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Uterine receptivity and embryo implantation are two main processes that need a finely
regulated balance between pro-inflammatory and tolerogenic mediators to allow a
successful pregnancy. The neuroimmune peptide vasoactive intestinal peptide (VIP)
is a key regulator, and it is involved in the induction of regulatory T cells (Tregs),
which are crucial in both processes. Here, we analyzed the ability of endogenous and
exogenous VIP to sustain a tolerogenic microenvironment during the peri-implantation
period, particularly focusing on Treg recruitment. Wild-type (WT) and VIP-deficient mice
[heterozygous (HT, +/—), knockout (KO, —/-)], and FOXP3-knock-in-GFP mice either
pregnant or in estrus were used. During the day of estrus, we found significant histological
differences between the uterus of WT mice vs. VIP-deficient mice, with the latter exhibiting
undetectable levels of FOXP3 expression, decreased expression of interleukin (IL)-10,
and vascular endothelial growth factor (VEGF)c, and increased gene expression of the
Th17 proinflammatory transcription factor RORyt. To study the implantation window,
we mated WT and VIP (+/—) females with WT males and observed altered FOXP3,
VEGFc, IL-10, and transforming growth factor (TGF)B gene expression at the implantation
sites at day 5.5 (d5.5), demonstrating a more inflammatory environment in VIP (+/-)
vs. VIP (+/4) females. A similar molecular profile was observed at implantation sites
of WT x WT mice treated with VIP antagonist at d3.5. We then examined the ability
GFP-sorted CD4+ cells from FOXP3-GFP females to migrate toward conditioned media
(CM) obtained from d5.5 implantation sites cultured in the absence/presence of VIP
or VIP antagonist. VIP treatment increased CD4+4+-FOXP3+ and decreased CD4+ total
cell migration towards implantation sites, and VIP antagonist prevented these effects.
Finally, we performed adoptive cell transfer of Tregs (sorted from FOXP3-GFP females)
in VIP-deficient-mice, and we observed that FOXP3-GFP cells were mainly recruited into
the uterus/implantation sites compared to all other tested tissues. In addition, after Treg
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FIGURE 3 | Vasoactive intestinal peptide (VIP)-deficient mice show a reduction in number and size of the uterine glands. Histologic analysis of uterine glands in estrus
uterus. (A) Representative example of a cross section of the estrus uterus of VIP—/—, VIP+/-, and VIP+/+ in 100x, showing a detail of the glandular mesenchyme in
400x using Leica ICC50 HD, High Definition digital microscope camera. (B) Quantification of number and diameter of glands in 10 slides from each animal and
averaged. Values represent mean + SEM of at least three animals of each genotype (Mann-Whitney test *p < 0.05).

markers were evaluated by RT-PCR. As depicted in Figure 4A,
FOXP3 expression was decreased at the implantation sites at
d5.5 from +/— [heterozygous (HT)] in comparison with WT
sites, accompanied by a decrease in VEGFc (Figure 4B), while
sustained IL-10 and TGFf expression was observed as in the WT
(Figures 4C,D).

To further confirm the specificity of the effect, we treated
WT x WT pregnant female at d3.5 with a VIP antagonist
(BACHEM 4031352) then sacrificed at d5.5 and analyzed for the
same mediators. We observed a significant decrease in FOXP3,
IL-10, VEGFc, and TGFp at the implantation sites after in vivo
treatment with VIP antagonist (Figures 4A-D) to levels even
lower than those in HT mice. Finally, to confirm the in vivo
effect of VIP antagonist on Tregs, we evaluated the frequency of
CD4+FOXP3+ cells at the implantation sites. The injection of

VIP antagonist at day 3.5 significantly reduced Treg frequency at
day 4.5, suggesting that endogenous VIP normally facilitates Treg
recruitment (Figure 4E, the right panel shows representative dot
plots with the % of FOXP3 cells). VIP antagonist treatment
during implantation does not affect Treg recruitment towards
ILN, MLN, nor thymus (Figure S3).

VIP Antagonist Treatment Prevents Treg
Recruitment Towards Early Implantation
Sites

Tregs are an essential population for pregnancy maintenance,
and they are selectively recruited during the peri-implantation
period. We thus evaluated VIP relevance in Treg recruitment
toward the implantation sites. Early implantation sites were
recovered from WT x WT mating at d5.5 and treated ex vivo
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FIGURE 4 | Vasoactive intestinal peptide (VIP)-deficient mice showed a reduction of FOXP3 expression at the implantation sites. VIP+/+, VIP+/—, or VIP+/—
pregnant female treated with VIP antagonist at d3.5 were sacrificed at d5.5, and FOXP3 expression and other pro-implantatory markers were evaluated by RT-PCR.
(A) FOXP3, (B) VEGFc (C), IL-10, and (D) TGFB expression. Bands were semiquantified with ImageJ®, and intensity was expressed in arbitrary units (AU) relative to
GAPDH. Values represent mean + SEM of at least three experiments (Mann-Whitney test *p < 0.05). (E) shows the frequency of CD4+FOXP3+ cells at the
implantation sites in the peri-implantation period and the significant reduction of Treg frequency at day 4.5 caused by the injection of VIP antagonist at day 3.5. The
lower panel shows representative dot plots with the % of FOXP3 cells (inside the electronically gated CD4+ cells) (Mann-Whitney test *p < 0.05 and **p < 0.01).
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with VIP (50 nM) or VIP antagonist (50 and 100 nM) for 24 h.
The CM was recovered and used for migration assays. In parallel,
CD4+ cells were sorted from draining lymph nodes from WT
female mice and seeded in transwell systems and set in a 24-
well plate containing the CM as previously described. After
24 h, the cells were recovered from the lower compartment and
analyzed by FACS. We observed that the frequency of FOXP3+
cells was significantly increased when implantation sites were
cultured with VIP, whereas it was decreased in the presence of
VIP antagonist at both tested concentrations (Figure 5A). On the
other hand, we found a decrease in the recruitment of total CD4+
cells toward CM from d5.5 treated with VIP, and this effect was
prevented with VIP antagonist (Figure 5B). When we performed
the same experiments in the presence of CM from implantation
sites (IS) obtained from HT females at the same day, we observed
that VIP treatment also significantly increased FOXP3+ cell
recruitment (Figure 5C). However, CM from IS-HT induced
lower migration than did that CM of WT, in accordance with in
vivo results (Figure 5D).

We also evaluated if the treatment with VIP antagonist was
able to increase the expression of RORyt. For that purpose, IS
were recovered from WT x WT mating at d5.5 and treated ex
vivo with VIP (50nM) or VIP antagonist (2, 50, and 100 nM)
during 24h, and then RORyt was analyzed by RT-PCR. As
depicted in Figure S4, VIP antagonist treatment induced a higher
expression of RORyt at implantation sites in a concentration-
dependent manner.

Taking together, these in vitro results suggest that VIP
generally restrains the recruitment of the overall population
of CD4T cells, while selectively promoting the recruitment of
Tregs towards the implantation site, contributing to sustain a
tolerogenic microenvironment.

The Adoptive Transfer of Tregs Improves
Uterine Microenvironment in VIP-Deficient
Mice and Allows Pregnancy in VIP KO

Females

Finally, we evaluated if the adoptive cell transfer (AT) of Tregs
could improve the selective recruitment of Tregs towards the
uterus of VIP-deficient females. Tregs, FOXP3-GFP cells, were
sorted from ILN and MLN from FOXP3-GFP-knock-in females
and were transferred to 8-months infertile VIP HT (+/—).
Then, they were mated with WT males. After vaginal plugs
were observed, females were sacrificed at d5.5. As depicted in
Figure 6A, FOXP3-GFP cells were mainly recruited to the uterus
compared to all other tested tissues (absolute numbers of FOXP3
+ cells are depicted in Figure S5). In fact, not only the frequency
of Tregs was increased after AT, but also IL-10 and VEGFc
expression (Figures 6B-D).

In another set of experiments, Tregs, FOXP3-GFP cells, were
transferred to 3 months of age VIP KO(—/—) that did not get
pregnant in 2 weeks. After vaginal plugs were observed, females
were sacrificed at d5.5. We observed that two out of three females
(66%) that received Tregs got pregnant, whereas the pregnancy
rate in KO females that did not receive the Tregs transfer was
four out of 15 females (26%). In addition, FOXP3-GFP cells were

mainly recruited to the implantation sites compared to all other
tested tissues (Figure 6E).

Taken together these results suggest that the adoptive transfer
of Tregs might improve the immune microenvironment to
sustain pregnancy.

DISCUSSION

The basis for our studies is that (1) the initial pro-inflammatory
response characteristic of embryo implantation is actively
modulated to a predominant anti-inflammatory and tolerogenic
profile at early gestation, (2) Tregs are essential for this
immune switch, (3) VIP displays anti-inflammatory and
tolerogenic effects, and that (4) VIP-deficient mice display
pregnancy deficits. We thus analyzed the role of this
immunopeptide as an endogenous local regulator of the
maintenance of the immune homeostasis at the uterus
and during the peri-implantation period, focusing on
Treg recruitment.

Results presented herein provide experimental evidence
that VIP contributes to the selective recruitment of maternal
Tregs to the uterus, mitigating the pro-inflammatory uterine
microenvironment in final preparation for implantation. Our
conclusions are based on several observations. First, VIP HT
and KO female displayed a molecular profile indicative of an
enhanced inflammatory/hostile microenvironment for embryo
nidation at estrus uterus compared to WT females, with a marked
reduction of FOXP3 expression, increased expression of pro-
inflammatory markers, and a reduced number and diameter of
the uterine glands.

Second, after embryo implantation at d5.5, VIP-deficient mice
still had a reduction in FOXP3 expression. In fact, the treatment
of WT female mated with WT males with VIP antagonist at d3.5
reduced FOXP3 as well as IL-10, TGFp, and VEGFc expression
and diminished Treg recruitment, highlighting VIP relevance
in the peri-implantation period. Third, ex vivo migration
assays showed that VIP induced the selective recruitment of
Tregs while restraining CD4+ cell migration. Furthermore,
the VIP antagonist prevented Treg migration at two tested
concentrations. Finally, the injection of FOXP3-GFP cells,
obtained from ILN and MLN, to VIP-deficient females that did
not got pregnant in 6 months increased the selective recruitment
of FOXP3-GFP cells towards the uterus and the expression of
IL-10, favoring a tolerogenic microenvironment. In contrast,
adoptive transfer of Tregs to 3 months of age KO females resulted
in a higher pregnancy rate compared to age-matched not injected
KO females.

The immunoregulatory role of VIP at the early maternal-
placental interface is based on its ability to promote an anti-
inflammatory and tolerogenic microenvironment by altering the
targeting of maternal leukocytes (19). For example, VIP produced
by trophoblast cells induces a regulatory/suppressor macrophage
phenotype or M2 profile (23, 29), affects monocytes migratory
ability against pathological stimuli (41), deactivates neutrophils
at the maternal-placental interface (28), and induces Tregs by a
mechanism dependent of TGFf (20, 42).

Frontiers in Immunology | www.frontiersin.org

January 2020 | Volume 10 | Article 2907


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Gallino et al.

VIP in Maternal-Fetal Interaction

HT

50K

FSC-H

T
100K 150K 200K 250K

HT

4 4
A 10t 3 10 3 10
*
~ 3 3 3
=] 1074 FOXP3 107 FOXP3 10”4 FOXP3
< E 6.08% 3 7A7% E 5.75%
5
2 € 9 T 2 T 2
s < 107 & 1074 < 107
=) & E ) ] &
E
®
= 1 1
] 10" 4 10' 4 10' 4
8
+ a2 3 7
2
x 0
3 10° 10 . T 10’ r T
VIP ANT 50nM VIP ANT 100nM § T
0 800 1K 0 800 1K 0 800 1K
FSC-A FSC-A
4 4
10* 3 10* 3 10* 3
*
5 3 3
— i d i1
= . T * ! 10 cDS4 . cD$4 v CDs4
< — k| 95,3% 93,9% 95.1%
£
< 2 < 2 5 2
-g 1.0 —_— 1074 w107 o w107 o
s & [ &
k=) E| E E
£
" § 1
209 104 104 10' 4
]
3 E 3 3
&
a 0 0 0
008 T 10 T T T T 19 T T T T 1o T T T T
Basal viP VIP ANT 50nM VP ANT 100nM 0 200 400 600 8O0 1K 0 200 400 600 800 1K 0 200 400 600 8O0 1K
FSC-A FSC-A FSC-A
VIP VIP ANT 50nM
BASAL
10t 4
FOXP3 10
; ¥ 764% ;2:';] e 15
1 3 s
] K]
< | 10 10°d ;
< )
= £ 5 g 1
E‘ < 1074 & 102d E
k=, 5 & s
= g
° i 3
3 10' ' 2 S
+ - X
5
2 i L
5 10 0 R
v Basal ViP T o B L v T o
asal 0 200 400 600 800 1K 2
& 0 00 400 600 800 1K Basal WT Basal HT
e - A 8SC-A
"
Wr
~ X 10°4 Eas w0’
~ o Foxpa
il — 2% S0
< ) =
c 10§ 1044
g s z
g 04 &
5 g 3
E 10 5 £
% 8
3
8 s 2
+
2
5 00
L o T T T T T |
Basal vIP 100K 150K 200K 250K

FIGURE 5 | Vasoactive intestinal peptide (VIP) antagonist treatment in vitro prevents Treg recruitment toward early implantation site. Early implantation sites were
recovered from WT x WT mating at d5.5 and treated ex vivo with VIP (50 nM) or VIP antagonist (50 and 100 nM) during 24 h, then the conditioned media (CM) were
recovered and used for migration assays. CD4+ cells were sorted from draining lymph nodes from FOXP3-GFP-knock-in females. CD4+ cells were seeded in
transwell system and set in a 24-well plate containing the CM. After 24 h, the cells were recovered from the lower compartment and the frequency of (A)
CD4+4-FOXP3+ and (B) CD4+ cells were quantified by flow cytometry analysis. The right panel shows representative dot plots with the % of FOXP3+ cells (inside the
electronically gated CD4+ cells). Negative control samples were incubated in parallel with an irrelevant, isotype-matched Ab and used for cut-off setting. (C) The same
experiments were performed in the presence of CM from heterozygous (HT) implantation sites in the absence/presence of VIP. Comparison was performed relative to
each basal migration without VIP treatment. (D) % of FOXP3+- cells recovered from the lower compartment after migration toward CM from WT or HT implantation
site under basal conditions (without VIP treatment). Results are representative of four assays run similarly ("o < 0.05 and **p < 0.001, Mann-Whitney Test).

Previous to implantation, VIP production in human
endometrial stromal cells (HESC) increases after 2 days
of differentiation, supporting the hypothesis that VIP might

contribute to the decidualization program from the earliest stages
(30). Decidualization also decreased DPP4 (CD26), an intrinsic
membrane glycoprotein and a serine exopeptidase expressed
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FIGURE 6 | The adoptive transfer (AT)of regulatory T cells (Tregs) improves implantation site microenvironment in vasoactive intestinal peptide (VIP)-deficient mice.
Tregs, FOXP3-GFP cells, were sorted from inguinal (ILN) and mesenteric lymph nodes (MLN) from FOXP3-GFP-knock-in females and were transferred to VIP

heterozygous (HT) that have not gotten pregnant in 6 months. Then, they were mated with WT males, and after vaginal plug was observed, they were sacrificed at
db.5. (A) CD4+FOXP3+ cells frequency in uterus, ILN, MLN, Peyer patches (PP), and thymus. Results are expressed as mean % CD4FOXP3+ cells + SEM of at
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FIGURE 6 | least six females. The right panel figure shows representative dot plots and the frequency of FOXP3+ cells (inside the electronically gated CD4+) after AT
in uterus and thymus. Negative control samples were incubated in parallel with an irrelevant, isotype-matched Ab and used for cut-off setting. (B) FOXP3-GFP
expression in WT, HT, and after AT (C) interleukin (IL)-10, and (D) vascular endothelial growth factor (VEGF)c expression by RT-PCR. Bands were semiquantified with
Imaged, and intensity was expressed in arbitrary units (AU) relative to GAPDH. Values represent mean + SEM of at least three experiments (Mann—-Whitney test p <
0.05). (E) Tregs, FOXP3-GFP cells, were sorted from ILN and MLN from FOXP3-GFP-knock-in females and were transferred to VIP KO that have not gotten pregnant
for 2 weeks. Then, they were mated with WT males, and after vaginal plug was observed, they were sacrificed at d5.5. CD4+FOXP3+ cell frequency in implantation
sites, ILN, MLN, Peyer patches (PP), and thymus. Results are expressed as mean % CD4+FOXP3+ cells + SEM of at least three females. The right panel shows
representative dot plots and the frequency of FOXP3+ cells (inside the electronically gated CD4+) after AT in the implantation sites and thymus. **p < 0.01.

in glandular and endometrial stromal cells able to cleave VIP,
indicating that VIP may have an increased half-life (43, 44). In
fact, using an in vitro model of human decidualization, it was
demonstrated that decidualized cells have the ability to restrain
the attraction of CD4+- cells, potentially Th1, while recruit Tregs
as a strategy that might prevent potential tissue damage (30).

It is important to highlight the fact that Treg cells induced
in the peri-implantation phase of pregnancy are crucial for
a bystander suppression throughout pregnancy (6, 45). Treg
migration increases previous blastocyst stable adhesion and
invasion into the uterus to exert its suppressive function at
implantation, as we depicted here in the FOXP3-GFP-knock-in
model (Figure S1) and in other models by others groups (7, 11).
In fact, Shima et al. demonstrated that the induction of Tregs
specific for paternal antigens in the uterine-draining lymph nodes
just before implantation and pregnant uterus after implantation
at 5.5d resulted in successful implantation and the maintenance
of allogeneic pregnancy (7).

VIP contributes with Treg recruitment while it restrains
CD4+ cell recruitment toward the implantation sites. The
present results agree with previous reports in mice showing
that effector T cells cannot accumulate within the decidua
by epigenetic silencing of key T cell-attracting inflammatory
chemokine genes in decidual stromal cells (46).

In fact, pregnant WT female mice carrying VIP-deficient
embryos and therefore VIP-deficient trophoblasts exhibited
reduced trophoblast migration and capacities,
accompanied by a diminished number of Treg cells at the
implantation sites along with lower expression of proangiogenic
and anti-inflammatory markers (35). These findings detected
at the implantation sites at early stages were followed by an
abnormal placental structure and lower fetal weight. This effect
was overcome by VIP treatment to the early pregnant mice (35).

Considering the previous evidence, it is reasonable to
infer that insufficient Tregs in the peri-implantation period
will alter decidual environment and fail to achieve the
appropriate inflammatory resolution that requires the invasion
of trophoblasts and the maternal vessel remodeling (6). Treg
abnormality in either function or number were associated
with recurrent pregnancy loss (RPL) and also with recurrent
implantation failure (RIF) (47, 48). It was reported that
Treg migration from the peripheral blood toward the decidua
decreases in cases of miscarriage with a normal or abnormal
embryo karyotype (49, 50). Also an intrinsic deficiency in
peripheral blood Tregs in RPL is associated with diminished IL-
2 and TGF-B secretion whereas decidual Tregs have elevated
interferon (IFN)-y expression (51). Tregs that express insufficient

invasion

FOXP3, due to polymorphisms in the promoter region, may
be phenotypically plastic and convert into Th17 and then
could directly contribute to the pathology. Moreover, reduced
endometrial expression of FOXP3 indicates fewer Tregs and is
associated with RIF since in vitro fertilization treatment success
correlates with circulating levels of CD4+CD25+FOXP3+
cells (52, 53).

In this context, we have previously reported that patients with
RPL displayed a significantly lower frequency of endometrial
CD4+4VIP+ cells in comparison with fertile women (27).

Available evidence supports the hypothesis that uterine
glands and, by inference, their paracrine-acting secretions
have important biological roles in blastocyst implantation,
establishment of uterine receptivity, and stromal cell
decidualization (39). The marked reduction in the number
and size of the endometrial glands in estrus uterus from VIP
KO females must contribute to a hostile microenvironment
for implantation. Endometrial glands are best developed and
most active during early human pregnancy and provide an
important source of nutrients, growth factors. and cytokines
for the feto-placental unit (54, 55). During the first trimester,
the deciduochorial state confirmed the importance of these
secretions for normal development of the conceptus (56, 57).
In line with this, intense immunolabelling of VIP was recently
demonstrated in exocrine glands of human first-trimester
placenta (22).

Furthermore, we have demonstrated that adoptive transfer
of Tregs to VIP-deficient females is able to improve uterus
microenvironment to sustain pregnancy. It is interesting that we
also observed an increase in VEGFc associated in humans with
the peri-implantation period (58), and recently, it was reported
that in a mouse model of Treg-cell depletion, it could cause
increased inflammation and aberrant uterine artery function
(59). However, whether Treg cells control the maternal vascular
function is still unknown.

Advancements in assisted reproductive technologies to
optimize embryo production have allowed clinicians to overcome
many deficiencies in human reproduction; however, embryo
implantation is still a “black box.” In in vitro fertilization,
even the healthiest blastocyst embryo fails to implant in a
normal uterus, and this fact prompts the research of novel
therapeutic approaches to help couples with infertility. This
represent a promising area of future research to address the
so-called “endometrial factor” infertility, for which there are
currently no effective treatments. OQur data reveal previously
unknown and useful information about VIP’s contribution to
uterus receptivity, embryo implantation, and peri-implantation
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period that might be relevant to understand infertility associated
with an endometrial factor.
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