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Infiltration of myeloid cells into decidua is a critical early event
in the labour cascade and post-partum uterine remodelling

Oksana Shynlova ® *, Tamara Nedd-Roderique ® °, Yunging Li ® ®, Anna Dorogin 2, Tina Nguyen ® °,
Stephen J. Lye * ™ ¢

2 Samuel Lunenfeld Research Institute, Mount Sinai Hospital, Toronto, Canada
b Department of Physiology, University of Toronto, Toronto, Canada
¢ Department of Obstetrics & Gynecology, University of Toronto, Toronto, Canada

Received: August 29, 2012; Accepted: November 28, 2012

Abstract

Leucocyte infiltration in the decidua (maternal-foetal interface) before, during and after term (TL) and preterm labour (PTL) was studied in
mouse. We also investigated the mechanism of peripheral leucocyte recruitment into decidua by analysing the tissue cytokine profiles. Decidual
tissues were collected during late gestation, TL and post-partum (PP). PTL was initiated on gestational day 15 by intrauterine injection of Lipo-
polysaccharide (LPS, 125 pg) or progesterone signalling antagonism by RU486. Animals were killed during PTL or PP. Decidua basalis was
analysed using FACS and immunohistochemistry. Markers of myeloid cell differentiation (Gr1, Ly6G, Neu7/4, F4/80) were assessed to define
tissue monocytes (M), neutrophils (N) and macrophages (Macs). Flow cytometry revealed a significant (P < 0.05) increase in decidual Macs
prior to TL; M and N numbers increased during TL and further increased during PP, which correlated with immunohistochemistry data. Massive
influx of N, but not Macs and M, was detected by FACS during LPS-PTL (P < 0.05) but not RU486-PTL. Highest levels of N infiltration into the
decidua occurred PP in both LPS and RU486 groups. Decidual infiltration during TL and RU486-PTL was accompanied by an increase in pro-
inflammatory cytokines (IL1b and IL6) and CCL2 chemokine; LPS-PTL showed increases in multiple cytokines. PP period following TL and PTL
was associated with further up-regulation of multiple cytokines/chemokines (P < 0.05). Our data suggest a programme of myeloid cells
involvement in parturition with the pre-partum influx of Macs into the decidua contributing to the progression of labour, whereas the later influx
of M and N contribute to PP decidual involution.
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Introduction

There is substantial evidence implying that physiological uterine inflam-
mation contributes to the onset of term parturition [1]. Spontaneous
labour at term is associated with the infiltration of inflammatory cells into
the cervix, myometrium, chorioamniotic membranes and amniotic cavity,
even in the absence of infection [2]. Human cervical ripening, an early
event in normal labour, is characterized by an accumulation of leucocytes
(predominantly macrophages and neutrophils) in the cervical stroma [3].
The human myometrium is infiltrated by immune cells during spontane-
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ous non-complicated labour at term (TL), as well as labour complicated
by uterine infection leading to chorioamnionitis [4, 5]. Inflammatory cells
also infiltrate the term placenta, maternal decidua and the foetal mem-
branes (where they may contribute to spontaneous membrane rupture)
[6]. Pregnant human endometrium (decidua), situated between the foe-
tus and the myometrium, plays an important role in the maintenance of
pregnancy and the transition to labour [7]. The decidua is a key intrauter-
ine source of prostaglandins [8, 9] and cytokines [10]. There are numer-
ous reports showing the important role of the human decidua in the first
trimester of pregnancy when its high immunologic activity ensures the
coordinated paracrine interaction between maternal and foetal compart-
ments [11, 12]. In early pregnancy, the decidua provides a tolerant
immune environment supporting trophoblast invasion, vascular remodel-
ling, implantation, placentation and, ultimately, a successful pregnancy
[13, 14]. Flow cytometric analysis of human early and term decidual cell
suspensions has revealed that almost half of the cells express the
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leucocyte common antigen (CD45) and are of the haematopoietic lineage
[15]. Our previous studies in the rat indicate a large infiltration of macro-
phage into the myometrium and decidua at term [16, 17]. Decidual mac-
rophage infiltration in the rat immediately before labour preceded that of
the myometrium and was 3.8-fold higher [16]. The precise role of the
different uterine compartments in the labour process is still debated. We
speculate that the premature activation of the maternal immune system,
either by infection or by other risk factors, can trigger premature my-
ometrial and/or decidual activation and labour onset causing the delivery
of a preterm baby. For instance, macrophage abundance in the decidua
of human pregnancies was higher in TL and non-infection associated
preterm labour (PTL) than in term non-labouring samples. Neutrophil
abundance was unchanged with labour but elevated in PTL with infection
[16]. The mechanism of leucocyte infiltration into the pregnant uterus is
not fully understood. Immune cells appear to be attracted to the site of
inflammation by chemokines (CCL2, CXCL1, etc.), and are themselves, a
rich source of pro-inflammatory cytokines (IL1p, IL6 and TNFa) and pro-
staglandins [18, 19]. Data indicate that both uterine compartments (my-
ometrium and decidua [20]) synthesize chemokines that could
contribute to the attraction of leucocytes; however, the temporal associa-
tions between the synthesis of specific chemokines and the recruitment
of leucocytes have not been fully characterized. Importantly, uterine tis-
sues from preterm deliveries (with and without intrauterine infection),
show a correlation between cytokine levels and the leucocyte infiltration,
suggesting a direct link between the host response to infection and the
onset of PTL [21, 22].

We hypothesize that in preparation for labour (term or preterm),
peripheral leucocytes are recruited into the maternal-foetal interface
(decidua) by locally produced cytokines; they amplify an inflammatory
cascade and facilitate labour by activating the decidua and the adjacent
myometrium. In this study, we used pregnant murine models to charac-
terize both the decidual tissue cytokine profiles [by real-time PCR
(mRNA) and Luminex assays (protein)] and the infiltration of immune
cells (monocytes, macrophages, neutrophils, eosinophils) into the
decidua [by multi-parameter flow cytometry (FACS) and stereological
immunohistochemistry (IHC)]. We examined this relationship during late
pregnancy, spontaneous onset of TL and post-partum, as well as during
the induction of PTL either by administration of the progesterone antago-
nist, mifepristone (RU486; a model of non-infection PTL), or by intra-
uterine infusion of Lipopolysaccharide (LPS, 125 ug; a model of
infection-induced PTL). Our results demonstrate coordination between
the temporal expression of specific cytokines within the decidua, the
influx of leucocytes into this tissue and the induction of physiological
and pathological labour. Moreover, they suggest that specific inflamma-
tory mediators and leucocyte subsets may play distinct roles in the onset
of labour and post-partum remodelling of uterine tissue.

Material and Methods

Animal model

Hsd:ICR (CD-1) outbred mice used for these experiments were pur-
chased from Harlan Laboratories (http:/www.harlan.com/). All mice

were housed under specific pathogen-free conditions at the Toronto
Centre for Phenogenomics (TCP) on a 12L:12D cycle and were admin-
istered food and water ad /ibitum. All animal experiments were
approved by the TCP Animal Care Committee. Female mice were mated
overnight with males and the day of vaginal plug detection was desig-
nated gestational day (GD) 0.5 of pregnancy. The average time of deliv-
ery was the morning of GD19. Our criteria for labour were based on
delivery of at least one pup from average number of 14 in two uterine
horns.

Experimental design

Normal pregnancy and term labour

Animals were killed by carbon dioxide inhalation and decidual samples
were collected on GD15, GD18, term—not in labour (TNIL), term labour
(TL) and 2-6 hrs post-partum (PP). GD15, GD18 tissue was collected
at noon; the TNIL sample was collected at 6 a.m. at GD19; the TL sam-
ple was collected during active labour once the animals had delivered at
least one pup. For each day of gestation, tissue was collected from four
to eight different animals.

LPS-induced preterm labour

The LPS used for this study was isolated from E.coli, serotype 055:B5
(Sigma-Aldrich, St Louis, MO, USA). On GD15 mice underwent mini-
laparotomy under general anaesthesia (isofluorane) with intrauterine
infusion of 125 ug LPS in 100 pl of sterile saline between two lower
amniotic sacs (LPS group) or intrauterine infusion of 100 ul sterile sal-
ine (Sham group). Animals (n=4-8 per group) were Killed during
active LPS-induced PTL or 24 hrs after sham surgery and decidua ba-
salis was collected from both horns. Post-partum samples were col-
lected 2-6 hrs after preterm delivery (LPS PP group).

RU486-induced preterm labour

On GD15 of gestation, two groups of mice were injected subcutaneously
with either RU486 (150 ng in 100 pl corn oil containing 10% EtOH, 178-
hydroxy-11B8-[4-dimethylaminophenyl]-17-[1-propynyl]-estra-4,10-dien-
3-ne; Mifepristone; Biomol International, Plymouth, PA, USA) or vehicle
(100 pl corn oil). Decidual samples were collected from RU486-treated
animals during active labour, after delivery of at least one pup (RU486
group), or 24 hrs after injection of the corn oil/ethanol solvent in control
mice (Vehicle group) (n= 4-8/group). Post-partum samples were
collected 2-6 hrs after preterm delivery (RU486 PP group).

Tissue collection for cytokine expression
analysis and immunohistochemistry

For RNA and protein extraction, one uterine horn was placed into ice-
cold PBS, bisected longitudinally and dissected away from both pups
and placentae. The decidua basalis was cut away from the myometrial
tissue, flash frozen in liquid nitrogen and stored at —80°C. The second
uterine horn was collected for immunohistochemical analysis: the whole
intact uterine horn was cut into 5-10 mm segments and placed in 10%
neutral buffered formalin (Harleco, Baltimore, MD, USA) or 4% parafor-
maldehyde (PFA, Electron Microscopy Sciences, Hartfield, PA, USA) for
fixation. Samples were fixed for 24 hrs at 4°C.
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Real-time polymerase chain reaction (PCR)
analysis

Total RNA was extracted from the frozen mouse decidua using TRIZOL
(Gibco BRL, Burlington, ON, Canada) according to manufacturer’s
instructions. RNA samples were column purified using RNeasy Mini Kit
(Qiagen, Mississauga, ON, Canada), and treated with DNase | (Qiagen)
to remove genomic DNA contamination. The process was quality con-
trolled by measuring yield (ng), concentration (ng/l) and 260:280 ratios
via spectrometry using Nanodrop ND-1000 and sample integrity using
Experion system (Bio-Rad, Mississauga, ON, Canada). cDNA synthesis
was performed per manufacturer's protocols (iScript cDNA synthesis
kit, Bio-Rad). Quantitative real-time PCR was performed using Luminoct
SYBR Green QPCR READYMIX (Sigma-Aldrich), CFX-96 Real Time Sys-
tem C1000 Thermal Cycler (Bio-Rad) and a specific pairs of primers
(see Table 1). Aliquots (10 ng) of cDNA were used for each PCR reac-
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tion run in triplicates. A cycle threshold (Ct) value was recorded for
each sample. Each gene was normalized to the expression of three
housekeeping genes (Ppia, Tbp and Hprf) by CFX Manager (version 2.1)
software and relative expression was calculated for mouse normal ges-
tation using the average of GD15 as the external calibrator in the com-
parative Ct method (see ABI User Bulletin No. 2). Gene expression for
LPS- and RU486-treated animals was presented as the average fold
change relative to the Sham or Vehicle.

Luminex assay

Frozen decidua samples were crushed under liquid nitrogen and
homogenized in bicine lysis buffer [25 mM Bicine, 150 mM NaCl, pH
7.6] supplemented with 100 pM sodium orthovanadate and protease
inhibitor cocktail tablets (CompleteTM Mini; Roche, Quebec, Canada).
Samples were spun at 12,000 g for 15 min. at 4°C, the supernatant

Table 1 Real-time PCR primer sequences of a panel of genes involved in inflammatory response and housekeeping genes

Target genes Primer sequences

GenBank accession no.

I11b Forward 5-GGACCCCAAAAGATGAAGGGCTGC-3' NM_008361
Reverse 5'-GCTCTTGTTGATGTGCTGCTGCG-3'

II-6 Forward 5-CCTCTCTGCAAGAGACTTCC-3' NM_031168
Reverse 5'-CTCCGGACTTGTGAAGTAGG-3'

1I-12b Forward 5-AACCAGAAAGGTGCGTTCCTC-3' NM_008352
Reverse 5'-ATGCCCACTTGCTGCATGA-3’

Tnfa Forward 5-ATGGCCCAGACCCTCACACTCA-3’ NM_013693
Reverse 5-TGGTGGTTTGCTACGACGTGGG-3’

Csf2 Forward 5-TCGAGCAGGGTCTACGGGGC-3' NM_009969
Reverse 5'-GTCCGTTTCCGGAGTTGGGGG-3'

Cel2 Forward 5-AGG TGT CCC AAA GAA GCT GTA-3’ NM_011333
Reverse5’-TCT GGA CCC ATT CCT TCT TG-3'

Cxcl1 Forward 5-CCTGCAGACCATGGCTGGGAT-3’ NM_008176
Reverse 5'-GTGTGGCTATGACTTCGGTTTGGG-3'

cel3 Forward 5-AGCTGACACCGCGACTGCCT-3" NM_011337
Reverse 5'-TCAGGAAAATGACACCTGGCTGGGA-3"

Cel4 Forward 5-AGCCAGCTGTGGTATTCCTGACCA-3' NM_013652
Reverse 5-TCATGTACTCAGTGACCCAGGGCT-3'

Cxcl2 Forward 5-GTTTGCCTTGACCCTGAAGCCCC-3' NM_009140
Reverse 5-CCAGGTCAGTTAGCCTTGCCTTTGT-3

I-10 Forward 5-GCGGCTGAGGCGCTGTCAT-3" NM_010548
Reverse 5'-GGCCTTGTAGACACCTTGGTCTTGG-3"

Hprt Forward 5-CAGTCCCAGCGTCGTGAT-3' NM_013556.2
Reverse 5'-CAAGTCTTTCAGTCCTGTCCATAA-3’

Ppia Forward 5-CAC CGT GTT CTT CGA CAT CA-3' NM_008907.1
Reverse 5-CCA GTG CTC AGA GCT CGA AAG-3'

Thp Forward 5-TCCCAAGCGATTTGCTGCAGTCATC-3' NM_013684

Reverse 5'-ACTCTTGGCTCCTGTGCACACCA-3'
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was transferred to a fresh tube to obtain a crude protein lysate and
stored at —20°C until assayed. Total protein concentrations were deter-
mined using Bio-Rad assay (Bio-Rad). A quantity of 250 pg of protein
from tissue homogenates of each decidual sample were used for multi-
plex assay. Tissue cytokine levels were quantified using Bio-Plex Pro
Mouse Cytokine 7-Plex Array kit (Bio-Rad). Multiplex assay was per-
formed on Luminex 200 system and Bioplex HTF (Bio-Rad) in accor-
dance with the manufacturer’s instructions. Standards and each sample
were analysed in duplicate. Data analysis was performed using Bio-Plex
Manager, version 5.0 (Bio-Rad) and presented as concentrations
(pg/mi).

Tissue dispersion for flow cytometry

Uteri were dissected, the decidua was separated from the myometrium;
embryos and yolk sacs were discarded. Decidua basalis were finely
minced with scissors and enzymatically dissociated in HBSS buffer with
10% FBS, containing Collagenase | (1 mg/ml, Sigma-Aldrich), DNAse
(0.15 mg/ml, Roche) and Hyaluronidase, type 1S (200 w/ml, Sigma-
Aldrich) for 2 hrs at 37°C with agitation. The tissues were manually pip-
etted every 30 min. to improve dispersion (repeated four times) prior to
filtration. After incubation, the single-cell suspensions were passed
three times through a syringe with an 18-gauge needle, followed by
three passes through a 23-gauge needle, filtered through a 40-um cell
strainer, and pelleted by centrifugation (500 x g, for 5 min. at 4°C).

FACS analysis

Staining procedure was performed as described earlier [23] with some
modifications. Briefly, dispersed cells were pre-treated with FcyR-
blocking mAb 2.4G2 (BD Biosciences, San Diego, CA, USA) together
with a combination of up to six directly conjugated fluorescent Abs
and Fixable Dead Cell Green Stain Kit (Invitrogen, Eugene, OR, USA).
Cells were incubated for 60 min. in the dark on ice. RBC lysis and cel-
lular fixation was completed using BD FACS lysing solution (BD Bio-
sciences). Cells were washed and samples were run within 24 hrs on
a 2-laser 7-colour BD Biosciences FACS Aria flow cytometer using BD
FACS Diva software (BD Biosciences). After the initial gating on for-
ward-versus-side scatter plots, uterine cell populations were gated on
all viable leucocytes and APC-Cy7-conjugated anti-CD45 antibody
(clone30-F11; BD Biosciences). The cells were then delineated into
subsets with antibodies against F4/80 (BM8, C1:A3-1), neutrophils
(Neu7/4), Ly6C/G (Gr-1, RB6-8C5) and Siglec F purchased from BD
Biosciences and AbD Serotec and variously conjugated to FITC, RPE-
Alexa Fluor 647, PerCP-Cy5.5, PE, Alexa Fluor 647, PE-Cy7. Isotype
controls were used to assess background fluorescence; FMO controls
were used to verify subset gates.

Immunohistochemistry

The formalin-fixed uterine tissues were gradually dehydrated in ethanol
and embedded in paraffin. Sections of 5 um thickness were collected
on Superfrost Plus slides (Fisher Scientific, Nepean, ON, Canada). Paraf-
fin sections were deparaffinized and rehydrated. After immersion in 3%
hydrogen peroxide (Fisher Scientific, Fair Lawn, NJ, USA), the antigens
were unmasked using a microwave heating retrieval treatment in

10 mM sodium citrate solution (pH6) for formalin-fixed tissue and
using 0.125% trypsin for PFA-fixed tissue. Blocking was performed for
1 hr with DAKO Protein Serum-Free Blocking solution (DAKO Corpora-
tion, Carpinteria, CA, USA). Formalin-fixed tissue was incubated with
primary anti-Neu7/4 monoclonal rat antibody (1:100; Cedarlane, Burling-
ton, ON, Canada) overnight. According to the manufacturer's protocol,
Neu7/4 recognizes the polymorphic 40 kD antigen expressed by poly-
morphonuclear cells, but absent on resident tissue macrophages. Our
current study and earlier reported flow cytometry data [24], however,
indicate that Neu7/4 can also recognize monocytes. PFA-fixed tissue
was incubated with primary anti-F4/80 monoclonal rat antibody (1:100;
BioLegend, San Diego, CA, USA). F4/80 recognizes the 160 kD glyco-
protein expressed by murine macrophages and has low expression on
monocytes and eosinophils. For the negative controls, ChromPure non-
specific rat 1gGs (Jackson ImmunoResearch Laboratories, West Grove,
PA, USA) were used at the same concentration and sections were also
incubated with secondary antibodies in the absence of primary antibod-
ies. Detection was accomplished using biotinylated rabbit anti-rat 1gG
(1:200, Vector Laboratories, Burlingame, CA, USA) in combination with
Streptavidin HRP (DAKO Corporation). Final visualization was achieved
using Dako Liquid DAB+ Substrate Chromogen System (DAKO Corpora-
tion). Counterstaining with Harris” Hematoxylin (Sigma-Aldrich) was car-
ried out before slides were mounted with Cytoseal XYL (Thermo
Scientific, Kalamazoo, MI, USA).

Assessment of leucocyte infiltration using
NewCast software

Infiltration of macrophages and neutrophils was quantified using New-
Cast stereology software with systematic randomized sampling of 5%
of the total decidual area. Uterine tissues from different gestational
days, TL, from LPS PTL and RU486 PTL groups along with appropriate
controls were observed on an Olympus BX61 microscope and recorded
using an Olympus DP72 camera. The population of leucocytes was
assessed for Neu7/4 and F4/80 immunostaining to identify tissue neu-
trophils/monocytes and macrophages respectively. In each uterine tis-
sue sample, NewCast Software, part of Visiopharm integrator system
3.6.5.0, was used to generate 30-40 non-contiguous, randomly selected
fields of myometrium. Cells positive for Neu7/4 and F4/80 and total
nuclei in each field were counted at 20x magnification. The number of
cells having positive staining was divided by total number of cells in
the field and multiplied by 100 to determine percentages of Neu7/4 or
F4/80 positive cells.

Statistical analysis

Grubbs outlier test was utilized to identify and exclude outliers from all
data sets. To determine differences between groups, we subjected ges-
tational profiles, LPS and RU486 profiles to a one-way analysis of vari-
ance (anova) followed by Newman—Keuls post-test (for normally
distributed data) or to Kruskal-Wallis non-parametric test followed by
Dunns post-test (for non-normally distributed data). Normality test and
equal variance test were performed by Sigma Stat statistical program
(version 3.11) and where required, the data were transformed by natural
logarithm function to obtain a normal distribution. Statistical analysis
was carried out using Sigma Stat with the level of significance set at
P < 0.05.
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Results

Leucocyte infiltration throughout late gestation,
term labour and post-partum in the mouse
decidua

We analysed the infiltration of myeloid immune cells into mouse
decidua by flow cytometry throughout different phases of preg-
nancy: late gestation (GD15 and GD18), before labour (GD19,
TNIL), during active TL and early PP (Fig. 1). Decidual cell suspen-
sions were stained with anti-CD45, anti-F4/80, anti-Siglec-F, anti-
Gr1 and anti-Neu7/4 as described in [23]. Live leucocytes were
gated on CD45 and further analysed on the Neu7/4 versus F4/80
dot plot (Figure S1). Neu7/4** cells were further analysed on the
Neu7/4 versus Gri plot. Monocytes were identified as Neu7/4**
and Gr1'" to Gr1*~ cells. Neutrophils were defined as Neu7/4,
Gr1** population. Macrophages were defined as F4/80**, Neu7/4'™"
cells, they were also CD11b**. Population of cells defined as F4/
80*, Neu7/4°" Ly6G~ strongly expressed the eosinophil-specific
marker, Siglec-F [23].

Macrophages were the largest population of immune cells pres-
ent in pregnant mouse decidua, representing 33.5% of all leuco-
cytes (Fig. 1). They doubled in number by GD18 (term) as
compared with GD15, were elevated before (TNIL) and during
spontaneous labour (TL) and were present in decidua after birth
(Figs 1 and 2, P<0.05). The number of decidual monocytes
(Neu7/4**, Gr*'~) detected by flow cytometry significantly increased
at term (TNIL) as compared with GD15 (10.5% versus 2.4%), were
high during labour (11.8%) and were dramatically up-regulated
through the early PP period (24.3%, P < 0.01, Fig. 1, Figure S1A).
Neutrophils (Neu7/4*, Gr**) were present in decidua throughout late
gestation, they increased slightly before and during labour as com-
pared with GD15 (4.1% versus 1.1%) and were significantly up-
regulated PP (19.7%, P < 0.01, Fig. 1). At term and during labour
decidual macrophages were dominating population of myeloid cells,
however, after parturition majority of immune cells in decidua were
newly infiltrated monocytes and neutrophils. Tissue eosinophils
were low (around 1%) and unchanged during gestation, TL and
early PP (data not shown).

NewCast software was used to confirm the flow cytometry data
by quantifying neutrophils and macrophages immunostained in situ.
Similar to FACS, immunohistochemical analysis indicates that F4/80
positive macrophages were significantly increased on GD18
(4.6 £+ 0.7%) as compared with GD 15 (2.0 + 0.3%), were elevated
during TL (5.1 & 0.3%) and early PP (5.5 + 0.3%, P < 0.05, Fig. 2
and Figure S2). The number of neutrophils (defined as cells stained
positively for Neu7/4) was low during late gestation (2.6 + 0.2% of
all cells), but significantly increased in decidua during TL
(9.3 & 0.3%) and PP period (8.4 + 0.5%, P < 0.05, Fig. 2 and Fig-
ure S2). We assume that some of the Neu7/4 positive cells were actu-
ally monocytes as they can express this marker. It was previously
reported that Neu7/4 can recognize monocytes along with neutrophils
and that F4/80 has low expression on monocytes [24].
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Fig. 1 Recruitment of myeloid cells in the mouse decidua. Decidual sus-
pensions were stained with anti-CD45, F4/80, Gr1 and Neu7/4. Leuco-
cytes were gated on CD45 and further analysed on the Neu7/4 versus
Gr1 dot plot. Macrophages were defined as F4/80** or CD11b** and
Neu7/4~. Monocytes were identified as Neu7/4** and Gri~ to Gri*/~.
Neutrophils were defined as Neu7/4*, Gr1** [23]. Decidua was analysed
during late gestation, term not in labour, term labour and 2-6 hrs post-
partum (TL), LPS-induced PTL (LPS PTL) and RU486-induced PTL (RU
PTL). Shown are non-labouring samples (GD15, LPS Sham surgery or
RU Vehicle, white bars), GD18 (term not in labour, doted bars), GD19
(term not in labour, checkered bars), term and preterm labouring sam-
ples (grey bars) or post-partum samples (black bars). Data represent
mean + SEM of four to eight decidual samples. Significant difference
with GD15/RU486 Vehicle/Sham LPS is indicated by *P < 0.05.

Decidual activation during preterm labour

Preterm labour was induced (1) by artificial progesterone blockade
using mifepristone (non-infectious, sterile PTB [25]) or (2) by intrauter-
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Fig. 2 Neutrophil and macrophage infiltration into the mouse decidua
during TL and PTL. Neutrophils were identified using anti-Neu7/4 anti-
body and macrophages were identified using anti-F4/80 antibody. New-
Cast software was used to quantify neutrophil and macrophage
numbers relative to total cell numbers in the decidua during late gesta-
tion, term labour and post-partum (TL), LPS-induced PTL and post-par-
tum (LPS PTL) and RU486-induced PTL and post-partum (RU PTL).
Shown are non-labouring samples (GD15, LPS Sham or RU Vehicle,
white bars), GD18 (doted bars), GD19 (term not in labour, checkered
bars), term and preterm labouring samples (grey bars) or post-partum
samples (black bars). Results were expressed as mean + SEM (n = 4—
6). Significant difference with GD15/RU486 Vehicle/Sham LPS is indi-
cated by *P < 0.05 and **P < 0.01.

ine injection of 125 ug LPS (the well-known model of infectious PTB
[26]) on GD15 pregnant mice. Both treatments resulted in PTL within
24 hrs with no maternal mortality. Flow cytometry was used to com-
pare the inflammatory cell populations in decidua basalis of two PTL
models versus TL (Fig. 1, Figure S1B). Analysis of decidual cell sus-
pensions from LPS-induced preterm labouring mice showed a dramatic
increase in tissue neutrophils as compare with the decidua from the
Sham group (5.1% versus 28.2%, P < 0.01). During RU486-induced
PTL, the number of macrophages was unchanged and no infiltration of
myeloid immune cells (N and M) into the decidua was detected. No sig-
nificant change in eosinophils was observed with any of the treatments.

Recruitment of macrophages and neutrophils into the mouse
decidua was also assessed in situ in both models of PTL. In accor-
dance with flow cytometry results, no significant change in immuno-
positive macrophages or neutrophils/monocytes was detected in the
decidua during RU486-induced PTL (Fig. 2, Figure S2C). In contrast,

the LPS-PTL group showed a significant increase in the number of
neutrophils and macrophages in decidua as compared with the Sham
group. Importantly, in the PP period, the number of neutrophils/
monocytes increased significantly following both LPS and RU486-
induced PTL (P < 0.05, Fig. 2, Figure S2D).

Decidual cytokine levels at late gestation, during
term labour and post-partum

The expression of multiple pro- and anti-inflammatory genes were
evaluated by Real-Time PCR during late gestation, TL, and PP. Pro-
inflammatory cytokines tumour necrosis factor-o. (7nf), interleukin
(IN1B (111b), 116 and 1112 as well as two major neutrophil chemoattrac-
tants (C-X-C motif) ligand 1 (Cxc/1, also known as Neutrophil-activat-
ing protein 3 (NAP-3) or KC), Cxcl2 (also known as macrophage
inflammatory protein 2-alpha, Mip2a) and monocyte chemoattractant
(C-C motif) Ligand 2 (Ccl2, also known as monocyte chemoattractant
protein-1, Mcp1) mRNA levels all were significantly up-regulated dur-
ing labour and PP (Fig. 3, Table 2). Cc/4 (also known as Macrophage
inflammatory protein 1 beta, Mip1b), Cc/3 (also known as Macro-
phage inflammatory protein 1 alpha, Mipia) and anti-inflammatory
cytokine //70 genes were also increased during TL but significance
was not reached due to a high variability between samples (Fig. 3A).
Transcript levels of growth factor Csf2 (granulocyte-macrophage col-
ony-stimulating factor) regulating neutrophil/monocyte differentiation
increased in decidua PP 2-6 hrs after parturition (Fig. 3B). The
expression of corresponding cytokine proteins partially confirmed
changes in cytokine transcripts. Using multiplex protein assay we
detected a significant increase in decidual IL1b and IL6 pro-inflamma-
tory cytokines and Ccl2 chemokine during TL and PP (P < 0.05,
Fig. 4, Table 3). CXCL1 protein was only increased PP (P < 0.05)
whereas no change in the protein level of TNFe, IL10 and CSF2 was
observed (Fig. 4, Table 3).

Cytokine expression in decidua during PTL

The expression of cytokine and chemokine genes known to be
involved in macrophage and neutrophil recruitment into the gesta-
tional tissues was studied in decidual samples collected during both
preterm mouse models during PTL and 2-6 hrs PP. We noticed a
similarity between cytokine profile discovered in decidua collected
from term labouring mice and RU486-induced PTL. Comparable to
our TL model //1b, 116, Tnfa and Cxcl2 mRNA levels were significantly
up-regulated during non-infectious RU486-induced PTL and further
increased in the PP period. Importantly, //12, Ccl2, Ccl3, Ccl4 and
Cxcl1 transcripts were also significantly elevated PP as compared
with Vehicle and PTL (Fig. 3A and B, Table 2). In accordance with the
transcript levels, a significant increase in protein levels of pro-inflam-
matory cytokine IL1b and IL6 as well as chemokines GCL2 and CXCL1
was detected by Bioplex assay in decidua during and after RU486-
induced PTL as compared with Vehicle sample. Anti-inflammatory
cytokine 1110 was up-regulated PP (P < 0.05, Fig. 4A, Table 3), how-
ever, there was no change in CSF2 and TNFa: proteins.

316 © 2013 The Authors. Published by Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd.
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Fig. 3 Changes in cytokine mRNA levels in the mouse decidua during normal gestation, term labour and post-partum (TL group), LPS-induced PTL
and post-partum (LPS PTL group) and RU486-induced PTL and post-partum (RU PTL group). (A) Pro-inflammatory (//1b, 16, 1/12b, Tnf) and anti-
inflammatory (//70) cytokines; (B) Chemokines Ccl2 (Mcp1), Ccl3 (Mipia), Ccl4 (Mip1b), Csf2 (Gmscf), Cxcl1 (KC or Groa) and Cxcl2 (Mip2a)
mRNA expression were detected by Real-Time RT-PCR. Shown are samples collected from late pregnant mice (GD15, RU Vehicle or LPS Sham,
white bars), GD18 (doted bars), GD19 (term not in labour, checkered bars), term and preterm labouring samples (grey bars) or decidual samples
collected 2-6 hrs post-partum (black bars). Results were expressed as mean + SEM (n = 4). Significant difference with GD15/RU486 Vehicle/Sham

LPS is indicated by *P < 0.05 and **P < 0.01.

In contrast with TL and RU486-induced PTL, the gene and protein
profile of LPS-induced PTL in mice shows a robust induction of
majority of pro-inflammatory cytokines and chemokines we studied.
II1b, 116, Tnf, Ccl2, Ccl3, Ccl4, Cxcll, Cxcl2, Csf2 decidual transcript
levels all were up-regulated during LPS-induced PTL (P < 0.05,
Fig. 3, Table 2). In agreement with transcript levels pro-inflammatory
IL1b, IL6, TNFq, as well as anti-inflammatory IL10 protein concentra-
tions were significantly increased in the mouse decidua during pre-
term parturition compared with Sham samples; all cytokines
remained or further increased PP (P < 0.05, Fig. 4A, Table 3). In
addition, protein expression of chemokines CCL2, CXCL1 and CSF2

was significantly higher in the decidua during LPS-induced PTL com-
pared with Sham and remained elevated PP (P < 0.05, Fig. 4B,
Table 3).

Discussion

Only a few studies to date have investigated the inflammatory events
in decidual and myometrial tissues prior to, during labour and in PTL
with Hamilton et al. [16] reporting the presence of elevated decidual
macrophages in TL and idiopathic PTL and our group providing a

© 2013 The Authors. Published by Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd. 317
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detailed analysis of the myeloid cell infiltration into the mouse my-
ometrium [27]. This current study provides a comprehensive charac-
terization of immune cells recruitment into the decidua in normal and
preterm labour. Our results demonstrate the presence of localized
decidual inflammation in the absence of infections and indicate that
this common labour-related physiological phenomenon is a critical
element of the labour cascade at term and preterm.

Decidual activation was first proposed more than 20 years ago as
an early event in labour [28]. Salafia and colleagues detected decidual
inflammation in uterine and placental samples from labouring women
with uncomplicated pregnancies [29]. Keski-Nisula ef al. showed that
histological decidual inflammation (in the absence of infection) was
rare hefore the onset of labour (6%), increased significantly during

© 2013 The Authors. Published by Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd.

labour before membrane rupture (29% of all cases) and was correlated
with cervical dilatation [4]. Spontaneous labour at term was reported to
be associated with changes in the distribution and proportion of decid-
ual leucocyte subpopulations in uncomplicated pregnancies [30]. In
contrast with these results, Osman and colleagues reported no signifi-
cant difference in the density of inflammatory cells (leucocytes, macro-
phages, neutrophils, T lymphocytes and B lymphocytes) in amnion and
choriodecidua after labour compared with before labour [2]. They have
been suggested that the myometrium and foetal membranes play com-
plementary roles during the process of labour—the trigger to parturi-
tion being delivered from the foetal membranes (possibly through
signals received from the foetus[31]) with subsequent leucocyte inva-
sion stimulated within the myometrium to sustain and amplify the
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Table 3 Changes in cytokine protein levels (pg/ml) in the mouse decidua during normal gestation (GD15), late gestation (GD18), term not in
labour GD19 (TNIL), term labour (TL) and 2-6 hrs post-partum (PP), RU486-induced preterm labour (RU-PTL), Vehicle-treated GD15
(Vehicle) and post-partum (RU-PP), LPS-induced preterm labour (LPS-PTL), sham operated GD15 (Sham) and post-partum (LPS-PP).

Cytokines  1I1b 116 1110 Tnfa Cxclt Ccl2 Csf2

GD15 136.9 + 14.47+ 45 + 1078 383 £ 75 83.7 + 28.7 176.5 + 44.6" 1127 + 3071+8 16.0 + 15.1
GD18 1141 + 3147+ 45 + 1,078 411 £ 59 49.0 + 41.7 210 + 96.9" 1149 + 1311#8 11.1 + 14.0
TNIL 236.2 + 109.4*T 7.4 + 33f 442 + 7.7 95.4 + 346 238 + 596 3030 + 1416™S 9.2 + 10.0
TL 2233 + 134.0*T 125 + 941 46.3 £ 9.9 88.8 + 32.3 312.4 + 1607 6580 + 5789 9.2 £10.0
2-6 h PP 500.2 + 127.1*T 250 + 54 523 £ 11.9 93.6 + 16.0 902 + 371.8 11212 + 7269 26.4 + 22.0
Vehicle 175 +£ 194 47 £ 0.7 465 + 8.27 120.3 + 16.6 126.8 + 27.9 1727 + 497 21.6 + 16.0
RU-PTL 390 + 231.5% 20.0 + 19.0* 478 + 517 147.4 + 546 380.2 + 326.2* 3520 + 2152* T 18.7 + 10.0
RU-PP 485.4 + 118.7* 23.3 + 10.0* 65.9 + 10.9 1729 £ 525 687.9 + 153~ 7576 + 3555* 21.3 £ 14.0
Sham 151.2 + 14.0 47 + 0.7 38.1 + 3.6 92.0 + 19.3 132.3 + 13 1076 + 487 42 +1
LPS-PTL 639.9 + 338.3* 1485 + 2511 822 +17.9* 166 + 60* 6741 + 2347~ 19562 + 10673*  42.6 + 23.0*
LPS-PP 1566.2 + 679.1*  256.4 + 263.8* 98.0 + 14.6 186 + 32.6* 8483 + 2367 25255 + 6895~ 55.4 + 26.0*

Results were expressed as average + SD (n = 4-8). *Different from GD15/Vehicle/Sham (P < 0.05); Tdifferent from PP (P < 0.05); *different

from TNIL (P < 0.05); Sdifferent from TL (P < 0.05).

process of parturition via PG production [32, 33]. The current study
was undertaken to examine the possibility that the factor(s), produced
by decidua, can activate the inflammatory response causing the
influx of leucocytes in uterine tissues, leading to the reinforcement of
myometrial contractile activity.

Accumulating evidence supports the concept that labour is asso-
ciated with the development of physiological inflammation in different
uterine compartments. In agreement with previous studies, we found
macrophages to be the most abundant leucocyte subpopulation in the
decidua [2, 16]. Macrophages comprise about 25% of CD45+ leuco-
cytes in the pregnant human uterus and this relative percentage
remains fairly stable throughout gestation [15, 34]. Our flow cytome-
try data show that in mouse decidua around 30% of immune cells on
GD15 were macrophages and their number doubled on GD18 (24 hrs
prior to TL) indicating their potential role in labour initiation. Large
numbers of CD11b-positive macrophages (around 50% of all CD45+
cells) were present in mouse decidua immediately before (TNIL) and
during TL, in addition to the significantly increased infiltration of
monocytes. CD11b antigen (the b2 integrin, complement type 3
receptor) is a common leucocyte activation marker. According to our
flow cytometry analysis, a majority of decidual tissue macrophages,
monocytes and neutrophils expressed this marker.

Consistent with these data on mouse decidual immune cells pro-
files, our group and others have observed a peak in myometrial [27]
and cervical [35] macrophage number around GD18 in mice, with a
decline to non-pregnant macrophage levels by day 1PP. The timing of
macrophage increase in the pregnant mouse uterus before TL sug-
gests that these cells could play a role in the labour onset and may be
required for the rapid infiltration and function of other subtypes of
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immune cells (possibly neutrophils, monocytes or T cells) during the
TL and PP involution process. We have reported earlier that there was
apparent macrophage infiltration within the rat myometrium,
enhanced along the myometrium—decidua junction and in decidual
stroma [17]. The current data indicate a similar infiltration in the
mouse myometrial-decidual border. We speculate therefore that
decidual macrophages could migrate to the adjacent myometrium
where they participate in the activation of uterine muscle and later in
the process of PP uterine involution. It is equally possible that decid-
ual leucocytes may activate the adjacent myometrium and/or amnio-
chorion via paracrine actions resulting in the increase of cytokines,
MMPs and prostaglandins, leading to myometrial activation and foetal
membrane rupture (rev in [16]). In addition, flow cytometry of mouse
decidua recorded a 10-fold increase (2.4% versus 24.1%) in mono-
cytes and 18-fold increase in neutrophils (1.1% versus 19.7%) during
early PP as compared with GD15. The relative percentage of macro-
phages decreased after birth due to the dramatic increase in the
amount of newly infiltrated monocytes and neutrophils; however, the
absolute number was unchanged as shown by our in situ analysis.
These activated decidual macrophages could be the source of pro-
inflammatory cytokines, IL1b and IL6, detected concomitantly in
mouse decidua. During TL protein expression of IL1b was 10 times
higher in decidua than in the myometrium from the same animals
(Fig. 4 and [27]). Cytokines, particularly IL1b and TNFo, can prime
uterine myocytes for contraction and labour via increased PGHS2
expression and enhanced prostaglandin production in the amnion,
chorion, decidua and myometrium [19, 36].

In agreement with observations from human decidual samples
[16], neutrophil numbers in mouse decidua were low during TL in the

© 2013 The Authors. Published by Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd.



absence of infection. This is also consistent with our previous results
showing that neutrophil numbers do not increase in the mouse my-
ometrium [27] until after birth, and with similar reports on the mouse
cervix [23, 35]. These data suggest a role for neutrophils in PP uter-
ine remodelling rather than in the initiation of cervical ripening or my-
ometrial activation at parturition. The similarity in the timing of
immune cells appearance in two adjacent uterine compartments indi-
cates that the cells could have originated from the same source and/
or are regulated by the same biochemical signal.

Next, we addressed the mechanisms regulating immune cell infil-
tration into the decidua. It was shown that human choriodecidua but
not amnion was responsible for the enhanced chemotactic activity
through expression of CCL2, CXCL10 (monocytes/macrophages attrac-
tants) and CXCL8 and CCL3 (neutrophil recruiter/activators) [37, 38].
Interestingly, monocyte chemotactic activity induced by human foetal
membrane extracts was 36-fold higher in women after TL as compared
with women with no labour, accompanied by 3-fold increase in neutro-
phil chemotaxis [37]. We reported recently that human [1] and rodent
[17, 27] myometrium could also participate in the physiological uterine
inflammation by the synthesis and release of multiple pro-inflammatory
mediators. Our current studies, however, demonstrate that mouse
decidua provides much stronger chemotactic stimulus than the my-
ometrium for macrophage/monocyte infiltration before and during par-
turition. For example on GD15, [CCL2] was 1127 + 153 pg/ml/mg of
tissue in decidua, which is seven times higher than in the adjacent my-
ometrium (150 pg/ml/mg) [27], with similar levels detected at GD18
(1149 4 65 pg/ml). Moreover, during term parturition [CCL2] was
6580 + 2892 pg/ml which is 22 times higher than in the myometrium
(296 + 44 pg/ml/mg) and [CXCL1] in mouse decidua was 312 pg/ml/
mg which is five times higher than in the myometrium (60 pg/ml/mg)
from the same animal cohort [27]. Surprisingly, however, none of the
cytokines we studied in mouse decidua or myometrium [27] was
increased on GD18, which left open the question of the putative signal
triggering macrophage migration into either of these uterine compart-
ments. We have potential explanations for this phenomenon. Firstly,
multiple other chemokines involved in leucocyte extravasation and acti-
vation exist (i.e. CSF1/MCSF, CCL5/RANTES), which could provide the
stimulus for macrophage migration. Secondly, it is possible that hor-
monal microenvironment regulates macrophage recruitment into the
decidua, specifically the increase in oestrogen/progesterone ratio: it
was shown that the administration of oestrogen and/or progesterone to
ovariectomized mice restore recruitment of macrophages into the
uterus [39]. Thirdly, decidual tissue itself can locally stimulate prolifera-
tion of resident macrophages [40, 41]. The origin of the decidual (and
myometrial) macrophages has been unclear. It was suggested recently
that resident macrophages in the liver, brain, spleen, kidney, pancreas
and lung are derived from the yolk sac originated precursors, the mye-
loid lineage that is distinct from haematopoietic stem cells [42]. These
macrophages persist, at least in part, in adult mice and likely self-renew
within their respective tissues of residence, independently of bone mar-
row haematopoietic stem cells. This suggests the existence of tissue
resident macrophage ‘stem cells’ within those tissues (and likely in the
uterus), and opens a new era for the molecular and cellular understand-
ing of myeloid cells responses during acute and chronic inflammation
[43].

J. Cell. Mol. Med. Vol 17, No 2, 2013

We found a similar pattern of cytokine expression in mouse
decidua during TL and RU486-induced PTL. This is expected, as pro-
gesterone withdrawal is fundamental to labour initiation [44, 45].
However, LPS-induced (infectious) PTL was associated with an ele-
vated and accelerated induction of a broader range of cytokines than
that seen with TL and RU486-PTL. We also noticed that the inflamma-
tory reactions during PTL were different from TL, with excessive neu-
trophil infiltration and lack of a surge of macrophages. This may be
due to the premature and rapid timing of events, which may not allow
sufficient time for infiltration of monocytes and their differentiation to
macrophages to occur. Large numbers of resident macrophages,
however, were present in the uterus (both myometrium [27] and
decidua) on GD15 and their rapid activation by multiple cytokines
may contribute to the process of PTL. The current studies on mouse
decidua suggest that different mechanisms operate in TL and LPS-
PTL, the idea that was proposed earlier by Holt and colleagues for
term and preterm cervical ripening in the mouse [46] and supported
by our earlier studies on mouse myometrium [27]. In support of dif-
ferent mechanisms operating in TL and LPS-PTL, Gonzalez and col-
leagues also observed an increase in the expression of genes
involved in immunity and inflammation in the mouse cervix of LPS-
induced PTL as compared with TL [47]. The expression of a greater
number of cytokines at higher levels was maintained in decidua
throughout the PP period. Importantly, the expression of cytokines
increased also in the mouse myometrium [27] and in the cervix [47]
during PP period but not during TL. This suggests that cytokine
secretion may facilitate the recruitment of immune cells into the adja-
cent uterine compartments to serve a similar biological function dur-
ing PP involution.

In summary, we propose a hypothetical model describing a
synchronized programme of inflammatory events in myometrium
and decidua that would be essential for both the labour onset and
the PP remodelling of the uterus (Fig. 5). In this model prior to the
onset of labour (term or preterm) chemokines (possibly specific for
each uterine compartment) are synthesized and released by the
myometrium and decidua. These chemokines activate maternal
immune cells causing them to target and infiltrate either the
decidua [16] or the myometrium [27]. We suggest that first impor-
tant early event in the activation of the late pregnant decidua is
macrophage/monocyte infiltration and/or increased macrophage
proliferation. The relative abundance of macrophages in mouse
decidua and myometrium is consistent with studies of human preg-
nancy, and highlights the potential importance of uterine leucocytes
in the labour cascade. We speculate that within each uterine com-
partment these immune cells differentiate and induce a physiologi-
cal inflammation. In the decidua, this might lead to the generation
of uterotonic agonists such as prostaglandins [8, 20, 21, 48] that
could stimulate the myometrium, while inflammation in the myome-
trium induces the expression of contraction-associated proteins
encoding gap junction proteins, agonist receptors and ion channels
[27] which leads to the increase in myometrial contractility. It is
likely that decidua plays a co-ordinating role at the maternal-foetal
interface by inducing myometrial inflammation [16]. We further
suggest that subsequent to these events, additional cytokine release
from both uterine compartments might lead to activation of

© 2013 The Authors. Published by Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd. 321
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Fig. 5 Schematic presentation of the hypothetical model of labour initiation. (1) Uterine chemokines secreted near term (2) activate circulating leuco-
cytes and (3) cell adhesion molecules (CAMs) on endothelium. (4) Peripheral leucocytes adhere to vascular endothelial cells and extravasate into
the uterine tissues, differentiate (5) producing further cytokines/chemokines which (6) induces decidual prostaglandins synthesis and (7) increases

myometrial contractility that ultimately leads to the onset of labour.

neutrophils in the maternal circulation that target the decidua and
myometrium after birth. Our data support the hypothesis of Mitch-
ell and Taggart that human labour may involve an interweaving of
the pro-contractile and pro-inflammatory systems which integrates
and amplifies uterine contractile activity and initiates preparedness
of the immune system for the critical healing/remodelling that
occurs within the uterus immediately following birth [49]. Neu-
trophils contribute to matrix remodelling during PP decidual break-
down and involution of the myometrium, a critical event that
completes the reproductive cycle. Appropriate and efficient PP
remodelling is necessary to protect the entire reproductive tract
from pathogens and to allow subsequent pregnancy [46]. Infiltrat-
ing immune cells were reported to play a determinant role in initiat-
ing and facilitating endometrial breakdown and shedding during
menses [50, 51]. It was shown that this infiltration was tightly reg-
ulated by a specific group of chemokines [10] similar to that found
in current study. Therefore, we speculate that analogous to endo-
metrial changes during menstruation, immune cells attracted to
the labouring uterus by specific chemokines may facilitate
the inflammation-like processes in the decidua contributing to the
restructuring and angiogenesis required for the re-genesis of the
endometrium after delivery. The mechanisms which regulate the
temporal expression of specific chemokines by the decidua and
myometrium, and how this induces the targeted activation and infil-
tration of peripheral leucocyte subtypes into these two compart-
ments is the subject of our ongoing investigation. Further studies
using rodent models will also establish whether the pharmacologic
interventions targeting physiological and pathologic decidual/my-
ometrial inflammation are beneficial for PTL prevention.
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Figure $1 FACS analyses of immune cells infiltrating mouse decidua
during TL and PTL. Decidual suspensions were stained with anti-
CD45, anti-Gr1 and anti-Neu 7/4. Live leucocytes were gated on CD45
and further analysed on the Neu7/4 versus F4/80 dot plot. Neu7/4**
cells were further analysed on the Neu7/4 versus Gr1 plot. Monocytes
were identified as Neu7/4** and Gr1'®" to Gr1*~ cells. Neutrophils
were defined as Neu7/4*, Gri** population. Macrophages were
defined as F4/80** or CD11b**, Neu7/4"°" cells. (A) Monocytes infil-
trate the decidua immediately before, during TL and PP; Neutrophils
increase in number after TL. (B) Neutrophils are significantly
increased during LPS-induced PTL but not during RU486-induced
PTL; monocytes are not infiltrating decidua during PTL. Macrophages
are the largest population of immune cells present in pregnant mouse
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decidua. They increased in number by GD18 (term) as compared with
GD15 and were elevated during spontaneous TL and PP.

Figure S2 /n situ localization of leucocytes in mouse decidua during
TL and PTL. Neutrophil (A and C) and macrophage (B and D) infiltra-
tion in the decidua during normal gestation and TL, during
LPS-induced PTL and during RU486-induced PTL. Neutrophils were
identified using anti-Neu7/4 antibody and macrophages—using anti-
F4/80 antibody. Leucocytes (arrows) stained dark brown in paraffin-
embedded tissue sections that were counterstained a blue with
haematoxylin. Representative photomicrographs of (A) neutrophils
(Neu7/4) and (B) macrophages (F4/80) in the mouse decidua during
gestation and term labour. Immunohistochemical examination was

J. Cell. Mol. Med. Vol 17, No 2, 2013

performed on sections of uterus from GD15, GD18, during term
labour (TL) and 2-6 hrs post-partum (PP). (C) Neutrophil (Neu7/4)
and (D) macrophage (F4/80) infiltration in the decidua during LPS-
induced and RU486-induced PTL mouse models. Immunohistochemi-
cal examination was performed on sections of uterus from GD 16
(Sham or RU Vehicle), day 15/16 preterm labouring mice (125 LPS
PTL or RU486 PTL) and 2-4 hrs PP after preterm delivery induced by
either LPS or RU486 (125LPS PP or RU486 PP). The negative con-
trols were performed on GD15 uterine tissue samples: Control 1 rep-
resents the lack of immunostaining after incubation of decidual tissue
with non-specific rat IgG and Control 2 shows staining with anti-rat
secondary antibodies in the absence of primary antibody. Magnifica-
tion = 200x; scale = 20 um.

References

1. Shynlova 0, Lee YH, Srikhajon K, et al. Phys- 9.  Okazaki T, Casey ML, Okita JR, ef al. Initia-  18.  Kayisli UA, Mahutte NG, Arici A. Uterine
iologic uterine inflammation and labor onset: tion of human parturition. XII. Biosynthesis chemokines in reproductive physiology and
integration of endocrine and mechanical sig- and metabolism of prostaglandins in human pathology. Am J Reprod Immunol. 2002; 47:
nals. Reprod Sci. 2013; 20: 154-67. fetal membranes and uterine decidua. Am J 213-21.

2. Osman I, Young A, Ledingham MA, et al. Obstet Gynecol. 1981; 139: 373-81. 19.  Orsi NM, Tribe RM. Cytokine networks and
Leukocyte density and pro-inflammatory  10. Jones RL, Hannan NJ, Kaitu'u TJ, ef al. the regulation of uterine function in preg-
cytokine expression in human fetal mem- Identification of chemokines important for nancy and parturition. J Neuroendocrinol.
branes, decidua, cervix and myometrium leukocyte recruitment to the human endo- 2008; 20: 462-9.
before and during labour at term. Mol Hum metrium at the times of embryo implantation ~ 20.  Snegovskikh VV, Bhandari V, Wright JR,
Reprod. 2003; 9: 41-5. and menstruation. J Clin Endocrinol Metab. et al. Surfactant protein-A (SP-A) selectively

3. Junqueira LC, Zugaib M, Montes GS, 2004; 89: 6155-67. inhibits prostaglandin F2alpha (PGF2alpha)
et al. Morphologic and histochemical evi-  11.  Dunk C, Smith S, Hazan A, et al. Promotion production in term decidua: implications for
dence for the occurrence of collagenolysis of angiogenesis by human endometrial lym- the onset of labor. J Clin Endocrinol Metab.
and for the role of neutrophilic polymor- phocytes. Immunol Invest. 2008; 37: 583- 2011; 96: E624-32.
phonuclear leukocytes during cervical dila- 610. 21.  Keelan JA, Blumenstein M, Helliwell RJ,
tion. Am J Obstet Gynecol. 1980; 138: 12. Hess AP, Hamilton AE, Talbi S, ef al. Decid- et al. Cytokines, prostaglandins and parturi-
273-81. ual stromal cell response to paracrine sig- tion-a review. Placenta. 2003; 24: S33-46.

4. Keski-Nisula LT, Aalto ML, Kirkinen PP, nals from the trophoblast: amplification of 22. Romero R, Gomez R, Chaiworapongsa T,
ef al. Myometrial inflammation in human immune and angiogenic modulators. Biol et al. The role of infection in preterm labour
delivery and its association with labor and Reprod. 2007; 76: 102-17. and delivery. Paediatr Perinat Epidemiol.
infection. Am J Clin Pathol. 2003; 120: 217—  13.  Seavey MM, Mosmann TR. Immunoregula- 2001; 15: 41-56.

24, tion of fetal and anti-paternal immune 23. Timmons BC, Fairhurst AM, Mahendroo

5. Thomson AJ, Telfer JF, Young A, et al. Leu- responses. Immunol Res. 2008; 40: 97-113. MS. Temporal changes in myeloid cells in
kocytes infiltrate the myometrium during  14.  Szekeres-Bartho J. Immunological relation- the cervix during pregnancy and parturition.
human parturition: further evidence that ship between the mother and the fetus. /nt J Immunol. 2009; 182: 2700-7.
labour is an inflammatory process. Hum Rev Immunol. 2002; 21: 471-95. 24.  Taylor PR, Brown GD, Geldhof AB, ef al.
Reprod. 1999; 14: 229-36. 15.  Vince GS, Starkey PM, Jackson MC, ef al. Pattern recognition receptors and differenti-

6. Halgunset J, Johnsen H, Kjollesdal AM, Flow cytometric characterisation of cell pop- ation antigens define murine myeloid cell
et al. Cytokine levels in amniotic fluid and ulations in human pregnancy decidua and heterogeneity ex vivo. Eur J Immunol. 2003;
inflammatory changes in the placenta from isolation of decidual macrophages. J Immu- 33:2090-7.
normal deliveries at term. Eur J Obstet Gyne- nol Methods. 1990; 132: 181-9. 25.  Dudley DJ, Branch DW, Edwin SS, ef al.
col Reprod Biol. 1994; 56: 153-60. 16.  Hamilton S, Oomomian Y, Stephen G, ef al. Induction of preterm birth in mice by

7. Liu B, Arulkumaran 8, Hill SJ, ef al. Com- Macrophages infiltrate the human and rat RU486. Biol Reprod. 1996; 55: 992-5.
parison of potassium currents in human decidua during term and preterm labor: evi- ~ 26.  Elovitz MA, Wang Z, Chien EK, ef al. A new
decidua before and after the onset of labor. dence that decidual inflammation precedes model for inflammation-induced preterm
Biol Reprod. 2003; 68: 2281-8. labor. Biol Reprod. 2012; 86: 1-9. birth: the role of platelet-activating factor

8. Mitchell MD, Edwin S, Romero RJ. Prosta-  17.  Shynlova 0, Tsui P, Dorogin A, et al. Mono- and Toll-like receptor-4. Am J Pathol. 2003;
glandin biosynthesis by human decidual cyte chemoattractant protein-1 (CCL-2) inte- 163: 2103-11.
cells: effects of inflammatory mediators. grates mechanical and endocrine signals  27.  Shynlova 0, Nedd-Roderique T, Li Y, et al.

Prostaglandins Leukot Essent Fatty Acids.
1990; 41: 35-8.

that mediate term and preterm labor.
J Immunol. 2008; 181: 1470-9.

© 2013 The Authors. Published by Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd.

Myometrial immune cells contribute to
term parturition, preterm labour and post-

323



28.

29.

30.

31.

32.

33.

34.

324

partum involution in mice. J Cell Mol
Med. 2012; doi: 10.1111/j.1582-4934.2012.
01650.

Casey ML, MacDonald PC. Biomolecular
processes in the initiation of parturition:
decidual activation. Clin Obstet Gynecol.
1988; 31: 533-52.

Salafia CM, Weigl C, Silberman L. The prev-
alence and distribution of acute placental
inflammation in uncomplicated term pregnan-
cies. Obstet Gynecol. 1989; 73: 383-9.
Sindram-Trujillo AP, Scherjon SA, van Hul-
st-van Miert PP, ef al. Comparison of decid-
ual leukocytes following spontaneous vaginal
delivery and elective cesarean section in
uncomplicated human term pregnancy. J
Reprod Immunol. 2004; 62: 125-37.

Challis JRG, Matthews SG, Gibb W, ef al.
Endocrine and paracrine regulation of birth
at term and preterm. Endocr Rev. 2000; 21:
514-50.

Leong AS, Norman JE, Smith R. Vascular
and myometrial changes in the human uterus
at term. Reprod Sci. 2008; 15: 59-65.
Norman JE, Bollapragada S, Yuan M, et al.
Inflammatory pathways in the mechanism of
parturition. BMC  Pregnancy  Childbirth.
2007; 7: S7.

Nagamatsu T, Schust DJ. The immunomod-
ulatory roles of macrophages at the mater-
nal-fetal interface. Reprod Sci. 2010; 17:
209-18.

36.

37.

38.

40.

4.

42.

43.

Mackler AM, lezza G, Akin MR, ef al. Mac-
rophage trafficking in the uterus and cervix
precedes parturition in the mouse. Bio/
Reprod. 1999; 61: 879-83.

Peltier MR. Immunology of term and preterm
labor. Reprod Biol Endocrinol. 2003; 1: 122.
Gomez-Lopez N, Estrada-Gutierrez G, Jime-
nez-Zamudio L, ef al. Fetal membranes
exhibit selective leukocyte chemotaxic activ-
ity during human labor. J Reprod Immunol.
2009; 80: 122-31.

Gomez-Lopez N, Guilbert LJ, Olson DM.
Invasion of the leukocytes into the fetal-
maternal interface during pregnancy. J Leu-
koc Biol. 2010; 88: 625-33.

De M, Wood GW. Influence of oestrogen
and progesterone on macrophage distribu-
tion in the mouse uterus. J Endocrinol.
1990; 126: 417-24.

Kammerer U. Antigen-presenting cells in the
decidua. Chem Immunol Allergy. 2005; 89:
96-104.

Mor G, Abrahams VM. Potential role of mac-
rophages as immunoregulators of preg-
nancy. Reprod Biol Endocrinol. 2003; 1:
119.

Schulz C, Gomez PE, Chorro L, et al. A line-
age of myeloid cells independent of Myb and
hematopoietic stem cells. Science. 2012;
336: 86-90.

Gomez PE, Schulz C, Geissmann F. Develop-
ment and homeostasis of “resident” myeloid

44.

45.

46.

47.

48.

49.

50.

cells: the case of the microglia. Glia. 2013;
61: 112-20.

Graham JD, Clarke CL. Physiological action
of progesterone in target tissues. Endocr
Rev. 1997; 18: 502-19.

Rinaldi SF, Hutchinson JL, Rossi AG, ef al.
Anti-inflammatory mediators as physio-
logical and pharmacological regulators of
parturition Expert Rev Clin Immunol. 2011;
7:675-96.

Holt R, Timmons BC, Akgul Y, et al. The
molecular mechanisms of cervical ripening
differ between term and preterm birth. Endo-
crinology. 2011; 152: 1036-46.

Gonzalez JM, Xu H, Chai J, ef al. Preterm and
term cervical ripening in CD1 Mice (Mus mus-
culus): similar or divergent molecular mecha-
nisms? Biol Reprod. 2009; 81: 1226-32.

Saji F, Samejima Y, Kamiura S, et al. Cyto-
kine production in chorioamnionitis. J Re-
prod Immunol. 2000; 47: 185-96.

Mitchell BF, Taggart MJ. Are animal models
relevant to key aspects of human parturi-
tion? Am J Physiol Regul Integr Comp Phys-
iol. 2009; 297: R525-45.

Salamonsen LA, Woolley DE. Menstruation:
induction by matrix metalloproteinases and
inflammatory cells. J Reprod Immunol.
1999; 44:1-27.

Salamonsen LA, Lathbury LJ. Endometrial
leukocytes and menstruation. Hum Reprod
Update. 2000; 6: 16-27.

© 2013 The Authors. Published by Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd.



