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Background and Purpose: Extravillous trophoblast (EVT) cells are responsible for

decidual stromal invasion, vascular transformation, and the recruitment and func-

tional modulation of maternal leukocytes in the first‐trimester pregnant uterus. An

early disruption of EVT function leads to placental insufficiency underlying pregnancy

complications such as preeclampsia and fetal growth restriction. Vasoactive intestinal

peptide (VIP) is a vasodilating and immune modulatory factor synthesized by tropho-

blast cells. However, its role in first‐trimester placenta has not been explored. Here,

we tested the hypothesis that VIP is involved in first‐trimester EVT outgrowth, spiral

artery remodelling, balancing angiogenesis, and maintenance of immune homeostasis.

Experimental Approach: First‐trimester placental tissue (five to nine weeks of ges-

tation) was collected, and was used for EVT outgrowth experiments, immunofluores-

cence, isolation of decidual natural killer (dNK) cells and decidual macrophages (dMA),

and functional assays. Peripheral blood monocytes were differentiated with GM‐CSF

and used for angiogenesis assays.

Key Results: In decidua basalis, VIP+ EVT were observed sprouting from cell col-

umns and lining spiral arterioles. EVT migrating from placental explants were also

VIP+. VIP increased EVT outgrowth and IL‐10 release, whereas it decreased pro‐

inflammatory cytokine production in EVT, dNK cells, and dMA. VIP disrupted endo-

thelial cell networks, both directly and indirectly via an effect on macrophages.

Conclusion and Implications: The results suggest that VIP assists the progress of

EVT invasion and vessel remodelling in first‐trimester placental bed in an immunolog-

ically “silent” milieu. The effects of VIP in the present ex vivo human placental model

endorse its potential as a therapeutic candidate for deep placentation disorders.
1 | INTRODUCTION

Trophoblast invasion of the first‐trimester decidua is a critical step in

normal placentation. Extravillous trophoblast (EVT) cells sprout from
, conditioned medium; dMA, decidual m

locyte CSF; HLA‐G, human leukocyte a

, spiral arterioles; TIMP, tissue inhibitor

tion.

ety wileyonline
the cell columns at the anchoring villi (Pijnenborg, Bland, Robertson,

& Brosens, 1983) and migrate through the decidual stroma where they

interact with maternal leukocytes, vascular, and endothelial cells (EC;

Fisher, 2015). They acquire an invasive phenotype with enhanced
acrophages; dNK, decidual natural killer; EC, endothelial cells; ECM, extracellular matrix; EVT,

ntigen G; IP‐10/CXCL10, IFN γ‐induced protein 10; MMP, metalloproteinase; Scrl, scramble;

s of MMP; TSP‐1, thrombospondin‐1; VIP, vasoactive intestinal peptide
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What is already known
• Factors derived from trophoblast cells regulate invasion,

remodelling, and immune homeostasis during early

placentation.

What this study adds
• VIP is one of those factors; it acts through targeting

immune, vascular, and trophoblast cells.

What is the clinical significance
• The effects of VIP endorse its potential as a therapeutic

candidate for deep placentation disorders.
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expression of human leukocyte antigen G (HLA‐G; Davies et al.,

2016) and adhesion molecule receptors similar to vascular cells

including integrins α1, α5, and αVβ3 (Harris & Aplin, 2007;

Spessotto et al., 2006; Sueoka et al., 1997). Decidual invasion by

trophoblast cells also entails extracellular matrix (ECM) breakdown

associated with an increased expression and activity of matrix metal-

loproteinases (MMPs), mainly MMP‐2, 9, 12, 14, and 15 as well as

the tissue inhibitors of MMP, TIMP1 and TIMP2 (Anacker et al.,

2011; Bischof, Meisser, & Campana, 2002; Cohen, Meisser, &

Bischof, 2006). EVT cells largely contribute to vascular remodelling

through the transformation of spiral arterioles (SpA) into larger diam-

eter vessels with low resistance and high blood flow (Bulmer, Innes,

Levey, Robson, & Lash, 2012; Harris et al., 2006; Harris & Aplin,

2007; Pijnenborg et al., 1983).

Cytotrophoblast cells also regulate the recruitment and function of

maternal leukocytes in the pregnant uterus (Mor, Aldo, & Alvero,

2017). A trophoblast controlled cytokine micro‐environment condi-

tions maternal leukocyte activation to maintain immune homeostasis

(Mor et al., 2017; Mor, Cardenas, Abrahams, & Guller, 2011). Likewise,

certain innate response immune cell populations have been implicated

in vascular remodelling by trophoblast‐dependent and ‐independent

mechanisms (Robson et al., 2012; Smith, Dunk, Aplin, Harris, & Jones,

2009). In particular, decidual macrophages (dMA) and decidual natural

killer (dNK) cells are involved in balancing angiogenesis and SpA

remodelling through the synthesis of VEGF, CXCL8, and angiopoietins

among other factors (Lash et al., 2016; PrabhuDas et al., 2015; Smith

et al., 2009). Recently, a cooperative interaction of trophoblast and EC

with dMA and dNK was described in vascular transformation in the

placental bed during early gestation (Choudhury et al., 2017).

Defective trophoblast invasion and incomplete SpA transformation

leading to placental insufficiency are recognized as pathogenic mech-

anisms of deep placentation disorders (Boeldt & Bird, 2017; Brosens,

Pijnenborg, Vercruysse, & Romero, 2011; Fisher, 2015; Huppertz,

2008; Pijnenborg et al., 1991). Among them, preeclampsia, intrauter-

ine growth restriction, and late miscarriage involve exacerbated oxida-

tive stress and inflammation with high rates of maternal and neonatal

morbidity and mortality (Khong, De Wolf, Robertson, & Brosens,

1986; Romero, Dey, & Fisher, 2014). So far, early biomarkers of tro-

phoblast dysfunction and defective vascular transformation lack the

specificity required as predictive markers; thus, these diseases are

diagnosed in the second or third trimester with mild to severe conse-

quences for the mother and neonate (Boeldt & Bird, 2017; Brosens

et al., 2011; Romero et al., 2014).

A variety of contact and soluble factors expressed by

cytotrophoblast cellsmediate local effects on hormone, cytokine, angio-

genic, and growth factor synthesis during placental development (Aplin,

2010; Mor et al., 2017). The vasoactive intestinal peptide (VIP,

P01282) has vasodilating, pro‐secretory and immunomodulatory

effects (Ganea, Hooper, & Kong, 2015; Gomariz et al., 2010; Said,

2007; Waschek, 2013) upon binding high‐affinity receptors VPAC1

andVPAC2 (nomenclature as agreed by theNC‐IUPHARSubcommittee

onVasoactive Intestinal PeptideReceptors; Harmar et al., 1998;Harmar

et al., 2012). VIP is expressed in syncytium and cytrophoblast cells of
first‐trimester placenta (Marzioni et al., 2005). VIP promotes progester-

one and human chorionic gonadotropin release as well as TGF‐β and

chemokine synthesis by human trophoblast‐derived cell lines (Deutsch,

Sun, & Kroog, 1990; Fraccaroli et al., 2015; Fraccaroli et al., 2009;

Marzioni et al., 2005; Paparini et al., 2015). VPAC1 andVPAC2 receptors

were previously identified in human placental trophoblast cells and tro-

phoblast cell lines (Deutsch et al., 1990; Fraccaroli et al., 2009; Marzioni

et al., 2005). Recently, both receptors have been implicated in autocrine

and paracrine regulation of trophoblast through PKA‐cAMP response

element pathways in HTR‐8/SVNeo and Swan 71 cell lines. VIP produc-

tion and trophoblast cell line migration and invasion were affected by

this pathway (Vota et al., 2016). In addition, it displayed embryotrophic

effects in mice in vitro if they were explanted with their yolk sac

(Gressens et al., 1997). Regarding trophoblast‐immune cell interactions,

VIP favours tolerogenic and anti‐inflammatory responses in human cells

in vitro, such as monocytes, macrophages, neutrophils and cluster

differentiation (CD) 4+ lymphocytes (Calo et al., 2016; Fraccaroli et al.,

2015; Fraccaroli et al., 2009; Paparini et al., 2015; Vota et al., 2016)

and mice in vivo (Gallino et al., 2016; Hauk et al., 2014).

Here, we tested the hypothesis that invasiveness of EVT in the

first trimester is associated with an enhanced VIP expression and that

trophoblast‐derived VIP is involved in spiral artery remodelling,

balancing angiogenesis, and maintenance of immune homeostasis.

Our results point to VIP as a novel mediator of trophoblast differenti-

ation to an invasive phenotype in human first‐trimester placenta.

Moreover, we demonstrate that trophoblast‐VIP associates with vas-

cular transformation and the maintenance of a regulated immune

micro‐environment: This effect involves the balance of cytokines and

angiogenic factors produced by dMA and dNK cells.
2 | METHODS

2.1 | Primary tissues

First‐trimester placental tissue (5–9 weeks of gestation; n = 31) was

collected from women undergoing elective medical and surgical
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termination of pregnancy. Decidual tissue (5–9 weeks of gestation;

n = 18) was collected following surgical termination of pregnancy only.

Placental and decidual tissues were dissected as described previously

and processed for cell and tissue culture (Smith et al., 2009). Approval

was obtained from North West Research Ethics Committee (08/

H1010/28). Written informed consent was obtained from all women

undergoing termination of pregnancy.
2.2 | EVT outgrowths and production of conditioned
medium

EVT‐conditioned medium (EVT‐CM; n = 19) was generated as

described previously (Wright et al., 2010). Briefly, the terminal por-

tions of villi from 5‐ to 9‐week placenta were dissected out and laid

over a collagen I (Corning, Bedford, UK) surface in a 24‐well plate.

The explants were cultured in DMEM:F12 (Sigma, Gillingham, Dorset,

UK) with 10% fetal calf serum (FCS) in 5% CO2 and 20% O2 for 96 hr.

The EVT outgrowths were evaluated under different treatments: 10,

100, or 1000 nM of VIP (BACHEM Cat#3775.0001), 1/1000 dilution

of VIP neutralizing antibody (Ab; Abcam Cat# ab78536, RRID:

AB_1604043) ± 100 nM VIP and a pharmacological PKA inhibitor,

5 μM H89 dihydrochloride (H89; Sigma ‐Aldrich, UK) ± 100 nM VIP.

Microphotographs of each explant were taken before adding the

treatment (t0) and every 24 hr. The EVT outgrowths were studied

with the ImageJ software, which measured the area of the EVT out-

growths (t96 − t0).

EVT‐CM were then collected after 96 hr and centrifuged at

3,000× g for 5 min to remove any debris and stored at −80°C for fur-

ther experiments. Outgrowth at 20% oxygen allowed us to obtain con-

ditioned medium (CM) in a 96‐hr time frame, prior to EVT‐induced

matrix digestion and loss of cell viability, as described previously

(Choudhury et al., 2017).
2.3 | Isolation of primary dNK cells and dMA

Primary dNK cells and dMA were isolated from decidual samples as

described previously (Zhang et al., 2017). Briefly, decidual samples

were washed, minced, and shaken at 37°C for 30 min before passing

through a 200‐mm sieve.

Stromal cells and leukocytes were separated from RBCs using a

Lymphoprep density gradient (Cambridge, UK). CD56+ dNK cells and

CD14+ macrophages were isolated by positive selection using mag-

netic microbeads (MACS Miltenyi Biotec Cat# 130‐050‐401 and

Cat# 130‐091‐097, respectively) from each decidua.

The purity of the cell isolation was measured using flow cytometry

after immunostaining for CD56 and CD14, as previously described

(Choudhury et al., 2017).
2.4 | Blood samples

Blood samples were taken from healthy volunteers, all women of

reproductive age (n = 13), who had received no pharmacological
treatment for at least 10 days before the day of sampling. Blood

was obtained by puncture of the forearm vein, and it was drawn

directly into heparin‐containing plastic tubes. Studies were

approved by the Argentine Society of Clinical Investigation Board

and Ethical Committee (Ref. SAIC 46/14). All healthy donors pro-

vided written informed consent for sample collection and subse-

quent analysis.
2.5 | Monocyte isolation and differentiation to
macrophages

Peripheral blood mononuclear cells were isolated from individual sub-

jects by Ficoll–Hypaque (GE Healthcare Cat# GE17‐1440‐03), and

CD14+ cells were separated by Percoll gradient (GE Healthcare,

Sweden), both according to the manufacturer's protocol. Cell popula-

tion purity (>80%) was checked by flow cytometry analysis with

CD14+ labelling as previously (Hauk et al., 2014). For granulocyte‐

macrophage colony‐stimulating factor (GM‐CSF) differentiated

macrophages, monocytes (5 × 105 cells) were incubated with

100 ng·ml−1 GM‐CSF (Immunotools, APBiotech, Argentina) in RPMI

1640 medium HyClone Laboratories (Logan, UT, USA) for 5 days, as

previously described (Paparini et al., 2015).
2.6 | Trophoblast cell lines

Two cytotrophoblast cell lines from human pregnancies were used

throughout. Swan 71 cell line obtained by telomerase‐mediated trans-

formation of an isolated 7‐week cytotrophoblast (RRID:CVCL_D855;

Aplin et al., 2006; Straszewski‐Chavez et al., 2009). Swan 71 was

kindly given by Dr Gil Mor (Yale University, New Haven, USA). BeWo

cell line was obtained by clonal selection of a chorioncarcinoma (ATCC

Cat# CCL‐98, RRID:CVCL_0044). To obtain the conditioned media

(CM), Swan 71 cells were cultured for 20 hr in 24‐well flat‐bottom

polystyrene plates with DMEM (DMEM:F12) containing 2% (v:v) FCS

(Life Technologies, Buenos Aires, Argentina) in the absence (CM) or

presence of 10 or 100 nM VIP (Polypeptide, France; CM VIP

100 nM). VIP did not modify the viability of trophoblast cells as tested

by the colorimetric 3‐(4,5‐dimethyltiazol‐2‐yl)‐2,5‐diphenyltetrazolium

bromide (MTT) assay and Trypan blue (Vota et al., 2016). Trophoblast

cell CM were collected and stored at −20°C until used. To assess that

adherent trophoblast cells were not removed during the CM collection

procedure, RNA levels were determined and they were below the

detection limit.
2.7 | VIP silencing in trophoblast cell lines

To transfect BeWo cells with a VIP siRNA (Santa Cruz Biotechnol-

ogy, Dallas, TX, USA), cells were grown at 60% of confluence and

arrested for 3 hr in Optimem®; 100 nM VIP siRNA: Lipofectamine

RNAimax (Life Technologies, Grand Island, NY, USA) complex were

made in Optimem and incubated for 15 min before being added to
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the cells in a drop wise manner; 24‐hr post‐transfection, the media

were changed for DMEM:F12 supplemented with 10% FCS for

another 48 hr. siRNA with a scramble (Scrl) sequence was used as

a negative control.
2.8 | CD14+ cell cultures

Macrophages (GM‐CSF) were cultured in 24‐well plates (5 × 105

cells per well) in DMEM:F12 2% FCS in the presence or absence

of 100 nM VIP, or with CM, or CM (100 nM VIP) for 20 hr. The

supernatants were collected and centrifuged at 3,000× g for 5 min

to remove any debris and stored at −80°C for further experiments.

The cells were harvested and used to analyse gene expression by

use of RT‐qPCR.
2.9 | Dual immunofluorescence and
immunohistochemistry

Immunofluorescence was carried out on formalin‐fixed, paraffin‐

embedded human first‐trimester decidua basalis (5–9 weeks of gesta-

tion). Serial tissue sections (5 μm)were immunostained for vascular cells

(anti‐smooth muscle actin [α‐SMA (Agilent Cat# M0851, RRID:

AB_2223500)‐ 1/200] and anti‐CD31 [EC (Agilent Cat# M0823,

RRID:AB_2114471)‐ 1/50], EVTs [anti‐HLA‐G (BD Biosciences Cat#

557577, RRID:AB_396753)‐ 1/100 and anti‐αVβ3 integrin (Millipore

Cat# MAB1976, RRID:AB_2757810)‐ 1/100] for simple epithelia and

leukocyte common Ag: anti‐CD45 (Agilent Cat# GA75161‐2, RRID:

AB_2661839)‐ 1/200, anti‐CD14 [monocytes and macrophages

(Agilent Cat# M0825, RRID:AB_2291249)‐1/200] and anti‐CD56

[dNK cells (Aligent Cat# R7251, RRID:AB_2282500)‐1/200] using

mouse monoclonal Abs, and α‐VIP using rabbit polyclonal Ab (Abcam

Cat# ab78536, RRID:AB_1604043)‐1/200. Donkey anti‐rabbit Alexa

Fluor 488 Thermo Fisher Scientific Cat# R37118, RRID:AB_2556546),

Goat anti‐mouse Alexa Fluor 488 (Thermo Fisher Scientific Cat#

A‐11001, RRID:AB_2534069) and Goat anti‐mouse Alexa Fluor 568

(Thermo Fisher Scientific Cat# A‐21144, RRID:AB_2535780) conju-

gates, 1/500 were used each. To carry out immunofluorescence in

EVT outgrowths, PFA was inactivated by pretreatment with a boron

hydride solution (10 mg·ml−1). The immuno‐related procedures used

comply with the recommendations made by the British Journal of

Pharmacology.

For immunohistochemistry, paraffin‐embedded human first‐

trimester decidua basalis (5–9 weeks of gestation) was stained using

colorimetric detection as described previously. Serial tissue sections

(5 μm) were immunostained with anti‐SMA‐1/100, anti‐HLA‐G‐1/

100, anti‐CD45, and anti‐VIP‐1/500 Abs. Goat anti‐mouse HRP‐

conjugated (Thermo Fisher Scientific Cat# 62‐6520, RRID:

AB_2533947) and Donkey anti‐rabbit HRP‐conjugated (Thermo

Fisher Scientific Cat# PA1‐86177, RRID:AB_933717) Abs were

obtained from Thermo Fischer (1/200), and immunoreactions were

performed as described previously (Choudhury et al., 2017).
2.10 | BioPlexPro™ human cytokine 27‐Plex assay

The expressions of 27 cytokines in EVT‐CM and the supernatants of

dMA and dNK cells were measured by BioPlexPro (BioRad) following

the manufacturer's instructions. Briefly, the BioPlex® 200 System

and BioPlex™ Human Cytokine Standard 27‐Plex, Group I (Bio‐Rad

Cat #m500kcaf0y), were used to assess cytokine levels. This commer-

cial kit measures the levels of most cytokines and chemokines

involved in the maternal‐placental interface. The capture sandwich

immunoassay format was designed on magnetic beads. The capture

Ab‐coupled beads were first incubated with antigen standards, sam-

ples, or controls, followed by incubation with biotinylated detection

antibodies and reporter streptavidin‐phycoerythrin conjugate. Then,

the beads were passed through the BioPlex 200 suspension array

reader, which was equipped with two lasers (532 and 635 nm of exci-

tations) that measure the fluorescence of the beads and the bound

streptavidin‐phycoerythrin.

A high‐speed digital processor managed the data output, and the

BioPlex Manager™ 6.0 software presented the concentration results

in pg·ml−1.
2.11 | EC culture

Human uterine microvascular EC (HUtMvEC; Lonza, Cologne,

Germany), or EC from now on, were cultured as described previously

(Amsalem et al., 2014). Upon reaching confluence (Passages 8–10),

1 × 105 cells were seeded per well in a six‐well plate. After being cul-

tured in serum‐containing EC growth basal medium 2 (EBM‐2; Lonza)

for 24 hr, the medium was removed and the cells were washed with

PBS. The cells were cultured in a 1:1 mixture of serum‐free DMEM:

F12 and EBM‐2 for a further 24 hr, then treated with a 1:1 mixture

of serum‐free EBM‐2 and either control medium (DMEM:F12) or

EVT‐CM for 24 hr. After being washed in PBS, RNA was extracted

using the RNeasy mini kit (Qiagen Cat# 74004), followed by treatment

with the Ambion DNase kit (Termo Fischer Cat# AM2222) to remove

contaminating genomic DNA, both according to the manufacturer's

instructions. The RNA sample was assessed for purity and concentra-

tion using spectrophotometry and a Nanodrop (2000c; Thermo

Scientific).
2.12 | Gene expression analysis

RNA extracted from EC treated with EVT‐CM for 24 hr (EVT‐CM from

9 different placenta) and untreated control cells were separately

pooled and gene profiling performed using Affymetrix Human

Genome U133 Plus 2.0 microarray (Thermo Fischer Cat# 900466).

Quality control, normalization, and expression analysis in control and

EVT‐CM‐treated groups were as previously described (Li & Wong,

2001; Liu, Milo, Lawrence, & Rattray, 2005; Pearson et al., 2009).

Using positional update and matching algorithms, the probability of

positive log ratio was calculated (Pearson et al., 2009). Thresholds

for significant changes in expression were predefined as probability

http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1852
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of positive log ratio scores of >0.9 (for up‐regulated genes) and <0.1

(for down‐regulated genes) and were used to study the VIP/VPAC

system in those conditions.
2.13 | Reverse transcription and real‐time PCR

To analyse gene expression, real‐time PCR was carried out on indi-

vidual RNA samples from dNK cells and dMA treated or not with

100 nM VIP, in macrophages (GM‐CSF) treated or not with

100 nM of VIP or CM or CM (VIP) and in BeWo cell line treated

with Scrl sequences or a siRNA of VIP for 24 hr (n = 7) as described

previously (Vota et al., 2016). A total of 250 ng of RNA was used for

reverse transcription using an Affinity Script Multi Temperature

cDNA synthesis kit (Agilent Cat# 200436). RT‐qPCR was performed

using specific primers (Table S1) with Brilliant III Ultra‐Fast SYBR

Green QPCR Master Mix (Agilent Cat# 600882). The PCR data were

normalized using two housekeeping genes: YWHAZ and GAPDH

(Supporting Information Table S1).
2.14 | VIP determination

VIP secretion was quantified in supernatants obtained from human

first‐trimester placental explants (with more than 50% of outgrowth,

EVT [n = 8], or in those where we did not observe outgrowth, without

EVT [n = 6]) after 96 hr of culture using the VIP EIA Kit (Phoenix Phar-

maceutical INC Cat# EK‐064‐16) or BeWo cell line transfected with a

small interfering VIP (siVIP) or Scrl sequence after 72 hr, as we have

described above (n = 7). In brief, 25 μl of antiserum and 50 μl of the

standard or sample were incubated in 96‐well immunoplates overnight

at 4°C. Then, 25 μl of biotinylated tracer was added and incubated for

2 hr. After five washings with EIA buffer, 100 ml of streptavidin‐HRP

were added and incubated at room temperature for 1 hr. After wash-

ing with EIA buffer, tetramethylbenzidine solution and 2 N HCl were

sequentially added for colour development. Absorbance was deter-

mined using the iMark Absorbance Microplate Reader (Bio‐Rad) at

650 and 450 nm for the blue and yellow products respectively. The

specificity of the EIA is 100% for VIP (human, rat, mouse, porcine,

ovine, and guinea pig). The specificity for VIP (10–28) and VIP from

chicken is 34.6% and 28%, respectively, and for PACAP‐27‐NH2

(Human, Rat, Ovine), it is less than 0.02%. The kit has no cross‐

reactivity with substance P, endothelin‐1, secretin, glucagon, galanin,

somatostatin, or PACAP‐38. The linear range of the EIA for VIP is

0.12–0.93 ng·ml−1.

Intracellular VIP production was measured in BeWo cell line (n = 5)

after 72‐hr post‐transfection with siVIP or Scrl RNA sequences by

flow cytometry. Briefly, 4 hr before harvesting the cells, they were cul-

tured with the GolgiStop (BD Bioscience, USA). The cells were har-

vested and fixed/permeabilized with the same kit and incubated

with VIP mAb (Santa Cruz Biotechnology, TX, USA) for an hour and

then another hour with the donkey anti‐rabbit Alexa Fluor 488

(A21206) secondary Ab. The autofluoresce and positive control were

performed to set the system.
2.15 | EC tube formation

The release of angiogenic factors by macrophages (GM‐CSF) treated

or not with CM of Swan 71 and VIP or dMA treated with VIP was

analysed by the ability of the ECs to form tubes; 60 μl of growth

factor‐reduced Geltrex (Invitrogen) was plated in a 96‐well plate and

incubated at 37°C for 2 hr; 2 × 104 EC were plated on the Geltrex

in the presence of VIP (50 or 100 nM) or a 1:2 dilution with

DMEM.2% of the supernatants frommacrophages (GM‐CSF) ± 100 nM

of VIP; or from macrophages (GM‐CSF) incubated with CM of Swan

71 pretreated or not with VIP; or with dMA ± 100 nM of VIP for

8 hr. Microphotographs were taken with an Olympus BX61 (Olympus,

Center Valley, PA, USA). Endothelial tube formation was evaluated

after 8 hr. Around 15 fields per well were photographed. Adobe

Photoshop‐processed photographs were evaluated using the NIH

ImageJ Angiogenesis Analyser Plug‐in (ImageJ RRID:SCR_003070).

The parameters analysed were meshes and pieces. Pieces consist in

the total amount of branches, elements, and isolated elements

(Supporting Information Figure S1).
2.16 | Statistical analysis

The significance of the results for gene expression in dNK cells and

dMA, BioPlex, VIP secretion in explants and EC tube formation by

dMA was analysed by the Mann–Whitney test for nonparametric

samples. For the gene expression in trophoblast cell lines

transfected with siRNA or Scrl sequences, statistically significant

difference was determined by the confidence interval of the sam-

ples. If the treatment did not contain the value 1, the difference

was statistically significantly different. When multiple comparisons

were necessary for EC tube formation induced by VIP, one‐way

ANOVA with post hoc Holm Sidak test was used. For non‐

parametric multiple comparisons, the Kruskal–Wallis test and

Dunn's test, post hoc, were used to determine the significance of

explants outgrowths area. For the EVT BioPlex, the MMP‐2

expression by dMA, and the EC tube formation by macrophages

(GM‐CSF), the Friedman test and Dunn's test, post hoc, were used.

Differences between groups were considered significant at

P < 0.05 using the GraphPad Prism7 software (GraphPad Prism,

RRID:SCR_002798). All the experiments carried out in this work

were performed at least five different times as is shown in the fig-

ure legend. The data and statistical analysis comply with the rec-

ommendations of the British Journal of Pharmacology on

experimental design and analysis in pharmacology.
2.17 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-

sponding entries in http://www.guidetopharmacology.org, the com-

mon portal for data from the IUPHAR/BPS Guide to

PHARMACOLOGY (Harding et al., 2018), and are permanently

http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2257
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2098
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=989
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=3643
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=1136
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=3593
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2258
http://www.guidetopharmacology.org
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archived in the Concise Guide to PHARMACOLOGY 2017/18 (Alex-

ander, Christopoulos et al., 2017; Alexander, Fabbro et al., 2017a,b;

Alexander, Kelly et al., 2017).

A flow chart of methods is shown in Supporting Information

Figure S2.
3 | RESULTS

3.1 | VIP expression in columnar cells of the villi

The expression of VIP in human first‐ and third‐trimester placenta

was reported (Marzioni et al., 2005). The syncytiotrophoblast and

villous cytotrophoblast are producers of VIP, but EVT were not

characterized. Immunostaining of placenta from 5 to 9 weeks of ges-

tation confirmed VIP expression in syncytiotrophoblast and villous
FIGURE 1 Columnar cells and EVT cells
express VIP. (a) Serial placenta sections were
stained with anti‐HLA‐G (1/100) or anti‐VIP
(1/500) Abs and haematoxylin. The negative
control was incubated with the secondary
biotinylated Ab. Microphotographs were
taken with an Olympus Microscope with 100×
and 200× magnification (squared in the left
panel). A representative of 10 different
placentas at 5–9 weeks of gestation. (b) Five‐
to 9‐week placenta explants (n = 7) were
isolated and plated on a collagen I matrix and

cultured with DMEM:F12 10% FCS during
96 hr. The explants were immunostained with
anti‐αVβ3 integrin (1/100), anti‐HLA‐G (1/
100), or anti‐VIP (1/200) Abs, and the bright
field microphotographs were taken with an
Olympus microscope whereas the
immunofluorescence photographs were taken
with a Zeiss Clark microscope with
Apotometer. The negative controls incubated
with the Alexa's Abs (568 and 488 nm) are
shown in the panel above. Ab: antibody; EVT:
extravillous trophoblast; FCS: fetal calf serum;
HLA‐G: human leukocyte antigen G; VIP:
vasoactive intestinal peptide
cytotrophoblast, in addition to which we found that it was highly

expressed in HLA‐G+ cells in cytotrophoblast columns (Figure 1a).
3.2 | EVT cells express VIP and it contributes to EVT
outgrowth

Since the columnar cells were VIP+, we next explored if EVT were

also expressing the polypeptide. Clusters of first‐trimester mesenchy-

mal villi were explanted onto gels of collagen I, and EVT outgrowths

measured after 96 hr. HLA‐G co‐localized with VIP in these cells

(Figure 1b). αVβ3 integrin is a marker of invasive EVT (Zhou et al.,

1997), and we detected some cells co‐expressing it with VIP. A small

population of single cytotrophoblasts escapes from the periphery of

the EVT outgrowths, and notably, these cells were all strongly VIP+

(Figure 1b). Moreover, those explants that showed more EVT out-

growths presented higher concentrations of VIP secretion compared
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to explants with low or absent EVT outgrowths (43 ± 5 vs.

9 ± 4 pg·ml−1; P < 0.05).

We next investigated whether exogenous VIP can increase EVT

outgrowth from explants. Figure 2a shows that EVT outgrowth

was highly increased by 100 nM of VIP, whereas the effect was

prevented by an anti‐VIP neutralizing Ab and a PKA inhibitor, H89

(Figure 2b). In some explants, the inhibitory effects of the anti‐VIP

Ab and/or H89 were complete, and no EVT outgrowths at all were

observed.
3.3 | VIP deficiency in trophoblast cells reduces
MMP and TIMP expression

Collagen degradation was often observed around explants suggest-

ing that MMP activity might be a feature of the EVT phenotype that

is affected by VIP. It is technically difficult to isolate and transiently

transfect first‐trimester primary EVT cells with siRNA, so we next

used cytotrophoblast cell lines to explore the expression of genes

involved in ECM remodelling and their association with VIP. The

cytotrophoblast cell line that expressed the VIP/VPAC system was

transfected with siVIP or a Scrl sequences. Reduced levels of VIP

expression (Figure 3b) and VIP production and secretion (Supporting

information Figure S3a,b, respectively) were observed. Those cells

treated with the siVIP revealed decreased expression of MMP‐2,
FIGURE 2 VIP increases EVT outgrowth in placenta explants through a
FCS without or with VIP (10, 100, and 1,000 nM) during 96 hr. In the lef
shown. In the right panel, results of the EVT outgrowths area of 15 diff
depicted represents an individual explant. *P < 0.05. Kruskal–Wallis test
absence or presence of 100 nM VIP, neutralizing anti‐VIP (α‐VIP) Ab (1/
representative microphotographs are shown, and in the right panel, the re
different placenta explants. Kruskal–Wallis test and post hoc Dunn's test
intestinal peptide
MMP‐9, MMP‐14, MMP‐15, and TIMP‐2 as well as a trend to

decrease TIMP‐1 in VIP‐deficient cells (Figure 3c). Moreover, a trend

increase in MMP‐2 was also observed when BeWo cell line was

cultured with VIP during 24 hr.
3.4 | EVT cells associated with tissue remodelling
are VIP+

To investigate a possible role of VIP in the early stages of arterial

remodelling by EVT, we next performed immunostaining assays in

sections of decidua basalis at 5–9 weeks. Figure 4 shows a represen-

tative SpA in which the remodelling process has not yet started, as

deduced from the observed integrity of vascular wall organization.

HLA‐G+ EVT cells surrounding remodelled SpA were VIP+, and there

were no infiltrating leukocytes. Vessels showing early‐stage remodel-

ling (Figure 5a‐I) contained prominent luminal VIP+ cells associated

with the disrupted organization of adjacent mural cells. Notably,

HLA‐G+ EVT cells were also positive for VIP. In this arteriole, we also

observed a faint expression of CD31, and there was no infiltration of

immune cells. Figure 5a‐II shows a more extensively remodelled SpA.

In these later stages of physiological changes, diameters were larger,

and there were only a few residual vascular cells present and VIP+

cells lined the lumens. We confirmed that some of those VIP+ cells

were also HLA‐G+. There were immune cells in the lumens and walls
PKA pathway. (a) Placenta explants were cultured in DMEM:F12 10%
t panel, representative microphotographs of the EVT outgrowths are
erent placenta explants are expressed as mean ± SEM. Each point
and post hoc Dunn's test. (b) The explants were cultured in the
1000), or H89 (5 μM) similar to panel (a). In the left panel,
sults are expressed as mean ± SEM of the EVT outgrowth area of 15
. EVT: extravillous trophoblast; FCS: fetal calf serum; VIP: vasoactive



FIGURE 3 Down‐regulation of ECM remodelling gene expression in VIP‐deficient trophoblast cell lines. BeWo cell line at 60% of confluence
was transfected with a VIP‐siRNA (siVIP) or with a Scrl sequence, and after 72 hr, the cells were harvested and used for RT‐qPCR. (a) Basal
relative expression of VIP/VPACs is shown in BeWo cell line. Two highly positive controls (CT+) were used: the human epithelial colorectal
adenocarcinoma cell line, CACO‐2 for VIP expression, and the human neuroblastoma cell line, SH‐SY5Y for VPAC receptors. Results are expressed
as mean ± SEM of arbitrary units (A.U.) gene/housekeeping gene expression (n = 5). (b) The VIP expression in BeWo cell line transfected with VIP
siRNA (siVIP) or scramble sequence (Scrl) were studied by qPCR. Results are expressed as mean ± SEM of fold change with respect to siVIP.
P < 0.05 of seven independent experiments. (c) In the left panel, a double gradient heat map is shown: green for down‐regulated, black for no‐
changes, and red for up‐regulated genes. In the right panel, the results are expressed as mean ± SEM of gene fold change (n = 5). In both, panels (b)

and (c) the confidence interval was used to determine if the measurement in siVIP was statistically significant compared to Scrl. ECM, extracellular
matrix; MMP, metalloproteinase; TIMP, tissue inhibitor of MMP; VIP, vasoactive intestinal peptide

FIGURE 4 EVT cells surrounding spiral arterioles co‐express VIP and
HLA‐G. Serial decidua sections were stained with anti‐HLA‐G, anti‐
SMA, anti‐CD45, or anti‐VIP Abs and haematoxylin.
Microphotographs were taken with an Olympus Microscope with 40×
magnification. Images are representative of at least 15 SpA observed
in five decidua basalis (5–9 weeks of pregnancy). Ab: antibody; CD:
cluster differentiation; EVT: extravillous trophoblast; HLA‐G: human
leukocyte antigen G; SMA: smooth muscle actin; SpA: spiral arterioles;
VIP: vasoactive intestinal peptide
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of these vessels and few EC. The difference between early and late

SpA remodelling was evidenced by the loss of vascular smooth mus-

cle cells (SMA+), partial loss of ECs (CD31) and the infiltration of

immune cells (CD45).

We also observed that decidual glandular epithelial cells were

highly immunoreactive for VIP and that EVT cells within and adjacent

to these glands co‐expressed HLA‐G and VIP. In addition, we observed

the presence of abundant dNK cells and a few dMA in the proximity of

the glands (Figure 5b).
3.5 | VIP‐stimulated EVT cells regulate the
inflammatory response

On the basis that EVT cells condition the immune micro‐environment,

we wondered if VIP modified their secretion of cytokines. They pro-

duced pro‐implantation mediators (IL‐1β and IL‐6), low concentrations

of pro‐inflammatory cytokines (IL‐17, TNF‐α, IFN‐γ), IL‐9, an anti‐

inflammatory cytokine (IL‐10), PDGF‐BB, and several chemokines

(CXCL8. CXCL10, CCL2, CCL3, CCL4, and CCL5). When the EVT cells

were stimulated with VIP, there was an increased release of IL‐10 and

most of the chemokines (CXCL8, CXCL10, CCL2, and CCL5) whereas

granulocyte CSF (G‐CSF) was remarkably decreased (Figure 6).

http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4974
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4998
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4982
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5074
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4968
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5000
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4975
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5039
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=821
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=835
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=771
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=756
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=757
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=758
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4934


FIGURE 5 VIP+ EVT cells are associated with SpA remodelling and exocrine glands. (a) Decidua basalis were used to stain with anti‐HLA‐G, anti‐
SMA, anti‐CD31, anti‐CD45, or anti‐VIP Abs to explore early (I) or late (II) SpA remodelled. Representative microphotographs of eight decidua
basalis are shown. (b) Decidua basalis were stained with anti‐HLA‐G, anti‐SMA, anti‐CD31, anti‐CD14, anti‐CD56, or anti‐VIP Abs to explore
maternal glands. The microphotographs were taken with Zeiss Clark microscope with apotometer. The negative controls incubated with the
secondary Alexa's Abs (568 and 488 nm) are shown in the panel above. Representative microphotographs of six decidua basalis. Ab: antibody; CD:
cluster differentiation; EVT: extravillous trophoblast; HLA‐G: human leukocyte antigen G; SMA: smooth muscle actin; SpA: spiral arterioles; VIP:
vasoactive intestinal peptide
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3.6 | Functional modulation of dNK cells and dMA
by VIP

Taking into account that dNK and dMA are the most abundant

immune cells in the decidua during the first trimester and that EVT

cells induce immune cell recruitment and condition their activation

profile, we next studied the expression and activity of the VIP/VPAC

system in these two cell populations. Both dNK and dMA expressed

the VPAC1 and VPAC2 receptors, high affinity VIP receptors

(Supporting Information Figure S4), but their expressions were not

modulated by VIP (Figure 7a‐I,b‐I). We then assessed the immune

micro‐environment by BioPlex assay of 27 cytokines in dNK and

dMA treated or not with VIP. We observed a decrease in IL‐1β and

CXCL8 levels with a trend towards increased IL‐10 in dNK cells

(Figure 7a‐II). On the other hand, dMA showed no change in most

pro‐inflammatory cytokines, a slight reduction in the secretion of

IL‐12 and IL‐2 in parallel with an increment in IL‐10 (Figure 7b‐II).
The full mean values of dNK and dMA cytokines expression panel

are listed together in the Supporting Information Table S2.

As dNK cells and dMA have an important role in vascular remodel-

ling (Choudhury et al., 2017; Smith et al., 2009), we explored the

expression of MMP‐2 and MMP‐9 by RT‐qPCR. dNK cells expressed

both MMPs, but they were not modulated by VIP (Figure 7a‐I). dMA

also expressed both MMPs, and VIP increased the expression of

MMP‐2 (Figure 7b‐I).

3.7 | VIP regulates angiogenesis by direct and
indirect mechanisms

A pro‐angiogenic effect has been reported for VIP in certain cancer

cells (Casibang et al., 2001; Moody, Leyton, Casibang, Pisegna, &

Jensen, 2002). A microarray assay showed that EC express both VIP

and VIP receptors, and this was not changed by culture with EVT‐CM

(Figure 8a). When EC cells in Geltrex® were treated with 100 nM of



FIGURE 6 VIP modulation of the cytokine secretion by EVT cells. The supernatants obtained from the EVT outgrowths cultured without or with
VIP (10 or 100 nM) after 96 hr and were used for a BioPlexPro™ Human Cytokine 27‐Plex Assay. The results are shown as the mean ± SEM.
Friedman's test and post hoc Dunn's test (n = 6). EVT: extravillous trophoblast; VIP: vasoactive intestinal peptide
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VIP for 8 hr, a significant reduction was observed in network forma-

tion (Figure 8b) as represented by a decrease in meshes and con-

nected elements and an increase in isolated elements. The numbers

of branches and pieces remained unchanged (Figure 8c).

Macrophages are maintained at constant levels throughout preg-

nancy and they are relevant in controlling angiogenesis (Mor et al.,

2017). We have previously shown that peripheral blood monocytes

differentiated with GM‐CSF (macrophages), when incubated with cul-

ture medium conditioned by either of the cytotrophoblast cell lines

Swan 71 or HTR‐8/SVNeo pretreated with VIP (CM‐VIP), acquire an

activation profile suggestive of an M2 phenotype and reminiscent of

dMA (Paparini et al., 2015). We used the 3D gel assay to test the

hypothesis that VIP modulates the angiogenic profile of macrophages

either directly or indirectly by altering secretions from trophoblast.

macrophages (GM‐CSF) treated with CM from either VIP‐stimulated

first‐trimester trophoblast cell line or directly VIP‐stimulated dMA

both caused a reduction in the number of meshes, pieces, and ele-

ments formed by EC, while the number of isolated segments and

branches did not change. In contrast, when macrophages (GM‐CSF)

were stimulated with VIP, there were increases in meshes, pieces, ele-

ments, and branches (Figure 9a–c). To further explore this difference,

we performed RT‐qPCR in both types of macrophages. Despite the

decrease in tube formation of dMA stimulated with VIP and macro-

phages (GM‐CSF) treated with CM (VIP), only in the last group was

there a significant decrease in the pro‐angiogenic factor VEGF‐A.

However, there was an increase in the expression of the anti‐

angiogenic factor, thrombospondin‐1 (TSP‐1) in both groups. When

macrophages (GM‐CSF) were stimulated with VIP, VEGF‐A expression

did not change, whereas no TSP‐1 was detected.
4 | DISCUSSION

Here, we analysed VIP as a novel regulator of EVT cell function, vas-

cular transformation, and immune modulation in human first‐trimester

placenta. We propose that VIP synthesized in first‐trimester placenta

assists the progress of EVT invasion and vessel remodelling in an

immunologically “silent” milieu. Our results support that VIP expres-

sion is associated with an invasive phenotype in trophoblast cells

and that it is involved in trophoblast‐mediated vascular transformation

and in functional conditioning of dNK and macrophages. These con-

clusions are based on the following observations: HLA‐G+ columnar

cells in anchoring villi and HLA‐G+/αVβ3 integrin+ EVT in placental

explants express VIP. EVT outgrowth area increased after treatment

with VIP in vitro, and the effect was prevented by either a VIP neutral-

izing Ab or a PKA pathway inhibitor. Second, EVT localized to the

lumen and the adventitia of arteries undergoing active transformation

are VIP+. Additionally, in SpA at later stages of remodelling, VIP+ EVT

cells were found covering the lumen of the vessel. Likewise, uterine

exocrine gland EVT cells also express VIP, appearing as another source

of VIP within the decidua. Furthermore, CD45+ immune cells were

detected in both SpA and exocrine glands containing VIP+ EVT cells.

Third, VIP‐deficient cytotrophoblasts display a lower expression of

MMP‐2, 9, 14, 15, and TIMP‐2, confirming a link between VIP

endogenous levels and the acquisition of invasive features. Fourth,

VIP conditions the cytokine profile of EVT cells, promoting an anti‐

inflammatory milieu with higher levels of IL‐10 and chemokines and

a pronounced decrease of G‐CSF. Fifth, the most abundant leukocytes

present in the first‐trimester decidua, dNK cells and dMA, both

express VIP receptors VPAC1 and VPAC2. Similar to the modulation



FIGURE 7 dNK cells and dMA express VIP receptors, and it regulates their functional profile. (a) 5 × 105 dNK cells or (b) 5 × 105 dMAwere cultured in
RPMI 0% FCS in the absence or presence of VIP (10 or 100 nM). (I) Cells were harvested and used for RT‐qPCR. Each point depicted represents an
independent sample. Results are expressed asmean ± SEMofA.U. (gene/YWHAZ)*102. Friedman's test andDunn's test were used to compare the results
(n = 8). (II) The supernatantswere used for the BioPlex assay. The results are shown asmean ± SEM.Mann–Whitney test with a post hocDunn's test were
used to compare the results (n = 9). dMA: decidual macrophages; dNK: decidual natural killer; FCS: fetal calf serum; VIP: vasoactive intestinal peptide
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FIGURE 8 Expression of the VIP/VPAC system in endothelial cells and its effect on tube formation. (a) 1 × 105 HUtMvEC (EC) were cultured in
1:1 mixture of serum‐free EBM‐2 and either DMEM:F12 or EVT‐CM for 24 hr. The RNA was used for Affymetrix Human Genome U133 Plus 2.0
microarray. Expression intensity is measured in arbitrary units. Positional update and matching algorithm (PUMA) ratio (fold change) represents
expression from control to treated cells. The PPLR score represents confidence in the observed changes, where PPLR score of 0.9 or 0.1 indicates
a significant up‐regulation or down‐regulation respectively (n = 5). (b) 2 × 104 ECs cultured for 8 hr in a Geltrex matrix without or with VIP (50 or
100 nM). Representative microphotographs of EC tube formation ±100 nM VIP (n = 6). (c) Parameters obtained from Angiogenesis Analyser,
ImageJ. Each point depicted represents an independent sample. The results are expressed as mean ± SEM of the number of parameter (meshes,
pieces, elements, isolated elements, and branches) in macrophages (GM‐CSF). One‐way ANOVA and post hoc Dunn's test were used to compare

the results (n = 6). CM: conditioned medium; EBM‐2: EC growth basal medium 2; EC: endothelial cells; EVT: extravillous trophoblast; MA:
macrophages; PPLR: probability of positive log ratio; VIP: vasoactive intestinal peptide
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observed in EVT cells, VIP regulated dNK and dMA cytokine secretion

with an increase in IL‐10 and decreased or unchanged levels of pro‐

inflammatory mediators such as IL‐12. Moreover, dMA treated with

VIP showed increased expression of MMP‐2 and the anti‐angiogenic

factor TSP‐1 and decreased EC tube formation, pointing to the contri-

bution of VIP to ECM breakdown and angiogenesis balance mediated

by dMA. Interestingly, macrophages differentiated in vitro and

preconditioned with first‐trimester trophoblast factors and VIP pre-

sented a similar profile of dMA, with enhanced TSP‐1 expression

and reduced EC tube formation. In the absence of macrophages or

dMA‐derived factors, VIP by itself displayed anti‐angiogenic effects

on EC as well.

Depending on the apparent routes and decidual structures

invaded, distinct functional EVT sub lineages have been identified.

Interstitial EVT cells spread within the decidual stroma and contribute

to arterial remodelling from the outer side, with concomitant dediffer-

entiation and apoptosis of vascular smooth muscle cells (Harris &
Aplin, 2007; Smith et al., 2009). In contrast, endovascular EVT cells

express adhesion molecule receptors similar to vascular cells, aggre-

gate to form plugs that block blood flow in SpA in the first trimester

of pregnancy, and are thought to initiate remodelling from the luminal

surface (Aplin et al., 2006; Choudhury et al., 2017; Harris et al., 2006).

It is interesting to point out that VIP has vasodilating properties that

may further contribute to EVT‐mediated transformation. VIP+ EVT

cells in the decidual stroma, lining early and late transforming vessels

and in uterine glands, may all represent local sources of VIP together

with the glandular epithelium. It is noteworthy that explants cultured

in the oxygen conditions of our present settings showed an associa-

tion between amounts of VIP secreted and outgrowth area. Future

work will address the interaction of oxygen and VIP actions on the

placenta.

Our present results are in line with previous observations that EVT

cells and dMA cooperate to effect vascular transformation and

immune regulation (Choudhury et al., 2017; Mor et al., 2017). We



FIGURE 9 Effect of VIP on EC tube formation by dMA or trophoblast conditioned‐macrophages (GM‐CSF). (a) 2 × 104 EC were cultured for 8 hr
in a Geltrex matrix with different treatments. Representative microphotographs of tube formation by macrophages (GM‐CSF) ± 100 nM VIP, CM
or CM (VIP), and dMA treated or not with 100 nM of VIP. (b) Parameters obtained from Angiogenesis Analyser, ImageJ. The results are expressed
as mean ± SEM of the number of the parameter (meshes, pieces, elements, isolated elements, and branches) in macrophages (GM‐CSF; n = 5) and
dMA (n = 8). *P < 0.05. Friedman test and post hoc Dunn's test for macrophages (GM‐CSF) and Mann–Whitney for dMA were used to compare
the results. (c) Pro‐ or anti‐angiogenic genes expression analysis in macrophages (G‐CSF) and dMA. The results are expressed as the mean ± SEM
of arbitrary units (A.U.) *102, when Ct values were detected, when they were not (N.D.; n = 5). *P < 0.05. Friedman test and post hoc Dunn's test
for macrophages (GM‐CSF) and Mann–Whitney for dMA were used to compare the results. CM: conditioned medium; dMA: decidual
macrophages; EC: endothelial cells; MA: macrophages; VIP: vasoactive intestinal peptide
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FIGURE 10 Hypothetical model of VIP
effects in first‐trimester placenta. VIP+ EVT
cells (green) contribute to ECM remodelling
through MMP‐2, 9, 14, and 15 production and
MMP‐2 by dMA primed with VIP. Along with
this, the immune micro‐environment is shaped
to a “silent” milieu with an upregulation of IL‐
10 and chemokine production and decrease or
no changes in pro‐inflammatory cytokines by
EVT, dNK cells, and dMA. VIP+ EVT cells
invade the decidual stroma, transform
maternal spiral arteries, and are lining the
glandular epithelium. VIP regulates EC tube
formation directly or indirectly through dMA
with high expression of TSP‐1. dMA: decidual
macrophages; dNK: decidual natural killer; EC:
endothelial cells; ECM: extracellular matrix;
EVT: extravillous trophoblast; MMP:
metalloproteinase; TSP‐1: thrombospondin‐1;
VIP: vasoactive intestinal peptide
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have reported that trophoblast‐derived signals activate EC to release

factors that attract macrophages and dNK into blood vessels

(Choudhury et al., 2017). VIP activates trophoblast, EC, and macro-

phages to produce convergent signals for ECM breakdown and vascu-

lar transformation. In line with this, trophoblast VIP deficiency is

associated with a reduction in MMP expression, consistent with previ-

ously described effects of VIP in trophoblast cell lines (Vota et al.,

2016). VIP also has direct disruptive effects on vascular EC networks,

as well as indirect effects mediated by macrophages, apparently

involving the anti‐angiogenic effect of TSP‐1, and this emerges as a

potentially novel mechanism in SpA remodelling. This adds to our pre-

viously reported finding that VIP enhances TSP‐1 expression in

cytotrophoblast cell lines (Paparini et al., 2015).

Immune modulation is a further and relevant consequence of the

effect of VIP on trophoblast and dMA. In particular, the observation

that it conditions their cytokine profiles in first‐trimester placenta,

with increased IL‐10 and chemokine secretion, extends and validates

in an ex vivo human placental model our previous in vitro observations

(Paparini et al., 2015). On the other hand, VIP induces a remarkable

loss of G‐CSF production by first‐trimester placenta trophoblast. G‐

CSF is a potent activator of neutrophils (Gabelloni, Trevani, Sabatté,

& Geffner, 2013; Witko‐Sarsat et al., 2011). It is worth noting that

the remodelling process entails a pro‐inflammatory response that is

regulated, suggesting that neutrophil deactivating signals act at a local

level during first trimester. In line with this, we have previously shown

that trophoblast cells inhibit neutrophil extracellular trap formation

and promote neutrophil apoptosis through VIP‐mediated pathways

(Calo et al., 2017). A trophoblast contact‐dependent inhibition of the

neutrophil oxidative burst has also been reported (Petty, Kindzelskii,
Espinoza, & Romero, 2006). Taking together these observations, it is

likely that inhibition of G‐CSF production might be involved in neutro-

phil deactivation at the maternal‐placental interface in vivo. A hypo-

thetical model of VIP mechanisms in vivo is depicted in Figure 10.

Growth factors delivered from maternal circulation, decidual cells,

or the syncytium have been proposed to target trophoblast cells and

the local vasculature for rescuing undergrown placentas (Aplin, 2010;

Cureton et al., 2017; King et al., 2016). Results of the present

ex vivo human placental model are in line with the observation that

VIP treatment improved pregnancy outcome and restored immune

homeostasis in the resorption‐prone CBAxDBA mating and the

nonobese diabetic mice (Gallino et al., 2016; Hauk et al., 2014). Also,

they are consistent with the results obtained when we treated a VIP

gene haploinsufficiency murine pregnancy model with VIP as reported

recently (Hauk et al., 2019). Taken together, these results endorse the

potential of VIP as a therapeutic candidate for deep placentation

disorders.
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