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ABSTRACT ARTICLE HISTORY
Massive infiltrated and enriched decidual macrophages (dM¢) have been widely regarded as important Received 18 June 2021
regulators of maternal-fetal immune tolerance and trophoblast invasion, contributing to normal preg- Revised 1 February 2022
nancy. However, the characteristics of metabolic profile and the underlying mechanism of dM¢ residence ~ Accepted 3 February 2022
remain largely unknown. Here, we observe that dMe display an active glycerophospholipid metabolism. KEYWORDS

The activation of ENPP2-lysophosphatidic acid (LPA) facilitates the adhesion and retention, and M2 Abortion; CLDN7; DDIT4;
differentiation of dM¢ during normal pregnancy. Mechanistically, this process is mediated through decidual macrophage;
activation of the LPA receptors (LPART and PPARG/PPARYy)-DDIT4-macroautophagy/autophagy axis, ENPP2; LPART;

and further upregulation of multiple adhesion factors (e.g., cadherins and selectins) in a CLDN7 (clau- lysophosphatidic acid;
din 7)-dependent manner. Additionally, poor trophoblast invasion and placenta development, and a high trophoblast invasion
ratio of embryo loss are observed in Enpp2%, Ipar1™~ or PPARG-blocked pregnant mice. Patients with

unexplained spontaneous abortion display insufficient autophagy and cell residence of dMe. In ther-

apeutic studies, supplementation with LPA or the autophagy inducer rapamycin significantly promotes

dMe autophagy and cell residence, and improves embryo resorption in Enpp2* and spontaneous

abortion mouse models, which should be dependent on the activation of DDIT4-autophagy-CLDN7-

adhesion molecules axis. This observation reveals that inactivation of ENPP2-LPA metabolism and

insufficient autophagy of dMe result in resident obstacle of dM¢ and further increase the risk of

spontaneous abortion, and provides potential therapeutic strategies to prevent spontaneous abortion.
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C-type 1; MTOR: mechanistic target of rapamycin kinase; NP: normal pregnancy; PDGF: platelet
derived growth factor; PLA1A: phospholipase A1 member A; PLA2G4A: phospholipase A2 group
IVA; PLPP1: phospholipid phosphatase 1; pMo: peripheral blood monocytes; p-MTOR: phosphorylated
MTOR; PPAR: peroxisome proliferator activated receptor; PPARG/PPARYy: peroxisome proliferator
activated receptor gamma; PPARGiI/GW9662: PPARG inhibitor; PTPRC/CD45: protein tyrosine phos-
phatase receptor type, C; Rapa: rapamycin; RHEB: Ras homolog, mTORC1 binding; SA: spontaneous
abortion; SELE: selectin E; SELL: selectin L; siCLDN7: CLDN7-silenced; STAT: signal transducer and
activator of transcription; SQSTM1: sequestosome 1; TJP1: tight junction protein 1; VCAM1: vascular

cell adhesion molecule 1; WT: wild type.

Introduction

Early pregnancy loss occurs in 10% of all clinically recognized
pregnancies. And 80% of pregnancy losses occur in the first
trimester [1]. Approximately 1-3% of women have recurrent
spontaneous abortion [2]. A variety of investigations have
been carried out to identify causes of early pregnancy loss,
including genetic causes, uterine anomaly, infectious etiolo-
gies, endocrine disturbance, thrombophilia and immune fac-
tors [3]. However, the cases of a large proportion of
spontaneous abortion remain unexplained.

Immune dysfunction at the maternal-fetal interface is clo-
sely related to the onset of unexplained spontaneous abortion.
Macrophages account for about 20% of total leukocytes within
the human decidua [4]. Within gestational age, the number of
decidual macrophages (dM¢) varies and is highest in the first
and second trimester [5]. Human decidua-resident macro-
phage homeostasis plays a decisive role in the establishment
and maintenance of normal pregnancy, contributing mainly
to the trophoblast invasion, spiral artery remodeling and
embryo-friendly immunological environment during early
pregnancy [6,7]. Macrophage depletion induces fetal resorp-
tion in pregnant mouse model [8]. It has been proposed that
the dominant factor conferring tissue-resident macrophage
identity and self-maintenance capacity would be the niche
competition rather than origin [9]. The niche of decidua-
resident macrophage would directly affect the stability of
decidual microenvironment, whereas the biological events
and mechanisms involved need to be further studied.

Immune cells are migratory and leukocyte recruitment
through modified blood vessels and into affected tissues is
generally achieved by rapid migration of inflammatory cells
out of circulation [10]. Macrophages can migrate from the
peritoneal cavity directly into the adjacent liver-bypassing
circulation [11]. Tissue-resident macrophages present pro-
grams for cell migration and adhesion and mediate vascular
repair through physical adhesion and mechanical traction
[12]. Tissue cells, as well as cancer cells, express specific
adhesion molecules to attract macrophages, restore function,
and thrive in the leukocyte-rich microenvironments [13-15].
Decidua, the maternal bed embracing the embryo and the
major locations of dM¢, is an important site of fetal-
maternal immune cross-talk and maintains the pregnancy
and maternal and offspring’s health [7,16].

Macrophages are highly polarizable and plastic. Metabolic
reprogramming of macrophages plays a predominant role in
regulating their phenotype but also their plasticity [17].
Succinate, itaconate, lactic acid and lysophosphatidic acid

(LPA) are all representative examples of reprogramming
metabolites in macrophage differentiation as energy metabo-
lism regulators and/or signal transduction molecules [18-22].
Phosphatidylcholine (PC) is hydrolyzed by PLA (phospholi-
pase) to produce lysophosphatidylcholine (LysoPC). Under
the catalysis of ENPP2/autotaxin/ATX (ectonucleotide pyro-
phosphatase/phosphodiesterase 2; a metabolic enzyme with
lysophospholipase D activity), LPA, a potent bioactive lyso-
phospholipid which is metabolized by PLPP1 (phospholipid
phosphatase 1) and MGLL (monoglyceride lipase), is gener-
ated from LPC. LPA binds to specific cell-surface G protein-
coupled receptors, including six identified receptors, LPAR1
to LPARG [23], and the intracellular receptor PPARG/PPARYy
peroxisome proliferator activated receptor gamma) [24].
LPARI1 and LPAR3 are crucial for decidualization, implanta-
tion, embryo spacing and vascularization during pregnancy
[25-27]. Additionally, autophagy has also been reported to be
involved in menstruation, decidualization, implantation, tro-
phoblast and placenta development [28-31]. Tissue-specific
metabolic state of macrophages is a feature of niche adapta-
tion [32]. However, studies on the metabolic characteristics
and autophagy level of dM¢ and its possible roles in sponta-
neous abortion are still scarce.

Therefore, it is urgent to study the metabolic characteristics
of dM¢ and its roles in dM¢ residence and homeostasis during
early pregnancy. Specifically, we focused on the aberrant LPA
metabolism-autophagy axis-mediated unstable dM¢ niche in
the pathogenesis of spontaneous abortion, and further explored
the possible intervention strategies in this study.

Results

dMe exhibit an active glycerophospholipid metabolic
profile and are rich in LPA

To access the metabolite profiles of dM¢, the purified peripheral
blood monocytes (pMo) and dM¢ from women with normal
early pregnancy were collected and analyzed by metabolomics.
As shown, dM¢ presented completely different metabolic pro-
files compared with pMo (Figure 1A), especially the greatest
enrichment of glycerophospholipid metabolism pathway
(Figure 1B). LPA and its downstream metabolites were
enriched, while levels of its upstream related metabolites were
decreased in dMg¢, suggesting that LPA metabolism is active,
and LPA is enriched in dM¢ (Figure 1C, D). Further analysis
showed that the levels of most of the enzymes associated with
LPA metabolism in dM¢ were significantly higher than those of
pMo, including PLAIA, PLA2G4A, ENPP2, PLPPI, and MGLL
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Figure 1. Decidual macrophages exhibit an active glycerophospholipid metabolic profile and are rich in LPA. (a) Heatmap of differential metabolites in metabolomics
for pMo (n = 10) and dM¢@ (n = 10) from normal early pregnant women. (b) Enriched metabolic pathways of differential metabolites in (a) was obtained by topology
analysis. (c and d) Differential metabolites in glycerophospholipid metabolism pathway between pMo and dMe. (e) Relative mRNA expression of metabolic enzymes
in glycerophospholipid metabolism pathway between pMo and dMg by RT-PCR. (f) Transcriptional levels of LPART and PPARG in pMo and dM¢ by RT-PCR. (g)
Summary of glycerophospholipid metabolism characteristics in dM¢ from normal early pregnant women (inside the box: metabolites, outside the box: metabolic
enzymes). Data were presented as mean + SEM or median and quartile and analyzed by t test or Mann-Whitney U test. *P < 0.05, **P < 0.01, ***P < 0.001,
****¥P < 0.0001, NS: no significance.
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(Figure 1E). In particular, the level of ENPP2, the gene encoding
the key metabolic enzyme of LPA production in dM¢, was
about 200 times higher than that in pMo (Figure 1E). The
inhibition of ENPP2 led to the decrease of LPA in macrophage
in vitro (Figure S1A). Therefore, LPA is an important inter-
mediate metabolite in these differential metabolites related to
the glycerophospholipid metabolism pathway. LPA receptors
(LPARI and PPARG) were significantly high-expressed in
dMg (Figure 1F, Figure S1B, C). However, there was no sig-
nificant change in the expression of ENPP2 in stromal cells
during decidualization (Figure S1D), and it was much lower
than those of dM¢ (Figure S1E). These data suggest that dM¢
presents an active ENPP2-mediated LPA metabolism
(Figure 1G) with the enrichment of LPA and high levels of
LPA receptors at the maternal-fetal interface.

Macrophage with aberrant LPA metabolism induces
spontaneous abortion by impairing trophoblast invasion
and placenta development

To clarify the possible role of the ENPP2-LPA metabolism in
normal pregnancy, enpp2 knockout mouse models were estab-
lished. Because homozygous knockouts are lethal, the preg-
nancy outcomes of heterozygous (Enpp2*) mice and wild-type
(WT) mice were observed. Compared with WT pregnant
mice, as shown, Enpp2" pregnant mice (were mated with
Enpp2* mice &) at 13.5th day of pregnancy showed adverse
pregnancy outcomes (Figure 2A-C), the overall embryo
resorption rate was significantly increased (Figure 2A-C),
and the weight and size of embryos and placenta were sig-
nificantly reduced (Figure 2D, E). To eliminate the interfer-
ence of heterozygous mating embryo genotypes on the
resorption rate, we identified the embryo genotypes and
found that almost all of embryos with enpp2™~ genotypes
were resorbed (Figure 2B, F left). Of note, the resorption
rate of WT embryos in Enpp2* pregnant mice was still sig-
nificantly higher than that of WT pregnant mice (were mated
with WT mice &) (Figure 2B, F right), and the size of the
embryo and placenta was also smaller than that of WT preg-
nant mice (Figure 2G). However, there was no difference of
placenta and embryo sizes between WT embryos and Enpp2*
embryos from same Enpp2* pregnant mice, suggesting that
the heterozygous loss of Enpp2 did not influence the develop-
ment of placenta and embryo (Figure 2G). Interestingly, the
infiltration of placenta trophoblast cells decreased signifi-
cantly in decidua of Enpp2® pregnant mice (Figure 2H-]),
indicating that heterozygous loss of Enpp2 in uterus should
contribute to the impaired invasiveness of trophoblasts.
Excluding the effects of embryo genotypes, similarly, there
were also increased embryo loss, decreased embryo and pla-
centa weight, and/or impaired infiltration of placenta tropho-
blast cells in Iparl™~ pregnant mice (Figure S1F-K) and
PPARG inhibitor (PPARGI)-treated pregnant mice (Figure
S1L-Q). Additionally, high rates of embryo loss, decreased
embryo and placenta weight of pregnant mice with macro-
phage depletion were observed in the transfer group of
macrophages from Enpp2* mice compared with the transfer
of macrophage from WT mice (Figure S2A-E). These data
suggest that pregnant mice with the inactive Enpp2-LPA

metabolism or LPA receptor signaling of uterus were prone
to spontaneous abortion.

Further analysis showed that M2 macrophages treated with
CSF1/M-CSF and IL10 had high levels of ENPP2 (Figure
S3A). To further clarify the possible mechanism of Enpp2
deficiency in spontaneous abortion, macrophage and JEG3
cells was cocultured in vitro to imitate the crosstalk between
decidual macrophage and trophoblasts at the maternal-fetal
interface (Figure 2K, Figure S3B). As shown, LPA-treated MO
macrophages stimulated the invasion and proliferation of
JEG3 cells (Figure 2L, M, Figure S3C-D), while inhibition of
ENPP2, LPARI or PPARG in M2 macrophages inhibited the
invasion and proliferation of JEG3 cells (Figure 2N, O, Figure
S3E, F). Additionally, LPA promoted the secretion of several
pro-angiogenic factors by macrophage, especially IL8 and
CXCL10/IP-10 (chemokine (C-X-C) ligand 10) and growth
factors, FGF2/b-FGF (fibroblast growth factor 2) and PDGF
(platelet derived growth factor)-BB (Figure S3G). Therefore,
the activated ENPP2-LPA metabolism of dM¢ contributes to
growth and invasion homeostasis of trophoblast cells and
placenta developments, and these cytokines (IL8, ILI10,
FGF2, and PDGF-BB) should be involved in these processes.

LPA promotes the adhesion and enrichment of M2-
polarized dMe in decidua

To further explore the potential role of ENPP2-LPA metabo-
lism in dMg, firstly, RNA-sequence was performed to evalu-
ate the difference of ENPP2-LPA'®" pMo and ENPP2-LPAMs"
dM¢ from women during normal early pregnancy
(Figure 3A). Compared with pMo, dM¢ exhibited different
phenotypes (Figure 3A). Enrichment analysis of GO term and
KEGG pathway showed that significantly upregulated genes of
dM¢ were mainly enriched in the cell adhesion, biological
adhesion, focal adhesion, and so on (Figure 3B). Among
these, there were 137 adhesion-related different genes
(Figure S4), suggesting that these molecules are important
for macrophage localization and enrichment in the decidua.
Interestedly, LPA significantly promoted macrophage adhe-
sion to DSCs in a dose-dependent manner (Figure 3C, D).
While PF-8380 (an ENPP2 inhibitor) or LPA receptor inhibi-
tors were pretreated, their adhesion and residence in the
stromal cell layer was significantly inhibited (Figure 3E, F).
In the uterus of Enpp2* mice on 7.5th day of pregnancy,
the proportion and the number of decidua-resident macro-
phages in the uterus were significantly lower than those of
WT mice (Figure 3G-J). In contrast, the percentage of NKT
cells was increased markedly (Figure S5). The expression of
adhesion molecules on the surface of PTPRC*ADGREL"
ITGAM" macrophages was decreased, including CDHI,
SELE, SELL and ITGAV/integrin aV (Figure 3K). Moreover,
the levels of the decidual macrophage migratory molecules
Ly6C and M1 polarizing molecules CD80 and CD86 were
significantly increased, while the level of M2 polarizing indi-
cator CD209 decreased (Figure 3L). Similar results were
observed in the uterus of Iparl™~ pregnant mice (Figure
S6A-F) or PPARGi-treated pregnant mice on 7.5th day of
gestation (Figure S6G-L). More importantly, transferring
macrophage from WT mice led to more M2 like macrophage
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Figure 2. Macrophage with aberrant LPA metabolism induces spontaneous abortion by impairing trophoblast invasion and placenta development. (a) Photograph of
uterus of wild-type (WT) and Enpp2™ mice (red arrow: resorption point). (b) Photograph of embryos and placentas of WT (WTQXWTJ) and Enpp2*
(Enpp2*QxEnpp2*3) pregnant mice and the genotypes of embryos for Enpp2* pregnant mice. (c) Numbers of resorptive and non- resorptive embryos of WT and
Enpp2* mice (left, red number on the top of the columns: the total resorption rate) and comparison of resorption rates of total embryos (right, n = 8). (d and e) The
weight or size of embryos and placentas of WT and Enpp2* mice. (f) Numbers of resorptive and non-resorptive embryos different genotypes of Enpp2* mice (left, red
number on the top of the columns: the total resorption rate) and comparison of the resorption rates of WT embryos from WT (n = 9) and Enpp2* (n = 7) pregnant
mice (right). (g) Comparison of the sizes of WT embryos from WT pregnant mice and WT or HE embryos form Enpp2* pregnant mice. (h) Diffusion and invasion of
KRT7* trophoblasts into uterus of WT (n = 8) or Enpp2*(n = 8) pregnant mice (white solid triangles: uterine glandular epithelium cells). (i and j) Relative depth of
trophoblast invasion into uterus: the ration of KRT7* trophoblast depth (Line 1/L1 in red) to the total depth (Line 2/L2 in Orange) (white solid triangles: uterine
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residence and higher expression of adhesion molecules in
pregnant mice with macrophage depletion, compared with
the transfer group of macrophages from Enpp2® mice
(Figure S6M-P). These results indicate that LPA metabolism
can trigger dM¢ adhesion and enrichment, and M2 differen-
tiation in decidua.

Autophagy is critical to LPA-induced adhesion of dMe in
decidua

To investigate the possible mechanism of LPA metabolism in
dM¢ adhesion and residence, ENPP2 inhibitor-treated,
LPART1 inhibitor-treated and control macrophages were col-
lected for RNA-Seq and statistics of pathway enrichment of
differential genes showed that the LPA metabolism and
receptor signaling were strongly correlated with cell auto-
phagy (Figure S7A). Autophagy is a highly evolutionarily
conserved process for the recycling and degradation of cyto-
plasmic constituents. Autophagy plays an important role in
embryogenesis, implantation, placentation and maintenance
of pregnancy [30,33]. Compared with pMo from normal
early pregnant women, dM¢ presented high levels of the
number of autophagosomes and autolysosomes (Figure 4A,
B). More notedly, LPA obviously accelerated the formation
of autolysosomes in macrophages as well as an autophagy
inducer rapamycin (Figure 4C). Flow cytometry assays con-
firmed that LPA could induce macrophage autophagy in
a dose-dependent manner (Figure 4D, E). In contrast, treat-
ment with ENPP2i or LPARI1i decreased the number of
autophagosomes in macrophages (Figure S7B), and the
expression of autophagy-related genes MAPILC3B and
BECNI (Figure S7C).

DDIT (DNA damage-inducible transcript) 4 is a negative
regulator of MTOR (mechanistic target of rapamycin kinase)
signaling pathway and involved in autophagy regulation [34].
As an important differential gene in the RNA-Seq results, we
also found that DDIT4 was highly expressed in dMg
(Figure 4F). LPA upregulated the expression of DDIT4
(Figure 4G), whereas ENPP2i or LPAR1i downregulated it,
which was consistent with the results of transcriptome
sequencing (Figure S8A). Additionally, LPA inhibited the
expression of a downstream molecule RHEB (Figure 4G),
thereby inhibiting the expression and phosphorylation of
MTOR (Figure 4H, I, Figure S8B, C) and promoting the
expression of downstream ATG (autophagy-related proteins
autophagy-related protein)13, BECN1 and LC3B (Figure 4G,
J, K). And expression of autophagy substrate protein
SQSTM1 decreased (Figure 4G). When LPAR1 and PPARG
signals were blocked, the MTOR signal was activated, auto-
phagy was inhibited, and levels of autophagy-related proteins
such as LC3B, ATG13 and BECNI also decreased accord-
ingly (Figure S8A, D-P). These results suggest that LPA

induces autophagy of dM¢ possibly in a DDIT4-dependent
manner.

Then we explored whether autophagy was involved in
the regulation of decidual macrophage adhesion and resi-
dence by LPA. Adhesion ratio of DSCs by macrophages
pre-treated with 3-MA (3-methyladenine, an autophagy
inhibitor) in vitro was significantly inhibited (Figure 4L,
M). The stimulatory effects of LPA on macrophage adhe-
sion and the expression of adhesion molecules were also
restricted due to the inhibition of autophagy by 3-MA
(Figure 4L-N). After intraperitoneal injection of 3-MA,
the number and proportion in pregnant mice of uterine
macrophages were decreased (Figure S9A-D), the diffusion
and invasion of placental extravillous trophoblasts was sup-
pressed and the relative depth of implantation was reduced
(Figure S9E-G). More importantly, in atg5""Lyz2-Cre*
pregnant mice, we observed higher embryo resorption
rates, lower embryo and placenta weight, and less residence
of M2 like macrophage with low autophagy and adhesion
molecules levels, which were evaluated by flow cytometry
assays (Figure 5A-I). These results confirm that LPA pro-
motes dM¢ adhesion and enrichment in an autophagy-
dependent manner.

LPA-autophagy-mediated adhesion and residence of dMe
are dependent on CLDN7

Tissue-resident macrophages physically adhere and stick via
various adhesion molecules to reside locally and perform their
functions [12]. Claudins are a family of cell adhesion mole-
cules mainly localized at apical tight junctions [35]. The result
of RNA-sequence analysis showed that CLDN7 was
a differentially expressed gene of macrophage between NC
and ENPP2i groups. Claudin-7 has been reported to play
a key role in intestinal epithelial tissue integrity and immune
homeostasis [36,37]. We observed that the level of differen-
tially expressed gene CLDN7 in dM¢ was significantly higher
than that in pMo (Figure 6A). The expression of CLDN7 in
macrophages was increased by the administration of LPA and
was significantly decreased by ENPP2i or LPA receptor inhi-
bition (Figure 6B, C). LPA promoted the expression of
CLDN7 in macrophages (Figure 6D). Knocking down
CLDN?7 in macrophages significantly inhibited the high levels
of adhesion molecules on macrophages and high adhesion
ratio to DSCs induced by exogenous LPA (Figure 6E-G,
Figure S9H-I), indicating that LPA-mediated adhesion of
dMg is dependent on the CLDN7. The suppression of auto-
phagy by 3-MA led to the downregulation of CLDN7 level in
macrophages (Figure 6H). Conversely, the autophagy inducer
rapamycin had a strong promotion effect on adhesion of
macrophages (Figure 61, J). However, CLDN7-silenced macro-
phages did not respond to rapamycin (Figure 61, J). These

glandular epithelium cells). (k) Schematic diagram of the operation of the invasion assays of JEG3 cells in the co-culture system with MO macrophages or M2
macrophages. (I) Matrigel invasion assays for evaluation of the invasiveness of JEG3 cells in the co-culture system (48 h) with control or LPA-treated MO macrophages
(24 h). (m) Statistical graph of numbers of invasive JEG3 cells from (). (n) Matrigel invasion assays for evaluation of the invasion of JEG3 cells in the co-culture system
(48 h) with control, ENPP2 inhibitor, LPAR1 inhibitor or PPARG inhibitor-treated M2 macrophages macrophage (24 h). (o) Statistical graph of numbers of invasive
JEG3 cells from (n). Data were presented as mean + SEM or median and quartile and analyzed by t test, Mann-Whitney U test or one-way ANOVA test. *P < 0.05,

**P < 0.01, ***P < 0.001, ****P < 0.0001, NS: no significance.
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Figure 3. LPA promotes the adhesion and enrichment of M2-polarized macrophages in decidua. (@) Heatmap of differential genes in RNA-seq for pMo (n = 3) and
dM¢ (n = 3) from women with normal pregnancy. (b) Enriched KEGG and GOTERM pathways of differential gene clustering from (a). (c and d) Adhesion assays for
control or LPA-treated (24 h) PKH-26-labeled red-fluorescent MO macrophages to PKH-67-labeled green-fluorescent DSCs (n = 5). (e and f) Adhesion assays for PKH-
26-labeled red-fluorescent M2 macrophages treated with vehicle (n = 10), ENPP2 inhibitor (n = 7), LPAR1 inhibitor (n = 6) or PPARG inhibitor (n = 6) for 24 h to PKH-
67-labeled green-fluorescent DSCs. (g and h) The residence and number of ADGRE1* macrophages in the uterus of WT (n = 5) and Enpp2* (n = 4) mice by
immunofluorescence assays. (i and j) Flow cytometry assays for detection of the proportion in PTPRC* immune cells and the absolute numbers of ADGRE1*ITGAM*
uterine macrophages per 10,000 cells in uterus of WT (n = 8) or Enpp2* (n = 8) pregnant mice. (k and 1) Adhesion molecules and differentiation markers of
PTPRC*ADGRET*ITGAM* uterine macrophages of WT (n = 8) or Enpp2* (n = 8) pregnant mice in flow cytometry assays. Data were presented as mean + SEM or
median and quartile and analyzed by t test, Mann-Whitney U test or one-way ANOVA test. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 4. Autophagy is critical to LPA-induced adhesion of dM¢ in decidua. (a) Autophagic structures under transmission electron microscopy in pMo (n = 6) and
dMeo (n = 6). (b) Numbers of autophagic structures in (a). (c) DALGreen for autophagy detection of MO macrophages dyed with PKH26 red fluorescence and treated
with vehicle, rapamycin, LPA (5 pM or 10 uM) for 48 h. (d and e) Flow cytometry assays for autophagy detection of MO macrophages treated with vehicle or LPA
(5 uM or 10 uM) for 48 h. (f) Transcription level of DDIT4 in pMo (n = 8) and dM@ (n = 8) by RT-PCR. (g) Western-blot for DDIT4, RHEB, ATG13, BECN1, LC3I/Il or
SQSTM1 of MO macrophages treated with LPA (10 puM) for 0, 6, 12 or 24 h. (h-k) Immunofluorescence detection for MTOR and MAP1LC3B expression of M0
macrophages treated with LPA (10 pM) for 0, 6, 12 or 24 h. (I and m) Adhesion assays for control, LPA-treated (10 uM for 24 h), 3-MA-treated (10 mM for 24 h) or
both 3-MA (10 mM for 24 h-pretreatment) and LPA-treated (10 uM for 24 h) PKH-26-labeled red-fluorescent dM¢ to green-fluorescent DSCs (n = 5). (n) Flow
cytometry assays for adhesion molecule expression of control, LPA-treated (10 uM for 24 h) or 3-MA (10 mM for 24 h-pretreatment) and LPA-treated (10 uM for 24 h)
dMe. Data were presented as mean + SEM or median and quartile and analyzed by t test, Mann-Whitney U test or one-way ANOVA test. *P < 0.05, **P < 0.01,

***P < 0.001, ****P < 0.0001, NS: no significance.
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Figure 5. Atg5™ 1yz2-Cre* pregnant mice show adverse pregnancy outcomes and reduced uterine macrophage residence. (a and b) Photograph (red arrow:
absorption point) and analysis of embryo absorption rates and numbers of implanted embryos of uterus from atg5™" Lyz2-Cre* (mated with male Atg5™" Lyz2-Cre ™~
mice, n = 8) and Atg5™" Lyz2-Cre™~ (mated with male atg5"" Lyz2-Cre* mice, n = 5) pregnant mice. (c) Comparison of weight of embryos and placentas of atg5™™
Lyz2-Cre* (n = 8) and Athﬂ”' Lyz2-Cre™~ (n = 5) pregnant mice. (d and e) The residence and number of ADGRE1* macrophages in the uterus of atg5ﬂ/ﬂ Lyz2-Cre*
(n = 8) and Atg5" Lyz2-Cre™~ (n = 5) pregnant mice by immunofluorescence assays. (f and g) Flow cytometry assays for autophagy detection of ADGRE1* ITGAM™
uterine macrophages of atg5™" Lyz2-Cre* (n = 8) and Atg5™" Lyz2-Cre™~ (n = 5) pregnant mice. (h and i) Adhesion molecules and differentiation markers of PTPRC*
ADGRE1™ ITGAM* uterine macrophages of atg5™" Lyz2-Cre* (n = 8) and Atg5™" Lyz2-Cre™~ (n = 5) pregnant mice in flow cytometry assays. Data were presented as

mean * SEM or median analyzed by t test. *P < 0.05, **P < 0.01, NS: no significance.
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Figure 6. LPA/autophagy-mediated adhesion and residence of dM¢ is dependent on CLDN7. (a) Transcription level of CLDN7 in pMo (n = 7) and dMg (n = 6) by RT-
PCR. (b) Transcription level of CLDN7 in control or LPA-treated (10 mM for 12 h) MO macrophages by RT-PCR. (c) Transcription level of CLDN7 in control, ENPP2
inhibitor (100 nM), LPAR1 inhibitor (100 nM) or PPARG inhibitor (3.3 nM)-treated M2 macrophages by RT-PCR (12 h). (d) Western-blot for CLDN7 expression of MO
macrophages after treatment with LPA (10 uM) for 0, 6, 12, 24 or 48 h. (e) Flow cytometry assays for adhesion molecule expression of control, LPA-treated (10 uM for
24 h), CLDN7-silenced (siCLDN?7) or LPA-treated (10 uM for 24 h) siCLDN7 macrophages. (f and g) Adhesion assays of control, LPA-treated (10 uM for 24 h), siCLDN7 or
LPA-treated (10 uM for 24 h) siCLDN7 green-fluorescent dM¢ to PKH-26-labeled red-fluorescent DSCs (n = 5). (h) Western-blot for levels of CLDN7 of M2 macrophage
after treatment with 3-MA (10 mM) for 0, 6, 12, 24 or 48 h. (i and j) Adhesion assays of control, rapamycin-treated (2 uM for 24 h), siCLDN7 or rapamycin-treated
(2 M for 24 h) siCLDN7 green-fluorescent dM¢ to red-fluorescent DSCs (n = 5). Data were presented as mean + SEM and analyzed by t test or one-way ANOVA test.
*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, NS: no significance.
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Figure 7. dMg in spontaneous abortion exhibit weakened LPA-autophagy axis. (a) Transcription level of ENPP2, LPART and PPARG in dM¢ of women in normal early
pregnancy (NP, n = 10 or 9) or with unexplained spontaneous abortion (SA, n = 10 or 9) by RT-PCR. (b and c) Flow cytometry for autophagy detection of dM¢ of
women in NP (n = 6) or with SA (n = 5). (d) Autophagic structures under transmission electron microscopy in dM¢ from NP women (n = 5) or SA patients (n = 3). (e)
Numbers of autophagic structures in (d). (f) Transcriptional level of autophagy-related genes (MAP1LC3B, BECNT and MTOR) of dM¢ of women in NP (n = 9) or with
SA (n = 9) by RT-PCR. (g and h) Immunofluorescence detection for MAPT1LC3B and pMTOR expression of dM¢ from NP women (n = 6) or SA patients (n = 6). Data
were presented as mean = SEM or median and quartile and analyzed by t test or Mann-Whitney U test. *P < 0.05, **P < 0.01, ***P < 0.001.

data above indicate that CLDN7 induced by autophagy is
a key link in the promotion of dM¢ adhesion by the LPA.

Patients with unexplained spontaneous abortion display
insufficient LPA metabolism and dM¢ enrichment
Compared with the decidua of women in normal early preg-
nancy (NP), the levels of ENPP2, and LPARI and PPARG in
dMg in patients with unexplained spontaneous abortion (SA)
were significantly decreased (Figure 7A). Additionally, the
autophagy level and the levels of autophagy-related genes
MAPILC3B and BECNI of dM¢ in SA group were lower
than in NP group (Figure 7B-G). Conversely, the expression
and phosphorylation level of MTOR was high (Figure 7H).
There was a lower density of CD68" macrophages in the
decidua of SA patients (Figure 8A, B), and the number and
proportion of PTPRC* CD14" dMg¢ in DICs were also

reduced (Figure 8C, D). Accordingly, the mRNA and protein
levels of adhesion molecules (CDH5, SELE, SELL, ICAM2 and
VCAMI) and CLDN7 in dMg were declined in SA patients
(Figure 8E-G).

We then established normal pregnancy mouse models
(CBA/JxBALB/c3) and abortion mouse models (CBA/
J9xDBA/23) (Figure 8H, I). The proportion and number of
PTPRC" ITGAM* ADGRE1" macrophages in uterine of
aborted mice decreased (Figure 8J-L), and the adhesion mole-
cules were downregulated (Figure 8M). In particular, the
uterine macrophages of normal pregnant mice had a M2
polarized phenotype, and the proportion of MRCI" and
CD209" uterine macrophages of aborted pregnant mice
decreased (Figure 8N), which echoed our previous research
results [8]. Therefore, the enrichment and function mainte-
nance of dMg, especially M2 macrophages, play a key role in
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Figure 8. dM¢ in spontaneous abortion shows abnormal residence and reduced adhesion. (a) Immunohistochemistry assays for numbers of resident CD68* dMe (red
arrows) from women in NP (n = 4) or with SA (n = 4). (b) Average numbers of dM¢ per 400x microscope field in the images from (a). (c) Numbers of dMg per 10,000
total decidua single cells from NP (n = 6) or SA (n = 5) women flow cytometry assays. (d) Proportion of CD14* macrophages in PTPRC" decidual immune cells in NP
(n =6) or SA (n = 5) group in flow cytometry assays. (e) Relative mRNA level of adhesion-related genes in NP (n = 9) or SA (n = 9) dMg, including CDH5, SELE, SELL,
VCAMI1, ICAM2 and CLDN7 by RT-PCR. (f and g) Expression of adhesion molecules on NP (n = 6) or SA (n = 5) dMg in flow cytometry assays. (h and i) Photograph
(red arrow: resorption point) and embryo resorption rates of uterus from normal pregnant (NP) or spontaneous abortion-prone mouse (SA) models. (j-I) Proportion of
ADGRET*ITGAM* uterine macrophages in PTPRC* uterus immune cells and numbers per 10,000 uterine cells in NP (n = 8) or SA mouse models (n = 8) in flow
cytometry assays. (m and n) Adhesion molecules and differentiation markers of PTPRC* ADGRE1* ITGAM™ uterine macrophages of NP (n = 8) or SA (n = 8) mice in
flow cytometry assays. Data were presented as mean + SEM or median and quartile and analyzed by t test or Mann-Whitney U test. *P < 0.05, **P < 0.01,
*#**P < 0.001, ****P < 0.0001.
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Figure 9. LPA prevents pregnancy loss by promoting autophagy-mediated macrophage residence in decidua. (a and b) Photograph (red arrow: resorption point) and
analysis of embryo resorption rates and numbers of implanted embryos of uterus from SA mice intraperitoneally injected with 1% PBS (Ctrl, n = 5) or LPA (n = 5). (¢)
Comparison of weight of embryos and placentas of SA mice intraperitoneally injected with 1% PBS (Ctrl, n = 5) or LPA (n = 5). (d) Flow cytometry assays for
autophagy detection of ADGRE1* ITGAM*uterine macrophages of SA mice intraperitoneally injected with 1% PBS (Ctrl, n = 5) or LPA (n = 5). (e and f) Flow
cytometry assays for detection of the proportion of ADGRET*ITGAM*uterine macrophages in PTPRC* immune cells and the absolute numbers per 10,000 cells in
uterus of 1% PBS (Ctrl, n = 5)/LPA (n = 5)-treated SA mice. (g and h) Adhesion molecules and differentiation markers of PTPRC* ADGRE1* ITGAM* uterine
macrophages of 1% PBS (Ctrl, n = 5)/LPA (n = 5)-treated SA mice in flow cytometry assays. (i and j) Photograph (red arrow: resorption point) and embryo resorption
rates and numbers of implanted embryos of uterus from Enpp2* pregnant mice intraperitoneally injected with 1% PBS (Ctrl, n = 4) or LPA (n = 4). (k) Comparison of
weight of embryos and placentas of Enpp2* pregnant mice intraperitoneally injected with 1% PBS (Ctrl, n = 4) or LPA (n = 4). (I) Flow cytometry assays for autophagy
detection of ADGRE1* ITGAM™ uterine macrophages of Enpp2* pregnant mice intraperitoneally injected with 1% PBS (Ctrl, n = 4) or LPA (n = 4). (m and n) Flow
cytometry assays for detection of the proportion of ADGRE1* ITGAM™ uterine macrophages in PTPRC* immune cells and the absolute numbers per 10,000 cells in
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establishing a normal pregnancy. However, the insufficient
LPA metabolism and autophagy of dM¢ contribute to the
occurrence of spontaneous abortion by triggering the insuffi-
cient infiltration of macrophage in decidua.

LPA prevents pregnancy loss by promoting
autophagy-mediated macrophage residence in decidua

Owing to the positive regulatory effects of LPA on the auto-
phagy-mediated cell residence and M2 differentiation of dMg,
the potential values of rapamycin and LPA in preventing
spontaneous abortion were evaluated in vivo. As expected,
LPA and low-dose rapamycin effectively improved embryo
loss, increased implanted embryo numbers and weight, and/
or placenta weight of abortion mouse models (Figure 9A-C,
Figure S10A-C). Additionally, both LPA and rapamycin
markedly promoted macrophage autophagy and enrichment,
and upregulated the expression of adhesion molecules in
uterus of abortion mouse models (Figure 9D-G, Figure
S10D-G). Different from LPA, rapamycin did not influence
on macrophage differentiation (Figure 9H, Figure S10H).
Similarly, LPA and rapamycin reversed embryo loss, increased
embryo weight and/or placenta weight, and promoted macro-
phage autophagy, adhesion and enrichment, and/or M2 dif-
ferentiation in uterus of Enpp2* pregnant mice (Figure 9I-P,
Figure S10I-P). Taken together, these findings indicate that
LPA and autophagy inducer rapamycin promote autophagy-
mediated dM¢ residence and enrichment in decidua, which
contributes to trophoblast invasion and placenta develop-
ment, and further decreases the risk of spontaneous abortion.

Discussion

Decidual macrophages show a phenotype typical for homeo-
static M2 macrophages induced by CSF1/M-CSF and IL10
[38]. They play a role diversely in the recognition and clear-
ance of infections, the clearance of apoptotic debris and tissue
remodeling [39]. Here, we observed the number and propor-
tion of local macrophages in decidua of SA patients and
aborted mice were significantly less than those of NP
women and normal pregnant mice. Macrophages adoptively
transferred by caudal vein can reach and stay in the uterus of
pregnant mice [8], suggeting that monocyte of peripheral
blood should be an important source of dM¢ during preg-
nancy. Compared with pMo, dM¢ highly express more than
100 adhesion molecules, helping them to reside locally in
decidua. Inadequate dM¢ adhesion and residence of women
with SA, implying that the instability of dMe¢ is related to the
pathogenesis of the disease.

Subsequently, we analyzed the characteristics of dM¢ from
the perspective of cellular metabolism, and observed the
enrichment of ENPP2-LPA in dMg, which are consistent
with other tissue-resident macrophages (i.e., monocyte-
derived macrophages in broncho alveolar lavage, intestinal
macrophage, and microglial cells) [40-42]. Physiological and

molecular processes initiated during normal pregnancy are
complex but highly organized. These events are primarily
coordinated by estrogen and progesterone and perfectly
modulated by the molecular dialogue that originates locally
from the mother, embryo or both governing the orderly
chronological transitions [43]. ENPP2 was reported as an
estrogen-responsive gene in rat hippocampus [44], suggesting
that the local microenvironment at the maternal-fetal inter-
face in early pregnancy, especially the endocrine system
should play important roles in the regulation of ENPP2-
LPA. However, the exact mechanism remains to be further
studied.

As an intermediate metabolite in the glycerophospholipid
metabolism, LPA is the smallest and simplest phospholipid
molecule. It has been reported to be involved in the develop-
ment and homeostasis of macrophages. LPA enhances macro-
phage-derived foam cell formation via LPARI-LPAR3-AKT
activation [45]. LPA converts murine or human monocytes
into macrophages, in which process, AKT-MTOR signaling is
involved and PPARG is the key transcriptional regulator [22].
A previous report by microarray data analysis indicated genes
(i.e., PPARG) expressed by ITGAX/CD11c™ dM¢ might be
associated with lipid metabolism [46]. Here, we found LPA
transmembrane receptor LPARI and intracellular receptor
PPARG are highly expressed in dM¢ from NP women, com-
pared with pMo. Notably, enriched LPA caused by active
glycerophospholipid metabolism in dM¢ promotes their
adhesion and M2 differentiation through LPAR1 and
PPARG. The inhibition of LPA enrichment or dysfunction
resulted in severe pregnancy loss, and significant impairments
of embryo growth, placental development, and trophoblast
invasion. Additionally, there are marked differences in resorp-
tion of WT and HE embryos in the same Enpp2* pregnant
mice, suggesting that ENPP2-LPA may be involved in the
crosstalk between trophoblast and macrophage, which needs
to be further research.

Autophagy is activated by a range of environmental con-
ditions, such as hypoxia and starvation, but also hormones,
cytokines, growth factors and receptor engagement [47].
Signaling for autophagy induced by CSF1/M-CSF or CSF2/
GM-CSF can promote the survival of differentiated macro-
phages from monocytes [48]. Interestingly, our data indicate
that decidua-resident macrophages display active autophagy
during normal early pregnancy, and autophagy regulates the
adhesion of macrophages to decidua, which enlarges the role
of autophagy in the homeostasis of immune cells.

A key regulator of autophagy in mammalian cells is a kinase
complex MTORCI that receives multiple upstream signals and
monitors nutrient and growth factor availability to control
diverse biological processes including protein translation and
bioenergetic organization [49]. Activated MTORCI1 leads to
suppression of autophagy through phosphorylation of proximal
components of the autophagy machinery including ULK1 (unk-
51 like kinase 1) and ATG13 [50]. DDIT4 is one of the essential
regulators of MTORCI activity in response to hypoxia and

uterus of 1% PBS (Ctrl, n = 4)/LPA (n = 4)-treated Enpp2* pregnant mice. (0 and p) Adhesion molecules and differentiation markers of PTPRC* ADGRE1" ITGAM™
uterine macrophages of 1% PBS (Ctrl, n = 4)/LPA (n = 4)-treated Enpp2™ pregnant mice in flow cytometry assays. Data were presented as mean + SEM or median and
quartile and analyzed by t test or Mann-Whitney U test. *P < 0.05, **P < 0.01, NS: no significance.



energy stress [51]. LPA stimulates a pseudohypoxic response
via RAC-mediated activation of NADPH oxidase and generation
of reactive oxygen species in ovary cancer cells, resulting in
activation of HIF1A [52]. At the maternal-fetal interface, LPA
promoted the expression of DDIT4, inhibit the downstream
RHEB, and thereby suppressed the level of MTOR, ultimately
leading to an increase in autophagy levels of dM¢. Therefore,
our data reveal a new and essential mechanism by which LPA
signals are transduced to active autophagy possibly through the
metabolic regulator DDIT4. Hypoxic tumor-associated macro-
phages strongly upregulate the expression of DDIT4, and
DDIT4-mediated MTOR inhibition hinders glycolysis in tumor-
associated macrophages and curtails their excessive angiogenic
response, with consequent formation of abnormal blood vessels
[53]. Here, we observed LPA promoted the expression of growth
factors and pro-angiogenic factors, and LPA-treated macro-
phages had positive effects on the growth and invasion of tro-
phoblasts. These processes should be due to the regulation of
LPA on the DDIT4-MTOR signaling and autophagy. Hypoxia
results in overactivation of LPARI1 through selective inhibition
of G protein-coupled receptor kinase 2 expression in fetal neural
progenitor cells [54]. Therefore, there should be a two-way
positive feedback loop between LPA signaling and hypoxia. It
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should be emphasized that the LPA signaling-DDIT4-autophagy
axis contributes to the enrichment and homeostasis of dM¢, and
unique hypoxic environment at maternal-fetal interface may be
a vital link throughout this regulatory process.

Cell adhesion molecules play a fundamental role in in
human implantation stage [55]. CLDN7 is one of the most
dominant claudins expressed in the intestine. Deletion of
CLDNT7 led to the disruption of intestinal architecture with
mucosal ulcerations, epithelial sloughing, and inflammation
[36]. Especially, expression of cell-cell adhesion molecules of
the ileum and colon, including CLDN1, CLDN2, CLDN3,
CLDN8, CLDN15 and CLDN25, MARVELD2, TJPl,
EPCAM and CDHI in the ¢KO colon are significantly
decreased compared with the control group, suggesting
a core role of CLDN7 in the normal barrier function of
intestinal mucosa [37]. In our study, CLDN7 is also found
to be the core molecule of LPA-autophagy-mediated cell
adhesion of dM¢. Studies have shown that HNF4A upregu-
lates CLDN7 expression in colonic epithelial cells [56], and
HNF4A can induce autophagosome formation and
MAPI1LC3/LC3-II protein levels by activation of UKL1 [57].
Moreover, ULKI is critical for induction of macroautophagy/
autophagy and has a more specific role in mitophagy in

Normal early pregnancy

Maternal-fetal —
interface
5 g
- -
Adhe“°“
molecules

dMd

Maternal-fetal
interface

¥ (\{fumy"" m- b \\{‘\ P e
s e

< Cléud}l.n-7 — gﬁ? ¥

P’PARV
'

/IMITFs

LPAR!

PPARy — Ddita

I

Rheb ) (\N T~

\PAR

(PPARy
|

A IMITFx \

|
(PPARY) — D T

mTOR W

Figure 10. Schematic roles of inactive lysophosphatidic acid metabolism-autophagy axis in increasing spontaneous abortion risk by restricting dM¢ residence. The
growth and invasion of trophoblasts is the key to the establishment and maintenance of normal pregnancy, which is accompanied by the residence and
development of dM@. The enrichment and activation of ENPP2-LPA metabolism promotes the expression of adhesion molecules on dM¢ via the LPA receptors-
DDIT4-RHEB-MTOR-autophagy-CLDN7 axis, thereby facilitating the adhesion and retention of macrophage in decidua. Decidual-resident macrophages further
promote trophoblast invasion, fetal and placental development of early pregnancy. Inactivation of ENPP2-LPA metabolism and insufficient autophagy of dM¢
results in the decrease of dMe residence, increasing the risk of spontaneous abortion. LPA and rapamycin have potential therapeutic values in spontaneous abortion
due to the activation of DDIT4-autophagy-CLDN7-adhension molecules-mediated dM¢ residence and trophoblast invasion during early pregnancy.
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response to hypoxia [58]. The evidence above suggests that
the regulation of CLDN7 by LPA-autophagy should be depen-
dent on the HNF4A-ULK1, which needs further study.

Therefore, as shown in and Figure 10, this study indicates
that the enrichment and activation of ENPP2-LPA metabo-
lism at the maternal-fetal interface, promotes the expression
of adhesion molecules and M2 differentiation on dM¢ via the
LPA receptors-DDIT4-autophagy-CLDN7 axis, thereby facil-
itating the adhesion and retention of macrophage in decidua,
trophoblast invasion, fetal and placental development of early
pregnancy. Inactivation of ENPP2-LPA metabolism and
insufficient autophagy of dMg results in the decrease of
dMe residence, increasing the risk of spontaneous abortion.
These results help to elucidate the immune metabolism
mechanism of dM¢ residence and development during early
pregnancy and the mechanism of spontaneous abortion
caused by dMe dysfunction. Excitingly, supplement with
LPA or an autophagy inducer rapamycin significantly pre-
vents the risk of spontaneous abortion. Thus, the potential
therapeutic values of LPA and rapamycin in spontaneous
abortion should be emphasized due to the activation of
DDIT4-autophagy-CLDN7-adhension ~ molecules-mediated
dMg residence and trophoblast invasion during early preg-
nancy. Considering that autophagy and LPA have been
reported to have various negative impacts like cancer promo-
tion [52,”°7°"], the potential risks of LPA in cancer promotion
are still not be ignored.

Materials and methods
Mice

Female CBA/] mice (5- to 7-weeks-old), male DBA/2 mice
and male BALB/c mice were purchased from Beijing
Huafukang Biotechnology Co., Ltd. (China). After 3 weeks
of adaptive feeding, 8- to 10-weeks-old female CBA/] mice
were mated with male BALB/c mice or male DBA/2 mice
(2: 1) to construct a normal pregnancy mouse model or
abortion mouse model. All knockout mice were constructed
from Shanghai Model Organisms Center, Inc. (China). Due
to homozygous lethality, female Enpp2 heterozygous
(Enpp2*) mice of childbearing age were mated with male
Enpp2* or wild-type (WT) mice. In order to exclude the
effect of embryo genotype, female homozygous Iparl
knockout (lparl_/ 7) mice were mated with male WT mice
to obtain pregnant mice in the experimental group, while
female WT pregnant mice were mated with male Iparl™~
mice to obtain the control mice. C57 mice of childbearing
age were purchased from Shanghai Jiesijie Experimental
Animal Co., Ltd. (China). From day 0 of pregnancy, C57
pregnant mice were injected intraperitoneally with
a PPARG inhibitor (GW9662, 1 mg/kg; MCE, HY-16578)
daily, an autophagy inhibitor 3-methyladenine (3-MA,
10 mg/kg; Sigma-Aldrich, 5142-23-4) every 3 days (day 0,
4, 7 or 0, 4, 7, 10, 13) or vehicle (DMSO, 1%; Sigma-
Aldrich, 67-68-5). CBA/] pregnant mice (mated with male
DBA/2 mice) or Enpp2* pregnant mice (mated with male
WT mice) were injected intraperitoneally with oleoyl-L-a-
lysophosphatidic acid (10 nmol, every 3 days; Sigma-

Aldrich, L7260) or low-dose rapamycin (0.04 mg/kg, every
3 days; MCE, HY-10219) from day 0 of pregnancy. Female
WT mice (mated with male WT mice) were depleted of
macrophages by liposome intraperitoneal injection on the
1.5th (200 pL liposomes; FormuMax, F70101C-AC) and
4.5th day (100 pL liposomes; FormuMax, F70101C-AC) of
gestation and adoptively transferred on the 5.5th day of
gestation with ADGREl-positive or ADGREI-positive
PKH-26 (Sigma-Aldrich, MIDI26)-labeled macrophages
sorted by anti-ADGRE1 MicroBeads UltraPure (Miltenyi,
130-110-443) from the spleen of WT mice or Enpp2*
mice. Female atg5""Lyz2-Cre* mice were mated with
male Atg5"Lyz2-Cre”~ mice and female Atg5""Lyz2-
Cre”’~ were mated with male atg5""Lyz2-Cre* mice. On
the 7.5th day of pregnancy, the numbers of embryos
implanted were recorded. The uterus and embryo tissues
were fixed in 4% paraformaldehyde for subsequent section-
ing. The uterine tissues were in stripped and collected and
digested with 50% type IV collagenase (Sigma-Aldrich,
9001-12-1) for 1 h and filtered into a single cell suspension
for flow cytometry assays. On the 13.5th day of pregnancy,
the uterus of the pregnant mice was taken, the embryo
resorption was observed, the uterine tissues were separated,
and the embryo and placenta were weighed, sized, or gen-
otyped. In particular, the embryo resorption rate was cal-
culated by dividing the number of embryos resorbed by
total number of embryos (x100%) of each pregnant
mouse. The Animal Care and Use Committee of Fudan
University approved all animal protocols.

Tissues

Normal decidual tissues (n = 68) and peripheral blood
samples (n = 28) were from women in normal first trime-
ster pregnancy and abortion decidual tissues (n = 28) were
from women with unexplained recurrent spontaneous abor-
tion excluding genetic or endocrine factors for selective
termination (age, 23-35 years old; gestational age, 7-
9 weeks). Endometrial tissues (n = 10) were collected
from women with normal pregnancy history of reproduc-
tive ages (28-40 years old), who were diagnostic curettage
or undergoing hysterectomy for benign reasons unrelated
to endometrial dysfunction. All samples were evaluated by
a histopathologist to identify the cyclic phase as secretory
phase and exclude endometrial pathology. None of them
had received hormonal medication in the 6 months before
the surgical procedure. Tissue collection was all approved
by the Ethical Committee and conducted in Obstetrics and
Gynecology Hospital of Fudan University. All procedures
were obtained with the consent of the patients.

After surgery, the decidual tissues or endometrial tissues
were collected under sterile conditions and transported to the
laboratory on ice within 30 min in Dulbecco’s modified
Eagle’s medium (DMEM)/F-12 (HyClone, SH30023.01) with
10% fetal bovine serum (FBS; Gibco, 10,091,148) for further
isolating DSCs, DICs or endometrial stromal cells (ESCs).
Peripheral blood samples were taken sterilely in heparinized
Hanks’ buffer solution (Gibco, 24,020,117) before anesthesia



and were transported to the laboratory on ice for sorting of
peripheral blood mononuclear cells (PBMCs) and pMo.

Cells

Primary DSCs and DICs were isolated and purified form
collected decidual tissues. Tissues were washed in Ca2"Mg2"-
free PBS (HyClone, SH30256.01), minced and then digested
with 5% DNA enzymes (3000IU; Sigma-Aldrich, 9003-98-9)
and 20% collagenase type IV (0.1%; Sigma-Aldrich, 9001-12-
1) at 37°C with constant agitation. After 30 min, the enzy-
matic reaction was stopped by DMEM high-glucose medium
(HyClone, SH30243.01) containing 20% FBS. The suspension
was then filtered through sterile gauze pads (pore diameter
sizes: 100, 200, and 400 mesh). The filtered suspension was
collected and centrifuged at 400 g for 10 min to acquire cell
pellet, which was then suspended in DMEM/F12 (HyClone,
SH30023.01) and centrifuged on a discontinuous gradient of
20%, 40%, and 60% Percoll bulk standard for 30 min at 800 g.
Percoll bulk standard consists of 90% Percoll (Amersham, GE
Healthcare Life Sciences, 17-0891-01) and 10% 10x PBS
(HyClone, SH30258.01). DSCs or DICs were acquired from
the 20%/40% interface or the 40%/60% interface respectively.

The endometrial tissues were minced into 2 mm pieces and
then digested with 10% collagenase type IV (0.1%; Sigma-
Aldrich, 9001-12-1) and constant agitation for 40 min at
37°C. The tissue pieces were filtered through sterile gauze
pads (pore diameter sizes: 100, 200 and 400 mesh). After
centrifugation, the supernatant was discarded, and the cells
were resuspended in DMEM/F-12 (HyClone, SH30023.01)
containing 10% FBS, plated on culture flasks and incubated
in a humidified incubator with 5% CO, at 37°C. The ESCs
were allowed to adhere for 20 min. The culture medium was
replaced every 2-3 days.

PBMCs were isolated from the blood samples of first
trimester pregnant women by Ficoll-Hypaque (Sigma-
Aldrich, 26,873-85-8) density gradient centrifugation at
800 g for 30 min. According to the manufacturer’s instruc-
tions (Miltenyi Biotec, 130-050-201), pMo from PBMCs and
dM¢ from DICs were obtained through positive selection by
an CD14" cell isolation kit.

The human monocyte cell line U937 was purchased from
American Type Culture Collection (ATCC, CRL-3253) and
cultured with RPMI-1640 medium (HyClone, SH30027.01)
containing 10% FBS. U937 cells seeded in 6-well plate
(5 x 10°/well) were treated with recombinant human (rHs)
macrophage colony stimulating factor (CSF1, 50 ng/mlL;
Pepro Tech, AF-300-25-100) to induce MO macrophages and
both rHs-CSF1 (50 ng/mL) and rHs-IL10 (50 ng/mL; Pepro
Tech, AF-200-10-100) for 6 days to induce M2 macrophages
according to previous report [38]. For microscope or confocal
scanning, macrophages were induced to be adherent with
phorbol 12-myristate 13-acetate (PMA, 100 mg/mL; Sigma-
Aldrich, 16,561-29-8) for 24 h.

Transcriptome sequencing

Human pMo and dM¢ enriched and purified during the first
trimester of normal pregnancy were subjected to transcriptome
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sequencing (RNA-Seq). M2 macrophages in the control group
and M2 macrophages treated with an ENPP2 inhibitor (PF8380,
100 nM; MCE, HY-13344) or a LPARI1 inhibitor (AM966,
100 nM; MCE, HY-15277) for 12 h were collected and subjected
to RNA-Seq. After total RNA was extracted according to stan-
dard instructions, quality assessment was performed by Agilent
2100. The libraries were established before sequencing. After the
library quality inspection was qualified, the Illumina Hiseq4000
was used for sequencing, and the sequencing read length is
double-ended 2 x 150bp. RNA-seq reads were cleaned using
fastq-mcf and mapped to the genome using STAR. Read counts
per gene were obtained from the aligned reads using htseq-count
and DESeq2 was used for normalization and differential gene
expression analysis. To rank the genes, log2-transformed fold-
change values were used. Differential genes or differential meta-
bolites were enriched by the GO ontology or KEGG pathway in
gene set enrichment analysis.

Metabolomics testing (LC-MS analysis)

Human pMo and dMg enriched and purified during the first
trimester of normal pregnancy were subjected to metabolo-
mics testing. The cells were homogenized and lysed by soni-
cation (30,000 Hz) in pre-chilled PBS buffer. The proteins in
the supernatant after centrifugation (x 1,000 g) with cold 85%
acetone repeatedly were harvested as prepared free metabo-
lites-free proteome. Chromatography was carried out in LC-
MS detection (Thermo, Ultimate 3000LC, Orbitrap Elite). The
separation was done on a Hypergod C18 column (100 mm x
4.6 mm, 3 um particle size), with a column flow rate 0.3 mL/
min and separated on the analytical column (Acclaim
PepMap C18, 75 mm x 15 cm) with a linear gradient. The
analytical column was heated to 40°C using an AgileSLEEVE
column heater (Analytical Sales and Services). And the analy-
tical column was equilibrated to 98% Mobile Phase A (0.1%
formic acid/3% acetonitrile) and 2% Mobile Phase B (0.1%
formic acid/90% acetonitrile) and maintained at a constant
column flow of 0.3 mL/min. Sample analysis was performed
applying SIEVE software (Thermo).

Based on the human metabolic pathway information provided
by KEGG (www.kegg.jp/kegg/pathway.html), the MetaboAnalyst
3.0 tool (http://www.metaboanalyst.ca/) was used to obtain sig-
nificantly enriched metabolic pathways. p < 0.05 was used as the
threshold of significant enrichment, and combined with the
impact factor of pathway topology analysis (Impact), the key
pathway with the highest correlation with metabolite difference
was found.

Cell transfection

Recombinant lentivirus of siRNA targeting CLDN7 (siCLDN?7,
Genechem, 1366 NM_001307) or control lentivirus with GFP
was from Shanghai Genechem Co., LTD. (China). U937 cells
were treated with phorbol 12-myristate 13-acetate (PMA,
100 mg/mL; Sigma-Aldrich, 16,561-29-8) for 24 h to induce
adherent macrophages. Macrophages were seeded in 6-well
culture plates (5 x 10> cells/well) and subsequently infected
with siCLDN7 or control lentivirus. Twelve h after infection,
fresh complete culture medium was used to continue the
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culture. The infection efficiency was evaluated by GFP fluor-
escence intensity and RT-PCR 96 h after infection.

Immunohistochemistry and immunofluorescence

All paraffin sections were technically supported by Wuhan
Servicebio Technology Co., Ltd. (China). Paraffin sections of
decidua tissues or pregnant mouse uterus were dehydrated in
graded ethanol. Then the sections were incubated with 3%
hydrogen peroxide (H,O,) and 1% bovine serum albumin/
TBS to block endogenous peroxidase activity. Human decidua
samples were subsequently incubated with rabbit anti-human
CD68 (1:200; Abcam, ab125212), or Rabbit IgG, polyclonal -
isotype control (1:200; Abcam, ab171870) overnight at 4°C in
a humid chamber. After washing three times with TBS, the
sections were incubated and the signal was visualized with
GTvision TMIII Immunohistochemical Detection Kit (Gene
Tech, GK500710). The sections were counterstained with
hematoxylin (Biotech Well Biotechnology, WH2013).

Mouse uterus samples were incubated with rat anti-mouse
ADGREL1 antibody (1:200; Abcam, ab6640) or mouse anti-
mouse keratin (KRT)-7 antibody (1:1000; Abcam, ab181598)
overnight at 4°C in a humid chamber. After washing three
times with TBS, the sections were incubated goat anti-rat IgG
H&L (Alexa Fluor® 594) preadsorbed antibody (1:400; Abcam,
ab150160) or goat anti-mouse IgG H&L (Alexa Fluor® 488)
preadsorbed antibody (1:400; Abcam, ab150113). And the
nuclei were stained with 4',6-diamidino-2-phenylindole
(DAPIL; Beyotime, C1002).

LPA-treated (10 uM; 0, 6, 12 or 24 h) M0 macrophages and
PF8380-treated (100 nM), AM966-treated (100 nM) or
PPARG inhibitor (GW9662)-treated (3.3 nM) (0, 6, 12 or
24 h) M2 macrophages were seeded in a flat-bottom 24-well
plate with cover glasses at the bottom (2 x 10°/well). The
collection of decidual macrophages from NP or SA women
was as described above. Cells were fixed with 4% paraformal-
dehyde, permeabilized with 0.1% Triton X-100 (Sigma-
Aldrich, 9036-19-5) and blocked with 10% BSA in PBS. The
cells were incubated with rabbit anti-human MAP1LC3B anti-
body (1:200; Novus, NB100-2220), rabbit anti-human MTOR
antibody (1:400; Cell Signaling Technology, 2983) or rabbit
anti-human MTOR (phospho $2448)/pMTOR (1:100; Abcam,
ab131538) at 4°C overnight. After washing three times with
TBS, the cells were incubated with goat anti-rabbit IgG H&L
(Alexa Fluor® 488) preadsorbed antibody (1:400; Abcam,
ab150077). The nuclei were stained with 4’,6-diamidino-
2-phenylindole (DAPI, Beyotime, C1002).

All the images were taken by microscope (Olympus) and
the expression levels of factors were quantified using inte-
grated optical density values generated by the Image-Pro
Plus 6.0 software (Media Cybernetics). The experiments
were performed in triplicate.

Real time (RT)-RCR

Human pMo, dM¢, PF8380/AM966/GW9662-treated (12 h)
M2 macrophages, oleoyl-L-a-lysophosphatidic acid sodium
salt (LPA, 10 pM, 12 h Aladdin, 22,556-62-3) treated MO
macrophages, and macrophages that were treated by LPA

for 12 h with pretreatment with PF8380 for 4 h were collected.
U937 cells were treated with PBS (1%o), recombinant human
CFS1 (50 ng/mL; Pepro Tech, AF-300-25-100) or recombi-
nant human CSF1 (50 ng/mL; Pepro Tech, AF-300-25-100)
and IL10 (50 ng/mL; Pepro Tech, AF-200-10-100) for 6 days.

Total RNA of macrophages or mouse uterus tissues weas
extracted using the TRIzol® reagent (Invitrogen, 15596018).
RNA was reverse-transcribed into ¢cDNA using the Prime
Script RT reagent Kit (Takara, RR036A). RT-PCR was per-
formed using SYBR Premix Ex Taq (Takara, RR820A) and
analyzed using an ABI Prism 7900 Fast Sequence Detection
system (Thermo Fisher Scientific). The primer sequences of
these genes are provided in Supplementary table S1. Each
sample was analyzed in three replicate wells and the fold
change in the transcriptional expression of the above genes
was calculated using the 27*%' method. Relative mRNA
expression levels were normalized to ACTB. The experiments
were performed in triplicate.

Flow cytometry assays

A total of 1 x 10° cells was resuspended in PBS buffer and
then the cells were incubated at room temperature for
30 min in 50 pL of staining buffer with 1 pg/mL of relevant
antibodies or isotype IgG antibodies. After staining cells with
antibodies with cell membrane molecules, cells were fixed,
permeabilized (BD Biosciences), and stained with antibodies
with intracellular molecules. The details of all antibodies are
shown in Table 1. The labeled cells were washed twice with
cold PBS. The samples were analyzed by using a Beckman
CytoFLEX S flow cytometer (Beckman Coulter) and Cellquest
software (Beckman). The experiments were performed in
triplicate.

Western blotting (WB)

Macrophages treated with LPA (10 pM), AM966
(100 nM), GW9662 (3.3 nM) or 3-MA (10 mM) with
different times were washed in PBS and centrifuged for
20 min at 10,000 x g at 4°C. The pellet was resuspended
in high efficiency cell tissue rapid lysis buffer (RIPA,
Beyotime, P0013B) containing 1% phenylmethanesulfonyl-
fluoride (PMSF, Beyotime, ST506) proteinase. Protein
concentrations were quantified using the BCA protein
assay kit (Beyotime, P0012). Cell lysates were boiled for
10 min at 95°C and then were stored at —80°C. Total
proteins (25 ug) were electrophoresed in SDS-PAGE gels
(Epizyme Biotech, PG113) using a Miniprotein III system
(Bio-Rad, 1,658,033) and were transferred to PVDF mem-
branes (Millipore, ISEQ00010) for 90 min, followed by
incubation with 5% skimmed milk in PBST (Beyotime,
P0222) for 1 h and overnight incubation with rabbit anti-
human DDIT4/REDD1 antibody (1:1000; Abcam,
ab191871), rabbit anti-human RHEB antibody (1:1000;
Abcam, ab25873), rabbit anti-human ATGI13 antibody
(1:1000; Cell Signaling Technology, 13,468), rabbit anti-
human BECN1 antibody (1:1000; Cell Signaling
Technology, 3495), rabbit anti-human MAPILC3B anti-
body (1:1000; Abcam, abl31538), mouse anti-human



Table 1. Antibodies for flow cytometry assays.
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Antibody Fluorescence Manufactory Cat No.
Anti-human CD45 Peridin-chlorophyll Protein Complex (PerCP) Biolegend 368,506
Anti-human SELL/CD62 L/L-Selectin Brilliant Violet® 421 (BV421) Biolegend 304,828
Anti-human CD14 antibody Phycoerythrin-cyanin 7 (PE/Cy7) Biolegend 367,112
Anti-human SELE/CD62E/E-Selectin Phycoerythrin (PE) Biolegend 336,008
Anti-human VCAM1/CD106 PE Biolegend 305,806
Anti-human CD44 PE Biolegend 338,808
Anti-human CDH1/CD324/E-Cadherin Allophycocyanin (APC) Biolegend 324,108
Anti-human CDH5/CD144/VE-Cadherin APC Biolegend 348,508
Anti-human ITGAV/CD51/61/IntegrinaVp3 APC Biolegend 304,416
Anti-human CD80 BV421 Biolegend 305,222
Anti-human CD86 PE Biolegend 374,206
Anti-human MRC1/CD206 APC Biolegend 321,110
Anti-human CD209 APC Biolegend 330,108
Anti-human CD163 BV421 Biolegend 333,612
Anti-mouse PTPRC/CD45 Fluorescein Isothiocyanate (FITC) Biolegend 103,108
Anti-mouse ADGRE1/F4/80 PE/Cy7 Biolegend 123,114
Anti-mouse ITGAM/CD11b BV421 Biolegend 101,236
Anti-mouse LY6C Brilliant Violet® 510 (BV510) Biolegend 128,033
Anti-mouse CD80 APC Biolegend 104,714
Anti-mouse MRC1 APC Biolegend 141,708
Anti-mouse ICAM1/CD54 APC Biolegend 116,120
Anti-mouse CD86 APC/Cy7 Biolegend 105,030
Anti-mouse CDH1/CD324/E-Cadherin APC/Fire™ 750 Biolegend 147,314
Anti-mouse SELL/CD62L/L-Selectin APC/Cy7 Biolegend 104,428
Anti-mouse CD209A PE Biolegend 833,004
Anti-mouse CDH5/CD144/VE-Cadherin PE Biolegend 138,010
Anti-mouse ITGAV/CD51 PE Biolegend 104,106
Anti-mouse ITGB3/CD61 APC Biolegend 104,316
Anti-mouse SELE/CD62E/E-Selectin PE Miltenyi 130-119-654
Anti-mouse PTPRC/CD45 antibody APC/Cy7 BioLegend 103,116
Anti-mouse KLRB1/NK1.1 antibody BV421 BioLegend 108,741
Anti-mouse CD3 antibody FITC BioLegend 100,204

SQSTM1/p62 antibody (1:1000; Cell Signaling
Technology, 88,588), rabbit anti-human claudin-7/
CLDN7 antibody (1:1000; Abcam, ab27487) or rabbit
anti-human GAPDH  antibody  (1:3000;  Affinity,
AFA0911) at 4°C. Then PVDF membranes were washed
three times with PBST and were incubated at room tem-
perature for 1 h in peroxidase-conjugated goat anti-rabbit
or anti-mouse IgG secondary antibodies (1:5000; Bioworld
Technology, BS10003). Thereafter the membranes were
washed three times and processed for chemiluminescence
using the Immobilon Western Chemiluminescent HRP
Substrate Kit (Millipore, WBKLS0100). The experiments
were performed in triplicate.

Transmission electron microscopy detection

Human pMo, dM¢, and M2 macrophages were collected
and fixed in 2.5% glutaraldehyde and post-fixed in 1%
osmium tetroxide. The samples were dehydrated in an
ascending series of alcohols, and then embedded in
epoxy resin (Sigma-Aldrich, 45,345). The sections were
cut, stained with uranyl acetate and lead citrate, and
then examined under a Philips CM120 transmission elec-
tron microscope (Philips, Amsterdam, Netherlands).
Autophagosomes are found in the middle stage of auto-
phagy which are a double-layered vacuole structure con-
taining cytoplasmic components, such as mitochondria,
endoplasmic reticulum and ribosomes. Autolysosomes
are seen in the late stage of autophagy with monolayer

membrane and cytoplasmic components have been
degraded.

DALGreen autophagy detection

MO macrophages were seeded on p-slide 8 well (Ibidi, 80827)
and cultured overnight. The cells were washed with culture
medium and then incubated at 37°C for 30 min with 250 pL
of 1 pmol/L DALGreen working solution (DALGreen-
Autophagy Detection; Dojindo, D675). After washed with the
culture medium twice, the cells were treated with DMSO (1%;
Sigma-Aldrich, 67-68-5), rapamycin (2 pM; Sigma-Aldrich,
53123-88-9), LPA (5 pM or 10 puM; Aladdin, 22556-62-3) for
48 h. The cells were washed with Hanks” buffer solution twice
and then DALGreen was observed by confocal fluorescence
microscopy. Or the cells were washed with PBS, treated with
trypsin and centrifuged. The pellets were suspended in Hanks’
buffer solution, and detected by flow cytometry. Fluorescence
images were obtained using confocal microscopy (Leica) at an
excitation wavelength of 488 nm and a 500-563 nm emission
filter. These data were obtained using flow cytometer (Beckman)
at an excitation wavelength of 405 nm and a 485-535 nm
emission filter. The experiments were performed in triplicate.

Cell adhesion assay

The dM¢, MO macrophages or M2 macrophages pre-treated
with LPA, rapamycin, 3-MA, PF8380, AM966, GW9662 for
24 h or CLDN7 knockdown lentivirus (siCLDN?) were collected
to study their adhesive capacity to DSCs. The day before the
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collection of macrophages, DSCs were labeled with green fluor-
escence using PKH67 green fluorescent cell linker kit (Sigma-
Aldrich, MIDI67) or red fluorescence using PKH26 red
fluorescent cell linker kit (Sigma-Aldrich, MIDI26) for general
cell membrane labeling according to the manufacturer’s proto-
col then seeded into a 48-well plate at a density of 5 x 10* cells/
mL. Macrophages labeled with red fluorescence using PKH26
red fluorescent cell linker kit or with GFP-green fluorescence
were co-cultured with PKH67-labeled or PKH26-labeled DSCs
at a density of 1 x 10° cells/mL. After 6 h, the culture medium
was removed and the rest of the cells were washed with PBS
once to leave the adherent macrophages. Next, the cells were
photographed immediately using an Olympus BX51 + DP70
fluorescence microscope (Olympus). The images were taken in
5 randomly selected fields in every sample at a magnification of
100x and the cells were counted in every photograph. The
numbers of adherent macrophages and DSCs were quantified
using the Image-Pro Plus 6.0 software (Media Cybernetics).
After calculating the ratio of macrophages to DSCs, the relative
ratio was obtained for statistics based on the control group. The
experiments were performed in triplicate.

Liquid bead suspension chip array

The culture supernatant was harvested, centrifuged to remove
cellular debris, and stored at —80°C. Liquid bead suspension
chips (Bio-Plex Pro Human Cytokine GrpIPanel 27-plex,
LXSAHM-09) were customized by Shanghai Huaying
Biomedical Technology Co., Ltd. (China).

Enzyme linked immunosorbent assay (ELISA)

The culture supernatant of M2 macrophages after treated with
DMSO (1%) or ENPP2 inhibitor (100 nM for 12, 24 or 48 h)
was harvested. The levels of LPA were detected by Human LPA
Elisa Kit (CUSABIO, CSB-EQ028005HU) according to the stan-
dard directions. The experiments were performed in triplicate.

Cell proliferation and matrigel invasion assays

The HLA-G positive choriocarcinoma cell line JEG3, which
was applied to investigate the evolution of placentation and
regulating on classical and non-classical MHC class
I molecules [62,63], was used in this research for trophoblast
cell proliferation and Matrigel invasion assays in vitro. JEG3
was purchased from American Type Culture Collection
(ATCC, HTB-36) and cultured with DMEM/F12 medium
(HyClone, SH30023.01) containing 10% FBS. In addition,
MO macrophages were treated with LPA (10 Mm; Aladdin,
22,556-62-3) or PBS for 24 h, and M2 macrophages were
treated with ENPP2 inhibitor (PF8380, 100 nM; MCE, HY-
13344), LPAR1 inhibitor (AM966, 100 nM; MCE, HY-15277)
or PPARG inhibitor (3.3 nM; MCE, HY-16578) for 24 h.
Pre-treated macrophages were collected and then indirectly
co-cultured with JEG3 cells dyed by CFSE according to the
standard protocols in the CFSE Cell Division Tracker Kit
(Biolegend, 423,801) for 48 h by using Transwell chamber
(0.4 pm; Corning, 3413). Through flow cytometry analysis,
the proliferation of JEG3 cells in 48-h co-culture system with

LPA-treated MO macrophages, ENPP2 inhibitor or LPA
receptor inhibitors-treated M2 macrophages were analyzed
based on the median fluorescence intensity of CFSE. The
experiments were performed in triplicate.

JEG3 cells in serum- and tertiary antibody-free culture med-
ium were resuspended into the Transwell chamber (8 pm;
Corning, 3422), and pre-treated macrophages were resuspended
into the well plate below the chamber. After 48-hour, the
invasive ability of JEG3 cells was analyzed by a Matrigel
(Corning, 356,234) Transwell invasion assays in the indirect co-
culture system. The experiments were performed in triplicate.

Statistical analysis

All analyses were conducted by SPSS 25 (IBM). Normally
distributed data with uniform variance were analyzed by a ¢
test between two groups or one-way ANOVA test among
multiple groups. Other data were analyzed by a Mann-
Whitney U test or a Kruskal-Wallis test for two or multiple
samples. Each experiment was repeated 3 times, and data were
presented as mean * standard error (SEM) for normally
distributed data or median and quartile for others. P < 0.05
was considered to indicate a statistically significant difference.
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