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ABSTRACT
Background Ovarian cancer (OvCa)- tumor- associated 
macrophages (TAMs) spheroids are abundantly present 
within ascites of high malignant patients. This study 
investigated the mutual interaction of OvCa cells and TAMs 
in the spheroids.
Methods Three- dimensional coculture system and 
transwell coculture system were created to mimic 
the OvCa and TAMs in spheroids and in disassociated 
state. Transwell- migration assay and scratch wound 
healing assay were used to measure the invasive and 
migratory capacity. Western blot, quantitative reverse 
transcription- PCR and immunostaining were used to 
measure the mesenchymal and epithelial markers. Flow 
cytometry was used to assess the polarization of TAMs. 
Also, the differential gene expression profile of OvCa 
cells and OvCa cells from spheroids were tested by 
RNA- sequence. Finally, the ovarian mice models were 
constructed by intraperitoneal injection of ID8 or OvCa- 
TAMs spheroids.
Results Our results indicated that the formation of OvCa- 
TAMs spheroids was positive related to the malignancy of 
OvCa cells. M2- TAMs induced the epithelial- mesenchymal 
transition of OvCa cells by releasing chemokine (C- C 
motif) ligand 18 (CCL18) in the spheroids. While, CCL18 
induced macrophage colony- stimulating factor (M- CSF) 
transcription in OvCa cells through zinc finger E- box- 
binding homeobox 1 (ZEB1). This study further indicated 
that M- CSF secreted by OvCa cells drived the polarization 
of M2- TAMs. Therefore, a CCL18- ZEB1- M- CSF interacting 
loop between OvCa cells and TAMs in the spheroids was 
identified. Moreover, with blocking the expression of ZEB1 
in the OvCa cell, the formation of OvCa- TAMs spheroids 
was impeded. In the ovarian mice models, the formation 
of OvCa- TAMs spheroids in the ascites was promoted by 
overexpressing of ZEB1 in OvCa cells, which resulted in 
faster and earlier transcoelomic metastasis.
Conclusion These findings suggested that the formation 
of OvCa- TAMs spheroids resulted in aggressive phenotype 
of OvCa cells, as a specific feedback loop CCL18- ZEB1- M- 
CSF in it. Inhibition of ZEB1 reduced OvCa- TAMs spheroids 
in the ascites, impeding the transcoelomic metastasis and 
improving the outcome of ovarian patients.

INTRODUCTION
Ovarian cancers (OvCa) have the highest 
lethal rate among gynecological malignan-
cies, because most of them are diagnosed 
after metastasized.1 The 5- year survival 
rates for stage III and IV OvCa are less than 
30%.2 Although cytoreductive surgery and 
subsequent paclitaxel/carboplatin chemo-
therapy have high initial response rate of 
OvCa patients, the overall survival rate has 
not been extended because of the drug resis-
tant disease and high relapse rate. Beside 
lymphatic or hematogeneous route, transco-
elomic metastasis, over 70% of patients with 
diffuse multifocal intraperitoneal metastasis 
and malignant ascites, have been considered 
as a significant reason of the greatest recur-
rence and mortality of OvCa.3 Thus, it is 
important to develop novel therapeutic target 
of OvCa transcoelomic metastasis by studying 
the cellular and molecular mechanism of 
ovarian tumor metastasis in the ascites.

Ascites consist of different kinds cells, such 
as, infiltrating ovarian tumor cells and immune 
cells which release a large number of cytokines 
and extracellular vesicles to constitute a cross- 
linking dialog network in the tumor metas-
tasis microenvironment.4 Tumor- associated 
macrophages (TAMs) have been identified 
as the major population of immune cells in 
the ascites environment, which have highly 
plastic characters, with two main subtypes: 
M1- like anti- tumorigenesis and M2- like protu-
morigenesis.5 M2- TAMs generally express the 
markers: mannose receptor (MR, CD206) 
and scavenger receptor class B (CD163), and 
release immunosuppressive factors. Previous 
studies showed that M2- TAMs in the ascites 
were strongly and positively association with 
OvCa transcoelomic metastasis.6 7 Indeed, 
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M2- like TAMs play their protumoral functions by releasing 
cytokines, enzymes and chemokines, to directly improve 
OvCa spheroid formation and adherence of cancer cells 
to the metastatic sites. When ovarian tumor cells detach 
the primary site and enter the ascites, they can form 
spheroids to escape the killing effect of immune cells and 
get the support of growth.8 Therefore, spheroids’s forma-
tion is inseparable from the role of OvCa transcoelomic 
metastasis. A further study found that in the OvCa spher-
oids, a large number of TAMs located at the center and 
adhered with the surrounding tumors promote OvCa cell 
proliferation by producing growth factors.9 Previous study 
showed that TAMs were always infiltrated at the invasive 
front of advanced tumors, where epithelial- mesenchymal 
transition (EMT) of cancer cells always appeared.10 After 
undergoing the process of EMT, the epithelial features of 
carcinoma cells will be lost, while stem cell- like features 
and invasive characters will be acquired.11 Accordingly, we 
suspect TAMs in the center of OvCa spheroids enhance 
the malignance of surrounding tumor cells by triggering 
EMT process. Nevertheless, interpretation of the signif-
icance of the OvCa- TAMs spheroids for EMT of OvCa 
remains unclear.

Previous study indicated that EMT- inducing tran-
scription factors (EMT- TFs) zinc finger E- box- binding 
homeobox 1 (ZEB1), which was highly expressed in inva-
sive cells at the front of carcinomas, are critical inducer 
of EMT in cancer cells. ZEB1 activated or inhibited gene 
expression via targeting to the regulatory regions of its 
down- stream genes. Other study showed that ZEB1 as 
a critical regulator promoted TAMs’ protumoral func-
tions.12 13 Moreover, Chemokine (C- C motif) ligand 
18 (CCL18), a chemokine predominantly secreted by 
M2- TAMs, is related to the metastasis and poor prognosis 
in breast cancer.14 15 Our results found that in OvCa- TAMs 
spheroids, CCL18 released by TAMs directly induced the 
expression of ZEB1 in OvCa.

Our in vivo and in vitro molecular studies indicated 
that these spheroids forming OvCa cells underwent 
EMT, which promoted OvCa transcoelomic metastasis. 
Importantly, in the TAMs- OvCa spheroids, ZEB1 not only 
improved the process of EMT, but also was demanded for 
sustaining macrophage colony- stimulating factor (M- CSF) 
to stimulate the polarization of M2- TAMs. The unique 
interaction loop (CCL18- ZEB1- M- CSF) between TAMs 
and OvCa was found in the spheroids. Targeting ZEB1 
decreased OvCa malignance by impairing the forma-
tion of TAMs- OvCa spheroids. These results indicated a 
profound role of ZEB1 in driving OvCa- TAMs crosstalk 
and facilitating the formation of TAMs- OvCa spheroids. 
Clinically, ZEB1 can be considered as a molecular target 
for OvCa therapy.

MATERIALS AND METHOD
The complete experimental protocols are described in 
online supplemental material.

RESULT
OvCa-TAMs spheroids are positively associated with the 
malignancy of OvCa
In our study, low malignancy OvCa patient was defined as 
only abdominal cavity metastasis, and the expressions of 
Ki67 and p53 in the tumor were less than 20%. Otherwise, 
patients with more than one metastatic site, and higher 
than 20% expressions of Ki67 and p53 in the tumor were 
defined as high malignancy (online supplemental table 
1). Our study first found that macrophages were recruited 
around the cancer cells at the front of the ovarian solid 
tumors, in which the rate of macrophages and tumor cells 
were higher in high malignancy OvCa patients than that 
in low malignancy OvCa patients (online supplemental 
figure 1A,B). These findings implied an interesting spec-
ulation that the recruitment of macrophages was related 
to the metastatic process of ovarian tumors. In order to 
prove this hypothesis, macrophages in the ascitic fluid 
were further analyzed. The result showed that many 
macrophages were recruited in the ascitic fluid, and most 
of them were M2- TAMs (CD206+) in high malignancy 
patients (online supplemental figure 1C- E). Tumor 
spheroids were also observed in the ascitic fluid of OvCa 
patients (online supplemental figure 1F). There were 
more spheroids with bigger size in the high malignancy 
patients. Macrophages located at the center of the spher-
oids were only observed in the high malignancy patients 
(online supplemental figure 1G,H). It is reasonable to 
suspect that the OvCa- TAMs spheroids were related to the 
malignancy of OvCa, but the details have still unknown.

The interaction of TAMs and OvCa cells in spheroids is 
stronger than them in dissociated state
The formation of OvCa spheroid has been proven as an 
important step of transcoelomic metastasis.3 16 Previous 
study indicated TAMs located at the center of all the 
spheroids by measuring cell components in spheroids 
isolated from ascites of 128 cases of stage III OvCa 
patients.9 To mimic OvCa cells and TAMs in spher-
oids and in dissociated state, we established a spheroid 
three- dimensional (3D) coculture system and transwell 
co- culture system. The SKOV3 from spheroids were 
isolated by magnetic microbeads isolation kit (figure 1A). 
Comparing with SKOV3 alone, the invasive and migratory 
capacity of SKOV3 isolated from spheroids was signifi-
cantly increased, but not from the transwell coculture 
system after 24 hours coculture (figure 1B–D). Moreover, 
epidermal growth factor (EGF) was highly expressed in 
TAMs from spheroid, but not in TAMs from transwell 
co- culture system (figure 1E–G). This data suggested 
that the growth of OvCa cells in the spheroids could be 
improved by the TAMs- secreted EGF. Therefore, TAMs 
induced protumoral and malignant phenotype of OvCa 
cells in the spheroids, but not in the dissociated state, 
which suggested a specific regulatory mechanism between 
TAMs and OvCa cells in the spheroids.

OvCa- TAMs spheroids enhanced the early metastases, 
but dissociated OvCa cells in the ascites seldom showed 
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the similar effects.9 The reasons of the different meta-
static ability of spheroidal OvCa cells and dissociated 
OvCa cells have been unknown. Recently, many studies 
have reported that EMT plays an essential role in cancer 
cell metastatic dissemination events.17 After 24 hours 

coculture with TAMs in spheroids and transwell, the 
morphology of SKOV3 isolated from spheroids was 
switched into spindle, a feature of mesenchymal cells, but 
SKOV3 from transwell still showed epithelial morphology 
(figure 2A). SKOV3 in spheroids increasingly expressed 

Figure 1 SKOV3 from OvCa- TAMs spheroids show more aggressive pattern. (A) Schematic representation depicting the 
separation between peripheral blood monocyte cells (PBMC; black) and ovarian cancer cells (red) from OvCa- TAMs spheroids 
in 3D coculture by magnetic micro- beads isolation kits (MACS). (B) The invasive and migratory capacity of SKOV3 from the 
OvCa- TAMs spheroid or transwell were measured. (C) The quantitation of transwell- migration assay for SKOV3 from the OvCa- 
TAMs spheroid or transwell (n=4 biologically independent samples per group and an average of five fields acquired from each 
sample). (D) The quantitation of scratch wound healing assay (n=4 biologically independent samples per group and an average 
of five fields acquired from each sample). (E–G) PBMC were cocultured with OvCa cells in spheroid or in transwell for 12 hours. 
(E) Gene expression of EGF in TAMs was determined by qRT- PCR. PBMC were used as controls. Relative gene expression is 
presented as fold change in relation to monocytes as 1.0. n=3. (F) Protein level of EGF were determined by Western blot. (G) 
Relative protein expression is presented as fold change in relation to PBMC as 1.0. n=3. Data are presented as means±SD. 
**P < 0.01 and ***p < 0.001 against control group, ##p < 0.01 and ###p < 0.001 against TAM in the transwell group.(two- sided 
Student’s t- test). 3D, three- dimensional; EGF, epidermal growth factor; OvCa, ovarian cancer; qRT- PCR, quantitative reverse 
transcription- PCR; TAMs, tumor- associated macrophages.
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Figure 2 The interaction between OvCa and TAMs in the spheroids. (A–F) TAMs induce the EMT of OvCa cells in spheroids 
and transwell at 24 hours after coculture. (A) The morphology of OvCa cells were showed by cell tracker. (B) E- CAD, ZEB- 1, 
SNAIL and TWIST mRNA levels in OvCa cells were detected by qRT- PCR. (C, D) The protein levels of E- CAD, ZEB- 1, SNAIL and 
TWIST were confirmed by Western blot. (E, F) OvCa cells were subjected to immunostaining with anti- E- CAD, anti- SNAIL, anti- 
TWIST and DAPI, followed by confocal imaging. (G, H) Spheroidal OvCa cells induced macrophages to M2 subtype TAMs at 
24 hours after coculture. (G) qRT- PCR analysis of genes involved in M2- TAM markers (CD 206 & CD 163) and a M1- TAM marker 
(HLA- DR) in the spheroids and transwell. (H) FCM measurement of CD206+ macrophages, CD163+ macrophages and HLA- 
DR+ macrophages in the spheroids and transwell. (I) ELISA measurement of IL- 10, TGF-β, IL- 6 and TNF-α in the spheroids and 
transwell. Data are presented as means±SD. *P<0.05; **p<0.01 and ***p < 0.001 against control group, #p < 0.5; ##p < 0.01 and 
###p < 0.001 against SKOV3 in transwell group (two- sided Student’s t- test). E- CAD, E- cadherin; EMT, epithelial- mesenchymal 
transition; FCM, flow cytometry; IL- 10, interleukin- 10; OvCa, ovarian cancer; qRT- PCR, quantitative reverse transcription- PCR; 
TAMs, tumor- associated macrophages; TGF-β, transforming growth factor β; TNF-α, tumor necrosis factor-α.
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the mesenchymal markers (ZEB1, SNAIL, and TWIST) 
and seldom expressed epithelial marker E- cadherin. On 
the other hand, SKOV3 from transwell expressed both 
the mesenchymal markers and epithelial marker. Espe-
cially, the expression of ZEB1 was dramatically increased 
in both co- culture systems (figure 2B–F). These evidences 
suggested that TAMs could induce full- EMT process of 
OvCa cells in spheroids, but only induced partial- EMT 
process of OvCa cells in transwell.

The accumulation of M2 subtype TAMs have been 
reported to improve the transcoelomic metastasis of 
OvCa.18 The next step, the polarization of macrophages 
with OvCa cells in the spheroids and transwell were 
compared. Figure 2G,H shows that much more CD206+ 
TAMs and CD163+ TAMs were induced in spheroids than 
in transwell (CD206: 78.2% vs 15.5%; CD163: 93.7% vs 
11.8%, respectively). The TAMs in the spheroids had M2 
functions were measured by the higher expression of anti- 
inflammatory cytokines, such as interleukin- 10 (IL- 10) 
and TGF-β, and the decreased expression of inflamma-
tory cytokines, such as IL- 6 and tumor necrosis factor-α 
(figure 2I). This study indicated that the formation of 
OvCa- TAMs spheroids was a powerful step to induce 
full- EMT process of OvCa cells and the polarization of 
M2- TAMs.

OvCa cells produced M-CSF to polarize M2-TAMs in spheroids
To understand the molecular mechanism whereby OvCa 
cells and macrophages have stronger interaction in the 
spheroids than in the dissociated state, different cytokines 
secreted by macrophages and OvCa cells in spheroids 
and in dissociated state were compared. After 120 hours 
coculture, macrophages and OvCa cells were separately 
cultured in the serum- free medium for 12 hours. Seven 
cytokines were different expressed in the CM of SKOV3 
alone, SKOV3transwell, and SKOV3spheroids (online supple-
mental figure 2A,B), in which macrophage CSF (M- CSF) 
and granulocyte macrophage CSF (GM- CSF) were 
reported to induce M2 polarization and M1 polariza-
tion respectively.19 Comparing with OvCatranswell, higher 
expression of M- CSF and lower expression of GM- CSF in 
the OvCaspheroids were confirmed by quantitative reverse 
transcription PCR (qRT- PCR) and ELISA (online supple-
mental figure 2C- F). It is reasonable to suspect that OvCa 
cells in the spheroids induce macrophages polarize into 
M2- TAMs by secreting M- CSF and inhibiting GM- CSF.

TAMs produced CCL18 to induce EMT of OvCa cells in 
spheroids
Compared with TAMstranswell, three cytokines were 
increased in the TAMsspheroid, including CCL18, C- C motif 
chemokine ligand 8 (CCL8/MCP2) and beta- chemokine 
exodus- 1 (MIP- 3), in which CCL18 increased the most 
(online supplemental figure 2B). The higher expression 
of CCL18 in the TAMsspheroid than in the TAMstranswell was 
confirmed by qRT- PCR and ELISA (online supplemental 
figure 2G,H). Previous studies showed that CCL18 stim-
ulates the EMT of breast cancer cells.20 Therefore, we 

suspected that macrophages in the spheroids induce 
the EMT of OvCa cells by releasing CCL18. All of these 
resluts show that OvCa cells and macrophages respec-
tively produced higher level of M- CSF and CCL18 in the 
spheroids, which is possibly related to the EMT process of 
OvCa cells and M2 polarization of macrophages.

The chemokine receptor 8 (CCR8), a receptor of 
CCL18, was activated in the OvCa cells after coculture with 
TAMs, and had higher expression in the spheroids than in 
the transwell (online supplemental figure 3A- E). Another 
receptor of CCL18, PITPNM3, was seldom expressed in 
the ovarian cells, primary OvCa cells, metastatic OvCa 
cells and OvCa cells in the ascites (online supplemental 
figure 3F). Therefore, TAMs possibly produce CCL18 to 
activate and bind CCR8 in OvCa cells to regulate OvCa 
cells physiological and pathological functions.

TAMs interact with OvCa cells and upregulation M-CSF 
through activation of the CCL18/ZEB1 pathway
In our study, SKOV3spheroids or CCL18- treated SKOV3 
showed mesenchymal- like changes. Their morphology 
turned from circular shape to spindle one, with reduc-
tion of epithelial marker, and increase of mesenchymal 
markers. Moreover, anti- CCL18 neutralizing antibody 
subdued the activation of CCR8 and the EMT process 
(figure 3A–F). Interestingly, the mRNA results showed 
that the expression of M- CSF was increased in SKOV3spher-

oids and CCL18- treated SKOV3, but the expression was 
attenuated after the treatment of anti- CCL18, which 
suggestes that CCL18 not only induces the EMT process 
of OvCa cells in spheroids, but also regulates the expres-
sion of M- CSF (figure 3G).

To further confirm the regulations of CCL18 on 
SKOV3 through CCR8, R243, the inhibitor of CCR8, was 
used to treat SKOV3. The results showed that CCL18 
could not induce EMT process in R243- treated SKOV3 
(online supplemental figure 4A- E). Additionally, in the 
R243- treated SKOV3, the expression of M- CSF was not 
increased by adding CCL18 (online supplemental figure 
4F). In summary, our data suggest a novel insight that 
TAMs- secreted CCL18 induces the EMT and increases 
the expression of M- CSF of OvCa in spheroids through 
activating CCR8.

The flow cytometry results show that the inhibition of 
CCL18 or M- CSF can impede the polarization of M2- TAMs 
in OvCa- TAMs spheroids (figure 4A). As to the puta-
tive TF of M- CSF, we focus on ZEB1, because it contains 
four M- CSF binding sites (figure 4B–D). To confirm 
whether ZEB1 binds the M- CSF promoter in vitro, chro-
matin immunoprecipitation experiments are carried out 
on SKOV3 cells. As shown in figure 4C, there is a rapid 
accumulation of ZEB1 protein in the promoter regions 
of M- CSF genes. Next, the luciferase assay shows that the 
activity of M- CSF is strongly increase after overexpression 
of ZEB1, suggesting that ZEB1 actives the promoter of 
M- CSF (figure 4D).

Finally, we intend to clarify the interplay among CCL18, 
ZEB1, and M- CSF. Luciferase results evidenced that 
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Figure 3 TAMs induced EMT of SKOV3 by activating CCR8. (A) The morphology of SKOV3, SKOV3 treated by CCL18, SKOV3 
from OvCa- TAMs spheroids, SKOV3 from OvCa- TAMs spheroids treated by anti- CCL18. (B) Immunostaining showed the 
coexpression of CCR8 and EMT markers in all groups. (C) The quantification of immunostaining images. (D, E) qRT- PCR and 
Western bot analysis the gene and protein expression of CCR8 and EMT markers in all groups. (F) Relative protein levels of 
CCR8 and EMT markers were quantified. (G) The expression of M- CSF in all groups were compared by qRT- PCR. The data are 
presented as means±SD, n=5 independent experiments, significant difference are indicated (*p<0.05,**p < 0.01 and ***p < 0.001 
against control). CCR8, Chemokine (C- C motif) ligand 18 (CCL18); E- CAD, E- cadherin; EMT, epithelial- mesenchymal transition; 
M- CSF, macrophage colony- stimulating factor; OvCa, ovarian cancer; qRT- PCR, quantitative reverse transcription- PCR; TAMs, 
tumor- associated macrophages.
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Figure 4 CCL18 induced the polarization of TAMs through the loop of CCL18- ZEB1- M- CSF in OvCa- TAMs spheroids. (A) FCM 
measured the percentage of M2- TAMs in the OvCa- TAMs spheroids, anti CCL18- treated OvCa- TAMs spheroids, and OvCasiM- 

CSF- TAMs spheroids. (B) The predictive ZEB1 transcription factor binding site on M- CSF by ENCODE data base. (C) Quantitative 
ChIP assays of M- CSF promoter regions were performed in SKOV3 using antibodies against ZEB1. IgG antibody was used as 
a negative control. (D) pGL3- basic- M- CSF and pRL- TK were co- transfected into SKOV3 with ZEB1 plasmid or the vector to 
measure the M- CSF activity after overexpression of ZEB1. Histogram indicated the data of luciferase activity measured 48 hours 
after transfection. (E) RLuc- MCSF- WT was transfected into SKOV3, CCL18- treated SKOV3, CCL18- treated SKOV3vector, CCL18- 
treated SKOV3siZEB1, CCL18- treated SKOV3siSNAIL, CCL18- treated SKOV3siTWIST, Luciferase activity was detected using the dual 
luciferase assay. Data were shown as mean±SD, and significant difference are indicated (*p<0.05, against control). CCL18, 
Chemokine (C- C motif) ligand 18; ChIP, chromatin immunoprecipitation; FCM, flow cytometry; M- CSF, macrophage colony- 
stimulating factor; OvCa, ovarian cancer; TAMs, tumor- associated macrophages; ZEB1, zinc finger E- box- binding homeobox 1.
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CCL18 increased the M- CSF activity, no matter with or 
without the presence or absence of SNAIL and TWIST. 
Oppositely, the silence of ZEB1 abolished CCL18- induced 
activation of M- CSF. In summary, CCL18 upregulated 
the expression of M- CSF by increasing the expression of 
ZEB1, an important TF of M- CSF (figure 4E).

ZEB1 in OvCa cells is responsible for the pro-tumoral 
phenotype and the formation of OvCa-TAMs spheroids
RNA- seq was used to identify different gene expression 
between OvCa cells and OvCa cells from spheroids. In 
the violin plots, the overall shape and data distribution 
of the control group and spheroids group are similar, 
indicating the parallel samples in each group. In terms 
of the data volume, two groups are also comparable since 
the similar median and shape in the plots (figure 5A). 
The results showed that the expression levels of ZEB1 
increased significantly in OvCa cells isolated from spher-
oids (figure 5B). The most enriched Gene ontology (GO) 
terms were annotated as actin binding in the molec-
ular function category (GO:0003779, p=7.610570E- 06, 
counts of DEGs=238), focal adhesion in the cellular 
compartment category (GO:0005925, p=1.787457E- 19, 
counts of DEGs=288) and leukocyte differential in 
regard to the biological process category (GO:0002521, 
p=4.546801E- 14, counts of DEGs=296) (figure 5C). Kyoto 
Encyclopedia of Genes and Genomes pathway analysis 
indicated that the transcriptional misregulation in cancer 
pathway (hsa05202, GeneRatio=0.032136, p=0.003641), 
focal adhesion pathway (hsa04380, GeneRatio=0.058981, 
p=2.7E- 15) were significantly enriched (figure 5D).

These data showed a significant increase in expression 
of ZEB1 in the OvCa- TAMs spheroids. Therefore, we 
intend to assess the regulation of ZEB1 on the formation 
of OvCa- TAMs spheroids. In the case of 3D coculture of 
SKOV3 cells with macrophages, heterotypic spheroids 
composition of ovarian tumor cells and macrophages 
were formed. Cells in heterotypic spheroids remained 
viable and macrophages were located at the center of the 
spheroid. This has been previously reported for OvCa 
cells and proposed to be associated with the malignant 
phenotype of these cells that would therefore assemble 
around the macrophages.21 The number of SKOV3- TAMs 
spheroids per chamber increases with time. High disper-
sion, a phenomenon of cell proliferation, in the average 
diameter of spheroids is earlier found in SKOV3oeZEB1- 
TAMs spheroids than SKOV3siZEB1- TAMs spheroids. At 
the 120 hours, SKOV3oeZEB1- TAMs spheroids showed 
an increasing size and compactness degree, with tight 
accumulation of macrophages in the center, whereas 
SKOV3siZEB1- TAMs spheroids are still small with loose 
macrophages (figure 6, online supplemental figure 5, 
in green). These results indicated that the presence of 
ZEB1 of OvCa cells had major effects on the formation 
of spheroids.

Furthermore, we also investigated whether knocking 
down of ZEB1 can attenuate the regulation of TAMs toward 
OvCa cells in the spheroids. These evidences provide the 

fact that the migratory and invasive ability were decreased 
in the SKOV3siZEB1; moreover, after the cocultured with 
TAMs in the spheroids, the migratory and invasive ability of 
SKOV3siZEB1 could not be increased (figure 6B–D, online 
supplemental figure 6). In additional, the expression of 
mesenchymal markers, CCR8 and M- CSF in the SKOV-
3siZEB1 also decreased, which seldom be rose by cocul-
turing with TAMs in the spheroids (figure 6E–J). These 
phenomenons have been also proved in HO- 8910, a kind 
of human epithelial ovarian cance cell line (online supple-
mental figure 7). It is reasonable to suspect that the silence 
of ZEB1 not only decrease the malignancy of OvCa cells, 
but also impede the pro- tumoral effects of TAMs toward 
OvCa cells in the spheroids, which provides the evidence 
for ZEB1 to be used as a therapeutic target for OvCa.

OvCa-TAMs spheroids from ascites are more tumorigenic in 
vivo, and OvCaoeZEB1 cells promote transcoelomic metastasis
It has been reported that the formation of spheroids 
promotes OvCa cells growth and escaping from immune 
attack.22 Based on our above studies, we suggested that 
there is a ZEB1 driving loop between OvCa cells and TAMs 
in the ascites spheroid, which improves the malignancy 
of OvCa cells. The in vivo study was used to assess the 
effects of OvCa- TAMs spheroids on transcoelomic metas-
tasis. In comparison with ID8, intraperitoneal injection 
of ID8oeZEB1 induced the much more spheroids in ascites 
(online supplemental figure 8A,B) and serious metastatic 
symptoms, including bleeding tendency ascites, higher 
tumor burden and metastatic tumor nodules at the 70th 
day after injection (figure 7B,C,E and F). Accordingly, 
mouse survival rate was decreased by upregulating the 
expression of ZEB1 in the OvCa (figure 7I). These results 
demonstrated that ZEB1 promotes OvCa transcoelomic 
metastasis.

Next, the effects of OvCa- TAMs spheroids on transcoe-
lomic metastasis were also measured. We isolated ID8vector- 
TAMs spheroids and ID8oeZEB1- TAMs spheroids from 
above ID8vector mice model and ID8oeZEB1 mice model, and 
then intraperitoneal injected them into new BALB/c- nu 
mice, named as ID8- TAMs spheroids mice model. The 
bleeding tendency ascites, tumor burden and metastatic 
tumor nodules were appeared in ID8- TAMs spheroids 
mice model on 30 days after injection, which was approx-
imately 40 days earlier than ID8 mice (figure 7G,H). 
Survival rate was also reduced in both spheroids mice 
model (figure 7I). Thus, OvCa- TAMs spheroids can 
accelerate the process of transcoelomic metastasis. Of 
notes, ID8oeZEB1- TAMs spheroids mice showed much 
more serious metastatic symptoms (figure 7G,H) and 
decreasing survival rate than ID8vector- TAMs spheroids 
mice (figure 7I). Consequently, OvCa- TAMs spheroids is 
critical to improve OvCa transcoelomic metastasis, and 
over expression of ZEB1 can accelerate spheroids’ effects.

DISCUSSION
An interaction of TAMs with OvCa has been observed in 
both mouse models and human patients. Elimination of 
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peritoneal macrophages, but not other lymphocyte cells, 
inhibit peritoneal metastasis.23 Previous studied have 
indicated that macrophages promote OvCa peritoneal 
transcoelomic metastasis through forming spheroids.9 24 

In this study, we compared the interactions of TAMs and 
OvCa cells in the spheroids and in the disaggregated state, 
and investigated the molecular mechanism whereby the 
positive feedback loop (CCL18- ZEB1- M- CSF) to promote 

Figure 5 (A) Violin plots show the gene expression level of each sample, the width of each violin represents the number of 
genes under this expression level. (B) Hierarchical clustering of the differentially expressed genes associated with EMT in 
the OvCa cells and OvCa cells isolated from spheroids (p<0.05). Each group contains three samples. (C) GO classification of 
differential expressed genes in comparisons between OvCa cells and OvCa isolated from spheroids. The ordinate is the number 
of differentially expressed genes and the abscissa represents the GO term name. Orange represented biological process, blue 
represented cellular component and green represented molecular function. (D) KEGG pathway analysis revealed the enrichment 
of several important pathways among the differential expressed genes, including transcriptional misregulation in cancer 
and focal adhesion. EMT, epithelial- mesenchymal transition; GO, gene ontology; KEGG, Kyoto Encyclopedia of Genes and 
Genomes; OvCa, ovarian cancer; TNF, tumor necrosis factor.
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Figure 6 ZEB1 regulate the formation of OvCa- TAMs spheroids. (A) The formation of SKOV3- TAMs spheroids, SKOV3oeZEB1- 
TAMs spheroids and SKOV3siZEB1- TAMs spheroids in the 3D coculture system. (B) The invasive and migratory capacity of 
SKOV3 isolated from SKOV3- TAMs spheroids, SKOV3oeZEB1- TAMs spheroids and SKOV3siZEB1- TAMs spheroids were measured 
by transwell- migration assay and scratch wound healing assay. (C) The quantitation of transwell- migration assay for isolated 
SKOV3 (n=4 biologically independent samples per group and an average of five fields acquired from each sample). (D) The 
quantitation of scratch wound healing assay for isolated SKOV3 (n=4 biologically independent samples per group and an 
average of five fields acquired from each sample). (E–H) qRT- PCR and Western bot analysis the gene and protein expression 
of E- CAD, SNAIL, TWIST, CCR8 and M- CSF. (I, J) The immunofluorescence staining for E- CAD, SNAIL, TWIST and CCR8. All 
Data were shown as mean±SD, and significant difference are indicated (*p<0.05, **p < 0.01 and ***p<0.001 against control. 
###p < 0.001 against SKOV3 with the knock down of ZEB1 in spheroid). CCR8, Chemokine (C- C motif) ligand 18; 3D, three- 
dimensional; E- CAD, E- cadherin; M- CSF, macrophage colony- stimulating factor; OvCa, ovarian cancer; PBMC, peripheral blood 
monocyte cells; qRT- PCR, quantitative reverse transcription- PCR; TAMs, tumor- associated macrophages; ZEB1, zinc finger E- 
box- binding homeobox 1.
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Figure 7 TAMs- OC spheroids induce the early transcoelomic metastasis. (A) Schematic depiction of our in vivo experimental 
design. Nude mice received intraperitoneal injections of ID8 cells to construct OvCa mice model. At the sixth week, the OvCa- 
TAM spheroids were collected form these OvCa mice and then re- injected into new nude mice. At the 10th week, the OvCa 
mice were used to perform the in vivo imaging, and then were sacrificed to analyze their bleeding tendency ascites, tumor 
burden and metastatic tumor nodules. The re- injected mice were used to perform the in vivo imaging, and then were sacrificed 
to analyze their bleeding tendency ascites, tumor burden and metastatic tumor nodules at the fourth week. (B) Representative 
images of the bleeding tendency ascites in the first injection groups including control, ID8vector, ID8oeZEB1 group; and TAMs- OC 
spheroids reinjection groups, including ID8vector- TAMs spheroids and ID8oeZEB1- TAMs spheroids (n=5 mice per group). (C, D) 
Ascitic fluid volumes from first injection groups at the 70 days after injection and TAMs- OC spheroids reinjection groups at the 
30 days after injection. (E, F) To analyze the metastatic symptoms, on day 70 after tumor implantation and day 30 after TAMs- 
OC spheroids implantation, imaging with luciferase and imaging with metastatic colonization in tumor bearing BALB/c- nu mice. 
(G, H) Representative images and statistical analysis of tumor implantation in peritoneum and mesentery. (I) Kaplan- Meier 
curves indicating the survival of ID8, ID8vector, ID8oeZEB1 tumor- bearing BALB/c- nu mice (n=8 mice per group). (J) Kaplan- Meier 
curves indicating the survival of ID8vector- TAMs spheroids, ID8oeZEB1- TAMs spheroids tumor- bearing BALB/c- nu mice (n=5 mice 
per group). Data are presented as mean±SD, unpaired two- sided Student’s t- test with no correction for multiple comparison, **p 
< 0.01 and ***p < 0.001 against control. ##p < 0.01 and ###p < 0.001 against ID8 vector group. OvCa, ovarian cancer; TAMs, 
tumor- associated macrophages.
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the growth and metastasis of OvCa in spheroids. In detail, 
OvCa cells with mesenchymal feature can release M- CSF 
to polarize M2 subtype. In turn, M2- TAMs secrete CCL18 
to induce EMT of OvCa cells by increasing the expression 
of ZEB1 and other EMT- TFs, and then ZEB1 promote the 
transcription of M- CSF. Given that ZEB1 is significance 
for this feedback loop in OvCa- TAMs spheroids. The 
inhibition of ZEB1 in OvCa cells not only can decrease 
the OvCa- TAMs spheroids’ formation, but also impede 
the regulation of TAMs toward OvCa cells. In summary, 
this work has elucidated the causality and mechanisms of 
tumorigenic activities of the loop: CCL18- ZEB1- M- CSF 
and open our understanding of OvCa- TAMs spheroids in 
increasing transcoelomic metastasis.

Many studies believed that the formation of spheroids is 
beneficial to transcoelomic metastasis of ovarian tumors, 
because spheroids offer an environment to protect anoikis 
and induce the proliferation of OvCa cells.25–27 Indeed, 
the different interactions between TAMs and OvCa 
cells in the spheroid and in the disaggregated state are 
unknown. Our study confirmed that TAMs in the spher-
oids increased the malignancy of surrounding OvCa cells, 
but these effects were minor in the disaggregated state. 
Similarly, OvCa cells in the spheroids polarized approxi-
mate 80% macrophages into M2 subtype, but OvCa cells 
in the disaggregated state only induced about 10% M2 
subtype. These differences are possibly due to specific 
signal pathway in the spheroids. Some signal pathways 
have already been studied in the spheroids. For example, 
tumor metabolic studies implied that spheroid OvCa cells 
had metabolic properties of antiapoptosis and aggressive 
proliferation by regulating the glucose cycle into pentose 
cycle.28 A further study showed that TAMs expressed inte-
grin to recognize its receptor intercellular cell adhesion 
molecule- 1 on the OvCa cells to form a tight spheroid to 
induce the growth of OvCa cells.9 Thus, we suggest that 
the formation of spheroid should not be considered as a 
simply spatial aggregation of tumor cells, actually it offers 
a specific signal pathway to confer more invasiveness for 
tumor cells.

EMT processing increases tumor cell aggressive prop-
erty and enriches cancer stem cells (CSCs), a kind of 
tumor cells with stem- like character, tumor heterogeneity 
and the most lethal features.29 Our results find that sphe-
roidal OvCa cells around TAMs endowed full range of 
mesenchymal phenotype, but disaggregated OvCa cells 
cocultured with TAMs only showed partial mesenchymal 
markers or even expressed epithelial marker. Actually, 
at the different tumor state, the heterogeneous nature 
of the EMT program has been showed. Study indicated 
that tumors at the invasive front express the proper-
ties of mesenchymal phenotype as the EMT process is 
performed, whereas, primary tumors still maintain the 
epithelial phenotype.30–32 Therefore, it is possibly an EMT 
gradient mechanism during tumor cells, like full EMT to 
partial EMT, and no EMT program, depending on the 
metastatic state of tumors.33 As to the circulating tumor 
cells (CTCs), a kind of metastatic tumor cells in the blood, 

showed fully mesenchymal phenotype in a triple- negative 
molecular subtype (estrogen receptor−/progesterone 
receptor−/human epidermal growth factor 2−) breast 
cancers.34 But some CTCs in other kinds of cancers have 
epithelial markers and mesenchymal markers at the same 
time, implying that an EMT process is going on during 
the metastases of tumor cells.35 36 Interestingly, a study 
showed that inflammation is necessary for the circulation 
entry of cancer cells by inducing EMT.37 Our results about 
ascitic OvCa cells are consistent with the studies of CTCs. 
Due to the chemical gradient, TAMs can strongly induce 
the EMT program on surrounding OvCa cells in spher-
oids, but the effects are decreased between the disaggre-
gated TAMs and OvCa cells. Therefore, the formation of 
OvCa- TAMs spheroids is a powerful step to improve the 
metastatic ability of OvCa cells. The gradient mechanism 
of EMT process is regulated by the intrinsic metastatic 
heterogeneity inducing from different signaling cross- talk 
or various mutation profiles.38 Although the importance 
of OvCa- TAMs spheroids in transcoelomic metastasis 
has been well discussed above, an in- depth mechanism 
regarding which signal pathway regulated OvCa cells 
and TAMs in spheroids is largely unknown. Previous 
studies reported the increasing number of M2- TAMs 
have been considered as a reason of poor patient prog-
nosis in various cancer types, such as breast, lung, ovarian 
and prostate, as M2- TAMs promote the EMT process in 
carcinoma cells by producing chemokine.39 40 A further 
study showed elimination of macrophages from tera-
tocarcinoma allografts mice bring about the increasing 
epithelial carcinoma cells and decrease it in mesen-
chymal carcinoma cells.41 Our in vitro study indicated 
that macrophages in the spheroids secreted much higher 
level of CCL18 than in the transwell. The neutralization 
of CCL18 or its receptor CCR8 in the spheroids, dimin-
ished the mesenchymal features of OvCa cells. In addi-
tion, a panel of EMT markers, including TWIST, SNAIL, 
and ZEB1, were significantly activated as CCL18 target 
genes. Actually, CCL18 has been proven to induce EMT 
process in breast tumor cells and gastric tumor cells.42 
Therefore, TAMs in the spheroids induced mesenchymal 
features of surrounding OvCa cells through CCL18 signal 
pathway. Previous study showed proinvasive tumor cells 
fully expressed ZEB1 to obtain stem- like phenotype. 
Thus, high expression of ZEB1 related to a poor prog-
nosis in most cancers, including ovarian carcinoma.43 
Marlies Cortés indicated that ZEB1 increased the interac-
tion between cancer cells and macrophages by combining 
to the regulatory regions of target gene.44 Our results 
showed only ZEB1 was responsible for M2- TAMs polar-
ization by binding to M- CSF, which is a key macrophage- 
lineage cytokine to induce the functional M2- TAMs in 
metastases environment.19 As a result of that, OvCa cells 
in the spheroid secreted abundant of M- CSF to promote 
the polarization of M2- TAMs. Comparison with OvCa- 
TAMs spheroids, the interactions between disaggregated 
OvCa cells and TAMs are not as strong as in spheroids, 
because the CCL18- ZEB1- M- CSF loop is absence.
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The role of ZEB1 in regulation of the formation of 
OvCa- TAMs spheroids, an early step prior to peritoneal 
metastatic colonies, has not been previously discussed. 
Previous studies shed light that the increased expression 
and functional induction of EMT- TFs, the master regu-
lators of EMT process, are able to coordinate various 
transcriptional alterations relate to EMT process. EMT- 
TFs groups mainly include SNAIL family, TWIST family 
and ZEB1 family.45 Among them, only EMT- TF ZEB1 can 
induce both CSCs and mesenchymal features,46 while 
others inhibit the activation of CSC- like phenotype.47–49 
As to mouse model of pancreatic ductal adenocarcinoma, 
individual knockout of either Twist1 or Snai1 seldom 
influences the metastatic development,50 but silence the 
expression of ZEB1 effectively inhibit metastatic coloniza-
tion and CSC feature.46 These results imply that EMT- TFs 
have overlapping effects to activate EMT, nonetheless the 
specific biological functions that are regulated by EMT- 
TFs are different. Our results found that the expression 
level of ZEB1 in the OvCa cells positive correlated to the 
formation of OvCa- TAMs spheroids. In additional, silence 
ZEB1 impede the TAMs- induced EMT process of OvCa 
cells in the spheroids. Our in vivo study also supported 
those results. In comparison with the ID8- induced OvCa 
mice model, ID8oeZEB1- constructed OvCa mice models 
show increased number of OvCa- TAMs spheroids, and 
a faster and worse metastatic process. Furthermore, in 
comparison with ID8- injected ovarian mice, the ID8- TAMs 
spheroids- injected ovarian mice showed the faster meta-
static colonization and poorer survival. The metastatic 
colonization 40 days earlier in the ID8- TAMs spheroids- 
injected ovarian mice than ID8- injected ovarian mice. 
In addition, the survival of ID8- TAMs spheroids- injected 
mice were greatly decreased than ID8- injected mice, 
suggesting that ZEB1 plays an important role in promo-
tion in promotion of inhibition of the form of ID8- TAMs 
spheroids could impede the OvCa metastasis at the early 
stage. Furthermore, ID8oeZEB1- TAMs spheroids isolated 
from ID8oeZEB1- bearing mice resulted in the faster metas-
tasis and poorer survival than ID8- TAMs spheroids, indi-
cating that the ZEB1 not only regulate the formation of 
OvCa- TAMs spheroids, but also increase the metastatic 
ability of OvCa- TAMs spheroids. Suppression of ZEB1 in 
OvCa cells possibly can offer an alternative approach for 
therapy of OvCa transcoelomic metastasis.

Taken together, our study proves the formation of OvCa- 
TAMs spheroids is an important process of early ovarian 
transcoelomic metastasis, as in which a specific feedback 
loop CCL18- ZEB1- M- CSF can induce the polarization 
of M2- TAMs and the EMT process on OvCa cells. More-
over, our study also demonstrates that ZEB1 functions 
as a positive regulator of the formation of OvCa- TAMs 
spheroids, thereby the expression level of ZEB1 directly 
affects the transcoelomic metastasis and prognosis. Our 
study has revealed the underlying pro- tumoral effects of 
OvCa- TAMs spheroids, suggesting a therapeutic method 
to impede the transcoelomic metastasis and improve the 
outcome of ovarian patients.
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Materials and Methods 

Clinical samples 

Ascitic fluid collection were collected from consenting patients with advanced 

stage (i.e., stages III–IV) ovarian cancer (OvCa). After collected by using FalconTM 

cell strainers from ascitic fluid, tumor spheroids were transferred to a 50 ml conical 

centrifuge tube, and washed for 3 times by medium (0.5% BSA with PBS 10 ml) for 2 

min. At the end, the suspension was centrifuged at 200 g for 3 min (room 

temperature). After centrifugation, human tumor spheroids were harvested and used 

for sectioning and staining. Ovarian cancer tissues and ascitic fluid were obtained 

from the Department of Obstetrics and Gynecology, The first affiliated hospital of Sun 

Yat-sen University. All protocols have been approved by IEC for clinical research and 

animal trials of The first affiliated hospital of Sun Yat-sen University (NO.2021-483). 

All patients have given their written informed consent. 

 

 

Cell culture and treatments 

Human ovarian cancer adenocarcinoma cell line SKOV3 and mouse ovarian 

cancer cell line ID8 cells were obtained from the cell bank of Chinese Academy of 

Science (Shanghai). Peripheral blood monocyte cells (PBMC) were isolated from 

volunteers’ peripheral blood by Ficoll-Paque density gradient centrifugation. 

Ovarian cancer cells (SKOV3 and ID8) were cultured in DMEM (#11965-092, 
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Gibco, USA) supplemented with 10% FBS (#10091-148, Gibco, USA) and 1% 

penicillin-streptomycin (#15140-122, Gibco, USA). PBMC were maintained in RPMI 

1640 medium (#61870-036, Gibco, USA) containing 10% FBS and 1% 

penicillin-streptomycin. Then, PBMC were induced by 20 ng/ml M-CSF (HY-P7050, 

MCE, USA) for 72 h and differentiated to M2-like macrophage using 20 ng/ml IL-4 

(HY-P70445, MCE, USA) for 48 h. All the cells were incubated at 37 °C in an 

atmosphere with 5% CO2. 

 

ZEB-1 knockdown and overexpression 

Ovarian cancer cells were seeded into 12-well culture plates and incubated 

overnight to 70% confluence. ZEB1 overexpressed plasmid 

(CMV-MCS-3FLAG-SV40-Neomycin and 

CMV-MCS-3FLAG-SV40-Neomycin-ZEB1) and small interfering RNA 

(siRNA-Mock and siRNA-ZEB1) were respectively infected in cells. The cells were 

cultured with Opti-MEM (#31985-088, Gibco, USA) using the enhanced infection 

solution for 4h, after which the medium was replaced with DMEM containing 10% 

FBS. Besides, lentiviral vector GV260-ZEB1-Luciferase and GV260-Luciferase were 

used for the ZEB1 overexpression in ID8 cells. After transfection, DMEM containing 

10% FBS and puromycin (BS111-25, Biosharp, China) was used to screen the stable 

transfected cells. Infection effieciency was calculated by real-time PCR and Western 

blot. 
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Tumor cell co-culture with macrophages 

In transwell co-culture system, macrophages were seeded in transwell insert and 

tumor cells were in the lower chamber of 6-well transwell apparatus. Total number of 

cells was 2 × 10^5 per well and the ratio of SKOV3 and M2-like macrophage was 

10:1. 

For spheroidization, total number of cells in ultra-low-attachment 6-well plates 

was 2 × 10^5 per well and 5 × 10^3 cells per well in ultra-low-attachment 96-well 

plates. The ratio of SKOV3 and M2-like macrophage also was 10:1. Tumor cells and 

macrophages were pre-stained with DeepRed and CMFDA (M22426 and C7025, 

Invitrogen, USA) respectively. Spheroids’ formation was observed daily through an 

inverted fluorescence microscope.  

After 120 h co-culture, spheroids were collected by centrifugation and harvested 

by treatment with 10% trypsin-EDTA. At the end of the incubation period, spheroids 

should be almost completely digested and no longer visible. Magnetic label CD14 

was used as a macrophage marker. After incubated in 4 °C for 15 minutes, using an 

appropriate magnetic activated cell sorting (MACS) column and MACS Separator to 

separate the TAMs (CD14+ cells) and OvCa cells (CD14- cells). 

 

FCM 

After co-culture with ovarian cancer cell line, PBMC suspensions were harvested 

by treatment with 10% trypsin-EDTA, and detached cells were washed with cold PBS. 

The cells were labeled with FITC-CD11b, PE-CD163, BV421-CD163 and 
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APC-HLA-DR antibodies (562793, 556018, 564062 and 559869, BD Biosciences, 

USA) for 15 minutes on ice. Isotype antibody served as a negative control. Flow 

cytometry was performed on a FACSCalibur (BD Biosciences, USA). The data were 

analyzed with FlowJo software. 

 

Migration assay and Wound healing assay 

The migration activity of tumor cells was demonstrated using the Transwell cell 

culture system (Cornning; pore size, 8 μm) in vitro. To test the migration activity of 

SKOV3 cells after co-culture, 1 × 10^4 SKOV3, SKOV3Transwell and SKOV3Spheroids 

cells were seeded on the upper chamber and M2-like macrophages were placed in the 

lower chamber of 12-well transwell apparatus. After 12 h of incubation, SKOV3 cells 

on the upper face of the Transwell membrane were removed with a cotton swab. The 

cells on the bottom surface of the Transwell membrane were then fixed in 4% 

paraformaldehyde and quantified by Crystal Violet staining: Migrated cells were 

counted in 5 randomly chosen fields under a microscope (200×). Then, stain was 

dissolved in 33% ethylic acid and O.D. measured at 570nm on a microplate reader 

(SynergyH1, BioTek, USA). To test the proliferation activity, SKOV3, SKOV3Transwell 

and SKOV3Spheroids cells were seeded in the 96-well culture plates and incubated 

overnight to 100% confluence. The confluent cells were scratched with a 200 μl 

pipette tip and then plates were washed with PBS to remove non-adherent cells. 

Wound area was determined using an inverted microscope after 24 h. 
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Cytokines Array  

Raybio® Human Cytokine Antibody Array G6 was performed according to the 

manufacturer's protocol (Raybiotech, Inc.). After co-culture for 48 h and incubation in 

FBS-free medium for an additional 48 h, supernatants were collected by 

centrifugation at 2000 × g for 10 min, and were tested by the protein array company 

(H-Wayen Biotechnologies, Shanghai). Agilent SureScan Dx Microarray Scanner was 

used for scanning, and GenePix Pro 6.0 software was used to read the original data of 

chip images obtained by scanning. During data analysis, Positive Control was used to 

normalize the signal values between samples, and finally, the normalized data were 

used for comparison between groups. 

 

Chromatin immunoprecipitation (ChIP) 

After transfected with ZEB1 overexpression plasmid, cells were fixed with 1% 

(v/v) formaldehyde and crosslinking was stopped with 1.25 M glycine (G8790, Sigma, 

Germany). Chromatin was digested with Micrococcal Nuclease (CS0004, Sigma, 

Germany) into 150-900bp DNA-protein fragments. The complex was then 

co-precipitated with control IgG or antibodies against ZEB1 and was captured by 

protein A/G magnetic beads. Then the crosslinks were reversed and DNA was purified 

and ready for analysis. Samples were tested by CookGEN Biotechnologies 

(Guangzhou). 
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Luciferase assay 

In six-well plates, SKOV3 cells were cultured to approximately 70% confluence 

and then co-transfected with luciferase vector and either siRNAs or negative control. 

After 48 h cultured with recombined human CCL18, luciferase assay extracts were 

prepared using the Dual Luciferase Reporter Assay System kit (Promega). Luciferase 

activity was normalized to the Renilla activity. Data was read by a microplate reader 

(SynergyH1, BioTek, USA).  

 

RNA-seq 

After RNA quantification and qualification, a total amount of 1 µg RNA per 

sample was used as input material for the RNA sample preparations. Sequencing 

libraries were generated using NEBNext® UltraTM RNA Library Prep Kit for 

Illumina® (NEB, USA) following manufacturer’s recommendations and index codes 

were added to attribute sequences to each sample. Differential expression analysis of 

two groups (three biological replicates per condition) was performed using the 

DESeq2 R package (1.16.1). DESeq2 provide statistical routines for determining 

differential expression in digital gene expression data using a model based on the 

negative binomial distribution. The resulting P-values were adjusted using the 

Benjamini and Hochberg’s approach for controlling the false discovery rate. Genes 

with an adjusted P-value <0.05 found by DESeq2 were assigned as differentially 

expressed (DEGs). We performed Gene ontology (GO) enrichment analysis of the 
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DEGs was implemented by the clusterProfiler R package, in which gene length bias 

was corrected. GO terms with corrected P-value less than 0.05 were considered 

significantly enriched by DEGs. Kyoto Encyclopedia of Genes and Genomes (KEGG) 

is a database resource for understanding high-level functions and utilities of the 

biological system, such as the cell, the organism and the ecosystem, from 

molecular-level information, especially large-scale molecular datasets generated by 

genome sequencing and other high-through put experimental technologies 

(http://www.genome.jp/kegg/). We also used clusterProfiler R package to test the 

statistical enrichment of DEGs in KEGG pathways. 

 

Animal models 

The female BALB/c nude mice (age 5-week) were purchased from laboratory 

animal center of SYSU. Mice were maintained in a light/dark cycle with free access 

to food and water, room temperature (25 °C), in 40–60% of humidity. PhD students 

qualified in animal experiments and full-time junior technicians from the animal 

laboratory center are responsible for animal caretaking. To prove the character of 

ZEB1 in peritoneal spread of ovarian cancer, nude mice were anesthetized with 

isoflurane by an inhalation anesthesia machine (KW-MZJ-4, KEW BASIS company, 

China), and then an orthotopic mouse model was established by injecting 3 × 10^6 

mouse ID8 OCs into the peritoneal cavities of nude mice. If narcotic drugs overdose, 

emergency treatment should be immediately performed. If the first aid fails, the 

mouse death is inevitable and should be euthanized. If insufficient drug dose leads to 
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insufficient anesthesia depth in mice, drug dose should be increased in time to avoid 

pain in mice. Mice were randomly divided into Control, ID8, ID8VECTOR-Luc and 

ID8oeZEB1-Luc groups (n = 16 each group; half of them for survival analysis). Ascites 

was beginning to generated at the 4th weeks after injection. In the 10th week, mice 

were injected 75 mg/kg D-luciferase (ab228546, Abcam, UK) and observed by in vivo 

imaging system (eXplore Locus, GE Healthcare, USA). The mice were euthanasia by 

use of CO2 at 30% chamber replacement rate, ascites fluid volume and location of 

tumor nodules were recorded in model mice. The spheroids were isolated from the 

ascites of ID8VECTOR-Luc and ID8oeZEB1-Luc ovarian mice, and injected in to other 

twenty nude mice to establish new ovarian mice models (half of them for survival 

analysis). A metastasis model was also established after intravenous injection 2 × 

10^5 ID8VECTOR-Luc or ID8oeZEB1-Luc (n = 5 each group). The mice were sacrificed 

after 8 weeks and collected the lung tissues. Isolated tissue was fixed with 4% 

paraformldehyde for 2 days and embedded in paraffin. HE staining permits the 

visualization of the morphology and cellular heterogeneity of the tissue. 

 

Immunofluorescence staining  

OvCa cells after co-culture system were fixed with 4% paraformaldehyde for 10 

min at room temperature. To block the nonspecific binding, the cells were incubated 

with 3% BSA in PBS for 1 h. And then, incubated with mouse monoclonal antibodies 

E-CAD (#13-1700, invitrogen, USA), ZEB1 (ab181451, Abcam, UK), SNAIL 

(#14-9859-82, invitrogen, USA) and TWIST (#MA5-32927, invitrogen, USA) at 4°C 
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for 24 h. After washing with PBS three times, the cells treated with 0.1% Triton 

X-100 for 10 min or not. Rabbit polyclonal antibodies against cytokeratin 7 (CK7) 

(#4898, CST, USA) or chemokine receptor 8 (CCR8) (ab63772, Abcam, UK) were 

incubated at 4°C for 24 h after washing. And finally, cells were incubated with Alexa 

Fluor 594-conjugated anti-rabbit IgG (#8760, Invitrogen, USA) and Alexa Fluor 

488-conjugated anti-mouse IgG (#3655, Invitrogen, USA) for 1h at room temperate. 

Nucleic were visualized with DAPI. Images were acquired on a Zeiss confocal 

microscope. 

 

Immunohistochemical staining 

Tumors from patients were fixed in 4% paraformaldehyde, embedded in paraffin 

and then sliced into 5 μm thick sections. After being deparaffinized, slides were 

incubated with primary antibody against CD206 (ab8918, Abcam, UK), 

CD68(#76437, CST, USA ), CK7 (#4898, CST, USA) and PITPNM3 (PAB6609, 

abnova，CHINA), and then incubated with a secondary antibody. Diaminobenzidine 

(DAB) Kit (DA1016, Solarbio, CHINA) was used to visualize immunoreactive 

proteins. The protein levels were detected using Polink-2 Plus IHC Detection System. 

The stained slides were observed under the light microscope. 

 

RNA extraction and quantitative Real-Time PCR (qRT-PCR) 

RNA was isolated from tumor cells and macrophages with TRIzol reagent and 

the RNeasy Plus Mini Kit (#R2071, ZYMO RESEARCH, USA). cDNA was 
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synthetized by utilizing the QuantiTect Rev. Transcription Kit (4368814, Applied 

Biosystems) following the manufacturer’s instructions. Real-time PCR was performed 

using SYBR Green PCR Master MIX (DBI-2043, DBI, Germany). The PCR reaction 

parameters were:2 min at 95°C, followed by 40 cycles of 10 s at 95°C, 30 s at 56°C 

and 30 s at 72°C. Melting curve parameters were: 1 min at 95°C, 1min at 55°C and 

followed by 0.5°C/cycle at 55-95°C. Data were calculated using 2−ΔΔCT method. The 

sequence of primers is listed in the supplemental table 2.  

 

Western blot 

Cells were harvested and homogenized in the RIPA lysis buffer (#20-188, Sigma, 

Germany). The lysates were centrifuged at 13,000 g for 10 minutes at 4°C. 

Supernatants were collected and protein concentration was determined using the BCA 

protein assay kit. Proteins were separated by SDS-PAGE and transferred to PDVF 

membranes. After blocking, the membranes were incubated with specific antibodies 

and detected with an enhanced chemiluminescence kit. All antibodies used for 

Western blotting are listed in the supplemental table 3. 

 

Enzyme-linked immunosorbent assay (ELISA) 

After co-culturing PBMC with ovarian cancer cells, supernatants were obtained 

after centrifuged at 1000 g for 5 min. And then assessed IL-6, IL-10, TNF-α, TGF-β, 

M-CSF, GM-CSF and CCL18 levels by Enzyme-linked immunosorbent assay with 

specific kits according to the instructions. The O.D. values were measured at 450 nm 
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on a microplate reader (SynergyH1, BioTek, USA). 

 

Statistical analysis  

Quantitative data are mean ± SD from at least 3 independent experiments. 

Statistical analyses were carried out using SPSS 26.0 software and performed with 

Grphpad Prism 6 software. The differences in results of Western blot, qRT-PCR, 

cell-proliferation assays, immunostainings, FCM, and tumor growth were analyzed by 

Student’s t test. P<0.05 was considered statistically significant. 

 

Supplemental table 1. The information of low malignant patients and high malignant 

patients. 

sample Metastasis Ki67 p53 Vimentin 

No. of 

OvCa-TAMs 

spheroids 

malignancy 

1 
Abdominal 

cavity 
5% 7% - 0 Low 

2 
Abdominal 

cavity 
7% 8% - 1 Low 

3 
Abdominal 

cavity 
15% 10% - 2 Low 

4 
Abdominal 

cavity and Lung 
50% 63% + 3 High 

5 
Abdominal 

cavity and Bone 
75% 80% + 5 High 

6 

Abdominal 

cavity, Lung and 

Bone 

90% 90% + 6 High 
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Supplemental table 2. Primes for qRT-PCR 

 Forward Sequence Reverse Sequence 

E-CAD AGGATGACACCCGGGACAAC TGCAGCTGGCTCAAGTCAAAG 

ZEB1 GAAAGTGATCCAGCCAAATGGAA TTTGGGCGGTGTAGAATCAGAG 

SNAIL CCAGACCCACTCAGATGTCAAG GGGCAGGTATGGAGAGGAAGA 

TWIST1 CAGCTACGCCTTCTCGGTCT CTGTCCATTTTCTCCTTCTCTGG 

M-CSF GATGGAGACCTCGTGCCAAATTA TGTTATCTCTGAAGCGCATGGTG 

GM-CSF CATGATGGCCAGCCACTACAA ACTGGCTCCCAGCAGTCAAAG 

β-Actin TGGCACCCAGCACAATGAA CTAAGTCATAGTCCGCCTAGAAGCA 

EGF TGGATGTGCTTGATAAGCGG ACCATGTCCTTTCCAGTGTGT 

 

Supplemental table 3. List of antibodies in Western blot 

Antibody name Company Host Cat No. Dilution 

EGF abcam rabbit ab9695 1:1000 

E-CAD CST mouse #14472 1:1000 

ZEB-1 Abcam mouse ab181451 1:500 

SNAIL CST mouse #3895 1:1000 

TWIST Abcam mouse ab50887 1:500 

CCR8 Abcam rabbit ab32131 1:500 

β-Actin CST rabbit #4970 1:2000 
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Supplemental figures (SI) 

 

SI. 1. Macrophages are involved in the progression of ovarian cancer. A. OvCa cells and 

macrophage at the front of the solid tumor were stained and observed under a fluorescence 

microscope. n = 20 patients. B. the ratio of CD68+ cells and CK7+ cells was quantified. C. 

Peritoneal cells were smeared on slides and were stained by immunohistochemistry (IHC). D. The 

average percentage of CD68+ cells per field was quantified. E. The average percentage of CD206+ 

cells per field was quantified. F. Ascite were smeared on the slides and spheroids were observed. 

G. Spheroids were subjected to immunostaining with anti-CD11b and anti-CK7, followed by 

confocal imaging. CD11b+ macrophages, CK7+ tumor cells, and DAPI for nuclear staining are 
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shown. A merged image is shown on the right. H. Number of TAMs in spheroids was quantified. 

All data are presented as mean ± SD. n = 20. *P < 0.05; **P < 0.01; ***P < 0.001 (2-sided 

Student’s t test). 

 

 

SI. 2. SKOV3 and macrophage in spheroids secrete increase level of M-CSF and CCL18 

respectively. A. Cytokine array of the CM of SKOV3, SKOV3transwell, and SKOV3spheroids. The 

quantified signal intensity of different expression cytokines is showed in the right corner. B. 

Cytokine array of the CM of PBMC, PBMCtranswell, and PBMCspheroids. The quantified signal 

intensity of different expression cytokines is showed in the right corner. C-F. qRT-PCR analysis 
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and ELISA analysis of M-CSF and GM-CSF in SKOV3, SKOV3transwell, and SKOV3spheroids. G & 

H. qRT-PCR analysis and ELISA analysis of CCL18 in PBMC, PBMCtranswell, and PBMCspheroids. 

Data are presented as means ± SD. *P < 0.05; **P < 0.01 (two-sided student’s t test). 

 

 

SI. 3. The expression of CCR8 in the OvCa cells. A-C qRT-PCR and Western blot analysis the 

gene and protein level of CCR8 in the SKOV3, SKOV3transwell, and SKOV3spheroids. Relative 

protein levels of CCR8 were quantified. D. Immunostaining of CCR8 in the SKOV3, SKOV3, 

SKOV3transwell, and SKOV3spheroids. CCR8+ cells in all groups were quantified in the left corner. 

The data are presented as means ± SD, n = 5 independent experiments, significant difference are 

indicated (* p < 0.05, *** p < 0.001 against control). F. The expression of PITPNM3 in the normal 

ovarian tissue, ovarian cancer tissue, ovarian metastatic colonization and ascites. 
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SI. 4. CCL18 induced the EMT of OvCa cells through CCR8. A. Immunofluorescence analysis 

of E-CAD, ZEB-1, SNAIL and TWIST in SKOV3 cells alone or treated with CCL18, or treated 

with R243 and CCL18. B. Relative number of E-CAD+ SKOV3，ZEB-1+ SKOV3, SNAIL+ 

SKOV3 and TWIST+ SKOV3 were quantified. C & D. qRT-PCR and Western bot analysis the 

gene and protein expression of EMT markers in SKOV3 cells alone or treated with CCL18, or 

treated with R243 and CCL18. E. Relative protein levels of EMT markers were quantified. F. 
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qRT-PCR analysis the gene expression of M-CSF. The data are presented as means ± SD, n = 5 

independent experiments, significant difference are indicated (* p < 0.05, *** p < 0.001 against 

control) 

 

 

 

SI. 5. The formation of SKOV3-TAMs spheroids, SKOV3oeZEB1-TAMs spheroids and 

SKOV3siZEB1-TAMs spheroids 6h, 24h, and 48h co-culture in the ultra-low-attachment 96-well 

plates 3D co-culture system. 
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SI.6. The ZEB1 expression level in SKOV3 and in SKOV3 from spheroids. 

 

 

SI. 7. ZEB1 regulate the formation of HO8910-TAMs spheroids. A. The formation of 

HO8910-TAMs spheroids, HO8910oeZEB1-TAMs spheroids and HO8910siZEB1-TAMs spheroids in 

the 3D co-culture system. B. The invasive and migratory capacity of HO8910 isolated from 
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HO8910-TAMs spheroids, HO8910oeZEB1-TAMs spheroids and HO8910siZEB1-TAMs spheroids 

were measured by transwell-migration assay and scratch wound healing assay. C. The quantitation 

of transwell-migration assay for isolated HO8910 (n = 4 biologically independent samples per 

group and an average of five fields acquired from each sample). D. The quantitation of scratch 

wound healing assay for is olated HO8910 (n = 4 biologically independent samples per group and 

an average of five fields acquired from each sample). 
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SI. 8. ZEB1 regulate the metastatic process in the OvCa mice model. A & B. The spheroids in 

the ascites of OvCa mice model constructing by intraperitoneal injection of ID8, ID8vector and 

ID8oeZEB1. C. Schematic depiction of our in vivo experimental design. The OvCa 

metastatic mice model constructing by tail intravenous injection of of ID8, ID8vector and ID8oeZEB1. 

At the 8th week after injection, the mice were sacrificed and the lung tissue was used to perform 

H&E staining. 
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