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9.1 Introduction

Ovarian cancer is the deadliest gynaecological
malignancy in the Western world [1]. The major-
ity (over 75%) of patients have metastatic disease
at the time of diagnosis, and survival rates have
not changed over the past four decades. Two rea-
sons for the slow progress in improving survival
outcomes are (1) the ‘one-size-fits-all’ therapeu-
tic approach and (2) the lack of clinically relevant
experimental models that mimic the advanced
stages of the human disease to find better thera-
peutic options [2]. In 2015, the first whole-
genome study of chemoresistant ovarian cancer
was reported [3]. This worldwide, largest DNA
analysis revealed key regulatory mechanisms
involving interactions with the tumour microen-
vironment (TME) that pointed to how cancer
cells hijack chemotherapy. Thus, there is an
urgent need for more targeted strategies and cell
models more representative of the TME, specifi-
cally new 3D models [4], for treating and study-
ing the most aggressive form—high-grade serous
carcinoma (HGSC).

Since then, advances have been made in our
understanding of ovarian cancer and the role of
the TME in cancer progression and treatment
resistance [5, 6]. Scientists need to consider the
cellular and extracellular TME when developing
experimental cancer models [7]. The majority of
our current knowledge about cellular processes
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and mechanism has been derived from cancer
cells grown attached to flat plastic culture dishes
as monolayers, namely two-dimensional (2D)
cell cultures [8]. However, 2D cell cultures are
limited in terms of their complexity and cellular
interactions that govern cell behaviour and drug
responses [9]. Dynamic processes, such as
epithelial-to-mesenchymal transition, cell inva-
sion, treatment resistance or angiogenesis, cannot
be adequately explained [10]. Shifting from 2D
to three-dimensional (3D) cell cultures allows for
the reconstruction of cell-cell and cell-matrix
interactions and other critical TME components
and enables studies of physiologically relevant
cell behaviours, for example, the dynamics in
spatial-temporal oxygen, growth factor gradients
and shear stress [11].

Other experimental cancer models include
xenograft approaches and murine models of
ovarian cancer. These models replicate the human
disease in terms of disease development and pro-
gression, metastasis and partial immune
responses and are useful tools to study responses
to treatment [12, 13]. However, murine cell infil-
tration may lead to mouse-specific tumour evolu-
tion, and these models are costly and
labour-intensive [14]. In the following sections,
we will briefly describe the ovarian TME and dis-
cuss some of the clinically relevant experimental
approaches that have been used to model selected
elements of the TME in 3D.

9.2  Ovarian Cancer

Ovarian cancer is a heterogeneous disease, which
makes the design of experimental cancer models
even harder. There are different subtypes with
distinct biological characteristics and molecular
aberrations and treatment strategies are stereo-
typically applied, in particular aggressive surgi-
cal debulking and platinum-based chemotherapy
[15].

Epithelial ovarian cancer occurs in over 90%
of ovarian malignancies, whereas non-epithelial
forms, including germ cell and sex cord-stromal
tumours, account for about 5% [16]. Epithelial
malignancies develop from the fallopian tubes or
other epithelial sites. They are categorised into

distinct histo-morphological subtypes: low-grade
serous, endometrioid, mucinous and clear cell
carcinoma (‘type I ovarian tumours’) and HGSC,
mixed Mullerian malignancies and high-grade
endometrioid ovarian carcinomas (‘type II ovar-
ian tumours’). Both type I and type II ovarian
tumours differ in their point-of-origin, gene
mutations, disease progression and clinical out-
comes [15]. HGSC is the most frequently diag-
nosed sub-type, accounting for most ovarian
cancer deaths (70-80%), and its point-of-origin
is still under debate [6].

At an early stage, ovarian cancer is asymp-
tomatic and specific biomarkers do not exist.
Consequently, patients are diagnosed at an
advanced stage, after metastatic spread has
already occurred. Dissemination of ovarian can-
cer is a major clinical problem and results in even
further reduced survival rates for patients.
Metastatic spread occurs through intraperitoneal
dissemination within the tumour fluid (ascites) to
secondary sites. Ascites is associated with che-
moresistance and disease recurrence and contains
single cancer cells as well as multicellular cancer
spheroids. These cells and spheroids adhere to
mesothelium-lined organs, such as the perito-
neum, the small and large bowel serosa, or the
omentum and invade into the underlying extra-
cellular matrix (ECM) to form macro-metastases
[17, 18]. The cellular composition and cellular
states of ascites vary significantly between
patients, and within a patient’s primary tumour
and metastatic lesions, and need to be considered
when developing 3D models using ascites-
derived cells or recreating the ascites-specific
TME. In a single-cell analysis of ascites-derived
cells from patients with advanced HGSC, diverse
subpopulations of immunomodulatory fibro-
blasts, cancer-associated fibroblasts and macro-
phages were identified [19].

3D Models That Recreate
The Ovarian TME

9.3

Signals between malignant and non-malignant
cells give rise to a tissue-specific TME that pro-
motes cancer progression, metastasis and chemo-
resistance. The ovarian TME is highly complex
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and consists of various non-malignant cell types,
including cells of the tumour vasculature, fibro-
blasts, adipocytes, mesothelial and inflammatory
cells, and extracellular components, for example,
the ECM, growth factors, cytokines and proteo-
lytic factors [20]. The intrinsically heterogeneous
tumour-immune microenvironment contains co-
existing regions with immune-cell-excluded and
inflammatory areas within the same patient or
tumour site. Cytotoxic chemotherapy has an
immunogenic effect and induces immune cell
infiltration in HGSC as demonstrated, for exam-
ple, by an enrichment of natural killer cells or an
oligoclonal expansion of T cell subsets [21].

Cancer cells recruit and reprogram these non-
malignant cells to create tumourigenic niches.
The reciprocal crosstalk between cancer cells and
the different TME components supports tumour
growth and spread. For example, a common
matrix response is associated with metastasis and
poor survival [20]. Cancer cell dynamics are
intricate and challenging to model experimen-
tally [6]. However, 3D cancer models that accu-
rately replicate the different components and the
diversity of the TME are urgently needed to study
cancer biology and physiology and to identify
more effective treatments to improve the clinical
outcomes for this disease.

In recent years, great progress in the fields of
3D in vitro cancer models and tumour tissue
engineering have been made. A variety of 3D
cancer models and bioengineered microenviron-
ments that integrate key elements of the TME in
a spatially and biomechanical relevant manner
have been developed. These models enable the
study of cancer cell behaviour and drug responses
under physiological cell culture conditions [7].
Among others, multicellular cancer spheroids,
organoid and organotypic models, as well as
hydrogel-based and scaffold-based systems are
well established. And new technologies, such as
cancer-on-a-chip devices, are gaining more atten-
tion within the cancer research community.

9.3.1 Cancer Spheroids

Cancer spheroids are an adequate and versatile
tool to culture cells in 3D. They are widely used

as 3D in vitro cancer model because they closely
resemble in vivo tumours in terms of the 3D
structure and organisation of tissues or organs
[22, 23]. Spheroids are either self-assembling or
are forced to grow as cell clusters or aggregates
from a single-cell suspension in the absence or
presence of exogenous ECM components [24].
Cancer spheroids range in their diameter from 30
to 750 pm and are referred to as bona fide meta-
static units with an outermost layer of proliferat-
ing cells and a central area of quiescent cells [14].
Larger spheroids (>200 pm) exhibit gradients of
oxygen, nutrient, catabolic and soluble factors,
including cytokines and growth factors as seen in
physiological micro-metastases and avascular
tumours, which make them a great 3D model for
cancer research [4, 14].

Ovarian cancer spheroids can be isolated from
patient’s tumour fluid (ascites) or fabricated by
using scaffold-free approaches by which cells
produce their own ECM, for example, non-
adherent cell culture dishes, hanging drop meth-
ods and spinner flask cultures [4]. By using
scaffold-based approaches, cells attach and grow
on or within polymeric scaffolds, such as matri-
ces and hydrogels [25]. Ovarian cancer spheroids
can either be monotypic (malignant cells only) or
heterotypic (a mixture of malignant and non-
malignant cells).

9.3.2 Hydrogel-Based Models

The ECM provides structural support and trig-
gers biomechanical and biochemical signals that
are essential for cancer cell behaviour. ECM
properties, including the stiffness, permeability
and spatial arrangements, are critical features
that influence cancer progression and therapy
success and thus need to be considered when
developing bioengineered microenvironments.
Hydrogels are water-absorbing and water-swol-
len 3D scaffolds generated from crosslinked bio-
materials for the study of cell-cell and cell-matrix
interactions. They have physiological properties
comparable to native tissues, and their biome-
chanical and biochemical properties can be
widely tailored, which makes them an exciting
3D tool [7].
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There are different types of hydrogels, depend-
ing on the origin of their main component.
Natural hydrogels are generated from naturally
derived biomaterials, such as alginate, collagen,
hyaluronic acid and Matrigel. Their low cytotox-
icity and the presence of cell binding sites make
them compatible for 3D cell cultures. However,
naturally derived biomaterials have several
drawbacks, including a high batch-to-batch vari-
ation, undefined and mixed compositions, uncon-
trolled degradation and poor or low mechanical
properties [7]. Synthetic biomaterials, such as
polyethylene glycol (PEG) [26] or self-
assembling peptide amphiphiles [25], overcome
some of these limitations and are applied to
increase the experimental reproducibility and to
precisely control the biomechanical and bio-
chemical properties. As synthetic biomaterials
lack cell adhesion and proteolytic degradation
sites, bioactive peptides and molecules are inte-
grated to facilitate cell-stimulatory processes. To
combine the biological characteristics of the
native ECM with the stable and well-defined
properties of synthetic matrices, semi-synthetic
hydrogels have been produced [7]. For example,
gelatin methacryloyl (GeIMA) hydrogels are an
alternative 3D model that supports the formation
and growth of ovarian cancer spheroids [27].
GelMA hydrogels retain their cell binding and
proteolytic degradation sites and have tuneable
physical properties, allowing a high degree of
experimental control and reproducibility.

The omentum is the primary metastatic site
for ovarian cancer. The development of 3D
in vitro cancer models that mimic the omental
microenvironment may improve the prediction of
drug responses. To capture critical omentum-
specific ECM protein characteristics [28],
omentum-inspired polyethylene glycol-
maleimide (PEG-MAL) hydrogels have been
developed (Fig. 9.1) [9]. Ovarian cancer cells,
allowed to aggregate in microwells, or patient-
derived ascites spheroids, were encapsulated into
PEG-MAL hydrogels. To support cell viability
and proliferation, omentum-specific integrin-
binding and ECM-related peptides were added
into the hydrogel network. Subsequently, the
effects of several anticancer drugs, including the

clinically used chemotherapeutic paclitaxel, on
cancer spheroids were analysed. While cancer
spheroids did not respond to paclitaxel, cell
monolayer controls grown on plastic culture
dishes were sensitive to paclitaxel and had a
reduced cell viability. Moreover, ascites-derived
spheroids from patients that had been already
treated with paclitaxel did not respond either
when grown in PEG-MAL hydrogels.
Additionally, cancer spheroids produced their
own ECM when cultured in PEG-MAL hydro-
gels compared to cell monolayers. These findings
indicate that the omentum-inspired 3D model
may be used as a clinically relevant drug screen-
ing platform for ovarian cancer and to identify
ECM-related factors that are involved in drug
resistance [9].

9.3.3 Organoids

Organoid cultures have been used to study human
development and diseases, as well as clinically
relevant drug screening platforms and as models
of the TME. Patient-derived tumour organoids
(or tumouroids) are a great 3D tool for cancer
research as they reconstruct the tumour profile in
terms of the morphology and gene expression
from which they originate [6]. They are estab-
lished from primary human tumour cells, or
murine oviductal (fallopian tube in humans) and
ovarian surface epithelium cells that harbour
mutagenic modifications [29], and form 3D
structures to recapitulate and study tumour het-
erogeneity and the origin of HGSC [30]. In the
presence of growth factors, small molecules and
a supporting matrix, mostly Matrigel and colla-
gen gels, organoid cultures are maintained over
several months. Organoids grow within days and
allow untransformed and precancerous cells to
expand [31]. Organoid cultures are cheaper and
easier to establish compared to patient-derived
xenografts and murine models of ovarian cancer
[30].

About 50% of HGSC harbour DNA repair
defects, which are targeted by inhibition of a
nuclear enzyme, poly-ADP ribose polymerase
(PARP). PARP is an important protein that repairs
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Fig.9.1 3D culture of ovarian cancer cells using polyeth-
ylene glycol-maleimide (PEG-MAL) hydrogels. Cancer
cells seeded in microwells aggregate and form cancer
spheroids, which are then collected and grown encapsu-
lated in PEG-MAL hydrogels. The components of the
hydrogel network include PEG-MAL, integrin-binding

damaged DNA. One of the DNA damage repair
mechanism is homologous recombination involv-
ing the breast cancer susceptibility genes, BRCA 1
and BRCA2. Deficiency, such as mutations,

peptides and two different crosslinkers. To recreate the
omental microenvironment, different peptide sequences
that represent extracellular matrix proteins (e.g. collagen,
fibronectin) of the human omentum are crosslinked into
the hydrogel network [9]

within either gene results in defective homolo-
gous recombination, loss of efficient DNA repair
and responsiveness to PARP inhibition. For func-
tional profiling of DNA repair and defects in



144

V. Kast and D. Loessner

homologous recombination, HGSC patient-
derived organoids were established. Regardless
of the mutational profile of the DNA repair genes,
a functional defect in homologous recombination
in the organoids positively correlated with PARP
inhibitor sensitivity. In combination with
genomic screenings, the functional testing of
ovarian tumour organoids is a valid 3D tool for
the identification of targetable defects in the
repair of DNA damage [30].

In another study, 56 organoids from 32 ovar-
ian cancer patients were established, with a suc-
cess rate of 65%. For the first time, the generated
organoid lines covered all major ovarian cancer
subtypes. Moreover, patient-specific genomic
features were maintained. These organoid cul-
tures allowed long-term expansion and manipu-
lation, thus offering a platform for drug screening
approaches for the different ovarian cancer sub-
types [6].

9.3.4 Organotypic Cultures

Organotypic models are composed of multiple
cell types found in the cellular TME and an organ-
specific ECM to mimic tumour tissues as seen in
patients [32]. Ovarian cancer cells preferentially
metastasise to the omentum, which is lined by a
layer of mesothelial cells. To capture this omental
microenvironment, a 3D organotypic model was
developed (Fig. 9.2) [18]. Primary omental fibro-
blasts were mixed with a collagen matrix, fol-
lowed by addition of mesothelial cells and
subsequently co-cultured with fluorescently
labelled ovarian cancer cells. This model was
used to screen a compound library for their
potential to inhibit cell functions in an automated
and quantitative high-throughput screen using
different HGSC cell lines. Over 44,000 com-
pounds and pharmacologically active small mol-
ecules were tested, and only 3 compounds were
found to inhibit ovarian cancer cell adhesion,
invasion and metastasis, to prolong survival and
to reduce omental tumour growth [5].

Ovarian cancer initiation and progression,
including changes in gene expression during
early cancer cell dissemination, are poorly under-

stood. To analyse early events in ovarian cancer
spread, the aforementioned 3D organotypic
model was used. A comprehensive RNA sequenc-
ing analysis of healthy fallopian tubes, primary
tumours and metastatic lesions was compared
with the profiles of their cultures using the 3D
organotypic model to identify changes in gene
expression. Significant changes in gene expres-
sion and key pathways during ovarian cancer ini-
tiation, metastasis and early colonisation were
identified, which includes the deregulation of
ECM proteins and ECM-related factors [33]. The
results may help to improve our understanding of
critical pathways and their role in ovarian cancer
progression in order to develop new and more
effective treatment options.

9.3.5 Scaffold-Based Organotypic
Cultures

The organ-specific characteristics of the cellular
and extracellular TME in disease progression are
important, in particular, when designing hydro-
gel- and scaffold-based 3D models of the omen-
tal microenvironment. Tissue engineering
approaches that have been used for regenerative
medicine can be repurposed and applied to can-
cer research. Using this interdisciplinary strat-
egy, controllable and reproducible 3D
organotypic models have been developed [7].
For example, a 3D TME model was designed to
mimic the integral steps in the dissemination of
ovarian cancer and its spread to the omentum.
Hereby, ovarian cancer spheroids, which formed
within PEG hydrogels, were assembled with
medical-grade polycaprolactone fibrous scaf-
folds that were seeded with a layer of mesothe-
lial cells to create a 3D co-culture model
(Fig. 9.3) [34]. These 3D co-cultures were car-
ried out for 2 weeks and then, both cell types
were mechanically separated for subsequent
molecular profiling. Proliferation assays and a
high-throughput gene expression and signalling
analysis indicated that cancer spheroid growth
was enhanced upon 3D co-culture compared to
the corresponding 3D monoculture controls and
that genes linked to cell growth (e.g. IGFBP7,
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malignant cells using an organotypic model. The 3D
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the 3D co-culture of ovarian cancer cells with mesothelial
cells and fibroblasts in a collagen matrix. Human primary
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Fig.9.3 3D co-culture of ovarian cancer cells with meso-
thelial cells using a combination of polyethylene glycol
(PEG) hydrogels and fibrous scaffolds. To recreate the
omental microenvironment, fibrous scaffolds are seeded
with mesothelial cells and assembled with ovarian cancer
cell-containing PEG hydrogels to form tumour constructs.
This combined hydrogel/scaffold model enables the sepa-

FGF2, VEGFC, COX2) and proteolytic factors
(e.g. KLK5, KLK6, KLK7) were increased in 3D
co-cultured cancer spheroids. Upon implantation
of 3D co-culture constructs intra-peritoneally
into NOD/SCID mice, tumour growth and spread
were significantly increased compared to 3D
monoculture implants [34]. This tailored and
clinically relevant experimental model recreates

[
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specific markers (e.g. cytokeratin 8, vimentin and proline-
hydroxylase). To mimic the omental basement membrane,
patient-derived omental fibroblasts are mixed with a col-
lagen matrix. After cell adhesion, mesothelial cells are
seeded on top to reconstruct the mesothelial lining.
Subsequently, fluorescently labelled ovarian cancer cells
are added and subjected to fluorescence-based assays [18]

ration of the individual cell types and analysis of low cell
yields from 3D co-cultures. Upon cell separation, the
effect of 3D co-culture is assessed by confocal and scan-
ning electron microscopy. The presence of cell type-
specific markers (e.g. PAX8 and calretinin) confirms the
complete separation of the different cell populations.
(Modified from [34])

the organ-specific pattern of early ovarian cancer
dissemination within the peritoneal cavity. It
represents a quantitative 3D approach to identify
the regulatory cellular and molecular mecha-
nisms involved and may help to identify targeted
therapies to increase survival rates or to molecu-
lar stratify the design of clinical trials for a sub-
set of patients with HGSC.
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9.3.6 Cancer-on-a-Chip Devices

A variety of experimental models have been
developed to study the tumour biology and drug
responses of ovarian cancer. Some of the early
3D in vitro cancer models are often oversimpli-
fied and unsuited to accurately mimic the com-
plexity of the TME. Consequently, more complex
3D in vitro cancer models, such as multicellular
cancer spheroids, organoids and organotypic sys-
tems evolved. To overcome their drawbacks, for
example, the lack of tissue—tissue interfaces, fluid
flow and biochemical cues, new tools, namely
organ-on-a-chip devices, have evolved [35].
Organ-on-a-chip models provide cells with flu-
idic stimuli by perfusing medium in a laminar
flow through a porous membrane that separates
the individual compartments. This allows the flu-
idic 3D co-culture of different cell populations to
recapitulate complex tissue—tissue interactions. A
unique advantage of this technology is its inher-
ent ability to integrate multiple organ functions
into a closed microfluidic system, which repre-
sents the physiology and metabolism as seen in
native tissues, allowing disease modelling and
preclinical drug studies [36].

Early and specific biomarkers that allow for
HGSC detection at a less-advanced stage do not
exist. However, exosomes or extracellular vesi-
cles that are essential for cell-cell communica-
tion may be used as a promising biomarker. A
cancer-on-chip device has been used for the iso-
lation of intact exosomes from the culture
medium of HGSC cells. The proteasome profile
was characterised and compared to healthy
patient-derived donor cells of the ovarian surface
epithelium and the fallopian tube secretory epi-
thelium. Notably, 25 exosomal proteins were dif-
ferentially expressed in HGSC compared to the
controls [37]. These findings may potentially
help to detect the disease early and to design tar-
geted therapies.

9.4  Conclusion

Despite intensive research, ovarian cancer
remains the leading cause of mortality among
gynaecological malignancies for which the

treatment options are limited. Given its com-
plexity, experimental models that faithfully
mimic the complex microenvironmental stimuli
during disease development and progression
are urgently needed. In the last decade, it
became apparent that traditional cell monolayer
models and animal studies are not entirely
suited for the modelling of the human disease
and treatment response. Hence, new TME mod-
els that reconstruct critical elements of the
TME in a spatially, physically and chemically
relevant manner have been designed. These
new 3D platforms have proven more efficient
for drug testing and drug discovery and hold
enormous potential to improve the treatment
options and to screen personalised medicines
for patients suffering from ovarian cancer.
Personalised medicines aim to move away from
the ‘one-size-fits-all’ therapy for patients in
order to stratify the variation between individ-
ual patients or specific subgroups of patients or
subsets of tumours. Personalising cancer treat-
ment includes the molecular profiling of
patients to identify biomarkers or genetic pro-
files that help to select patients for targeted
therapies.

Promising new therapies for patients with
HGSC, or for patients that have developed resis-
tance to platinum-based chemotherapy, include
PARP inhibitors, antiangiogenic therapies and
immunotherapies. While PARP inhibitors have
shown excellent activity in ovarian cancer,
immunotherapies exhibit only modest activity.
However, combined PARP and immune check-
point inhibition has yielded encouraging results
for the treatment of ovarian cancer and immu-
nogenomic profiling may identify predictive bio-
markers of treatment response [38]. Resistance
to PARP inhibitors and platinum-based chemo-
therapy may be overcome by combining PARP
inhibitors with inhibitors of alternative DNA
repair pathways, depending on the genetic pro-
file of the individual patient [39, 40]. For ovarian
cancer, 3D models that recapitulate physiologi-
cal aspects and matrix composition of tumour
tissues and integrate patient-derived cell popula-
tions can be used as patient surrogates to directly
test responses to targeted therapies or person-
alised medicines.
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