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  Review  

 Introduction  

 Epithelial ovarian cancer (EOC) is the sixth most 
common cancer affecting women and the most com-
mon cause of gynecologic cancer-associated death. 
Due to absence of symptoms of EOC in early stages, 
approximately 80% of patients present with advanced 
disease. In advanced stages, widespread intra-
abdominal disease with peritoneal metastases is 
often present, a condition also referred to as perito-
neal carcinomatosis. Extra-abdominal disease occurs 
mainly in late stages of the disease. Patients with 
advanced EOC are treated with cytoreductive surgery 

in combination with platinum- and taxane-based che-
motherapy. The aim of the surgical procedure is to 
achieve complete cytoreduction without macroscopi-
cally visible residual lesions, as these patients have a 
more favorable prognosis than patients with residual 
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  Summary 
 Epithelial ovarian cancer (EOC) metastasizes intra-abdominally with often numerous, superficial, small-sized lesions. This 
so-called peritoneal carcinomatosis is difficult to treat, and peritoneal recurrences are frequently observed, leading to a 
poor prognosis. Underlying mechanisms of interactions between EOC and peritoneal cells are incompletely understood. 
This review summarizes and discusses the development of peritoneal carcinomatosis from a cell-biological perspective, 
focusing on characteristics of EOC and peritoneal cells. We aim to provide insight into how peritoneum facilitates tumor 
adhesion but limits size of lesions and depth of invasion. The development of peritoneal carcinomatosis is a multistep 
process that requires adaptations of EOC and peritoneal cells. Mechanisms that enable tumor adhesion and growth involve 
cadherin restructuring on EOC cells, integrin-mediated adhesion, and mesothelial evasion by mechanical forces driven by 
integrin-ligand interactions. Clinical trials targeting these mechanisms, however, showed only limited effects. Other factors 
that inhibit tumor growth and deep invasion are virtually unknown. Future studies are needed to elucidate the exact 
mechanisms that underlie the development and limited growth of peritoneal carcinomatosis. This review on development 
of peritoneal carcinomatosis of EOC summarizes the current knowledge and its limitations. Clarification of the stepwise 
process may inspire future research to investigate new treatment approaches of peritoneal carcinomatosis.    (J Histochem 
Cytochem 66:67 – 83, 2018)  
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lesions after surgery, even when these lesions are 
less than 1 cm in diameter.1 However, cytoreductive 
surgery is hampered by the presence of peritoneal 
carcinomatosis, which is often too extensive to remove 
completely, especially when present on the small 
intestine. Although chemotherapy is generally very 
effective with high response rates (80%), the chance 
of recurrent disease in advanced-stage EOC is 
approximately 75%.2,3 In relapsed patients, peritoneal 
recurrences are frequently found, causing ominous 
symptoms such as ascites and bowel ileus, due to 
extrinsic occlusion of the bowel, or infiltration of mes-
entery, bowel muscles, or nerves, ultimately leading to 
death. In these situations, it is rare to achieve com-
plete cure, and overall prognosis is poor.

Peritoneal carcinomatosis is characterized by small, 
white-colored tumor depositions, which are localized 
on the inner surface of the visceral and parietal perito-
neum (Fig. 1). Although the peritoneum is a thin and 

well-vascularized membrane, peritoneal metastases 
grow superficially, and depositions remain small. Deep 
invasion of the abdominal muscles and invasion of 
serosa of the visceral organs are rare. In fact, it is only 
observed after laparoscopy in the trocar opening or in 
case of a sister Mary Joseph nodule in the umbilicus 
(Fig. 2).4,5

The specific intra-abdominal, milliary, and superfi-
cial growth pattern of EOC metastases suggests a 
complex interaction between peritoneal cells and 
EOC cells. A complete understanding of the interac-
tions between peritoneum and metastatic EOC at a 
structural and cellular level is needed to develop new 
treatment strategies for peritoneal carcinomatosis. 
Therefore, we present an overview of the literature 
regarding interactions between peritoneum and EOC 
cells that lead to the formation of peritoneal carcino-
matosis, and we suggest new directions for future 
studies.

Figure 1.  Peritoneal carcinomatosis, a condition often present in epithelial ovarian cancer, is characterized by small, white-colored 
tumor depositions, localized at the parietal (A–C) and visceral (D) peritoneum (arrows). The diaphragm is often involved (A, B), and 
presence of peritoneal carcinomatosis is generally accompanied by malignant ascites (asterisk).
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Peritoneal Carcinomatosis

The peritoneum is a large serous organ of mesoder-
mal origin, which exhibits both mesenchymal and epi-
thelial characteristics. The parietal peritoneum covers 
the anterior and posterior abdominal walls, whereas 

the visceral peritoneum covers the organs. Both types 
of peritoneum are composed of similar distinctive lay-
ers: the glycocalyx, mesothelial cells, basal lamina, 
submesothelial stroma, and the elastic lamina (Figs. 3 
and 4). The peritoneal composition is virtually similar 
throughout the whole abdomen, with only a variable 

Figure 2.  Extraperitoneal metastasis. (A) Sister Mary Joseph nodule. (B) Port-site metastasis in the trocar opening after a laparoscopic 
procedure.
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thickness of the glycocalyx, submesothelial stroma, 
and elastic lamina, depending on movements of 
underlying organs and adjustments in response to 
either physiological or pathological conditions.

The predominant role of peritoneal cells is the regu-
lation of intraperitoneal homeostasis of the abdominal 
cavity by the exchange of molecules and fluids. In 
addition, the peritoneum plays an important role in 
inflammatory responses, antigen presentation, fibrosis 
and fibrinolysis, tissue repair, and development of peri-
toneal metastases. An overview of the embryology, 
anatomy, and physiological functions of the perito-
neum was described recently by van Baal et al.6

The role of the peritoneum in relation to tumor dis-
semination has been studied extensively. In 1889, 
Paget7 launched the “seed” and “soil” theory to explain 
development of metastases. This theory describes the 
multiple interactions between cancer cells (“seeds”) 
and specific organ microenvironments (“soil”). In case 
of peritoneal carcinomatosis, this notion implies that 
for EOC cells, the peritoneum is their soil. The pres-
ence of peritoneal depositions, however, depends on 
both intrinsic characteristics of the cancer cells and 
responses of the peritoneum and its environment. In 
accordance with Paget’s theory, studies from Lyden’s 
group demonstrate that extracellular vesicles derived 
from solid malignancies, including lung, brain, liver, 
and pancreas malignancies, prepare the microenvi-
ronment of future metastatic sites before arrival of can-
cer cells, thereby creating a pre-metastatic niche.8–10 
Although this has not been demonstrated yet in EOC, 
EOC cells release extracellular vesicles in the ascites, 

and it is plausible that extracellular vesicles from EOC 
“home” the recipient peritoneal cells by altering their 
microenvironment.11 Surprisingly, peritoneal carcino-
matosis is often seen in the serous subtype of EOC 
and less frequently in other histotypes of EOC such as 
mucinous or endometrioid carcinomas.12 Furthermore, 
serous borderline (or low malignant potential) tumors 
are often associated with non-invasive peritoneal 
implants, whereas for mucinous borderline tumors, 
peritoneal implants do not occur. This suggests not 
only a specific receptive environment of the perito-
neum, but also specific intrinsic characteristics of the 
tumor cells.

A metastasis occurs when cancer cells exfoliate 
from their primary origin, grow through an epithelial or 
endothelial cell layer, destruct the underlying basal 
lamina, plough through the stroma, become resistant 
to anoikis (apoptosis due to detachment from extracel-
lular matrix), attach to their new “soil” and attract 
growth factors to further expand their growth and inva-
sion (Fig. 5). The newly formed cluster of cancer cells 
induces angiogenesis and in combination with blood 
vessels in the surroundings of the tumor, a route for 
distant metastases is initiated. After intravasation, can-
cer cells migrate via the circulation and, once arrived 
at a preferred metastatic site, adhere to the endothelial 
lining of blood vessels. Subsequently, extravasation 
occurs, a process characterized by penetration of the 
endothelium and underlying basal lamina by cancer 
cells (Fig. 5).13 In peritoneal carcinomatosis, however, 
this process seems to be interrupted, leading to a 
restricted size of tumor depositions and a lack of deep 
invasive growth. To fully understand the specific mil-
liary growth pattern of peritoneal metastases, knowl-
edge is required of all sequential, interrelated steps of 
this multistage process.

EOC Cell Detachment From Primary 
Tumor

Epithelial cells in primary EOC are stationary cells with 
an apical-basolateral polarity, which are attached to 
each other via intercellular junctions (Fig. 3). To metasta-
size, EOC cells need to acquire a mobile and invasive 
phenotype (Fig. 6). Therefore, EOC cells undergo epi-
thelial-to-mesenchymal transition (EMT).14 EOC cells 
express various adhesion molecules that are either up- 
or downregulated to obtain an invasive migratory pheno-
type. One group of adhesion molecules that changes its 
expression during EMT is the cadherins, the so-called 
cadherin switch. Epithelial (E)-cadherin, a glycoprotein 
present in desmosomes, acts as a major suppressor of 
cell motility, invasion, and metastasis.15 In 60% of  
epithelial carcinomas including EOC, expression of 

Figure 3.  Schematic illustration of the peritoneum.
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E-cadherin is reduced during EMT.16,17 Downregulation 
of E-cadherin expression contributes to detachment and 
subsequent formation of EOC cell clusters in the ascites 
(Fig. 6). Several studies demonstrated a correlation 
between the downregulation of E-cadherin expression 

on cancer cells and poor patient survival.18,19 Other cad-
herins, including neural (N)-cadherin and platelet 
(P)-cadherin, are upregulated on the surface of cancer 
cells during and after EMT, promoting motility, invasion, 
and angiogenesis. Various studies demonstrated an 

Figure 4.  Histopathological images of the peritoneum. (A) H&E staining of normal peritoneum showing mesothelial cells (M) lining the 
peritoneum and submesothelial stroma (S). Small areas of the mesothelial cells are denuded, due to trauma during surgery or tissue 
processing. (B) EVG staining showing the peritoneal elastic fibers (E), embedded in the stroma. C–F. H&E and EVG staining of peritoneal 
metastases show the small-sized depositions of EOC (C), with only superficial invasion of stroma (S) and absence of mesothelial cells in 
the presence of EOC. Scale bars A and B = 125 μm; C and D = 500 μm; E and F = 1 mm. Abbreviations: EVG, Elastic van Gieson; EOC, 
epithelial ovarian cancer.
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association between increased P-cadherin expression 
and depth of invasion of EOC.14 These results imply that 
cadherins play a role in the detachment of EOC cells 
from the primary tumor.

Dissemination Through the Abdominal 
Cavity

After exfoliation of EOC cells from their primary origin, 
the cancer cells are passively transferred via the peri-
toneal fluid to the peritoneum (Fig. 6). Between the 
visceral and parietal peritoneum, a constant volume 
of 5–20 mL peritoneal fluid moisturizes the perito-
neum to facilitate friction-free bowel movements and 
which enables exchange of immune cells and other 
substances with plasma. The normal peritoneal fluid 
is a mixture of ovarian exudate, plasma transudate, 
tubal fluid, and retrograde menstruation.6 In the major-
ity of patients who initially present with EOC, the bal-
ance between production and drainage of peritoneal 
fluid via the diaphragmatic lymphatic system is 

disturbed, leading to accumulation of peritoneal fluid, 
also called ascites. As a consequence of mechanical 
obstruction by tumor masses, drainage of peritoneal 
fluid via the lymphatic system is decreased. Increased 
production of peritoneal fluid in patients with EOC is 
most likely caused by the tumor, due to stimulation by 
inflammatory mediators.20 Besides cancer cells, asci-
tes contains mesothelial cells, proteins, and various 
immune cells including macrophages, monocytes, 
natural killer cells, granulocytes, lymphocytes, eosino-
phils, and mast cells.21

Gravity, respiratory movements, and continuous 
bowel peristalsis create an intra-abdominal flow 
that transfers peritoneal fluid in a repetitive pattern 
from the lower abdomen to the upper abdomen.22 
This circulation pattern is considered to be the basis 
of the preferred areas for metastases of EOC, such 
as the omentum, paracolic gutters, and the right 
diaphragm.

EOC cells can survive within the abdominal cavity 
as single cells, but clustered cancer cells are more 

Figure 5.  Development of metastasis of an epithelial malignancy. Metastatic cancer cells detach from a primary epithelial malignancy 
(1) and grow through an epithelial cell layer (2). Underlying basal lamina and stroma are penetrated by the exfoliated cancer cells (3). 
When resided in the stroma, cancer cells resist apoptosis and recruit growth factors that promote proliferation and angiogenesis (4). 
Blood vessels in the proximity of a tumor enable development of metastasis to a distant location. Cancer cells penetrate through the 
endothelial cell lining the blood vessels (5) and are transferred to secondary regions (6). At a future metastatic location, cancer cells 
adhere (7) and penetrate (8) the endothelium to develop a new metastasis.
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resistant to apoptosis due to Akt kinase activation. 
Unlike normal cultured cells, clustered cancer cells 
display Akt kinase activation, which prevents apopto-
sis and stimulates survival through inhibition of cas-
pase-3 activity, a crucial regulator of apoptosis.23 
Furthermore, survival signaling pathways are activated 
by the expression of specific adhesion molecules on 

clustered cancer cells, such as non-ligated 
integrins.24

It is unknown whether clusters of tumor cells exfoli-
ate from the primary tumor or single cells, which sub-
sequently cluster within the abdominal cavity. A study 
with 3-dimensional in vitro cell cultures (spheroids) 
demonstrated that α5β1 integrin and its ligand 

Figure 6.  Development of peritoneal metastasis of epithelial ovarian carcinoma. (1) EOC cells exfoliate from a primary tumor and 
undergo EMT to acquire an invasive migratory phenotype, which is characterized by a cadherin switch. (2) In the peritoneal fluid, EOC 
cells form tumor cell clusters via β1 integrin-fibronectin interactions that prevents anoikis. (3) EOC cells migrate passively within the 
peritoneal fluid along the peritoneum. To develop a peritoneal metastasis, EOC cells adhere to the mesothelial cells by integrin-mediated 
and non-integrin–mediated interactions. (4) Once the EOC cells have penetrated the mesothelial cell layer, EOC cells bind to compo-
nents of the ECM within the stroma of the peritoneum, and an inflammatory response is generated resulting in increased production of 
pro-inflammatory cytokines. (5) Within the peritoneal stroma, a chemokine gradient is produced. Inflammatory cells are recruited along 
the gradient toward the EOC cells and contribute further to cancer progression by production of proteases, angiogenic factors, growth 
factors, and cytokines, which suppress immune responses. (6) To produce a tumor-supportive microenvironment, cancer-associated 
fibroblasts, which originate from mesothelial cells, produce cytokines and VEGF. Abbreviations: EOC, epithelial ovarian cancer; EMT, 
epithelial-to-mesenchymal transition; ECM, extracellular matrix; E-cadherin, epithelial cadherin; N-cadherin, neural cadherin; P-cadherin, 
platelet cadherin; VEGF, vascular endothelial growth factor; VCAM-1 = vascular cell adhesion molecule; ICAM-1 = intercellular cell adhe-
sion molecule; CA125/MUC16 = Cancer Antigen 125/Mucin 16; GnRH = Gonadotropin-releasing hormone; L1CAM = L1 cell adhesion 
molecule; TNF-α, tissue necrosis factor-α; IFN-γ, interferon-γ; IL-1β, interleukin-1β; IL-6, interleukin-6; SDF, stromal-derived factor; 
CAF, cancer-associated fibroblasts.
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fibronectin are exposed on EOC spheroids.25 
Monoclonal antibodies against β1 integrin inhibited 
spheroid formation, suggesting an important role for 
β1 integrin-fibronectin interaction in tumor cell cluster-
ing in the abdominal cavity (Fig. 6). Furthermore, in 
vivo studies demonstrated that growth of spheroids is 
supported by the microenvironment of the ascites and 
that spheroids are less susceptible to chemothera-
peutic therapy.26,27 It has been hypothesized that in 
patients with EOC, floating cancer cell clusters endure 
initial therapy, survive in ascites, and subsequently 
develop recurrent metastases on the peritoneal sur-
faces. This hypothesis may clarify the clinical obser-
vations of high recurrence rates of EOC even after 
complete cytoreduction and clinical chemotherapy 
response.

Adhesion of EOC Cells to Mesothelial 
Cells and Submesothelial Stroma

Various adhesion molecules are involved in the bind-
ing of EOC cells to mesothelial cells and to the under-
lying submesothelial stroma (Fig. 6). EOC cells expose 
integrins, which are glycoproteins that contribute to 
adhesion between EOC cells and the peritoneum. 
Ligands of integrins include collagen, laminin, fibro-
nectin, fibrinogen, vitronectin, and other components 
of the extracellular matrix (ECM) in the stroma (Fig. 6).

Integrins are heterodimers composed of an α- and a 
β-subunit. On the surface of EOC cells, α5β1 integrin is 
abundantly expressed. This integrin binds to fibronectin 
exposed on mesothelial cells and thereby facilitates the 
first step in development of peritoneal metastases.25,28 
Other integrin ligands include intercellular adhesion 
molecules (ICAM)-1 and vascular cell adhesion mole-
cule (VCAM)-1.29,30 ICAM-1 and VCAM-1 are also 
expressed by mesothelial cells, and their binding to 
integrins upregulates the production of inflammatory 
mediators such as tissue necrosis factor (TNF)-α, inter-
feron (IFN)-γ, interleukin (IL)-1β and IL-6 (Fig. 6). These 
inflammatory mediators further stimulate the expres-
sion of fibronectin on mesothelial cells and thereby pro-
mote binding with adhesion molecules. Therefore, it is 
assumed that once interactions between EOC cells 
and peritoneum have been established, an enhanced 
inflammatory response leads to increased EOC cell 
adhesion.31,32 Cytokines such as transforming growth 
factor (TGF)-β1 and IL-1β induce a myofibroblastic phe-
notype in mesothelial cells after a mesothelial-to-mes-
enchymal transition (MMT).33,34 The myofibroblastic 
phenotype amplifies integrin-dependent EOC cell 
adhesion.35,36

Preclinical studies showed that anti-β1 integrin neu-
tralizing antibodies were unable to block adhesion of 

EOC cells to peritoneum completely.37 Intravenous 
integrin-antagonism therapy for advanced EOC was 
tested in various clinical trials.38,39 The phase I and II 
trials targeting α5β1 or αvβ3 integrins with volociximab 
and vitaxin, respectively, showed little toxicity but also 
lack of clinical tumor response. The patient population 
in these studies consisted of refractory patients, which 
does not exclude that this treatment is more effective 
in a different stage of the disease. It was hypothesized 
that treatment in early stages or after cytoreductive 
surgery with minimal residual disease could have a 
greater effect on limiting the development of perito-
neal carcinomatosis. Possibly, intraperitoneal admin-
istration of integrin-antagonists that showed effects in 
preclinical studies,15,40 or a combination of antago-
nists targeting multiple integrins, may lead to reduc-
tion of tumor growth. These studies suggest that also 
non-integrin adhesion molecules are involved in the 
interactions between EOC cells and mesothelial cells. 
Integrin-mediated and non-integrin–mediated adhe-
sion molecules and their ligands of EOC cells and 
peritoneal cells are summarized in Table 1.

The process of adhesion and transmigration of 
thrombocytes and neutrophils through a vascular 
endothelial cell layer has been investigated thor-
oughly. Adhesion molecules and ligands, such as 
selectins, integrins, and ICAM-1, which are involved in 
this migration, have been identified precisely, each 
facilitating different steps in this process. Initial adhe-
sion between neutrophils and endothelium consists of 
tethering and subsequent rolling.50,51 However, 90% 
of neutrophils that display initial adhesion with the 
endothelium detach from the vascular wall and con-
tinue to circulate. A minority of the attached neutro-
phils develop a firmer adhesion, which eventually 
enables transmigration through the endothelium. 
Although these processes have not been identified for 
EOC cells, it may be possible that for EOC cell inter-
actions with the mesothelium and subsequent pas-
sage of the mesothelium, a firm adhesion following 
initial adhesion is also required. In line with this 
hypothesis, Gebauer et al.52 investigated the role of 
selectin binding in peritoneal metastases of pancre-
atic adenocarcinoma. Mesothelial cells expressed 
both E-selectin and P-selectin and with dynamic flow 
assays and flow cytometry, efficient binding of cells 
from a pancreatic adenocarcinoma cell line with these 
selectins was shown. Furthermore, E-selectin- and 
P-selectin-deficient mice showed significantly less 
peritoneal metastases compared with wild-type mice. 
This underlines the importance of selectins in the pro-
cess of peritoneal metastases of pancreatic adeno-
carcinoma and suggests a comparable role in the 
development of peritoneal metastases of EOC.
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In summary, adhesion molecules play an important 
role in adhesion of EOC cells to the mesothelium and 
underlying stroma. However, to develop successful 
treatment against EOC cell adhesion, multifactorial 
treatment should be considered because multiple 
adhesion molecules appear to contribute in the inter-
actions between EOC cells and peritoneum.

Penetration of the Mesothelium by 
EOC Cells

The exact components of the peritoneum to which 
EOC cells adhere is unknown, but it has been shown 
that EOC cells attach more efficiently to stroma than to 
mesothelial cells.28,53 Therefore, an intact continuous 
mesothelial cell layer is considered to protect the peri-
toneum against adhesion and cancer spread across 
the peritoneum. Thus, after infection or surgery, the 
disrupted mesothelium possibly facilitates cancer cell 
adhesion by exposing its underlying stroma.54 In line 
with this hypothesis, it was demonstrated that meso-
thelial cells are absent underneath peritoneal EOC 
depositions.44,55 This observation supports the require-
ment of a mesothelial clearance before the develop-
ment of a peritoneal metastatic deposition. A similar 
phenomenon was found in the liver where endothelial 
cells retracted in the presence of colon cancer cells, 
thus enabling adhesion of the cancer cells to 
hepatocytes.56

Two pathways have been described for EOC to cir-
cumvent the intact mesothelial cell layer: (1) invasion 
of (physiological) intercellular spaces between meso-
thelial cells by EOC cells57 or (2) removal or retraction 
of mesothelial cells.44,55 Regarding the first pathway, 
an example of physiological intercellular spaces is the 
lymphatic stomata. Stomata are small gaps between 

mesothelial cells with a direct connection with the lym-
phatic system.58 The mesothelial cells adjacent to the 
stomata present dehiscence of intercellular junctions. 
Possibly, EOC cells adhere in these areas because of 
the local lack of mesothelial cells and direct exposure 
of the submesothelial layer.57 Hypothetically, blockage 
of these stomata by EOC cells leads to prevention of 
lymph drainage and subsequent accumulation of asci-
tes in the peritoneal cavity. Gerber et al.59 investigated 
peritoneal milky spots. Milky spots are immune cell 
aggregates that are primarily composed of lympho-
cytes, B-cells, and macrophages, which are often 
localized near lymphatic stomata. Enhanced vascular-
ization and high levels of secreted vascular endothelial 
growth factor (VEGF), which are necessary for cancer 
cells to survive and proliferate, were observed around 
milky spots.60 This may clarify the further expansion 
across the peritoneum after adhesion of EOC to milky 
spots. In addition, cancer cells produce inflammatory 
cytokines, such as TNF-α and IL-1β,61 which are also 
present in ascites of patients with EOC.62 Several 
studies demonstrated that mesothelial cells retract in 
response to these inflammatory mediators, exposing 
the underlying stroma, which promotes cancer cell 
adhesion to stroma.63,64

The second theory on passage of the mesothelial 
cell layer was investigated by Iwanicki et al. and Kenny 
et al.44,55 with in vitro time-lapse video microscopy. In 
this study, a mesothelial cell clearance was demon-
strated after attachment of EOC spheroids to meso-
thelial cells. The removal of mesothelial cells 
underneath and in the proximity of attached spheroids 
was directed by myosin. Myosin interacts with the actin 
cytoskeleton, which spans the cytoplasm. Myosin and 
the actin cytoskeleton together form the actomyosin 
complex, which can exert mechanical force within the 

Table 1.  Adhesion of EOC to Mesothelial Cells. Integrin- and Non-Integrin–Regulated Adhesion of EOC to Mesothelial Cells.

Adhesion molecules on EOC Ligands on peritoneum References

α2β1 integrin Collagen type 1 41,42

α3β1 integrin Collagen type 1
Laminin

43

α4β1 integrin VCAM-1 30

α5β1 integrin Fibronectin 15,37,44

α6β1 integrin Collagen type 1 Laminin 43

αvβ1 integrin Fibronectin 43

CD43 ICAM-1 45

CD44 Hyaluronan 28,46

CA125/MUC16 Mesothelin 47

L1CAM Neutropilin-1 48

GnRH P-cadherin 49

Abbreviations: EOC, epithelial ovarian cancer; VCAM-1 = vascular cell adhesion molecule; ICAM-1 = intercellular cell adhesion molecule; CA125/
MUC16 = Cancer Antigen 125/Mucin 16; L1CAM = L1 cell adhesion molecule; GnRH = Gonadotropin-releasing hormone.
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cell to keep or change the cell shape, contract the cell, 
move proteins across the cell surface, and so forth. 
The actin cytoskeleton is via various proteins, includ-
ing, for example, talin, attached to the intracellular 
domain of specific integrins to generate a mechanical 
force on the submesothelial stroma.65,66 Downregulation 
of myosin expression by small hairpin RNA (shRNA) 
and small interfering RNA (siRNA) against myosin II, 
but also treatment with α5 integrin blocking antibody 
did not affect spheroid adhesion to mesothelial cells, 
but prevented the subsequent migration and removal 
of mesothelial cells underneath tumor spheroids.44 In 
line with these results, Mitra et al.67 investigated EOC 
metastases in a xenograft model and suggested a 
mechanical, contractile force primarily generated by 
the cytoskeleton and driven by the fibronectin receptor 
α5β1 integrin expressed on cancer cells, which pro-
motes invasion of the stroma.

Overall, evidence suggests that the mesothelium is 
a protective barrier for metastatic tumor growth and 
has to be circumvented by EOC cells to “seed” on the 
peritoneum. Although the exact mechanisms for this 
evasion are yet incompletely understood, it is most 
likely a multifactorial process that requires adaptive 
cellular behavior of both EOC cells and mesothelial 
cells.

Invasion of Submesothelial Stroma

Once the mesothelial cell layer and basal lamina are 
penetrated, EOC cells have access to the underlying 
stroma that offers a rich source of mediators enabling 
survival, proliferation, and invasion of EOC cells. 
Inflammatory cells exposing receptors for monocyte 
chemoattractant protein (MCP)-1 and stromal derived 
factor (SDF)-1 are attracted and migrate along an 
established chemical gradient toward the source of the 
chemokines.68 A receptor for SDF-1, chemokine recep-
tor type 4 (CXCR4), is exposed by the majority of EOC 
cells and has been observed in the early stages of the 
development of EOC.69,70 Increased expression of 
CXCR4 on EOC, compared with CXCR4-negative 
EOC, is associated with more advanced disease and 
poor prognosis.71 Cancer cells exposing CXCR4 are 
attracted to SDF-1, which is primarily expressed by 
mesenchymal stroma cells. SDF-1 interaction with 
CXCR4 can initiate metastasis in mesenchymal stroma 
niches.72 The interaction of SDF-1 with CXCR4 is con-
sidered to contribute substantially to EOC cell invasion 
and formation of metastases of EOC. This assumption 
has initiated studies on the effects of interference with 
the SDF-1–CXCR4 signaling pathway on tumor 
growth. Various mouse model studies demonstrated a 
reduced growth and dissemination of peritoneal 

metastases of EOC and a prolonged survival after 
administration of AMD3100, a CXCR4 antagonist.73,74 
These results imply that the SDF-1–CXCR4 axis plays 
an important role in the pathogenesis of EOC and 
peritoneal metastases. Although the efficacy of CXCR4 
antagonists has not been tested in clinical trials yet, 
findings of preclinical studies are promising for devel-
opment of new therapeutic strategies against perito-
neal metastases.

Recruited inflammatory cells contribute to the pro-
duction of proteases, angiogenic factors, growth fac-
tors, and immunosuppressive cytokines.61 This 
cascade is considered to contribute to cancer cell 
growth and survival (Fig. 6). Furthermore, matrix 
metalloproteinase (MMP)-2, MMP-9, and MMP-14 reg-
ulate destruction of stroma by proteolysis of its ECM 
components, and, therefore, MMPs are considered to 
facilitate invasion of stroma by cancer cells.75,76 
Recently, it was suggested that migration and invasion 
of cancer cells can also occur protease-independently, 
through the ECM network.77 This may explain why 
clinical trials using orally administered MMP inhibitors 
demonstrated only limited efficacy, because tumor 
invasion then occurs without MMP activity.78 The 
capacities of cancer cells to migrate through the ECM 
network of the peritoneum may also explain growth of 
metastases into the port-site after disruption of the 
mesothelial layer and submesothelial stroma in lapa-
roscopic procedures in EOC. Metastases of EOC may 
incidentally grow through the viscera of the bowel or 
the bladder.79 The visceral and parietal peritoneal sur-
faces have a similar structural composition throughout 
the abdomen. The incidental invasive growth in spe-
cific areas, therefore, suggests that the peritoneal 
microenvironment, or structures that support the peri-
toneum, play a role in the development of deep inva-
sive growth.

Once clusters of cancer cells have invaded the 
stroma of the peritoneum, the endothelium lining the 
lymph vessels and blood vessels in the stroma further 
promotes cancer survival by recruitment of monocytes, 
polymorphonuclear leukocytes, lymphocytes, platelets, 
and probably circulating stem cells (Fig. 6).80

Thus, for a malignant tumor to develop and to 
metastasize, a tumor microenvironment is created that 
promotes tumor growth and invasion. An important 
step in this process is the attraction of stromal cells. 
Among these stromal cells, cancer-associated fibro-
blasts (CAF) are the most important cells that create a 
tumor-supportive microenvironment.81,82 Normal fibro-
blasts are recruited and transform under the influence 
of cancer cells into myofibroblastic cells that produce 
growth factors and ECM components that stimulate 
angiogenesis.81 Recently, it has been demonstrated 
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that also in peritoneal metastases of EOC, CAFs origi-
nating from mesothelial cells play an important role in 
tumor progression (Fig. 6). Various studies demon-
strated that after MMT, mesothelial cells can become 
CAFs that are able to produce cytokines and VEGF, 
and remodel the ECM, thereby creating a tumor-sup-
portive environment facilitating tumor proliferation, 
invasion, and metastases.35,83 Presumably, the upreg-
ulated integrin-dependent cancer cell adhesion after 
MMT further stimulates dissemination of peritoneal 
metastases on the peritoneum.35,36

Milliary Growth Pattern of Peritoneal 
Carcinomatosis

Taken together, several factors facilitate peritoneal 
tumor growth and invasion. EOC cells adhere to the 
peritoneum, penetrate into the mesothelium, but 
despite the seemingly growth- and survival-stimulating 
microenvironment of the peritoneum, tumor invasion 
of the peritoneal stroma is and remains only superfi-
cial. Peritoneal or EOC characteristics that may inhibit 
peritoneal tumor growth and invasion have not been 
identified yet. Thus far, only a few studies investigated 
the possible aspects of the peritoneum that inhibit 
tumor growth and invasion.

In a study of Stadlmann et al.,84 a possible meso-
thelial barrier function was demonstrated via the 
release of TGF-β by mesothelial cells. With a co-cul-
ture model, a growth inhibition of almost 50% of EOC 
spheroids was observed in response to TGF-β 
released by mesothelial cells. However, a neutralizing 
antibody against TGF-β did not completely prevent 
growth inhibition. This suggests that mesothelial cells 
only partly modulate metastatic tumor growth and 
invasion by TGF-β secretion.

In line with these results, van der Bij et al.85 investi-
gated the microenvironment of peritoneal carcinoma-
tosis of colorectal carcinoma. Peritoneal resident 
macrophages, or M2 macrophages, activated via the 
classical pathway, actively limited growth of peritoneal 
metastases. Interestingly, a 2-fold increase of meta-
static tumor growth was observed after elimination of 
the resident macrophages. When these findings are 
also applicable to EOC, a subset of macrophages may 
contribute to growth inhibition of peritoneal metasta-
ses of EOC.

Finally, Steinkamp et al.86 investigated intra-abdom-
inal metastatic depositions in a mouse model and con-
cluded that the depth of invasion is associated with the 
underlying peritoneal structure and the local produc-
tion of chemotactic factors. It was demonstrated that 
cancer cells easily migrate through loosely organized 
tissue, such as the adipocyte-rich omentum. The 

cancer cells grew along blood vessels, and depth of 
invasion was increased by local production of chemo-
tactic factors. In contrast, invasion of tumor deposi-
tions on dense structures such as the visceral 
peritoneum of the gut was restricted by smooth mus-
cle. However, these results do not explain the occur-
rence of tumor growth through the visceral peritoneum 
of the bowels, which is observed incidentally. Neither 
does it explain the restricted invasion of metastases 
on the parietal peritoneum that is well vascularized 
and lacks smooth muscle. Although it is likely that dif-
ferences in peritoneal microenvironment and different 
underlying structures facilitate or inhibit deep invasive 
growth of peritoneal metastases, current literature 
reports no conclusive data on this hypothesis.

Other Membranes and Metastases

Assuming that the peritoneum acts as a physical bar-
rier for deep invasive growth of peritoneal metastases, 
it may be interesting to compare the peritoneal anat-
omy and functions with those of other membranes 
with barrier functions in the human body, such as the 
pleura or the blood-brain barrier. It appears that lung 
carcinomas and gliomas are not capable to grow 
directly through the pleura and blood-brain barrier, 
respectively, similar to the peritoneal barrier for EOC. 
Tight junction proteins including occludins, claudins, 
and zonulae occludentes of endothelial cells of the 
blood-brain barrier and the mesothelial cells in the 
pleural cavity are considered to maintain the barrier 
function of these compartments.87,88 These tight junc-
tions are also present on the peritoneal mesothelial 
cells and possibly play a role in the superficial growth 
and limited size of peritoneal metastasis of EOC. 
However, the metastatic pattern of EOC to the perito-
neum is unique and, therefore, the comparison with 
other membranes in the human body remains difficult.

In summary, few studies focused on the growth 
inhibitory functions of the peritoneum or the character-
istics of the EOC that prevent further growth and inva-
sion, and exact mechanisms are virtually unknown.

Targeted Therapy and the Peritoneum

In recent years, various targeted therapies have been 
developed and investigated in EOC. Bevacizumab is 
the first approved targeted therapy for EOC. This VEGF 
receptor antagonist has been approved and imple-
mented as standard additive treatment for platinum-
sensitive recurrent EOC. VEGF is a key regulator of 
angiogenesis, which enhances vascular permeability, 
stimulates endothelial cell proliferation, and enables 
cancer cells to sustain apoptosis.89 To support the role 
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of VEGF in tumorigenesis, an increased expression of 
VEGF in EOC cells is associated with increased pro-
duction of ascites and tumor progression.90

Tumor clusters are able to grow up to a size of 2 mm 
without external nutrients,91 but to grow further in size 
and to receive nutrients, tumor deposits require capil-
laries residing within a distance of 100 μm.92 This pro-
cess is influenced by VEGF.

In a randomized controlled trial (AURELIA trial), 
patients with ascites at diagnosis experienced signifi-
cant improvement of symptoms after the addition of 
bevacizumab to standard chemotherapy.93 Malignant 
ascites is often associated with presence of perito-
neal metastases, and, therefore, these results sug-
gest that bevacizumab also targets angiogenesis of 
the peritoneum.

From other targeted therapies, the exact effect on 
the peritoneum is unknown. Poly adenosine diphos-
phate ribose polymerase (PARP)-inhibitors interfere 
with DNA repair mechanisms. A significant prolonged 
progression-free survival after administration of the 
PARP-inhibitor olaparib in patients with platinum-sen-
sitive recurrent EOC with either germline BRCA muta-
tions or tumors with BRCA-like features has been 
shown.94 Recently, Mirza et al.95 demonstrated a sig-
nificantly improved progression-free survival in patients 
with recurrent EOC after treatment with PARP-inhibitor 
niraparib, regardless of their BRCA status. However, to 
date, no studies described the effect of PARP-inhibitors 
on ascites or peritoneal disease in EOC.

Targeted therapies such as immune checkpoint 
inhibitors or inhibitors of the PI3K/Akt/mTOR pathway 
have been investigated in EOC, but no significant 
improvement of progression-free or overall survival 
has been documented.96,97

The Peritoneum as a Target for 
Chemotherapy

The specific intra-abdominal spreading pattern of EOC 
has provoked studies to investigate the benefits of 
intraperitoneal administration of cisplatin and pacli-
taxel chemotherapy in combination with intravenous 
administration. Intraperitoneal administration of che-
motherapy resulted in a clear progression-free and 
overall survival benefit in patients with advanced EOC, 
but was associated with a high rate of toxicity and 
catheter-related complications.98 Patients who have 
minimal residual disease after cytoreductive surgery 
are likely to benefit most from intraperitoneal adminis-
tration of chemotherapy. This may be caused by the 
relatively superficial penetration of intraperitoneal che-
motherapy into the peritoneum. This assumption was 
supported by a study of Los et  al.99 who analyzed 

intraperitoneal administration of cisplatin in a rat 
model. Despite the relatively high doses that were 
administered to rats, peritoneal penetration of cisplatin 
did not exceed 1–2 mm.

The promising results of the clinical trials on intra-
peritoneal chemotherapy have led to various trials 
assessing optimal dose and regimens to minimize the 
complications that are associated with intraperitoneal 
administration. The role of bevacizumab in intraperito-
neal chemotherapy is currently being investigated in a 
large randomized controlled trial (GOG-0252). 
Hypothetically, bevacizumab increases peritoneal 
uptake of chemotherapy by reducing vascularization 
and subsequent interstitial fluid pressure of the perito-
neal metastases. In a preclinical study of Gremonprez 
et  al.,100 administration of bevacizumab before treat-
ment with intraperitoneal platinum-based chemother-
apy was analyzed using mouse xenograft models with 
peritoneal metastases of colorectal carcinoma. 
Compared with mice that received a placebo, mice 
that received bevacizumab showed a diminished inter-
stitial fluid pressure in peritoneal metastases, which 
thereby enhanced the penetration and efficacy of the 
intraperitoneal chemotherapy and resulted in an 
improved local control of tumor growth. These findings 
on neo-adjuvant bevacizumab and intraperitoneal 
chemotherapy are promising for the treatment of peri-
toneal carcinomatosis of EOC, especially in patients 
with residual disease after cytoreductive surgery.

Intra-abdominal dissemination is the preferred route 
of metastatic EOC. The majority of patients with EOC 
have peritoneal carcinomatosis during initial diagnosis 
or recurrent disease, a condition that is associated 
with high morbidity and mortality. Extensive research 
into the pathogenesis of peritoneal carcinomatosis of 
EOC has been performed. Although a myriad of adhe-
sion molecules and microenvironmental factors have 
been identified that may contribute to dissemination 
and growth of metastatic EOC, understanding of the 
exact mechanisms of cancer cell adhesion, the role of 
mesothelial cells, and factors that activate tumor 
growth remain largely unknown. The in appearance 
insignificant, thin, and elastic peritoneum is an organ 
with highly specialized functions. The important mech-
anisms how the peritoneum facilitates EOC to metas-
tasize, but also inhibits its growth and invasion, remain 
to be elucidated.

Treatment options for peritoneal carcinomatosis are 
scarce, and therapy generally fails due to widespread 
peritoneal recurrences. Clearly, new treatment strate-
gies are urgently needed, because clinical trials so far 
have demonstrated only limited efficacy. Integrin inhibi-
tors may become useful in clinical practice when 
administered intraperitoneally or in combination with 
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conventional chemotherapeutics and may lead to 
more favorable outcomes.
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