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Abstract
Background: The etiology of about half of patients with recurrent spontaneous abortion (RSA) remains
unclear. Imbalance of the immune in�ammatory response at the mother-foetal interface may be one of
the keys to the onset of RSA. Granulocyte-colony stimulating factor (G-CSF) is thought to have a
protective effect on pregnancy and its absence may lead to pregnancy failure. However, the evidence of
the described effects of G-CSF is scant. This study aimed at investigating whether the loss of G-CSF
induced RSA by affecting cell communication at the maternal-foetal interface.

Results: It was found that G-CSF was mainly expressed in villus rather than decidua and expression in
RSA tissues was lower than that in normal tissues. Further, the down-regulation of G-CSF in trophoblasts
resulted to a decrease in cell activity. Trophoblast-derived exosomes inhibited macrophage activation,
while G-CSF free exosomes did not. Intraperitoneal injection of G-CSF improved the pregnancy outcome
in RSA mice and the expression of G-CSF as well as its receptor at the mother-foetal interface were also
changed.

Conclusion: The expression of G-CSF was found to be decreased in villi of patients with RSA. It was
evident that the absence of G-CSF weakens the immune suppression of trophoblasts against
macrophages and the function of trophoblasts is also impaired. Therefore, this may be a key factor in the
occurrence of RSA. Further, G-CSF decreases the rate of abortion in RSA mice and may provide some
assistance in the treatment of patients with RSA.

Background
Recurrent spontaneous abortion (RSA) is de�ned as two or more consecutive spontaneous abortions with
the same sexual partner, with an incidence of about between 5 and 10% [1–3]. Among the reported
incidences, approximately half of the cases remain unexplained [4, 5]. Our previous studies suggested
that communication between trophoblasts and macrophages was deviated at the maternal-foetal
interface of patients with RSA. Further, it was reported that the overexpression of NLRP3 in�ammasomes
triggered abnormal in�ammatory response which destroyed the balance between pro-in�ammatory and
anti-in�ammatory states at the maternal-foetal interface [6].

Proper communication between foetal trophoblast and immune cells present at the maternal-foetal
interface including macrophages is essential for a successful pregnancy. Trophoblasts exhibit important
roles in early embryo implantation and pregnancy. They invade the endometrium to establish maternal-
foetal connection and promote the formation of maternal immune tolerance to the foetus [7]. Inadequate
migration of trophoblasts usually leads to failure of maternal-foetal linkage and RSA [8, 9]. Meanwhile,
increasing evidences support that the polarization of decidual macrophages is in�uenced by trophoblasts
[10–13]. These decidual macrophages have considerable plasticity and can effectively respond to
environmental signals. Furthermore, their phenotypes can be roughly divided into pro-in�ammatory M1
type and anti-in�ammatory M2 type. It has been reported that decidual macrophages are close to the M2
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type and may rapidly transform into M1 type with the progress of pregnancy and environmental changes
[11].

Granulocyte-colony stimulating factor (G-CSF) is a type of secretory cytokine closely related to cell
proliferation, invasion and differentiation. It can be expressed in trophoblasts and endometrium. G-CSF
has a positive effect on trophoblast growth, embryo implantation and placental metabolism [14, 15]. The
function of G-CSF is mainly realized by binding to the G-CSF receptor (G-CSFR) on the surface of target
cells and G-CSFR exists in various types of myeloproliferative tissues and cells, such as monocytes
macrophages [16, 17]. Therefore, G-CSF may be one of the media for the communication between
trophoblasts and decidual macrophages. Previous studies in animal models have shown that the loss of
G-CSF may induce early abortion [16]. Some research reports have shown that in vitro injection of human
recombinant G-CSF to patients with RSA may improve the pregnancy outcome and the e�cacy is even
better than that of clinical conventionally used drugs such as low molecular weight heparin and
immunoglobulin, while others hold the opposite view [17–19]. It is hence evident that this problem
requires further study.

In the last century, it was discovered that trophoblast vesicles might be shed from the placenta into the
mother's peripheral circulation and could be isolated from the mother's peripheral blood as early as at 6
weeks of gestation [20, 21]. Recently, exosomes, a clearer concept than "vesicles", have gained increasing
attention. Exosomes are membrane-bound vesicles, which exist in almost all biological �uids. Exosomes
are rich in protein, RNA and have a strong function in information exchange between cells [22].

Trophoblast-derived exosomes are thought to have ability to regulate cytokine pro�le of recipient cells,
such as increased IL-2 expression and decreased CD3 expression in the T cells. Literatures support that
during implantation and the initial trimester, trophoblast-derived exosomes are capable of recruiting and
promoting differentiation of monocytes into a trophoblast-supportive tissue macrophages. This in turn
secrete cytokines and chemokines required for trophoblast growth and survival [23]. As a soluble
cytokine, G-CSF can be released extracellularly or transported by extracellular vesicles such as exosomes
to participate in the activation of cell signalling pathways in a paracrine form [24]. Therefore, the purpose
of this study was to evaluate whether G-CSF carried by exosomes is involved in the trophoblast-
macrophage dialogue and whether the absence of G-CSF is important factor leading to the occurrence of
RSA.

Results

Expression of G-CSF and its receptor at maternal-foetal
interface in early pregnancy
The presence of G-CSF and G-CSFR in villous and decidual tissues was detected using RTPCR, western
blot and immunohistochemistry. It was found that G-CSF was mainly expressed in villi and the expression
in RSA villi was signi�cantly lower than that in normal villi. On the other hand, the G-CSFR showed an
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opposite trend and its expression in RSA decidua was slightly higher than that in normal decidua (Fig. 1
and Additional �le 1: Fig. S1).

Effect of G-CSF on migration and proliferation of
trophoblasts
In this study, three siRNAs targeting G-CSF were constructed and the RTPCR detection results showed that
all the three siRNAs had silencing effects. Further, the most effective siRNA was selected for subsequent
experiments. Forty-eight hours after siRNA transfection, the cells were assayed by transwell and CCK8
tests. It was found that the absence of G-CSF signi�cantly reduced the migration and proliferation of
trophoblasts (Fig. 2 and Additional �le 2: Fig. S2).

Role of G-CSF and exosomes in trophoblasts regulation on
macrophages
The supernatant of trophoblasts after siRNA transfection or not were collected, exosomes were extracted
and added into macrophages medium at a concentration of 100 µg/mL [23]. Recombinant G-CSF was
separately added into the macrophages medium at concentrations of 10, 50, 100, 200 and 500 ng/mL. It
was found that G-CSF had the most anti-in�ammatory effect on macrophages at a concentration of 100
ng/ml hence this concentration was used in subsequent experiments.

The morphology, size and speci�c markers of exosomes were identi�ed through transmission electron
microscopy (TEM), nanoparticle tracking analysis (NTA) and western blot (Fig. 3A). The particle size of
exosomes was 134.70 ± 48.20 nm. Since the ampli�cation of trophoblast took about a week and the
effect of siRNA was not permanent, the expression of G-CSF in cells after transfection for 7 days was
tested and it was still suppressed. The detection of G-CSF in exosomes also showed the silencing effect
of transfection (Fig. 3B and Additional �le 3: Fig. S3).

Under the laser confocal microscope, it was found that the PKH26 labelled exosomes were clearly
engulfed by macrophages and were surrounded the nucleus. At low magni�cation, it was seen that the
exosomes derived from trophoblasts treated with G-CSF siRNA were more phagocytosed by
macrophages than exosomes derived from normal trophoblasts (Fig. 3C). After phagocytosis of
exosomes, the functional activity of macrophages also changed. The normal trophoblasts downregulated
the expression of iNOS and TNF-α and upregulated the expression of CD206 as well as Arg1 in
macrophages through exosomes.

NLRP3 in�ammasome is a molecule thought to play a pro-in�ammatory role at the maternal-foetal
interface in patients with RSA [6]. In this study NLRP3 was also found to be inhibited by trophoblast cell-
derived exosomes. Therefore, results of the current study evidently indicates that trophoblasts can induce
the transformation of macrophages to anti-in�ammatory M2 type through exosomes. In addition,
trophoblast cell-derived exosomes also had inhibitory effects on the migration and proliferation of
macrophages. The addition of exogenous G-CSF had the similar effects on the macrophages. However,
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the described effects disappeared after silencing the G-CSF in the trophoblasts. (Fig. 3D and Additional
�le 4: Fig. S4). This suggests that G-CSF plays an important role in the process of trophoblasts regulating
macrophages.

Application of G-CSF in RSA mouse model
Results of this study show that the abortion rate in the RSA group was higher (26.96%) compared with
the Normal group (5.71%) which indicates the success of the studied model. Expectedly, the abortion rate
was reduced to 10.25% after intraperitoneal injection of G-CSF. Further, a decreased expression of G-CSF
was also observed in the placentas of RSA mice. The increase of G-CSF in the TREAT group evidently
show that intraperitoneal injection of G-CSF played a role in the placentas. There was no signi�cant
difference in the expression of G-CSFR among the three groups. Further, it was found that the expression
of NLRP3 in�ammasome was increased in the placentas of RSA mice and was inhibited by exogenous G-
CSF, which was in consistence with the results of cell experiments (Fig. 4 and Additional �le 5: Fig. S5).

Discussion
Occurrence of RSA is closely related to the imbalance of pro-in�ammatory and anti-in�ammatory state,
and the formation barriers of immune tolerance at the maternal-foetal interface. The disorder of
trophoblast-macrophage dialogue is likely to be a crucial part to induce the imbalance [10, 25, 26].
Previous studies have reported that G-CSF plays an important role in establishing immune tolerance
between host tissue and donor-derived immune cells [27]. Therefore, the current aimed to investigate
whether G-CSF plays the same role at the maternal-foetal interface.

First, tissue samples from the patients were examined and the results showed that G-CSF was mainly
expressed in villous tissues and was lower in RSA samples than in the normal tissues. This was an initial
suggestion of the potential association between G-CSF and RSA. On the contrary, G-CSFR was more
expressed in decidua tissues and the expression in RSA decidua was slightly higher than that in the
normal decidua. It was hence hypothesized that the increased expression of G-CSFR in the RSA decidua
may be a compensatory response to the decreased G-CSF. That the migration and proliferation of
trophoblasts decreased after down-regulation of G-CSF is a suggestion that G-CSF is important in the
growth of trophoblasts. Therefore, the decline in G-CSF levels and the consequent impairment of
trophoblast function may be the key factors in the induction of RSA.

In the pathogenesis of RSA, there is usually more than one abnormal link and the role of G-CSF at the
maternal-foetal interface is not only to regulate the function of trophoblast cells. To investigate the role of
macrophages in the pathogenesis of RSA, macrophages were co-cultured with trophoblast-derived
exosomes. As expected, the exosomes without G-CSF did not inhibit macrophage activity, leading to more
M1-type differentiation of macrophages and increased NLRP3 in�ammasomes. The �ndings of this
study was in consonance with our previous studies which have reported the association between the
overexpression of NLRP3 in�ammasomes and RSA [6, 28]. Therefore, it is suggested that the loss of G-
CSF, on the one hand, disrupts the function of trophoblasts whereas on the other hand, interferes with the
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pro-in�ammatory and anti-in�ammatory balance at the mother-foetal interface through macrophages.
This then leads to impaired trophoblasts function [7, 29] and ultimately induces RSA.

As previously noted, the jury is still out on the e�cacy of G-CSF in treating RSA and there is need for more
evidence. Several studies have shown that G-CSF improves endometrial thickness, ovarian follicular
function and oocyte quality, which may facilitate embryo implantation [30–32]. In the present study,
intraperitoneal injection of G-CSF into RSA mice showed a signi�cant reduction in abortion rate. Further, it
was evident that G-CSF inhibited overexpression of NLRP3 in�ammasomes at the maternal-foetal
interface. Therefore, it is expected that G-CSF may improve pregnancy success by improving the
in�ammatory state of the mother-foetal interface and the activity of trophoblasts. However, there is still
need for more research studies to provide more informed basis for the reported �ndings.

Conclusion
In conclusion, this study found that G-CSF was mainly expressed in villi during early pregnancy and the
expression of G-CSF was decreased in villi of patients with RSA. The absence of G-CSF weakens the
immune suppression of trophoblasts against macrophages and the function of trophoblasts is impaired,
which may be a key factor in the occurrence of RSA. In addition, G-CSF decreased the rate of abortion in
RSA mice and might provide some assistance in the treatment of patients with RSA.

Materials And Methods

Tissue samples
The study population was obtained from Tongji Hospital, Huazhong University of Science and
Technology, China. The participants included were 11 women with an uncomplicated �rst-term pregnancy
and 10 pregnant women diagnosed with RSA. The inclusion criteria for both groups were: The couples
and embryos had normal chromosomes and no family genetic history, absence of anatomical deformity
of reproductive organs, normal endocrine pro�le, normal coagulation and autoimmune function as well
as no vaginal infections. No women received any treatment that affected the results of these
examinations in the past 3 months before being enrolled in the study. The diagnostic criteria for RSA was
two or more consecutive spontaneous abortions with the same sexual partner. There was no statistical
difference in ages, gestational ages and menstrual cycle between the two groups. The protocol was
approved by the Ethics Committee of Tongji Medical College of Huazhong University of Science and
Technology (2020-S150) and informed consent of all women was obtained. Villous and decidual tissues
were collected during uterine curettage. The collected samples were washed immediately with normal
saline and divided into two parts: one was �xed with polyformaldehyde for para�n embedding and the
other was stored at -80 ℃.

Cell culture
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The trophoblast cell line HTR-8/SVneo was cultured in complete Dulbecco’s Modi�ed Eagle Medium
(DMEM) with 10% foetal bovine serum (FBS) and 1% penicillin/streptomycin in a 5% CO2 incubator at
37°C. The macrophage cell line RAW264.7 was cultured in DMEM with 10% FBS, but no antibiotics, which
might cause macrophage polarization. The cell was also placed in the cell incubator at 37 ℃ with 5%
CO2 in humidi�ed air.

siRNA transfection
The HTR-8/SVneo Cells were seeded in a six-well plate with a density of between 40 and 60% for
transfection. Transfection was performed using lipo3000 reagent (Invitrogen) in OPTI-MEM medium
(Gibco) and siRNA (RiboBio), targeting the coding region of G-CSF (50 nM) and negative control siRNA
(50 nM), according to the manufacturer's instructions. After 48 to 72 h of culture, the cells were collected
for detection.

Exosomes isolation
The HTR-8/SVneo cells were planted in 10 cm petri dishes and cultured. The cells were then expanded in
large quantities and culture medium was collected. The medium used to extract exosome was
supercentrifuged overnight to remove its own exosome before cell culture. The medium was centrifuged
at 300 g for 10 min, 2000 g for 30 min and 12000 g for 45 min to remove whole cells and debris. The
resulting supernatant was passed through a 0.22 µm sterile �lter and then ultra-centrifuged at 120000 g
for 2 h. The exosome-containing pellets were washed in PBS, and ultra-centrifuged again at 120000 g for
2 h [33]. The �nal precipitates were dissolved in PBS and stored at − 80°C. The size and morphology of
exosomes were identi�ed through TEM and nanoparticle tracking analysis NTA.

Macrophage phagocytosis assay
The exosomes were incubated with PKH26 dye (Sigma) and the staining was stopped by serum, followed
by ultra-centrifuged at 120000 g for 2 h. The obtained exosomes were added to the RAW264.7 culture
medium at a concentration of 10 µg/mL. After 24 h of culture, the macrophages were �xed with
paraformaldehyde, stained with DAPI, sealed with anti-�uorescence quenching agent and observed under
�uorescence microscope as well as laser scanning confocal microscope.

Animals
Female CBA/J, male DBA/2J and male BALB/c mice (6 weeks old) were acquired from Wuhan SLB
Biotech CO., LTD for the animal studies. All the studies were performed in the Laboratory Animal Centre,
Tongji Hospital. The experimental protocols of this study were approved by the Animal Ethics Committee
of Tongji Hospital (TJH-202009005). Mice were reared under controlled temperature (21 ℃ -22 ℃),
humidity, and 12 h of a light/dark cycle with water and food ad libitum for 2 weeks. Female and male
mice were mated in the ration of 2:1 at 20:00 hrs and checked at 6:00 hrs the next day for vaginal plugs.
The presence of a vaginal plug was designated as day 0.5 of pregnancy. Pregnant mice received daily
intraperitoneal injections of recombinant G-CSF or saline from day 4.5 to 13.5. CBA/J females that mated
with BALB/c were considered as normal group and received 200 µl saline (n = 6), and CBA/J females that
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mated with DBA/2 were randomized and divided into the following groups: RSA group received 200 µl
saline (n = 6) and TREAT group received 200 µl of 50 µg/kg recombinant G-CSF [34–36]. Pregnant
females were killed at day 14.5, the total number of resorbing and healthy embryos were recorded, the
foetal and placenta weight were also determined and the placentas were �xed with polyformaldehyde for
para�n embedding. Abortion sites were identi�ed by their small size accompanied by a necrotic,
haemorrhagic appearance compared to normal embryos and placentas. The resorption rate (%) was
calculated as the number of total abortion divided by the number of total implantation and multiplied
by100.

Immunohistochemistry
Patients and mice para�n sections were depara�nised and rehydrated. Slides were then incubated in
citric buffer for antigen retrieval. The sections were treated with 3% hydrogen peroxide to suppress
endogenous peroxidase activity. After incubation with 10% donkey serum, primary rabbit antibodies (G-
CSF, abcam, diluted 1:200; G-CSFR, GeneTex, diluted 1:200; NLRP3, abcam, diluted 1:200) were applied
overnight at 4°C. The second goat-anti-rabbit antibody was incubated after washing with PBS for three
times. Diaminobenzidine was used as a chromogen and a light counterstaining was performed with
haematoxylin. After dehydration and drying, the sections were sealed with neutral resin and observed
under an optical microscope. The images were analysed semi-quantitatively using imageJ software and
MOD = intDen/Area.

RNA isolation and quantitative real-time polymerase chain
reaction (RTPCR)
Total RNA was extracted from tissues or cells using TRIzol reagent. Two µg RNA of every sample was
converted to cDNA through reverse transcription. Quantitative real-time PCR analysis of genes was done
using primers described in an additional �le (Additional �le 6: Table S1) and detected using the CFX96TM
real-time system. Gene expression data was normalized to the mRNA levels of housekeeping gene
GAPDH.

Western blot
Total proteins from tissues or cells were lysed using RIPA buffer. Twenty µg of proteins was loaded on a
10% Bis-Tris SDS gel and run for approximately 2 h at 120 V and then transferred to the PVDF
membranes. The membranes were then blocked in 5% BSA and immunoblotted with primary antibodies
(G-CSF, abcam, diluted 1:1000; G-CSFR, GeneTex, diluted 1:1000; CD9, abcam, diluted 1:1000; TSG101,
abcam, diluted 1:1000; calnexin, abcam, diluted 1:1000; NLRP3, abcam, diluted 1:1000; GAPDH, abcam,
diluted 1:1000) overnight at 4°C. Membranes were washed with TBST and incubated in the goat anti-
rabbit or anti-mouse secondary antibodies (Servicebio, diluted 1:5000) for 1 h at room temperature. After
three washes with TBST, the membranes were coloured by an ECL system. The images were then
analysed semi-quantitatively using imageJ statistical software. Lastly, the data on protein expression
were normalized to the levels of GAPDH.



Page 10/18

Migration assay
Cell migration was evaluated using a Transwell chamber. Cells suspended in serum-free media were
seeded in the upper chambers at a density of 2×104 cells per well. Complete DMEM (500 µL) with 20%
FBS was added to the lower chambers. After 24 hours of culturing, the cells in the upper chamber were
removed with a cotton swab and the cells on the lower surface were �xed and stained with purple crystal.
Excised and mounted �lter membranes were photographed using an optical microscope and cells in four
random �elds per sample were counted and recorded.

Proliferation assay
Cell proliferation was determined through CCK8 assay. Cells were plated in 96-well plates at a density of
4×103 cells per well. The CCK8 mixture was prepared according to DMEM:CCK8 = 9:1 and added to each
well at 0 h, 12 h, 24 h, 48 h and 72 h after cell intervention. Absorbance was measured at 450 nm using
an enzyme-labelled instrument after 2 h of culture.

Statistical analysis
SPSS version 22.0 software was used for data analysis. Results were presented as mean ± SEM. One-way
analysis of variance (ANOVA) was used to assess statistical signi�cance among various experiment
groups followed by Bonferroni post hoc analysis. Statistically signi�cant difference were set at p < 0.05.

Abbreviations
RSA: Recurrent spontaneous abortion 

G-CSF: Granulocyte-colony stimulating factor 

G-CSFR: Granulocyte-colony stimulating factor receptor

TEM: Transmission electron microscopy

NTA: Nanoparticle tracking analysis
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Figures

Figure 1

Expression of G-CSF and G-CSFR in villous and decidual tissues. Samples were detected by RTPCR (A, B,
*: P < 0.05), western blot (C) and immunohistochemistry (D, original magni�cation × 200).
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Figure 2

Effects of down-regulation of G-CSF on trophoblasts. (A) The silencing effect of three siRNAs against G-
CSF was detected by RTPCR, *: P < 0.05. (B) The most effective siRNA was selected and veri�ed by
Western blot. (C) Proliferative capacity of trophoblasts was evaluated by CCK8 test, *: P < 0.05 vs Blank
and NC. (D) Migratory capacity of trophoblasts was evaluated by transwell test, original magni�cation ×
100. All data was from three independent experiments.
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Figure 3

Role of G-CSF and Exosomes in Trophoblasts Regulation on Macrophages. (A) Exosomes derived from
trophoblasts were identi�ed by TEM (a, Scale bar: 200nm), NTA (b) and Western blot (c). (B) The
expression of G-CSF in trophoblasts after siRNA transfection for 2-3 days and 7 days was detected by
RTPCR (a, *: P<0.05) and western blot (b); the expression of G-CSF in exosomes derived from normal
trophoblasts and trophoblasts transfected with siRNA was detected by Western blot (c). (C) Uptake of
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exosomes by macrophages was observed by laser scanning confocal microscope (a, original
magni�cation × 400 and zoom × 5) and �uorescence microscope (b, original magni�cation × 100). (D)
Markers for macrophage type, iNOS, TNF-α, CD206 and Arg1, were detected by RTPCR (a, *: P<0.05); the
expression of NLRP3 in�ammasome in macrophages was detected by RTPCR and Western blot (b, *:
P<0.05); proliferative capacity of macrophages was evaluated by CCK8 test (c, *: P<0.05); migratory
capacity of macrophages was evaluated by transwell test (d, original magni�cation × 100). All data was
from three independent experiments.
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Figure 4

The pregnancy outcome of the mice model and the molecular expression at the maternal-foetal interface.
(A) Representative pictures of uteri from three groups of mice (a) and embryo resorption rate of mice (b, *:
P < 0.05). (B) Expression of G-CSF, G-CSFR and NLRP3 in placentas from three groups of mice, original
magni�cation × 200.
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