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Résumé

L’adénocarcinome épithélial de 1’ovaire (CEO) est le cancer gynécologique le plus mortel. La
recherche de nouvelles thérapies repose principalement sur des modeles précliniques 2D et in
vivo avec des lignées cellulaires (LC) pour générer les évidences nécessaires a I’initiation d’essais
cliniques. Ce processus requiert des fonds substantiels en recherche/santé qui est associé¢ a un
taux d’attrition élevé laissant supposer des lacunes dans le mod¢le actuel. Nos publications
antérieures suggerent que la sensibilité in vitro de nos LC du CEO a la chimiothérapie carboplatin
varie en 2D ou 3D. Il reste a élucider lequel de ces modéles est le plus représentatif de la réponse
in vivo. De ce fait, nous avons émis ["hypotheése que le modéle 3D refléterait plus étroitement la
sensibilité in vivo. L’objectif de cette étude était de caractériser la réponse au carboplatin de nos
LC du CEO en monocouches et en sphéroides (3D), puis de les comparer a leur réponse in vivo
(xénogreffes). Un total de 6 LC du CEO a été injecté dans des souris qui ont regues trois
différentes concentrations de carboplatin. Leurs réponses ont été évaluées/classées selon leurs
mesures de volume tumoral et I’immunofluorescence. Ces mémes LC ont été ensemencées dans
des plaques a tres faible adhérence pour former des sphéroides et les traiter. Des analyses de
cytométrie en flux ont été effectuées afin de classer les LC selon leur concentration inhibitrice
médiane (Clso). Nous avons comparé le tout aux résultats 2D (Clso) précédemment publiés. Nos
résultats montrent que le systéme 3D démontre la meilleure concordance avec le modele in vivo.
Notamment, notre LC ultra-résistance en 2D devient plus sensible en mod¢le murin ou encore en
3D. Inversement, une LC ultra-sensible en 2D est plus résistante en xénogreffe et en sphéroide.
Les résultats découlant de notre étude sont importants a considérer lors d’investissement de
temps et de fonds dans les études de criblage et de prédiction de réponses thérapeutiques.

Mots-clés : modéles précliniques, cancer de 1’ovaire, xénogreffes, sphéroides, carboplatin






Abstract

Epithelial ovarian adenocarcinoma (EOC) is the most lethal gynecological cancer. The drug
discovery pipeline is heavily based on preclinical models. Typically, 2D cell line (CL)-based
models are used to screen compounds followed by validation in animal models to generate the
evidence needed to design clinical trials. This process incurs a high cost to the research pipeline
and still results in high drug attrition rates. This may in part reflect the poor translation of
preclinical to clinical results and points to deficiencies in modeling. Previous work from our
laboratory shows that the sensitivity of our EOC CLs to carboplatin therapy varies between 2D
and 3D in vitro models, however it is unclear how these differences align with the in vivo
response. We hypothesize that 3D models will more closely reflect therapeutic in vivo response.
The objective of this study was to characterize the carboplatin sensitivity of EOC CLs in 2D and
3D-spheroids and compare them to in vivo response using mouse xenografts. We injected mice
with 6 different EOC CLs that were treated with 3 different carboplatin concentrations. Tumor
volume measurements and immunofluorescence viability stains were used to categorize CLs by
their sensitivity. The same CLs were seeded in low attachment plates to form, and thereafter treat,
spheroids. Flow cytometry analysis was used to classify CLs by their 50% inhibitory response
(ICs0). The 2D response (ICso) for these CLs has previously been published. Our results show
that therapeutic response changes significantly for a single CL between different systems, and the
3D model was most concordant with the in vivo model. Our ultra-resistant CL in 2D became
more sensitive in 3D/mouse models. In contrast, the highly 2D sensitive CL became more
resistant in our xenograft/spheroid models. The results are important to consider when investing
time/funds in drug screening and therapeutic response prediction studies.

Keywords: preclinical models, ovarian cancer, mouse xenografts, spheroids, carboplatin
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Foreword

As a gynecologic oncology and clinical-investigator trainee, I have witnessed the devastating
effects of an ovarian cancer diagnosis. Despite extensive research in the field, few novel therapies
have significantly improved the survival of this disease, and a cure is still not in sight. Improving
preclinical models are crucial for drug development and an excellent example of translating

bench-to-bedside science, hence my choice to dedicate my studies to this project.
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Chapter 1 — Introduction and Review of the Literature

Epithelial Ovarian Cancer

Disease Demographics

Epithelial ovarian adenocarcinoma (EOC) is the most lethal gynecological cancer. In 2020, 3100
new cases are projected in Canada and 1950 of these women will die from their disease'. Last
year, 22,530 women were diagnosed with EOC in the United States and 13,980 died of the
disease?. Although cure rates are high in early-stage disease (5-year survival of 92.6%), most
women are diagnosed at late stages ITI-IV, and only 30.2% will survive 5 years after diagnosis>.
This is in part due to the silent nature of this disease, hence its colloquial name ‘the silent killer’.
EOC is unique in that metastases more commonly occur through direct exfoliation of single or
clusters of cancer cells that implant into the peritoneum of the abdominal cavity rather than
hematogenous spread with stromal invasion?. In this process, many patients develop ascites, a
phenomenon defined by the excessive accumulation of peritoneal fluid in the abdomen, that have
downstream effects on vital organs related to abdominal compression. For these reasons, many
patients die from bowel obstruction due to extensive tumor implants on the peritoneum lining of

the bowel and the accumulation of recurrent ascites.

It has now been clear for many years with the advent of molecular genomics that EOC
encompasses multiple histotypes namely high-grade serous (HGS), endometrioid, low-grade
serous, clear cell and mucinous adenocarcinomas®. These 5 subtypes have been categorized in
two broad entities; Type I and Type II disease®. The former involves the more indolent but
chemoresistant subtypes (low-grade serous, mucinous, endometrioid, clear cell) while Type II

disease (mostly HGS) tends to be more advanced and aggressive, but chemosensitive at initial



presentation. By far, HGS EOC is the most common histotype®. Over 90% of HGS cancers
harbor somatic 7P53 mutations and exhibit extensive chromosomal abnormalities’.
Furthermore, compromised homologous recombination due to BRCA dysfunction, through
inherited germline mutation (see below), somatic mutation or epigenetic silencing’ !, occurs in
approximately 40% of the HGS EOC cases. The prevalence of 7P53 mutations and BRCA
deficiency leads to incompetent DNA repair and likely contributes to chromosomal instability,
resulting in severely aberrant karyotypes. In general, HGS EOCs are highly heterogenous having

widespread inter- and intra-tumoral mutation profiles® !!

. Its high genomic instability is thought
to contribute to the development of innately resistant subclones which may explain why 20% of
patients are poorly responsive to first-line therapy'2. Endometrioid subtypes more commonly
involve PIK3CA mutations, clear cell carcinoma has ARIDIA and PIK3CA mutations, and low-

grade serous types often harbour BRAF or RAS mutations. Mucinous EOC is a rare subtype that

usually contains PIK3CA and KRAS mutations®.

Hereditary syndromes associated to EOC

Fifteen percent of all EOCs are associated with a hereditary predisposition. The BReast CAncer
(BRCA) and mismatch repair (MMR) autosomal dominant genes make up the bulk of these
predispositions. The former was first discovered in its association to breast cancer risk®.
Mutations in the BRCA 1 and 2 genes are mostly found in the HGS subtype, where 15-20% of
patients carry a germline mutation. Tumors that share molecular features of BRCA mutant
tumors, but are not BRCA mutated, are thought to carry a BRCAness phenotype with potential
similar therapeutic susceptibilities'. Other less common mutations exist, BRIPI, RAD5IC,
RADS5 1D, that carry this BRCAness phenotype and have been associated with an increased risk

of EOC and an impact on patient management!“, For this reason, currently, there is consensus
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that all patients with this subtype should undergo germline genetic testing®. There is current
research exploring the option of tumor testing first, and then genetic testing/counseling for
positive cases, however this is investigative at the moment'>. Because of its hereditary nature and
the access to preventive treatments, a confirmed germline mutation would trigger genetic testing
to first-degree relatives. This is important as, without a therapeutic cure, prevention is the only
way to potentially ‘cure’ these patients. The lifetime risk of developing ovarian cancer is 44% in
BRCAL1 and 17% in BRCA2 mutation carriers®. The current National Comprehensive Cancer
Network (NCCN) guidelines recommend that these patients undergo prophylactic risk-reducing
surgery by 35-40 years with the possibility to delay bilateral salpingo-oophorectomy for BRCA?2
mutation carriers to 40-45 years, given the later diagnosis in this group of patients'?.
Furthermore, the BRCA status is important for therapeutic option based on the notion of

synthetic lethality discussed below.

The other important hereditary predisposition associated with EOC risk is Lynch syndrome®. It
involves absent MMR proteins due to MMR gene mutation that results in microsatellite
instability. As in endometrial and colon cancer, the 4 main proteins associated are PMS2, MLHI,
MSH6 and MSH2'¢. Typically, Lynch syndrome is more commonly associated with
endometrioid or clear cell EOC subtypes!” '8, As such, therapeutic options specific to patients

with MMR protein deficiencies are available and will be discussed below.

First-line Treatments and Current Challenges
Traditionally, the standard treatment of advanced EOC involves a combination of cytoreductive
surgery with platinum-based chemotherapy®. Unfortunately, despite extensive research in the

field, very few new treatments have significantly changed the overall prognosis for these patients.
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The current standard of care for Type II disease and advanced Type I disease is intravenous
carboplatin (a DNA cross-linking compound) and paclitaxel (a microtubule stabilizing drug)
systemic therapy (with or without bevacizumab, an anti-angiogenic agent targeting vascular
endothelial growth factor A, VEGF-A) which can be administered through various routes®.
Traditionally, this treatment combination is offered as adjuvant therapy but, numerous
randomized controlled trials (RCTs) in the last ten years have demonstrated the non-inferiority of
its use in the neoadjuvant setting followed by interval debulking surgery which can be defined as
surgery performed between cycles of chemotherapy!®-2!. The majority of patients in these trials
are of the HGS subtype. Furthermore, in certain cases, patients with optimal/complete
cytoreduction are eligible for intraperitoneal (IP) therapy through an IP port??, although the
previously reported survival advantage has been put into question®. Hyperthermic IP cisplatin
therapy can now be given at the time of interval debulking surgery if there is evidence of initial
response to neoadjuvant platinum-therapy>’. However, these modified regimens have at most

improved overall survival (OS) by one year but have not changed the cure rates for these patients.

In regard to targeted therapy, bevacizumab, in the first-line setting (with maintenance), has
demonstrated a progression-free survival (PFS) benefit>*. An OS benefit was seen in patients with
poorer prognostic features®®. Furthermore, in rarer subtypes of ovarian cancer that are often
chemoresistant, other targeted therapies are being considered. In low-grade serous ovarian
cancer, anti-hormone therapy will be evaluated in an upcoming trial GY019 (NCT04095364) as
adjuvant therapy in lieu of standard carboplatin/paclitaxel after cytoreductive surgery. In MMR
deficient ovarian adenocarcinomas, immune checkpoint inhibitor pembrolizumab, a PD-1
receptor inhibitor, is approved for advanced disease!’. In the Phase II trial Keynote-158, 6% of

patients had ovarian cancer and these patients experienced a 33% overall response rate?®.
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Maintenance Therapy

Maintenance therapy is any treatment received after completion of first-line treatment with the
goal of delaying or preventing recurrence. There is no data to support the use of bevacizumab as
maintenance if not used in the primary treatment regimen. After first-line therapy, maintenance
treatment should be given to patients as well. In 2018 and 2019, the poly (ADP-ribose)
polymerase (PARP) inhibitors (PARPis), olaparib and niraparib, were shown to demonstrate a
significant PFS benefit as maintenance therapy after first-line treatment®’ 28, PARPis target the
protein PARP 1/2 involved in repairing damaged DNA. Olaparib was studied in BRCA mutated
tumors only?®, whereas niraparib was evaluated in sporadic EOC as well?’. This led to FDA
approval of these drugs and is now part of standard treatment. In low-grade serous stage II-IV

disease, maintenance anti-hormone therapy such as letrozole improves PFS%.

Second-line Treatments and Challenges

As previously mentioned, although many patients initially respond to treatment, most patients
will inevitably experience relapse and will develop lethal metastatic chemoresistance (acquired
resistance). Patients are categorized according to their therapy-free interval (TFI), and with
platinum-based chemotherapy, they are labelled as platinum-sensitive, -resistant or -refractory for
those that have a TFI of > 6months, 1-6 months and < 1month, respectively?’. It is currently the
only good predictive marker of response to second-line therapy?!. However, response is
inevitably not sustained, and curative treatment becomes impossible in 3/4 of relapsed cases,
hence the collective effort in the research field to better understand this disease to find more

effective treatments®.
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Unfortunately, most women will die from their disease after cancer relapse. Options currently
available to these patients include secondary cytoreductive surgery, chemotherapy, targeted
therapy, immunotherapy, anti-hormone therapy, and most importantly clinical trials. Secondary
debulking surgery followed by chemotherapy can be offered to a select group of patients who fit
the Arbeitsgemeinschaft Gynaekologische Onkologie (AGO) criteria: minimal (< 500mL)
ascites, complete initial resection, relapse at least 6 months from platinum-treatment and good
performance status®2. However, most patients do not fulfill these criteria and therefore need
systemic treatment. Traditionally, for platinum-free interval > 6 months, second-line
chemotherapy combination of carboplatin with either liposomal doxorubicin, gemcitabine, and
paclitaxel are the preferred regimens. In the setting of platinum-resistant or -refractory disease,

these latter treatments are given as single agent chemotherapy.

Based on phase II trials**, bevacizumab as single agent is an option for platinum-sensitive or -
resistant disease (especially those with ascites). Combination with some of the previously

3435 or -resistant®® disease can be given as well.

mentioned regimens for platinum-sensitive
PARPis (with or without bevacizumab) are being evaluated in RCTs for their use as second-line
agents’’. Maintenance therapy with PARPi, however, can be given to BRCA mutated*® 3° or
BRCA wildtype?*® platinum-sensitive HGS/endometrioid tumors after response to second-line
treatment. As previously mentioned, targeted therapies such as Pembrolizumab can be given to

advanced or metastatic MMR deficient tumors!” 18,

EOC Biomarkers
To guide the choice of anti-cancer therapies, a large number of biomarkers have been studied as

indicators of an increased probability of drug responses in EOC patients*’. These include
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apoptosis-related proteins, transcription factors, epithelial-to-mesenchymal transition (EMT)
proteins, growth factor receptors, immune-related markers, among others. However, the majority
of them are not clinically useful as they have low sensitivity/specificity*!. Furthermore, there are
no current standard guidelines for the reporting of these biomarkers which makes reproducibility
difficult. For this reason, national and international consortia have been developed to pool
reviewed clinical and biomarker data on EOC patients*!. One of the most well-studied blood
biomarkers is the CA125 mucin glycoprotein, however, its use is limited as it is not validated for
screening*? or surveillance®; rather its use lies in determining response to treatment and
identifying recurrence® *4. Studies combining CA 125 levels with other candidate proteins may
offer better sensitivity and specificity, but have not reached clinical significance®. Finally, there
is also much promise with liquid biopsies that require small amounts of starting material such as
circulating tumor cells, circulating tumor DNA and micro RNA*!. These may have potential use

in the setting of prevention, early detection, response to treatment and surveillance.

Furthermore, somatic and germline DNA damage repair biomarkers are currently used to
correlate with response to platinum chemotherapy and drugs targeting the DNA repair pathway.
An excellent example of this is the discovery that HGS patients with somatic/germline BRCA
mutations have an increased PFS and OS with PARP1, such as olaparib, as maintenance therapy
after first-line therapy (SOLO-2 trial)*® . Somatic tumor testing is a quick tool that detects 5-
10% of BRCA cases potentially eligible for PARPi treatment and would have not otherwise been
identified*’ 48, Conversely, germline testing can detect 5% of cases missed on tumor testing?®. A
combination testing is now recommended in order to ensure that all patients are identified!®.
More recently, biomarker panels have broadened to include more mutations and a homologous

recombination DNA repair deficiency (HRD) scoring system was created by several companies
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such as Myriad Genetics and Foundation Medicine* and have been used in RCTs. Another
PARPi, niraparib, was thus further evaluated not only in the setting of BRCA mutation, but also
in BRCA wildtype patients with positive HRD scores, and BRCA wildtype HRD-negative
scores®’ %,

Another example of biomarkers used in EOC is the estrogen- or progesterone-receptor (ER/PR)
status in low-grade serous disease as it carries a high positive incidence, which had led to the use
of anti-hormone therapy, such as letrozole, in this EOC subtype®® . There is a better OS
associated with higher ER score®, hence the rationale for the previously mentioned GY019 trial
design®!. Moreover, microsatellite instability is a biomarker that has been explored in MMR
deficient tumors including ovarian cancer?®. PD-1/PD-L1 status are other biomarkers explored to
predict the response of immunotherapy in clear cell EOC2-34, Finally, there is also much promise
with liquid biopsies that require small amounts of starting material such as circulating tumor

cells, circulating tumor DNA and micro RNA*. These may have potential use in the setting of

prevention, early detection, response to treatment and surveillance.

Although the theranostics approach has led some of the aforementioned discoveries, they have
their limitations. In the case of HGS EOC, half of BRCA mutated patients do not derive a clinical
benefit within the first months of treatment to olaparib and 1/3 of wild-type BRCA tumors
respond to olaparib> °6, With the high cost of these targeted therapies, this poses a challenge in
precisely identifying those that would benefit from these treatments and those who will not
respond. In order to address this, reliable and practical preclinical models are needed to study

drug response and putative biomarkers.
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Preclinical Models for Drug Screening and Prediction

A significant amount of money has been invested in discovering new cancer treatments with
limited focus on the actual experimental models used to test these agents>’. The current drug
discovery pipeline is dependent on preclinical models which mostly consist of 2D systems,
because of time and cost efficiency. As one of the traditional models used in oncology research,
patient-derived immortalized cell lines are grown in 2D plastic dishes. They are derived by
multiple passaging to enzymatically filter out stromal cells in order to isolate epithelial cells. It is
furthermore devoid of an extracellular matrix and loses most of the cell-to-cell interactions seen
in the original tumor tissue. Primary cultures have also been used but have a finite use and have

their own culture challenges’®.

2D preclinical models have allowed researchers to understand the molecular biology of EOC and
make important discoveries in regard to cancer-specific targets and new therapies. However,
while this form still remains today the primary method of preclinical testing, attrition rates of
anti-cancer drugs continue to be high and EOC survival remains low. This is in part due to poor
translation of preclinical testing into clinical trials. In fact, only 10% of drugs actually make it to
Phase I clinical trials and 15% of these qualify for Phase III°°. More recently, the use of 2D
models for preclinical oncology research has received increasing criticisms. In particular, it has
been noted that this method of culturing puts into question the proper representation of the tumor
heterogeneity due to selective pressures on cells, that it lacks an immune component and that it
lacks interaction with the tumor microenvironment (TME) be it the extracellular matrix (ECM),
tumor cell-stromal cell interactions, or additional important components®. Furthermore, many of
these cell lines were characterized primarily in their 2D form, and thus little is known about

differences in phenotype, protein expression, cell viability and other important biological markers
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when cultured in other model systems. A summary of the advantages and disadvantages of

different cancer experimental models can be found in Table 1.
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Table 1. Advantages and Disadvantages of Different Model Systems in EOC

2D 3D In vivo
Advantages - Convenient - Increased tissue complexity - Increased tissue complexity
- Economical - Inclusion of TME elements - Stroma and vascular interactions
- Homogenous cells - More  accurate  chemical | - Pharmacokinetics studies
- Large panel of cell lines gradients (O2, nutrients, drug) | - Patient-derived xenografts (PDX) show
- Control of culture conditions | - Co-culture possible tumor heterogeneity in early passage
Disadvantages | - Lack 3D architecture - 3D adapted measurements | - Cost

Lack ECM

Selection of subclones
Non-physiological conditions
(culture, mechanical surface)
Short-term  use  (primary
cultures)

limited (metabolic state of
cells  measurement  using
reagents and  phenotypic
response using microscopy®’)

- Requires optimization

- Dependent on sample
availability if fresh tissue-
based model (ex-vivo models)

- Avascular®!

- Enhanced animal expertise

- Low throughput screen

- Mice are typically immunodeficient

- Latency time for tumor growth

- Xenograft engraftment failure !

- Murine stroma

- Orthotopic tumors require imaging analysis

- Subcutaneous tumors don’t allow study of
metastases

- PDXs rely on fresh tissue availability

- Endogenous mouse hormones (estrogen)®?

- Clinical translation of xenografts still under
study




Alternatively, animal models have also been vital to preclinical EOC research® ¢4, Typically, they
are used to validate in vitro discoveries and to assess physiological response and
pharmacokinetics. By far the most common type of in vivo cancer model used is mouse xenograft
(heterotopic or orthotopic) models. In the case of EOC, they are usually performed through
subcutaneous or intraabdominal injection of immortalized cancer cell lines into immunodeficient
mice. Therapeutic responses are often ascertained through a combination of tumor size/weight,
mouse survival and histopathology. This preclinical model is expensive and can incur high costs
with unnecessary animal experimentation if used as a screening model. As this animal model also
has its shortcomings (discussed in Table 1), newer in vivo models have been developed such as
patient-derived xenografts (PDX) and genetically engineered mice (GEMs) (as reviewed in® 6°),
However, there is still long ways to go with some of these newer models as they remain

investigational, costly and laborious.

An ideal preclinical model has optimal physiologic relevance for a drug screening/prediction
platform, with high-throughput screening (HTS), downstream analysis compatibility, translatable
in a clinically relevant timeframe, and affordable®’. It is important to understand that currently
there does not exist a single preclinical model that can precisely answer all possible questions in
the field of oncology (pathogenesis, target validation, drug selection, resistance mechanisms,
etc.)®. When deciding on which preclinical model to use it is important to consider the scientific

question and the endpoints of a study.

To bridge the gap between the shortcomings of 2D model and animal experimentation, there has
been a shift to further develop 3D models. In the case of EOC, multicellular tumor spheroid 3D
in vitro models have been extensively developed as they reflect a physiological event in the

natural history of this disease. As previously discussed, clusters of cells (i.e. spheroids) of



approximately 50-750um detach from the original tumor and either float freely or implant
themselves on the peritoneal surface®. These clusters of cells are resistant to anoikis through
changes in matrix stiffness and EMT that increase survival more than single cell detachments* ¢°.

Cancer stem cells have also been found in ascites fluid and, through their chemoresistance and

ability for self-renewal, they are believed to contribute to recurrence of the disease®’.

In vitro spheroids can be generated using fresh samples or cell lines. Multiple studies in EOC and
other cancers have shown that 3D culture is physiologically different from 2D cultures.
Desmosomes and dermal junctions, secretion and deposition of ECM proteins and proteoglycans
create the cellular interactions within spheroids to enhance its compactness’’. Spheroids model
avascular or poorly vascularized tumors and regions with poor oxygenation and nutrients’!.
These changes will usually be observed when the spheroid is higher than 200-500um depending
on culture conditions’ 73, Overall, this model mimics the structural (cell-cell interactions), the
biological (gene expression profile, tumor cell heterogeneity), the chemical (nutrient and oxygen
gradients) features of an in vivo system and allows the possibility of co-culturing with cancer-
associated cells to more closely resemble the TME®’ 7476, The scientific literature is rich on
methods of spheroid formation, each with their advantages and disadvantages (see Table 2).
Other elements can be added to the spheroid model such as scaffolds, ECMs and hydrogels which

have shown to influence spheroid size and drug penetration® 77 78,
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Table 2. Methods of Spheroid Formation

Methods Options Advantages Disadvantages
Non adherent plate - Rapid spheroid formation - Difficult long-term culture”
(static) - Uniform spheroids - High plate cost
- Easy handling
- Long-term culture
- Inexpensive
- High-throughput screening
Hanging droplet (static) - Uniform spheroids - Short-term culture
Option of adding ECM - Limited harvesting

Spinner  flasks/rotary
vessel (agitation based)

Microfluidics

scaffold” (anchorage)!-?
Natural® (Collagen) or Synthetic
(PLA, PGA)

Limited sample throughput! 3

Long-term culture
Mass production
Easy handling

Non-uniform spheroids
Exposure to sheer forces
High cost
Time-consuming’”

Rapid spheroid formation
Requires less starting material
(tumor cells)

Formation, testing and analysis
on same chip

Well-defined gradients

Collection more difficult’?

"May incur difficulties in effective collection and separation of spheroid from scaffold
2Allows ECM-cell interactions in the spheroid
3Batch to batch composition differences




Therapeutic Response across Model Systems

An important part of experimental model development is the methodology used for analysis. One
of the advantages of 2D preclinical models is that there exist multiple analytical methods for
various endpoints for drug screening and therapeutic response prediction. These include cell
proliferation and metabolic assays, clonogenic assays, flow cytometry, immunohistochemistry
and immunofluorescence. Much effort has been focused on developing 3D models for HTS to
improve cost- and time-efficiency. Current methods to analyze drug screening and response
mostly rely on dissociating the 3D model to use 2D model analysis methods, histopathology,
measures of metabolic activity and spheroid size®’-%2. The latter however does not always reflect
the viability status of the cells in the spheroid and may be a less accurate representation of

chemoresponse, as we have previously shown®3.

With different model systems being developed, the study of different cellular parameters such as
phenotype, protein expression and viability have been carried out. A number of these cellular
processes have been found to be different simply by culturing the same tumor cells in 3D
compared to 2D. These changes occur at the level of EMT genes, epigenetic changes, DNA
integrity and cellular stress pathways®4. Lawrenson et al observed changes in these features in
normal ovarian surface epithelial primary tissue between its 2D and 3D model. The latter more
closely resembled the primary tissue characteristics®>. Encouragingly, there is evidence from gene
expression analyses in EOC cell lines that results are more similar between 3D spheroids and
ovarian xenograft tissue, than in monolayers®®. Moreover, analysis of the cells within a 3D
spheroid have identified three principal layers within this model: proliferative outer layer, a
quiescent middle layer and a hypoxic/necrotic inner layer’ 7637, In vivo tumors share some of

these features as well.



As 3D models were being studied, many researchers became interested in understanding how a
model system can affect therapeutic response with different cytotoxic agents. In the last decade,
most publications have concluded that cells in a 3D model are more resistant to treatment than in
its 2D model™7° 8895, This may explain the poor translation of preclinical results into clinical
trials with different drug efficacy and dosing®®. Flick et al validated the ability of in vitro
chemosensitivities of ascitic fluid spheroids to predict patient responses in a series of 13 ovarian
cancer cases’’. In the case of 3D multicellular spheroid, proposed reasons for discrepancies
include diffusion of oxygen/nutrients/drugs, physical barriers from cellular links,
hypoxic/necrotic cores, changes in gene expression, cell behavior changes, etc’#76 79 808898
Compared to monolayer cultures, spheroids and tumors have initial exponential growth that
declines over time with an increase in nonproliferating and necrotic cells’®. Previous studies have
shown a higher proportion of cells in GO-G1 and a lower portion of cells in S and G2-M phases
supporting the cell layers of this model”. Drug effectiveness relies on cells’ replicative activity
and drug distribution’. This may explain why cytotoxic agents that target replicating cells may
be dysfunctional in the inner two layers of a spheroid especially with increasing diameters’ 89,
Furthermore, avascular or poorly vascularized inner tumor cells are exposed to lower levels of
drug concentration as it mostly accumulates in the outer proliferating layer®. This effect is
accentuated with increasing spheroid cell density/diameter and the gap in drug accumulation
between inner and outer cells widens”. Furthermore, low oxygen areas of the spheroid reduce
production of reactive oxygen species which affects the efficacy of anti-cancer drugs’®. Changes
in gene expression can also affect response to therapy. Paullin et al reported an upregulation of
the gene AKRIC1 (Aldo-Keto Reductase Family 1, Member C1), involved in detoxification, in

EOC cells that is known to be associated with platinum-resistance®*. 2D models are not exposed

to these same barriers that change the diffusion pattern and action of drugs.
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Rationale, Hypothesis and Objectives of this Study

Our group has recently reported results of a study comparing carboplatin chemosensitivity
between in vitro models®. Using four of our laboratory’s EOC cell lines, a 2D model was
compared to two different 3D models. Results showed that response to chemotherapy varied
significantly from one model to another for the same cell line and furthermore that this change
did not follow the same trend across cell lines. This puts into question the reliability of EOC

preclinical models with such variability seen between in vitro models.

More importantly, it is currently unclear whether one of these in vitro models accurately reflects
the in vivo response. Our hypothesis is that a 3D microenvironment would more closely
approximate the in vivo therapeutic response. Given that EOC clinical prognosis is based on
platinum sensitivity*°, carboplatin treatment in three different model systems were compared to
one another. The primary objective of this study is to characterize the sensitivity of our EOC cell
lines to carboplatin in 2D monolayers and 3D multicellular spheroids and compare them to their
in vivo response using our mouse xenograft model (Figure 1). Our results highlight the variability
in therapeutic response across model systems and the importance of testing therapies using

multiple preclinical models prior to clinical trial design.
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Figure 1. Schematic illustration of study design
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Chapter 2 — Methodology

Cell lines

Six of our laboratory’s patient-derived EOC cell lines of varying carboplatin (2D) sensitivity and
able to form tumor xenografts were used in this study: OV-90, OV4485, OV4453, TOV-21G,
TOV-112D and OV-1946°°-192, Mycoplasma testing and STR analysis were performed for all cell
lines. These cell lines originate from either patient tumors (TOV) or ascites (OV). OV4485 and
OV4453 are BRCA1 and BRCA2 mutated cell lines, respectively. Cells were cultured in
completed OSE medium (Wisent, QC, Canada) supplemented with 10% fetal bovine serum
(Wisent), 2.5 ug/mL of amphotericin B (Wisent) and 50ug/mL of gentamicin (Wisent). Cells
were cultured in their ideal growth parameters. OV-90, TOV-21G, TOV-112D and OV-1946
cells were maintained in 100mm dish with 21% O», 5% CO; at 37°C, and OV4485 and OV4453
were kept at 7% Oa, 5% CO; at 37°C. All cells were passaged when they attained 90%

confluence and all experiments were carried out with cells between passage 70 to 80.

Xenograft model

Establishment of tumor model

NOD.Cg-Ragltm1Mom I12rtm1Wjl/SzJ immunodeficient female mice (The Jackson Laboratory,
JAX stock #007799)!03 1% were used to form tumors with our 6 cell lines. A total volume of
200uL consisting of a suspension of 1 x 10° cells in 100uL cold Dulbecco’s phosphate-buffered
saline (D-PBS) (Wisent) and 100uL of Matrigel® Matrix (Corning Inc., NY, USA) was injected

subcutaneously in the flank of each mouse for the TOV-112D, TOV-21G and OV-90 cell lines,



while 5 x 10° cells were injected for OV-1946, OV4453 and OV4485. Eight mice were used for
each of the four following carboplatin treatment groups per cell line: 0 mg/kg, 25 mg/kg, 50
mg/kg and 75 mg/kg (see below for treatment dose optimization). Carboplatin treatment was
initiated once tumors attained an average of 200mm?® (drug effects can vary if below 200mm?)%°,
Mice were between the ages of 11-24 weeks at the start of treatment. All animal procedures were
performed in accordance with the guidelines for the Care and Use of Laboratory Animals of the
CRCHUM and approved by the Animal Ethics Committee, i.e., the Comité institutionnel de
protection des animaux (CIPA). Mice were given dietary supplementation (DietGel® Recovery
72-06-5022 and DietGel® Boost) twice weekly and tumors were measured in three dimensions
(length, width, depth) with calipers 2-3 times weekly by the same animal technician.
Furthermore, to alleviate the known negative side effects of carboplatin treatment, anti-nausea
medications (see optimization protocol below) were given one hour before the chemotherapy
dose as well as 24 and 48 hours following carboplatin treatment. Mice were sacrificed at the end
of the treatment period or if ethical limits were attained. At the end of the experiment, tumors
were collected, measured and were formalin-fixed and paraffin-embedded (FFPE). For each
mouse, FFPE tumor blocks were cut into 4um sections for histological Hematoxylin & Eosin
(H&E) staining to distinguish cell nuclei and ECM/cytoplasm, respectively. This provided
information on the general tissue architecture and the identification of epithelial and stromal

structures.

Optimization studies for drug administration
A first pilot study was performed with weekly IP carboplatin cycles of 100mg/kg up to three
cycles so as to not exceed the known LD50 of 118mg/kg!%. A second pilot study was performed

with a lower dose of 75mg/kg, given the high mortality rate with 100mg/kg, and two anti-nausea
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medications (Img/kg of maropitant and 0.8mg/kg of ondansetron) were given subcutaneously 3

times weekly to aid with malnutrition secondary to nausea observed in the first pilot study.

3D spheroid formation

Spheroid formation was completed using 96 concave-bottom ultra-low attachment (ULA)
microplates (Corning 4515/4520). This technique allows for uniformly homogenous formation of
spheroids in a short time frame® 74, Previous work has shown that with this method EOC cell
lines form more compact spheroids in a shorter period of time than with traditional hanging
droplet method”! *° #. For all six cell lines, 2000-2500 cells in 100uL of complete OSE medium
were seeded in each well to attain approximately 500pm diameter spheroids at 48 hours of
formation. At this time, carboplatin treatment was administered for 24 hours with a 24-hour
recovery period. Therefore, the experiment lasted a total of 96 hours post-seeding. For each
condition and cell line, 20 spheroids were used, to provide two replicates of 10 spheroids. Plates
were centrifuged at 1000rpm for 5 minutes at room temperature. Spheroids were allowed to form
over 48 hours for optimal cell aggregation/adhesion time in their respective ideal incubation
conditions (see section Cell Lines). Spheroids cultured for shorter periods do not have sufficient

time to develop model-specific cell-cell and cell-ECM interactions’! 72,

Carboplatin Treatment

Based on previously performed pilot studies, carboplatin (Hospira Healthcare Corporation)

treatment in our xenograft model was given once weekly IP at doses of 25, 50, and 75 mg/kg for
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up to a total of 6 cycles. The carboplatin vehicle, 0.9% NaCl solution, was used for the control
group.

Optimization studies were performed with spheroids to determine a carboplatin treatment range.
Thereafter, spheroids in the ULA plates (cultured in 100puL) were treated with an additional
100puL of three different in-well concentrations of carboplatin (range, 0 to 3000uM). 100uL of
complete OSE medium was used for the control group. Spheroids were treated for 24 hours
followed by a 24-hour recovery period. This chemotherapy incubation time was chosen based on
the literature suggesting that 24h of drug exposure is required to disintegrate the outer
proliferative layer and penetrate the spheroid® °! 19, A 24-hour recovery was chosen to mimic the
physiologic metabolism of the drug and previous studies demonstrating the effect of

chemotherapy after its removal®! 197,

Flow cytometry analysis

After the carboplatin treatment and recovery period, 10 spheroids (one replicate) were pooled per
condition and dissociated with trypsin-EDTA (0.05%) for 30-45 seconds to obtain single-cell
suspensions. In our pilot studies, we observed that this dissociative agent offered the overall
highest cell viability for all cell lines compared to mechanical dissociation or other agents such as
collagenase, Accutase and GENTLEMACS. Single cells were then labelled with LIVE-DEAD
(LIVE-DEAD™ Fixable Aqua Dead Cell Stain Kit, Thermofisher L.34957) stain (1:100 dilution)
to detect live and dead cells. After an incubation period between 15-45 minutes at room
temperature, the stained cells were analyzed by flow cytometer (LSR-Fortessa, BD Biosciences)
within 2 hours of staining, using 405nm excitation, and fluorescence emission was monitored at

525nm. The data collected from each acquisition was analyzed using FlowJo (FlowJo, LLC,
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Ashland, USA) by gating the Front/Side Scatter cell population, removing doublets and
identifying two main cell populations, dead cells (stained) and live cells (non-stained).
Normalized live and dead cell rate could then be plotted from which dose-response inhibition

curves, with respective ICso, were generated using GraphPad Prism 6 software.

Immunofluorescence and Immunohistochemistry

FFPE tumor blocs were cut into 4pum sections for immunofluorescence (IF) and
immunohistochemistry (IHC) staining to identify cell population composition and viability.
Antibodies used for IF included DAPI for nuclei detection and Ki-67 for cell proliferation.
Antibodies used for IHC included DAPI for nuclei detection, Ki-67 for cell proliferation and
cleaved caspase-3 (CC3) for apoptosis. IF/IHC slides were stained using the BenchMark XT
automated stainer (Ventana Medical System Inc., Tucson, AZ). Antigen retrieval using secondary
antibodies was carried out automatically with the Cell Conditioning 1 (VMSII #950-123) for 30
minutes (CC3) or 60 minutes (Ki-67). Rabbit anti-Ki67 (1:200) antibody (RM9106, Thermo
Scientific) and rabbit anti-CC3 (1:500) antibody (9661, Cell Signalling Technology,
Massachusetts, USA) were dispensed manually. The slides were incubated at 37°C for 60
minutes and developed using the Ultra-View DAB detection kit (VMSI#760-091). All sections
were scanned with a 20 x 0.75 NA objective with a resolution of 0.3225um (bx61vs, Olympus,

Toronto, Ontario).

Stained tumors were quantified using VisiomorphDP software (VisioPharm, Denmark). IF filters
used for DAPI antibody and anti-Ki-67 were DAPI and TRITC, respectively. The IF

quantification of Ki-67 was performed by 1) detecting and calculating the total tissue core surface
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area through the DAPI channel, 2) detecting and calculating the total area of Ki-67 positive cells,
3) calculating the ratio of the area in (2), Ki-67, over the area in (1), tissue core. Quantification

cut-offs were used to categorize cell lines according to response to carboplatin therapy.

Statistical Analyses

Values are expressed as the means + standard error of the mean (SEM), derived from at least
three independent experiments in the case of 3D-spheroids and, on average, 8 tumors per
condition per cell line for the xenograft model. Comparison between multiple groups (different
carboplatin concentrations) was determined by one-way ANOVA comparison test. 3D ICso was
calculated by transforming all concentrations into logarithms, normalizing the response, and
performing nonlinear regression analysis (dose-response inhibition equation — variable slope). P
values <0.05 were considered significant. All statistical analyses were done using GraphPad

Prism 6 software (GraphPad Software Inc., San Diego, CA).
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Chapter 3 — Presentation and Analysis of Results

2D Models

The selection of the 6 EOC cell lines was based on two important factors: the ability to form
tumors in immunodeficient mice and their 2D carboplatin chemosensitivity category (Table 3).
These cell lines have been extensively characterized in 2D in previously published articles®®-!0?
and represent the diverse range of EOC subtypes (endometrioid = TOV-112D, clear cell = TOV-
21G and HGS= 0OV-90, OV-1946, OV4453, OV4485). Their 2D platinum-sensitivity obtained by
clonogenic assays was used in this study to arbitrarily categorize the cell lines as either sensitive,
intermediate or resistant based on their ICso. Cell lines that had an ICso below or equal to 1uM

are considered sensitive, those between 1-10uM are intermediate and those above 10uM are

resistant.

Table 3. 2D carboplatin sensitivity (clonogenic assay)

Cell line EOC histology subtype Origin of cell line | ICsp (nM) Chemosensitivity References
0V4453 High-grade serous ascites 0.23+0.074 Sensitive 9
TOV-21G | Clear cell tumor 1.0£0.23 Sensitive 101102
OV-1946 High-grade serous ascites 3.4+0.18 Intermediate 100
0V4485 High-grade serous ascites 6.1£0.27 Intermediate 9
TOV-112D | Endometrioid tumor 13.4+ Resistant 101102
OV-90 High-grade serous ascites 31.8+5.4 Resistant 101102

3D Spheroid Model

All 6 EOC cell lines formed spheroids in ULA plates (See Figure 2). OV-90 and OV-1946

formed compact spheroids. TOV-112D, TOV-21G, OV4485 and OV4453 formed dense




aggregates. To demonstrate that the cells in the spheroids remain proliferative throughout the
experiment period, we performed IHC staining (with CC3 for apoptotic cells and Ki-67 for
proliferative cells) for spheroids at 48 hours (time of spheroid formation) and 96 hours (end of
experiment) (Figure S1 in Appendix). In general, the cells in spheroids stain strongly for Ki-67 at
both time-points with low expression of CC3 demonstrating that they remain proliferative

throughout the treatment course.

TOV-112D 0v44s85

A) I et
Figure 2. 3D spheroids grown in ULA 96-well spheroid microplates.

2000 cells seeded and grown for 48hr. A) OV-90 & OV-1946 forms round compact spheroids. B) TOV-112D, TOV-
21G, OV4485 & OV4453 forms dense aggregates. Scale bar = 400pum

-

Using a LIVE-DEAD aqua stain, flow cytometry was carried out to determine live and dead cell
rate after spheroid carboplatin treatment (Figure 3A, Figure S2 in Appendix). ICso were generated
using dose-response inhibition analyses (Figure 3B). In all cell lines, the 3D ICso values were
significantly higher than that seen in 2D model. However, the fold change in chemosensitivity

between the 3D and 2D varied significantly depending on the cell line (Table 4). Cut-off for
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resistance to carboplatin treatment was based on response to the physiologic conversion of
maximum plasma concentration of carboplatin received by patients, which is 300uM'%. This
estimated calculation is based on a dose of 300mg/m2 of carboplatin, a body surface area of
1.7m2, a total blood volume of 4.7L and the carboplatin molecular weight of 371249 mg/mol.
Response to doses below 100uM were considered sensitive. Response in between were
considered intermediate. Therefore, OV-1946 was categorized as sensitive, TOV-21G and OV-90

as intermediate, and TOV-112D, OV4453 and OV4485 as resistant.
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Figure 3. Carboplatin chemosensitivity in 3D spheroid models for all 6 EOC cell lines

A) Spheroid cell viability (normalized to Control) with three different carboplatin doses (24-hour treatments) B) Dose-response inhibition curves (in order of
ascending ICso). All experiments were performed at least three times (range, 3-6). ICso in pM. Error bar = + SEM. *p<0.05, **p<0.01, ***p<0.001,
skskoskosk

p<0.0001
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Table 4. Carboplatin ICso fold change between 2D and 3D models. ICso in uM

Cell Line 3D ICs0/2D ICso
0OV4453 659.1/0.23 = 2865.7
TOV-21G 280.8/1=280.8
OV-1946 90.03/3.4=26.5
0OV4485 964.8/6.1 = 158.2
TOV-112D 330.3/13.4 =24.7
OV-90 223.9/31.8=17.0

In vivo Xenograft Mouse Model

Tumor volume curves were generated from recorded xenograft measurements throughout
carboplatin treatment (Figure 4). Chemosensitivity was categorized according to the ability of
each cell line to inhibit in vivo tumor growth. As such, a cell line was considered resistant if no
statistical difference was seen with even the highest dose (unresponsive), sensitive when tumor
volumes at time of sacrifice were significantly lower than the controls for at least the two highest
carboplatin doses used (very responsive), and intermediate for responses that were incomplete
(partially responsive). Therefore OV-1946 and OV4453 were categorized as sensitive, OV-90
and OV4485 as intermediate, and TOV-21G and TOV-112D as resistant. As seen with the 3D
model, chemosensitivity varied significantly in the xenograft model when compared to the 2D-

determined ranking.
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Figure 4. Quantitative analyses of epithelial ovarian cancer growths in mouse xenografts

Weekly IP treatments were administered up to a maximum of 6 cycles (8 mice/condition) were started once tumor
was >200mm?. Treatment groups included control (0.9% NaCl), 25mg/kg, 50 mg/kg and 75 mg/kg of carboplatin).
Average growth curves of tumor volumes were plotted over time. The cell lines were then classified based on
treatment-response: the two most sensitive cell lines OV-1946 and OV4453 (A), the two intermediate cell lines
0OV4485 and OV-90 (B), and the two most resistant cell lines TOV-21G and TOV-112D (C). Black line = Control,
Blue line = Carboplatin 25 mg/kg, Green line = Carboplatin 50 mg/kg, Pink line = Carboplatin 75 mg/kg.
Normalized values were obtained by calculating the volume at any given time (Tx)/ volume at Day 0 (To). Error bar =
+ SEM

Quantitative IF was generated from the collected xenografts after carboplatin treatment
completion. IF staining with Ki-67 antibody showed a significant decrease in proliferative cells
after treatment (Figure 5). The response was dose- and cell-line dependent and EOC cell lines
were subsequently categorized according to chemosensitivity. TOV-112D and TOV-21G were
resistant across all doses. OV-1946 and OV4453 had a very significant response (p<0.001) with
the two highest doses compared to control, making them sensitive cell lines. OV-90 and OV4485
demonstrated partial response and was therefore classified as intermediate. These results are

concordant with the tumor volume measurements.
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Figure 5. Dose-response analysis of EOC cell line xenografts.

Mice were treated with 3 concentrations (25, 50 and 75 mg/kg) of carboplatin. Xenografts were formalin-fixed and paraffin-embedded. IF staining of xenografts
(DAPI in blue, Ki-67 in yellow) and quantification were performed for all 6 cell lines (n= 8 mice/condition) A) OV-1946 B) OV4453 C) OV-90 D) OV4485 E)
TOV-21G F) TOV-112D. Normalized values were obtained by calculating the viability at a given carboplatin concentration (Cx)/viability of the control group in
percentage for each experiment. Error bar =+ SEM

56



Comparing 2D, 3D and in vivo Carboplatin Sensitivity

When trying to correlate the in vivo chemosensitivities with that of the in vitro models, results
appeared to vary according to the cell line. We found that the in vivo results of the cell lines
OV4453 and OV4485 resembled the 2D chemosensitivities more than the 3D spheroid model
did. Conversely, the in vivo chemosensitivity of cell lines OV-1946 and OV-90 were better
reflected in the 3D spheroid model. TOV-112D in vivo response reflected both 2D and 3D
response. TOV-21G showed different rankings across the 3 different models, however both 3D
spheroid and in vivo responses were more resistant than the 2D model (Table 5). In summary, we
observed that carboplatin responses of 3D-spheroids resembled that of the in vivo model in 4/6
cell lines, while two cell lines (OV4453 and OV4485) did not. These two cell lines were the most

resistant in the spheroid model.

Table 5. Summary of chemosensitivity across model systems.

Cell lines 2D 3D Xenograft In vivo correlation
0Vv4453 Sensitive Resistant Sensitive 2D

TOV-21G Sensitive Intermediate Resistant -

OV-1946 Intermediate | Sensitive Sensitive 3D

0V4485 Intermediate | Resistant Intermediate | 2D

TOV-112D Resistant Resistant Resistant 2D + 3D

OV-90 Resistant Intermediate Intermediate | 3D




Chapter 4 — Discussion

This study highlights the importance of preclinical model selection for drug sensitivity analysis
and understanding the variation that exists between experimental models. As most early-phase
clinical trial designs rely heavily on preclinical data, it is important to consider these findings
when performing drug screening or therapeutic response prediction studies especially in the era
of personalized medicine. Given the major patient burden and cost of trials to our health care
system and limited funding available, we must improve the high attrition rates of anti-cancer
drugs making its way to the clinic, and this begins with understanding the current models we

have available today to identify areas of improvement.

The mainstay of preclinical studies still remains cell-line based experiments. Few studies have
reported results for chemosensitivity in the same patient-derived cell lines across 2D, 3D and
animal models. An older study by Erlichman et al used bladder carcinoma cells and reported that
the 3D in vitro model reflected better the response found in their mouse xenograft model, and
higher drug resistance was seen in 3D compared to 2D culture 8. In our study, the more
representative in vitro model varied according to cell line. However, the majority of the cell lines
showed better concordance in carboplatin sensitivity between 3D spheroids and in vivo responses.
When comparing 2D and in vivo models, many interesting observations can be made. Namely
that certain cell lines that have been traditionally characterized in 2D and labelled as sensitive,
such as TOV-21G, can be completely resistant when therapeutic response is tested in vivo.
Conversely, one of the most resistant HGS ovarian cancer cell lines in our laboratory’s panel of
EOC cell lines, OV-90, becomes much more sensitive when platinum therapy is tested in mouse

models. The transition from 2D to 3D, in our study, also displayed an increase in resistance,
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however not all to the same degree, which accounted for the rank order changes amongst the 6
cell lines. Understanding how cancer cell lines behave across model systems is crucial so as to

not under- or over-estimate drug response.

The differences seen across model systems may be due to multiple factors, including but not
limited to origin of cell line (location, histology and previous treatments), morphology, drug
penetration!®®, changes in protein expression, hypoxia, stemness, and the type of drug tested. A
more detailed discussion of these factors is considered in the following sections. These factors

will likely influence the choice of model system when developing therapeutics.

Factors Influencing Drug Response in Ovarian Cancer Preclinical

Models

Origin of cell line impacts preclinical therapeutic responses

For proper model selection and interpretation of responses observed in the model, it is important
to know where the cells used are derived from. In the case of immortalized human cancer cell
lines, this requires a comprehensive understanding of the original patient’s disease. It has been
reported that cell lines derived from previously treated tumor or ascites often develop acquired

platinum resistance!

. This is likely due to protein expression changes (e.g., loss of luminal
cytokeratin (CK) 8/18/19)!92 or new mutation profiles that are acquired after exposure to
treatment. From these cell lines only OV4485 was derived at time of recurrence®®, which could
explain its higher resistance to carboplatin in 3D spheroids. In addition, location of derived cell is

equally important. A study performed by Mo et al'”® using a tumor-derived ovarian cancer cell

line as well as ascites derived from in vivo culture of this same cell line demonstrated that the
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cells from ascites and cells cultured with ascites medium had increased 2D chemotherapy
resistance compared to that in the original cancer cell line culture. The ascites culture also
showed evidence of increased drug efflux and an increase in multidrug resistant ATP-binding
cassette (ABC) transporters. However, such a correlation with carboplatin sensitivity could not be
observed in our study, where the four cell lines derived from ascites samples (OVs) presented
variable carboplatin responses in all three models used. The two cell lines derived from tumor
samples (TOVs) were the most resistant in the in vivo model. However, it is important to mention
that these two TOV cell lines are derived from rarer EOC subtypes, clear cell (TOV-21G) and
endometrioid (TOV-112D), known to be more chemoresistant than the HGS histology®®. This is
likely a result of the distinct genetic mutation profile that characterizes them. With the advent of
tumor molecular characterization, this will further increase our understanding of EOC subtypes,
and it becomes even more important to appropriately select a model that best addresses a given

research question.

Impact of hypoxia on drug response
Inherently, in vivo models exhibit chemical gradients (e.g., nutrients and oxygen), and by
extension biological changes (gene/protein expression), that define their TME. 3D models such

as spheroids attempt to mimic this gradient, while this is quasi absent in 2D models.

Cells in a 3D spheroid demonstrate lower viability than cells plated in a 2D culture. Shan et al
demonstrated that, without any cytotoxic treatment, a 40% decreased viability is noted in cells of
a spheroid (5000 cells) compared to its monolayer model®°. Similar to our results, Rosso et al
found that OV-90 cells had twice as many dead cells than TOV-112D cells after 48 hours of

formation (without drug treatment) simply by culturing in aggregates instead of monolayers''°,
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Another study in breast cancer cell lines showed an increase in the proportion of necrotic and
apoptotic cells in 3D compared to 2D, and this effect was more important as the size of the

spheroid increased (more initial cell seeding)”.

Morphology and viability of cells in a model system will inevitably affect drug penetration. Shan
et al performed pharmacological assays that detected lower fluorescent drug intensities in the
inner cores of spheroids compared to the outer proliferative layer. These central drug intensity
values decreased with increasing cell seeding number and spheroid size”. For the same drug
tested, this effect was similarly seen with increased ICso values reported. This may be in part
related to the hypoxic core that develops in a spheroid as it increases in size (gradually seen as
spheroids exceed 200-500um)’! 77 7°, Many spheroids in human ascitic fluid appear to exceed this
size and thus likely exhibit this feature’!. Gong et al showed a 50 to 80 fold difference in ICso
values using doxorubicin in breast cancer cell lines; as the size of the spheroid increased, drug
penetration decreased and resistance increased”. Our group had previously found a 9-fold
increase in ICs for the cell line TOV-112D spheroids obtained with the hanging droplet
technique” and an 18-fold increase using the non-adherent plate technique®®. Spheroid diameters
were no larger than 200um® and 300-400um, respectively®®. Furthermore, model systems that
inherently demonstrate evidence of hypoxia can be expected to incur changes in gene/protein
expression compared to models, such as monolayers, that do not. The changes in cell gene and
protein expression within spheroids such as increased markers of stemness (CD44) and
angiogenesis (VEGF) due to hypoxia may contribute to the chemoresistance seen in 3D models™.
In this context, it is possible that the high carboplatin resistance of OV4453 and OV4485
spheroids might be related to their low oxygen supply. These were the only two cell lines in our

study in which spheroids were cultured in low oxygen (7%) conditions. These cell lines are

61



sensitive to oxygen and they grow slower in normal 21% oxygen. Nevertheless, this low oxygen
condition does not affect 2D response, as OV4453 is one of the most sensitive cell lines to
carboplatin (evaluated by clonogenic assay)”. Furthermore, Hirst et al demonstrated an increase
in hypoxia-regulated genes (presence of HIFa) and markers of stemness with negative staining
for Ki-67 in the core of 3D multicellular tumor spheroids which was not seen in monolayers'!!.
The results argue that chemoresistance and increased stemness may not simply be due to poor
drug penetration alone, but rather related to phenotypic changes of cells in 3D that persist even
when dissociated into single-cell suspension!!!. Musioz-Galvan et al reported differences in 3D
gene expression profiles for cancer stem cell (CSC)-related genes that were overall significantly
higher compared to 2D profiles. Furthermore, when analyzing sensitive and resistant tumor
samples, CSC-related genes were also significantly higher in the resistant cohort. Inhibition of
some of these CSC markers in combination sensitized the cells to even low doses of carboplatin
as shown by decreased ability to form spheroid!!'?. Taken together, it is important to consider the
hypoxic changes that occur in more complex model systems and how this impacts response to

therapy.

Impact of EMT and DNA repair on drug response
To account for biological and therapeutic response differences of cancer cell lines across different
model systems, cell adhesion markers may be important in different culture settings and DNA

repair mechanisms appear to vary across cell lines and experimental models.

EMT markers have been studied for correlation with chemoresponse and, in the case of 3D
spheroids, morphology without any convincing trends. Within the panel of EOC cell lines in our

study, we were not able to find a correlation between therapeutic response and EMT markers. For
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TOV-21G, the original 2D characterization of the cell line demonstrated positive CK 8/18/19
protein on IF!%! while a more recent publication using FACS analysis failed to detect the same
CKs and epithelial cell adhesion molecule (EpCAM) expression!?2. VIM expression (2D-cell
pellets) was found to be positive in TOV-21G using IHC'!'3, TOV-112D similarly had positive
CK 8/18/19 on the original 2D characterization of the cell line!°!, however other recent analyses
demonstrate negative expression of PAN-CKs, ECAD and/or EpCAM (Western blot, FACS or
IF)!92 110 VM was found to be positive (IHC or Western blot)!!° 113, Put together, these would
suggest that TOV-21G and TOV-112D have a more mesenchymal type of phenotype, however
the results are nevertheless ambiguous. OV-90 monolayer cells express CKs 8/18/19 and PAN-
CKs, EpCAM and ECAD!0! 102110 byt not VIM!'10 113 guggesting a more epithelial phenotype.
Both TOV-112D and OV-90 cell lines were also evaluated for EMT markers when cultured as
3D spheroids and the protein expressions did not change significantly!'?. OV-1946 does not
express epithelial markers CKs 7/8/181% and ECAD!!* suggesting a more mesenchymal
phenotype. 2D characterization of the OV4453 and OV4485 cell lines show that both express
CKs 7/8/18/19 but not VIM, and only OV4485 expresses ECAD”. Altogether OV4453 and
OV4485 appear to express markers from both epithelial and mesenchymal phenotypes suggesting
an intermediate phenotype. In summary, when evaluating these markers and phenotypes in our
panel of 6 EOC cell lines, no clear trend could be established with either in vitro or in vivo

therapeutic response, further stressing the need to test in different models.

Other studies have looked at the association of response and morphology, and changes in these
markers when culturing in 2D and 3D. Heredia-Soto et al evaluated protein expression (through
IHC) of markers SNAIL, SLUG, ZEB1, ZEB2, TWISTI1, TWIST2, ECAD, PANCK, NCAD and

VIM between 2D and 3D cultures. Although a general increase in EMT markers expressed was
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noted in the 3D culture, unfortunately no correlation could be made with phenotype and response
to platinum therapy!''>. Similar studies using our EOC cell lines TOV-21G, TOV-112D and OV-
90 did not find any significant changes in some of these markers from 2D to 3D® 1% however
one study suggested a trend towards epithelial phenotype transition in 3D culture®® but this was in
contrast to other published studies!!®. Furthermore, when attempting to correlate EMT phenotype

and spheroid morphology, no clear trend could be established for compact or loose aggregates®®.

Besides EMT markers, differences in DNA repair capabilities (related to DNA mutation or
methylation) across cell lines may play a role in therapeutic response, particularly platinum-
therapy. There are 3 DNA repair mechanisms relevant to the EOC cell lines used in this study:
homologous recombination (HR), non-homologous end-joining (NHEJ), and MMR deficiency.
In the case of the cell line OV-90, the observed carboplatin sensitivity in 3D and in vivo models
compared to the 2D model may be explained by reported lowered levels of BRCA 1 protein and a
mutation in the XRCC5 gene, which codes for a protein required for NHEJ repair of DNA double
strand breaks, suggesting a dysregulation in DNA repair mechanisms in this cell line compared to
other BRCA wildtype cell lines!!®. Interestingly, in a study treating OV-90 cells with the PARPI,
olaparib, a significant decrease in ICso was noted when cells were cultured in 3D spheroids
compared to monolayers®2. Moreover, as previously mentioned, both OV4453 and OV4485 cell
lines are BRCA deficient hence with impaired HR. HR deficient cells are often more susceptible
to DNA alkylating agents such as carboplatin which correlates with the response observed in
vivo. Moreover, loss of function (gene mutation or methylation) of the MMR proteins that repair
single base mismatches and insertion/deletion loops can create DNA damage tolerance!!” '8, This
deficiency was noted in the cell line TOV-21G!'%! which may confer its significant

chemoresistance in xenograft models and in spheroids. There are several reported causes of this
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increased chemoresistance in MMR deficient tumors the main mechanism being that DNA
damage detection and subsequent downstream activation of cell death are impaired'!®. However,
it remains a mystery why TOV-21G is consistently sensitive in 2D models and may reflect some
of the shortcomings of 2D models that do not account for the TME, chemical gradients and cell
interactions that are present in 3D and in vivo models. Furthermore, given some of these
biological changes that appear to occur when cells are culture in 2D versus 3D, it may not come
as a surprise that some studies report different xenograft tumor growth/tumorigenicity!'?° and
angiogenesis'?! when cells are cultured in 3D prior to injection in mice. Interestingly, when OV-
90 xenografts were established from monolayers versus spheroids, the tumor growth was no
faster when derived from the 3D than the 2D model, which is consistent with our findings®®.
Overall, it appears that EMT and DNA repair markers influence drug response, however further
studies across different model system are required to understand their predictive value in

determining drug sensitivity.

Factors that influence drug penetration relevant to in vitro therapeutic response
With different in vitro culture methods, it would be expected that in vitro drug penetration, and
hence drug sensitivity, would vary according to morphology, drug exposure time, drug molecular

weight and mechanisms of drug accumulation/inactivation.

In trying to correlate morphology and drug response, Lee et al discovered increased resistance in
3D EOC models compared to their 2D counterpart with the greatest change in sensitivity amongst
cell lines forming large dense and large loose aggregates®®. This finding could account for the
higher platinum-sensitivity seen in the two cell lines forming the small compact spheroids in our

work, OV-1946 and OV-90. Another study using a breast cancer cell line compared 3D spheroid
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model and a 3D microtissue model and found decreased drug penetration in spheroids compared
to the microtissues, and one potential hypothesis they reported was that the spheroids were more

compact!?2.

Drug exposure time may also influence the ability for drugs to penetrate in vitro models and thus
drug response. Shan et al studied three different drug exposure times at 1 hour, 24 hours and 72
hours with ellipticine and doxorubicin. At 1-hour, cytotoxic drugs accumulate in the outer layer,
and only after 24 hours exposure do the spheroids start to demonstrate evidence of disintegration
with a decrease in drug intensity differential between outer and inner cell layers. This indicates
improved drug penetration. 72 hours of exposure to high dose cytotoxic drug induced apoptosis

in cells of spheroids®.

Some of these variations in therapeutic response may be due to the molecular weight of the
agents tested, with low-molecular weight drugs penetrating more easily!'%. Although most
patients receive combination treatment of carboplatin and paclitaxel in the first line setting, we
chose to treat solely with carboplatin. As previously mentioned, carboplatin response, and not
paclitaxel, is a biomarker for response to second-line therapy. Furthermore, paclitaxel’s effect

(ICs0) does not appear to vary significantly across our EOC cell lines!??.

Drug penetration and chemosensitivity can also be influenced by differences in gene and protein
expression across different models and cell lines!!”. Platinum resistance may be related to protein
changes that result in reduced intracellular drug accumulation, namely through decreased drug
influx or increased drug efflux. ABC transporters/pumps are the main players in multidrug
resistance by exporting cytotoxic drugs from the cell. The well-known ABC transporters
involved in platinum resistance are MRP2, CTR1 (a copper transporter) and ATP7A/B (copper

exporters)!?* 125, ATP7A also may sequester platinum agents in intracellular compartments before
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attaining nuclear DNA!"7. Furthermore, the glycoprotein drug transporter, P-glycoprotein, is also
an efflux pump that has been associated to platinum resistance in vitro and in vivo and whose

expression increases in the presence of drug!!” '8

. Lung resistance protein (LRP) is a nuclear
extrusion transporter of molecules between the nucleus and cytoplasm and their exocytosis from
the cell''®, Proteins involved in drug efflux may be upregulated in some cells located in the core

of the spheroid with evidence of inactive metabolite in this region of the spheroid’* 8

resulting in
lower 3D chemosensitivity that correlated with results from in vivo studies’. Other mechanisms
of platinum resistance are related to intracellular drug inactivation through upregulation of
detoxification enzymes. In the cytoplasm, platinum drugs undergo aquation allowing them to
react with thiol containing molecules, such as glutathione that sequesters the drug reducing
oxidative stress and allowing DNA repair!!® 124, In response to hypoxia for example, activation of
the oxidative stress response (Nrf2 pathway) increases the enzyme that synthesized
glutathione'?%. Another detoxifying enzyme, aldehyde dehydrogenase (ALDH), oxidizes
aldehydes to weak carboxylic acids and increased expression has been noted in resistance cells
and is a known marker of ovarian cancer stem cells. 3D spheroids express higher levels of
ALDH'’. To our knowledge, no studies have evaluated the expression of these transporters or
enzymes in our panel of EOC cell lines and should be evaluated in future studies.

The ability for a drug to interact with the cells in a model is influenced by many of these factors

and should be taken into account during the study design phase.

How a drug and its therapeutic analysis method may influence drug response
The differences in response across models vary according to the mechanism of action of a
therapeutic agent tested. In the case of targeted therapy, the trends in model systems appear to

different depending on the agent’®. As an example, glioblastoma cell lines were more sensitive
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with targeted therapy PI3 kinase inhibitor in a 3D model compared to 2D monolayer culture®!.
However, when exposed to other targeted therapies such as HSP90 chaperone or PLCy inhibitors,

the 3D cultured cells were more resistant than in monolayers.

In comparison with cytotoxic chemotherapy, generally cells become more resistant in 3D
although to variable degrees!?, as we have seen in our study with carboplatin. In addition, the
3D/2D growth inhibition ratio (Glso) can vary significantly depending on the agent and the cell
line used. Shan et al reported ratios that were 6 to 20-fold higher when testing plant alkaloid or
anthracyclines chemotherapeutics® and another study described an increase of 2 to 5 fold
concentration to inhibit 50% of cell growth with 5-fluorouracil, paclitaxel or curcumin'?8,
Heredia-Soto et al treated a panel of EOC cell lines with cisplatin in 2D and 3D cultures only up
to a maximum of 100uM. ICsos performed for all cell lines in 2D and 3D (with some unable to be

reached) demonstrated a range of 5 to more than 50 fold difference in chemoresistance!'>.

It is important to consider that some of the differences seen may be related to the analysis method
chosen to evaluate drug response to therapy. One of the important elements of a useful preclinical
drug discovery model is its ability to perform HTS. To this end, treatment response is often
determined through colorimetric/fluorimetric assays such as MTT!?® to indirectly determine cell
viability. However, these analytical tests that rely on metabolic state of cells often overestimate
viability when compared to growth-inhibition or clonogenic assays. This is seen in particular with
drug- or radiation-induced senescence'?. For this reason, we chose to use LIVE-DEAD FACS
stain to analyze the chemosensitivity in our 3D model, although not a high-throughput assay.
However, flow cytometry may limit the number of concentrations tested and hence may give less
accurate assessment of ICso values generated. One method that allows HTS and has been used by

81 115

others is the image cytometer which can quantify fluorescence in a 3D model without
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needing to dissociate the cells for flow-based analysis. Therefore, additional elements such as
morphology and localization that may allow to better understand a phenotype. Furthermore, to
ensure both quantitative and qualitative therapeutic assessment of our xenograft model, we used
both tumor volume as well as protein immunofluorescence viability testing. Both provided
similar findings supporting our conclusions. In summary, one must consider the drug being tested

in a given model as well as the assay used to determine therapeutic response

Moving to more complex model systems

Complex 3D models

To circumvent some of the shortcomings of monolayer cultures, and more simple 3D models
such as spheroids, new complex in vitro models are being developed. Patient-derived organoids
(PDO) has emerged as a new model that could offer the ease of HTS and better approximation of
the TME (morphology, mutation profile, gene expression patterns)!3° 13!, These PDOs are
generated through digestion of original tumor and are often associated with an embedded ECM.
Organoids are 3D clusters of cells derived from pluripotent stem cells that differentiate into a
structure with multiple cell types to mimic the original tumor specimen'®! 2, This model has
been explored in normal tissue such as fallopian tube and multiple cancers such as ovarian,
breast, colon, endometrium with high success over short-term'*! and long-term culture!3? 134, This
could allow the inclusion of the ultimate control assay by including effects on normal tissue.
Trials are underway to verify if PDOs correlate with patient response!? 136, Organoids can also be
a good model to study biomarkers. 3D co-culturing can improve modeling by re-establishing cell
interactions and signaling®. Jabs et al demonstrated varied responses across a panel of 22 drugs
or combinations, including carboplatin, in 2D monolayer and 3D organoid culture!*°. Some

studies have looked at incorporating an element of fluid shear stress to mimic the transcoelomic
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metastases of EOC!*7. Furthermore, organoids can also be derived from xenografts (called PDX-

0)134.

Studying stem cells that represent a minor portion of tumor cells can be challenging without
requiring a large quantity of starting tissue material. Raghavan et al developed a spheroid model
that requires no more than 100 cells to generate spheroids, which make studying EOC stem cells
more convenient®®. Likewise, ex-vivo micro-dissected tumors in microfluidics devices and cancer
tissue explants are also emerging as a viable model for drug prediction®! 198 138 We are the
pioneers of this technology which we plan to incorporate in our comparative analysis in the future

(see Perspectives section).

Complex In Vivo Models

More complex in vivo models have been developed recently as well to improve preclinical
testing, namely PDXs. Patient tissues are engrafted in immunocompromised mice and can be
passaged and cryopreserved while maintaining most of the original tumor characteristics'?>° 62,
Preliminary studies show that the PDX response closely resembles the patient clinical response!2.
Until the time and costs to establish these models decreases, it may be less useful as a new drug
discovery tool, but rather serve as a useful drug response and biomarker identification model or
patient avatar screening model'? > 1**, Whether the murine stromal replacement that occurs with
subsequent passaging of PDXs is of concern is still being studied!?. As well, lack of a murine
immune system limits its use to study the impact of the immune response to cytotoxic, targeted
therapy or immunotherapy!'?. Humanization of mice through peripheral blood mononuclear cell

(PBMC) or CD34+ (hematopoietic progenitor cells) cell injections may mitigate some of these

shortcomings'®®. To add to the growing body of knowledge of immuno-oncology, the
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microbiome has emerged as a potential biomarker for therapeutic response through its effect on
the immune system. In lung cancer, the gut microbiota has been correlated to response rates,
survival and adverse events after immune checkpoint inhibition treatment!#°. This will likely
need to be incorporate in mouse models, especially if immunotherapy is included in the treatment
combination. Investing upfront in more reliable and accurate preclinical models will likely save
more money in the drug discovery pipeline”® because of higher quality leads that are translatable

in the clinic®’.

Challenges of Preclinical Models

The potential concerns with cell line-based models

The greatest challenge for scientists in the field of drug discovery is to identify the right in vitro
model that will reproduce in vivo results. Drug discovery still relies heavily on cell line-based
studies but has received many criticisms. Gillet et al'*! studied the multidrug resistance
transcriptome, using the NCI-60 panel, of cancer cell lines cultured in different model systems
(2D monolayers, 3D spheroid, mouse xenograft model). They reported an upregulation of pro-
survival genes in cancer cell lines compared to treatment naive primary clinical samples.
However, when a panel of multidrug resistance (MDR) genes were evaluated in both groups, they
could not find a correlation between expression profiles. In fact, results across different model
systems from one ovarian cancer cell line most closely resemble each other and not the clinical
tumor samples. Based on these findings, they put into question the validity of studying aspects of
cancer biology and therapeutic response (mechanism or modulation of clinical drug resistance)
using cancer cell lines. However, the NCI-60 panel does not include any EOC cell lines derived
from our laboratory that have been extensively characterized. Potential reasons for these observed

differences are described below.
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The challenges with traditional in vitro models

As previously mentioned, there exists multiple technique for spheroid generation. Not all
spheroid generation techniques are equivalent. It has also been studied that different spheroid
formation methods can lead to different expression profiles of cell-cell and cell-matrix
interactions as well as different drug sensitivities” '*2. For example, one study showed that
hanging droplet technique generated more ECM deposition and incurred more resistance than
ULA plates'*?. Furthermore, drug sensitivities can depend on the cell line used as well”>. It may
thus be important to test multiple 3D models. Some cells form loose aggregates at best rather
than true spheroids, hence lack the biological properties of a 3D structure and incur difficulties
with transfer or manipulations’®. Furthermore, cell line-derived multicellular spheroids lack cell
heterogeneity and immune cell interaction which are known to influence tumor cell response.
One way to overcome this is to use a panel of cell lines to better represent patient tumor
heterogeneity (genetic and epigenetic variations)®® 143, as was done in this study. Furthermore, it
is important to consider in what setting (chemotherapy-naive, recurrence, etc.) the cell lines were
derived to correspond to the study objectives. Culture techniques may also play a role in cell
phenotype and viability. Using human bone marrow mesenchymal stem cells, Deng et al reported
a difference in cell morphology (more round in non-adherent culture) and viability (higher
apoptosis rate after 72 hours when cells cultured in ULA plates compared to standard adherent
tissue culture plates)!**. Although this was not studied with cancer cells, this may in part effect
the baseline cell viability and chemoresponse when using different models. Newer cancer models

are designed to improve some of these shortcomings.
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Currently there are few adequate 3D analysis methods that allows us to maintain the biological
structure intact and often researchers rely on 2D methods’® 8 139, These manipulations can induce
phenotypic changes and decrease viability®. Immunohistochemistry is often used with tissues,
however in spheroids, deformation and fracture are not uncommon from cutting, and poor
contrast of stains, low spatial resolution and inability to capture dynamic events make this
analysis method less attractive!*. However, there is growing knowledge on the use of tools such
as confocal microscopy to enable the analysis of 3D models® 130146, The latter allows to
appreciate the overall shape of the 3D model as well as the localization of cells® 19714 however
visualization of the inner layer of cells of spheroids over 100um can be challenging due to poor
light penetration’® and may have photo-toxic effects for long-term imaging'#’. Traditional
fluorescence microscopy for 3D models such as spheroids make observations in high resolution,
in depth and in real time challenging'’. Evaluation of drug diffusion in the core of a 3D model
for example would be impossible with confocal microscopy but with a newer technology called
light sheet microscopy (LSM), submicron imaging of molecule diffusion can be visualized 43,
LSM also offers ultra-low intensity of light excitation (200x less energy than confocal'*®) so
minimal photo-toxic effects are expected. In addition, tissue clearing is a method that can render
tissue samples (human, rodents) optically clear and retain its 3D structure to remove any inner
eclipsing effects while allowing staining!*’. The latter allows appreciation of expression across
the entire tissue. LSM can also be used with microdevices such as with ex-vivo models in
microfluidics devices!4’. Furthermore, given the variable penetration of agents, one must consider
the possibility that dyes used for viability testing may not penetrate the spheroid uniformly and

thus under-represent the parameter being evaluated’® 1%,

73



The challenges with traditional in vivo models

Animal models, especially murine models, are often considered the gold standard in vivo
preclinical model prior to clinical trial design. However, there are still important differences with
humans that can account for some of the discrepancies seen in drug efficacy, including “basal
metabolic rate, cytogenic profile, fibroblast immortalization and tumor-suppressor pathways™®,
Using appropriate endpoints is also important in preclinical model use. For intervention therapy
studies, including the OS increases the predictive power of a preclinical study®® '4°, Furthermore,
statistically significant response in a single model does not equate to clinically relevant response.
In fact the National Cancer Institute (NCI) and the Canadian Cancer Trials Group (CCTG) have

found that drug prediction increases when more than one model is used and xenograft growth

inhibition exceeds 60% for clinical effect®®.

Perspectives

The results in this study shed light on some of the challenges with preclinical model development
and therapeutic response. It has implications in regard to future studies that could be carried out
to solve unanswered questions and also has implications for the ovarian cancer community at

large.

As previously mentioned, hypoxia appears to play a key in drug response in 3D spheroids. In our
studies, the two cell lines for which spheroid response did not correlate with that seen in vivo
(OV4453 and OV4485) were cultured in conditions of low oxygen because they grow slower in
lower oxygen. Therefore, albeit this difficulty, it will be important to test the carboplatin response
of spheroids of these two cell lines in normal oxygen conditions to better compare response with

the other cell lines. Furthermore, we are currently evaluating the carboplatin response of the same
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6 cell lines used in this work in a 3D ex-vivo micro-dissected tumor model!38

. Briefly, this model
consists of dissecting tumor into fragments of 400pum and inserting them into microfluidics chips
where they are cultured and treated. To analyse response to treatment, micro-dissected tumor
microarrays are created and viability assays using immunofluorescence are performed.
Xenografts from the control-treated mice from our study are used as tissue material and inserted

into the microwells of the microfluidic device. We await the results of these studies to correlate

them with in vivo responses.

Another aspect that could be further explored in a future study is to better understand the impact
of MDR gene expression differences across different model systems and how it affects drug
response. This can be performed through a molecular approach with RNA sequencing or
microarray analysis in all three models to study the differences in carboplatin response in the
EOC cell lines. Furthermore, although carboplatin is currently most clinically relevant for EOC
patients, it would be interesting to perform a similar study with other drugs, such as paclitaxel,

bevacizumab and PARPis.

EOC is a complex and heterogenous disease. For now, platinum therapy is still an integral part of
treatment for patients, however chemoresistance remains an important obstacle with dismal
survival and limited options at this stage of disease progression. With the significant investment
of 10 million dollars that the Canadian government has afforded to ovarian cancer research, one
of the top three priorities remains the development of better experimental models. With the
overall high attrition rate of oncologic treatments, it is crucial to invest upfront in more cost-
effective predictive cancer models. This study highlights the heterogenous therapeutic response
seen with cancer cell lines when culture in different model systems and speaks to using the right

model for drug screening and prediction studies.
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The use of sophisticated experimental models becomes even more relevant for drug discovery
and testing in rare cancers®!. As clinical trials are challenging in these cases, relying on better
preclinical models to guide and screen novel and combination drugs becomes more important.
Furthermore, this could help reduce the rate of failed clinical trials as well as avoid unnecessary
toxicities and treatment delays in patients that are unresponsive to a ‘standard’ treatment. In fact,
in the era of personalized medicine, it would be ideal to optimize treatment selection based on

individual tumor and patient characteristics, rather than a ‘one treatment for all’ approach.
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Chapter 5 — Conclusion

In conclusion, it is important that the research community involved in drug discovery and/or drug
screening consider many factors when selecting a preclinical model. Although cell line-based
models have received criticisms, it remains an important, reproducible and inexpensive model.
However, a better understanding of biological differences that dictates drug response in vitro and
in vivo are essential in order to improve the success rate of the drug discovery pipeline. This may
avoid rejecting potentially effective drugs as well as eliminating ineffective drugs from clinical
trials. Validation and feasibility studies of newer more complex in vitro and in vivo models are

still needed to enhance the current standards.
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Figure S 1. Maintenance of spheroid cell viability over a 96-hour period

A) OV4453 at 48 hours and 96 hours B) OV-1946 at 48 hours and 96 hours C) OV-90 at 48 hours D) OV4485 at 48
hours and 96 hours E) TOV-21G at 48 hours F) TOV-112D at 48 hours and 96 hours. Scale bar = 100pum.
Representative photographs were included for stains H&E (left), Ki-67 (middle) and cleaved caspase-3, CC3, (right).
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Figure S 2. Carboplatin chemosensitivity in 3D spheroid models for all 6 EOC cell lines

A) Absolute spheroid cell viability after three different carboplatin doses (24-hour treatments) B) Absolute spheroid cell mortality after three different carboplatin
doses (24-hour treatments). All experiments were performed at least three times (range, 3-6). Error bar= + SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001
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