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1 | INTRODUCTION

| Xiaocui Bu® | Peng Zhao*

Tumor-associated macrophages (TAMs) contribute to tumor progression, but it is
not clear how they are recruited to tumor sites. Here we showed that periostin
(POSTN) was present at high levels in ovarian cancer ascetic fluids and was corre-
lated with CD163" TAMs. The high POSTN level and macrophage infiltration were
inversely associated with relapse-free survival for ovarian cancer patients. In vitro
studies showed that coculture with macrophages significantly increased POSTN pro-
duction in ovarian cancer cells. Further investigation found that POSTN production
in ovarian cancer cells was promoted by transforming growth factor-p generated by
macrophages. Moreover, siRNA of POSTN and POSTN neutralizing antibody treat-
ment showed that ovarian cancer cell-derived POSTN promoted the recruitment of
macrophages and modulated their cytokine secretion profile. Collectively, these data
indicated that POSTN was an important factor for macrophage recruitment in the
tumor microenvironment and is involved in the interactions between macrophages

and ovarian cancer cells.

KEYWORDS
macrophages, ovarian cancer, periostin, recruitment, relapse-free survival

Periostin (POSTN), a unique, evolutionarily conserved ECM pro-

tein, was first identified in a mouse osteoblastic cell line as a cell

Ovarian carcinoma is the most common cause of gynecologic can-
cer death worldwide.! Although diverse clinical treatments have
been improved, mortality rates have failed to decrease signifi-
cantly.? Accumulating evidence indicates that the potential recurring
and metastatic behavior of ovarian cancer is attributable to the
characteristics of tumor associated macrophages (TAMs).3# 1t is
generally accepted that TAMs represent a distinct type of M2
macrophages and show mostly pro-tumoral functions, including the
promotion of tumor cell proliferation, invasion, and metastasis.>®
Much clinical data show a close association of M2 TAMs with poor
outcome for ovarian cancer patients.7’8 However, the detailed
mechanisms by which macrophage recruitment occurs during tumor

progression are poorly understood.

adhesion protein for pre-osteoblasts.” Recent studies have reported
that POSTN is involved in promoting tumor progression in many

cancers. 1013

It has also been shown to recruit macrophages
through integrin avB3.1* Interestingly, POSTN is negligibly expre
ssed in normal ovaries, and elevated expression of POSTN is
observed in ovarian cancer.’®> Moreover, POSTN accumulates in
ascites of ovarian cancer and is absent or very low in ascetic fluids
from non-ovarian cancer patients.*® The above observations suggest
the possibility that ovarian cancer cell-derived POSTN might con-
tribute to macrophage recruitment into ascites of ovarian cancer
patients.

In this study, we found a positive correlation between POSTN
and CD163"* TAMs in ovarian ascetic fluids. The high POSTN level
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and macrophage infiltration suggest to be inversely correlated with
relapse-free survival (RFS) for ovarian cancer patients. In vitro stud-
ies show that macrophages enhance POSTN production in ovarian
cancer cells through transforming growth factor-f (TGF-B). More
importantly, ovarian cancer cell-derived POSTN contributes to

macrophage recruitment.

2 | MATERIALS AND METHODS

2.1 | Antibodies and reagents

Phorbol 12-myristate 13-acetate was obtained from Sigma-Aldrich
(St. Louis, MO, USA). The FITC-labeled monoclonal anti-human
CD163 and anti-POSTN neutralizing and isotype-matched antibodies
were obtained from R&D Systems (Abingdon, UK). Phosphorylated
(p-)Smad2, Smad2, and B-actin for Western blot assays were pur-
chased from Cell Signaling Technology (Danvers, MA, USA).

2.2 | Patient samples

The malignant ascites were collected from 25 ovarian cancer
patients undergoing primary surgery at Qingdao Central Hospital
(Qingdao, China) during the period September 2014-March 2016.
Informed consent for our study was obtained from all patients and
the protocol was approved by our Institutional Review Board. Tumor
stage was based on FIGO criteria, and grade was determined follow-
ing WHO standards. Patient clinical characteristics are presented in
Table S1.

2.3 | Flow cytometric analysis

Mononuclear cells were isolated from leukocyte-enriched buffy coats
from malignant ascites using density gradient centrifugation and
were positively selected by MACS CD14 microbeads (Miltenyi Bio-
tec, Auburn, CA, USA). After MACS isolation, CD14" cells were
stained for FITC-labeled mAb against CD163 and subsequently ana-
lyzed through flow cytometry.

2.4 | Cell culture and experimental treatments

To generate THP-1-derived macrophages, THP-1 cells were seeded
into complete growth medium supplemented with 100 ng/mL PMA
for 48 hours. CD14" monocytes were differentiated into macro-
phages in RPMI-1640 medium using 10% FBS containing 100 ng/mL
recombinant human macrophage colony-stimulating factor (M-CSF)
for 7 days.

For Transwell chamber cocultures, THP-1-derived macrophages
were seeded into each well of a 6-well plate. A2780 cells were
seeded into the upper well. After the coculture for 24 hours, the
coculture medium, A2780 cells, and macrophages were collected. As
in other studies, macrophages and A2780 cells were separated and
cultured alone in 2 mL fresh medium for another 24 hours. The con-

ditioned mediums (CMs) were then collected.

For experiments using TGF-B receptor inhibitor, A2780 cells
were pre-incubated with 10 pmol/L LY2109761 for 120 minutes.
Subsequently, A2780 cells were cocultured with THP-1-derived

macrophages.

2.5 | Quantitative RT-PCR

Total RNA from THP-1-derived macrophages and A2780 cells was
extracted using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA), and
cDNA was synthesized by reverse transcription. Relative gene
expression levels were determined by quantitative RT-PCR using the
SYBR Green | methods; the primers are shown in Table S2. Relative
mRNA expression levels were calculated for each gene and each
time point after normalization against GAPDH using the AACt
method.

2.6 | RNA interference

Macrophages were transiently transfected with 100 nmol/L control
siRNA or POSTN siRNA (Dharmacon, Lafayette, CO, USA) using a
Lipofectamine 2000 transfection reagent (Invitrogen Life Technolo-
gies, Gaithersburg, MD, USA) at 2:1 (lipid:siRNA) ratio according to
the manufacturer’s instructions for siRNA transfection. Forty-eight
hours later, the transfected cells were collected and cocultured with
A2780 cells.

2.7 | Cytokine measurement

Malignant ascites, the CM of A2780 cells, and THP-1-derived macro-
phages were collected. Transforming growth factor-B, POSTN, inter-
leukin (IL) -10, IL-6, M-CSF, and IL-8 concentration were determined
by ELISA kits according to the manufacturer’s instructions (R&D Sys-

tems).

2.8 | Western blot analysis

A2780 cells were lysed in RIPA buffer containing a protease inhibitor
cocktail. Cell lysates were electrophoresed in 10% SDS-PAGE and
then transferred onto a nitrocellulose membrane, which was blocked
with TBST (Tris-buffered saline, 0.1% Tween-20) containing 5% non-
fat dried milk. The membrane was incubated with the indicated
antibodies, including anti-B-actin, anti-Smad2, and anti-p-Smad2
overnight at 4°C, followed by washing with TBST and incubation
with peroxidase-conjugated second antibody for 1 hour. The protein
bands were detected with enhanced chemiluminescence.

2.9 | Transwell assay

THP-1-derived macrophages or M-CSF-induced macrophages were
added into the upper chamber of the inserts in 200 pL serum-free
medium. Then 600 uL RPMI-1640 medium containing 10% FBS,
CMs of A2780 cells, and malignant ascites were added into the
lower chamber. In order to detect the function of POSTN in
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regulating the recruitment of macrophages, 2.5 pg/mL anti-POSTN
neutralizing antibody (NAb) was added into CMs before the Tran-
swell assay. Cells were incubated at 37°C in 5% CO, for 24 hours.
The migrated cells on the lower side of the filter were fixed by
methanol and stained with Giemsa. Five random fields of each well

were photographed and cell numbers were counted.

2.10 | Statistical analysis

The statistical analysis was carried out using GraphPad Prism soft-
ware (version 6). Data are presented as mean & SD based on triplet
experiments. The data were analyzed using ANOVA and Student’s
t-test (two tailed). Spearman’s test was used for the correlation anal-
ysis. Kaplan—-Meier analysis was used and P-values were determined
by the log-rank test. Statistical significance was considered as
P < .05.

3 | RESULTS

3.1 | Correlation of CD163" TAMs with ascites
cytokine levels

In order to analyze macrophage infiltration in ovarian carcinoma,
malignant ascites from 25 patients with serious ovarian carcinoma

were collected. Tumor-associated macrophages were purified by

Cancer Science RIS s

MACS as CD14" mononuclear cells from malignant ascites and
analyzed by FACS for CD163, a marker of M2 macrophages
(Figures 1A, S1A).Y7Y? We also determined the concentrations of
several key mediators (POSTN, IL-10, IL-6, M-CSF, TGF-B, and IL-
8) involved in the expansion, recruitment, and activation of macro-
phages (Figure 1A). Periostin was present at high levels (>200 ng/
mL) in patient ascites. Interestingly, we observed a significant
correlation between POSTN concentration and the percentage
of CD163* TAMs in malignant ascites (Figure 1B). None of the
other cytokines tested was significantly associated with CD163*
TAMs.

3.2 | CD163" macrophage and POSTN
concentrations in ascites are associated with RFS of
ovarian cancer patients

We investigated potential relationships between CD163 expression
and cytokine levels in ascites with clinical progression of ovarian
cancer patients. Patients were divided into high or low subgroups
for CD163 expression and each cytokine, based on the respective
median as a cut-off point. We found that the CD163 low group had
a significant advantage in RFS compared with the CD163 high group
(Figure 2A). This RFS advantage was also shown in the POSTN low
group (Figure 2B). In contrast, other cytokines showed no associa-
tion with RFS (Figure 2C-G).
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FIGURE 1 Percentages of CD163" tumor-associated macrophages (TAMs) and cytokine levels in ascites from ovarian cancer patients. A,
Expression of CD163 on CD14" cells and distribution of periostin (POSTN), interleukin (IL)-10, IL-6, macrophage colony-stimulating factor (M-
CSF), IL-8, and transforming growth factor-f (TGF-B) levels in ascites. B, Correlation of CD163 expression with ascites levels of POSTN, IL-10,

IL-6, M-CSF, IL-8, and TGF-



1312 = TANG ET AL
LERVVIBSS Cancer Scieinc
(A)100- ""L__I —— CD163 high (B) 1004 —— POSTN high (C) 100 —— IL-10 high
- CD163 | -t -t IL-101
o 801 L_i ow o 80 POSTN low - ow
w 1 [T [T
o i o o
5 609 ! 5 601 k)
| 1 |- §
g 40 & g 401 L 8
& : & oy &
209 p=.0002 ! 201 ] =
- . |-
0 T v 1 ] 0 — ) T "
0 5 10 15 20 0 15 20 15 20
Time (months) Time (months) Time (months)
(D) (E) (F)
100 —— M-CSF high 1001 —— IL-6 high 19 —— |L-8 high
-t M-CSF low -t L6 | - -be IL-B low
o 80 o 801 ., ow = 80
w . 1 £
[ o | >
% 60 4 s 60 | 2 60 1
€ = ]
§ 40 1 g 40 + 8 40
a & 5
201 p- ars9 209 p= o678 & 209 p=2699
0 — , 0 . : T ) 0 T T T "
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Time (months) Time (months) Time (months)
(G)ﬂm-
—— TGF-§ high
= 80 ~k. TGF-B low
>
T
5 60+
wn
£ a0-
2
&
201 p=.0933 .
[
0 T T L
0 5 10 15

Time (months)

FIGURE 2 CD163" macrophages and periostin (POSTN) concentration in ascites were associated with relapsed-free survival (RFS) of
ovarian cancer patients. Kaplan-Meier plots showing the correlation between RFS and high or low levels (median as cut-off) of CD163"
macrophages (A), POSTN (B), interleukin (IL)-10 (C), macrophage colony-stimulating factor (M-CSF) (D), IL-6 (E), IL-8 (F) and transforming
growth factor-p (TGF-B) (G) concentrations in ascites from ovarian cancer patients

3.3 | Coculture increased POSTN production in
ovarian carcinoma cells

To explore the expression and function of POSTN in the tumor
microenvironment, we used a two-chamber coculture system to
mimic the interaction between macrophages and ovarian cancer
cells. The A2780 ovarian cancer cell line secreted a high level of
POSTN, whereas the monocyte cell line, THP-1-derived macro-
phages, produced less POSTN (Figure 3A). Interestingly, POSTN
was significantly increased in supernatant of the coculture of the
two cell lines (Figure 3A). To identify the sources of increased
POSTN production in the coculture system, we measured POSTN
in THP-1-derived macrophages and A2780
cells at different time points of coculture. As shown in Fig-

mRNA expression

ure 3B, C, POSTN mRNA expression was significantly upregu-
lated in A2780 cells compared to THP-1-derived macrophages.
A2780 cells and THP-1-derived macrophages were separated
after coculture and cultured alone in fresh medium for another

24 hours. Periostin production was also significantly upregulated

in A2780 cell CM 24 hours after coculture (Figure 3D). Another
ovarian cancer cell line, OVCAR-3, did not produce POSTN, and
the production of POSTN was not detected after coculture (data
not shown).

To determine whether the upregulation of POSTN was corre-
lated with the numbers of ovarian cancer cells and macrophages,
A2780 cells were cocultured with increased numbers of THP-1-
derived macrophages. As shown in Figure 3E, POSTN expression
started to increase at a 1:1 ratio of macrophages to A2780 cells and
reached its peak at a 4:1 ratio.

3.4 | Macrophages promoted POSTN expression in
ovarian cancer cells through TGF-p

Transforming growth factor-f is an inflammatory cytokine highly

2021 Based on a

recent finding that TGF-f significantly induces POSTN expres-
22

produced by tumor-associated macrophages.

sion,”“ we investigated the possibility that macrophage-derived

TGF-B increased POSTN production in ovarian cancer cells. First,
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FIGURE 4 THP-1-derived macrophages promoted periostin (POSTN) expression in ovarian carcinoma cells via the transforming growth
factor-B (TGF-B) signaling pathway. A, Coculture of A2780 cells with THP-1-derived macrophages significantly increased TGF- mRNA
expression in THP-1-derived macrophages. B, THP-1-derived macrophages and A2780 cells were separated after coculture and cultured alone
in fresh medium for another 24 h. Then conditioned medium (CM) of THP-1-derived macrophages was collected and TGF-$ concentration was
measured. C, THP-1-derived macrophages (M) were cocultured with A2780 cells with/without TGF-B neutralizing antibody (NAb) for 24 h.
Cells were collected and POSTN mRNA expression was determined. D, Cocultured A2780 cells were cultured alone for a further 24 h. POSTN
concentration in CM of A2780 cells was determined. E, A2780 cells were pretreated with 10 umol/L LY2109761, and then were cocultured
with THP-1-derived macrophages for 24 h. Cocultured A2780 cells were cultured alone for another 24 h. POSTN concentration in CM of
A2780 cells was determined. F, A2780 cells were cocultured with THP-1-derived macrophages for 24 h. The phosphorylation (p-) of Smad2 in
A2780 cells was determined through Western blot analysis
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we found that coculture with A2780 significantly increased TGF-f
mRNA expression in THP-1-derived macrophages (Figure 4A).
Transforming growth factor-B production was also significantly
increased in CM of THP-1-derived macrophages 24 hours after
coculture (Figure 4B). In order to verify whether TGF- modulated
POSTN production in A2780 cells, TGF-B NAb was added to the
coculture system. The expression and secretion of POSTN in
A2780 cells was decreased by addition of TGF-f NAb, whereas it
was not significantly altered in THP-1-derived macrophages (Fig-
ure 4C,D).

To further confirm that TGF-f increased the expression of
POSTN, A2780 cells were pretreated with TGF-B receptor inhibi-
tor LY2109761 and then were cocultured with THP-1-derived
macrophages. The result indicated that the positive effect of
coculture on POSTN production was completely blocked by
LY2109761 (Figure 4E). In addition, Western blot
revealed that coculture with THP-1-derived macrophages signifi-

analyses

cantly increased the phosphorylation of Smad2 in A2780 cells
(Figure 4F). Taken together, these results suggest that TGF-B pro-
duction by macrophages is critical for POSTN expression in ovar-
ian carcinoma cells.

3.5 | Ovarian carcinoma cell-derived POSTN is
responsible for macrophage recruitment

To determine whether POSTN produced by ovarian cancer cells
was capable of attracting macrophages, ovarian cancer cell-derived
CMs were analyzed for the recruitment of THP-1-derived macro-
phages or M-CSF-induced macrophages by Transwell assay.
Remarkably increased numbers of THP-1-derived macrophages
migrated towards cocultured A2780 CM in the lower chamber
compared with A2780 CM alone (Figure 5A). In contrast, cocultured
OVCAR-3 CM did not significantly increase the recruitment of
THP-1-derived macrophages compared with OVCAR-3 CM alone.
To verify whether POSTN was involved in macrophage recruitment,
POSTN siRNA was transfected into A2780 cells before the Tran-
swell assay. The results showed that targeting POSTN with
siPOSTN in A2780 cells significantly reduced the recruitment of
THP-1-derived macrophages or M-CSF-induced macrophages
towards A2780 CM compared with scramble treated cells (Fig-
ures 5B,S1B). To further verify that POSTN produced by A2780
cells was involved in the recruitment of THP-1-derived macro-
phages, POSTN NAb was added to A2780 CM before the Tran-
swell assay. The results indicated that POSTN NAb significantly
decreased the number of THP-1-derived macrophages or M-CSF-
induced macrophages recruited by A2780 CM (Figures 5C,S1B).
These data strongly indicate that ovarian cancer cells might
enhance macrophage recruitment in a paracrine manner that is
partly mediated by POSTN.

To determine whether macrophage recruitment was linked with
POSTN present in ovarian cancer patients, we added POSTN NAb
into malignant ascites before the Transwell assay. The results
showed that POSTN NAb decreased the number of THP-1-derived

macrophages or M-CSF-induced macrophages recruited by malignant
ascites (Figures 5D,S1B).

3.6 | Blockade of POSTN re-educate cytokine
profile of THP-1-derived macrophages

Periostin is involved in regulating the expression of inflammatory
mediators.2>?* We aimed to determine whether A2780-derived
POSTN affected the expression of cell surface markers and cytoki-
nes associated with M1/M2 macrophages. M1 macrophages express
high levels of IL-1B, IL-6, and TNF-a and lower levels of CD163,
CD206, arginase-1, TGF-B, CC chemokine ligand (CCL)17, CCL18,
and IL-10 compared with M2 macrophages.?>2¢ THP-1-derived
macrophages were cocultured with A2780 cells, and the expression
of these genes was measured. We found a dramatic downregulation
of anti-inflammatory cytokine and chemokine TGF-f and CCL17 but
a substantial upregulation of pro-inflammatory cytokine IL-1f in
THP-1-derived macrophages, when cocultured with siPOSTN A2780
cells (Figure 6A). However, no significant differences in cell surface
markers of M1/M2 macrophages were observed (Figure 6A). When
POSTN NAb was added into the coculture system, similar results
were observed (Figure 6B).

4 | DISCUSSION

Malignant ascites often contain a large number of TAMs, which are
correlated with poor prognosis in ovarian cancer patients.®>?” How-
ever, the mechanism by which TAMs accumulate in the tumor
microenvironment remains unclear. In the present study, we found
that high levels of POSTN existed in malignant ascites and were cor-
related with CD163* TAMs. The in vitro studies suggested that
macrophages promoted POSTN expression in ovarian cancer cells
though TGF-B. Subsequently, ovarian cancer cell-derived POSTN
enhanced macrophage recruitment. Together, these studies revealed
the interplay between tumor cells and macrophages through POSTN
(Figure 7).

Advanced ovarian cancer disseminates into the peritoneal cavity
and causes the formation of ascetic fluids containing a large number
of macrophages and cytokines.??° In our study, we found high
CD163" macrophage infiltration in ascites from ovarian cancer
patients, and high levels of POSTN were also detected. Many studies
have reported that macrophages in ascites are skewed toward an
M2 phenotype and play an essential role in tumor progression.>%-%?
Our results indicated that high CD163" macrophage infiltration and
POSTN production in ascites were inversely associated with RFS of
ovarian cancer patients. Interestingly, POSTN was associated with
the percentage of CD163" TAMs, indicating that POSTN might be
involved in the recruitment and/or polarization of macrophages in
malignant ascites.

Increasing evidence has shown that the interactions between
tumor cells and infiltrated macrophages create a tumor-supportive
microenvironment.>?2® High levels of POSTN accumulate in ascites
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from ovarian cancer patients. We explored the mechanism by which
high levels of POSTN in the tumor microenvironment were formed.
Our results showed that the secretion of POSTN from A2780 cells
was significantly promoted after coculture with THP-1-derived
macrophages. In addition, the higher density of THP-1-derived
macrophages resulted in the marked upregulation of POSTN expres-
sion in A2780 cells. These results supported that the interactions
between cancer cells and macrophages produced high levels of
POSTN in the tumor microenvironment. The mechanism regulating
POSTN production was further investigated. We found that addition

FIGURE 7 Schematic representation of
interactions between ovarian cancer cells
and macrophages through periostin
(POSTN). CCL, CC chemokine ligand; IL,
interleukin; TGF-p, transforming growth
factor-$

of TGF-B NAb into coculture medium significantly reduced POSTN
production in A2780 cells. Pretreatment of A2780 cells with TGF-$
receptor inhibitors also showed similar results. These results sug-
gested that TGF-B is involved in POSTN generated by A2780 cells.
A number of studies have reported that POSTN is associated
with the promotion of tumor cell migration and invasion.>* Recent
studies have also found that POSTN shows a potent capacity to
recruit macrophages.’* Consistent with these findings, our results
showed that ovarian cancer cell-derived POSTN was involved in

macrophage recruitment. In addition, in vitro studies showed that



TANG ET AL

POSTN blocking decreased macrophage migration toward malignant
ascetic fluids. To determine further biological effects of POSTN
downregulation in ovarian cancer cells, we determined the impact of
targeting POSTN on cell surface markers and secretion activities of
macrophages. We found that ovarian cell-derived POSTN increased
the expression of TGF-$ and CCL17, which were highly expressed in
M2 macrophages compared with M1 macrophages; however, there
was no significant effect on cell surface markers of M1/M2 macro-
phages. These results suggest that ovarian cancer cell-derived
POSTN promoted the recruitment of macrophages and re-educated
tumor-infiltrated macrophages.

In conclusion, our results showed that POSTN was a key media-
tor in the interplay between ovarian cancer cells and TAMs. Periostin
secreted by ovarian cancer cells recruited macrophages to tumor
sites. Then macrophages promoted a higher production of POSTN in
ovarian cancer cells through production of TGF-f, which formed the
high levels of POSTN in the tumor microenvironment. Therefore,
POSTN might constitute a potential target for antitumor strategies
aimed at reducing the recruitment of TAMs.
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