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a b s t r a c t

Cancers develop by sustained growth, migration and invasion properties of tumour cells,

supported by complex interactions with stromal cells within the tumour micro-

environment.

This review is focused on the latest discoveries regarding the highlighted role of

angiogenesis and tumour micro-environment in ovarian cancer. This cancer milieu en-

compasses non-cancerous cells present in the tumour or nearby, including vessel-forming

cells, fibroblasts and immune cells amongst others that work in a cooperative way with

cancer cells, impacting tumour behaviour. Angiogenesis, migration and invasion, andmore

recently immune evasion, are cancer hallmarks clearly dependent on these supporting

cells. Moreover, these stromal cells are more genetically stable than tumour cells and thus

represent an attractive therapeutic target. A better understanding of the stromal cells

function, and their complex interplay with cancer cells, will open additional areas to target,

as the tumourehost interface.

© 2020 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

For years, tumour development was considered to be a

consequence of the accumulation of alterations in tumour

cells that modify their growth properties. The unexpected

finding that immortal cells with high accumulation of muta-

tions were unable to develop tumours in mice was the evi-

dence to change that belief. Paget was the first to propose that

tumour development is governed by the interaction of tumour

cells (the seed) and a permissivemicro-environment (the soil).

Ewing developed that idea and suggested that the metastatic

process is influenced by a characteristic regional vasculature,

describing the importance of this process in tumour devel-

opment [1,2]. The research on molecular mechanisms

responsible for progression and metastasis was first focused

on the tumour genetic background and, to date, is not yet

perfectly understood. However, in recent years, the impact of

the tumour micro-environment and its relation with the

tumour itself has gained more attention, and it is now rec-

ognised as a therapeutic target [3,4].

Ovarian carcinoma (OC) is the most lethal gynaecological

tumour. Specifically, high-grade serous carcinomas are usu-

ally diagnosed at late stages of disease, with little chance of

cure, due to the lack of symptoms until the disease obviously

manifests [5]. Additionally, even though these patients will

respond to initial treatment based on cytoreductive surgery

and carboplatin/paclitaxel chemotherapy, the vastmajority of

them will recur, with a fatal impact on patient prognosis.

The Cancer Genome Atlas (TCGA) network described gene

expression profiles associated with four high-grade serous

ovarian carcinoma (HGSOC) molecular subtypes: differenti-

ated, mesenchymal, immunoreactive and proliferative, which

were later validated by other groups [6,7]. Tumour-infiltrating

stromal cells significantly contribute to the assignments of

two of these subtypes, mesenchymal and immunoreactive

[8,9]. Additionally, the comparison of gene expression profiles

from matched primary and recurrent tumours shows differ-

ences in their micro-environments, mainly in the major

pathways of immune activation and matrix remodelling [10].

In this review, we provide a compendium of published data

related to an important process, angiogenesis and new find-

ings about the unique OC stroma (Fig. 1), including forming

vessels (endothelial cells and pericytes), fibroblasts, adipo-

cytes, mesothelial and immune cells (macrophages, regula-

tory T cells, myeloid-derived suppressor cells, natural killer

(NK) cells and B cells).
2. Ovarian angiogenesis

Tumour development must be accompanied by the supply of

oxygen and nutrients supplied by the vasculature. Angiogen-

esis, defined as the formation of new vessels frompre-existing

vasculature, is one of the hallmarks of cancer [11]. Tumour

cells (TCs) turn on a misbalance in the factors that regulate

this process, stimulating endothelial cell (EC) properties as

proliferation, migration, invasion and adhesion that lead to

vascular sprouting.
Vascular endothelial growth factor (VEGF) is a powerful

pro-angiogenic molecule. Specifically in OC, despite early

contradictory results, different authors have described high

levels of VEGF in ascites, suggesting amore intense angiogenic

activity in the peritoneal cavity, and it has also been related to

a poor prognosis [12].

The inhibition of angiogenesis seems to be a rational front-

line treatment, but also as maintenance therapy, since its

fundamental role in tumour developmentwas explored in two

large prospective randomised trials, GOG-218 and ICON-7

[13,14]. Currently, bevacizumab is approved in Europe for

first line and relapse settings [15], and other agents, including

VEGF-trap, tyrosine kinase inhibitors or angiopoietin in-

hibitors have also been investigated, some of them with pos-

itive results [16,17]. These strategies seemed promising at the

beginning and, although we know now that not all patients

will respond to these therapies, the inhibition of angiogenesis

showed that the action of micro-environment-targeting

agents could be worth exploring, due to the important cross-

talk between tumour and stromal cells, as stated in the next

section.

Additionally, the factors that influence platinum resistance

are complex and not perfectly understood, but there is evi-

dence of the implication of angiogenesis in this process. It was

reported that there is a differential expression of angiogenic

factors between platinum-sensitive and -resistant patients

[18]. It has also been described that anti-tumour response and

angiogenesis are both modulated by extracellular vesicle

secretion, and it seems that there is a modification of the

extracellular vesicles. Interestingly, soluble E-cadherin levels

have been recently found in conditioned media from ovarian

cancer cells with highlymetastatic properties and pointed as a

new pro-angiogenic molecule [19].
3. Stromal ovarian compartment

3.1. Endothelial cells and pericytes

Blood vessels are composed of endothelial cells (ECs), located

at the inner lining of the vascular tube wall. Pericytes are

mural smooth muscle cells located at the vessel surface that

provide structural support and regulate vascular tone. These

two cellular components have reciprocal complex crosstalks

to regulate EC proliferation and pericyte recruitment during

angiogenesis [20]. Evidence suggests that ECs proliferate and

migrate in response to cooperative signals sent by tumour

cells as well as macrophages. There are many soluble factors

that promote neovascularisation, including VEGFs, fibroblasts

growth factors (FGFs) and platelet-derived growth factors

(PDGFs) [21]. In vitro co-culture of macrophages with OC cells

up-regulated interleukin 8 (CXCL8/IL-8) levels, which are

responsible for ECs migration [22]. Perivascular stromal cells

provide mature structural support to blood vessels, once the

wall is formed by ECs. Although pericytes are less charac-

terised than ECs, it has been described that exert tumour

homing function and the co-injection of pericytes in a xeno-

graft model of ovarian cancer increase tumour growth rate

and metastasis [23].

https://doi.org/10.1016/j.ejcsup.2019.11.003
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Fig. 1 e Schematic representation of the ovarian cancer micro-environment. Malignant cells establish as a tumour bulk in

the peritoneal cavity, where stromal cells are also present. Once the tumour becomes more aggressive, cancer cells can

migrate and invade the surrounding stroma or detach from the tumour and shed into ascitic fluid as single cells, aggregates

or spheroids.
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3.2. Fibroblasts and cancer-associated fibroblasts

Fibroblasts are supporting cells representing the majority of

stromal cells. They form the submesothelial stroma in the

peritoneal cavity and secrete structural proteins such as

fibronectin or vitronectin [24]. It is now accepted that normal

fibroblasts in contact with tumour cells can differentiate

into a myofibroblast-activated state, known as cancer-

associated fibroblasts (CAFs). These CAFs contribute to the

creation of a reactive stroma and tumour desmoplasia and

constitute the predominant cells of the tumour-associated

micro-environment [25]. Co-culture of OC cell lines with fi-

broblasts produces an increase of a-smooth muscle actin

(aSMA), a myofibroblastic marker, and the promotion of

cancer cells invasion and migration [26,27]. Moreover, OC

spheroids injected subcutaneously in mice promote a

vascular stabilisation of tumours when they are infiltrated

by CAFs [28].

A positive correlation between CAF infiltration of tumours

and aggressive features such as tumour grade has been

demonstrated, suggesting that this stromal component is

important for metastasis development [26]. The crucial role of

these CAFs in ovarian tumour progression has been stated by

the TCGA data, which pointed out the mesenchymal subtype

as the one with the poorest outcome [29].
Although the relation of cancer cells and fibroblasts has

been extensively studied, it is not well established how

quiescent fibroblasts become activated. Snail Family Tran-

scriptional Repressor 2 (SNAI2) has been recently described as

an important transcription factor in the reprogramming of

normal fibroblasts to their activated state in OC [30].

CAFs are able to promotemitogenic and survival signals by

secreting growth factors (HGF, FGFs and insulin-like growth

factor 1 (IGF1)) and chemokines (C-X-C motif chemokine

ligand 12 (CXCL12)), to induce epithelial to mesenchymal

transition (EMT) of tumour cells and to generate an immune-

suppressive state via TGF-b secretion. They are also pointed to

promote angiogenesis by interleukin 6 (IL6), cyclooxygenase

2b (PTGS2/COX-2) and C-X-C motif chemokine ligand 1

(CXCL1) secretion and lymphangiogenesis via Sonic Hedgehog

(SHH) e VEGF-C signalling in ovarian cancer [31,32].

3.3. Adipocytes and mesothelial cells

There is evidence of the role of omental fat in intraperitoneal

carcinogenesis, including OC. In vitro studies have shown that

adipocytes stimulate homing, migration and invasion of OC

cells, and this effect ismediated by IL8. Additionally, fatty acid

binding protein 4 (FABP4) has been reported to be increased in

omental metastases compared to primary tumours [33].

https://doi.org/10.1016/j.ejcsup.2019.11.003
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The peritoneal surface is covered by a layer of mesothelial

cells that have bothmesenchymal and epithelial properties and

play a prominent role in peritoneal homeostasis. Some authors

think that these cells exert a passive role inOCas energy storing

cells. Others propose that they have alternative roles such as

promoting adhesion of OC cells (by binding fibronectin and

hyaluronan from the mesothelial cell surface to a5b1 integrin

and CD44 on cancer cells, respectively) or the stimulation of

cancer cell progression and angiogenesis [34,35].

Mesothelial cells have recently been implicated in the

promotion of tumour neovascularisation and vascular

permeability by VEGF production. These cells change their

morphology in contact with malignant ascites, showing a

mesenchymal pattern, and are able to induce migration and

tube formation of endothelial cells in vitro [36].

3.4. Tumour-associated macrophages

Tumour-associated macrophages (TAMs) play a well-defined

role in tumour progression, but their phenotype is influ-

enced by location, since macrophages from different

anatomical sites show changes in their gene expression pro-

files. They are abundant in most cancers, usually at the

tumour boundaries, but in OC they can be found inside the

tumour bulk and also in ascitic fluid [37]. The recruitment of

macrophages to the tumour is mediated by cytokines and

growth factors secreted by themselves and other stromal cells

that determine their phenotype. It is thought that hypoxic

environments attract macrophages by secretion of VEGF [38].

Exposure to different molecular signalling can induce TAM

differentiation to M1 (classically activated pro-inflammatory

macrophages) or M2 (alternatively activated pro-tumour mac-

rophages). In OC, TAMs display a mixed phenotype, with CD86

and TNF-a, typical of M1, and IL-10 and CD163 markers, char-

acteristic of M2 phenotype [39]. Secretions of IL-6 and IL-10 pro-

mote the transformation to the M2 pro-cancerous macrophage

subtype, which are also involved in the formation of floating

spheroids in the peritoneal cavity and are implicated in the early

steps of themetastatic process [40]. In a comprehensive study of

ovarian tumour spheroids and TAMs, the expression of TAMs

from patients with a worse outcome was mainly related to pro-

metastatic events, including matrix remodelling, angiogenesis,

immunosuppression and invasion. Conversely, TAMs from

longer survivors expressed cytokine networks linked to effector

T-cells chemoattraction and activation [41].

The exact mechanisms that drive this pro-tumour con-

version of TAMs are not fully understood, but it has been

recently described that ZEB1, one of the EMT drivers, is

essential for TAM-mediated tumour promotion in a mouse

model of ovarian cancer [42]. These pro-tumour TAMs exert

their immunosuppressive properties by inhibiting the activa-

tion of T cells via the expression of PD-L1 and B7eH4 and

through the mobilisation of regulatory T cells (Tregs) by

secreting their chemoattractants CCL3, CCL20 and CCL2 [43].

3.5. Other immune cells in the ovarian tumour micro-
environment

The interaction of immune cells and cancer cells was firstly

described by Virchow [44]. Nowadays it is well established that
there is an association between inflammation and cancer and

that different immune subsets are recruited to tumour areas

and invasive margins by different chemokine networks [45].

OC is considered in the middle of the immunogenic tumours

ranking [46].

Lymphocyte effector subsets related to good prognosis

include CD8þ T cells able to kill tumour cells, as well as CD4þ T

helper cells, memory B cells and plasmatic cells that appear to

work cooperatively [47].

Tumour infiltrating lymphocytes (TILs) are a heterogeneous

population that can be found in the tumour stroma. TILs in

ovarian cancerwere described decades ago, and although their

positive prognostic impact was suggested years later, nowa-

days, due to their heterogeneity regarding cell type and loca-

tion, it is still under debate [48].

Another mechanism used by tumours to escape the im-

mune response is by Tregs recruitment. The negative impact

of these cells was demonstrated for the first time in ovarian

tumours [49]. These CD4þ T cells are characterised by the

expression of FoxP3 and CDC25 and exert the immune

response suppression via secretion of IL-10 and TGF-b. They

are recruited in response to CCL22, which is mainly produced

by macrophages and tumour cells and is highly expressed in

ovarian cancer and ascites [50].

HGSOC frequently express IDO-1 enzyme, implicated in

tryptophan metabolism and inhibition of T-cell response [51].

Other regulatory axes in immune response are those

including cytotoxic T-lymphocyte-associated protein 4 (CTLA-

4) and programmed death ligand 1 (PD-L1) molecules. The

former is supposed to act earlier, in lymph nodes, whereas the

latter exerts its suppressive role in peripheral tissues. PD-L1 is

frequently expressed by TAMs, as mentioned before, but also

by tumour cells, whilst PD-1 receptor is expressed by a pro-

portion of CD4þ and CD8þ TILs. The combination of immune

therapies could be potentially active in ovarian cancer and is

currently under evaluation. B cells are usually found at the

invasive margin of tumours and lymphoid structures. These

cells are less characterised than effector T cells. They express

CXCR4 and may be recruited by CXCL12. Their infiltration

has been described as a good prognosis marker in ovarian

cancer [52].

Innate cytotoxic lymphocytes, mainly natural killer (NK)

cells, infiltrate tumour stroma and are also present in ascites,

but the mechanisms involved in their regulation are not yet

clarified. MHC Class I polypeptide-related sequence A (MICA)

and UL16 binding protein 1 (ULBP) are implicated in the down-

regulation of NKG2-D Type II integral membrane protein

(NKG2D), expressed by NK cells. It has been recently published

that the presence of these soluble ligands in ascites is corre-

lated with poor survival [53]. Ovarian cancer cells are killed by

cytokine-stimulated NK cells, but a decreased functionality

and cytotoxic efficacy of ascites-derived NK cells have been

observed. Although more research is required to decipher

their role, it seems that enhancing their function could be a

potential immunotherapeutic intervention [54].

Myeloid-derived suppressor cells (MDSCs) are other

inhibitory immune cells with increased levels in human

cancers, but are difficult to quantify because they present

variable phenotypes, including myeloid progenitor cells,

immature macrophages, granulocytes and dendritic cells, all

https://doi.org/10.1016/j.ejcsup.2019.11.003
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sharing a granulocyticmorphology. These cells contribute to a

tumour permissive environment interacting with several

components of the immune system. They inhibit the activa-

tion of CD8þ T cells expressing nitric oxide synthase (NOS2)

and arginase 1 (ARG1), and they also induce Tregs and polar-

isation of macrophages [55]. NK cells show pro-angiogenic

functions, and the cross-regulation between them and

MDSCs that impacts on tumour development is still poorly

understood [56]. VEGF expression in ovarian cancer seems to

induceMDSCs bymyeloid chemoattractants up-regulation, as

seen in HGSOC samples. Additionally, MDSCs express both

VEGFR1 and VEGFR2, and high MDSC infiltration correlates

with shorter overall survival [57].
4. New models for the study of ovarian
cancer complexity

Over the past decade, our knowledge of OC has dramatically

shifted. It has become clear now that OC is a heterogeneous

disease comprised by different entities with particular mo-

lecular and clinical features.

Experimental models that faithfully capture the hallmarks

of tumour development and their complexity are limited. Cell

lines and patient-derived xenografts (PDXs) are the most

common models used for pre-clinical disease characterisa-

tion. Despite their unquestionable contribution to cancer

research, these models have specific advantages and draw-

backs. Two-dimensional cultures, although easy to handle,

lack the architecture present in the tumour, which is an

important factor for the study of some features. 3D cultures

overcome this pitfall, and the technical evolution permits an

approach for high-throughput testing techniques [58,59].

Xenografts require more expertise and an elevated in-

vestment, but are suitable to study the interaction of tumour

cells and the components of tumour micro-environment,

such as blood vessels, keeping in mind that they are murine

stromal cells. Recently, a syngeneic model of OC has been

developed with success, being appropriate for metastases

development studies and for drug testing under an immune

competent micro-environment [60].

Some in vitro co-culture studies have been proposed to

overcome all these inconvenients with success [61e63].

Another important issue is that cell lines are subjected to a

strong in vitro selection to be established, accumulating mo-

lecular alterations [64]. Primary culture seems to be more

similar to the original tumour, so it seems that the bestmodel,

to date, could be patient-derived 3D culture (PD3D), also

named organoids. It has been recently published that the

efficient derivation and long-term expansion of OC organoids,

which recapitulate histological and genomic features of the

original tumour from which they are derived, can be used for

drug-screening purposes. To date, this seems a very inter-

esting approach for OC research [65,66].
5. Concluding remarks

It is now well established that the micro-environment’s influ-

ence on tumour development is crucial to understand disease
evolution. The interrelation of tumour cells with stromal

components as endothelial cells, fibroblasts and immune

cells has an influence on tumour development. The exhaustive

characterisation of the specific role of each cellular component

and their interactions has become a priority challenge, in order

to design effective combination therapies in OC.
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