Molecular and Cellular Endocrinology 452 (2017) 74e83

Contents lists available at ScienceDirect

Molecular and Cellular Endocrinology
journal homepage: www.elsevier.com/locate/mce

Medroxyprogesterone acetate drives M2 macrophage differentiation
toward a phenotype of decidual macrophage
Yung-Chieh Tsai a, e, Joseph T. Tseng c, Chia-Yih Wang d, Mei-Tsz Su b, Jyun-Yuan Huang b, *,
Pao-Lin Kuo b, **
a

Department of Obstetrics and Gynecology, Chi-Mei Medical Center, Tainan 710, Taiwan
Department of Obstetrics and Gynecology, National Cheng Kung University Hospital, Tainan 704, Taiwan
Department of Biotechnology and Bioindustry Sciences, National Cheng Kung University, Tainan 701, Taiwan
d
Department of Cell Biology and Anatomy, College of Medicine, National Cheng Kung University, Tainan 701, Taiwan
e
Department of Sport Management, Chia Nan University of Pharmacy and Science, Tainan 717, Taiwan
b
c

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 25 January 2017
Received in revised form
18 April 2017
Accepted 12 May 2017
Available online 15 May 2017

M1 macrophage differentiation plays a crucial role in enhanced inﬂammation during pregnancy, which
may lead to pregnancy complications. Therefore, modulation of macrophage differentiation toward the
M2 phenotype is desirable to ensure a successful pregnancy. Medroxyprogesterone acetate (MPA) is a
potent progestin with an anti-inﬂammatory property, but its effect on macrophage differentiation is
unknown. This study aimed to examine whether MPA can induce an M2 macrophage differentiation by
using the human monocytes cell line THP-1 or primary monocytes. THP-1 cells were primed with
phorbol-12-myristate-13 acetate (PMA) to initiate macrophage differentiation. By incubating with MPA,
the cells (denoted as MPA-pTHP-1) underwent M2 macrophage differentiation with downregulations of
CD11c, IL-1b and TNF-a, and upregulations of CD163 and IL-10; while cells incubated with progesterone
(P4) did not show the M2 phenotype. Primary monocytes treated with MPA also had the same M2
phenotype. Moreover, M1 macrophages derived from IFN-g/LPS-treated THP-1 cells, which had high
levels of IL-1b and iNOS, and low levels of IL-10 and IDO, were reversed to the M2 phenotype by the MPA
treatment. We also found that the MPA-pTHP-1 promoted the decidualization of endometrial stromal
cells and the invasion of trophoblast cells. To mimic conditions of exposure to various pathogens, MPApTHP-1 cells were stimulated by different types of TLR ligands. We found they produced lower levels of
IL-1b and TNF-a, as well as a higher level of IL-10, compared to untreated cells. Finally, we found the level
of phosphorylated ERK in the MPA-pTHP-1 cells was increased, but its IL-10 production was suppressed
by either the progesterone/glucocorticoid antagonist (Mifepristone) or MEK inhibitor (U0126). Taken
together, MPA could drive monocyte differentiation toward an M2 phenotype that mimics decidual
macrophages. This ﬁnding holds great potential to combat chronic endometrial inﬂammation.
© 2017 Elsevier B.V. All rights reserved.
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1. Introduction
Macrophages have important functions in homeostasis, tissue
repair, and inﬂammation (Gordon and Taylor, 2005). The phenotypic and functional plasticity of macrophages are affected by the
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environment to which they are exposed, including cytokines, hormones, and other biological molecules. Generally, they are classiﬁed into two groups: M1 or classically activated macrophages,
which are microbicidal and inﬂammatory; and M2 or alternatively
activated macrophages, which are weakly microbicidal and able to
induce tolerance and the resolution of inﬂammation (Mantovani
et al., 2013). It has been suggested that in human pregnancy,
macrophages in the decidualized endometrium are regulated by
soluble HLA-G5 or cytokines, such as IL-4, IL-13, IL-10, and M-CSF,
to undergo an M2 macrophage differentiation (Chaouat et al., 1999;
Dealtry et al., 1998; Houser et al., 2011; Lee et al., 2015). A DNA
microarray study demonstrated that the human ﬁrst-trimester
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decidual macrophages were categorized as M2 macrophages,
compared with those of the corresponding cells in the blood
(Gustafsson et al., 2008). Recently, decidual macrophages were
further divided into two populations, namely CD11cHI (~30%) and
CD11cLO (~70%), whose transcriptional proﬁles were partially
correlated with in vitro M1 and M2 macrophages, respectively
(Houser et al., 2011).
Decidual macrophages play an important role in the establishment and maintenance of pregnancy. For example, they were
suggested as being the main source of IL-10 and responsible for
regulating the functions of NK cells and T cells to maintain a
tolerance against the developing fetus (Heikkinen et al., 2003;
Lidstrom et al., 2003). They also clear apoptotic cells from the tissue remodeling of the endometrium and regulate the invasion of
the developing embryo to maintain homeostasis (Abrahams et al.,
2004). In addition, they have been reported as having a role in
vascular remodeling by interacting with invading extravillous
cytotrophoblast cells to regulate trophoblast invasion (SvenssonArvelund and Ernerudh, 2015). Endometrial inﬂammation with
aberrantly activated macrophages has been found in endometriosis
and polycystic ovarian diseases, both of which are associated with
adverse pregnancy outcomes (Piltonen et al., 2015; Takebayashi
et al., 2015). In pregnancy-related disorders, such as recurrent
miscarriage, preeclampsia, and preterm birth, it has been found
that decidual macrophages displayed the M1 phenotype and produced inﬂammatory cytokines, such as IL-1b and TNF-a, which may
cause defective decidualization and impaired trophoblast invasion
(Faas et al., 2014; Guenther et al., 2012; Inoue et al., 1994;
Schonkeren et al., 2011; Takebayashi et al., 2015).
Different methods have been widely researched to modulate
local uterine immunity and improve pregnancy outcomes. Progesterone (P4) supplementation is a common element in treatment
regimens for infertility. Besides inducing decidualization, P4 has
anti-inﬂammatory properties given that a high P4 level may
improve pregnancy outcomes by creating a pro-fertility Th2 cytokines environment (Piccinni et al., 1995). Prednisolone, a common
immunosuppressive agent, has also been demonstrated to
ameliorate pregnancy complications and improve pregnancy outcomes (Dan et al., 2015). Medroxyprogesterone acetate (MPA) is
extensively used for contraception and treatment of secondary
amenorrhea, abnormal uterine bleeding, and cancers of the breast
and endometrium (Bakry et al., 2008). MPA is a potent progestin
capable of inducing decidualization of human endometrial stromal
cells in vitro. Reports have also suggested that MPA has a dissociative glucocorticoid function and could be used for the treatment
of inﬂammatory and autoimmune diseases (Bamberger et al., 1999;
Bamberger and Schulte, 2000). Given the potent anti-inﬂammatory
effect of MPA, we hypothesize that MPA could be used to drive
macrophage differentiation toward an M2 phenotype and provide
some beneﬁt to achieve a successful pregnancy.
2. Materials and methods
2.1. Cells
The human monocytic cell line THP-1 obtained from the
American Type Culture Collection (ATCC, Manassas,VA) and human
monocytes puriﬁed from peripheral blood mononuclear cells by
anti-human CD14 magnetic beads (557769, BD) were cultured in
RPMI 1640 medium (Life Technologies) supplemented with 10%
fetal bovine serum (FBS) and 1% antibiotic-antimycotic solution
(100 units/mL of penicillin, 100 mg/ml of streptomycin, and 0.25 mg/
mL of Fungizone) (Life technologies). hTERT-immortalized human
endometrial stromal cells (T-HESCs) obtained from ATCC were
cultured in DMEM/F-12 medium with 3.1 g/L glucose and 1 mM
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sodium pyruvate, without phenol red (D 2906, Sigma) supplemented with 1% antibiotic-antimycotic, 1.5 g/L sodium bicarbonate,
1% ITS þ Premix (354352, BD), 500 ng/mL puromycin, and 10%
charcoal/dextran treated FBS (SH30068.03, HyClone). The human
trophoblast-derived HTR-8/SVneo cell line, a gift from Dr. Charles
Graham (Queen's University, Kingston, ON, Canada), and human
monocytes puriﬁed from peripheral blood mononuclear cells
(PBMC) by anti-human CD14 magnetic particles were cultured in
RPMI 1640 medium supplemented with 10% FBS and 1% antibioticantimycotic. The PBMC were isolated from the peripheral blood of
healthy women using Histopaque-1077. Donors signed an informed
consent form approved by the Institutional Review Board of National Cheng Kung University Hospital (Tainan, Taiwan, Republic of
China). The procedures for cell isolation followed the protocols
supplied by the manufacturers. All cells described above were
grown in an incubator at 37  C under a 5% CO2 atmosphere at
constant humidity.
2.2. Reagents
Phorbol 12-myristate 13-acetate (PMA) (P8139), progesterone
(P0130), medroxyprogesterone acetate (MPA) (M1629), 8-BromocAMP (B5386) and Histopaque-1077 (10771) were purchased from
Sigma. Anti-human CD14 magnetic particles (557769) and Matrigel
matrix (354234) were obtained from BD Biosciences. MEK inhibitor
U0126 (S1102) was procured from Selleckchem, while Mifepristone
(M8046) was obtained from Santa Cruz Biotechnology. Direct-zol
RNA MiniPrep was purchased from Zymo Research, and Fast SYBR
Green Master Mix was obtained from Thermo Fisher Scientiﬁc. The
Human IGFBP-1 ELISA kit (DY871) was acquired from R&D Systems.
ELISA kits of human IL-1b (88-7010), IL-10 (88-7106) and TNF-a
(88-7346), antibodies of human CD11c (12-0116), CD163 (12-1639)
and CD206 (12-2069) conjugated with PE, and isotype antibody
conjugated with PE (12-4732) were purchased from eBioscience.
Anti-ERK (#9102), Anti-Akt (#9272), and Anti-p38 (#9212) antibodies as well as anti-phosphorylated ERK (pERK) (#9101), pAkt
(#9271), and pp38 (#9211) antibodies were acquired from Cell
Signaling Technology. Anti-CREB (ab32515) and anti-pCREB
(ab32096) antibodies were purchased from Abcam. Peroxidaseconjugated goat anti-mouse IgG was obtained from Jackson
Immuno-Research Laboratories, while ECL plus reagent was purchased from Amersham Biosciences. TLR ligands, such as
Pam3CSK4 (tlrl-pms), Pam2CSK4 (tlrl-pm2s-1), Poly(I:C) (tlrl-pic)
LPS (tlrl-peklps), FLA (tlrl-paﬂa), R848 (tlrl-r848), and ODN (tlrl2216), were procured from InvivoGen.
2.3. Macrophages differentiation driven by MPA
A macrophage-differentiation in vitro model of the human
monocytic cell line THP-1 was used (Caras et al., 2011; Park et al.,
2007). THP-1 cells (1  106 cells/ml) in a 6-well plate were
primed with 50 nM of phorbol 12-myristate 13-acetate (PMA) for
6 h to initiate differentiation into macrophages, and subsequently
cultured in a medium containing 0.1 mM MPA for 72 h. Then, the
MPA-differentiated cells were refreshed for 24 h with fresh medium, denoted as MPA-pTHP-1. The PMA-primed THP-1 macrophages differentiated in the medium containing 1 mM P4, denoted
as P4-pTHP-1, as well as those differentiated alone, denoted as
pTHP-1, served as control groups. The puriﬁed human monocytes
(1  105 cells/ml) in a 12-well plate were cultured in media with or
without 0.1 mM MPA for ﬁve days to induce macrophage differentiation. To evaluate the ability of MPA to reverse the M1 macrophage phenotype, the PMA-primed THP-1 cells were driven into
M1 differentiation by culturing in the medium containing 0.1 mg/ml
LPS and 25 ng/ml IFN-g for 72 h. Subsequently, the cells were given
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fresh medium with or without 0.1 mM MPA for another 72 h. For
examining the effect of Mifepristone, the PMA-primed THP-1 cells
were differentiated with MPA in the presence or absence of 0.1 mM
Mifepristone. The cell morphological changes of the differentiated
macrophages were then observed by microscopy. The supernatants
of the differentiated macrophages were collected for analysis of the
cytokine expressions and their effects on the decidualization of THESCs and the migration and invasion of HTR-8/SVneo. The
differentiated macrophages were also collected to detect the expressions of CD markers and signaling molecules.
2.4. The decidualization of T-HESCs
An in vitro decidualization of human endometrial stromal cells
was used (Samalecos et al., 2009). To evaluate the effects of MPAdifferentiated THP-1 macrophages on the decidualization, THESCs were treated with or without 1 mM MPA and 0.5 mM 8bromo-cAMP in 2% FBS DMEM/F-12 medium mixed with the supernatant of pTHP-1, the supernatant of MPA-pTHP-1, or RPMI
medium control (v/v ¼ 9:1). On day 3 of the decidualization, the
supernatants of the T-HESCs were collected for detecting the
expression of the decidual marker IGFBP-1 by ELISA.
2.5. Migration and invasion assay of the HTR-8/SVneo
The migration and invasion assays of the HTR-8/SVneo cells
were performed in a 24-well transwell plate (8-mm pore size, 6.5mm diameter, Corning, USA). The HTR-8/SVneo cells, suspended in
serum-free RPMI 1640, were seeded in the upper insert
(2  104 cells/well) coated with and without matrigel (2.5 mg/ml)
for the invasion assay and migration assay, respectively. To evaluate
the effects of MPA-differentiated THP-1 macrophages on the
migration and invasion of the HTR-8/SVneo cells, 10% FBS
RPMI1640 medium mixed with the supernatant of pTHP-1, the
supernatant of MPA-pTHP-1, or RPMI medium control (v/v ¼ 1:1)
was added in the lower chambers (600 ml/well for migration assay;
700 ml/well for invasion assay). The inserts were loaded in the lower
chambers and incubated at 37  C for 24 h. Following this, the inserts
were washed once with PBS, ﬁxed in 4% methanol for 10 min, and
then stained with Giemsa stain. The cells on the upper surface site
of the inserts or matrigel, together with non-invading cells, were
removed with a cotton bud. Images of the cells on the lower surfaces of the inserts were recorded by microscopy and the cell
numbers were analyzed by Image J software. Each experiment was
performed in triplicate.
2.6. TLR ligands treatment
To evaluate the responses of MPA-differentiated THP-1 macrophages to microbe infections, The refreshed pTHP-1 and MPApTHP-1 were treated with and without 1 mg/ml Pam3CSK4 (TLR1/
2 ligand), 1 mg/ml Pam2CSK4 (TLR2/6 ligand), 1 mg/ml Poly(I:C)
(TLR3 ligand), 1 mg/ml LPS (TLR4 ligand), 0.1 mg/ml FLA (TLR5
ligand), 1 mg/ml R848 (TLR7/8 ligand), or 0.5 mM ODN (TLR9 ligand)
for 24 h. The supernatants were then collected for detecting cytokine expressions by ELISA.

the manufacturers. The cytokine productions were normalized
according to the concentrations of cell lysate of the adhered cells,
which were mostly alive.
2.8. CD marker detection by ﬂow cytometry
The differentiated macrophages were collected and washed by
PBS, after which they were incubated in 10% FBS/PBS at room
temperature (RT) for 30 min. Following centrifugation, the individual cell pellets were re-suspended in solutions of CD11c, CD163,
CD206 or isotype antibody (1:50), and incubated at RT for one hour.
After being washed twice by PBS, the cells were centrifuged again
and the resulting pellets re-suspended in PBS for analysis using
CellQuest software and a FACScan ﬂow cytometer.
2.9. Quantitative real-time PCR
RNA samples of the differentiated macrophages were isolated by
the Direct-zol RNA MiniPrep kit, with 2 mg of each sample being
subjected to reverse transcription into cDNA. The expressions of
human inducible nitric oxide synthase (iNOS) and indoleamine 2,3dioxygenase (IDO), as well as GAPDH were quantiﬁed using a StepOnePlus real-time PCR apparatus (Thermo Fisher Scientiﬁc, LA,
USA). Primers used for this study included: iNOS forward primer: 50
CCCCCAGCCTCAAGTCTTATT 3’; iNOS reverse primer: 50 GAGAGGAGGCTCCGATCAATC 3’; IDO forward primer: 50 TTTCACCAAATCCACGATCA 3’; IDO reverse primer: 50 TGCAAACTCCTTTTGGGTCTT
3’; GAPDH forward primer: 50 TGAAGGTCGGAGTCAACGGATT 3’;
and, GAPDH reverse primer: 50 CCTGGAAGATGGTGATGGGATT 3’.
The quantitative PCR was performed using Fast SYBR Green Master
Mix (Thermo Fisher Scientiﬁc, LA, USA) following the manufacturer's instructions. The PCR conditions were as follows: Step 1:
95  C for 20 s for enzyme activation; and, Step 2: 40 cycles consisting of 95  C for 3 s for denaturing, and 60  C for 30 s for
annealing/extending. A melt curve analysis was carried out on the
products of the ampliﬁcation reaction to ascertain the melting
temperatures of the products. The conditions were as follows: Step
1: 95  C for 15 s; Step 2: 60  C for 1 min; and, Step 3: 95  C for 15 s.
StepOne Software v2.3 (Applied Biosystem) was used to quantify
the levels of expressions.

2.10. Western blotting
To explore the signaling pathways, the PMA-primed THP-1 cells
treated with and without 0.1 mM MPA, as well as PMA-primed THP1 cells treated with 0.1 mM MPA in the presence of 10 mM U0126 or
DMSO vehicle, were collected for extracting cell lysate at the indicated times. The cell lysates were combined with 6X protein
loading buffer (v/v ¼ 5:1) and denatured in boiled water for 10 min.
The treated cell lysates were then subjected to SDS-PAGE and
thereafter transferred to PVDF membranes. After blocking, the
membranes were incubated with the various aforementioned primary antibodies at 4  C overnight. Bands were visualized using
peroxidase-conjugated goat anti-mouse IgG and ECL plus reagents.

2.7. ELISA
2.11. Statistics
The supernatants of the differentiated macrophages collected as
described above were analyzed by ELISA for the expression of IL-1b,
IL-10, and TNF-a. The supernatants of decidualized and nondecidualized T-HESCs collected as described above were also
analyzed by ELISA for the expression of the decidual marker IGFBP1. The analysis was performed following the protocols supplied by

The results of ELISA, ﬂow-cytometry, and qRT-PCR, as well as the
cell migration and invasion assays were represented as means ± SD.
Differences between groups were assessed by one-way ANOVA or
the student's t-test. A p-value less than 0.05 is considered statistically signiﬁcant.
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3. Results
3.1. MPA triggers M2 macrophage differentiation of THP-1 cells and
human monocytes with phenotype similar to decidual macrophages
The THP-1 cells underwent macrophage differentiation alone,
denoted as pTHP-1, and in the presence of P4 or MPA, denoted as
P4-pTHP-1 or MPA-pTHP-1, respectively. By observing cell
morphological changes using a microscope, we found that although
most of the pTHP-1 and P4-pTHP-1 had a spindle shape, the majority of MPA-pTHP-1 cells were round (Fig. 1A). Then, we detected
the cytokine expressions of the supernatants by ELISA. We found
that the expression levels of IL-1b and TNF-a for the MPA-pTHP1 cells were around 10-fold signiﬁcantly lower than those of both
pTHP-1 (p < 0.05) and P4-pTHP-1 (p < 0.05); however, there was no
signiﬁcant difference in IL-1b or TNF-a expression between pTHP-1
and P4-pTHP-1. In contrast, the expression level of IL-10 for MPApTHP-1 was around 2- and 1.5-fold signiﬁcantly higher than
those of pTHP-1 (p < 0.05) and P4-pTHP-1 (p < 0.05), respectively.
The IL-10 expression level of the P4-pTHP-1 cells was signiﬁcantly
higher by around 1.5-fold than that of pTHP-1 (p < 0.05) (Fig. 1B).
Next, we detected the CD markers on the cell surface by ﬂowcytometry. Integrin CD11c has been reported as a marker of
decidual macrophages, and can be divided into two populations,
namely high-level (around 30%) and low-level (around 70%) CD11c
expression, which are partially related with the M1 and M2 phenotypes, respectively (Houser et al., 2011). Moreover, we found that
the two populations (high-level and low-level) of CD11c expression
appeared in the MPA-pTHP-1 and P4-pTHP-1, but not in pTHP-1
control. Further, the mean ﬂuorescent value of CD11c for the
MPA-pTHP-1 cells was signiﬁcantly lower than that of P4-pTHP-1
(p < 0.05), implying that the phenotype of the MPA-pTHP-1 cells
was likely the M2 phenotype of decidual macrophages (Fig. 1C). The
macrophage scavenger receptor CD163 and mannose receptor
CD206 are well-known markers of M2 macrophages (Svensson
et al., 2011). The mean ﬂuorescent value of CD163 for MPA-pTHP1 was signiﬁcantly higher than that of both pTHP-1 and P4-pTHP1 (p < 0.05); yet, there was no signiﬁcant difference of CD163
expression between pTHP-1 and P4-pTHP-1. However, the expression of CD206 could not be detected on these THP-1 macrophages
(data not shown). We also conﬁrmed similar effects of MPA on the
macrophage differentiation of human monocytes. After ﬁve days
culture, the untreated monocytes were spindle shaped while the
MPA-treated monocytes were still round (Fig. 2A). Also, the MPAtreated monocytes had a lower level of IL-1b and TNF-a, but a
higher level of IL-10 than did the untreated cells. In addition, the
CD11c level of the MPA-treated monocytes was signiﬁcantly lower
than that of the untreated cells (p < 0.05). In contrast, the levels of
CD163 and CD206 were signiﬁcantly higher in the MPA-treated
monocytes than in the untreated cells (p < 0.05) (Fig. 2C). Collectively, we found that MPA was capable of driving the M2 macrophage differentiation toward a phenotype of decidual macrophage.
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are markers of the M1 and M2 macrophage phenotypes, respectively (Thwaites et al., 2014). We found that the expression levels of
iNOS and IDO of IFN-g/LPS-pTHP-1 decreased by around 2-fold and
increased by around 4-fold, respectively, after the MPA treatment
(Fig. 3B). Accordingly, MPA appears capable of reversing the M1
macrophage phenotype into the M2 phenotype.
3.3. MPA-pTHP-1 promoted the decidualization of T-HESCs and
invasion of the trophoblast cell line HTR-8
Next, we evaluated the effects of MPA-pTHP-1 and pTHP-1 on
the functions of human endometrial cells. The in vitro decidualization model of human endometrial stromal cells was adopted. We
combined the culture medium with the supernatant of MPA-pTHP1 the supernatant of pTHP-1, or RPMI medium (v/v ¼ 9:1) to culture
the T-HESCs under the decidualization treatment for 3 days. We
found that the decidual marker IGFBP-1 of the decidualized cells
with the MPA-pTHP-1 supernatant was higher than with the pTHP1 supernatant or medium control (Fig. 4A). We also evaluated the
effects of MPA-pTHP-1 and pTHP-1 on the migration and invasion
of trophoblast cells. The MPA-pTHP-1 or pTHP-1 supernatant was
combined with 10% FBS fresh culture medium (v/v ¼ 1:1) to serve
as an attractant in the lower chamber of the transwell plate. Medium only was served as the control. Although there was no signiﬁcant difference between the amounts of HTR-8/SVneo cells
migrating toward the supernatants of the MPA-pTHP-1 or pTHP1 cells, the amount of HTR-8/SVneo cells invading through the
Matrigel toward the supernatant of the MPA-pTHP-1 cells was
signiﬁcantly higher than that of pTHP-1 cells and medium control
(Fig. 4B). The results suggested that MPA-pTHP-1 promoted the
decidualization of T-HESCs and the invasion of the trophoblast cell
line HTR-8.
3.4. MPA-pTHP-1 tolerated the stimulations of TLR ligands
Subsequently, we used different types of TLR ligand stimulations
to evaluate the responses of pTHP-1 and MPA-pTHP-1 to microbe
components. The expressions of IL-1b in pTHP-1 cells increased
signiﬁcantly under the stimulation of TLR4, but did not change
signiﬁcantly by the stimulation of other TLR ligands. The expressions of TNF-a in pTHP-1 cells increased signiﬁcantly under the
stimulation of TLR1/2, TLR4, TLR5, TLR7/8, and TLR9, but did not
change signiﬁcantly by the stimulation of TLR2/6 and TLR3. The
expression of IL-10 in pTHP-1 did not change signiﬁcantly by the
TLR ligands stimulation. However, MPA-pTHP-1 expressed only low
levels of IL-1b and TNF-a under the stimulation of all types TLR
ligands (Fig. 5A and B). Interestingly, the IL-10 expression of MPApTHP-1 remained at a high level compared to that of the pTHP1 cells (Fig. 5C). The results implied that MPA-pTHP-1 tolerated the
stimulations of the TLR ligands.
3.5. ERK phosphorylation was a key factor in the M2 macrophage
differentiation of MPA-pTHP-1

3.2. MPA reverses M1 macrophage phenotype into M2 phenotype
Since the PMA-primed THP-1 and monocytes driven by MPA
behaved like M2 macrophages, we investigated whether MPA could
reverse the M1 macrophage phenotype into the M2 phenotype.
PMA-primed THP-1 cells were incubated in a medium containing
IFN-g and LPS for 72 h, which led to M1 macrophage differentiation.
Subsequently, the IFN-g/LPS-treated cells were treated with 0.1 mM
MPA for another 72 h; untreated cells were used as the control. We
found that the expression levels of IL-1b and IL-10 of IFN-g/LPSpTHP-1 decreased by around 3-fold and increased by around 2-fold,
respectively, after the MPA treatment (Fig. 3A). The iNOS and IDO

MPA is known to have both effective progestogenic and glucocorticoid activities (Wiegratz and Kuhl, 2004). To explore how MPA
regulated the M2 macrophage differentiation, we performed an
MPA-driven pTHP-1 differentiation in the presence and absence of
Mifepristone, which is an antagonist of progesterone and glucocorticoid receptors. We found that the expression patterns of IL-1b,
TNF-a, and IL-10 of MPA-pTHP-1 were signiﬁcantly reversed by
Mifepristone (Fig. 6A). Since the phosphorylation of ERK, denoted
as pERK, is required for M2 macrophage differentiation (Lawrence
and Natoli, 2011; Saraiva and O'Garra, 2010), we examined the
expressions of pERK and ERK in the PMA-primed THP-1 cells
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Fig. 1. MPA triggered the M2 macrophage differentiation of PMA-primed THP-1. The THP-1 cells primed with 50 nM PMA were incubated with 0.1 mM MPA, 1 mM P4, or cultured
alone for 72 h, and then recovered with fresh medium for 24 h, denoted as MPA-pTHP-1, P4-pTHP-1, or pTHP-1, respectively. (A) The cell morphological changes were recorded by
using a microscope. (B) The supernatants were collected for detecting the expressions of IL-1b, TNF-a, and IL-10 by ELISA. (C) The cells were collected for detecting the expressions
of CD11c and CD163 by ﬂow-cytometry. The statistics were calculated from six individual experiments. GM: geometric means of the ﬂuorescence intensity. p-values less than 0.05
are marked with “*”.

treated with or without MPA by western blotting at the indicated
time points. The results showed that pERK increased gradually after
MPA treatment within one hour (Fig. 6B), and was sustained for
72 h (Supplementary Fig. 1). We also checked the expressions of
other signaling molecules involved in macrophage differentiation,
such as pCREB, pAkt, and pp38, and found that there was no change
after the MPA treatment (Supplementary Fig. 2). Then, we performed the MPA-driven pTHP-1 differentiation in the presence or
absence of MEK inhibitor U0126. We found that the pERK level of
the U0126-treated cells was suppressed within one hour (Fig. 6C).
After a 72-h incubation period followed by a 24-h refresh, the
expression levels of IL-1b and IL-10 of MPA-pTHP-1 treated with
U0126 were reversed. More speciﬁcally, the mean value of IL-1b
expression was upregulated compared to that of the untreated
control, but the change was not signiﬁcant. Further, the mean value
of IL-10 expression was downregulated signiﬁcantly compared to
that of the untreated control (Fig. 6D). And, the expression level of
CD163, but not CD11, of MPA-pTHP-1 was also reversed under the
U0126 treatment (Fig. 6D). These results suggested that ERK
phosphorylation was a key factor in the M2 macrophage differentiation of MPA-pTHP-1.
4. Discussion
In this study, we found that MPA was capable of driving differentiation of monocytes toward M2 macrophages mimicking the
phenotype of decidual macrophages. Furthermore, MPA could
revert M1 macrophages to M2 macrophages. In addition to the
cytokine proﬁles, a round-shaped morphology of the MPA-pTHP-

1 cells recapitulates the phenotype of the M2 macrophages. M1 and
M2 macrophages are respectively spindle-shaped and roundshaped in vitro (Pelegrin and Surprenant, 2009; Ploeger et al.,
2013; Robbe et al., 2015). Although natural progesterone P4 is
also known to modulate immunity, P4 alone was insufﬁcient to
trigger M2 differentiation, as did MPA in our study. This ﬁnding is
consistent with Houser et al., who showed that P4 was not a key
factor for the generation of decidual macrophages (Houser et al.,
2011).
MPA is known to have both effective progestogenic and glucocorticoid activities (Wiegratz and Kuhl, 2004). Therefore, the effects
of MPA on M2 macrophage differentiation were blocked by Mifepristone. Due to a lack of progesterone receptor expression in
macrophages (King et al., 1996; Srivastava and Anderson, 2007), the
Mifepristone effect might be mediated through the glucocorticoid
receptor. Glucocorticoid is known to inhibit the functions of NF-kB,
which is a critical transcription factor for the expression of proinﬂammatory cytokines (Clark, 2007; Li and Verma, 2002). In this
study, we found that expressions of IL-1b and TNF-a of the PMAprimed THP-1 cells were suppressed by MPA, but not P4. Moreover, this cytokine milieu of downregulated pro-inﬂammatory cytokines may create an environment for M2 macrophage
differentiation. A high expression level of IL-10 is an important M2
marker of MPA-pTHP-1; however, how IL-10 expression is regulated by MPA remains unclear. It has been reported that the differences in IL-10 expression by macrophages, myeloid DCs and
pDCs were correlated with the level of ERK phosphorylation in each
of these cell types (Kaiser et al., 2009). In this study, we found that
pERK of PMA-primed THP-1 were quickly upregulated by MPA,
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Fig. 2. MPA also triggered M2 macrophage differentiation of human monocytes. Peripheral blood was collected from 14 healthy women. After purifying human monocytes from
PBMC by CD14 magnetic beads, the cells were incubated in the presence or absence of 0.1 mM MPA for ﬁve days and then recovered with fresh medium for 24 h. (A) The cell
morphological changes were observed by using a microscope. (B) The supernatants were collected for detecting the cytokine expressions by ELISA. (C) The cells were collected for
detecting the expressions of CD11c, CD163 and CD206 by ﬂow-cytometry. GM: geometric means of the ﬂuorescence intensity. p-values less than 0.05 are marked with “*”.

Fig. 3. MPA reverses M1 macrophage phenotype into M2 phenotype. PMA-primed THP-1 cells were incubated in a medium containing IFN-g and LPS for 72 h. Subsequently, the
IFN-g/LPS-treated cells were treated with 0.1 mM MPA for another 72 h; untreated cells were as the control. (A) The supernatants were collected for detecting the expressions of IL-1
and IL-10 by ELISA. (B) RNA of the cells was extracted for analyzing the expressions of iNOS and IDO by real-time PCR. The statistics were calculated from three individual experiments. p-values less than 0.05 are marked with “*”.

which could be due to a non-genomic action of steroid hormone
(Boonyaratanakornkit et al., 2001; Gutierrez-Mecinas et al., 2011).
When the cells were incubated in the presence of U0126, the
expression of IL-10 triggered by MPA was suppressed. In addition,
the expression of another M2 marker, namely CD163 of MPA-pTHP1, was also reversed by U0126. Accordingly, we reason that ERK
phosphorylation is important for the M2 macrophage differentiation. Nevertheless, further studies are needed to elucidate the

detailed mechanisms of the MPA or glucocorticoid effects on
macrophage differentiation.
Impaired decidualization may disable embryo-maternal interactions and lead to miscarriage (Salker et al., 2010). It is known
that IL-1b and TNF-a inhibit decidualization of human endometrial
stromal cells (Inoue et al., 1994). Further, decidual macrophages
from miscarriage patients were reported to show M1 activation
(Guenther et al., 2012). Women experiencing RM had a higher level
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Fig. 4. MPA-pTHP-1 promoted the decidualization of T-HESCs and the invasion of the trophoblast cell line HTR-8. (A) T-HESCs were decidualized by treating with 1 mM MPA
and 0.5 mM 8-bromo-cAMP and cultured in the DMEM/F12 medium combined with MPA-pTHP-1 supernatant, pTHP-1 supernatant, or RPMI medium (v/v ¼ 9:1) for three days. The
supernatants were collected for detecting IGFBP-1 by ELISA. (B) HTR-8 cells in 1%FBS/RPMI1640 were added in the uncoated or Matrigel-coated upper inserts of the transwell plate
for migration assay or invasion assay, respectively, and 10% FBS fresh culture medium combined with the supernatants of MPA-pTHP-1 or pTHP-1 (v/v ¼ 1:1) was added in the lower
chambers. Medium only was served as control. After 24-h incubation, the cells on the lower side of the insert membrane were recorded by microscope and the number of cells was
analyzed by Image J software. The statistics were calculated from three individual experiments. p-values less than 0.05 are marked with “*”.

Fig. 5. MPA-pTHP-1 tolerates stimulations of the TLR ligands. The pTHP-1 and MPA-pTHP-1 cells were treated with or without Pam3CSK4 (1 mg/ml), Pam2CSK4 (1 mg/ml),
Poly(I:C) (1 mg/ml), LPS (1 mg/ml), FLA (0.1 mg/ml), R848 (1 mg/ml), or ODN (0.5 mM) for 24 h. The supernatants were then collected for detecting the expressions of IL-1b and TNF-a
(A), and IL-10 (B) by ELISA. The statistics were calculated from three individual experiments. p-values less than 0.05 are marked with “*”.

of pro-inﬂammatory cytokines and a reduced expression of antiinﬂammatory cytokines in the endometrial biopsies compared to
normal controls during the implantation window (Banerjee et al.,
2013). In this study, we found that T-HESCs underwent decidualization, as reﬂected by the decidual marker IGFBP-1, in the supernatant of MPA-pTHP-1 cells, which contained low levels of IL-1b
and TNF-a. This ﬁnding is in accordance with the clinical observation that M2 macrophages contribute to decidualization and successful implantation (Brown et al., 2014; Ning et al., 2016).
Moreover, an enrichment of decidual macrophages in the neighborhood of the trophoblast invasion front has been suggested to
produce factors that regulate the invasion and migration of
trophoblast cells (Helige et al., 2014; Knoﬂer and Pollheimer, 2012).
In this study, we found MPA-pTHP-1 cells secreted less TNF-a than
MPA-pTHP-1 cell and promoted invasion of HTR-8 as compared to
pTHP-1 cells. This ﬁnding is in accord with the ﬁnding of Renaud
et al., (2005), who showed that LPS-activated macrophage
impeded the invasion of HTR-8 through TNF-a secretion (Renaud

et al., 2005). Lash et al. reported that the CD14 þ decidual macrophages of 8e14 gestational weeks were involved in regulating the
spiral artery remodeling. Interestingly, they showed that the condition medium of the CD14 þ macrophages (CD14 þ CM) from 8 to
10 weeks but not 12e14 weeks facilitated breakdown of ECM. ECM
breakdown is an important process for cell invasion. Although the
statistics did not reach the signiﬁcant level, EVT treated with
CD14 þ CM at 8e10 weeks seemed to have higher invasion index
than the control group (Lash et al., 2016).
Decidual dysfunction exerts a profound impact on both embryonic and placental development. Low-grade inﬂammation leads
the endomterium to develop an inﬂammatory response and promote M1 macrophage differentiation, which results in adverse
pregnancy outcomes. Endometriosis patients were reported to
have elevated levels of circulating pro-inﬂammatory cytokines,
such as IL-1b and TNF-a (Malutan et al., 2015; Spritzer et al., 2015).
The eutopic endometrium of endometriosis had a lower level of M2
decidual macrophages than that of non-endometriosis controls,
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Fig. 6. Exploration of the signaling pathways involved in the macrophage differentiation of PMA-primed THP-1 triggered by MPA. (A) PMA-primed THP-1 cells were treated
with MPA in the presence and absence of Mifepristone (RU486) (0.1 mM) for 3 days. After refreshing the cells for 24 h, the supernatants were collected to detect the expressions of IL1b, TNF-a, and IL-10 by ELISA. (B) The expressions of pERK and ERK of the PMA-primed THP-1 cells treated with or without MPA were evaluated by western blotting at the indicated
time points. (C) The PMA-primed THP-1 cells treated with MPA in the presence or absence of U0126 (10 mg/ml) were collected to evaluate the expressions of pERK and ERK at the
indicated time points. (D & E) The macrophage differentiation of the PMA-primed THP-1 cells driven by MPA in the presence or absence of U0126 (10 mg/ml) was evaluated by
detecting the expressions of IL-1b and IL-10 by ELISA and the expressions of CD11c and CD163 by ﬂow-cytometry. The statistics were calculated from three individual experiments.
GM: geometric means of the ﬂuorescence intensity. p-values less than 0.05 are marked with “*”.

suggesting that the macrophage population was skewed toward the
M1 phenotype (Takebayashi et al., 2015). Therefore, women with
endometriosis are at increased risk of developing various pregnancy complications, such as preeclampsia, intrauterine growth
restriction, and preterm birth. Indeed, M1 activation of decidual
macrophages is linked to the pathogenesis of preeclampsia and
preterm delivery (Nagamatsu and Schust, 2010). Women with
preeclampsia had lower levels of IL-10 and M2 macrophages in the
endometrium compared to women with control pregnancies
(Schonkeren et al., 2011), which was suggested to be associated
with defective trophoblast invasion and spiral artery remodeling
(Faas et al., 2014). Women with spontaneous preterm birth also had
M1 macrophage polarization in the endometrium, implying that a
premature activation of inﬂammation may lead to preterm birth
(Romero et al., 2006; Xu et al., 2016). In this study, we showed that
MPA can trigger M2 macrophage differentiation. Our ﬁndings
suggest that MPA could be applied for the treatment of reproductive failure associated with various conditions related to chronic
endometrial inﬂammation (e.g. endometriosis, polycystic ovarian
disease, and a subset of women who experience RM, preterm labor,
and preeclampsia) (Khan and Hay, 2015). Given that glucocorticoid
activity of MPA leads to increased susceptibility to infections of
sexually transmitted pathogens, MPA should not be used in chronic
endometritis caused by pathogens due to the suppression of IL-1b
and TNF-a expressions in MPA-pTHP-1 cells stimulated by TLR ligands in this study.
Being an old drug, controversies have long existed for the
adverse effects of MPA on fetuses. The teratogenic effect of MPA
treatment during the pre- and post-implantation period of mouse
embryos was reported more than 30 years ago, but has not been
observed repetitively (Eibs et al., 1982a, 1982b). Given that MPA
combined with gonadotropins has been successfully applied for

controlled ovarian stimulation, the peri-implantation side effect of
MPA should be negligible (Kuang et al., 2015; Lu et al., 2016; Wang
et al., 2016). Congenital limb reduction in children has been found
to be associated with the use of oral contraceptives by mothers
(Kricker et al., 1986). But later studies focused on the potential
teratogenicity of MPA administered in the ﬁrst trimester have not
shown any developmental effects (Pardthaisong et al., 1992; Yovich
et al., 1988). Accordingly, MPA could be safely applied to humans
from the peri-implantation period through 1e2 weeks postimplantation to improve pregnancy outcomes for cases with
chronic endometrial inﬂammation (e.g. endometriosis, polycystic
ovarian syndrome, etc.). Given that MPA has been reported to
prevent inﬂammation-induced preterm parturition and has
signiﬁcantly preserved fetal viability in mice, trials of MPA during
the mid- or late gestational periods also deserves further investigation (Elovitz and Wang, 2004).
5. Conclusions
MPA drives M2 macrophage differentiation toward a phenotype
of decidual macrophage that may provide some beneﬁt to achieve
successful pregnancy.
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