
Abstract. Aim: To evaluate the response of mesothelial cells
and macrophages in the peritoneal fluid of epithelial ovarian
malignant tumors using flow cytometry immunophenotyping.
Materials and Methods: Thirteen peritoneal fluid samples
collected from surgery or scentesis of epithelial ovarian
malignant tumor patients were assayed using flow cytometry.
Cytological and pathological diagnosis was performed on the
same ascites and resected tumor specimens. Samples were
treated with antibodies against established markers of
mesothelial cells (podoplanin), macrophages (CD14) and the
hyaluronan receptor (CD44). Results: A significant
association was observed between the results of cytology and
expression of podoplanin, CD44 and CD14 (p<0.05) in
peritoneal macrophages. No significant association was
observed between the results of cytology and expression of
podoplanin, CD44 and CD14 in mesothelial cells in ascites.
Conclusion: Expression of surface molecules, such as
podoplanin, CD44 and CD14 was increased in the peritoneal
macrophages of epithelial ovarian cancer patients, suggesting
that the cell-cell or cell-matrix interaction was enhanced
during cancer dissemination in the peritoneum. Analysis of
the peritoneal fluid using flow cytometry immunophenotyping
may be useful for evaluating the diagnosis and
pathophysiology of ovarian cancer dissemination.

Ovarian cancer has the highest mortality rate of all
gynecological cancers. Since early disease is asymptomatic,
ovarian cancer is rarely diagnosed until late stages, when the
cancer has already spread beyond the primary tumor site (1).
This is reflected by the fact that stage I patients have 5- and 10-

year survival rates of over 90%, whereas patients with stage III
disease have a 5-year survival probability of only about 30%
(2). The biological behavior of ovarian cancer is unique,
differing markedly from the classic and well-studied pattern of
hematogenous metastasis found in other cancers. Epithelial
ovarian cancer cells are believed to spread by detaching from
the surface of the ovary and, then, carried thorough the body by
the physiological movement of the peritoneal fluid, attaching to
and invading the peritoneum that lines the organs of the
abdominal cavity (3, 4). A combination of factors can contribute
to ascites formation in ovarian cancer. Cancer cells can obstruct
subperitoneal lymphatic channels and prevent the absorption of
the physiologically produced peritoneal fluid (1 l/day).
Moreover, secretion of vascular endothelial growth factor by
ovarian cancer cells increases the vascular permeability and
promotes ascites formation (5). Extensive seeding of the
peritoneal cavity by ovarian cancer cells is often associated with
the formation of ascites, particularly in advanced, high-grade
serous carcinomas. Podoplanin is a 43-kDa mucin-type
transmembrane glycoprotein, that is expressed on the peritoneal
mesothelial cells, lymphatic endothelial cells, osteocytes,
ependymal cells, alveolar type I cells and granulosa cells in
normal ovarian follicles (6). Podoplanin has a wide variety of
functions, including regulation of organ development, cell
motility, tumorigenesis and metastasis (7). Much of the
mechanistic insight into podoplanin biology has been gleaned
from studies of tumor cells; tumor cells often up-regulate
podoplanin as they undergo epithelial mesenchymal transition,
with this up-regulation being correlated with increased motility
and metastasis. These changes occur through interaction of
podoplanin and ezrin, which are radixin and moesin family
proteins, respectively, and subsequent modulation of the Rho
proteins and actin skeleton (8). As podoplanin lacks any obvious
enzymatic motif within its structure, all these activities have to
be mediated by protein-protein interactions. Hence, there is a
need to identify its binding partner in order to understand its
mechanism of action, especially with respect to cancer
development. CD44 is a type I transmembrane glycoprotein
expressed by multiple hematopoietic and non-hematopoietic
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cells. It functions as the major hyaluronan receptor and mediates
cell adhesion and migration in a variety of pathophysiological
processes, including tumor metastasis, wound healing and
inflammation (9). The CD44-podoplanin interaction is
important for driving directional cell migration in epithelial and
tumor cells (10). In addition, it has been demonstrated that the
formation of a stabilized hyaluronan/ versican pericellular
matrix surrounding ovarian cancer cells increases motility and
protects ovarian cancer cells against the mechanical force in the
peritoneal cavity to enable strong adherence to CD44 expressed
on peritoneal cells (11, 12).

Thus, the evidence accumulated to date suggests that
peritoneal carcinomatosis might rely on the interaction between
cancer cells and mesothelial cells and/or macrophages in the
local peritoneum and ascites; however, details of such
interactions have not been clarified. In this study, we sought to
elucidate the response of mesothelial cells and macrophages to
cancer cells by conducting a quantitative analysis of
podoplanin and CD44 expression in the peritoneal fluid
obtained from patients with epithelial ovarian cancer using
flow cytometry immunophenotyping. 

Materials and Methods
Patients and samples. Thirteen peritoneal fluid samples were used
in this study, which were obtained from surgery or scentesis of
patients with epithelial malignant ovarian tumor and peritoneal
cancer. Cytological and pathological diagnosis was also performed
on the fluids and tumor specimens. All patients provided informed
consent for inclusion of their samples in this study. This study was
approved by the Institutional Review Board of Tokyo Women’s
Medical University.

Flow cytometry assay. The cell fractions were collected by
centrifugation of the 20-100 ml peritoneal fluid samples. After lysis of
red blood cells, the numbers of nucleated cells were counted with an
automated cell counter (Scepter™; Merck Millipore, Darmstadt,

Germany). The cells were stained with labeled antibodies for cell
surface molecules, including Alex Fluor 488-conjugated anti-human
podoplanin (NC-08; BioLegend, San Diego, CA, USA), Alexa Fluor
647-conjugated anti-human CD14 (M5E2; BioLegend), phycoerythrin
(PE)-conjugated anti-human CD44 (IM7; BioLegend), PE-conjugated
anti-human CD324 (E-cadherin, 67A4; BioLegend) and PE-
conjugated anti-human CD54 (intercellular adhesion molecule 1
(ICAM-1); HA58; eBioscience, San Diego, CA, USA) and were
analyzed by flow cytometry (FACS Calibur™; Becton-Dickinson
Bioscience, San Jose, CA, USA). The resulting data were analyzed
using Cellquest Pro Quick Reference version1.1 software (Becton-
Dickinson Bioscience). The mesothelial cell fraction was gated
according to the positivity of podoplanin, whereas the macrophage
fraction was gated according to the positivity of CD14. The
expression rate (%) and fluorescence intensity (FI) of these molecules
in both fractions were analyzed in association with the clinical
findings of the patients. The increment ratio of FI was evaluated as
the ratio of the mean fluorescence intensity (MFI) of the cells of
interest compared to that of the negatively stained cell fraction.

Cell block immunohistochemistry. A cell block was prepared from
the sediments of ascites. After centrifugation of the ascites, the
sediment was fixed with 10% neutral formalin and embedded in
paraffin according to routine protocols. The sections were cut at a 4-
μm thickness and immunohistochemistry staining was performed
with the following primary antibodies: mouse monoclonal antibody
against human podoplanin (#11-003; AngioBio, San Diego, CA,
USA), rat monoclonal antibody against human CD44 (clone IM7;
eBioscience), mouse monoclonal antibody against human CD68
(clone PG-M1; DAKO, Glostrup, Denmark), mouse monoclonal
antibody against human EMA (endomysial antibody; clone E29;
DAKO) and mouse monoclonal antibody against human E-cadherin
(clone NCH-38; DAKO). The slides were stained using Envision+
System (DAKO) and diaminobenzene tetrahydrochloride (0.02%).
Cell nuclei were counterstained with hematoxylin.

Statistical analysis. Data are expressed as mean±standard deviation.
The statistical significance of the difference between the results of
independent experiments was analyzed using the Student’s t-test. A
p-value of <0.05 was considered statistically significant.
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Table I. Clinical findings of patients with epithelial malignant ovarian tumors included in this study.

Patient number Age Sample category Pathological diagnosis Cytology class Stage

1 48 Operation Mucinous borderline Negative Ⅰa
2 36 Operation Mucinous borderline Negative Ⅰa
3 49 Operation Serous borderline Negative Ⅰb
4 51 Operation Serous adenocarcinoma Suspicious Ⅲ
5 50 Operation Serous adenocarcinoma Suspicious Ⅲ
6 71 Operation Serous adenocarcinoma Positive Ⅲ
7 59 Operation Serous adenocarcinoma Positive Ⅲ
8 80 Scentesis Serous adenocarcinoma Positive Ⅲ
9 63 Operation Serous adenocarcinoma Positive Ⅲ
10 70 Operation Mucinous adenocarcinoma Positive Ⅲ
11 71 Scentesis Clear cell carcinoma Positive Ⅲ
12 44 Operation Clear cell carcinoma Positive Ⅲ
13 73 Operation Peritoneal carcinoma Positive Ⅲ



Results

Table I shows the clinical findings of the epithelial malignant
ovarian tumor patients in the study. Pathological diagnosis
showed 7 cases of serous adenocarcinoma, 1 case of serous
borderline tumor, 1 case of mucinous adenocarcinoma, 2
cases of mucinous borderline tumor and 2 cases of clear cell
adenocarcinoma. Cytological diagnoses of the peritoneal
fluid showed 8 positive cases, 2 suspicious cases and 3
negative cases for cancer cells. 

Figure 1 shows a representative cell scattergram from flow
cytometry for patient number 8 (Figure 1A) and number 3
(Figure 1B). The macrophages were gated according to
expression of CD14+/podoplanin+cluster. The mesothelial
cells were gated according to expression of CD14−/
podoplanin+ cluster.

Figure 2 shows the histograms of the MFI values of the
macrophage cluster for patient number 8 (Figure 2A) and
number 3 (Figure 2B). The MFI of podoplanin, CD44 and
CD14 on the macrophage cluster for patient number 8
(ascites cytology: positive) was higher compared with that
of patient number 3 (ascites cytology: negative).

Figure 3 shows the expression of surface markers on
CD14+ cells (macrophages). Podoplanin, CD44 and CD14
expression levels on CD14+ cells of ascites-positive patients
were higher compared with those of ascites-negative and
suspicious patients (p<0.05). The expression levels of
podoplanin and CD44 on podoplanin+ cells (mesothelial
cells) of the ascites-positive patients were higher compared
to those of ascites-negative and suspicious patients, although
the difference was not statistically significant (data not
shown). The E-cadherin expression on podoplanin+ cells of

Hashimoto et al: Response of Mesothelial Cells and Macrophages to Ovarian Cancer

3581

Figure 1. The cell scattergram of flow cytometry for patient number 8 (A: cytology positive) and number 3 (B: cytology negative). 
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Figure 3. The expression of surface cell markers on CD14+ cells (macrophages). *p<0.05; positive group vs. negative+suspicious groups.

Figure 2. Histograms of the mean fluorescence intensity of the macrophage cluster in patient number 8 (A) and 3 (B). 



ascites-positive patients was higher compared with that from
ascites-negative and suspicious patients; however, the
difference was not statistically significant (data not shown).
The ICAM-1 expression on CD14+ cells of the ascites-
positive patients was higher than that of the ascites-negative
and suspicious patients but the difference was not
statistically significant (data not shown).

Figure 4 shows representative results of the cell block
immunohistochemistry for patient number 10. The cell block
immunohistochemistry confirmed the enhanced expression of
podoplanin and CD44 in the macrophages (CD68-stained cells).

Discussion

In the present study, we found that the expression of
podoplanin and CD44, that are associated with cell migration
and invasiveness, was up-regulated in macrophages and
mesothelial cells of epithelial ovarian cancer ascites and
quantitatively detected by a flow cytometry assay. The
expression of surface molecules in the macrophages present
in the peritoneal fluid of epithelial ovarian cancer patient was
enhanced, while the expression patterns in the mesothelial
cells showed the same tendency without, however, statistical
significance.

All organs within the peritoneal cavity are lined with a
continuous monolayer of mesothelial cells (13, 14). Electron
micrograph studies of ovarian cancer nodules attached to
peritoneal cavity organs have revealed that mesothelial cells
are absent from the region underneath the attached tumor
mass (15, 16), suggesting that mesothelial cells may act as a
protective barrier against ovarian cancer metastasis and, thus,
might be excluded during processes leading to successful
tumor cell implantation on the peritoneal tissue. To test this
hypothesis, we compared the expression of surface
molecules in detached mesothelial cells from the peritoneal
fluid and the lining mesothelial cells from patients with
epithelial ovarian cancer.

The enhanced expression of surface molecules in
macrophages may reflect the augmented migration and
invasiveness of these cells in the disseminated portion of cancer
cells. Tumor-associated macrophages (TAMs) derived from
circulating monocytes have been identified as the main
components of the tumor microenvironment and shown to
stimulate tumor growth and metastasis (17). An increase in
TAMs around the tumor microenvironment has been closely
associated with a poor prognosis in cancer patients (18-19),
whereas M2 TAMs have been shown to promote tumor growth
and metastasis by stimulating angiogenesis and
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Figure 4. Cell block immunohistochemistry for patient number 10. (A) Hematoxylin and eosin stain, (B) podoplanin, (C) CD68, (D) CD44.



lymphangiogenesis in tumors (20). However, further
investigation is needed to clarify whether or not the macrophages
in the ovarian cancer ascites are M2 TAMs and how depletion of
podoplanin and CD44 in the macrophages of ovarian cancer
ascites would affect cancer progression. Recently, the antitumor
and antimetastatic activity of synthetic hydroxystilbenes was
reported, with the mechanism being attributed to inhibition of
lymphangiogenesis and M2 macrophage differentiation of
tumor-associated macrophages (21). 

In conclusion, the expression of surface molecules, such
as podoplanin, CD44 and CD14, related to the cell-cell or
cell-matrix interaction was found to be enhanced in the
macrophages present in the peritoneal fluid of epithelial
ovarian cancer patients. The analysis of the peritoneal fluid
using flow cytometry immunophenotyping may be useful for
evaluating the diagnosis and discovering the
pathophysiological mechanisms underlying the peritoneal
dissemination of epithelial ovarian malignant tumors. 

Acknowledgements

This study was supported in part by a Grant-in-Aid for Scientific
Research (C) (No. 23590436 to Kazuho Honda) from the Ministry
of Education, Culture, Sports, Science and Technology, Japan. We
would like to thank Editage (www.editage.jp) for English language
editing.

References

1 Cannistra SA: Cancer of the ovary. N Engl J Med 351: 2519-
2529, 2004. 

2 Rubin SC, Randall TC, Armstrong KA, Chi DS and Hoskins WJ:
Ten-year follow-up of ovarian cancer patients after second-look
laparotomy with negative findings. Obstet Gynecol 93: 21-24,
1999.

3 Lengyel E: Ovarian cancer development and metastasis. Am J
Pathol 177: 1053-1064, 2010.

4 Naora H and Montell DJ: Ovarian cancer metastasis: integrating
insights from disparate model organisms. Nat Rev Cancer 5:
355-366, 2005.

5 Byrne A, Ross L, Holash J, Nakanishi M, Hu L, Yancopoulos J
and Jaffe RB: Vascular endothelial growth factor -Trap decreases
tumor burden, inhibits ascites, and cause dramatic vascular
remodeling in an ovarian cancer model. Clin Cancer Res 9:
5721-5728, 2003.

6 Schacht V, Dadras SS, Johnson LA, Jackson DG, Hong YK and
Detmar M: Up-regulation of the lymphatic marker podoplanin, a
mucin-type transmembrane glycoprotein, in human squamous
cell carcinomas and germ cell tumors. Am J Pathol 166: 913-
921, 2005.

7 Astarita JL, Acton SE and Turley SJ: Podoplanin: emerging
functions in development, the immune system, and cancer. Front
Immunol 3: 1-11, 2012.

8 Martin-Villar E, Megias D, Castel S, Yurrita MM, Vilaro S and
Quintanilla M: Podoplanin binds ERM proteins to activate RhoA
and promote epithelial-mesenchymal transition. J Cell Sci 119:
4541-4553, 2006.

9 McDonald B and Kubes P: Interactions between CD44 and
hyaluronan in leukocyte trafficking. Front Immunol 6: 1-6, 2015.

10 Martin-Villar E, Fernandez-Munos B, Parsons M, Yurrita MM,
Megias D, Perez-Gomez E, Jones GE and Quintanilla M:
Podoplanin associates with CD44 to promote directional cell
migration. Mol Biol Cell 21: 4387-4399, 2010.

11 Carpenter PM and Dao AV: The role of hyaluronan in
mesothelium-induced motility of ovarian carcinoma cells.
Anticancer Res 23: 3985-3990, 2003.

12 Ween MP, Oehler MK and Ricciardelli C: Role of versican,
hyaluronan and CD44 in ovarian cancer metastasis. Int J Mol Sci
12: 1009-1029, 2011.

13 Birbeck MS and Wheatly DN: An electron microscopic study of
the invasion of ascites tumor cells into the abdominal wall.
Cancer Res 25: 490-497, 1965.

14 Zhang XY, Pettengell R, Nasiri N, Kalia V, Dalgleish AG and
Barton DP: Characteristics and growth patterns of human
peritoneal mesothelial cells: comparison between advanced
epithelial ovarian cancer and non-ovarian cancer sources. J Soc
Gynecol Investig 6: 333-340, 1999.

15 Burleson KM, Casey RC, Skubitz KM, Pambuccian SE, Oegema
TR and Skubitz APN: Ovarian carcinoma ascites spheroids
adhere to extracellular matrix components and mesothelial cell
monolayers. Gynecol Oncol 93: 170-181, 2004.

16 Kenny HA, Nieman KM, Mitra AK and Lengyel E: The first line
of intra-abdominal metastasis attack: breaching the mesothelial
layer. Cancer Discov 1: 100-102, 2011.

17 Allavena P and Mantovani A: Immunology in the clinical review
series: focus on cancer: tumor-associated macrophage:
undisputed stars of inflammatory tumor microenvironment. Clin
Exp Immunol 167: 195-205, 2012.

18 Lewis CE and Pollard JW: Distinct role of macrophages in
different tumor microenvironments. Cancer Res 66: 605-612,
2006.

19 Sica A, Scioppa T, Mantovani A and Allavena P: Tumor-
associated macrophages are distinct M2 polarised population
promoting tumor progression: potential targets of anticancer
therapy. Eur J Cancer 42: 717-727, 2006.

20 Watari K, Shibata T, Kawahara A, Sata K, Mabeshima H,
Hinoda A, Abe H, Azuma K, Murakami Y, Izumi H, Takahashi
T, Kage M, Kuwano M and Ono M: Tumor-derived interleukin-
I promotes lymphangiogenesis and lymph node metastasis
thorough M2-type macrophages. Plos One 9: e99568, 2014.

21 Kimura Y, Sumiyoshi M and Baba K: Antitumor and
antimetastatic activity of synthetic hydroxystilbenes through
inhibition of lymphangiogenesis and M2 macrophage
differentiation of tumor-associated macrophages. Anticancer Res
36: 137-148, 2016.  

Received April 5, 2016
Revised May 12, 2016

Accepted May 13, 2016

ANTICANCER RESEARCH 36: 3579-3584 (2016)

3584


