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Myeloid-derived suppressor cells (MDSCs) are known to contribute to
tumour immune evasion, and studies have verified that MDSCs can induce
cancer stem cells (CSCs) and promote tumour immune evasion in breast
cancers, cervical cancers and glioblastoma. However, the potential function
of MDSCs in regulating CSCs in epithelial ovarian cancer (EOC) progres-
sion is unknown. Our results indicated that compared to nonmalignant
ovarian patients, EOC patients showed a significantly increased proportion
of MDSCs in the peripheral blood. In addition, MDSCs dramatically pro-
moted tumour sphere formation, cell colony formation and CSC accumula-
tion, and MDSCs enhanced the expression of the stemness biomarkers
NANOG and ¢-MYC in EOC cells during coculture. Moreover, the mech-
anisms by which MDSCs enhance EOC stemness were further explored,
and 586 differentially expressed genes were found in EOC cells cocultured
with or without MDSCs; during coculture, the expression level of colony-
stimulating factor 2 (CSF2) was significantly increased in EOC cells cocul-
tured with MDSCs. Furthermore, the depletion of CSF2 in EOC cells was
successfully performed, the promotive effects of MDSCs on EOC cell stem-
ness could be markedly reversed by downregulating CSF2 expression, p-
STAT3 signalling pathway molecules were also altered, and the p-STAT3
inhibitor could markedly reverse the promotive effects of MDSCs on EOC
cell stemness. In addition, the CSF2 expression level was correlated with
EOC clinical staging. Therefore, MDSCs enhance the stemness of EOC
cells by inducing the CSF2/p-STAT3 signalling pathway. Targeting
MDSCs or CSF2 may be a reasonable strategy for enhancing the efficacy
of conventional treatments.

Database
Gene expression data files are available in the GEO databases under the accession number(s)
GSE145374.
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Introduction

Epithelial ovarian cancer (EOC) is the deadliest gynae-
cological malignancy. It is accompanied by poor treat-
ment efficacy in advanced stages, which results in a
high mortality rate [1] and seriously endangers
women’s health [2,3]. Although EOC patients respond
well to initial surgery and chemotherapy, resistance
and recurrence usually occur, eventually leading to
death. Given our failure to improve the long-term sur-
vival of EOC patients, there is a need to address the
key cellular and molecular mechanisms by which
tumour metastasis and chemoresistance occur in these
patients from a novel angle.

Tumour cells and immune cells interact in the
tumour microenvironment, leading to immune editing,
which ultimately leads to tumour spread, recurrence
and metastasis [4,5]. Myeloid-derived suppressor cells
(MDSCs) are an important immune component in the
tumour microenvironment and are considered to medi-
ate immune suppression in tumour-bearing mice and
cancer patients. In addition to mediating immunosup-
pression, MDSCs promote cancer cell invasion and
metastasis and tumour angiogenesis [6]. However, the
role of MDSCs in the tumour microenvironment is
not fully understood.

Cancer stem cells were first discovered in 1997, and
CSCs are a subset of cells associated with tumour pro-
gression and resistance [7]. Aldehyde dehydrogenase
(ALDH) has been identified as a human CSC biomar-
ker [8]. Studies have confirmed that tumour-associated
macrophages (TAMs) and cancer-associated fibroblasts
(CAFs) in the tumour microenvironment enhance the
stemness of malignant tumours [9]. Recently, studies
have found that MDSCs participate in the induction
of CSCs through various mechanisms in human ovar-
ian cancer and breast cancer [10,11]. However, the
mechanisms by which MDSCs are involved in the
induction of ovarian cancer stemness are still unclear.
In this study, we focused on the mechanisms of
MDSC-induced stemness in EOC.

Results
Accumulation of MIDSCs in epithelial ovarian
cancer

Previous studies have shown that a large number of
MDSCs accumulate in the peripheral blood (PB) and
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[12]. This study focused on the mechanism involving
MDSCs in EOC. First, we collected 20 samples of
EOC PB and 20 samples of benign tumour PB as
research objects, as shown in Table 1. To determine
the percentage of MDSCs in EOC patients and benign
tumour patients, we examined the expression levels of
various antigens, such as CDI11b, HLA-DR, CD33,
CDI14 and CDI15, in Peripheral blood mononuclear
cells (PBMCs). Figure 1A,B presents the gating strat-
egy and analysis of MDSC subsets. The proportion of
MDSCs in the PB of EOC patients is significantly
higher than that in the PB of benign tumour patients
(CD11b"HLA-DR °YCD33"CD14" cells: 6.06 + 1.66
vs. 0.68 £ 0.18%, respectively, P < 0.01; CD11b"HLA-
DR /°“CD33'CD15" cells: 24.84 + 3.68 vs. 3.30 +
0.61, respectively, P < 0.0001) (Fig. 1C,D). Therefore,
we believe that CDIIb"HL-ADR °*CD33'CDI14"
cells may be the M-MDSC subset and CD11b"HLA-
DR °YCD33'CD15" cells may be the PMN-MDSC
subset. Obviously, MDSCs accumulate significantly in
the PB of EOC patients.

MDSCs enhance the stemness of epithelial
ovarian cancer cells

Cancer stem cells have numerous biomarkers, and
acetaldehyde dehydrogenase (ALDH) is considered to
be one of the ovarian CSC biomarkers [13]. In our
study, ALDH" and ALDH~ EOC cells were sorted
by flow cytometry, and we found that ALDH" EOC
cells formed more spheres in an in vitro sphere for-
mation assay (Fig. 2A). In addition, we confirmed
that the expression of core stem cell molecules
(SOX2, NANOG, OCT4a, KLF4 and c¢-MYC) in
ALDH" EOC cells at the transcriptional level was
significantly higher than that in ALDH™ EOC cells
by qRT-PCR (Fig. 2B). Therefore, we believe that
ALDH" EOC cells are EOC stem cells. In our study,
we found that MDSCs in the PB of benign tumour
patients are extremely rare. Subsequently, when EOC
cells were cocultured with more MDSCs, the number
of tumour spheres (Fig. 2C-E) and proportion of
stem cells (Fig. 3A—C) in EOC increased significantly.

Table 1. Patients with EOC or Benign Tumour used to detect
MDSCs in the PB.

FIGO stage Number Age (Years)
tumour tissue of cancer patients and that MDSCs can .
inhibit acquired and natural antitumour immunity in ~ SeMgn tumour 20 56.15 & 14.36
. . . EOC (I-11) 4 56.30 £ 11.80
various ways, allowing tumour cells to escape immune EOC (I1-IV) 16
surveillance and attack, leading to tumour progression
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Fig. 1. Accumulation of MDSCs in EOC. (A) Flow cytometry analysis of M-MDSCs and PMN-MDSCs in PB from benign tumour patients.
(B) Flow cytometry analysis of M-MDSCs and PMN-MDSCs in PB from EOC patients. (C) Statistical analysis of the frequencies of M-
MDSCs as a percentage of the MC population. (D) Statistical analysis of the frequencies of PMN-MDSCs as a percentage of the MC
population. Each point corresponds to an individual patient. Lines indicate the 25th to 75th percentiles. Horizontal lines represent the
median value. Data were analysed using Student’s t-test and are expressed as the mean + SD. Symbols represent statistical significance

(*P<0.01; and ***P < 0.0001).

Furthermore, there was no significant difference in
the number of tumour spheres (Fig. 2C-E) or the
proportion of stem cells (Fig. 3A-C) in EOC cells
after coculture with the same number of MDSCs
from different groups of patients. Therefore, we
believe that MDSCs promote EOC stemness through
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the MDSCs’ accumulation. Therefore, in the follow-
ing experiments, we used EOC cells cultured alone as
a control group. We found that the number of colo-
nies of EOC cells was significantly increased by
MDSCs (Fig. 3D). Furthermore, MDSCs promoted
the expression of core stem cell molecules (SOX2,
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NANOG, OCT4a, c-MYC and KLF4) at the tran-
scriptional level (Fig. 3E), and the expression of
NANOG and ¢-MYC at the protein level is also
upregulated by MDSCs (Fig. 3F,G).

MDSCs stimulate CSF2 expression in epithelial
ovarian cancer

To clarify the mechanisms by which MDSCs stimulate
EOC cell stemness, we speculated that MDSCs may
regulate the expression of certain critical proteins in
EOC cells to enhance EOC cell stemness. To verify
this hypothesis, MDSCs were sorted and cocultured
with SKOV3 cells for 24 h. Then, we analysed the
mRNA expression levels in SKOV3 cells after cocul-
ture and compared the levels with those in SKOV3
cells cultured in the absence of MDSCs. Microarray
analysis showed that there were significant differences
in the expression of 586 genes at the transcriptional
level (Fig. 4A), among which 335 exhibited upregu-
lated expression and 251 exhibited downregulated
expression (Fig. 4B). The expression levels of colony-
stimulating factor 2 (CSF2), intercellular adhesion
molecule 1 (ICAM1), baculoviral IAP repeat-contain-
ing 3 (BIRC3), TNF alpha-induced protein 3
(TNFAIP3) and interleukin-32 (IL-32) increased signif-
icantly (Fig. 4B). We detected the expression of CSF2,
ICAMI1, BIRC3, TNFAIP3 and IL-32 in EOC cells
cultured with or without MDSCs by qRT-PCR
(Fig. 4C), and the results showed that after coculture
with MDSCs, EOC cells showed significantly increased
expression of these molecules at the transcriptional
level. Among the molecules, CSF2 had the most
increased expression level. Moreover, we also observed
that the protein expression level of CSF2 in EOC cells
was significantly increased with MDSC coculture
(Fig. 4D,E). CSF2, one of the major haematopoietic
growth factors, plays important roles in haematopoi-
etic regulation and immune regulation [14]. Thus, we
hypothesized that MDSCs promote EOC cell stemness
by regulating CSF2.

MDSCs enhance epithelial ovarian cancer
stemness via CSF2

shCSF2-1, shCSF2-2, shCSF2-3 and nonfunctional
scrambled control (shControl) plasmids were trans-
fected into EOC cells, and the expression of CSF2 in
the EOC cells transfected with the shCSF2-1 plasmid
was significantly decreased, as evaluated by qRT-PCR
and western blotting (Fig. 5A,B). EOC cells trans-
fected with the shCSF2-1 and shControl plasmids were

MDSC-CSF2/ p-STAT3 axis increases the stemness of EOC

independently cocultured with MDSCs. Figure 5C,D
shows that the MDSCs increased the number of EOC
cell spheres and that after the expression of CSF2 in
EOC cells was weakened, the number of EOC cell
spheres in the cocultures with MDSCs decreased sig-
nificantly. As shown in Fig. 5E,F, the EOC cells cocul-
tured with MDSCs formed more colonies, and CSF2-
depleted EOC cells cocultured with MDSCs produced
fewer colonies. After coculture with MDSCs, the pro-
portion of ALDH" EOC cells increased significantly.
After knocking down CSF2 expression in EOC cells,
the proportion of ALDH" EOC cells was reduced sig-
nificantly in the cocultures with MDSCs (Fig. 5G,H).
We found that MDSCs facilitated the expression of
SOX2, NANOG, STAT3 and ¢-MYC by qRT-PCR,
which could be markedly reversed by downregulating
CSF2 expression (Fig. 7A). Western blot analysis
(Fig. 7B-D) revealed that MDSCs enhanced the
expression of NANOG and ¢-MYC in EOC cells, but
after downregulating CSF2 expression in EOC cells,
the expression of NANOG and c-MYC in EOC cells
decreased. In summary, the stimulatory effects of
MDSCs on EOC cell stemness could be markedly
reversed by downregulating CSF2 expression. There-
fore, MDSCs may promote EOC cell stemness by
inducing CSF2.

MDSCs induce epithelial ovarian cancer stem
cells through the CSF2/p-STAT3 signalling
pathway

What are the mechanisms by which MDSCs enhance
EOC cell stemness by inducing CSF2? We explored
this issue further. Microarray results and KEGG
analysis showed that the process by which MDSCs
promote EOC cell stemness may involve multiple sig-
nalling pathways (Fig. 6), of which the JAK/STATS3
pathway attracted our attention. We found that
MDSCs promoted the expression of p-STAT3 in
EOC cells and that the expression level of p-STAT3
decreased after knocking down CSF2 expression in
EOC cells, as measured by western blotting
(Fig. 7B-D). During coculture, there was no signifi-
cant difference in the total protein levels of STAT3
(Fig. 7B-D). When EOC cells cocultured with
MDSCs, the P-STAT3 inhibitor Stattic significantly
decreased the number of EOC cell spheres cocultured
with MDSCs (Fig. 7E-G) and significantly reduced
the proportion of ALDH+ EOC cells cocultured
with MDSCs (Fig. 8A-D). Therefore, MDSCs may
promote EOC cell stemness via the CSF2/p-STATS3
pathway.
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Fig. 2. ALDH" EOC cells are EOC stem cells. (A) Sphere formation assays using ALDH™ and ALDH™ ES2 and SKOV3 cells. Scale bar,
50 um. (B) gRT-PCR analysis of core stem cell molecule expression levels in ALDH™ and ALDH" ES2 and SKOV3 cells. (C) Sphere formation
assays using ES2 and SKOV3 cells cultured with MDSCs from different groups of patients. Scale bar, 50 um. (D, E) Statistical analysis of
the number of ES2 and SKOV3 tumour spheres with MDSCs from different groups of patients. All data were analysed using Student's t-
test and are expressed as the mean + SD. Experiments were performed in triplicate with MDSCs from three different patients. Symbols
represent statistical significance (*P < 0.01; **P < 0.001; and ***P < 0.0001).
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Fig. 3. MDSCs enhance the stemness of EOC cells. (A) Flow cytometry analysis of the ALDH" cells within the ES2 and SKOV3 cell
populations cultured with MDSCs from different groups of patients. (B, C) Statistical analysis of the proportion of the ALDH+ cells within
the ES2 and SKOVS3 cell populations cultured with MDSCs from different groups of patients. (D) Colony formation assays using ES2 and
SKOVS cells cocultured with MDSCs. Scale bar, 50 um. (E) gRT-PCR analysis of core stem cell molecule expression in ES2 and SKOV3
cells cultured with MDSCs. (F, G) Western blot analysis of core stem cell molecule expression in ES2 and SKOV3 cells cultured with
MDSCs. All data were analysed using Student’s t-test and are expressed as the mean + SD. Experiments were performed in triplicate with
MDSCs from three different patients. Symbols represent statistical significance (*P < 0.01; **P < 0.001; and ***P < 0.0001).

CSF2 expression is significantly correlated with
clinical stage in epithelial ovarian cancer

Finally, we detected the expression level of CSF2 in 40
normal ovarian tissue sections and 60 EOC tissue sec-
tions. The clinical parameters of the patients are
shown in Table 2. We observed that CSF2 expression
in the ovarian tissue samples was significantly
increased in the samples from EOC patients with lym-
phatic metastasis and stage II1I-IV disease compared to
the samples from normal samples. The positive rate of
CSF2 expression in the EOC tissue samples was signif-
icantly higher than that in the normal ovarian tissue
samples (66.7% vs. 5.00%, respectively) (Table 3 and
Fig. 8E,F). Further analysis showed that the CSF2
expression level in the stage III-IV EOC tissue samples
was significantly higher than that in the stage I-II
EOC tissue samples (72.97% vs. 56.52%, respectively)
(Table 3 and Fig. 8E,F). EOC patients with lymphatic
metastasis had a higher CSF2-positive rate in ovarian
cancer tissue than patients without lymphatic metasta-
sis (87.50% vs. 59.09%) (Table 3). Therefore, CSF2
expression is significantly correlated with clinical stage
in EOC. It may be a crucial factor affecting the prog-
nosis of EOC.

Discussion

Interactions between tumour cells and immune cells
lead to immune editing [15], which promotes tumour
immune escape and ultimately leads to tumour spread,
recurrence and metastasis [16,17]. CSCs contribute to
tumour progression, metastasis and therapeutic resis-
tance [18-20]. The mechanisms involving CSCs in ovar-
ian cancer remain unclear. Studies have suggested that
interactions between tumour cells and environmental
signals in the tumour microenvironment may lead to
tumour progression [21-23]. The important roles of
mesenchymal stem cells, macrophages and bone mar-
row-derived progenitor cells in environmental signals
affecting tumour cells have been extensively studied in
tumour-bearing mouse models [21-27]. However, the
major immunosuppressive components, MDSCs, are
poorly understood in human cancers. This study
demonstrates that, as an environmental signal in the

tumour microenvironment, MDSCs promote the EOC
stem cell phenotype and lead to tumour progression.

The immunosuppressive effects of MDSCs are rela-
tively well studied in tumour-bearing mouse models.
MDSCs have been deeply studied in the process by
which tumour cells evade immune surveillance and
attack [28]. Initially, MDSCs in the ovarian tumour
environment were described in 2004 as vascular leuko-
cytes, the population of ovarian tumour-associated
leukocytes of unknown origin and surface markers
such as F4/80 and CDI11b [29,30]. Recently published
research confirmed that Snail induces cancer progres-
sion via upregulation of CXCR2 ligands and recruit-
ment of MDSCs. Blocking CXCR2 represents an
immunological therapeutic approach to inhibit the
progression of Snail-high tumours undergoing EMT
[31]. Myeloid progenitor cells, including MDSCs and
macrophages, are associated with cancer cell stemness
[10-11,32]. It is known that MDSCs can enhance the
stemness of human breast cancer cells through the IL-
6/STAT3 and NO/NOTCH signalling pathways [11].
In addition, it has been found that CSCs can secrete a
macrophage migration inhibitor to promote the
immunosuppressive function of MDSCs, thus causing
immune escape [33]. However, there are few studies on
the stemness of ovarian cancer cells induced by
MDSCs. In 2013, MDSCs were first identified to pro-
mote ovarian cancer stem cell properties through the
miRNA10I-CTBP2 network [10]. Our study further
explored the mechanisms by which MDSCs promote
the stemness of EOC cells.

It is well known that the biomarkers of CSCs
include ALDH, CD133, and CD44, but there is no
universally recognized marker for EOC stem cells [34].
Our experiments found that ALDH" EOC cells highly
expressed core molecules of stem cells and formed
more tumour spheres than ALDH™ EOC cells, so the
study used ALDH as the biomarker of EOC stem
cells. We found that the proportion of MDSCs was
significantly increased in EOC patients and that
MDSCs promoted the stemness of EOC cells. Then,
we found that MDSCs significantly promoted the
expression of CSF2 in EOC cells by mRNA microar-
ray. We hypothesized that MDSCs enhanced EOC cell
stemness via CSF2. Furthermore, we found that
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statistically significant differences are presented as follows: **P < 0.001 and ***P < 0.0001.

MDSCs might promote the stemness of EOC by
inducing the CSF2/p-STAT3 signalling pathway.
Finally, we analysed the expression levels of CSF2 in
40 samples of normal ovarian tissue and 60 samples of
EOC tissue, and we observed that CSF2 was signifi-
cantly highly expressed in the EOC tissue samples.
Furthermore, EOC patients expressing high levels of
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CSF2 were found to have advanced-stage disease and
lymph node metastasis.

Granulocyte-macrophage CSF2 is now recognized
as an immune modulatory cytokine produced by dif-
ferent cells, including macrophages, endothelial cells,
alveolar epithelial cells and T cells [35,36]. CSF2 plays
a dominant role in the survival, proliferation,
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Fig. 5. MDSCs enhance EOC stemness via CSF2. (A) gRT-PCR analysis of CSF2 expression in ES2 and SKOV3 cells transfected with the
shControl or shCSF2 plasmid. (B) Western blot analysis of CSF2 expression in ES2 and SKOV3 cells transfected with the ShControl or
ShCSF2 plasmid. (C, D) Sphere formation assays with ES2 and SKOV3 cells with dysregulated CSF2 expression cultured with or without
MDSCs. Scale bar, 50 um. (E, F) Colony formation assays with ES2 and SKOV3 cells with knocked down CSF2 expression cultured with or
without MDSCs. (G, H) Flow cytometry analysis of the ALDH" cells in ES2 and SKOV3 cell populations transfected with the shControl or
shCSF2 plasmid and cultured with MDSCs. All data were analysed using Student's t-test and are expressed as the mean + SD.
Experiments were performed in triplicate with MDSCs derived from three different patients. Symbols represent statistical significance

(*P<0.01; **P <0.001; and ***P < 0.0001; ns, P> 0.05).
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differentiation and function of myeloid lineage cells
[37]. Some studies have suggested that CSF2 causes, or
is a part of, an inflammatory response [38,39], while
others suggest that CSF2 promotes immunological tol-
erance by acting as an immunoregulatory cytokine
[40,41]. There is compelling evidence showing that var-
ious solid tumours secrete CSF2, including lung can-
cer, glioma, bladder cancer, head and neck cancer,
melanoma, skin carcinoma and colorectal cancer [42-
50]. There are conflicting results for the tumour sig-
nalling pathways associated with CSF2, with some
studies showing an antitumour effect and others show-
ing a tumour growth-promoting effect [47,51-53]. In
studies related to ovarian cancer, most studies have
found that CSF2 can inhibit tumour progression and

enrich factor

even be used as a tumour vaccine to treat ovarian can-
cer [54-57]. However, it is surprising that CSF2 stimu-
lates the proliferation and migration of various types
of tumour cells, including skin squamous cell carci-
noma, glioma, head and neck squamous cell carci-
noma and lung cancer cells, in vivo and in vitro
through different mechanisms [46,58-60)].

In ovarian cancer, the role of CSF2 in promoting
the phenotype of EOC stem cells has not been
reported. Based on MDSCs promoting the EOC stem
cell phenotype, we first found that MDSCs may pro-
mote EOC stemness by inducing the CSF2/p-STATS3
pathway. Targeting MDSCs or CSF2 may be a rea-
sonable strategy for enhancing the efficacy of conven-
tional treatments. This finding may provide new ideas
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Fig. 7. MDSCs induce epithelial ovarian CSCs through CSF2/p-STAT3 signalling pathway. (A) gRT-PCR analysis of NANOG, ¢c-MYC, SOX2
and STAT3 expression levels in ES2 and SKOV3 cells with knocked down CSF2 expression cultured with or without MDSCs. Experiments
were performed in triplicate with MDSCs derived from three different patients. (B) Western blot analysis of NANOG, c-MYC, CSF2, STAT3
and p-STAT3 expression in ES2 and SKOV3 cells with knocked down CSF2 expression cultured with or without MDSCs. (C, D) Statistical
analysis of NANOG, c-MYC, CSF2, STAT3 and p-STAT3 intensity in ES2 and SKOV3 cells with knocked down CSF2 expression cultured
with or without MDSCs. (E, F, G) Sphere formation assays with ES2 and SKOV3 cells with dysregulated CSF2 expression or the p-STAT3
inhibitor Stattic cultured with or without MDSCs. Scale bar, 100 um. Data were analysed using a nonparametric test, and statistically

significant differences are presented as follows: *P < 0.01; **P < 0.001; and ***P < 0.0001.

for manipulating the phenotype of ovarian cancer and
reducing the drug resistance and recurrence of EOC.

Materials and methods

Human subjects

All experiments involving human subjects were undertaken
with the understanding and written consent of each subject.
The study methods conformed to the standards set by the
Declaration of Helsinki. All use of human subjects in this
study was approved by the Medical Ethics Committee at
Shanghai First Maternity and Infant Hospital (KS18160).
EOC and benign tumour patients diagnosed in the Shang-
hai First Maternity and Infant Hospital between June 2018
and June 2019 were recruited. We collected fresh PB from
20 patients with EOC or benign tumour. Fresh PB was
processed into a single-cell suspension and immediately
used for the detection and separation of MDSCs. We also
collected 40 samples of normal ovarian tissue and 60 sam-
ples of EOC tissue for immunohistochemistry (IHC) assays
between April 2015 and January 2019 in the Shanghai First
Maternity and Infant Hospital.

Culture conditions of EOC cell lines and MDSCs

The human EOC cell lines ES-2, SKOV3 and HO-8910
were obtained from the American Type Culture Collection
(ATCC) and were cultured and passaged according to the
manufacturer’s instructions. All cell lines were cultured in
RPMI 1640 medium (HyClone, Logan, UT, USA) contain-
ing 10% FBS (Gibco, Carlsbad, CA, USA), 100 units per
mL penicillin and 100 mg-mL~" streptomycin at 37 °C in a
humidified 5% CO, incubator. MDSCs were also cultured
under the same conditions.

Immunohistochemical analysis

Immunohistochemistry was performed as previously
described [61]. Briefly, human tissue specimens were incu-
bated with primary antibody against CSF2 (1 : 200; Pro-
teinTech, Cat. No. 177662-1-AP, Rosemont, IL, USA), and
then incubated with a secondary antibody, and finally
stained with 3,3-diaminobenzidine and haematoxylin. The

slides were examined, and images were captured using the
Nikon Eclipse TE2000 fluorescence microscope. According
to the histologic scores, the intensity of staining was classi-
fied into four groups: high (3), medium (2), low (1), and
negative (0). For statistical analysis, we divided the samples
into two groups: negative expression (0) and positive
expression (1, 2 or 3).

MDSC flow cytometry analysis

Peripheral blood mononuclear cells were isolated from the PB
of EOC patients by density gradient centrifugation (Ficoll-
Paque Plus; GE Healthcare, Pittsburgh, PA, USA). After
washing with PBS, the PBMCs were incubated with fluo-
rophore-conjugated antibodies against CD33 (BD, Cat. No.
561817, Franklin Lakes, NJ, USA), CDI14 (BD, Cat.
No. 562692), CD15 (BD, Cat. No. 560828), CD11b (BD,
Cat. No. 557396), and HLA-DR (BD, Cat. No. 555812) for
30 min. Finally, the PBMCs were detected by flow cytometry
(BD, FACSCalibur) and analysed by rrowso 10.0 (Becton,
Dickinson & Company, Franklin Lakes, NJ, USA). A mor-
phological gate including mononuclear cells (MCs) (based on
SSC and FSC properties) was applied before gating for
MDSC subsets. The labels above the cytometric plots indicate
the gated population analysed. Analysed markers are indi-
cated on the axis of each cytometric plot. Representative dot
plots of two subsets of MDSCs identified using a gating strat-
egy, monocytic (M)-MDSCs (HLA-DR/°“CDI11b"CD33"
CD14" cells) and polymorphonuclear (PMN)-MDSCs (HLA-
DR°YCD11b*CD33"CDI15" cells), are shown.

Isolation of MIDSCs

Myeloid-derived suppressor cells were isolated from the PB
of EOC patients using CD33 beads (Miltenyi Biotec, Cat.
No. 130-045-501, Bergisch Gladbach, Germany) and an MS
column (Miltenyi Biotec, Cat. No. 130-042-201). The purity
of the isolated cell population was determined using flow
cytometry, and the frequency of CD11b'CD33"HLA-DR™/°%
cells was > 85%.

CSC flow cytometry analysis and isolation

The AldeFluor Assay Kit (Stemcell Technologies, Cat. No.
01700, Vancouver, Canada) was used to determine the
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Fig. 8. CSF2 expression is significantly correlated with clinical stage in EOC. (A, B) Flow cytometry analysis of the ALDH™ cells in ES2 cells
transfected with the shControl or shCSF2 plasmid or treated with p-STAT3 inhibitor Stattic cocultured with or without MDSCs. (C, D) Flow
cytometry analysis of the ALDH™ cells in SKOV3 cells with the shControl or shCSF2 plasmid or treated with p-STAT3 inhibitor Stattic and
cultured with or without MDSCs. (E, F) Immunohistochemical analysis of CSF2 expression in normal ovary, EOC (Stage I-Il) and EOC (Stage
II-1V) tissue samples. Data were analysed using a nonparametric test, and statistically significant differences are presented as follows:
*P<0.01; **P < 0.001; and ***P < 0.001. Scale bar, 100 pm.
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Table 2. Clinical parameters of EOC patients.

Parameter Cases CSF2 P

Age
< 65 year 28 16 (57.14%) > 0.050
> b5 year 32 24 (75.00%)

FIGO stage
Il 23 13 (66.52%) 0.031
-1V 37 27 (72.97%)

Lymphatic metastasis
Yes 16 14 (87.50%) 0.039
No 44 26 (59.09%)

Distant metastasis
Yes 2 2 (100.00%) > 0.050
No 58 38 (65.51%)

percentage of EOC cells expressing high levels of ALDH
(ALDH" EOC cells) according to the manufacturer’s instruc-
tions. Briefly, 1 x 10° cells were incubated with the Alde-
Fluor substrate for 45 min at 37 °C, with or without the
ALDH inhibitor diethylaminobenzaldehyde. After incuba-
tion, ALDH™ cells were detected in the FITC channel with a
flow cytometer (BD, FACSAria) using FLowso 10.0 software.
ALDH" EOC cells and ALDH /' EOC cells were sorted
by FACS.

MDSC and EOC cell coculture

Myeloid-derived suppressor cells were sorted by CD33
microbeads. EOC cells (2.5 x 10° per mL) were noncontact
cocultured with MDSCs (2.5 x 10° per mL) in a transwell
system in a 6-well plate. After 24 h of coculture, we exam-
ined EOC cell phenotypes and function.

Plasmid transfection in EOC cells

To deplete the expression of CSF2, ES-2, SKOV3 and
HOS8910 cells were treated with shCSF2 plasmids or non-
functional scrambled control plasmids (GENECHEM,
Shanghai, China) by using X-tremeGENE HP DNA Trans-
fection Reagent (Roche, Basel, Switzerland) according to
the manufacturer’s instructions. The cells were harvested at
24-48 h post-transfection for future experiments.

Table 3. Expression of CSF2 in normal ovary and EOC tissue samples

MDSC-CSF2/ p-STAT3 axis increases the stemness of EOC

Inhibition of the p-STAT3 signalling pathway

ES-2, SKOV3 and HO8910 cells were incubated with the
specific STAT3 phosphorylation inhibitor Stattic (20 pm)
(Cat. HY-13818; MCE, Monmouth Junction, NJ, USA) in
10% serum medium for 24 h. Control cells were treated
with the same volume of DMSO. After incubation, the effi-
cacy of p-STAT3 inhibition was detected by western blot-
ting. After 24 h of coculture with MDSCs and incubation
with the specific STAT3 phosphorylation inhibitor Stattic
(20 pm), we examined EOC cell phenotypes and function.

Colony formation assay

A total of 250 cells were plated into per well of a 6-well
plate and incubated for approximately 7-10 days in a cell
culture incubator. Then, colonies were washed with 1xPBS.
After fixation with 4% paraformaldehyde and staining with
crystal violet, colonies of EOC cells were observed.

In vitro sphere formation

Myeloid-derived suppressor cells were sorted from the PB
of EOC patients as described above. EOC cells with or
without MDSCs were plated in ultralow attachment surface
6-well plates with serum-free medium supplemented with
bFGF (10 ng-mL"; PeproTech, Rocky Hill, NJ, USA),
EGF (20 ngmL~", PeproTech) and 0.4% BSA at a density
of 1000 to 10 000 viable cells per well. After 2 weeks, the
number of spheres in each well was counted using a phase-
contrast microscope.

Microarray assay

SKOV3 cells cultured with or without MDSCs were col-
lected for microarray analysis. SKOV3 cells (2.5 x 10°)
were cocultured with freshly sorted EOC-associated
MDSCs (5 x 10°) or medium in a transwell system (Corn-
ing, Corning, NY, USA) for 24 h. Then, RNA was
extracted from the SKOV3 cells by using TRIzol reagent.
The isolated RNAs were assessed by mRNA profiling via
the Low Input Quick Amp Labelling Kit, One-Colour
(Cat. No. 5190-23051; Agilent Technologies, Santa Clara,
CA, USA) at Shanghai Biotechnology Corp., Shanghai,
China. The gene expression data files are available from the

Score
FIGO stage Number 0 1 2 3 Positive rate (%) a P
Normal ovary 40 38 3 0 0 5.00
EOC (I-1) 23 10 2 5 6 56.52 22.54° < 0.0001°
EOC (IlI-IV) 37 10 3 14 10 72.97 4.67° 0.031°
#Normal ovary vs. EOC (I-ll); PEQC (I-l) vs. EOC (llI-IV).
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NCBI's Gene Expression Omnibus (GEO) portal using
accession number GSE145374.

Real-time RT-PCR

Real-time RT-PCR analysis was performed as previously
described [61]. Briefly, total RNA from EOC cells was
extracted by using TRIzol Reagent (Invitrogen, Carlsbad,
CA, USA), and cDNA synthesis was performed by using
the PrimeScript RT Master Mix Kit (TaKaRa BIO, Shiga,
Japan) according to the manufacturer’s protocol. The
mRNA expression level was detected by using the Super-
Real PreMix Plus (SYBR Green) Kit (TaKaRa BIO) and
the Applied Biosystems Step-One Plus™ Real-Time PCR
System. B-Actin served as an endogenous control for
mRNAs. The 2724C method was used to calculate relative
mRNA expression levels. The primer sequences (5’-3’) used
for real-time PCR were as follows:
beta-actin  (forward): AACTCCATCATGAAGTGT-
GACG;
beta-actin (reverse): GATCCACATCTGCTGGAAGG;
CSF2 (forward): TCCTGAACCTGAGTAGAGACAC;
CSF2 (reverse): TGCTGCTTGTAGTGGCTGG;
STAT3 (forward): CAGCAGCTTGACACACGGTA;
STATS3 (reverse): AAACACCAAAGTGGCATGTGA;
ICAM1 (forward): TTGGGCATAGAGACCCCGTT;
ICAMI (reverse): GCACATTGCTCAGTTCATACACC,;
BIRC3 (forward): AAGCTACCTCTCAGCCTACTTT,;
BIRC3 (reverse): CCACTGTTTTCTGTACCCGGA;
IL-32 (forward): TGGCGGCTTATTATGAGGAGC;
1L-32 (reverse): CTCGGCACCGTAATCCATCTC;
TNFAIP3 (forward): TCCTCAGGCTTTGTATTTGAGC;
and
TNFAIP3 (reverse): TGTGTATCGGTGCATGGTT TTA.

Western blot analysis

We extracted the total protein of the cells using RIPA lysis
buffer (Cat. No. WB0102; WEIAO, Shanghai, China). The
western blotting was conducted as previously described
[61]. Briefly, a total of 15 pg of protein per sample was sep-
arated by 10% SDS/PAGE and transferred to PVDF mem-
branes. The membranes were first incubated for 2 h at
room temperature in 5% BSA and then incubated at 4 °C
in BSA in TBS containing 0.1% Tween-20 with primary
antibodies against CSF2 (1 : 1000; Cat. No. 177662-1-AP;
ProteinTech), STAT3 (1 : 1000; Cat. No. 4904; Cell Sig-
nalling Technology, Beverly, MA, USA), p-STAT3
(1 : 1000; Cat. No. 4113; Cell Signalling Technology) and
B-actin (1 : 1000; Cat. No. 20536-1-AP; ProteinTech), fol-
lowed by incubation with secondary antibodies (Cell Sig-
nalling Technology, Cat. No. 7074) conjugated with
horseradish peroxidase at room temperature for 1 h. The
protein bands were detected by using an enhanced

X. Li et al.

chemiluminescence plus kit (Cat. No. WBULS0500; Milli-
pore, Billerica, MA, USA) as recommended by the manu-
facturer.

Statistical analysis

All experiments were repeated at least three times in dupli-
cate. Data are presented as the mean + SD. Differences
between treated and control groups were analysed using
Student’s z-test and a nonparametric test. The level of sig-
nificance was set at P < 0.05. All statistical analyses were
performed with spss 20.0 software (IBM Software, Armonk,
NY, USA).
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