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Abstract

Problem: Placenta accreta (PA) is defined by an abnormal invasion of placental tro-

phoblasts into the myometrium, which can lead to serious postpartum complications.

Macrophages play an important role in the regulation of trophoblast function. Both

granulocyte colony-stimulating factor (G-CSF) and its receptor (granulocyte colony-

stimulating factor receptor, G-CSFR) have effects on trophoblast invasion. However,

the current understanding of G-CSF secretion, G-CSFR expression, abnormal polar-

ization of decidual macrophages (dMϕ) in PA and the abnormal invasion of placental

trophoblasts into themyometrium are limited.

Method of Study: The polarization of dMϕ in PA was analyzed by flow cytometry

(FCM), and the expression of G-CSFR in placental trophoblasts in PA was evaluated

by immunohistochemistry. In an in vitro co-culture model, we investigated the effects

of HTR-8/SVneo trophoblasts cell line (HTR-8) on macrophage human monocyte cell

line (THP-1) polarization and G-CSF secretion, and we also analyzed the effects of

THP-1 cells, especially M2-like subtype, on primary trophoblasts and HTR-8 prolifera-

tion, invasion, and adhesion. FCM, transwell assays, adhesion assays, and proliferation

assays were used in the abovemodel.

Results: Compared with controls (n= 9), dMϕ showed significantly lower levels of M1

markers CD80 and CD86 and higher levels of theM2markers CD163 and CD206, and

G-CSFRexpressionof placental trophoblastswas increased inPA (n=5). In vitro exper-

iments showed that the trophoblast HTR-8 cell line induced polarization of THP-1

cells to an M2-like subtype and increased their secretion of G-CSF. Furthermore, IL-

4/IL-13-induced M2-like THP-1 macrophages were able to increase the expression of

G-CSFR, proliferation, invasion and adhesion of both primary trophoblasts and HTR-8

trophoblasts.

Conclusions: There is an altered immune imbalance at the maternal-fetal interface in

PA, which further may lead to abnormal trophoblast function. G-CSF and its recep-

tors may play important roles in abnormal polarization of macrophages and abnormal

invasion of trophoblasts.
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1 INTRODUCTION

Placenta accreta (PA) refers to a group of disorders in which placental

trophoblasts aberrantly invade the myometrium to varying degrees,1

and cause postpartum hemorrhage, shock, and even lead to hysterec-

tomy. Its incidence is increasing, ranging between 0.01% and 1% of

livebirths,2 along with an increase in high-risk factors such as a his-

tory of previous cesarean section, multiple abortions, and a history

of myomectomy. Such incidences seriously endanger the safety of the

mother and the fetus.

Macrophages are the second-largest immune cell population at the

maternal-fetal interface, accounting for 20%–30% of leukocytes,3,4

and they maintain the local immune microenvironment by secret-

ing cytokines that regulate trophoblast invasion and placental

development.5 Macrophage polarization is the process by which

macrophages adopt distinct functional phenotypes by responding

to specific microenvironmental stimuli and signals.6,7 Although not

proven in humans, the polarization pattern of decidual macrophages

(dMϕs) varies with the gestational age. In the peri-implantation period,

macrophages polarize intoM1 phenotype.8 When trophoblasts invade

the uterine stroma, dMϕs begin to convert to amixedM1/M2 polariza-

tion pattern, which is maintained until mid-pregnancy. After placental

development is completed, dMϕ shift towards a predominantly

M2-subtype phenotype to sustain maternal-fetal tolerance during

pregnancy.9 At term delivery, the number ofM1 dMϕ increases to par-
ticipate in the onset of term delivery.10,11 The balance of macrophage

polarization is important for various processes in normal pregnancy,

such as trophoblast invasion, spiral artery remodeling and apoptotic

cell phagocytosis.12 Some studies have shown abnormal macrophage

polarization is associated with multiple pathological pregnancies, such

as preterm labor, gestational hypertensive disorders, and recurrent

spontaneous abortion.11 However, the abnormal polarization and

possible mechanisms of macrophages in PA are largely unknown.

Some studies have shown that macrophages interact with tro-

phoblasts through cytokines by the maternal-fetal interface.3,13

Macrophages regulate the behavior of trophoblasts by secreting var-

ious soluble mediators. Simultaneously, various factors produced by

trophoblasts can alter the polarization status of macrophages, thereby

regulating the function of the macrophages.3,14–16 Placental implan-

tation depends on the balance between the aggressiveness of the

chorionic tissue and the “protection” of the decidual cells. Once there

is defective decidualization or a decidua injury, villi can significantly

invade themyometrium and lead to placental implantation.17,18

Granulocyte colony-stimulating factor (G-CSF) belongs to the

colony-stimulating factor (CSF) family and can be synthesized by

macrophages, fibroblasts, and endothelial cells.19 G-CSF can bind its

receptors (granulocyte colony-stimulating factor receptor, G-CSFR),20

and further affect trophoblast invasion,21–23 but the specific mech-

anism needs further investigation. In this study, we investigated

the polarization of decidual macrophages and the expression of G-

CSFR in placental trophoblasts in full-term pregnant patients with

placental implantation, observed the effect of abnormally polar-

ized macrophages on trophoblast function, and further performed

a preliminary investigation of the immune mechanism associated

with PA.

2 MATERIALS AND METHODS

2.1 Human and tissue samples

Maternal decidua and placentae were obtained from pregnant women

with term delivery by cesarean section. Participants were assigned

into the PA (n = 5) or control (n = 9) group, according to whether

PA occurred during caesarean section. The indications for elective

cesarean section included: breech presentation (n = 1), previous

cesarean delivery (n = 7), placenta previa (n = 1) and cephalopelvic

disproportion (n = 5). The exclusion criteria were the following: preg-

nant women with complications and/or comorbidities of pregnancy

(includinghypertensivedisordersof pregnancy, diabetes, thyroiddisor-

ders, chorioamnionitis, etc.), fetal growth restriction, intrauterine fetal

death, or abnormalities other than PA found by placental pathology

for various reasons. The placentae were fixed in 4% paraformalde-

hyde for paraffin-embedding in blocks and the deciduae were placed

in the RPIM-1640 medium (Gibco, USA) to isolate human dMϕ within

one hour after caesarean section. The deciduae were collected from

the basal plate of the placenta and separated from placentae based

on anatomical and histological features. Villous tissues (n = 15)

were derived from elective termination of pregnancy in the first

trimester (gestational age 6—8 weeks) for no medical reason in the

first trimester. Villus tissues were stored in ice-cold Dulbecco’s mod-

ified Eagle’s medium (DMEM high D-glucose; Gibco) and transported

to the laboratory within 30 min after surgery. This protocol of study

was approved by the Ethical Committee of Obstetrics and Gynecology

Hospital of FudanUniversity. All participants signed awritten informed

consent form.

2.2 Cell culture and reagent

Then decidual tissues taken back to the lab were washed with phos-

phoric acid buffer saline (PBS) to remove blood clots and cut into small

pieces. Minced decidual tissues were incubated in 30ml of RPMI 1640

containing type IV collagenase (WorthingtonBiochemicalCorporation,

USA), hyaluronidase (Sigma, USA), and Dnase I (Roche, Germany) for

30 min at 37◦Cwith shaking. After filtering with 100-, 200-, 400-mesh

sieves, the filtrate was washed with PBS and the centrifuged at 1300

bpm for 5 min. The collected cells were analyzed by flow cytometry

after discarding the supernatant.

The villous tissues were Isolated from the trophoblast according

to the procedure described above.24,25 The obtained villous tissues

were mixed by 0.25% (wt/vol) tryspin and 0.02% (wt/vol) DNase type I

(Sigma) for 5min at 37◦Cwith gentle agitation, followed by four cycles

of 10-min digestion. Filter the trypsin-treated cell suspension through

sterile gauze (pore diameter sizes 100, 300, and 400 mesh) and cen-

trifuge the filtered suspension at 400 × g for 10 min. After discarding
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the supernatant, the cell pellet was suspended in DMEM containing

high D-glucose and carefully layered over discontinuous Percoll gradi-

ents (50%–20% in 10% steps), And centrifuge at 800 × g for 20 min.

Cells pelleted at a density between 1.048 and 1.062 were collected

and washed with DMEM supplemented with 20% (vol/vol) heat-

inactivated FBS. This method resulted in a 92% purity in trophoblast

cells.

All cell lines came from Laboratory for Reproductive Immunology,

Hospital of Obstetrics and Gynecology, Fudan University Shanghai

Medical College. The trophoblast cell line, HTR-8/SVneo (HTR-8)

was cultured and grown in DMEM-F12 medium (Gibco, USA) with

10% fetal bovine serum (FBS) (Gibco, USA), and the human mono-

cyte cell line (THP-1), was in RPMI-1640 medium with 10% FBS,

at 37◦C in the presence of 5% CO2. The THP-1 cells were induced

to M0 macrophages with Phorbol 12-myristate 13-acetate (PMA;

Sigma, USA) (100 ng/ml) for 24 h. Afterwards, to obtain M1 or

M2 macrophages, M0 macrophages were treated with lipopolysac-

charides (LPS; Sigma, USA) (100 ng/ml)/interferon-γ (IFN-γ; Pepro-
Tech, USA) (20 ng/ml) or interleukin-4 (IL-4; PeproTech, USA) (20

ng/ml)/Interleukin-13(IL-13; PeproTech, USA) (20 ng/ml) for 48 h.26

To Direct co-culture different subtypes of THP-1 cells with HTR-

8, 4 × 105 THP-1 cells were firstly put in 6-well plates in RPMI

1640 medium supplemented with 10% FBS. After induced with

PMA and cytokines mentioned above, different subtypes of THP-

1 cells were culture with HTR-8 or primary trophoblasts at a 1:1

ratio.

2.3 Flow cytometry (FCM)

To evaluate the expression of cell surface and intracellular markers,

flow cytometric analysis was used. The following antibodies were used

for the FCM analysis: phycoerythrin (PE)- and Cy7-conjugated anti-

human CD206 (BioLegend, USA), allophycocyanin (APC)-conjugated

anti-humanCD80 (BioLegend,USA), fluorescein isothiocyanate (FITC)-

conjugated anti-human CD14 (BioLegend, USA), PE-anti-human CD86

(BioLegend, USA), Brilliant Violet 421-conjugated antihuman CD163

(BioLegend, USA), APC-anti-human CD45 (BioLegend, USA), Brilliant

Violet 605-conjugated antihuman Ki-67 (BioLegend, USA), Alexae-

Fluor® 488-conjugated anti-human matrix metalloprotein-9(MMP-9,

Abacm, USA), APC-anti-human CD61 (integrin β3, ITGB3, BioLegend,
USA), PE-anti-human CD54 (Intercellular adhesionmolecule-1, ICAM-

1, BioLegend, USA), PerCP/Cyanine5.5 anti-human CD114 (G-CSFR,

BioLegend, USA), PE-anti-human HLA-G (BioLegend, USA), (PE)- and

Cy7-conjugated anti-human HLA-G (BioLegend, USA). Cells were col-

lected by digesting with trypsin, washed with PBS twice and then

stained with antibodies for 30 min at 4◦C. After incubation, cells were

washed twice and resuspended in 100μl PBS. For intracellular staining,

cells were fixed and permeabilized using the Fix/Perm kit (BioLegend,

USA). FCM was performed on a Beckman-Coulter CyAn ADP cytome-

ter and Data was analyzed using Flowjo software (Tree Star, USA). All

experiments were performed in triplicate.

2.4 Transwell invasion assay

According to previous procedure,27–29 Transwell (8 μm, Corning, USA)

migration assay was performed to estimate the invasion ability of the

HTR-8. Matrigel (BD Biosciences, USA) was diluted with serum-free

RPMI-1640medium at a ratio of 1:8. 50 μl of the mixture was smeared

onto the upper chamber and incubated overnight at 4◦C. 3×104 HTR-

8 were suspended in 50 μl RPMI-1640 medium without serum and

seeded on the upper chambers, while the lower chamberswere seeded

1 × 105 THP-1-M1or M2, added 200μl RPMI-1640 medium with 10%

FBS. After co-culture for 48 h at 37◦C, the cells were fixed with 4%

paraformaldehyde and stainedwith 1% crystal violet (Sigma, USA). The

invading cell numbers were counted in five random fields under ×200

magnification. All experiments were performed in triplicate.

2.5 Immunohistochemistry (IHC)

The placenta tissues of all participants were extracted, and the expres-

sion of G-CSFR was detected by IHC. IHC was completed as described

above.30 Anti-G-CSFR (Bioss, China) antibody was 1:150 diluted. IHC

staining intensity and percentage of positive cells were assessed

according to the following criteria. Staining intensity: 1 = weak stain-

ing, 2 = moderate staining, 3 = strong staining. Percentage of stained

cells: 0=0%–5%, 1=6%–25%, 2=26%–50%, 3=51%–75%, 4=75%–

100%. The final score is obtained by multiplying the staining intensity

and percent scores. All scores were independently performed by two

persons, and five visual fields under optical microscope (200×) were

randomly selected for evaluation.

2.6 Adhesion assay

Non-contact co-culture transwell system (6 walls, 0.4μm, Corning,

USA) was used to facilitate the acquisition of HTR-8 directly after co-

culture. 1.0×105 THP-1cellswere seeded inupper inserts and induced

to THP-1-M1/M2as described previously.27 After induction, the upper

chamber was replaced with new 800μl culture medium and 2 × 105

HTR-8 were seeded in the lower chamber and co-cultured for 48 h.

After co-culture, HTR-8 were digested with trypsin. Then HTR-8 were

seeded in 24-well plates, in which 5000 cells per well were suspended

with 500 μl of culture medium. The culture medium and unadhered

cells were aspirated at selected time (30 min, 1 h and 2 h) and then

observedunder amicroscope. Theadhesive cell numberswere counted

in five random fields under ×100 magnification. All experiments were

performed in triplicate.

2.7 Enzyme-linked immunosorbent assay (ELISA)

To evaluate the concentration of G-CSF in the supernatant of

co-culture HTR-8 with THP-1-M0 for 24h and 48h, ELISA kits
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TABLE 1 Comparison of clinical characteristics between PA and control group of participants

PA (n= 5) CON (n= 9) p

Age 30.17± 5.04 33.90± 3.38 0.096

Gravidity 2.50± 2.43 1.70± 0.95 0.361

Parity 0.33± 0.52 0.40± 0.52 0.806

Termination time (week) 37.68± 0.96 38.53± 1.50 0.238

Newbornweight (g) 3353.33± 338.72 3133.00± 434.18 0.348

Postpartum hemorrhage (ml) 566.67± 350.24 235.00± 74.72 0.011*

Data are represented as themean± SD; Statistical significance (t-test): * p< 0.05; PA, placenta accreta; CON, control.

(Absin, China) were used following themanufacturer’s instructions. All

experiments were performed in triplicate.

2.8 Cell proliferation assay

Cell proliferation assays were performed with the Cell Counting Kit-8

(CCK-8; Dojindo, Japan) assay according to the manufacturer’s rec-

ommendations. After non-contact co-culture, HTR-8 were seeded into

96-well plates at a density of 5× 104 cells with 100 μlmediumperwell,

and CCK-8 solution was added (10 μl/well). The plates were incubated

at 37◦C for 2 h. The absorbance value was measured at 450 nm using

an ELISA plate reader (Biotek, USA). All groups were evaluated with a

minimumof three separatewells per experiment. All experimentswere

performed in triplicate.

2.9 Statistics analysis

All analyses were carried out using SPSS 25 (SPSS Statistics, USA)

and GraphPad Prism 8 software (GraphPad, USA). A t-test was used

to analyze continuous variables that were normally distributed, and

the results were expressed as means ± SD or SEM. A non-parametric

Mann-Whitney U test was used to analyze continuous variables that

were not normally distributed, and the results were presented as the

median and interquartile range. P < 0.05 was considered statistically

significant.

3 RESULTS

3.1 Clinical characteristics of participants

Basic participants’ characteristics of PA and control groups were

shown in Table 1. Compared to patients without PA, patients with PA

hadmore postpartum bleeding (566.67± 350.24 vs. 235.00± 74.72, p

< 0.05). There were no significant differences in age, termination time,

gravidity, parity and newborn weight. And the indications for elective

cesarean section between PA and control group of participants were

shown in Table 2.

3.2 Polarization of dMϕ and expression of
placental trophoblast G-CSFR in normal pregnancy
and PA

dMϕ phenotypicmarkerswere analyzed via flow cytometry. Compared

with control group, there were significantly lower levels of M1 mark-

ers CD80 and CD86 and higher levels of the M2 markers CD163 and

CD206 in PA group (Figure 1A,B), suggesting that macrophages in

deciduae of patients with PA aremore polarized toM2 subtype.

Immunohistochemistry analysis showed that expression of G-CSFR

in placental trophoblasts of PA group was higher than that of control

group (Figure 1C), with a strong staining. The staining score of the pla-

centa accreta group was 8.28± 2.07, while the control group was 3.08

± 2.10 (Figure 1D). Therefore, we observed there was a statistically

significant difference between the two groups (p< 0.05).

3.3 HTR-8 cell induces M2 polarization of THP-1
macrophages and increases G-CSF secretion

Compared with the control group, the phenotype of THP-1-M0, after

co-culture with HTR-8 cells for 48h, showed significantly lower levels

of M1 markers CD80 and CD86 and higher levels of the M2 markers

CD163 and CD206 (Figure 2A,B). Besides, the concentration of G-CSF

in direct co-culture model of THP-1-M0 and HTR-8 cells increased

significantly, at both 24 and 48 h (Figure 2C).

3.4 IL-4/IL-13-induced M2-like THP-1
macrophages increase expression of G-CSFR and
promote invasion, proliferation, and adhesion of
HTR-8 trophoblast cells and primary trophoblasts

Flow cytometry showed that co-culture with IL-4/IL-13-induced M2-

like THP-1 macrophages (THP-1-M2) could significantly increase the

G-CSFR level in HTR-8 cells and primary trophoblasts (Figure 3A and

B).

CCK8 assays and the expression of Ki-67 were performed to deter-

mine the effects of THP-1-M2 cells on trophoblast proliferation. As

shown in Figure 3D and E, the expression of Ki-67 markedly increased
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TABLE 2 Indications for elective cesarean section between PA and control group of participants

PA (N= 5) CON (N= 9)

Breech presentation / 1(11.1)

Previous cesarean delivery 2(40.0) 5(55.6)

Placenta previa 1(20.0) /

Cephalopelvic disproportion 2(40.0) 3(33.3)

Data are represented as the n (%); PA, placenta accreta; CON, control.

F IGURE 1 Decidual macrophages polarize towards theM2 subtype in placenta accreta patients and G-CSFR expression is increased in
placental trophoblasts. A and B, The expression of CD80, CD86, CD163 and CD206 in decidual macrophages in control and PA group by FCM. The
data are expressed as themedian, interquartile range, and range (minimum andmaximum). C, Expression of G-CSFR in placental trophoblasts in
control and PA group by IFC, scale, 100μm. D, Staining score of G-CSFR in placental trophoblasts in control and PA group by IFC. The data are
expressed as themean± SEM. Statistical significance (t test orMann-WhitneyU test): * p< 0.05, ** p< 0.01, *** p< 0.001. PA, placenta accreta;
CON, control.

in theHTR-8 cells andprimary trophoblasts after direct co-culturewith

THP-1-M2 cells. The CCK8 analysis also showed that THP-1-M2 cells

induced the proliferation of HTR-8 cells compared with LPS/IFN-γ-
inducedM1-like THP-1macrophages (THP-1-M1) group or HTR-8 cell

alone (Figure 3C).

To examine whether THP-1-M2 cells could directly promote adhe-

sion of HTR-8 cell, adhesion assays were performed. It was appar-

ent from Figure 4C that the adhesion ability of trophoblast HTR-8

increased after co-cultured with THP-1-M2 cells. The expression of

ICAM1 and ITGB3 in the HTR-8 cells and primary trophoblasts,
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F IGURE 2 THP-1 cells polarize towards theM2 subtype and increase G-CSF secretion after co-culture with HTR-8 trophoblast cells. A and B,
Changes in the expression of CD80, CD86, CD163 and CD206 before and after co-culture with HTR-8 in THP-1-M0 by FCM. The data are
expressed as themedian, interquartile range, and range (minimum andmaximum). C, Secretion of G-CSF (24 and 48 h) in THP-1-M0 alone, HTR-8
alone and THP-1-M0-co-cultured HTR-8 by ELISA. The data are expressed as themean± SD. Statistical significance (t test orMann-WhitneyU
test): * p< 0.05, ** p< 0.01, *** p< 0.001. G-CSF, colony-stimulating factor.

two transmembrane glycoproteins associated with adhesion capacity,

extremely increased (Figure 4A, B, D and E).

To confirm whether THP-1-M2 cells directly induced the inva-

sion of HTR-8, transwell invasion assays were performed. The results

showed that HTR-8 co-cultured with THP-1-M2 cells exhibited a

more invasion cell count (Figure 5C,D). Moreover, THP-1-M2 cells

increase the MMP-9 expression in HTR-8 cells and primary tro-

phoblasts (Figure 5A,B). The results suggested that THP-1-M2 cells

could distinctly promote the invasion of HTR-8 cells and primary

trophoblasts.

4 DISCUSSION

Macrophages, especiallyM2 subtypemacrophages,may play a key role

in PA. dMϕ contribute to trophoblast remodeling and invasion of spi-

ral arteries.31,32 Jonathan et al. found high macrophage infiltration at

the uteroplacental interface in PA, and a similar pattern of immune

cell infiltration in the decidua and placenta in patients with PA.17 Zhou

et al. showed that uterine injuries can lead to a decrease in the num-

ber of macrophages and an increase in the proportion of M2 subtype

macrophages in the decidua and placenta of mice during the third

trimester of pregnancy,33 indicating thatM2macrophages may be one

of the key factors in uterine injury leading to PA. During pregnancy,

when trophoblasts attach to the endometrial endometrium and invade

the uterine stroma, the proportion of M2 subtype dMϕ begins to rise

to promote maternal immune tolerance to fetuses and trophoblast

invasion.9,34 M1 dMϕ predominates over the M2 subset again during

the period of parturition. These accumulated M1 macrophages con-

tribute to the uterus contraction, baby expulsion, placenta ejection and

uterine involution.35 Therefore, excessive polarization ofmacrophages

toward theM2 subtype may lead to abnormal invasion of trophoblasts

into themyometrium in the third trimester.

A CSF family includes macrophage CSF (M-CSF), granulocyte

macrophage CSF (GM-CSF), and G-CSF.36 Miyama et al. have

confirmed that dMϕ are the source of G-CSF,23 and G-CSF can
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F IGURE 3 THP-1-M2 cells can increase the expression of G-CSFR in HTR-8 trophoblast cells and primary trophoblasts, and can increase the
proliferation of HTR-8 and primary trophoblasts. A andD, Expression of G-CSFR and Ki-67 in HTR-8 alone, THP-1-M1/M2-co-cultured HTR-8 by
FCM. The data are expressed as themedian, interquartile range, and range (minimum andmaximum). B and E, Expression of G-CSFR and Ki-67 in
primary trophoblasts alone, THP-1-M1/M2-co-cultured primary trophoblasts by FCM. The data are expressed as themedian, interquartile range,
and range (minimum andmaximum). C, Cell proliferation in HTR-8 alone, THP-1-M1 orM2-co-cultured HTR-8with CCK-8 assays. The data are
expressed as themean± SD. Statistical significance (t test orMann-WhitneyU test): * p< 0.05, ** p< 0.01, *** p< 0.001. G-CSFR, granulocyte
colony-stimulating factor receptor; CCK-8, Cell Counting Kit-8.

promote the differentiation of macrophages to an anti-inflammatory

phenotype.37,38 It has been shown thatG-CSF increases the expression

of adhesion receptors and induce migration of endothelial cells.39,40

Several studies have shown that G-CSF affects embryo implantation,

trophoblast migration, angiogenesis, VEGF secretion, endometrial

thickness and blood supply.21,22,41,42 Neoangiogenesis is one of the

pathological features of PA, and G-CSF can promote endothelial

progenitor cell mobilization and angiogenesis by stimulating VEGF

secretion.43 Treatment with anti-VEGF (Bevacizumab) with anti-G-

CSF mAb reduced tumor growth and angiogenesis more effectively

than that after anti-VEGF monotherapy.44 Thus, an increase in the

number of blood vessels and the abnormal invasion of trophoblasts in

PA may be related to the abnormal secretion of G-CSF. On the other

hand, G-CSFR can promote the growth of trophoblasts.23 In this study,

we found that G-CSFR expression increased in placental trophoblasts

in patients with PA in late pregnancy, but the mechanism needs to be

further studied. Several studies have shown that trophoblast-derived

M-CSF was involved in the differentiation and regulation of dMϕ to

facilitate the induction of maternal-fetal immune tolerance.16,27,45 In

addition, trophoblasts can produce GM-CSF in early pregnancy and

participate in regulating the growth, proliferation and differentiation

of primary trophectoderm.46–48 However, future studies are needed

to clarify the regulatory roles ofM-CSF and GM-CSF in the interaction

between macrophages and trophoblasts in the third trimester of

pregnancy.

Excessive invasion of trophoblasts is an important sign of PA.MMP-

9 was significantly upregulated in implanted placenta samples,49 and

in vitro experiments also demonstrated that theMMP family positively

regulates trophoblast invasion.49 Integrins are heterodimeric cell sur-

face glycoproteins associated with the cell-matrix or cell adhesion.
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F IGURE 4 THP-1-M2 cells can increase the adhesion of HTR-8 cells and primary trophoblasts. A andD, Expression of ITGB3 and ICAM-1 in
HTR-8 alone, THP-1-M1/M2-co-cultured HTR-8 by FCM. The data are expressed as themedian, interquartile range, and range (minimum and
maximum). B and E, Expression of ITGB3 and ICAM-1 in primary trophoblasts, THP-1-M1/M2-co-cultured primary trophoblasts by FCM. The data
are expressed as themedian, interquartile range, and range (minimum andmaximum). C, Cell adhesion in HTR-8 alone, THP-1-M1 or
M2-co-cultured HTR-8 in adhesion assay, the number of adhering cells was statistically different among the groups at each time period. The data
are expressed as themean± SD. Statistical significance (t test orMann-WhitneyU test): * p< 0.05, ** p< 0.01, *** p< 0.001. ITGB3, integrin β3;
ICAM-1, Intercellular adhesionmolecule-1.

Trophoblasts express ITGB3, a vitronectin receptor that mediates tro-

phoblast migration and invasion.50 The results of a study by Chen et al.

showed that in preeclampsia, affecting the expression of FOXO1 can

enhance the expression of ITGB3 in trophoblasts, thereby regulating

cell adhesion and migration.51 ICAM-1, a member of the immunoglob-

ulin superfamily of proteins, mediates cell-to-cell adhesion and plays

an important role in trophoblast migration.52 Immunohistochemical

studies have shown that ICAM-1 is highly expressed in adherent

placenta.53 In this study, we observed the increase in the adhesion abil-

ity of trophoblasts after co-culture with M2 macrophages, indicating

upregulation of cell adhesion-related genes at thematernal-fetal inter-

face in PA. Ki-67 is a marker of proliferation.54 Multiple studies have

foundoverexpressionofKi-67 in theplacentaof patientswithdiabetes,

maternal anemia, and hypertensive disorders of pregnancy.55–57 How-

ever, whether the proliferation ability of trophoblasts in patients with

PA is enhanced needs to be verified by conducting studies with animal

models.

Our study showed that dMϕ in patients with PA exhibitedM2 polar-

ization, and G-CSFR is highly expressed in placental trophoblasts. In

vitro studies have shown that, HTR-8 cells can induce the polarization

of THP-1cells to the M2 subtype and increase the secretion of G-CSF

by THP-1cells. Moreover, THP-1-M2 cells can increase the expression

of G-CSFR in trophoblasts and enhance their ability to adhere, pro-

liferate, and invade. The above findings suggest that there could be a

regulatory mechanism for the interactions between macrophages and

trophoblasts duringPA (Figure 6). Abnormal trophoblastsmight induce

macrophagepolarization to theM2subtypeand secrete cytokines such

as G-CSF. The cytokines secreted by the M2 subtype macrophages
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F IGURE 5 THP-1-M2 cells can increase the invasion of HTR-8 trophoblast cells and primary trophoblasts. A, Expression ofMMP-9 in HTR-8
alone, THP-1-M1/M2-co-cultured HTR-8 by FCM. The data are expressed as themedian, interquartile range, and range (minimum andmaximum).
B, Expression ofMMP-9 in trophoblasts alone, THP-1-M1/M2-co-cultured primary trophoblasts by FCM. The data are expressed as themedian,
interquartile range, and range (minimum andmaximum). C andD, Cell invasion in HTR-8 alone, THP-1-M1 orM2-co-cultured HTR-8were
determined in transwell invasion assays, magnification,×200. The data are expressed as themean± SD. Statistical significance (t test or
Mann-WhitneyU test): * p< 0.05, ** p< 0.01, *** p< 0.001.MMP-9, humanmatrix metalloprotein-9.

may alter the expression of membrane proteins, such as G-CSFR in

trophoblasts, and enhance their ability to adhere, proliferate, and

invade. This may, in turn, promote invasion of trophoblasts into the

myometrium, eventually causing PA. However, there are certain limi-

tations in this study. For example, because of the altered properties of

cell lines compared to primary cells, some of the findings involving cell

lines cannot be translated to human cells. Additionally, these results

should be verified by term placenta trophoblast cells and in vivo mod-

els. The sequence and specific mechanism of abnormal polarization of

decidualmacrophages andabnormal functionof placental trophoblasts

at the initial stage of PA are not known. Moreover, whether abnor-

mal PA starts during the implantation window, or after the formation

of the placenta is undetermined. These aspects need to be further

studied.
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F IGURE 6 Regulatorymechanism for the interactions between
macrophages and trophoblasts during PA. Abnormal trophoblasts
inducemacrophage polarization to theM2 subtype and secretion of
cytokines such as G-CSF during pregnancy. Cytokines secreted byM2
macrophages up-regulate the expression of membrane proteins such
as G-CSFR in trophoblasts, and further enhance their ability to adhere,
proliferate, and invade, and promote trophoblast invasion into the
myometrium, ultimately leading to PA.

5 CONCLUSION

Our current study has revealed abnormal polarization of dMϕ and

abnormal expressionofG-CSFR in trophoblasts inPA. In addition,HTR-

8 cells can induce polarization of THP-1 cells to the M2 subtype and

increase G-CSF secretion by THP-1 cells, and THP-1-M2 cells have an

important role in increasing the expression of G-CSFR and the adhe-

sion, proliferation, invasion ability of HTR-8 cells. Therefore, immune

imbalance may contribute to abnormal trophoblast function at the

maternal-fetal interface in PA.
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