C with
progesterone (P4) (1 um) or non-treated (-). Bands were semiquantified as in (a) and AU represent mean + S.E.M. of at least three experiments.
*P < 0.05 versus non-treated. (d) Uterine tissue from non-pregnant mice at proestrus or estrus stage was evaluated for VPACT and VPAC2
expression by RT-PCR. Bands were semiquantified and AU of a representative experiment of three different mice at estrus and proestrus is
shown.
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while VIP expression was undetectable in non-preg-
nant uterus. On the knowledge that VIP induces the
transcription of several genes through cAMP-respon-
sive elements (CRE) that are present in the promoter
region of its own gene,’” we incubated implantation
sites with VIP and, as it can be seen in Fig. la, it
could not further induce VIP expression in day 9.5
implantation sites. VIP was also highly expressed in
decidua isolated from implantation sites at day 8.5,
and a subtle increase was observed after VIP treat-
ment (Fig. 1a). Microphotographs in Fig. 1b indicate
that trophoblast cells were the predominant cell type
positive for VIP immunostaining in the viable
implantation sites at day 9.5. Some of these cytoker-
atin-positive and VIP-positive trophoblast cells were
lying adjacent to maternal blood vessels at the inter-
face between the placenta and the deciduas. Small
round scattered cells with VIP immunostaining were
also found in the mesometrial deciduae (Fig. 1b
arrows).

The expression of VIP high-affinity receptors
VPACI1 and VPAC2 was assessed next in day 9.5 via-
ble implantation sites. VPAC1 and VPAC2 subtypes
of VIP receptors were expressed in pregnant uterus

(@) VIP (nm)

VIP (nm)

(Fig. 1c). VPAC2 receptors were induced by preg-
nancy as they were absent in non-pregnant uterus
(Fig. 1c and d). Moreover, implantation sites were
incubated with 1 pm progesterone and assayed for
VPAC1 and VPAC2 expression. Fig. 1c shows that
progesterone added in vitro to implantation sites had
a further inducing effect only on VPAC2 expression.

VIP Effect on Cytokine and Transcription Factor
Expression in Implantation Sites

We next analyzed if VIP added in vitro to the cul-
tured implantation sites could modulate the immune
profile of implantation site microenvironment
through VPAC receptors. Fig. 2a shows that both
100 and 10 nm VIP induced IL-10, TGF-B, and Foxp3
expression with a maximum at 10 nm of the peptide.
A lower VIP concentration (1 nm) tested on implan-
tation sites showed no significant effect compared
with basal expression values of all three suppressant
mediators (not shown). Fig. 2b shows that the effect
of 10 nm VIP was specific of VPAC receptors and
comparable to that of progesterone, a known immu-
nomodulatory hormone at implantation sites.
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Fig. 2 Effect of VIP on immune suppressant marker expression at viable implantation sites of NOD mice. Implantation sites from NOD mice at
gestational day 9.5 were isolated and treated in vitro with VIP or progesterone. IL-10, TGF-B, and Foxp3 expression was determined by RT-PCR as
indicated in Materials and Methods. Bands were semiquantified with Image)® and intensity expressed in AU relative to GAPDH. (a) IL-10, TGF-p,
and Foxp3 expression was determined after 6 hr of culture in the absence or presence of VIP (10 or 100 nm). Values are mean + S.E.M. of at
least three experiments. *P < 0.05 versus non-treated. (b) Immunosuppressant marker expression was determined in the implantation sites after
6 hr culture at 37°C with VIP (10 nw), progesterone (P4) (1 uw), VIP antagonist (ANT, 1 um), or non-treated and then their extracts processed as
indicated in Materials and Methods. Values are mean + S.E.M. of at least three experiments. *P < 0.05 versus non-treated.
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Our next question was whether the implantation
sites with incipient resorption processes were able to
synthesize cytokines or transcription factors, and
also, whether they could be induced through VIP
receptor stimulation. Fig. 3a shows that sites with
resorption processes express lower levels of IL-10,
TGF-B, and Foxp3 as compared with viable sites,
with a similar VPAC1 and VPAC2 receptor basal
expression determined by RT-PCR. VIP expression
level quantified by real-time RT-PCR was reduced in
sites with resorption compared with viable sites
(VIP/GAPDH 2 “€! resorption site: 0.40 + 0.05; via-
ble site: 0.75 + 0.06; P < 0.05; n = 10) similar to
previously reported in this NOD strain.?® The lower
VIP expression within the sites with resorption pro-
cesses was concomitant with an increase in IL-17
and RORYT expression compared with viable sites
(Fig. 3¢). Exogenously added VIP to the implantation
sites reduced RORYT expression in both viable and
resorption sites (Fig. 3c), but it could not induce
suppressant factors IL-10, TGF-B, and Foxp3 in
implantation sites undergoing resorption processes
(Fig. 3d). To further assess the in vitro effect of VIP
on one of these markers’ expression in both viable
and resorption sites at the protein level, we incu-
bated sites with VIP 10 nm for 24 hr and determined
Foxp3 expression by Western blot. Fig. 3e shows
increased expression of Foxp3 induced by VIP only
in viable sites.

Early Pregnancy Outcome and Expression of Local
Factors After VIP Treatment

Finally, we explored whether the treatment of NOD
pregnant mice in vivo with VIP early after implanta-
tion could modify any of the most common end
points of early pregnancy complications such as the
reduced number of implanted viable embryos, the
uneven distribution of the embryos along the horns,
or the lack of correspondence of gestational day with
embryo size. We treated NOD mice with VIP at day
6.5 of pregnancy on the basis that implantation has
already occurred, and therefore, the immunomodu-
latory action of the peptide would only affect post-
implantation processes such as the critical regulation
of the inflammatory response leading to normal pla-
centation and fetal growth. Fig. 4a shows that mice
injected with 2 nmol VIP presented an increase in
the number of implantation sites with viable
embryos (P =0.14 n =38, Mann—-Whitney). Fig. 4b
shows an uneven distribution of implanted embryos
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along both horns, some of them with a reduced size,
and a higher number of sites with resorption in the
control PBS group, and how this was restored in
mice of the VIP-injected group. The profile of cyto-
kines and transcription factor expression at the
implantation sites of 2 nmol VIP-injected vs. PBS-
injected pregnant mice was analyzed. Fig. 4c shows
the expression of different markers in implantation
sites of mice that were injected at gestational day 6.5
with 2 nmol VIP and then analyzed their implanta-
tion sites at day 9.5 by RT-PCR. An increased
expression of Foxp3, IL-10, and TGF-B without
changes in RORYT can be observed at day 9.5
implantation sites of one representative pregnant
NOD mice (Fig. 4c). Particularly, 4 of 8 NOD mice
(50%) injected with VIP showed increased levels of
all Foxp3, IL-10, and TGF-B, whereas 6 of 8 (66%)
were positive for both Foxp3 and IL-10 expression
induction after the in vivo treatment. Regarding VIP
dosing, 0.1 nmol VIP was ineffective and 1 nmol
had results comparable to the 2 nmol dose shown,
including the adequate correspondence of embryo
size and gestational age. However, when 10 nmol
VIP was injected i.p. at day 6.5 in NOD mice, a
reduced number of viable embryos (<6) was quanti-
fied in 4 of 5 pregnant mice at day 9.5, as well as
sites with signs of hemorrhage and the loss of
embryos implanted all along one of the horns
(Fig. 4d), suggesting the narrow dose window for
this peptide to improve early pregnancy outcome.

Discussion

Regulatory immune cells are timely recruited and
differentiated to control the inflammatory response
induced by the implantation process and the intense
tissue remodeling at the early maternal-placental
interface. Here, we analyzed the immunoregulatory
role of VIP in prediabetic pregnant NOD mice where
embryo resorption was related to the autoimmune
background as well as to a deficient NK and regula-
tory T-cell local response.'®2%2% Results shown indi-
cate that VIP/VPAC system 1is expressed and
functional in NOD mouse viable implantation sites,
with the polypeptide synthesized mostly by cells in
the decidua, particularly trophoblast giant cells. The
mechanism of VIP to improve pregnancy outcome in
this mouse pregnancy model involves the induction
of immunosuppressant marker synthesis and the
reduced expression of inflammatory markers. The
immunomodulatory effect of VIP through VPAC
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Fig. 3 Inflammatory profile at implantation sites undergoing resorption. Implantation sites with incipient resorption processes were identified at
day 9.5 of gestation and isolated to analyze the expression of suppressant markers as described in Materials and Methods. (a) IL-10, TGF-B, and
Foxp3 expression was determined by RT-PCR in viable sites (VS) or sites with signs of resorption (RS) from the same pregnant mouse. The gels
and the values of arbitrary units are representative of 10 different NOD mice analyzed in separate experiments. (b) VPAC1 and VPAC2 expression
by RT-PCR at sites with signs of resorption. A representative gel and the semiquantification in AU of three different experiments are shown. (c)
RORYT and IL-17 expression was assessed by RT-PCR in viable implantation sites (VS) or sites with signs of resorption (RS) incubated for 6 hr at
37°C with VIP (10 nm). Values of AU are mean + S.E.M. of at least 3 experiments. *P < 0.05 versus non-treated; P < 0.05 versus corresponding
bar in VS. (d) IL-10, TGF-B, and Foxp3 expression was determined by RT-PCR in sites with signs of resorption (RS) after 6 hr incubation with or
without 10 nw VIP as described in Materials and Methods. Values are mean + S.E.M. of three experiments. (e) Foxp3 expression was determined
by Western Blot in viable sites (VS) or sites with signs of resorption (RS) after 24-hr incubation at 37°C with or without 10 nm VIP as described in

Materials and Methods. Gels shown and their corresponding values of arbitrary units are representative of three experiments.

receptors was observed either by in vitro treatment
of implantation site cultures with VIP or by in vivo
treating pregnant mice with a pulse of the peptide at
gestational day 6.5. In line with a physiological
effect of locally synthesized endogenous VIP, implan-
tation sites undergoing resorption processes showed
lower VIP expression along with a lower expression
of suppressant cytokines and transcription factor
Foxp3, and a higher expression of IL-17 and RORYT.
Moreover, the increased expression of local suppres-
sant mediators induced by VIP injection at day 6.5
also improved early pregnancy outcome in NOD
mice, with more viable embryos implanted, their
sizes corresponding to gestational age and evenly
distributed along the horns at day 9.5.

Increased resorption rates in prediabetic NOD mice
and decrease in offspring around the 16th week of

age of the NOD mothers preceding the hyperglyce-
mic stage were reported.'®?° Lower frequency and
function of Treg cells,'®2° lower uNK cell number
and impaired vascular remodeling with aberrant
decidua basalis expression of cell adhesin mole-
cules,'® and a higher expression of complement
component Clq in uterine lymphocytes at gesta-
tional day 9.5 compared with pregnant BALB/c mice
were described.>®

VIP was reported to contribute to uterine quies-
cence with a vasodilating effect on human uterine
arteries®” and by reducing prostaglandin production
and increasing nitric oxide synthase activity in mur-
ine uterus.”> A role for VIP from maternal origin
with a peak expression in decidual cells between
gestational days 8 and 12 was proposed in the regu-

8 (a) . (b) PBS VIP 2 nmol
% 12 .
% * ——
210 * \
5 — *
‘E- a8 ey - % 4 *
g .
Z 6+ v ' i ]
PBS VIP
(c) (d)

o]
& &
- IL-10 0.8 oPBS 10 nmol VIP
B e i
B o

mvPp [ J
- |
204 \
B RoRYT 02 8
P 0.0 %
= AREH IL-10 TGF-i Foxp3 RORYT . .

Fig. 4 Effect of VIP treatment on NOD pregnancy outcome. Pregnant NOD mice were injected at gestational day 6.5 with 2 nmol VIP (i.p.) or with
PBS and different parameters were determined. (a) VIP (2 nmol/200 uL PBS i.p.) or PBS (200 L) was injected to pregnant NOD mice at day 6.5,
and sites with viable embryos were counted at day 9.5 of gestation. Values are median + S.E. of viable sites counted in 8 mice from each group.
(b) Representative photograph of implanted embryos along both horns in the PBS- and VIP (2 nmol)-treated groups. Photograph is representative
of at least six mice in each group with similar results. (c) IL-10, TGF-B, Foxp3, and RORyT expression was assessed by RT-PCR in implantation sites
of NOD mice that have been injected at day 6.5 with 2 nmol VIP or PBS. Images and arbitrary units of a representative experiment out of at least
three others are depicted. (d) VIP at 10 nmol/200 pL PBS was injected i.p. to pregnant NOD mice at day 6.5, and sites with viable embryos were
assessed at day 9.5 of gestation. Representative of four pregnant mice treated.
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lation of embryonic growth in rodents*****! and the

blockade of VIP function induced growth retardation
and microcephaly.?’***? Finally, an anti-inflamma-
tory and tolerogenic effect of VIP at the maternal-
placental interface was demonstrated in the human
immune—trophoblast cell interaction, where it
reduces nitric oxide and pro-inflammatory cytokine
production and induces STAT3 activation and the
frequency of CD4* CD25" Foxp3™ cells.***

Results presented here indicate that cells located
to the decidua synthesize VIP within the viable
implantation site in vivo, suggesting that endogenous
VIP probably acts in an autocrine/paracrine manner.
Various cell types could be targeted by the polypep-
tide to induce its own synthesis as well as to pro-
mote anti-inflammatory/suppressant cytokine
expression. Among them, trophoblast cells,””*® mac-
rophages, and CD4" T-cells’®*?* are known to be
responsive to the peptide. Previous experiments per-
formed by flow cytometry indicate that VIP
increased CD4% CD25" Foxp3" cells in the implanta-
tion sites of both NOD and normal BALB/c mice.*’
In addition, a phenotype shift of peritoneal macro-
phages to a predominant F4/80" IL-10" cell popula-
tion induced by VIP was also seen during pregnancy
in the NOD strain.*> An alloantigen-independent
expansion of maternal CD4* CD25" Foxp3™ cell pool
during pregnancy with suppressing responses
through IL-10 and TGF-p has been demonstrated.”-®
Also, elevated Foxp3 mRNA levels after adoptive
transfer of Treg cells were shown to prevent fetal
loss in an abortion-prone strain.”'' These observa-
tions point to the relevance of this master gene
modulation to promote the immune tolerant micro-
environment required for placentation and fetal
growth in normal pregnancy. On the other hand,
TGF-B has been implicated in either suppressant or
pro-inflammatory responses in different models and
in the NOD mouse model of diabetes depending on
the cytokine microenvironment and the different
subpopulations of T-cells and macrophages tar-
geted.**™*® NOD resorption sites showed low expres-
sion of TGF-B or IL-10, but there was a high
increase in IL-17 and RORyT. This observation and
the fact that VIP-induced expression of TGF-f in via-
ble sites was paralleled by a reduction in RORyT are
consistent with TGF-B expression mostly reflecting
an immunosuppressant profile at the implantation
sites of NOD mice.

The dosing of VIP used here for in vivo mice treat-
ments (1-2 nmol/mouse i.p. at day 6.5) and its
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effect on various end points of adequate early preg-
nancy outcome is consistent with VIP as a contrib-
uting factor to the generation and maintenance of
the maternal-placental interaction. In fact, it could
be targeting different cell types with local vasodilat-
ing and trophic effects along with the immunomod-
ulatory effects observed here. Moreover, our results
support its role as a factor synthesized by decidual
immune cells in a narrow temporal window>?>**!
and by trophoblast cells lining the deciduae during
early post-implantation stages in rodents. The fact
that a lower expression of VIP was found in viable
versus resorption sites from NOD mice described
previously?® and herein and the observation that a
single injection of VIP to NOD mothers at day 6.5
was enough to modulate pregnancy outcome pro-
viding a quiescent and immunosuppressant milieu
for embryo growth strongly suggest that maternal
VIP can be supplemented as a pulse dose to circum-
vent this deficit of pregnant NOD mice. In this
regard, it is noteworthy that a comparable dose
applied to normal pregnant mice results in the loss
of most embryo as previously discussed by other
authors®®?"*%%2 and observed in our laboratory in
normal BALB/c mice syngeneic pregnancies (unpub-
lished results). The observation that a higher dose of
VIP (10 nmol) resulted in the loss of implanted
embryos in the NOD model shown here is also sug-
gestive of a narrow dose range of the peptide
required for therapeutic effects, which becomes
toxic at higher doses. Finally, the effect of VIP was
comparable to that of progesterone in the induction
of suppressant markers. Consistently, progesterone
treatment reduced the allogeneic response of preg-
nant NOD mouse splenocytes,”® and it had an
inhibitory effect on pro-inflammatory mediators in
LPS-treated macrophages of NOD mice®® as well as
in normal murine peritoneal macrophages primed in
vivo with LPS.’® VIP was shown to induce progester-
one release by human trophoblast cells.*® Interest-
ingly, lower serum levels of progesterone were
detected in pregnant and non-pregnant NOD mice
compared with standard strains,>>>">? supporting a
role of VIP-progesterone deficit in the poor preg-
nancy score of this strain. Finally, we observed that
the expression of VPAC2 receptors in the implanta-
tion sites was induced by pregnancy in NOD mice
and that the treatment of viable implantation sites
with progesterone further increased VPAC2 expres-
sion in vitro. In line with this observation, preg-
nancy was shown to up-regulate VPAC2 expression
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levels in the pituitary, suggesting the involvement
of this priming effect in the neuroendocrine actions
of VIP.>

Conclusions

VIP promoted a local anti-inflammatory and immu-
nosuppressant microenvironment in implantation
sites and improved pregnancy outcome in NOD mice
characterized by a deficient regulation of the inflam-
matory response. The local expression of a functional
VIP/VPAC system in viable sites and the narrow
effective dose range suggest that VIP acting in auto-
crine and paracrine circuits might have a role as an
endogenous regulator of the inflammatory response
at the early post-implantation stage. These results
also suggest that VIP dosing probably needs adjust-
ment in other models of pregnancy impairment with
different immunopathogenic mechanisms.
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