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Three macrophage subsets are identified in the uterus during
early human pregnancy
Xiangxiang Jiang 1,2, Mei-Rong Du3, Min Li4 and Hongmei Wang1

Macrophages are crucial for a successful pregnancy, and malfunctions of decidual macrophages correlate with adverse pregnancy
outcomes, such as spontaneous abortion and preeclampsia. Previously, decidual macrophages were often thought to be a single
population. In the present study, we identified three decidual macrophage subsets, CCR2−CD11cLO (CD11clow, ~80%), CCR2
−CD11cHI (CD11chigh, ~5%), and CCR2+CD11cHI (CD11chigh, 10–15%), during the first trimester of human pregnancy by flow
cytometry analysis. CCR2−CD11cLO macrophages are widely distributed in the decidua, while CCR2−CD11cHI and CCR2+CD11cHI
macrophages are primarily detected close to extravillous trophoblast cells according to immunofluorescence staining. According to
RNA sequencing bioinformatics analysis and in vitro functional studies, these three subsets of macrophages have different
phagocytic capacities. CCR2+CD11cHI macrophages have pro-inflammatory characteristics, while the CCR2−CD11cHI population is
suggested to be anti-oxidative and anti-inflammatory due to its high expression of critical heme metabolism-related genes,
suggesting that these two subsets of macrophages maintain an inflammatory balance at the leading edge of trophoblast invasion
to facilitate the clearance of pathogen infection as well as maintain the homeostasis of the maternal-fetal interface. The present
study physiologically identifies three decidual macrophage subsets. Further clarification of the functions of these subsets will
improve our understanding of maternal-fetal crosstalk in the maintenance of a healthy pregnancy.
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INTRODUCTION
During early human pregnancy, extravillous trophoblast cells
(EVTs) migrate from the placental chorion villous column into the
decidua and contact decidual immune cells, which are mainly
composed of decidual natural killer (NK) cells, macrophages, and
T cells.1 Decidual NK cells, the most abundant (50–70%) leucocytes
in the decidua, have been suggested to promote decidual vascular
remodeling and fetal development.2–4 The function of decidual
T cells (10–20%) is poorly defined, but regulatory T cells have been
suggested to be involved in maternal-fetal tolerance.5 Decidual
macrophages are the second most abundant leucocytes (10–20%)
in the decidua,1 and they have been suggested to promote
vascular remodeling,1,6 the clearance of cell debris,7,8 and
parturition.9,10 Macrophage depletion after conception has been
reported to cause embryo implantation arrest,11 highlighting the
significance of macrophages during pregnancy. Macrophages are
generally considered to have two populations, in vitro interferon
gamma (IFN-γ), lipopolysaccharide (LPS)-induced pro-
inflammatory M1 macrophages, and interleukin-4 (IL4)-induced
anti-inflammatory M2 macrophages.12 Decidual macrophages are
usually considered to be M2 macrophages.1,13 However, studies
also report that M1 macrophages play crucial roles in implantation
and parturition.9,14,15 It seems that decidual macrophages main-
tain the phenotypic balance between pro-inflammatory M1 and

anti-inflammatory M2 macrophages during pregnancy.15 M1/M2
imbalance correlates with pathological pregnancies,15,16 such as
preeclampsia,17 spontaneous abortion,18 and preterm labor.19,20

Although decidual macrophages may have M1 and M2 subtypes,
M1 and M2 are, after all, in vitro concepts.12 Under physiological
conditions, whether decidual macrophages also have subsets
deserves further investigation.
In the decidua, both NK cells and T cells have subsets. The

identification of subsets has improved our understanding of the
precise functions of these cells during pregnancy. Four different
decidual NK cell subsets are characterized based on the
expression of integrin alpha-M (CD11b) and CD27.21 CD11b
−CD27− NK cells tend to be immature and have a potential for
differentiation. CD11b−CD27+ and CD11b+CD27+ NK cells
mainly secrete cytokines. CD11b+CD27− NK cells exhibit the
highest cytolytic function. Decidual T cells mainly include CD4+
helper T (Th) cells and CD8+ cytotoxic T cells.1,22 Th1 and Th2 CD4
+ T cells are found at the human maternal-fetal interface, and
recurrent spontaneous abortion often correlates with an increased
Th1/Th2 ratio.1,23 However, few studies have clearly identified
decidual macrophage subsets.
In this study, utilizing a combination of C–C chemokine receptor

type 2 (CCR2) and integrin alpha-X (CD11c), a molecule identified
from a bioinformatics study,24 we clearly separated human
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decidual macrophages into three subsets (CCR2−CD11cLO, CCR2
−CD11cHI, CCR2+CD11cHI). We then studied the localization of
the three populations of macrophages according to immuno-
fluorescence, the morphology of these cells as determined by flow
cytometry analysis and transmission electron microscopy (TEM),
and the function of these cells as determined by RNA sequencing
(RNA-Seq) bioinformatics analysis and in vitro experiments.

MATERIALS AND METHODS
Human peripheral blood and decidua samples
Human peripheral blood (10 ml) and decidua (8–16 g) were
anonymously collected from clinically normal first trimester
(6–8 weeks) pregnant women (20–35 years old) who underwent
elective termination of pregnancy for non-medical reasons.
Informed consent was obtained from all women who donated
their decidua and peripheral blood, and human decidua samples
were collected in accordance with the policy of the Ethics
Committee of Navy General Hospital of the Chinese PLA, Beijing,
People’s Republic of China. All samples were used according to
standard experimental protocols approved by the Ethics Commit-
tee of the Institute of Zoology, Chinese Academy of Sciences.

Isolation of primary decidual cells
Primary decidual cells, comprising decidual stromal cells and
decidual immune cells, were isolated as previously described25,26

with modifications. Briefly, freshly collected decidua was rinsed
several times with PBS until there were no obvious blood clots;
then, the decidua was placed into a small bottle and cut into small
pieces, which were digested with collagenase Type IV (0.5 mg/ml,
C5138, Sigma-Aldrich, St. Louis, MO, USA) and DNase I (0.1 mg/ml,
DN25, Sigma-Aldrich) for 45 min. The released decidual cells were
filtered through 100, 200, and 400 mesh sieves. To exclude any
remaining red blood cells, the filtered cells were lysed by red
blood cell lysis buffer. Finally, the pelleted decidual cells were
resuspended in PBS or full RPMI medium (SH30809.01, HyClone,
Logan, UT, USA) with 10% FBS (10099–141, Gibco, Carlsbad, CA,
USA), 100 units/ml penicillin and 100 µg/ml streptomycin. Cell
viability was typically more than 90% as detected by an apoptosis
assay kit (abs50001a, Absin, Shanghai, China). The low percentage
(<2%) of peripheral NK cells (CD56+CD16+) in isolated primary
decidual cells reflected little contamination by peripheral blood
cells (Fig. 1a).

Flow cytometry analysis
Cells were incubated with Human TruStain FcX (422301, Biolegend,
San Diego, CA, USA) for 30min to block Fc receptors and
subsequently stained with CD45-APC-cy7, CD14-BV421, CD11c-PE,
and CCR2-APC for 30min at 4 °C. After three washes with PBS,
approximately 50,000 cells were collected using a CytoFLEX flow
cytometer (Beckman Coulter, Brea, CA, USA), and the data were
analyzed with FlowJo V10.2 (FlowJo, Ashland, OR, USA).

Fig. 1 Identification of three distinct subsets of macrophages at the maternal–fetal interface during the first trimester of human pregnancy.
a Quality control of isolated primary decidual cells based on the low frequency of CD16+ NK cells. b Flow cytometry analysis of CD11c
expression in CD45+ decidual immune cells. c Verification of two decidual macrophage subsets based on CD11c expression level. d Analysis
of CCR2 expression in CD11cHI and CD11cLO macrophage subsets based on published microarray data. Expression matrix data were
downloaded from the NCBI Gene Expression Omnibus under accession number GSE22342. Then, the expression values of CD11c (ITGAX) and
CCR2 were copied to GraphPad, and multiple t-tests were performed to compare the differential expression of CD11c and CCR2 (n= 8, ***P <
0.001). e Flow cytometry analysis of CCR2 expression in CD14+ decidual macrophages. f Flow cytometry analysis of CCR2 and CD11c
expression in decidual macrophages. g The statistical percentages of the decidual macrophage subsets and peripheral monocyte subsets (n=
6, one-way ANOVA, ***P < 0.001). h Flow cytometry analysis of CCR2 and CD11c expression in peripheral blood monocytes. i Representative
TEM images of the three decidual macrophage subsets
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Isolation of three decidual macrophage subsets
First, decidual macrophages were enriched by CD14 magnetic
beads (130-050-201, Miltenyi, Bergisch Gladbach, NRW, Germany)
with magnetic-activated cell sorting (MACS). Next, three decidual
macrophage subsets were purified by fluorescence-activated cell
sorting (FACS) with a MoFlo XDP flow cytometer (Beckman
Coulter) after labeling macrophages with CD14-FITC, CCR2-APC,
and CD11c-PE. The purities of the sorted macrophage subsets
were ~95% (Supplementary Figure S3).

Isolation of human peripheral monocytes
Peripheral blood mononuclear cells (PBMCs) were immediately
isolated using the Ficoll-Hypaque (DKW-KLSH-0100, Dakewe,
Shenzhen, GD, China) density gradient centrifugation method
(15min, 1500 × g) after fresh blood collection. CD14+ monocytes
were purified from PBMCs by using CD14 magnetic beads.

RNA-Seq data analysis
Freshly sorted decidual macrophage subsets (>2 × 105 cells) and
peripheral monocytes (>2 × 105 cells) were precipitated and lysed
by TRIzol reagent (15596018, Ambion, Carlsbad, CA, USA) prior to
transport to the Beijing Genomics Institute on dry ice. Total RNA
was extracted using a phenol-chloroform method, and the quality
of coordinate RNA samples was tested by an Agilent 2100. Next,
0.2 µg of total RNA from each sample was utilized to construct a
sequencing library for Illumina HiSeq 4000 using a PE150 strategy.
We obtained three groups, each including the three decidual
macrophage subsets plus one peripheral monocyte population
from early pregnancy. In total, 12 samples were sequenced. Raw
data and processed data were uploaded to the NCBI Gene
Expression Omnibus database under accession number GSE89323.
We selected two better sequencing groups (eight samples) to
analyze differentially expressed genes. Genes with low expression
were excluded, and all 0 FPKM values were substituted as 0.01. We
identified 3833 differentially expressed genes between these
three decidual macrophage populations based on two fold
differences from 12,392 filtered genes. Unsupervised heat map
clustering analysis was performed by using Cluster 3.0.27 The input
data were first log-transformed, and we selected center genes
using a median method. We then clustered the adjusted data on
genes and arrays by using the average linkage method. The
clustering results were visualized and exported by TreeView
1.1.6r4.27 A principle component analysis (PCA) image was
generated by R(3.3.3)/Bioconductor (3.4) with the “edgeR” and
“limma” packages.28 Kyoto encyclopedia of genes and genomes
(KEGG)29 and gene ontology – biological process (GO-BP)30

enrichment analyses were executed by R/Bioconductor with the
“clusterProfiler” package.31 A Venn diagram was constructed at
http://genevenn.sourceforge.net/. 32

Isolation of decidual cells proximal or distal to EVTs
We developed a method to isolate decidual cells proximal or distal
to EVTs, which were positive for HLA class I histocompatibility
antigen, alpha chain G (HLA-G).25 Based on preliminary immuno-
fluorescence staining experiments, the neat, less bloody and thick
tissue that contained intact epidermal structures was decidua
distal to EVTs, while the remaining bloody, anomalous small
pieces of decidua were normally EVT-proximal decidua containing
moderate EVTs.

Immunofluorescence staining
First trimester decidua was immediately fixed in 4% neutral
paraformaldehyde (P6148, Sigma-Aldrich) overnight at 4 °C and
subsequently embedded in paraffin. The tissue sections (5 µm)
were dewaxed and rehydrated in xylene and ethanol gradients.
Then, the slides were immersed in TE buffer (10 mM Tris, 1.0 mM
EDTA, pH 9.0) and heated in a microwave oven at 92–98 °C for 15
min for antigen retrieval. After cooling to room temperature, the

sections were blocked with 10% goat serum for 30min at room
temperature before incubation with primary antibodies overnight
at 4 °C, followed by incubation with Alexa Fluor-conjugated
secondary antibodies for 1 h at room temperature. IgGs of the
same species from which the primary antibody was generated
were applied to negative control sections. The sections were
subsequently counterstained with 4′,6-diamidino-2-phenylindole
(DAPI, D1306, Invitrogen, Carlsbad, CA, USA) and mounted with
anti-fade mounting medium. Images were captured on a Carl
Zeiss LSM 780 confocal laser-scanning microscope (Zeiss, Ober-
kochen, BW, Germany) and processed by ZEN 2012 (black edition)
software. We examined the expression of critical genes, such as
HMOX1, CCR2, and HLA-G, in samples from 60 normal pregnant
women in the first trimester.

Western blot analysis
Decidual macrophage or peripheral monocyte proteins were
extracted using SDS lysis buffer (2% SDS, 50 mM Tris-HCI pH 7.6,
2 mM EDTA and 10% glycerol). Proteins were quantified by
using the BCA Protein Assay Kit (23227, Thermo Pierce,
Waltham, MA, USA). Then, 5 µg of protein was subjected to
SDS-PAGE gel electrophoresis and electrophoretically trans-
ferred onto a PVDF membrane. After blocking with 5% skim
milk, the membrane was incubated with primary antibodies
overnight at 4 °C. Then, the membrane was washed and
incubated with corresponding horseradish peroxidase-
conjugated secondary antibodies for 1 h at room temperature.
The results were captured with a Gene Gnome Imaging System
(Syngene, Cambridge, Cambs, UK). Beta-2-microglobulin (B2M)
was used as the loading control. We performed at least six
biological replicates for each protein blotted, and a representa-
tive result is shown.

Real-time PCR
Total RNA was extracted from decidual macrophage subsets using
TRIzol reagent according to the manufacturer’s instructions.
Reverse transcription was performed with 0.2 μg of total RNA
using SuperScript II Reverse Transcriptase (18064-014, Invitrogen)
and an oligo-dT primer (Invitrogen). Real-time PCR was performed
by using the SYBR II kit (RR820A, TaKaRa, Dalian, LN, China)
according to the manufacturer’s instructions on a Light Cycler 480
real-time PCR System (Roche, Basel, BS, Switzerland). The mRNA
levels of the target genes were normalized to B2M, and relative
expression was determined by the 2−ΔΔCt method.

Antibodies and primers
The antibodies and primers used are listed in Supplementary
Tables S1 and S2.

Enzyme-linked immunosorbent assay (ELISA)
Decidual macrophage subsets freshly isolated by MACS and FACS
were seeded onto 48-well plates (105 cells per well) with 0.2 ml of
full RPMI medium in 5% CO2 at 37 °C for 24 h. The supernatants of
decidual macrophage subsets were collected by centrifugation
and stored at −80 °C until ELISA assays were carried out. We
performed ELISA according to the protocols of the ELISA kits to
detect the secretory levels of interleukin-1 beta (IL-1B) (DKW12-
1012-048, Dakewe) and prostaglandin E2 (PGE2) (KGE004B, R&D
Systems, Minneapolis, MN, USA).

Transmission electron microscopy (TEM) experiment
Decidual macrophages (~5 × 105 each) were fixed in 2.5%
glutaraldehyde (A17876, Alfa Aesar, Heysham, Lancs, UK) in 0.1
M phosphate buffer (pH 7.4) for 2 h at room temperature. Then,
the samples were sent to the Institute of Biophysics, Chinese
Academy of Sciences for ultrathin sectioning. Ultrathin sections
(70 nm) were further processed and captured under a Tecnai Spirit
(120 kV) transmission electron microscope (FEI, Hillsboro, OR, USA).
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Phagocytosis assay
Clostridium sordellii (C. sordellii, ATCC9714, China Center of
Industrial Culture Collection, Beijing, China) was grown anaerobi-
cally in anaerobic medium (CM1513, Land Bridge, Beijing, China)
at 37 °C. A suspension of C. sordellii containing a bacterial
concentration corresponding to 1 × 109 colony-forming units
(CFU)/ml was collected. After two washes, C. sordellii cells were
labeled with 5.0 μM carboxyfluorescein diacetate succinimidyl
ester (CFSE, 65-0850-84, eBioscience, San Diego, CA, USA) for 40
min at 37 °C.33 A total of 5 × 105 decidual cells were incubated
with 1 × 107 CFU CFSE-labeled C. sordellii in 24-well plates for 2 h
at 37 °C, or 1 × 105 decidual macrophages were incubated with
1 × 10 7 CFU C. sordellii. Next, decidual cells or macrophages were
collected and incubated with Human TruStain FcX (422301,
Biolegend) to block Fc receptors and subsequently stained with
CD45-APC-cy7, CD14-BV421, CD11c-PE, and CCR2-APC for 30 min
at 4 °C. After three washes with PBS, the phagocytic capacity of
decidual macrophages was determined by flow cytometry
analysis. At least 50,000 cells were assayed, and the data were
analyzed with FlowJo V10.2. Escherichia coli (E. coli, TOP10,
Biomed, Beijing, China) was cultured in LB medium (Oxoid,
Basingstoke, Hants, UK) under normoxia, and Listeria monocyto-
genes (L. monocytogenes, ATCC 19115, China General Microbiolo-
gical Culture Collection Center, Beijing, China) was grown in brain
heart infusion medium (CM1135, Oxoid) under normoxia. The
subsequent processes were the same as those used for C. sordellii.
When the phagocytosis efficiency of CCR2−CD11cLO macro-
phages was 20–40%, the assay was subjected to statistical
analysis.

Statistical analysis
All experiments were repeated as indicated in the figure legends,
and n indicates the number of independent biological repeats. We
defined biological replicates starting from the processing of
decidua and peripheral blood from different pregnant women. All
statistical analyses were conducted with GraphPad Prism Version
7.0. Differences among groups were evaluated by using unpaired
one-way analysis of variance (ANOVA) with correction by the
Tukey method or multiple t-tests analysis with a false discovery
rate approach corrected by the Benjamini, Krieger, and Yekutieli
method. The data are presented as the mean ± s.d. *P < 0.05; **P <
0.01; ***P < 0.001. For all statistical tests, P < 0.05 was considered
statistically significant.

RESULTS
Identification of three distinct subsets of macrophages at the
maternal-fetal interface during human first trimester pregnancy
A previous bioinformatics study reported that decidual macro-
phages could be divided into two subsets based on CD11c
expression.24 To confirm this observation, we freshly isolated
decidual cells from human decidua at 6–8 weeks of gestation and
subjected these cells to flow cytometry analysis using anti-CD14,
CD45, and CD11c antibodies. The decidual macrophages were
CD14+CD45+. Based on CD11c, decidual macrophages were
clustered into two subsets (CD11cHI and CD11cLO) as expected
(Fig. 1a–c). As not all of the CD11c-positive cells were macro-
phages (Fig. 1b), we needed to find a specific marker to localize
these two subsets of macrophages. We examined all of the
differentially expressed genes between these two macrophage
subsets by analyzing the coordinate microarray data (GSE22342),24

and fortunately, we found a chemokine receptor gene named
CCR2 that was highly expressed in CD11cHI macrophages (Fig. 1d).
CCR2 is the membranous receptor for C–C motif chemokine 2
(CCL2), and the CCR2–CCL2 signaling axis plays important roles in
mediating monocyte migration and the progression of numerous
inflammatory diseases.34–36 Using CCR2, we successfully divided
decidual macrophages into two subsets (Fig. 1e). We initially

thought that CD11cHI macrophages were all positive for CCR2.
However, when combined with CD11c, decidual macrophages
were unexpectedly clustered into three subsets: CCR2−CD11cLO,
CCR2−CD11cHI, and CCR2+CD11cHI (Fig. 1f). CCR2−CD11cLO
macrophages were the most abundant macrophages (~80%),
while CCR2−CD11cHI and CCR2+CD11cHI subsets accounted for
~5% and 5–15% of macrophages, respectively, at the
maternal-fetal interface (Fig. 1f, g). Peripheral monocytes may
serve as a source for tissue-resident macrophages,37 such as
decidual macrophages, so we then examined the expression levels
of CCR2 and CD11c in monocytes. Most monocytes were CCR2
+CD11cHI, and CD11c− and CD11cLO monocytes were barely
detected (Fig. 1g, h).
After identifying three subsets of macrophages in the decidua

during first trimester pregnancy, we next aimed to elucidate the
morphology of these macrophage subsets. To this end, we
purified these three macrophage subsets by FACS and cultured
them for microscopy observation. CCR2−CD11cHI macrophages
were significantly larger than the other two subsets (Supplemen-
tary Figure S1a). We also back-plotted the scatter graphs of these
three macrophage populations during flow cytometry analysis,
and we again found that CCR2−CD11cHI macrophages were the
largest and had the largest variation in size and granularity
(Supplementary Figure S1b). To further study the morphology of
these subsets, we performed a TEM experiment. CCR2−CD11cHI
decidual macrophages were the largest, with the most abundant
and largest phagocytic vacuoles, while CCR2+CD11cHI decidual
macrophages were the most compact, with only a few small
phagocytic vacuoles (Fig. 1i). CCR2−CD11cLO macrophages were
intermediately compact with some medium-size phagocytic
vacuoles (Fig. 1i).

The localization of the three macrophage subsets at the
maternal-fetal interface
To localize these three subsets of macrophages, specific markers
were needed. CCR2+CD11cHI cells were able to be labeled by an
anti-CCR2 antibody (Supplementary Figure S2a). However, markers
to label CCR2−CD11cHI macrophages were lacking. To find
markers, we purified the three subsets of decidual macrophages
by combining MACS and FACS (Supplementary Figure S3) and
performed a RNA-Seq experiment (GSE89323). Peripheral blood
monocytes from early pregnant women were included as a
control. We selected 485 specific genes (Supplementary Table S3)
for CCR2−CD11cHI macrophages with two fold higher FPKM
values than the other two subsets. Among these genes, secreted
phosphoprotein 1 (SPP1) and heme oxygenase-1 (HMOX1) were
among the most highly expressed genes in CCR2−CD11cHI cells
(Fig. 2a), which was further verified by western blot analysis
(Fig. 2b). By immunofluorescence staining on decidua sections of
6–8 weeks of gestation, we found that almost all HMOX1+ cells
were CD14+ macrophages (Supplementary Figure S2b), Mean-
while, no overlapping signals between HMOX1 and CCR2 staining
were observed (Supplementary Figure S2c). We thus selected
HMOX1 to further distinguish the CCR2−CD11cHI and CCR2
−CD11cLO macrophages. Meanwhile, the HMOX1 and
SPP1 signals were almost overlapped (Supplementary Figure S2d),
reflecting the accuracy of our method and results.
We performed immunofluorescence analysis with decidua

paraffin sections from 60 pregnant women (6–8 weeks of
gestation). CCR2−CD11cHI decidual macrophages (HMOX1
+CD14+) were specifically localized close to HLA-G+EVTs (Fig. 2c).
CCR2+CD11cHI decidual macrophages (CCR2+CD14+) were also
mainly localized proximal to EVTs (Fig. 2d), but were slightly
further from and less strictly restrictive to EVTs than the CCR2
−CD11cHI subset. CCR2−CD11cLO cells (CD14+, CCR2−, and
HMOX1−) were widespread in the decidua (Supplementary
Figures S2a–c). To further confirm the spatial relationship between
macrophage subsets and EVTs, we enriched decidual cells
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Fig. 2 Localization of the three macrophage subsets at the maternal–fetal interface. a Heat map showing highly expressed genes of two
CD11cHI macrophage subsets. b Confirmation of highly expressed genes in two CD11cHI macrophage subsets based on western blot, with
B2M as the loading control (here and after). c Representative immunofluorescence results for HLA-G and HMOX1 staining on decidual tissues
from 7 weeks of gestation. d Representative immunofluorescence results for HLA-G and CCR2 staining on decidual tissues from 7 weeks of
gestation. e Quality control for isolated primary decidual cells, which were proximal to EVTs, as indicated by HLA-G+ cells. f A lack of
observation of HLA-G+ cells was used as the quality control for isolated primary decidual cells, which were distal to EVTs. g The percentages of
the three decidual macrophage subsets derived from the decidua proximal to EVTs. h The percentages of the three decidual macrophage
subsets derived from the decidua distal to EVTs. i The statistical percentages of the three decidual macrophage subsets derived from the
decidua proximal or distal to EVTs (n= 6, multiple t-tests, ***P < 0.001)
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proximal (Fig. 2e) and distal (Fig. 2f) to HLA-G+EVTs and
compared the proportion of macrophage subsets. The percen-
tages of CCR2−CD11cHI and CCR2+CD11cHI subsets in macro-
phages proximal to EVTs (Fig. 2g) were significantly higher (P <
0.001) than in macrophages distal to EVTs (Fig. 2h, i).

Functional denotation of the three decidual macrophage subsets
by RNA-Seq analysis
After elucidating the precise localization of the three macrophage
subsets at the maternal-fetal interface, we next aimed to explore
their functions by analyzing their transcriptional differences. We
first performed principle component analysis (PCA) for these three
macrophage populations and peripheral monocytes based on the
RNA-Seq results (Fig. 3a). The PCA results showed that the
transcriptomes of the decidual macrophage subsets were very
different from that of peripheral monocytes. Though the CCR2
−CD11cLO and CCR2+CD11cHI macrophage subsets expressed
different levels of CCR2 and CD11c, their transcriptomes were
similar and were significantly different from that of the CCR2
−CD11cHI macrophage subset. Next, we sorted out 3833
differentially expressed genes among these three macrophage
subsets (Fig. 3b and Supplementary Tables S4 and S5) and
clustered them against the three macrophage subsets and
monocytes (Fig. 3c, d). Similar to the PCA results, the CCR2
−CD11cHI macrophages again showed a marked difference from
the other two subsets in the heat map (Fig. 3c), and decidual

macrophage subsets were different from peripheral monocytes
(Fig. 3d).
We then performed KEGG and GO-BP enrichment analyses

based on the 3833 differentially expressed genes. The KEGG
enrichment results showed that the CCR2−CD11cHI macrophages
were specifically enriched with cell proliferation and metabolism-
related pathways; the CCR2+CD11cHI subset was particularly
enriched for tumor necrosis factor (TNF) signaling and phagosome
pathways, and few pathways were found to be specifically
enriched in the CCR2−CD11cLO subset (Fig. 3e, Supplementary
Figure S4a, and Supplementary Table S6). While the CCR2
−CD11cLO subset shared many enriched pathways with the
CCR2+CD11cHI subset, no overlapping pathways were found
between the CCR2−CD11cHI subset and the other two subsets
(Fig. 3e and Supplementary Figure S4a). The GO-BP enrichment
results were similar to those from the KEGG analysis and again
indicated that the CCR2+CD11cHI macrophage population was
enriched for certain inflammatory-related items (Supplementary
Figure S4b and Supplementary Table S7).

Phagocytic capacity of the three decidual macrophage subsets
Among the phagosome-related genes in the heat map, macro-
phage receptor with collagenous structure (MARCO) was highly
expressed in CCR2+CD11cHI macrophages (Fig. 4a, b). This
protein binds Gram-positive and Gram-negative bacteria38,39 and
enhances the phagocytosis of C. sordellii,40 a pathogen associated

Fig. 3 RNA-Seq analysis of the three decidual macrophage subsets. a PCA analysis of the full transcriptome of decidual macrophage subsets
and peripheral monocytes. b Venn diagram showing 3833 differentially expressed genes between the three macrophage subsets. c Heat map
of 3833 differentially expressed genes in the three decidual macrophage subsets. d Heat map of 3833 differentially expressed genes in the
decidual macrophage subsets and peripheral monocytes. e Part of the KEGG analysis results based on 3833 differentially expressed genes
between the three macrophage subsets
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Fig. 4 Phagocytic capacity of the three decidual macrophage subsets. a Heat map of highly expressed phagosome-related genes. Red and
green: immunoglobulin Fc receptor genes; blue: scavenger receptor genes; yellow: MHCII genes. b Real-time PCR results for MARCO in the
three decidual macrophage subsets (n= 6). c Western blot results for phagosome pathway-related proteins. d Negative control for the
phagocytosis assay. e Phagocytosis of C. sordellii by total decidual macrophages. f Phagocytosis of C. sordellii by the three decidual
macrophage subsets. g The statistical results for the phagocytic capacity of the three macrophage subsets (n= 6). h Real-time PCR results for
MSR1 in the three decidual macrophage subsets (n= 6). i Phagocytosis of E. coli by total decidual macrophages, and the statistical results for
the phagocytic capacity of the three macrophage subsets (n= 6). j Phagocytosis of L. monocytogenes by total decidual macrophages, and the
statistical results for the phagocytic capacity of the three macrophage subsets (n= 6). b, g–j One-way ANOVA, ***P < 0.001
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with highly lethal female reproductive tract infections.41 MARCO-
deficient mice have a high rate of death when infected by
intrauterine injection with C. sordellii.40 The high expression levels
of MARCO and other phagosome-related genes, such as
immunoglobulin alpha Fc receptor (FCAR), oxidized low-density
lipoprotein receptor 1 (OLR1) and major histocompatibility
complex II (MHCII) members, including HLA class II histocompat-
ibility antigen and DR alpha chain (HLA-DRA) in CCR2+CD11cHI
macrophages (Fig. 4a–c), suggested that this subset was highly
phagocytic. To test this hypothesis, we performed a phagocytosis
experiment (Fig. 4d, e), and the CCR2+CD11cHI macrophages
showed more enhanced phagocytosis of C. sordellii than the CCR2
−CD11cLO macrophages (P < 0.01, Fig. 4f, g). Surprisingly, the
CCR2−CD11cHI macrophages phagocytosed C. sordellii even more
effectively than the CCR2+CD11cHI macrophages (P < 0.001,
Fig. 4f, g). The reason for this phenomenon might be that CCR2
−CD11cHI macrophages not only expressed high levels of MARCO
and macrophage scavenger receptor types I and II (MSR1, Fig. 4a,
h), but also other phagosome-related genes, such as beta-actin
(ACTB), platelet glycoprotein 4 (CD36), and the immunoglobulin
gamma Fc receptors CD16 and CD32 (Fig. 4a, c). Although the
phagocytic capacity of the CCR2−CD11cLO macrophages was the
lowest, these cells still expressed high levels of some phagocytic
genes, including CD209 (Fig. 4a, c). We also examined the
phagocytosis of E. coli and L. monocytogenes by these three
decidual macrophage subsets and obtained similar results (Fig. 4I,

j). Together, these results suggest that the CCR2−CD11cHI and
CCR2+CD11cHI macrophages can effectively clear many types of
potential invading pathogens around EVTs, thus maintaining a
healthy pregnancy.

CCR2+CD11cHI macrophages are pro-inflammatory, while CCR2
−CD11cHI macrophages are anti-inflammatory
To confirm the pro-inflammatory characteristics of the CCR2
+CD11cHI macrophages as indicated by GO-BP enrichment
analysis, we compared the expression of the identified inflamma-
tory response-related genes in the heat map (Fig. 5a). Both the
pro-inflammatory genes interleukin-1 beta (IL1B) and prostaglan-
din G/H synthase 2 (PTGS2/COX2) were highly expressed in the
CCR2+CD11cHI macrophages, as also shown by western blot and
real-time PCR analyses (Fig. 5b–d). Furthermore, the levels of the
secreted forms of IL1B (Fig. 5e) and PGE2 (Fig. 5f), which are
produced by COX2, were also the highest in the CCR2+CD11cHI
macrophages (P < 0.001) based on ELISA. Lysozyme C (LYZ) was
also found to be highly expressed in the CCR2+CD11cHI
macrophages (Fig. 5a, b), and LYZ may help this subset to directly
lyse bacteria.42 These results suggested that the CCR2+CD11cHI
macrophages proximal to EVTs may be involved in establishing a
pro-inflammatory milieu at the maternal-fetal interface, thus
assisting in the defense and clearance of invading pathogens.
The CCR2−CD11cHI macrophages expressed higher levels of

carbon metabolism genes. We verified this finding by performing

Fig. 5 CCR2+CD11cHI macrophages are pro-inflammatory. a Heat map of inflammatory response-related genes based on GO-BP analysis.
Red: pro-inflammatory genes. b Western blot results for pro-inflammatory genes in the three decidual macrophage subsets and monocytes. c,
d Real-time PCR results for IL1B and COX2 in the three decidual macrophage subsets (n= 6). e, f ELISA results for IL1B and PGE2 in the
supernatants of the three decidual macrophage subsets (n= 6). c–f One-way ANOVA, ***P < 0.001
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western blot analysis with hexokinase-2 (HK2), alpha-enolase
(ENO1), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) antibodies (Fig. 6a, b). To further elucidate the function
of this subset, we examined all of the specifically expressed genes
in the CCR2−CD11cHI macrophages and found that these cells
also showed much higher expression of genes involved in heme
metabolism (Fig. 6c). Almost all of the critical heme metabolism-
related genes43 were highly expressed in the CCR2−CD11cHI
macrophages, including ferritin heavy chain (FTH1), NAD(P)H:
quinone oxidoreductase 1 (NQO1), and HMOX1 (Fig. 6d). Inducible
HMOX1 can catabolize toxic-free heme into equimolar amounts of
Fe2+, carbon monoxide, and biliverdin.43 The HMOX1 molecule
has been convincingly confirmed to be anti-oxidative and anti-
inflammatory and thus to act in a cytoprotective manner.43,44

Carbon monoxide and bilirubin, which are produced by heme
metabolism, are also antioxidants.43 Therefore, the CCR2
−CD11cHI macrophages may play an anti-inflammatory role
during early pregnancy.

DISCUSSION
In this study, we reported that there are three macrophage
subsets with different functions at the maternal-fetal interface
(Fig. 7). They are CCR2−CD11cHI, CCR2+CD11cHI, and CCR2
−CD11cLO. The CCR2−CD11cHI and CCR2+CD11cHI subsets
exhibit a polar distribution at the maternal−fetal interface, while
the third subset (CCR2−CD11cLO) is widely distributed; function-
ally, these three decidual macrophage subsets all show phagocytic
capacity, though at different levels, and the CCR2−CD11cHI and
CCR2+CD11cHI macrophages maintain an inflammatory balance
at the maternal−fetal interface (Fig. 7). To our knowledge, this is
the first report of three decidual macrophage subsets during early
human pregnancy. Furthermore, this study also provides further
evidence that tissue-resident macrophages have subsets following
the identification of three lung interstitial macrophage subsets
based on the expression of CD11c and MHCII in mice.45

The CCR2−CD11cLO subset comprises the majority of macro-
phages, and they are extensively present in the decidua,
particularly in the decidua parietalis, where there are no EVTs.
These macrophages exhibit the fewest inflammatory properties
and appear to be in a static state. However, they highly express
CD209 and MHCII (Fig. 4a, c), so they may play a role in antigen
presentation at the maternal−fetal interface. Regarding why the
CD11cHI macrophage subsets exhibit a polar distribution and
specifically reside proximal to EVTs, we considered that he CCR2
−CD11cHI macrophages may be induced or recruited by free
heme released by the stress response at the maternal−fetal
interface.43 The CCR2+CD11cHI subset may be recruited toward
EVTs by excessive chemotactic CCL2 produced by the pro-
inflammatory micro niche created by the interaction between
EVTs and decidual stromal cells.46 However, the precise mechan-
ism requires further investigation.
The CCR2−CD11cHI decidual macrophages specifically

expressed HMOX1 and comprised ~5% of the decidual macro-
phages. The identification of this minority macrophage population
is remarkable. Female Hmox1−/− mice were infertile.43,47 Breeding
Hmox1−/+ mice only gave birth to 1–8% viable Hmox1−/−

progeny depending on the genetic background, suggesting that
HMOX1 plays crucial roles during pregnancy and that abnormal
expression of this molecule results in adverse pregnancy out-
comes.47 The existence of cytoprotective HMOX1+ decidual
macrophages, which are localized adjacent to EVTs, may help to
protect the fetus from being affected by possible infections during
early stages of gestation. Subsequent studies should concentrate
on the function of HMOX1 in the CCR2−CD11cHI macrophages
and its relationship with physiological or pathological pregnancy
outcomes.
Overall, we confirmed the existence of three distinct macro-

phage subsets and explored their functions at the maternal−fetal
interface. We believe that this study starts to unveil the
complicated maternal−fetal crosstalk that occurs during early
human pregnancy.

Fig. 6 CCR2−CD11cHI macrophages expressed the highest levels of heme metabolism-related genes. a Heat map of carbon metabolism-
related genes based on the KEGG results. b Western blot results for carbon metabolism-related proteins. c Heat map of reported heme
metabolism-related genes in decidual macrophage subsets and monocytes. d Western blot results for critical heme metabolism-related
proteins
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