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More than one third of ovarian cancer patients present with ascites at diagnosis, and
almost all have ascites at recurrence. The presence of ascites correlates with the peri-
toneal spread of ovarian cancer and is associated with poor disease prognosis. Malignant
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tumor cells. Subpopulations of these tumor cells exhibit cancer stem-like phenotypes,
possess enhanced resistance to therapies and the capacity for distal metastatic spread
and recurrent disease. Thus, ascites-derived malignant cells and the ascites microenviron-
ment represent a major source of morbidity and mortality for ovarian cancer patients. This
review focuses on recent advances in our understanding of the molecular, cellular, and
functional characteristics of the cellular populations within ascites and discusses their con-
tributions to ovarian cancer metastasis, chemoresistance, and recurrence. \We highlight in
particular recent translational findings which have used primary ascites-derived tumor cells
as a tool to understand the pathogenesis of the disease, yielding new insights and targets
for therapeutic manipulation.
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INTRODUCTION

Ovarian cancer has the highest mortality rate of all gynecologi-
cal cancers worldwide and is frequently (>75%) diagnosed at an
advanced-stage (1). As the disease is asymptomatic, early detec-
tion is difficult so that at the time of diagnosis the tumor has
metastasized (FIGO stages III-IV). Even with optimal debulk-
ing surgery followed by aggressive front-line chemotherapy, which
results in an 80% initial cure rate, advanced-stage disease in the
majority of cases is incurable. This is due to the development of
a chemoresistant disease which results in recurrence within 16—
22 months and a 5-year survival rate of only ~27% (2). More than
one third of ovarian cancer patients present with malignant ascites
at diagnosis; additionally, development of ascites is a fundamen-
tal part of chemoresistant and recurrent disease (2, 3). The onset
and progression of ascites is associated with poor prognosis and
deterioration in the quality of life of patients, as ascites can cause
debilitating symptoms such as abdominal pain, early satiety and
compromised respiratory, gastrointestinal, and urinary systems
(2).In newly diagnosed ovarian cancer patients, ascites is treated by
using standard treatment for the underlying disease, that is, intra-
venous treatment of combination of platinum and taxol-based
chemotherapy. However, once the chemoresistant and recurrent
features of the disease develop, management of large volumes of
ascites can be a major problem, and the majority of patients are
subjected to frequent paracentesis to temporarily relieve the symp-
toms. This in turn can lead to visceral and vascular injury resulting
in septic complications, further complicating the treatment of

the patients. In addition, ascites contains a rich tumor-friendly
microenvironment which not only promotes tumor cell growth
and motility (4, 5) but also results in inhibiting the response of
chemotherapy (6). In short, ascites plays a major role in the pro-
gression of the advanced-stage disease, emphasizing the necessity
to understand its pathophysiology and its impact on the biology
of ovarian tumor cells, including its role in chemoresistance and
mechanisms of tumor progression.

MECHANISM OF INTRAPERITONEAL DISSEMINATION OF
OVARIAN CANCER

Ovarian cancer is characterized by rapid growth and spread of
intraperitoneal tumors and accumulation of ascites (1). Early
metastasis in ovarian cancer occurs by direct extension of cancer
growth to sites proximal to primary tumors, through a series of
complex processes which involves cellular proliferation, epithelial-
to-mesenchymal transition (EMT) which results in tumor cells
migration to distant sites, and mesenchymal-to-epithelial tran-
sition (MET) for colonization (7, 8). The early steps of cancer
progression also involve disruption of the ovarian tumor capsules
and shedding of malignant cells from the primary tumors into the
peritoneum where they survive as single cells or free-floating mul-
ticellular aggregates, commonly known as spheroids, in the ascites.
Under this scenario, attachment and disaggregation of spheroids
on mesothelial extracellular matrix (ECM) allows them to anchor
as secondary lesions on pelvic organs and at a later stage, metasta-
size to distant organs (9, 10). Dissemination to distant sites, which
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carries a poor prognosis for ovarian cancer patients, has been sug-
gested to occur via transcoelomic, lymphatic, or hematogenous
routes (11, 12). Among these, metastasis through transcoelomic
route is commonly observed in advanced-stage patients and is fre-
quently associated with the production of ascites (11). The term
“malignant ascites” is commonly used when the tumor fluid is
tested positive for malignant cells and has a high level of lactate
dehydrogenase (13, 14), suggesting that the ascites may contain
tumor cells with rapid proliferative rates indicative of rapid pro-
gression of the disease. The fact that Stage 1A ovarian cancers
(disease is confined to the ovary) have fewer relapses (29%) than
Stage 1C (59%) (capsule has ruptured and peritoneal washings
are positive for malignant cells), suggests that if the tumor can
be removed before it is exposed to ascites in the peritoneum,
subsequent metastatic spread, and relapses can be reduced (11, 15).

ORIGIN OF ASCITES

Under normal physiological conditions, capillary membranes of
the peritoneal cavity continuously produce free fluid to keep the
serosal surfaces of the peritoneal lining lubricated so that there is
an easy passage of solutes between the peritoneum and the adja-
cent organs. Two thirds of this peritoneal fluid is reabsorbed into
the lymphatic channels of the diaphragm and is propelled into the
right subclavian vein by the negative intrathoracic pressure (16).
In cases of disseminated intra-abdominal cancer, further increased
production of peritoneal fluid is induced by the tumors due to the
increased leakiness of tumor microvasculature and obstruction of
the lymphatic vessels (17, 18). As aresult, fluid accumulation in the
peritoneal cavity exceeds fluid reabsorption, resulting in the build-
up of ascites. It has been suggested that the flow of ascites currents
within the peritoneal cavity dictate the routes of dissemination
of ovarian cancer (11, 19). The physiological factors that drive
this process are gravity, diaphragmatic pressure, organ mobility,
and recesses formed by key anatomical structures (20). The three
most common intra-abdominal sites of ovarian cancer metastasis
are the greater omentum, right subphrenic region, and pouch of
Douglas, areas which have easy access to ascites (21). Detached
ovarian tumor cells either singly or in the form of multicellular
spheroids primarily colonize to these distant sites under the influ-
ence of ascites flow; however, little is known about the impact of
ascites flow on the heterogeneity of metastatic ovarian tumors that
colonize to distant sites (20).

SOLUBLE COMPONENTS OF ASCITES

Accumulation of ascites is a combined result of lymphatic obstruc-
tion, increased vascular permeability and secretions of resident
tumor, and associated stromal and immune cells (11). As a result,
malignant ascites constitutes a dynamic reservoir of survival fac-
tors, including cytokines, chemokines, growth factors, and ECM
fragments, which individually and in a combined fashion affect
tumor cell growth and progression through different cellular
mechanisms (4, 5,22,23). A recent multiplex profiling of cytokines
in the ascites obtained from 10 epithelial ovarian cancer patients
has demonstrated enhanced expression of several factors including
angiogenin, angiopoietin, GRO, ICAM-1, IL-6, IL-6R, IL-8, IL-
10, leptin, MCP-1, MIE, NAP-2, osteoprotegerin (OPG), RANTES,
TIMP-2, and urokinase plasminogen activator receptor (uPAR)

(24). Among these OPG, IL-10, and leptin in the ascites of ovar-
ian cancer patients were shown to be associated with shorter
progression-free survival (24). OPG, a secreted member of tumor
necrosis factor receptor (TNFR) superfamily, has been shown to
bind and inhibit TRAIL-induced apoptosis of ovarian cancer cells,
suggesting that ovarian tumor cells in the ascites with high expres-
sion of OPG may be able to evade TRAIL-induced cell death (25).
Leptin is an adipokine produced predominantly by adipocytes and
leptin-mediated signaling has been shown to promote ovarian can-
cer cell growth in vitro (26). On the other hand, IL-10 is known to
inhibit T helper cell proliferation, hamper dendritic cell matura-
tion, and inhibit T cells co-stimulatory molecules suggesting that
IL-10 in ascites may help tumor cells to evade host immunological
surveillance (27-29). Consistent with that, ascites-derived ovarian
tumor cells have been shown to constitutively release CD95 ligand
(also known as Fas ligand), which can induce apoptosis in immune
cells expressing CD95 (30).

Exosomes derived from the ascites of ovarian cancer patients
have been shown to impair the cytotoxic activity of peripheral
blood mononuclear cells (31). Malignant ascites has been shown
to also contain GD3 ganglioside, which inhibits the innate nat-
ural killer T (NKT) cell activity (32), while MUC16 expressed on
the surface of ovarian cancer cells has been shown to inhibit the
interaction of ovarian cancer cells with natural killer cells thus
providing protection to ovarian cancer cells from host immunity
(33). Additionally, correlations between the occurrence of regula-
tory T cells (Treg) (which inhibit tumor-specific T-cell immunity)
in the ascites and reduced survival in ovarian cancer patients have
been noted (11). These findings suggest that ascites contain the
amenities to help tumor cells evade host immunosurveillance so
that the tumor cells can avail unrestricted growth characteristics.

The concentration of inflammatory cytokines such as IL- 1§, IL-
6, 1L-8, IL-10 was shown to be significantly higher in the ascites of
ovarian cancer patients compared to that present in the serum, and
correlated with poor prognosis and response to therapy (34, 35).
The expression of IL-8 has been associated with increased tumori-
genicity and ascites formation in animal models (36). IL-6, on the
other hand, not only promotes tumor growth, migration, and inva-
sion (34, 37, 38) but also facilitate chemoresistance (39, 40) and
angiogenesis (41). In addition, high level of IL-6 in ovarian can-
cer ascites has been associated with shorter progression-free sur-
vival (42—44). Moreover, patients who responded to chemotherapy
tended to have lower ascites IL-6 levels, compared with patients
who did not respond to chemotherapy (45), suggesting that level
of IL-6 in the ascites of ovarian cancer patients is an independent
predictor of patient’s response to therapy.

Hepatocyte growth factor present in malignant ascites of ovar-
ian cancer patients has been shown to stimulate the migration
of ovarian cancer cells (46). Finally, lysophosphatidic acid (LPA),
a bioactive phospholipid present in high levels in the ascites of
ovarian cancer patients and produced by ovarian cancer cells,
signals through cell surface bound G-protein dependent recep-
tors and impose diverse affects on ovarian cancer cells which
includes increased transcriptional regulation of vascular endothe-
lial growth factor (VEGF), uPA, IL-6, and IL-8 (47, 48). Among
many other functions, LPA has been shown to increase de novo
lipid synthesis in ovarian cancer cells crucial for LPA-induced
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proliferation of ovarian cancer cells (49). LPA also disrupts the
junctional integrity of epithelial ovarian cancer cells (50) which
not only results in the metastatic dissemination of ovarian cancer
cells but also results in increased membrane permeability which
leads to enhanced ascites accumulation (2).

Vascular endothelial growth factor is found in abundance in
the ascites of ovarian cancer patients and plays a central role
in modulating the tumorigenic characteristics of ovarian cancer
cells. VEGF is over expressed in ovarian tumor cells and is associ-
ated with poor prognosis (51, 52). High VEGF production from
primary tumors has been reported to correlate with increased
metastatic spread and worse prognosis compared to low VEGF
secreting tumors (53). Retroviral enforced expression of VEGF in
ovarian cancer cells has been shown to dramatically reduce the
time of onset of ascites formation (54). One of the mechanisms by
which VEGF modulates permeability of peritoneal membranes is
by down regulation of tight junction protein claudin 5 in the peri-
toneal endothelial cells (55). In addition, VEGF has been shown
to induce tyrosine phosphorylation of cadherin-catenin complex
which results in decreased endothelial junctional strength and
increased permeability (56). Several factors have been shown to
influence the production of VEGF by ovarian cancer cells. These
included hypoxia, LPA, tumor necrosis factor, matrix metallo-
proteinases, insulin-like growth factor, epidermal growth factor,
platelet derived growth factor, and transforming growth factor
beta (2). In line with these studies, systemic administration of the
VEGF-Trap have been shown to prevent ascites accumulation and
inhibit the growth of disseminated cancer in mouse models (54),
suggesting that VEGF expression is crucial for ascites accumulation
and ovarian cancer progression. Several agents that target VEGF
have been evaluated in Phase II trials in women with recurrent
ovarian cancer (57). Bevacizumab, a humanized monoclonal anti-
body against VEGF is currently in several Phase III studies with
encouraging results (58).

CELLULAR COMPONENTS OF ASCITES

The origin and phenotype of the cells in the ascites is poorly under-
stood. Similar to other tumor microenvironments, ascites contains
a complex heterogeneous mixture of “resident” and “non-resident”
cell populations, each having a defined role and connected with
each other through soluble mediators, some of which have been
described above. Belonging to the resident components of the
ascites are tumor cells and cancer-associated fibroblasts (CAFs),
to be distinguished from the non-resident populations, i.e., cells
recruited from the outside the tumor microenvironment such as
infiltrating macrophages/monocytes, bone marrow-derived mes-
enchymal stem cells (MSCs), and cytotoxic or Treg (59). Tumor
cells within the ascites of ovarian cancer patients are either present
as single cells or, more commonly, as aggregates of non-adherent
cells, also known as spheroids (60). In this scenario, multiple
(a few hundred) tumor spheroids can be seen either floating
or embedded in the peritoneal cavity during primary debulk-
ing surgery (61). Some of these tumor spheroids are loosely
attached to the underlying mesothelium and are detached during
debulking surgery, while others are tightly attached to the peri-
toneum as individual small adherent tumors having independent
vasculatures (61).

Neoplastic progression of ovarian carcinomas in the ascites
occurs as differentiated epithelial tumors floating as tumor spher-
oids (62). However, it has been suggested that primary ovarian
tumor cells may undergo an EMT-like process during localized
invasion in the peritoneum and retain mesenchymal features in
advanced tumors (8, 63). Even though the mesenchymal phe-
notype is central to EMT, ovarian cancer cells in ascites retain
epithelial features and cell-cell contacts and are able to invade
(60). Although enhanced E-cadherin expression, indicative of an
epithelial cell type, has been demonstrated in the tumor cells of
the ascites, especially those obtained from chemoresistant recur-
rent ovarian tumors (60), its expression is most commonly lost in
metastasis (62). E-cadherin expressing ovarian carcinoma spher-
oids have been shown to adhere to and invade the surrounding
mesothelium (9). Spheroids undergo reduced proliferation and
have limited drug penetration resulting in decreased suscepti-
bility to chemotherapy (64) and thereby mimic traits of cancer
stem cells (CSCs)-like cells (62). Contributing to the hetero-
geneity of the resident ascites cells, CSCs are a population of
cells that resists chemotherapy and is the source of proliferating
tumor cells with progressive differentiating potential (65). These
CSCs, when purified by sorting and xenografted into nude mice,
have been shown to generate a significantly greater tumor bur-
den compared to unsorted tumor cells (66, 67). On the other
hand, non-resident cells within the ascites include non-cancer
cells such as inflammatory cells, immature myeloid cells and
activated mesothelial cells, and MSCs (which can be resident or
non-resident) (68), all of which influence tumor cell behavior and
response to chemotherapy (69). The resident and non-resident
elements of the ascites microenvironment constantly interact with
each other forming a unique tumor microenvironment (69). We
discuss the non-resident cell populations within the ascites in
detail below.

IMMUNE CELLS INFILTRATING THE ASCITES MICROENVIRONMENT

Recent studies have demonstrated that immune system influences
the clinical outcome of high-grade serous ovarian cancer patients
(70, 71). The presence of tumor-infiltrating CD8™ T cells in pri-
mary tumors is associated with prolonged disease-free and overall
survival of ovarian cancer patients (70, 71). In this context, the
polyfunctional T-cell response of ovarian cancer patients has been
shown to be disrupted by the factors in the ascites (72). Some
of these factors have been discussed above, while additional fac-
tors include T cell co-stimulatory ligands B7-H4, stromal derived
factor (SDF)-1, Fas ligand, and soluble IL-2 receptor (70, 71). A
recent study has demonstrated that ovarian tumor T cell sup-
pression can be alleviated by leukocyte depletion, suggesting that
soluble factors secreted by leukocytes may also contribute to the
suppression of T cells (73). Furthermore, a high CD4/CD8 T
cell ratio in ascites was shown to be an indicator of the pres-
ence of Treg, which was associated with poor survival outcome
(74). It has been reported that a high T cell/Treg ratio indepen-
dently predicts increased survival (75). However, it was suggested
that it is not so much the presence of Treg but in general the
presence of immune responsive T cells which was observed to
exert survival effects (75). In addition, reduced accumulation of
CD31tCD56™ cells (natural killer or natural killer-like T cells) in
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the ascites was also correlated with increased platinum resistance
(76). Furthermore, ascites from ovarian cancer patients contain-
ing elevated levels of IL-17 (a cytokine predominately produced
by Th17 and other effector T cells) was correlated with increased
overall survival (77).

In addition to above, malignant ascites contains significant
numbers of activated CD163% M2 type of macrophages the pres-
ence of which correlates with enhanced levels of IL-6 and IL-10
and inversely correlates with relapse-free survival period in ovarian
cancer patients (78). Ascites also contains rare plasmacytoid den-
dritic cells (PDCs) (<0.1% of blood monocytes) (79). Activated
macrophages and PDCs cells secrete CCL22 which is present in
high levels in the ascites of ovarian cancer patients (80). In vivo
treatment with monoclonal antibody to CCL22 resulted in sig-
nificantly decreased Treg cell migration into tumors, suggesting
that CCL22 may be contributing to the presence of Treg in ascites
(80). In this context, tumor-associated PDC have been shown to
induce angiogenesis in vivo by secreting TNF-a and IL-8 (81).
In contrast, myeloid dendritic cells (MDCs) were absent from
malignant ascites. MDCs derived in vitro suppressed angiogen-
esis in vivo through production of interleukin 12. Thus, the tumor
may attract PDCs to augment angiogenesis while excluding MDCs
to prevent angiogenesis inhibition, demonstrating a novel mecha-
nism for modulating tumor neovascularization (81). In addition,
myeloid-derived suppression cells (MDSCs) have been found in
ovarian cancers transplanted in immune-compromised mouse
models (82). These are a heterogeneous population of cells derived
from immature granulocytes or monocytes released from bone
marrow in response to stress induced by the tumor (83). The
common functional feature of these cells is the repression of infil-
trating functional T lymphocytes and natural killer cells (83).
Hence, these cells critically control tumor progression but its role
is yet to be identified in ovarian cancer. The above studies suggest
that several factors and concerted mechanisms in the ascites create
a microenvironment where cancer cells can grow unhampered.

STROMAL AND MESOTHELIAL CELLS IN THE ASCITES
MICROENVIRONMENT

The pro-metastatic role of inflammatory stroma has been
described in the literature (84). A significantly enhanced num-
ber of CAFs has been associated with high-grade ovarian tumors
compared to benign and borderline tumors (85). Abundant CAFs
were associated with the occurrence of lymph node and omen-
tal metastases and increased lymphatic and microvessel densities
(85). CAFs isolated from high-grade ovarian tumors facilitated
more migration and invasion in ovarian cancer cell lines than
those isolated from normal tissues (85). In another study, CAFs
isolated from omentum were shown to be activated by ovarian
tumor cells to promote ovarian cancer growth, adhesion, and inva-
siveness through the TGFB1 pathway (86). Interleukin-1p secreted
by ovarian tumor cells was shown to induce a p53/NFkB-mediated
stromal inflammatory response to support ovarian tumorigenesis
(87). A recent study has provided evidence of the inter-conversion
of CAFs into MSCs required for promoting tumor growth by
paracrine production of inflammatory cytokines (88). Ovarian
cancer-associated MSCs have also been shown to have a greater
ability to promote tumor growth compared to normal MSCs

(68). This was shown to be mediated through abnormal pro-
duction of BMP2. Treatment in vitro of ovarian cancer cell lines
with recombinant BMP2 was shown to enhance the production
of ALDHTCDI133" ovarian CSCs (68). In another study, the
expression of HOXA9, a Miillerian-patterning gene, was shown
to promote ovarian cancer growth by converting normal peri-
toneal fibroblasts into ovarian CAFs (89). In the same study, the
expression of HOXA9 was also shown to induce normal adipose
and bone marrow-derived MSCs to acquire features of CAFs by
transcriptional activation of TGFB2 mediated by the expression
of CXCL12, IL-6, and VEGFA. These studies, even though not
directly related to CAFs in the ascites of ovarian cancer patients
implicate CAFs as an important modulator of promoting ovarian
tumor growth.

In addition to CAFs, ascites contains a significant proportion
of activated mesothelial cells which remain as single cells or are
embedded with floating spheroids. These mesothelial cells are a
major source of VEGF and LPA in ascites which have demon-
strated enhanced adhesion, migration, and invasion of ovarian
cancer cells in vitro (90). Peritoneal mesothelial cells also have an
enhanced expression of SDF-1/CXCR4-dipeptidyl peptidase IV
(DPPIV) which has been suggested to be involved with the re-
epithelization of discarded peritoneal basement membranes after
the attachment of secondary tumors on the peritoneum (91).

CANCER STEM CELLS IN THE ASCITES MICROENVIRONMENT

In recent years, many reports have described the CSC characteris-
tics of ovarian cancer (66, 69, 92). In these models, resident cells in
the ascites or primary tumors have been demonstrated to have the
features of self-renewal, multi-lineage differentiation, and tumor
initiation characteristics in vivo (93, 94). CSCs in these reports
have also been demonstrated to have the ability to colonize to
distant sites and to survive chemotherapy. Genetic and epigenetic
mechanisms appear to be the main factors in this scenario (69).
In vitro enrichment and propagation of CSCs are achieved by
growing cells in an unattached condition in the form of “spher-
0ids” (94-96). As one of the features of ascites-derived ovarian
cancer cells is to survive in a free-floating anchorage independent
condition, the highest concentration of CSCs in ovarian cancer has
been proposed to reside within the free-floating tumor spheroids
contained in the ascites (60, 62). In support of this notion, it has
recently been demonstrated that cells within the ascites have CSC
characteristics (60, 93). It has also been shown that the abundance
of CSCs is more in the ascites-derived spheroids of chemoresis-
tant and recurrent patients compared to that in the chemonaive
patients (60). This may be due to the chemoresistant phenotype
of ovarian CSCs in ascites which remains undetected as residual
tumor cells after treatment and gradually increase in number with
consecutive cycle of treatments.

Wintzell et al. (97), also reported high levels of CSCs in freshly
derived ascites, in both spheroids as well as in cells existing as
single-cell population, but these authors concluded that the single-
cell population was more enriched in CSCs than the spheroids.
Both Wintzell et al. (97), and Latifi et al. (60), showed that ascites
spheroids were high expressers of E-cadherin and EpCAM and
low/negative expressers of vimentin, CD44 and MMPs (MMP2
and MMP9) compared to single-cell population. In addition, Latifi
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et al. (60), showed that the single-cell population from ascites
also have high expression of MSC markers such as CD73, CD90,
CD105 as well as fibroblast surface protein (FSP), indicative of
the CAF-like phenotype of single cells described by Wintzell et al.
(97). However, Latifi et al. (60) found high expression of Oct4,
STAT3, and CA125 in spheres and lack of expression of CA125
in the single-cell population. These observations were consistent
with the lack of tumor forming ability of single cells in nude mice
for as long as 20 weeks while the same number of cells collected
from spheres formed tumors in nude mice within 12-14 weeks
(60). These observations suggest that the tumorigenic component
of ascites may exist within the spheres while single cells (poten-
tially CAFs) may be the supporting entity, which is contrary to the
conclusions of Wintzell et al. (97).

Distinct pattern of CSC marker co-expression may exist in
spheres and single cells of the ascites and this needs to be explored
further in future studies. High expression of Oct4 in single cells as
described in Wintzell et al. (97), in contrast to high expression of
Oct4 in spheres shown in Latifi et al. (60) may occur due to the
differences in the separation techniques used by the two studies
which may impact on the phenotypic changes in the cells. In addi-
tion, differences in the recruitment of patients in two studies may
also contribute to the differences in the findings. While in Latifi et
al. (60), only high-grade primary serous patients were recruited,
the patient cohort in Wintzell et al. (97) contained different histo-
logic subtypes of ovarian, Fallopian tube, and peritoneal cancers.
Moreover, the expression of Oct4 was deduced at the mRNA level
in Latifi et al. (60), while Western blot was used to detect the pro-
tein expression of Oct4 in Wintzell et al. (97). These differences in
the approaches may contribute to the ambiguity of the Oct4 sta-
tus in the spheres or single cells in the two studies. Hence, future
studies on bigger cohorts of ovarian cancer patients are needed to
determine if ascites spheres or single cells are the main repository
of CSCs. Nevertheless, existing evidence indicates that the ascites
microenvironment is a CSC-niche which facilitates processes such
as EMT, inflammation, hypoxia, and angiogenesis in the resident
cells which ultimately determine the function and fate of CSCs
(69, 98).

EXPERIMENTAL AND TRANSLATIONAL APPROACHES TO
THE STUDY OF ASCITES-DERIVED CELLS

Ascites is an indicator of poor prognosis in ovarian cancer patients,
with the tumor cells within the ascites postulated to play dominant
roles in metastatic spread, chemoresistance, and ultimately, the
recurrence of the cancer (2, 60). Hence, a thorough understand-
ing of the biology of the ascites microenvironment is essential
for developing effective therapeutic intervention for metastatic
ovarian cancer. Established ovarian cancer cell lines, often origi-
nally isolated from ascites, are readily available, immortalized, and
low-cost options to assess tumor cell behavior. However, the dis-
tinct disadvantage of cell lines is their accumulation of numerous
genetic and phenotypic abnormalities over years of culture which
no longer accurately reflect the clinical disease (99). Ascites iso-
lated from ovarian cancer patients represents a readily accessible
source of primary cancer cells and cancer-associated cells with the
potential to provide direct insights into the molecular and cellu-
lar pathophysiology of ovarian cancers as they metastasize within

the peritoneal cavity. Reviewed below are some of the clinically
relevant model systems which have provided novel insights into
the contribution of ascites-derived cells and the ascites microen-
vironment to ovarian cancer tumorigenicity and the metastatic
progression of the disease.

ISOLATION AND CHARACTERIZATION OF ASCITES-DERIVED CELL
POPULATIONS

As reviewed above, ascites contains a complex heterogeneous mix-
ture of malignant and non-malignant cell types. Tumor cells can be
isolated from ascites without mechanical or enzymatic digestion
(100) and, if cultured under non-adherent conditions, retain their
molecular and phenotypic profiles long-term (60). Most methods
devised for the isolation and primary culture of ascites-derived
cells incorporate a step to remove contaminating red blood cells,
with some methods further separating cell populations based on
their molecular and/or phenotypic profiles (60, 61, 93, 97, 101,
102). Notably, there have been several studies which isolated pre-
sumptive CSC populations from ascites using clonal selection
(93) or FACS sorting for particular cell surface markers (101)
or Hoechst dye 33342 exclusion (103). Isolated cells are charac-
terized for their expression of stem cell markers, such as Oct4,
Nanog, Bmil, ABCG2, and then tested in vitro and in vivo for
self-renewal and differentiation capabilities (104). These studies
resulted in the paradigm-shifting identification of ovarian CSC
populations within the ascites and the recognition of the roles
CSCs play in the pathophysiology of epithelial ovarian cancer.
CSCs are capable of asymmetric division which enables their own
self-renewal as well as the generation of the heterogeneous differ-
entiated cell populations that comprise the majority of the tumor
mass (66, 67). When transplanted into immunodeficient mice,
CSCs isolated from tumors can recapitulate the primary disease
(93). Furthermore, the high rate of cancer recurrence following
platinum and taxol-based chemotherapeutics is thought to be due
to a failure to eradicate CSCs, which exhibit heightened chemore-
sistance compared to the rest of the tumor (62, 67, 105, 106).
These data underscore the need to understand the central regula-
tory pathways critical to CSC survival in order to effectively target
recurrent disease therapeutically (69).

Distinct subpopulations of ascites-derived cells have also been
separated during culture on the basis of their differing phe-
notypes. For example, mesenchymal-like cells can be separated
from epithelial tumor cells on the basis of their relative adher-
ence to low-attachment plates (60, 107). In this method, the bulk
of the ascites-derived tumor cells float as aggregates while non-
tumorigenic mesenchymal cells attach to the plates (60). This
method has been used to understand how the biology and mol-
ecular profile of the ascites microenvironment in patients with
chemonaive and chemoresistant disease differs and how these dif-
ferences relate to tumor behavior in in vitro and in vivo assays
(60). Specifically, these studies demonstrated that chemotherapy
treatment induces a CSC-like phenotype in vitro (107) which is
recapitulated in primary ascites-derived ovarian cancer cells from
chemoresistant patients with recurrent disease (60). These findings
are supported by an independent study of ascites-derived cells,
which characterized stromal progenitor cells within the ascites
(101). These researchers noted that ascites from patients with
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recurrent and late-stage epithelial ovarian cancers contained more
cells with a higher expression of stem cell markers than ascites from
patients with early-stage tumors (101). Various cell isolation and
culture methods have been used to access ascites cell populations,
and the current data present a picture of significant intra- and
inter-patient heterogeneity. Nevertheless, subpopulations of cells
from ascites with CSC-like cell surface protein expression profiles
and self-renewal capabilities consistently display a more aggressive
metastatic, chemoresistant phenotype than cell populations lack-
ing CSC-like features in both in vitro and in vivo xenograft models
of ovarian cancer metastasis (102, 105).

These novel findings suggest the need for a thorough evalua-
tion of the subpopulations of ascites-derived cells in association
with cancer stage, patient response to chemotherapy, and overall
patient survival in order to identify molecular or protein signatures
within ascites subpopulations with prognostic and diagnostic sig-
nificance. To this end, comprehensive gene expression assessment
methods such as RNA and microRNA screens, proteomics strate-
gies, and NextGen sequencing are being applied to the analysis of
ascites-derived cells (2). A recent study demonstrated the clinical
potential of one such a high-throughput, integrative approach.
Using microarray and clinical data from over 1000 patients with
high-grade serous epithelial ovarian cancer a novel prognostic
model was developed which was based on the altered profiles of
family members of lethal-7 (let-7) microRNAs (108). This study
identified let-7b as the master regulator of a network of genes,
with higher levels of let-7b predictive of poorer outcomes after
primary chemotherapy (108). Notably, patients could be strati-
fied on the basis of their let-7b profiles into low, intermediate,
and high-risk groups which corresponded to response to front-
line chemotherapy and 5-year survival rates (108). While this
method was developed using publicly available gene array data sets
derived from advanced ovarian cancers, adaptation of this method
to the study of freshly isolated ascites-derived tumor cells from
chemonaive and chemoresistant patients would represent a means
for improved prediction and monitoring of patients’ response to
chemotherapies.

FUNCTIONAL ANALYSES OF ASCITES-DERIVED CELL POPULATIONS

As spheroid formation within ascites is postulated to directly
contribute to disease spread and to the development of chemore-
sistance (see above), several methods have been developed for the
functional assessment of ascites-derived cells in vitro and in vivo,
with the aim of mirroring various in vivo microenvironments as
accurately as possible. The overarching aim of these studies is
the development of new therapeutic approaches which specifi-
cally target particular stages of ovarian cancer metastasis, e.g., the
formation or stability of spheroids within the ascites to enhance
sensitivity to chemotherapeutics or the attachment and invasion
of spheroids into the peritoneal lining to block colonization at
distal sites.

In vitro modeling of spheroid formation, survival, and metastasis

Cancers which spread through the blood and lymphatic vascu-
lature undergo repeated intravasation and extravasation through
vessel walls. In contrast, during ovarian cancer metastasis, cancer
cells are shed from the primary tumor into the peritoneal cavity

and must survive suspended within the ascites (8, 10). To model
this stage of ovarian cancer metastasis, ovarian cancer cell lines or
primary ascites-derived cells are maintained under non-adherent
conditions, such as in hanging-drops, in a liquid overlay, or in
low-attachment culture dishes (109, 110). Under non-adherent
conditions, cancer cells inherently aggregate together to form
multicellular spheroids, which exhibit enhanced abilities to avoid
anoikis (111). The main advantage that spheroid cultures have
over monolayer cultures is that spheroid cultures more accu-
rately model the complex three-dimensional structures assumed
by ovarian cancers metastasizing within the peritoneum and reca-
pitulate the molecular (e.g., oxygen, nutrient, metabolite) gradi-
ents found in vivo. Thus, multicellular spheroids cultured under
non-adherent conditions which mimic the ascites more accurately
predict in vivo behaviors and responses to therapies. For example,
cancer cells grown as spheroids can be up to 100 times less sensi-
tive to chemotherapies than the same cells cultured as monolayers,
reflecting the inherent chemoresistance exhibited by metastasizing
ovarian cancer spheroids in a clinical setting (109). The enhanced
survival capabilities of spheroids were recently demonstrated using
primary ascites-derived epithelial ovarian cancer cells (112). In
this study, when grown as spheroids in non-adherent culture,
ascites-derived tumor cells exhibited resistance to Myxoma-virus-
mediated death despite the virus entering and replicating within
the spheroids. In contrast, if the tumor cells were grown as mono-
layers in adherent culture or if spheroids were replated onto adher-
ent surfaces, they exhibited sensitivity to Myxoma-virus-mediated
death (112). This study has important implications for the devel-
opment of treatments for advanced, metastatic ovarian cancers,
underscoring the need to study the non-adherent spheroid stage
of ovarian cancer metastasis in the development of new therapeu-
tic regimens in order to ensure that new treatment options are
effective against tumor spheroids floating within the ascites.

For experimental study, spheroids can be harvested freshly from
ascites using centrifugation or low-attachment plates (60,97). Har-
vested spheroids can be replated onto different solid surfaces or
co-cultured with other peritoneal cell populations to model later
stages of ovarian cancer metastasis, when multicellular spheroids
attach to and invade the peritoneal lining to form a secondary
tumor (113—115). In particular, co-cultures of ovarian cancer cells
with specific subpopulations of the peritoneal lining and omen-
tum, such as fibroblasts (86, 116), adipocytes (117), and mesothe-
lial cells (115) have provided particular insights into the phys-
ical, biomechanical, and chemical interactions between invading
tumor cells and the peritoneal environment in the establishment of
metastatic nodules within the peritoneum. These models are grow-
ing increasingly sophisticated, with the use of primary omental
and peritoneal tissue for three-dimensional organotypic models
(116, 118). These studies demonstrate that peritoneal and omen-
tal fibroblasts, adipocytes, and mesothelial cells directly contribute
to the pro-metastatic environment of the peritoneal cavity, releas-
ing soluble factors into the ascites, secreting ECM components,
and supplying energy reserves for the invading cancer cells.

As over 75% of ovarian cancers have already metastasized at
the time of diagnosis (1), the information gained from these
approaches is urgently needed in order to derive novel strate-
gies which specifically disrupt the interactions between ovarian
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cancer spheroids and the peritoneal microenvironment, thereby
preventing the establishment of secondary tumors. In recent years,
three-dimensional spheroid culture methods have been adapted
to a variety of high-throughput systems, with the aim to expe-
diting the screening the effectiveness of therapeutic compounds
and identifying the key factors underlying metastatic growth and
dissemination (109, 110). Of note, a recent study has used a
microfluidic platform to study the effects of the hydrodynamic
forces of ascites on tumor phenotype (20). This study used sev-
eral on-chip analyses [immunofluorescence for epidermal growth
factor receptor (EGFR); mRNA isolation for RT-PCR; and protein
isolation for biomarker quantification] to show that continuous
flow induced EMT in an ovarian cancer cell line, which con-
tributed to a more aggressively invasive phenotype. These data
demonstrate yet another facet of the ascites microenvironment
which contributes to the ovarian cancer metastatic process (i.e.,
biochemical), furthermore, this experimental approach represents
a high-throughput modality in which to study the efficacy of var-
ious targeted therapies in the prevention of the establishment and
growth of secondary tumors.

In vivo modeling of the intraperitoneal environment

A number of studies have studied the role of vascularization in
ovarian cancer metastasis or verified their in vitro results using
either subcutaneous or intraperitoneal injection of ascites-derived
tumor cells into nude mice, e.g., the validation of the tumor-
repopulating abilities of isolated ascites-derived tumor cells or
putative ovarian cancer CSCs in vivo (60, 93, 102, 105). These
models provide an in vivo microenvironment for testing estab-
lished and novel chemotherapeutic approaches and are a necessary
preclinical model system. However, these models lack the true
metastatic features of ovarian cancer which occurs in the peri-
toneum and involves the ovaries, adjacent organs (extra-ovarian
pelvic organs, e.g., colon, bladder, liver) as well as spheroids
carried around in the ascites to distal organs of the peritoneal
cavity (1). Moreover, the xenotransplantation immunocompro-
mized mouse model currently used may select populations of
tumor cells that can override the weak immunogenic response of
nude mice which is entirely different from the immune response
in patients against their own tumors (119) In recognition of
this latter problem, recently a refined mouse xenograft model
has been developed using human embryonic stem cells to gener-
ate a “human” microenvironment within immunocompromized
mice. Using malignant cells freshly isolated from the ascites
of an ovarian cancer patient, six derivative cell subpopulations
were developed, and it was found that the human microenvi-
ronment permitted some patient-derived ascites cells to gener-
ate tumors which failed to grow in a conventional nude mouse
model (120). This improved method may enable the study of the
in vivo behaviors of previously unstudied cell subpopulations and
also provides insights into the role of the human microenviron-
ment in the tumorigenicity and metastatic capabilities of ovarian
cancers.

ASCITES AS A PLATFORM FOR TRANSLATIONAL RESEARCH
As discussed above, ascites is a source of tumor material
from which valuable information can be extracted not only to

understand the pathophysiology of ovarian cancer progression
but also for the development of markers which will predict prog-
nosis and monitor the progression of the disease. The frequent
presence of ascites at first presentation, and subsequent relapses,
provides an accessible pool of tumor material that can be studied
to determine the molecular characteristics of cells as the disease
progresses. With the establishment of methods which can sepa-
rate the different soluble and cellular components of the ascites
(60), it may now be possible to identify and differentiate the
true molecular perturbations that exist between the chemon-
aive, chemoresistant, and recurrent status of the disease. Isolated
cellular components of the ascites can be preserved as paraffin
embedded blocks for immunohistochemical analysis (121, 122),
or can be frozen for molecular analysis at the RNA and protein
levels (60, 122). Moreover, ascites provides a substantial amount
of biological material which can be obtained to design studies
which require relatively larger amounts of tumor material, which
previously were only limited to genome-based studies due to the
scarce availability of primary and metastatic tumors leftover after
pathological diagnosis. These studies include methods to elucidate
the protein profile of ascites-derived tumor and associated cells by
proteomic methods such as matrix-assisted laser desorption and
ionization (MALDI), surface enhanced laser desorption and ion-
ization (SELDI), and liquid chromatography followed by mass
spectroscopy (MS) (2, 123), all of which require larger amounts
of samples than that used by genomic methods. In addition, high-
throughput automated array-based proteomics techniques such
as reverse phase protein arrays (RPAs) can be used to understand
the differential expression of proteins in the isolated ascites cellu-
lar components from chemonaive and chemoresistant patients. A
recent study which used the RPA analysis on ascites samples and
pleural effusions obtained from ovarian cancer patients showed
significantly higher expression of AKT, cAMP-responsive element
binding protein (CREB), and Jun-N-terminal kinase (JNK) in
malignant ascites compared to benign effusions (124). Given that
deregulation of PI3 kinase and the downstream AKT pathway has
been demonstrated in ovarian cancer (125, 126), and high levels
of p38 and an increase in the ratio of phosphorylated EGFR and
phosphorylated JNK were associated with bad prognosis in ovar-
ian cancer patients (124), it seems that the proteomic profile of the
ascites environment may imitate the protein expression profile of
the original tumors (2). These observations suggest the enormous
potential of using ascites samples for diagnostic, prognostic, and
therapeutic endpoints.

Accessibility to ascites also provides a means of comparing
the secretory components of the chemonaive and chemoresistant
patients. A recent study has determined the cytokine expres-
sion profile of the ascites of ovarian cancer patients. Out of 120
cytokines analyzed OPG, IL-10, and leptin was found to be associ-
ated with worst prognosis in ovarian cancer patients (24). The con-
cept that the damage of tumor cells in response to chemotherapy
treatment can activate autocrine and paracrine secretory responses
of residual tumor cells (69, 127, 128), suggest that the soluble
component of the ascites microenvironment of chemonaive and
chemoresistant patients may be significantly different. In addition,
the tumor growth promoting effect of exosomes released by ovar-
ian tumors has been reported (129). Malignant ascites-derived
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exosomes of ovarian carcinoma patients have been shown to con-
tain CD24 and EpCAM (130). The exosome-associated proteolytic
activity in the tumor vicinity has been suggested to augment
tumor invasion into the stroma (130). Exosomes released by ovar-
ian cancer cells have been shown to induce apoptosis of mature
dendritic cells and peripheral blood nuclear cells suggesting they
have a negative effect on host immunity (31). In addition, ascites
have been shown to contain pro-survival factors which compro-
mised the therapeutic effects of TRAIL and were shown to be
associated with shorter disease-free intervals in ovarian cancer
patients (131). These data suggest that the signals derived from
the soluble ascites microenvironment plays a crucial role in regu-
lating ovarian tumor cells and targeting the survival promoting
activity of the soluble component of ascites may be manda-
tory for the development of efficient therapies for ovarian cancer
patients.

FUTURE DIRECTIONS

From a clinical perspective, our understanding of ascites and
its associated cellular and soluble components are of utmost
importance to understand the advanced-stage disease. The cen-
tral component of such investigations would be ascites obtained
from patients pre- and post-chemotherapy and understanding
both the soluble and cellular components individually and/or
in association with each other. These studies can be performed
using microfluidic systems to investigate the impact of ascites
on resident and non-resident cell systems either individually or
in combination (20). Microfluidic platforms have been used to
investigate the morphological parameters and migratory poten-
tials of immune cells in response to external stimulus (132).
Other studies have used cell-on-chip based platforms to inves-
tigate the interaction of tumor cells with endothelial cells (133).
Recently, a simple cell-on-chip platform was developed to investi-
gate the crosstalk between immune cells and cancer (89). Using
this approach, which consisted of three wide parallel cham-
bers interconnected via an array of short and narrow cap-
illary migration channels, it was possible to visualize under
the microscope the interaction between the immune and can-
cer cells (89). Hence, customized microfluidic platforms may
be helpful to study and mimic the events of ascites-derived

REFERENCES 4. Ahmed N, Riley C, Oliva K, Rice G,
1. Lengyel E. Ovarian cancer Quinn M. Ascites induces modu-
development and  metastasis. lation of alpha6betal integrin and

Am ] Pathol (2010) 177(3): urokinase plasminogen activator

microenvironment. This can also provide helpful clinical infor-
mation as understanding the crosstalk between cancer cells with
associated surrounding cells in the native ascites microenviron-
ment will result in the improvement of therapies for ovarian
cancer.

CONCLUSION

The accessibility of ascites undeniably provides a rich source of
tumor samples to monitor the course of chemotherapy treatment
in patients. In addition, it also provides an opportunity for the
identification of prognostic and treatment-monitor markers, as
well as options for molecular profiling of both the cellular and
soluble components. The cellular and molecular profile of indi-
vidual ascites is a subject of inter-patient variations which will
differ not only with the treatment protocol but also how each
patient responds to a particular therapy. Hence, to provide a mol-
ecular characterization which would fit into a defined pattern
to design appropriate targeted therapies would be challenging.
Hence, long-term, longitudinal studies within the same patient
cohorts, starting with chemonaive status and periodic evaluations
of molecular and cellular characterization of the ascites com-
ponents as the disease progresses would be useful to develop
an individualized predictive profile which will be crucial for
designing targeted therapies. The interrogation of soluble and
cellular variations in ascites during the treatment regimen in
patients may guide clinical decision making for patient manage-
ment (134). This may form a basis for informed and effective
personalized treatment approaches. Hence, with the advances
in our understanding of the pathophysiology of ascites and the
development of new methods which can delineate the cross
talk between the different cellular components it is anticipated
that more effective and targeted strategies for the management
of ascites and ovarian cancer patients will be available in near
future.

ACKNOWLEDGMENTS

This work was supported by the Victorian Government’s Oper-
ational Infrastructure Support Program (Australia). The authors
wish to thank Women’s Cancer Foundation for supporting this
work.

9. Burleson KM, Boente MP, Pam-
buccian SE, Skubitz AP. Disaggre-
gation and invasion of ovarian car-
cinoma ascites spheroids. J Transl

ascites protect against TRAIL-
induced apoptosis by activating the
PI3K/Akt pathway in human ovar-
ian carcinoma cells. Int J Can-

1053-64. doi:10.2353/ajpath.2010.
100105

2. Kipps E, Tan DS, Kaye SB. Meet-
ing the challenge of ascites in ovar-
ian cancer: new avenues for ther-
apy and research. Nat Rev Cancer
(2013) 13(4):273-82. doi:10.1038/
nrc3432

3. Ayantunde AA, Parsons SL. Pattern
and prognostic factors in patients
with malignant ascites: a retro-
spective study. Ann Oncol (2007)
18(5):945-9. d0i:10.1093/annonc/
mdl499

receptor expression and associated
functions in ovarian carcinoma.
Br ] Cancer (2005) 92(8):1475-85.
doi:10.1038/sj.bjc.6602495

. Ahmed N, Riley C, Oliva K,

Stutt E, Rice GE, Quinn MA.
Integrin-linked  kinase
sion increases with
tumour grade and is sustained
by peritoneal tumour fluid. J
Pathol  (2003)  201(2):229-37.
doi:10.1002/path.1441

expres-
ovarian

. Lane D, Robert V, Grondin R,

Rancourt C, Piche A. Malignant

cer (2007) 121(6):1227-37. doi:10.
1002/ijc.22840

Med (2006) 4:6. doi:10.1186/1479-
5876-4-6

7. Naora H, Montell DJ. Ovar- 10. Shield K, Ackland ML, Ahmed N,
ian cancer metastasis: integrat- Rice GE. Multicellular spheroids
ing insights from disparate model in ovarian cancer metastases: biol-
organisms. Nat Rev Cancer (2005) ogy and pathology. Gynecol Oncol
5(5):355-66. doi:10.1038/nrc1611 (2009) 113(1):143-8. doi:10.1016/

8. Ahmed N, Thompson EW, Quinn j.ygyno.2008.11.032
MA. Epithelial-mesenchymal 11. Tan DS, Agarwal R, Kaye SB.

interconversions in normal ovar- Mechanisms of transcoelomic
ian surface epithelium and ovarian metastasis in ovarian cancer.
carcinomas: an exception to the Lancet  Oncol  (2006) 7(11):
norm. J Cell Physiol (2007) 213(3): 925-34. doi:10.1016/S1470-

581-8. doi:10.1002/jcp.21240

2045(06)70939- 1

Frontiers in Oncology | \WWomen's Cancer

September 2013 | Volume 3 | Article 256 | 8


http://dx.doi.org/10.2353/ajpath.2010.100105
http://dx.doi.org/10.2353/ajpath.2010.100105
http://dx.doi.org/10.1038/nrc3432
http://dx.doi.org/10.1038/nrc3432
http://dx.doi.org/10.1093/annonc/mdl499
http://dx.doi.org/10.1093/annonc/mdl499
http://dx.doi.org/10.1038/sj.bjc.6602495
http://dx.doi.org/10.1002/path.1441
http://dx.doi.org/10.1002/ijc.22840
http://dx.doi.org/10.1002/ijc.22840
http://dx.doi.org/10.1038/nrc1611
http://dx.doi.org/10.1002/jcp.21240
http://dx.doi.org/10.1186/1479-5876-4-6
http://dx.doi.org/10.1186/1479-5876-4-6
http://dx.doi.org/10.1016/j.ygyno.2008.11.032
http://dx.doi.org/10.1016/j.ygyno.2008.11.032
http://dx.doi.org/10.1016/S1470-2045(06)70939-1
http://dx.doi.org/10.1016/S1470-2045(06)70939-1
http://www.frontiersin.org/Women's_Cancer
http://www.frontiersin.org/Women's_Cancer/archive

Ahmed and Stenvers

Ascites in ovarian cancer

12.

13.

15.

16.

19.

20.

21.

22.

Feki A, Berardi P, Bellingan G,
Major A, Krause KH, Petignat P,
et al. Dissemination of intraperi-
toneal ovarian cancer: discussion
of mechanisms and demonstration
of lymphatic spreading in ovar-
ian cancer model. Crit Rev Oncol
Hematol (2009) 72(1):1-9. doi:10.
1016/j.critrevonc.2008.12.003

Bansal S, Kaur K, Bansal AK. Diag-
nosing ascitic etiology on a bio-
chemical basis. Hepatogastroen-
terology (1998) 45(23):1673-7.

. Runyon BA, Hoefs JC, Mor-

gan TR. Ascitic fluid analysis in
malignancy-related ascites. Hepa-
tology (1988) 8(5):1104-9. doi:10.
1002/hep.1840080521
Kolomainen DF, AHern R, Coxon
FY, Fisher C, King DM, Blake PR, et
al. Can patients with relapsed, pre-
viously untreated, stage I epithe-
lial ovarian cancer be successfully
treated with salvage therapy? J Clin
Oncol (2003) 21(16):3113-8. doi:
10.1200/JC0O.2003.06.119
Feldman GB, Knapp RC. Lym-
phatic drainage of the peritoneal
cavity and its significance in ovar-
ian cancer. Am ] Obstet Gynecol
(1974) 119(7):991-4.

.Adam RA, Adam YG. Malig-

nant ascites: past, present, and
future. J Am Coll Surg (2004)
198(6):999-1011.  doi:10.1016/j.
jamcollsurg.2004.01.035

. Feldman GB, Knapp RC, Order

SE, Hellman S. The role of lym-
phatic obstruction in the forma-
tion of ascites in a murine ovar-
ian carcinoma. Cancer Res (1972)
32(8):1663—6.

Carmignani CP, Sugarbaker TA,
Bromley CM, Sugarbaker PH.
Intraperitoneal cancer dissemina-
tion: mechanisms of the patterns
of spread. Cancer Metastasis Rev
(2003) 22(4):465-72. doi:10.1023/
A:1023791229361

Rizvi I, Gurkan UA, Tasoglu S,
Alagic N, Celli JP, Mensah LB,
et al. Flow induces epithelial-
mesenchymal transition,
lar heterogeneity and biomarker
modulation in 3D ovarian cancer
nodules. Proc Natl Acad Sci U S A
(2013) 110(22):E1974-83. doi:10.
1073/pnas.1216989110

Buy JN, Moss AA, Ghossain MA,
Sciot C, Malbec L, Vadrot D, et
al. Peritoneal implants from ovar-
ian tumors: CT findings. Radiology
(1988) 169(3):691-4.

Mills GB, May C, Hill M, Camp-
bell S, Shaw P, Marks A. Ascitic
fluid from human ovarian can-
cer patients contains growth fac-
tors necessary for intraperitoneal

cellu-

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

growth of human ovarian ade-
nocarcinoma cells. J Clin Invest
(1990) 86(3):851-5. doi:10.1172/
JCI114784

Mills GB, May C, McGill M, Roif-
man CM, Mellors A. A putative
new growth factor in ascitic fluid
from ovarian cancer patients: iden-
tification, characterization, and
mechanism of action. Cancer Res
(1988) 48(5):1066-71.

Matte 1, Lane D, Laplante C,
Rancourt C, Piche A. Profiling
of cytokines in human epithelial
ovarian cancer ascites. Am ] Cancer
Res (2012) 2(5):566-80.

Lane D, Matte I, Rancourt C,
Piche A. Osteoprotegerin (OPG)
protects ovarian cancer cells from
TRAIL-induced apoptosis but
does not contribute to malignant
ascites-mediated attenuation
of TRAIL-induced apoptosis.
J Owarian Res (2012) 5(1):34.
doi:10.1186/1757-2215-5-34
Choi JH, Park SH, Leung PC, Choi
KC. Expression of leptin recep-
tors and potential effects of lep-
tin on the cell growth and acti-
vation of mitogen-activated pro-
tein kinases in ovarian cancer
cells. J Clin Endocrinol Metab
(2005) 90(1):207-10. doi:10.1210/
jc.2004-0297

Mocellin S, Wang E, Marin-
cola FM. Cytokines and immune
response in the tumor microen-
vironment. J Immunother (2001)
24(5):392-407.

Moser M. Dendritic cells in immu-
nity and tolerance-do they dis-
play opposite functions? Immu-
nity  (2003) 19(1):5-8. doi:10.
1016/S1074-7613(03)00182-1
Moore KW, de Waal Male-
fyt R, Coffman RL, O’Garra
A. Interleukin-10 and the
interleukin-10  receptor. Annu
Rev Immunol (2001) 19:683-765.
doi:10.1146/annurev.immunol.19.
1.683

Abrahams VM, Straszewski SL,
Kamsteeg M, Hanczaruk B,
Schwartz PE, Rutherford TJ, et
al. Epithelial ovarian cancer cells
secrete functional Fas ligand. Can-
cer Res (2003) 63(17):5573-81.
Peng P, Yan Y, Keng S. Exosomes
in the ascites of ovarian can-
cer patients: origin and effects on
anti-tumor immunity. Oncol Rep
(2011) 25(3):749-62. doi:10.3892/
0r.2010.1119

Webb TJ, Li X, Giuntoli RL II,
Lopez PH, Heuser C, Schnaar
RL, et al. Molecular identifica-
tion of GD3 as a suppressor
of the innate immune response

33.

34.

35.

36.

37.

38.

39.

40.

in ovarian cancer. Cancer Res
(2012) 72(15):3744-52. doi:10.
1158/0008-5472.CAN-11-2695
Gubbels JA, Felder M, Horibata S,
Belisle JA, Kapur A, Holden H, et
al. MUCI16 provides immune pro-
tection by inhibiting synapse for-
mation between NK and ovarian
tumor cells. Mol Cancer (2010)
9:11. doi:10.1186/1476-4598-9-11
Kryczek I, Grybos M, Karabon L,
Klimczak A, Lange A. IL-6 produc-
tion in ovarian carcinoma is asso-
ciated with histiotype and biolog-
ical characteristics of the tumour
and influences local immu-
nity. Br ] Cancer (2000) 82(3):
621-8.

Penson RT, Kronish K, Duan Z,
Feller AJ, Stark P, Cook SE, et
al. Cytokines IL-1beta, IL-2, IL-
6, IL-8, MCP-1, GM-CSF and
TNFalpha in patients with epithe-
lial ovarian cancer and their rela-
tionship to treatment with pacli-
taxel. Int J Gynecol Cancer (2000)
10(1):33—41. doi:10.1046/j.1525-
1438.2000.00003.x

Huang S, Robinson JB, Deguzman
A, Bucana CD, Fidler IJ. Blockade
of nuclear factor-kappaB signaling
inhibits angiogenesis and tumori-
genicity of human ovarian can-
cer cells by suppressing expression
of vascular endothelial growth fac-
tor and interleukin 8. Cancer Res
(2000) 60(19):5334-9.

Obata NH, Tamakoshi K, Shi-
bata K, Kikkawa F Tomoda Y.
Effects of interleukin-6 on in vitro
cell attachment, migration and
invasion of human ovarian car-
cinoma. Anticancer Res (1997)
17(1A):337-42.

Syed V, Ulinski G, Mok SC,
Ho SM. Reproductive hormone-
induced, STAT3-mediated inter-
leukin 6 action in normal and
malignant human ovarian surface
epithelial cells. J Natl Cancer Inst
(2002) 94(8):617-29. doi:10.1093/
jnci/94.8.617

Wang Y, Niu XL, Qu Y, Wu J,
Zhu YQ, Sun WJ, et al. Autocrine
production of interleukin-6 con-
fers cisplatin and paclitaxel resis-
tance in ovarian cancer cells. Can-
cer Lett (2010) 295(1):110-23. doi:
10.1016/j.canlet.2010.02.019
Cohen S, Bruchim I, Graiver D,
Evron Z, Oron-Karni V, Pasmanik-
Chor M, et al. Platinum-resistance
in ovarian cancer cells is medi-
ated by IL-6 secretion via the
increased expression of its tar-
get cIAP-2. J Mol Med (Berl)
(2013) 91(3):357-68. doi:10.1007/
500109-012-0946-4

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

Nilsson MB, Langley RR, Fidler IJ.
Interleukin-6, secreted by human
ovarian carcinoma cells, is a potent
proangiogenic cytokine. Cancer
Res  (2005)  65(23):10794-800.
doi:10.1158/0008-5472.CAN-05-
0623

Temfer C, Zeisler H, Sliutz G,
Haeusler G, Hanzal E, Kainz C.
Serum evaluation of interleukin 6
in ovarian cancer patients. Gynecol
Oncol (1997) 66(1):27-30. doi:10.
1006/gyno.1997.4726

Scambia G, Testa U, Benedetti PP,
Foti E, Martucci R, Gadducci A, et
al. Prognostic significance of inter-
leukin 6 serum levels in patients
with ovarian cancer. Br J Cancer
(1995) 71(2):354-6. doi:10.1038/
bjc.1995.71

Lane D, Matte I, Rancourt C,
Pinche A. Prognostic significance
of IL-6 and II-8 ascites levels in
ovarian cancer patients. BMC Can-
cer (2011) 11:210. doi:10.1186/
1471-2407-11-210

Plante M, Rubin SC, Wong GY,
Federici MG, Finstad CL, Gasti
GA. Interleukin-6 level in serum
and ascites as a prognostic fac-
tor in patients with epithelial
ovarian cancer. Cancer (1994)
73(7):1882-8. doi:10.1002/1097-
0142(19940401)73:7<1882::AID-
CNCR2820730718>3.0.CO;2-R
Sowter HM, Corps AN, Smith SK.
Hepatocyte growth factor (HGF)
in ovarian epithelial tumour fluids
stimulates the migration of ovar-
ian carcinoma cells. Int J Cancer
(1999) 83(4):476-80. doi:10.1002/
(SICI)1097-0215(19991112)83:
4<476::AID-1JC7>3.0.CO;2-V
Fang X, Yu S, Bast RC, Liu S,
Xu HJ, Hu SX, et al. Mechanisms
for lysophosphatidic acid-induced
cytokine production in ovarian
cancer cells. J Biol Chem (2004)
279(10):9653-61. doi:10.1074/jbc.
M306662200

Hu YL, Tee MK, Goetzl EJ,
Auersperg N, Mills GB, Ferrara N,
et al. Lysophosphatidic acid induc-
tion of vascular endothelial growth
factor expression in human ovar-
ian cancer cells. J Natl Cancer Inst
(2001) 93(10):762-8. doi:10.1093/
jnci/93.10.762

Mukherjee A, Wu ], Barbour S,
Fang X. Lysophosphatidic acid
activates lipogenic pathways and
de novo lipid synthesis in ovarian
cancer cells. J Biol Chem (2012)
287(30):24990-5000. doi:10.1074/
jbc.M112.340083

Liu Y, Burkhalter R, Symowicz J,
Chaffin K, Ellerbroek S, Stack MS.
Lysophosphatidic Acid disrupts

www.frontiersin.org

September 2013 | Volume 3 | Article 256 | 9


http://dx.doi.org/10.1016/j.critrevonc.2008.12.003
http://dx.doi.org/10.1016/j.critrevonc.2008.12.003
http://dx.doi.org/10.1002/hep.1840080521
http://dx.doi.org/10.1002/hep.1840080521
http://dx.doi.org/10.1200/JCO.2003.06.119
http://dx.doi.org/10.1016/j.jamcollsurg.2004.01.035
http://dx.doi.org/10.1016/j.jamcollsurg.2004.01.035
http://dx.doi.org/10.1023/A:1023791229361
http://dx.doi.org/10.1023/A:1023791229361
http://dx.doi.org/10.1073/pnas.1216989110
http://dx.doi.org/10.1073/pnas.1216989110
http://dx.doi.org/10.1172/JCI114784
http://dx.doi.org/10.1172/JCI114784
http://dx.doi.org/10.1186/1757-2215-5-34
http://dx.doi.org/10.1210/jc.2004-0297
http://dx.doi.org/10.1210/jc.2004-0297
http://dx.doi.org/10.1016/S1074-7613(03)00182-1
http://dx.doi.org/10.1016/S1074-7613(03)00182-1
http://dx.doi.org/10.1146/annurev.immunol.19.1.683
http://dx.doi.org/10.1146/annurev.immunol.19.1.683
http://dx.doi.org/10.3892/or.2010.1119
http://dx.doi.org/10.3892/or.2010.1119
http://dx.doi.org/10.1158/0008-5472.CAN-11-2695
http://dx.doi.org/10.1158/0008-5472.CAN-11-2695
http://dx.doi.org/10.1186/1476-4598-9-11
http://dx.doi.org/10.1046/j.1525-1438.2000.00003.x
http://dx.doi.org/10.1046/j.1525-1438.2000.00003.x
http://dx.doi.org/10.1093/jnci/94.8.617
http://dx.doi.org/10.1093/jnci/94.8.617
http://dx.doi.org/10.1016/j.canlet.2010.02.019
http://dx.doi.org/10.1007/s00109-012-0946-4
http://dx.doi.org/10.1007/s00109-012-0946-4
http://dx.doi.org/10.1158/0008-5472.CAN-05-0623
http://dx.doi.org/10.1158/0008-5472.CAN-05-0623
http://dx.doi.org/10.1006/gyno.1997.4726
http://dx.doi.org/10.1006/gyno.1997.4726
http://dx.doi.org/10.1038/bjc.1995.71
http://dx.doi.org/10.1038/bjc.1995.71
http://dx.doi.org/10.1186/1471-2407-11-210
http://dx.doi.org/10.1186/1471-2407-11-210
http://dx.doi.org/10.1002/1097-0142(19940401)73:7<1882::AID-CNCR2820730718>3.0.CO;2-R
http://dx.doi.org/10.1002/1097-0142(19940401)73:7<1882::AID-CNCR2820730718>3.0.CO;2-R
http://dx.doi.org/10.1002/1097-0142(19940401)73:7<1882::AID-CNCR2820730718>3.0.CO;2-R
http://dx.doi.org/10.1002/(SICI)1097-0215(19991112)83:4<476::AID-IJC7>3.0.CO;2-V
http://dx.doi.org/10.1002/(SICI)1097-0215(19991112)83:4<476::AID-IJC7>3.0.CO;2-V
http://dx.doi.org/10.1002/(SICI)1097-0215(19991112)83:4<476::AID-IJC7>3.0.CO;2-V
http://dx.doi.org/10.1074/jbc.M306662200
http://dx.doi.org/10.1074/jbc.M306662200
http://dx.doi.org/10.1093/jnci/93.10.762
http://dx.doi.org/10.1093/jnci/93.10.762
http://dx.doi.org/10.1074/jbc.M112.340083
http://dx.doi.org/10.1074/jbc.M112.340083
http://www.frontiersin.org
http://www.frontiersin.org/Women's_Cancer/archive

Ahmed and Stenvers

Ascites in ovarian cancer

5

—

52.

53.

54.

55.

56.

57.

58.

59.

junctional integrity and epithelial
cohesion in ovarian cancer cells. J
Oncol (2012) 2012:501492. doi:10.
1155/2012/501492

. Kassim SK, El-Salahy EM, Fayed

ST, Helal SA, Helal T, Azzam Eel D,
et al. Vascular endothelial growth
factor and interleukin-8 are
associated with poor prognosis in
epithelial ovarian cancer patients.
Clin Biochem (2004) 37(5):363-9.
doi:10.1016/j.clinbiochem.2004.
01.014

Paley PJ, Staskus KA, Gebhard K,
Mohanraj D, Twiggs LB, Carson
LF, et al. Vascular endothelial
growth expression  in
early stage ovarian carcinoma.
Cancer  (1997)  80(1):98-106.
doi:10.1002/(SICI)1097-
0142(19970701)80:1<98::AID-
CNCR13>3.0.CO;2-A

Santin AD, Hermonat PL, Ravaggi
A, Cannon MJ, Pecorelli S, Parham
GP. Secretion of vascular endothe-
lial growth factor in ovarian can-
cer. Eur ] Gynaecol Oncol (1999)
20(3):177-81.

Byrne AT, Ross L, Holash J, Nakan-
ishi M, Hu L, Hofmann JI, et
al. Vascular endothelial growth
factor-trap decreases tumor bur-
den, inhibits ascites, and causes
dramatic vascular remodeling in
an ovarian cancer model. Clin
Cancer Res (2003) 9(15):5721-8.
Herr D, Sallmann A, Bekes I, Kon-
rad R, Holzheu I, Kreienberg R, et
al. VEGF induces ascites in ovarian
cancer patients via increasing peri-
toneal permeability by downregu-
lation of Claudin 5. Gynecol Oncol
(2012) 127(1):210-6. doi:10.1016/
j.ygyno.2012.05.002

Esser S, Lampugnani MG, Corada
M, Dejana E, Risau W. Vascular
endothelial growth factor induces
VE-cadherin tyrosine phosphory-
lation in endothelial cells. J Cell Sci
(1998) 111(Pt 13):1853-65.
Zweifel M, Jayson GC, Reed NS,
Osborne R, Hassan B, Ledermann
], et al. Phase II trial of combre-
tastatin A4 phosphate, carboplatin,
and paclitaxel in patients with
platinum-resistant ovarian cancer.
Ann Oncol (2011) 22(9):2036—41.
doi:10.1093/annonc/mdq708
Tomao F, Papa A, Rossi L, Caruso
D, Panici PB, Venezia M, et al.
Current status of bevacizumab in
advanced ovarian cancer. Onco
Targets Ther (2013) 6:889-99. doi:
10.2147/0OTT.S46301

Davidson B. Ovarian carcinoma
and serous effusions. Changing
views regarding tumor progression
and review of current literature.

factor

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Anal Cell Pathol (2001) 23(3—
4):107-28.

Latifi A, Luwor RB, Bilandzic M,
Nazaretian S, Stenvers K, Pyman
J, et al. Isolation and character-
ization of tumor cells from the
ascites of ovarian cancer patients:
molecular phenotype of chemore-
sistant ovarian tumors. PLoS One
(2012) 7(10):e46858. doi:10.1371/
journal.pone.0046858

Zeimet AG, Reimer D, Sopper S,
Boesch M, Martowicz A, Roessler
], et al. Ovarian cancer stem cells.
Neoplasma (2012) 59(6):747-55.
doi:10.4149/neo_2012_094
Ahmed N, Abubaker K, Find-
lay J, Quinn M. Epithelial mes-
enchymal transition and cancer
stem cell-like phenotypes facilitate
chemoresistance in recurrent ovar-
ian cancer. Curr Cancer Drug Tar-
gets (2010) 10(3):268-78. doi:10.
2174/156800910791190175
Hudson LG, Zeineldin R, Stack
MS. Phenotypic plasticity of neo-
plastic ovarian epithelium: unique
cadherin profiles in tumor pro-
gression. Clin Exp Metastasis
(2008) 25(6):643-55. doi:10.1007/
s10585-008-9171-5

Desoize B, Jardillier J. Multicellular
resistance: a paradigm for clinical
resistance? Crit Rev Oncol Hema-
tol (2000) 36(2-3):193-207. doi:
10.1016/S1040-8428(00)00086-X
Medema JP. Cancer stem cells: the
challenges ahead. Nat Cell Biol
(2013) 15(4):338—44. d0i:10.1038/
ncb2717

Aguilar-Gallardo C, Rutledge EC,
Martinez-Arroyo AM, Hidalgo JJ,
Domingo S, Simon C. Over-

coming challenges of ovarian
cancer stem cells: novel ther-
apeutic approaches. Stem Cell

Rev (2012) 8(3):994-1010. doi:10.
1007/s12015-011-9344-5

Ahmed N, Abubaker K, Findlay J,
Quinn M. Cancerous ovarian stem
cells: obscure targets for therapy
but relevant to chemoresistance. J
Cell Biochem (2013) 114(1):21-34.
doi:10.1002/jcb.24317

McLean K, GongY, ChoiY, DengN,
Yang K, Bai S, et al. Human ovarian
carcinoma-associated mesenchy-
mal stem cells regulate cancer
stem cells and tumorigenesis via
altered BMP production. ] Clin
Invest (2011) 121(8):3206~19. doi:
10.1172/]CI145273

Ahmed N, Abubaker K, Findlay JK.
Ovarian cancer stem cells: mol-
ecular concepts and relevance as
therapeutic targets. Mol Aspects
Med (2013). doi:10.1016/j.mam.
2013.06.002

70.

71.

72.

73.

74.

75.

76.

77.

78.

Nelson BH. The impact of T-cell
immunity on ovarian cancer
outcomes. Immunol Rev (2008)
222:101-16.  doi:10.1111/j.1600-
065X.2008.00614.x

Chu CS, Kim SH, June CH, Coukos
G. Immunotherapy opportunities
in ovarian cancer. Expert Rev Anti-
cancer Ther (2008) 8(2):243-57.
doi:10.1586/14737140.8.2.243
Tran E, Nielsen JS, Wick DA,
Ng AV, Johnson LD, Nesslinger
NJ, et al. Polyfunctional T-cell
responses are disrupted by the
ovarian cancer ascites environ-
ment and only partially restored by
clinically relevant cytokines. PLoS
One (2010) 5(12):e15625. doi:10.
1371/journal.pone.0015625

Peter S, Bak G, Hart K, Berwin B.
Ovarian tumor-induced T cell sup-
pression is alleviated by vascular
leukocyte depletion. Transl Oncol
(2009) 2(4):291-9.

Giuntoli RL II, Webb TJ, Zoso
A, Rogers O, Diaz-Montes TP,
Bristow RE, et al. Ovarian cancer-
associated ascites demonstrates
altered immune environment:
implications  for
immunity. Anticancer Res (2009)
29(8):2875-84.

Leffers N, Gooden M]J, de
Jong RA, Hoogeboom BN,
ten Hoor KA, Hollema H, et
al. Prognostic significance of
tumor-infiltrating T-lymphocytes
in primary and metastatic
lesions of advanced stage ovar-
ian cancer. Cancer Immunol
Immunother (2009) 58(3):449-59.
doi:10.1007/500262-008-0583-5
Bamias A, Tsiatas ML, Kafantari
E, Liakou C, Rodolakis A, Voul-
garis Z, et al. Significant differ-
ences of lymphocytes isolated from
ascites of patients with ovarian
cancer compared to blood and
tumor lymphocytes. Association
of CD3+CD56+ cells with plat-
inum resistance. Gynecol Oncol
(2007) 106(1):75-81. doi:10.1016/
j.ygyno.2007.02.029

Kryczek I, Banerjee M, Cheng
P, Vatan L, Szeliga W, Wei S,
et al. Phenotype, distribution,
generation, and functional and
clinical relevance of Th17 cells in
the human tumor environments.
Blood  (2009)  114(6):1141-9.
doi:10.1182/blood-2009-03-
208249

Reinartz S, Schumann T, Finker-
nagel F Wortmann A, Jansen
JM, Meissner W, et al. Mixed-
polarization phenotype of ascites-
associated macrophages in human
ovarian carcinoma: correlation of

antitumor

79.

80.

81.

82.

83.

84.

85.

86.

87.

CD163 expression, cytokine lev-
els and early relapse. Int ] Cancer
(2013). doi:10.1002/ijc.28335

Wei S, Kryczek I, Zou L, Daniel B,
Cheng P, Mottram P, et al. Plasma-
cytoid dendritic cells induce CD8+
regulatory T cells in human ovar-
ian carcinoma. Cancer Res (2005)
65(12):5020—6. doi:10.1158/0008-
5472.CAN-04-4043

Curiel TJ, Coukos G, Zou L,
Alvarez X, Cheng P, Mottram P, et
al. Specific recruitment of regula-
tory T cells in ovarian carcinoma
fosters immune privilege and pre-
dicts reduced survival. Nat Med
(2004) 10(9):942-9. doi:10.1038/
nm1093

Curiel TJ, Cheng P, Mottram P,
Alvarez X, Moons L, Evdemon-
Hogan M, et al. Dendritic cell
subsets  differentially  regulate
angiogenesis in human ovar-
ian cancer. Cancer Res (2004)
64(16):5535-8. doi:10.1158/0008-
5472.CAN-04-1272

Norian LA, Rodriguez PC, O’Mara
LA, Zabaleta J, Ochoa AC, Cella
M, et al. Tumor-infiltrating regu-
latory dendritic cells inhibit CD8+
T cell function via L-arginine
metabolism. Cancer Res (2009)
69(7):3086-94. doi:10.1158/0008-
5472.CAN-08-2826

Gabrilovich DI, Nagaraj S.
Myeloid-derived suppressor cells
as regulators of the immune
system. Nat Rev Immunol (2009)
9(3):162-74. doi:10.1038/nri2506
Barbolina MV, Moss NM, West-
fall SD, Liu Y, Burkhalter R]J,
Marga E et al. Microenviron-
mental regulation of ovarian can-
cer metastasis. Cancer Treat Res
(2009) 149:319-34. doi:10.1007/
978-0-387-98094-2_15

Zhang Y, Tang H, Cai ], Zhang
T, Guo J, Feng D, et al. Ovar-
ian cancer-associated fibroblasts
contribute to epithelial ovarian
carcinoma metastasis by promot-
ing angiogenesis, lymphangiogen-
esis and tumor cell invasion. Can-
cer Lett (2011) 303(1):47-55. doi:
10.1016/j.canlet.2011.01.011

Cai J, Tang H, Xu L, Wang X, Yang
C, Ruan S, et al. Fibroblasts in
omentum activated by tumor cells
promote ovarian cancer growth,
adhesion and invasiveness. Car-
cinogenesis (2012) 33(1):20-9. doi:
10.1093/carcin/bgr230

Schauer IG, Zhang J, Xing Z, Guo
X, Mercado-Uribe I, Sood AK,
et al. Interleukin-1beta promotes
ovarian tumorigenesis through
a p53/NF-kappaB-mediated
inflammatory response in stromal

Frontiers in Oncology | \WWomen's Cancer

September 2013 | Volume 3 | Article 256 | 10


http://dx.doi.org/10.1155/2012/501492
http://dx.doi.org/10.1155/2012/501492
http://dx.doi.org/10.1016/j.clinbiochem.2004.01.014
http://dx.doi.org/10.1016/j.clinbiochem.2004.01.014
http://dx.doi.org/10.1002/(SICI)1097-0142(19970701)80:1<98::AID-CNCR13>3.0.CO;2-A
http://dx.doi.org/10.1002/(SICI)1097-0142(19970701)80:1<98::AID-CNCR13>3.0.CO;2-A
http://dx.doi.org/10.1002/(SICI)1097-0142(19970701)80:1<98::AID-CNCR13>3.0.CO;2-A
http://dx.doi.org/10.1016/j.ygyno.2012.05.002
http://dx.doi.org/10.1016/j.ygyno.2012.05.002
http://dx.doi.org/10.1093/annonc/mdq708
http://dx.doi.org/10.2147/OTT.S46301
http://dx.doi.org/10.1371/journal.pone.0046858
http://dx.doi.org/10.1371/journal.pone.0046858
http://dx.doi.org/10.4149/neo_2012_094
http://dx.doi.org/10.2174/156800910791190175
http://dx.doi.org/10.2174/156800910791190175
http://dx.doi.org/10.1007/s10585-008-9171-5
http://dx.doi.org/10.1007/s10585-008-9171-5
http://dx.doi.org/10.1016/S1040-8428(00)00086-X
http://dx.doi.org/10.1038/ncb2717
http://dx.doi.org/10.1038/ncb2717
http://dx.doi.org/10.1007/s12015-011-9344-5
http://dx.doi.org/10.1007/s12015-011-9344-5
http://dx.doi.org/10.1002/jcb.24317
http://dx.doi.org/10.1172/JCI45273
http://dx.doi.org/10.1016/j.mam.2013.06.002
http://dx.doi.org/10.1016/j.mam.2013.06.002
http://dx.doi.org/10.1111/j.1600-065X.2008.00614.x
http://dx.doi.org/10.1111/j.1600-065X.2008.00614.x
http://dx.doi.org/10.1586/14737140.8.2.243
http://dx.doi.org/10.1371/journal.pone.0015625
http://dx.doi.org/10.1371/journal.pone.0015625
http://dx.doi.org/10.1007/s00262-008-0583-5
http://dx.doi.org/10.1016/j.ygyno.2007.02.029
http://dx.doi.org/10.1016/j.ygyno.2007.02.029
http://dx.doi.org/10.1182/blood-2009-03-208249
http://dx.doi.org/10.1182/blood-2009-03-208249
http://dx.doi.org/10.1002/ijc.28335
http://dx.doi.org/10.1158/0008-5472.CAN-04-4043
http://dx.doi.org/10.1158/0008-5472.CAN-04-4043
http://dx.doi.org/10.1038/nm1093
http://dx.doi.org/10.1038/nm1093
http://dx.doi.org/10.1158/0008-5472.CAN-04-1272
http://dx.doi.org/10.1158/0008-5472.CAN-04-1272
http://dx.doi.org/10.1158/0008-5472.CAN-08-2826
http://dx.doi.org/10.1158/0008-5472.CAN-08-2826
http://dx.doi.org/10.1038/nri2506
http://dx.doi.org/10.1007/978-0-387-98094-2_15
http://dx.doi.org/10.1007/978-0-387-98094-2_15
http://dx.doi.org/10.1016/j.canlet.2011.01.011
http://dx.doi.org/10.1093/carcin/bgr230
http://www.frontiersin.org/Women's_Cancer
http://www.frontiersin.org/Women's_Cancer/archive

Ahmed and Stenvers

Ascites in ovarian cancer

88.

89.

90.

9

—_

92.

93.

94.

95.

96.

fibroblasts.

15(4):409-20.
Spaeth EL, Dembinski JL, Sasser
AK, Watson K, Klopp A, Hall
B, et al. Mesenchymal
cell transition to tumor-associated

Neoplasia ~ (2013)

stem

fibroblasts contributes to fibrovas-
network expansion and
tumor progression. PLoS One
(2009) 4(4):e4992. doi:10.1371/
journal.pone.0004992

Businaro L, De Ninno A, Schi-
avoni G, Lucarini V, Ciasca G,
Gerardino A, et al. Cross talk
between cancer and immune cells:

cular

exploring complex dynamics in
a microfluidic environment. Lab
Chip (2013) 13(2):229-39. doi:10.
1039/c21c40887b

Stadlmann S, Amberger A, Poll-
heimer J, Gastl G, Offner FA, Mar-
greiter R, et al. Ovarian carci-
noma cells and IL-1beta-activated
human peritoneal mesothelial cells
are possible sources of vascu-
lar endothelial growth factor in
inflammatory and malignant peri-
toneal effusions. Gynecol Oncol
(2005) 97(3):784-9. doi:10.1016/j.
ygyno.2005.02.017

. Kajiyama H, Shibata K, Ino K,

Nawa A, Mizutani S, Kikkawa
F. Possible involvement of SDF-
lalpha/CXCR4-DPPIV
TGF-betal-induced enhancement
of migratory potential in human
peritoneal mesothelial cells. Cell
Tissue Res (2007) 330(2):221-9.
d0i:10.1007/s00441-007-0455-x
Curley MD, Garrett LA, Schorge
JO, Foster R, Rueda BR. Evidence
for cancer stem cells contributing
to the pathogenesis of ovarian can-
cer. Front Biosci (2011) 16:368-92.
doi:10.2741/3693

Bapat SA, Mali AM, Koppikar CB,
Kurrey NK. Stem and progenitor-
like cells contribute to the aggres-
sive behavior of human epithelial
ovarian cancer. Cancer Res (2005)
65(8):3025-9.

Zhang S, Balch C, Chan MW, Lai
HC, Matei D, Schilder JM, et al.
Identification and characterization
of ovarian cancer-initiating cells
from primary human tumors.
Cancer Res (2008) 68(11):4311-20.
doi:10.1158/0008-5472.CAN-08-
0364

Al-Hajj M, Wicha MS, Benito-
Hernandez A, Morrison SJ, Clarke
ME. Prospective identification of
tumorigenic breast cancer cells.
Proc Natl Acad Sci U S A (2003)
100(7):3983-8. doi:10.1073/pnas.
0530291100

Singh SK, Clarke ID, Terasaki M,
Bonn VE, Hawkins C, Squire J, et

axis in

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

al. Identification of a cancer stem
cell in human brain tumors. Can-
cer Res (2003) 63(18):5821-8.
Wintzell M, Hjerpe E, Avall
Lundqvist E, Shoshan M.
Protein  markers of
associated fibroblasts
tumor-initiating
subpopulations in freshly iso-
lated ovarian cancer ascites.
BMC Cancer (2012) 12:359.
doi:10.1186/1471-2407-12-359
Calabrese C, Poppleton H, Kocak
M, Hogg TL, Fuller C, Hamner
B, et al. A perivascular niche for
brain tumor stem cells. Cancer Cell
(2007) 11(1):69-82. doi:10.1016/j.
ccr.2006.11.020

Domcke S, Sinha R, Levine DA,
Sander C, Schultz N. Evaluating
cell lines as tumour models by
comparison of genomic profiles.
Nat Commun (2013) 4:2126. doi:
10.1038/ncomms3126

Shepherd TG, Theriault BL, Camp-
bell EJ, Nachtigal MW. Primary
culture of ovarian surface epithe-
lial cells and ascites-derived ovar-
ian cancer cells from patients. Nat
Protoc (2006) 1(6):2643-9. doi:10.
1038/nprot.2006.328

Ho CM, Chang SE Hsiao CC,
Chien TY, Shih DT. Isolation and
characterization of stromal prog-
enitor cells from ascites of patients
with epithelial ovarian adenocarci-
noma. J Biomed Sci (2012) 19:23.
doi:10.1186/1423-0127-19-23
Vathipadiekal V, Saxena D, Mok
SC, Hauschka PV, Ozbun L,
Birrer MJ. Identification of a
potential ovarian cancer stem
cell gene expression profile from
advanced stage papillary serous
ovarian cancer. PLoS One (2012)
7(1):€29079. doi:10.1371/journal.
pone.0029079

Hu L, McArthur C, Jaffe RB.
Ovarian cancer stem-like side-
population cells are tumourigenic
and chemoresistant. Br | Can-
cer (2010) 102(8):1276-83. doi:10.

cancer-
and

cells  reveal

1038/5j.bjc.6605626

Bapat SA. Human ovarian
cancer stem cells. Reproduc-
tion  (2010)  140(1):33-41.

doi:10.1530/REP-09-0389
Abubaker K, Latifi A, Luwor R,
Nazaretian S, Zhu H, Quinn MA,
et al. Short-term single treat-
ment of chemotherapy results in
the enrichment of ovarian cancer
stem cell-like cells leading to an
increased tumor burden. Mol Can-
cer (2013) 12(1):24. doi:10.1186/
1476-4598-12-24

Alvero AB, Chen R, Fu HH, Mon-
tagna M, Schwartz PE, Rutherford

107.

108.

109.

110.

111.

112.

113.

114.

115.

T, et al. Molecular phenotyping of
human ovarian cancer stem cells
unravels the mechanisms for repair
and chemoresistance. Cell Cycle
(2009) 8(1):158-66. doi:10.4161/
cc.8.1.7533

Latifi A, Abubaker K, Castrechini
N, Ward AC, Liongue C, Dobill F, et
al. Cisplatin treatment of primary
and metastatic epithelial ovar-
ian carcinomas generates resid-
ual cells with mesenchymal stem
cell-like profile. J Cell Biochem
(2011) 112:2850-64. doi:10.1002/
jcb.23199

Tang Z, Ow GS, Thiery JP, Ivshina
AV, Kuznetsov VA. Meta-analysis of
transcriptome reveals let-7b as an
unfavorable prognostic biomarker
and predicts molecular and clinical
sub-classes in high-grade serous
ovarian carcinoma. Int J Cancer
(2013). doi:10.1002/ijc.28371
Achilli TM, Meyer J, Morgan
JR. Advances in the formation,
use and understanding of multi-
cellular spheroids. Expert Opin Biol
Ther (2012) 12(10):1347-60. doi:
10.1517/14712598.2012.707181
LaBarbera DV, Reid BG, Yoo BH.
The multicellular tumor spheroid
model for high-throughput cancer
drug discovery. Expert Opin Drug
Discov (2012) 7(9):819-30. doi:10.
1517/17460441.2012.708334
Shield K, Riley C, Quinn MA,
Rice GE, Ackland ML, Ahmed
N. Alpha2betal integrin affects
metastatic potential of ovarian car-
cinoma spheroids by supporting
disaggregation and proteolysis. J
Carcinog (2007) 6:11. doi:10.1186/
1477-3163-6-11

Correa RJ, Komar M, Tong ]G,
Sivapragasam M, Rahman MM,
McFadden G, et al. Myxoma virus-
mediated oncolysis of ascites-
derived human ovarian cancer
cells and spheroids is impacted by
differential AKT activity. Gynecol
Oncol (2012) 125(2):441-50. doi:
10.1016/j.ygyn0.2012.01.048
Sodek KL, Murphy KJ, Brown
TJ, Ringuette M]J. Cell-cell and
cell-matrix dynamics in intraperi-
toneal cancer metastasis. Can-
cer Metastasis Rev (2012) 31(1—
2):397-414. doi:10.1007/s10555-
012-9351-2

Tzuman YC, Sapoznik S, Granot
D, Nevo N, Neeman M. Peritoneal
adhesion and angiogenesis in ovar-
ian carcinoma are inversely regu-
lated by hyaluronan: the role of
gonadotropins. Neoplasia (2010)
12(1):51-60.

Davidowitz RA, MP,
Brugge JS. In vitro mesothelial

Iwanicki

116.

117.

118.

119.

120.

121.

122.

123.

124.

clearance assay that models the
early steps of ovarian cancer
metastasis. J Vis Exp (2012)
60:¢3888. d0i:10.3791/3888

Kenny HA, Dogan S, Zillhardt M,
Mitra AK, Yamada SD, Krausz T, et
al. Organotypic models of metas-
tasis: a three-dimensional culture
mimicking the human peritoneum
and omentum for the study of
the early steps of ovarian can-
cer metastasis. Cancer Treat Res
(2009) 149:335-51. doi:10.1007/
978-0-387-98094-2_16

Nieman KM, Kenny HA, Penicka
CV, Ladanyi A, Buell-Gutbrod R,
Zillhardt MR, et al. Adipocytes
promote ovarian cancer metas-
tasis and provide energy for
rapid tumor growth. Nat Med
(2011) 17(11):1498-503. doi:10.
1038/nm.2492

Kenny HA, Lengyel E. MMP-2
functions as an early response pro-
tein in ovarian cancer metastasis.
Cell Cycle (2009) 8(5):683-8. doi:
10.4161/cc.8.5.7703

Shackleton M, Quintana E,
Fearon ER, Morrison SJ. Het-
erogeneity in
stem cells versus clonal evolu-
tion. Cell (2009) 138(5):822-9.
doi:10.1016/j.cell.2009.08.017
Katz E, Skorecki K, Tzuker-
man M. Niche-dependent tumori-
genic capacity of malignant ovar-
ian ascites-derived cancer
subpopulations. Clin Cancer Res
(2009) 15(1):70-80. doi:10.1158/
1078-0432.CCR-08-1233
Burleson KM, Hansen LK, Skub-
itz AP. Ovarian carcinoma spher-
oids disaggregate on type I collagen
and invade live human mesothelial
cell monolayers. Clin Exp Metas-
tasis (2004) 21(8):685-97. doi:10.
1007/s10585-004-5768-5

Gillet JP, Wang J, Calcagno AM,
Green LJ, Varma S, Bunkholt
Elstrand M, et al. Clinical rel-
evance of multidrug resistance
gene expression in ovarian serous
carcinoma effusions. Mol Pharm
(2011) 8(6):2080-8. doi:10.1021/
mp200240a

Ahmed N, Oliva KT, Barker G,
Hoffmann P, Reeve S, Smith IA,
et al. Proteomic tracking of serum
protein isoforms as screening bio-
markers of ovarian cancer. Pro-
teomics (2005) 5(17):4625-36. doi:
10.1002/pmic.200401321
Davidson B, Espina V, Steinberg
SM, Florenes VA, Liotta LA, Kris-
tensen GB, et al. Proteomic analy-
sis of malignant ovarian cancer
effusions as a tool for biologic and
prognostic profiling. Clin Cancer

cancer: cancer

cell

www.frontiersin.org

September 2013 | Volume 3 | Article 256 | 11


http://dx.doi.org/10.1371/journal.pone.0004992
http://dx.doi.org/10.1371/journal.pone.0004992
http://dx.doi.org/10.1039/c2lc40887b
http://dx.doi.org/10.1039/c2lc40887b
http://dx.doi.org/10.1016/j.ygyno.2005.02.017
http://dx.doi.org/10.1016/j.ygyno.2005.02.017
http://dx.doi.org/10.1007/s00441-007-0455-x
http://dx.doi.org/10.2741/3693
http://dx.doi.org/10.1158/0008-5472.CAN-08-0364
http://dx.doi.org/10.1158/0008-5472.CAN-08-0364
http://dx.doi.org/10.1073/pnas.0530291100
http://dx.doi.org/10.1073/pnas.0530291100
http://dx.doi.org/10.1186/1471-2407-12-359
http://dx.doi.org/10.1016/j.ccr.2006.11.020
http://dx.doi.org/10.1016/j.ccr.2006.11.020
http://dx.doi.org/10.1038/ncomms3126
http://dx.doi.org/10.1038/nprot.2006.328
http://dx.doi.org/10.1038/nprot.2006.328
http://dx.doi.org/10.1186/1423-0127-19-23
http://dx.doi.org/10.1371/journal.pone.0029079
http://dx.doi.org/10.1371/journal.pone.0029079
http://dx.doi.org/10.1038/sj.bjc.6605626
http://dx.doi.org/10.1038/sj.bjc.6605626
http://dx.doi.org/10.1530/REP-09-0389
http://dx.doi.org/10.1186/1476-4598-12-24
http://dx.doi.org/10.1186/1476-4598-12-24
http://dx.doi.org/10.4161/cc.8.1.7533
http://dx.doi.org/10.4161/cc.8.1.7533
http://dx.doi.org/10.1002/jcb.23199
http://dx.doi.org/10.1002/jcb.23199
http://dx.doi.org/10.1002/ijc.28371
http://dx.doi.org/10.1517/14712598.2012.707181
http://dx.doi.org/10.1517/17460441.2012.708334
http://dx.doi.org/10.1517/17460441.2012.708334
http://dx.doi.org/10.1186/1477-3163-6-11
http://dx.doi.org/10.1186/1477-3163-6-11
http://dx.doi.org/10.1016/j.ygyno.2012.01.048
http://dx.doi.org/10.1007/s10555-012-9351-2
http://dx.doi.org/10.1007/s10555-012-9351-2
http://dx.doi.org/10.3791/3888
http://dx.doi.org/10.1007/978-0-387-98094-2_16
http://dx.doi.org/10.1007/978-0-387-98094-2_16
http://dx.doi.org/10.1038/nm.2492
http://dx.doi.org/10.1038/nm.2492
http://dx.doi.org/10.4161/cc.8.5.7703
http://dx.doi.org/10.1016/j.cell.2009.08.017
http://dx.doi.org/10.1158/1078-0432.CCR-08-1233
http://dx.doi.org/10.1158/1078-0432.CCR-08-1233
http://dx.doi.org/10.1007/s10585-004-5768-5
http://dx.doi.org/10.1007/s10585-004-5768-5
http://dx.doi.org/10.1021/mp200240a
http://dx.doi.org/10.1021/mp200240a
http://dx.doi.org/10.1002/pmic.200401321
http://www.frontiersin.org
http://www.frontiersin.org/Women's_Cancer/archive

Ahmed and Stenvers

Ascites in ovarian cancer

Res (2006) 12(3 Pt 1):791-9.
doi:10.1158/1078-0432.CCR-05-

2516

Carden CP, Stewart A, Thavasu
P, Kipps E, Pope L, Crespo M,
et al. The association of PI3
kinase signaling and chemoresis-
tance in advanced ovarian can-
cer. Mol Cancer Ther (2012)
11(7):1609-17. doi:10.1158/1535-
7163.MCT-11-0996

Bast RC Jr, Mills GB. Dis-
secting “PI3Kness™ the
plexity of personalized therapy
for ovarian cancer. Cancer Dis-
cov (2012) 2(1):16-8. doi:10.1158/
2159-8290.CD-11-0323

Rodier F, Coppe JP, Patil CK,
Hoeijmakers WA, Munoz DP, Raza
SR, et al. Persistent DNA dam-
age signalling triggers senescence-
associated inflammatory cytokine
secretion. Nat Cell Biol (2009)
11(8):973-9. d0i:10.1038/ncb1909
Levina V, Su Y, Nolen B,
Liu X, Gordin Y, Lee M, et
al.  Chemotherapeutic ~ drugs

125.

126.
com-

127.

128.

129.

130.

131.

human  tumor  cells
cytokine network. Int J Can-
cer  (2008)  123(9):2031-40.
doi:10.1002/ijc.23732

Keller S, Konig AK, Marme F
Runz S, Wolterink S, Koensgen
D, et al. Systemic presence and

and

tumor-growth promoting effect of
ovarian carcinoma released exo-
somes. Cancer Lett (2009) 278(1):
73-81. doi:10.1016/j.canlet.2008.
12.028

Runz S, Keller S, Rupp C, Stoeck
A, Issa Y, Koensgen D, et al. Malig-
nant ascites-derived
of ovarian carcinoma patients
contain CD24 and EpCAM.
Gynecol Oncol (2007) 107(3):
563-71. doi:10.1016/j.ygyno.2007.
08.064

Lane D, Matte I, Rancourt C,
Piche A. The prosurvival activity
of ascites against TRAIL is asso-
ciated with a shorter disease-free
interval in patients with ovarian
cancer. ] Ovarian Res (2010) 3:1.
doi:10.1186/1757-2215-3-1

exosomes

132. Li J, Nandagopal S, Wu D,
Romanuik SE Paul K, Thomson
DJ, et al. Activated T lympho-
cytes migrate toward the cath-
ode of DC electric fields in
microfluidic devices. Lab Chip
(2011) 11(7):1298-304. doi:10.
1039/c01c00371a

Goerge T, Kleineruschkamp F
Barg A, Schnaeker EM, Huck V,
Schneider ME, et al. Microfluidic
reveals generation of platelet-
strings  on  tumor-activated
endothelium. Thromb Haemost
(2007) 98(2):283—6.

Ginsburg GS, Willard HE
Genomic and personal-
ized  medicine:  foundations
and applications. Transl
Res (2009) 154(6):277-87.
doi:10.1016/j.trs1.2009.09.005

133.

134.

Conflict of Interest Statement: The
authors declare that the research was
conducted in the absence of any com-
mercial or financial relationships that

could be construed as a potential con-
flict of interest.

Received: 25 July 2013; accepted: 11 Sep-
tember 2013; published online: 25 Sep-
tember 2013.

Citation: Ahmed N and Stenvers
KL (2013) Getting to know ovar-
ian cancer ascites: opportunities for

targeted  therapy-based  translational
research. Front. Oncol. 3:256. doi:
10.3389/fonc.2013.00256

This article was submitted to Women’s
Cancer, a section of the journal Frontiers
in Oncology.

Copyright © 2013 Ahmed and Stenvers.
This is an open-access article distributed
under the terms of the Creative Com-
mons Attribution License (CC BY). The
use, distribution or reproduction in other
forums is permitted, provided the origi-
nal author(s) or licensor are credited and
that the original publication in this jour-
nal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.

Frontiers in Oncology | \WWomen's Cancer

September 2013 | Volume 3 | Article 256 | 12


http://dx.doi.org/10.1158/1078-0432.CCR-05-2516
http://dx.doi.org/10.1158/1078-0432.CCR-05-2516
http://dx.doi.org/10.1158/1535-7163.MCT-11-0996
http://dx.doi.org/10.1158/1535-7163.MCT-11-0996
http://dx.doi.org/10.1158/2159-8290.CD-11-0323
http://dx.doi.org/10.1158/2159-8290.CD-11-0323
http://dx.doi.org/10.1038/ncb1909
http://dx.doi.org/10.1002/ijc.23732
http://dx.doi.org/10.1016/j.canlet.2008.12.028
http://dx.doi.org/10.1016/j.canlet.2008.12.028
http://dx.doi.org/10.1016/j.ygyno.2007.08.064
http://dx.doi.org/10.1016/j.ygyno.2007.08.064
http://dx.doi.org/10.1186/1757-2215-3-1
http://dx.doi.org/10.1039/c0lc00371a
http://dx.doi.org/10.1039/c0lc00371a
http://dx.doi.org/10.1016/j.trsl.2009.09.005
http://dx.doi.org/10.3389/fonc.2013.00256
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://www.frontiersin.org/Women's_Cancer
http://www.frontiersin.org/Women's_Cancer/archive

	Getting to know ovarian cancer ascites: opportunities for targeted therapy-based translational research
	Introduction
	Mechanism of intraperitoneal dissemination of ovarian cancer
	Origin of ascites
	Soluble components of ascites
	Cellular components of ascites
	Immune cells infiltrating the ascites microenvironment
	Stromal and mesothelial cells in the ascites microenvironment
	Cancer stem cells in the ascites microenvironment

	Experimental and translational approaches to the study of ascites-derived cells
	Isolation and characterization of ascites-derived cell populations
	Functional analyses of ascites-derived cell populations
	In vitro modeling of spheroid formation, survival, and metastasis
	In vivo modeling of the intraperitoneal environment


	Ascites as a platform for translational research
	Future directions
	Conclusion
	Acknowledgments
	References


