
 

Université de Montréal 

 

 

 

Evaluating the Predictive Potential of a Micro-Dissected Tissue Model 

 

 

Par 

Kayla Simeone 

 

Département de Biologie Moléculaire 

Faculté de Médicine 

 

Thèse présentée en vue de l’obtention du grade de doctorat en biologie moléculaire,  

Option générale 

 

Décembre 2021 du dépôt finale  

 

© Kayla Simeone, 2021  



 

Université de Montréal 

Unité Académique : Département de Biologie Moléculaire, Université de Montréal, CRCHUM,  

Faculté de Médicine  

 

Cette thèse intitulée 

 

Evaluating the Predictive Potential of Micro-Dissected Tissue Model 

 

Présenté par 

Kayla Simeone 

Cette thèse a été évalué par un jury composé des personnes suivantes  

Richard Bertrand 

Président 

Anne-Marie Mes-Masson 

Directrice de recherche 

Fred Saad 

Co-Directeur 

Gerardo Ferbeyre  

Membre du jury 

Mark Basik 

Examinateur externe (pour une thèse) 

 



 5 

Résumé de Thèse 

Un défi majeur en oncologie clinique est de caractériser avec précision la réponse des patients aux agents 

thérapeutiques. Actuellement, il n'existe pas de modèles et de tests fiables capable de reproduire précisément 

une tumeur primaire dans toute sa complexité. Or, ce paramètre est essentiel pour mettre en œuvre une 

stratégie de médecine personnalisée capable d'identifier le régime de traitement le plus approprié pour un 

patient particulier dans un délai cliniquement pertinent. Pour répondre à ce besoin, notre groupe a développé 

un nouveau modèle 3D ex vivo qui repose sur la micro-dissection d'un échantillon de tumeur (MDT) d'un 

patient et l'utilisation de technologies microfluidiques pour maintenir la viabilité du tissu et le 

microenvironnement tumoral naturel afin d’évaluer la sensibilité aux traitements dans un délai adapté à la 

prise de décision clinique. Cette approche permettrait de sélectionner les thérapies les plus efficaces tout en 

réduisant l'administration de traitements inefficaces associés à des effets secondaires indésirables, ainsi que 

les coûts de prise en charge des patients. 

Des travaux précédemment publiés par notre équipe ont montré que la viabilité des cellules cancéreuses 

situées dans notre modèle de tumeur ex vivo pouvait être caractérisée par microscopie confocale sur 

l’intégralité du MDT ou par cytométrie de flux sur les MDTs après dissociation enzymatique des cellules. 

Cependant, ces techniques présentent des limitations en termes de résolution visuelle pour la microscopie 

confocale et de sensibilité et information spatiale pour la cytométrie de flux. Nous proposons ici d’associer 

notre modèle 3D de MDTs en microfluidiques à des techniques d’immuno-histopathologie, dans le but 

d’offrir une évaluation moléculaire, spatiale et quantitative de la réponse de la tumeur au traitement. Pour 

cela, nous avons optimisé une procédure de lithographie en paraffine de nos systèmes microfluidiques, 

permettant la production de blocs de micro-étalages micro-réseaux de tissus micro-disséqués (MDTMA). 

afin de permettre une coloration morphologique du tissu et un marquage de protéines spécifiques pour 

analyser l'architecture tissulaire, la prolifération et l’apoptose cellulaire au sein des échantillons traités. En 

outre, nous avons montré que le modèle ex vivo est comparable et corrélé au système de modèle de souris 



 6 

in vivo de référence pour l'essai de chimio-sensibilité. Suite à l’optimisation de ce modèle, nous avons 

collecté 25 échantillons de tumeurs de patientes atteintes de cancer de l’ovaire, pour réaliser des MDTs et 

des cultures de cellules primaires afin de comparer les profils transcriptomiques de ces deux modèles avec 

celui de la tumeur d’origine, et d'analyser les réponses aux traitements et le microenvironnement tumoral.  

Les données transcriptomiques obtenues par micropuces ARN nous ont permis d'effectuer une analyse bio-

informatique des voies de signalisation incluant un groupement hiérarchique non supervisé.  Nos résultats 

montrent que les MDT à chaque point de temps (jour 0, 8 et 15) sont génétiquement similaires à la tumeur 

primaire par opposition aux cultures cellulaires primaires, et que les principales voies dérégulées sont 

impliquées dans la réponse cellulaire au stress. Nous avons observé une viabilité élevée des cellules au sein 

des MDT sur une période de culture de 15 jours. En outre, nous avons déterminé qu'un régime de 

chimiothérapie (carboplatine et paclitaxel) consistant en une induction thérapeutique de 10 heures suivie 

d'une période de récupération de 14 heures était idéal pour caractériser la réponse au traitement. Notre 

analyse de prédiction de la réponse des patients montre que nous avons une corrélation positive élevée d'une 

efficacité de 95 % entre la réponse ex vivo et la réponse clinique pour les patients appariés. En général, nos 

résultats suggèrent que notre technique fournit un modèle plus sophistiqué et précis pour récapituler la 

réponse de la tumeur primaire dans un laps de temps cliniquement adapté, et pourrait servir de plateforme 

pour tester de nouvelles thérapeutiques, et d'outil d'orientation clinique pour la réponse des patients. 

 

Mots-clés : modèle ex vivo, microfluidique, réponse clinique du patient, prédiction, chimiothérapie, 

comparaison des systèmes de modèles, preuve de principe. 
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Thesis Abstract 

A major challenge in clinical oncology is the inability to accurately predict the patients’ response 

to therapeutic agents. Currently, there are no reliable models and assays available that reiterate the immense 

complexity of a primary tumor. These factors are important to implement a personalized medicine strategy 

capable of identifying the most suitable treatment regimen for a particular patient in a clinically relevant 

timeframe. To answer this need, our group has developed a novel ex vivo 3D model that relies on the micro-

dissection of a patient’s tumor specimen and the utilization of microfluidic technologies to monitor drug 

sensitivity within a time-frame suitable for clinical decision-making. This approach would allow for better 

selection of effective therapies and limit the administration of ineffective treatments, further improving 

treatment outcome of patients while reducing cost and drug-induced toxicities. 

Previously published work studied that the viability of cancer cells located within the tumor was 

characterized using two imaging modalities: confocal microscopy and flow cytometry. However, each 

technique has its own disadvantage, limiting their ability to molecularly characterize the effect of therapeutic 

agents on cancer cells. Thus, we hypothesize that our 3D ex vivo tumor-derived model coupled to a 

pathology-like tool would allow for a more comprehensive approach to evaluate tumor response to 

treatment, providing a readout system to closely mirror the patient’s response, and evaluating molecular 

mechanisms involved in response to drugs. To address this hypothesis, we optimized a paraffin-embedding 

lithography procedure allowing the production of micro-dissected tissue micro-array (MDTMA) block to 

allow morphological and protein-specific staining to analyze the cellular integrity and tissue architecture of 

treated samples. In addition, we showed that ex vivo model is comparable and correlated to the gold standard 

in vivo mouse model system for chemosensitivity assay. Moreover, we collected, following informed 

consent, 25 post-surgical OC patient tumor samples, to form micro-dissected tissues (MDTs), and primary 

cell cultures for micro-array analysis and characterization of the TME and response prediction.  
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The micro-array data allowed us to perform unsupervised hierarchical clustering and pathway analysis 

showing that the MDTs at each time-point (day 0, 8 and 15) are genetically similar to the primary tumor as 

opposed to the primary cell cultures and that main deregulated pathways are involved in cellular response 

to stress. We observed a high viability of cells within MDTs over a culture period of 15 days. In addition, 

we determined that a treatment regimen consisting of a 10-hour therapy induction followed by a 14-hour 

recovery period was ideal for characterizing carboplatin treatment response. Our response prediction 

analysis of patients shows that we have a high positive correlation of 95% efficiency between ex vivo and 

clinical response for matched patients. In general, our results suggest that our ex vivo drug response model 

provides a more sophisticated model to recapitulate primary tumor response in a clinically suitable 

timeframe that can be exploited further serving, in part, as a platform to test new therapeutics and as a 

clinical guidance tool for patient response.  

 

Keywords: ex vivo model, microfluidics, patient clinical response, prediction, chemotherapy, model system 

comparison, proof of principal. 
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1 INTRODUCTION 

 Cancer is one of the most lethal diseases worldwide. In Canada, approximately one in two 

Canadians (45% of men and 43% of women) will develop cancer in their lifetime, and about one in four 

Canadians (26% of men and 23% of women) diagnosed with cancer will die each year1. Cancer is defined 

as an abnormal proliferation of cells that can originate in almost any tissue within the body1. Development 

of a tumor is a multistep process, in which cells gradually become malignant through a series of genetic 

alterations that lead to uncontrolled proliferation. As cells acquire successive mutations that advance tumor 

progression, an outgrowth of clonal selection creates a mixed population of cells characterized by different 

phenotypic and genotypic features2,3. The immense complexity and evolving nature of this disease remains 

the core challenge in developing potential curative drugs.  

The most commonly used systemic treatments targeting the proliferation of cancer cells are 

cytotoxic drugs, which include various chemotherapy-based agents. However, these drugs will also interrupt 

the cell cycle of all rapidly growing normal cells, including hematopoietic cells in the bone marrow, hair 

follicles, and the cells that line the mouth, digestive tract and reproductive system4. As a result, patients can 

experience extremely harsh side effects including fatigue, hair loss, vomiting and anemia. Furthermore, 

these conventional drugs are not 100% efficient and often result in the development of resistance 

phenotypes. These phenotypes may in part be explained by the heterogeneity of the tumor, accompanied by 

clonal selection resulting in an innate resistance mechanism response from diagnosis. In addition, following 

treatment administration5 some cancer cells can acquire resistance mechanisms, that can in part, explain 

why individuals fail to respond to same therapeutic agents over time. To address this complexity there is a 

need for models that represent patient-specific tumor characteristics in order to predict drug response. 

There exists a wide range of research models from in vitro 2D monolayer cell cultures to 3D cell 

aggregate spheroids and organoids as well as in vivo models including cell line xenografts and patient-

derived xenografts (PDX). More recent innovation include ex vivo models based on tissue slices. However, 
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not all models recreate the phenotypic and genotypic heterogeneity or tumor microenvironment (TME) 

characteristics seen in tumors to fully mirror treatment efficacy. Organoids, PDX and tissue slice models 

have gained interest as they have the capacity to maintain patient-specific characteristics predicting response 

to drugs. The demand for more predictive models is driven in part by a greater understanding of cancer 

hallmarks and the importance of modulating the TME resulted as well as the creation of an ever-expanding 

number of new drugs. With this, the cancer therapeutic field is currently evolving from a conventional one-

drug-fits-all to a more personalized targeted medicine approach. Ideally, this approach allows for each 

cancer patient to receive the most appropriate treatment, which would not only deliver superior medical care 

tailored to the individual while minimizing toxicities but would also directly impact health economics and 

patient quality of life. 

This thesis is centred on developing an ex vivo model to monitor therapeutic response. It is based 

on published data of our novel tumor-derived model6, which utilizes microfluidic technologies, and several 

improvements were applied, such as modifications in the microfluidic culture platform, the read-out system 

and the treatment strategies to better represent patient-specific clinical responses to chemotherapeutics. 

Clinically, there is an uncertainty in patient-specific response to drugs resulting in random selection of 

potentially effective therapeutic agents. The validation of this model system might help dictate personalized 

treatment regimen according to patient-specific tumor characteristics. It might also provide insight on drug 

efficacy in patient model during pre-clinical drug development setting and lastly aid answering biological 

questions including drug resistance mechanisms. The practicality and adaptability of this ex vivo model 

system for different solid tumors is described here through the use of distinct cancers: ovarian cancer (OC) 

and prostate cancer (PC).  
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1.1 Cancer Biology 

1.1.1 Tumorigenesis and Hallmarks of Cancer  

1.1.1.1 Tumor Development 

The abnormal proliferation of cells that give rise to neoplastic disease can occur in different organs 

of the body, each of which have inherent characteristics that dictate the cancers type, aggressivity, response 

rate and metastatic potential3. Cancer development is a multistep process, largely initiated when a single 

cell undergoes permanent genetic change that is passed on to the progenitor cells upon division. This first 

mutation renders the cells susceptible to accumulating more genetic modifications that selectively increase 

the capacity to proliferate and disrupt regulatory mechanisms. As the progenitor cells continue to acquire 

mutations that advance tumor progression, an outgrowth of clonal selection occurs (Figure 1) resulting in 

the clonal expansion of a sub-population of mutated cancer cells that can dictate the tumor growth rate and 

drives the acquisition of cancer hallmarks, increasing its malignancy potential2. Hence, understanding tumor 

development and progression is key to identifying regulatory mechanisms that can be targeted to inhibit the 

function and growth of the cancer cells.  

 

Figure 1. –  Characteristics of the tumor and its microenvironment. A legend of the various cell lineages and 

tumorigenic cells of a variety of mutagenic levels are found within the figure. The combination of all these 

variables creates a microenvironment that favours cancer cell growth and progression. 

Legend:
Normal epithelial cell Hematopoietic cells

1 mutation T cell

2 mutations B cell

Multiple mutations Eosinophil

Attain 5 hallmarks of cancer Monocyte

Attain 10 hallmarks of cancer Macrophage

Blood vessel Cancer-Associated fibroblast
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The classification of solid tumors is based on the cell and site of origin that the cancer cell arose 

from. There are two main groups of solid tumors, carcinomas, and sarcomas. Carcinomas are related to a 

malignancy originating from epithelial cells and account for 90% of all solid tumors. Sarcomas, on the other 

hand, are less common and originate from connective tissues including muscle, bone, cartilage or fibrous 

tissue2. On rare occasions patients can develop carcinosarcomas, a highly malignant tumor that consists of 

a mixture of both carcinomas and sarcomas. Often these patients are diagnosed with late-stage disease and 

face limited therapeutic options.  

1.1.1.2 Tumor Characteristics 

Formation of tumors and its gain in malignancy depends on the acquisition of key characteristics 

for adaptation and survival. Over the past decades, studies in cancer development have revealed ten 

hallmarks of cancer contributing to the clonal expansion theory7,8. These includes sustaining proliferative 

signalling, evading growth suppressors, resisting cell death, enabling replicative immortality, inducing 

angiogenesis, activating invasion and metastasis, evading immune destruction, reprograming energy 

metabolism, initiating tumor-promoting inflammation and inducing genomic instability (Figure 2)7,8. These 

distinct and complementary capabilities are the foundation to better understanding cancer cell biology.  

 

 

Figure 2. –  Hallmarks of cancer. Original biological capabilities acquired in blue, new emerging hallmarks in orange 

and enablers in green. Image was adapted with permission from “Hallmarks of Cancer: The Next Generation” by 

Hanahan D and Weinberg RA, 2011, Cell, 144(5): 646-674. 
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Cancer cells must initially sustain a chronic proliferation by deregulating growth-promoting signals 

and enabling replicative immortality. To attain this goal, cancer cells produce their own growth factor 

ligands that control cell cycle entry; increase production of receptor proteins at the cellular surface, allowing 

a hyper-response to limiting amounts of growth factor ligands; or manipulate surrounding normal cells to 

supply necessary growth factors7. Somatic mutations and defects in feedback mechanisms involved in 

signalling circuits, such as mitogen-activated protein kinase (MAPK)9 and phosphoinositide 3-kinase 

(PI3K)10,11 pathways, also play a role in cell cycle checkpoints that regulate proliferation8. In contrast, 

normal cells have a limited number of successive cell division cycles dictated by the telomeric ends of each 

chromosome, which shortens after every replication cycle and eventually activates senescence, cellular 

arrest, apoptotic and cellular death pathways12,13. However, cancer cells express significant levels of 

telomerase (found in ~85% of tumors), a DNA polymerase that adds telomeric repeated segments to 

telomeric ends7, as well as activation of alternative lengthening of telomeres (ALT) (in ~15% of tumors), a 

telomerase-independent telomere maintenance through DNA homologous recombination (HR) repair 

pathway14,15, which counteracts telomere erosion and extends their lifespan. 

Cancer cells also circumvent programs that negatively regulate cell proliferation by preventing the 

activation of growth suppressors and resisting cell arrest mechanisms7. In the presence of cellular stress or 

excessive genomic damage, these programs depend on tumor suppressor genes such as RB and TP5316 to 

govern cell fate decisions such as proliferation, senescence and apoptosis as well as the lack of proliferative 

contact inhibition antigens. Contact inhibition antigens are present in noncancerous cells such that when in 

contact with one another a signal is sent to cease proliferation and cell growth17. It has been shown that in 

malignant transformation, cells lose contact antigens such as proteins linked to the Hippo pathway18 or 

integral membrane proteins including JAM-A and Claudin-1519. A defect in RB and TP53 gatekeeper genes 

contributes to persistent cell division. By losing cell-cell adhesion properties, cancer cells continue to 

proliferate and grow regardless of contact with surrounding cells. In addition, cancer cells are able to resist 

cell death in the presence of cellular stress or therapeutic agents by stimulating anti-apoptotic proteins such 

as BCL-2 family members20,21 and suppressing pro-apoptotic triggering proteins such as Bax and Bak8. By 
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bypassing these normal cellular functions, cancer cells maintain their proliferation, advancing tumor 

development.  

Cancer cells are often characterized by their high mutational burden reflecting an underlying 

genomic instability7,8. Normal cells can detect and resolve DNA defects, however cancer cells from a 

malignant tumor have acquired several mutations compromising the normal monitoring rate of genomic 

integrity. The alterations amid increasing spontaneous mutations gives rise to genomic instability22, 

specifically by destabilizing gene copy numbers and nucleotide sequences. These defects accumulate 

favoring those that selectively become advantageous for cancerous cells driving tumor evolution and 

malignancy. 

As tumors evolve, their cells gain the ability to reprogram their energy metabolism7,8. Due to their 

increased proliferation, cancer cells have a higher demand for energy and undergo a metabolic switch by 

up-regulating glycolytic pathways to increase the production of ATP through the mitochondria23,24. This is 

achieved through the activation of oncogenes (such as Ras)25 and the hypoxia response pathway by 

upregulating glucose transporters, glycolic enzymes and HIF transcription factors26. Some tumors have 

subpopulations of cancer cells that depend on different energy-generating pathways. This includes glucose-

dependent cells that secrete lactate and hypoxic cells that utilize lactate produced by neighbouring cells as 

a main energy source. These cells function symbiotically to thoroughly fuel tumor growth.  

Tumors progress to higher pathological grades by inducing angiogenesis and manifest 

characteristics to locally invade the tissue and attain distant metastatic potential7. As cancer cells aggregate 

into a solid tumor, they can activate the angiogenic switch by stimulating vascular endothelial growth factor-

A (VEGF-A) and inhibiting thrombospondin-1 (TSP-1) signalling proteins, which causes the normal 

quiescent vasculature to generate new vessels27. This phenomenon allows the tumor to gain increased access 

to nutrients and oxygen as well as evacuate metabolic waste and carbon dioxide8. These processes help 

sustain the growth of neoplastic tumors transforming premalignant and non-invasive lesions into in situ 

carcinomas. At this stage, cells may undergo a multistep invasion and migration process involving 

epithelial-mesenchymal transition (EMT) that results in the down-regulation of cell adhesion proteins such 
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as E-cadherin, and up-regulation of cell migration proteins such as N-cadherin8,28. Tumor cells can then 

locally invade the primary organ and migrate to nearby blood and lymphatic vessels, enter the circulatory 

system by intravasation to reach distant tissues. These circulating tumor cells enter distant tissues through 

an extravasation process, where they can form a metastatic niche, colonize the tissue, and develop into a 

macroscopic tumor7,8,29.  

Cancer cells can communicate with the surrounding cells in the TME, creating a microenvironment 

that benefits tumor progression and evade immune destruction8. Cancer-associated fibroblasts (CAFs) have 

been shown to modulate cancer cell metastatic events through the synthesis and remodeling of the 

extracellular matrix surrounding the cancer cells. Their implication involves the production of growth 

factors that influence angiogenesis8. Several studies have shown that CAFs originate from various cellular 

lineages including stromal cells through the process of stromagenesis30 as well as from conversion of 

adipocytes31-33, pericytes31, and bone marrow-derived mesenchymal stem cells34. However, the conversion 

of adipocytes, pericytes, endothelial cells and bone marrow-derived mesenchymal stem cells34 into CAFs is 

not applicable across different tumor types or evidence is sparse. These interactions convert surrounding 

stromal fibroblasts into cancer-associated fibroblasts (CAFs) that will supply cancer cells with various 

growth factors. In addition, these CAFs and tumor cells present tumor antigens that are detected by dendritic 

cells (DCs), which induces the anti-tumor immunity by attracting immune cells such as macrophages, 

monocytes and lymphocytes to the primary site8. However, cancer cells rapidly adapt to their environment 

to escape immune recognition by expressing tumor-derived factors including IL-6, IL-10 and VEGF to 

maintain DCs in an immature state or by adopting normal presentation antigens such as PD-L1 and CTLA-

4 to suppress T cell activity35,36. This capability to evade the immune system supports cancer cell survival.  

To conclude, a better understanding of how cancer cells manipulate surrounding neoplastic cells to 

evade normal cell arrest pathways has led to the important development of inhibitor-based drugs to elucidate 

cancer response as well as attenuate cancer cell growth. Moreover, strategies to modulate the TME have 

generated a new era of cancer therapeutics of emerging targeted therapies. 
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1.1.2 Cancer Therapeutics 

1.1.2.1 Surgical Resection  

For local tumor ablation, primary treatment for many solid tumors includes surgical resection. This 

strategy is intended to remove all of tumor content while sparing the unaffected normal tissue. To confirm 

that the tumor has been completely removed without positive surgical margins, a pathologist analyzes the 

resected tumor through cryostat procedures and hematoxylin and eosin (H&E) staining. The detection of 

positive surgical margins through the presence of cancer cells at the edge of the resected tissue reflect 

incomplete surgical removal. To reduce the presence of positive margins, fluorescence imaging used during 

in situ surgical procedures can be used to better visualize and compare between normal and cancerous 

tissue37. This type of cancer treatment has shown to be potentially curative in early-stage disease, however 

in late-stage disease it is used to reduce tumor burden38.  

1.1.2.2 Radiotherapy 

Radiotherapy is also used as a local tumor ablation therapy that consists of various types of external 

beam radiation (x-ray) and internal radiation (brachytherapy, radioactive iodine and targeted radionuclide 

therapy)39. This type of therapy is often used in a neoadjuvant setting, prior to surgical excision to reduce 

the size of the tumor, or after surgical resection to kill residual cancer cells and as palliative treatment to 

relieve cancer-associated symptoms. Radiotherapy damages the DNA of cells to inhibit cellular division 

and cell growth. However, this treatment affects cancer cells as well as normal cells and current studies have 

shown that the TME is also affected by radiotherapy40. 

1.1.2.3 Cancer Therapeutics  

Cancer therapeutics has evolved over the last century based on important discoveries and novel 

understanding of biological and pathological features of cancer. The nature of these drugs can be categorized 

into two distinct mechanisms of action: chemotherapy and targeted therapies41-43. 
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Chemotherapy agents were among the first type of drugs discovered to treat cancers. These drugs 

are often nonselective and are toxic to all types of rapidly dividing cells, including those of healthy tissues1. 

Consequently, these agents are often associated with severe side effects including hair loss and nausea. Their 

main mode of action is to prevent cellular replication and growth43. Standard chemotherapeutics, including 

taxane44 and platinum45-based chemotherapies, are among some of the most common chemotherapeutic 

drugs used to treat various cancers. Taxane drugs are microtubule inhibitors that interfere with normal 

mitotic and interphase functions. Taxanes block the cell cycle progression through centrosome impairment, 

induction of abnormal spindles and suppression of spindle microtubule dynamics. This inhibition further 

triggers cell death by activating the apoptosis pathway44 (Figure 3A). Alternatively, platinum-based 

chemotherapies are known as alkylating agents that possess anticancer activity by disrupting DNA function 

and inducing cell death. They can have three distinct mechanisms that will directly arrest DNA synthesis or 

transcription: direct interaction with DNA strands preventing them from uncoiling and separating, 

interaction with DNA bases resulting in DNA fragmentation, or interaction of alkyl groups with nucleotides 

inducing DNA mispairing45 (Figure 3B). These drugs can be used to reduce tumor burden in a neoadjuvant 

(systemic treatment prior to surgical procedures) setting, however, they are widely used in an adjuvant 

setting (after surgical resection procedure) to eliminate any residual disease. 

Among the emerging discoveries of tumor biology, cancer therapeutics is moving towards the use 

of targeted therapies. These agents are developed to block cellular growth of cancer cells by either 

influencing cell signaling pathways or blocking their ability to replicate their DNA, taking advantage of 

cancer cell vulnerabilities that have been created from genetic and epigenetic dysfunction. In addition, their 

effect on normal cells is less pronounced, resulting in fewer side effects while decreasing tumor burden43,46. 

There exist various targeted therapies that target individual specific proteins that are highly expressed on 

cancer cells such as tamoxifen47 and tratuzumab48 used in breast cancer expressing estrogen/progesterone 

receptors (ER/PR) (Figure 3C) and HER2+ cells, respectively. In this example, cancer cells that present 

ER/PR or HER2 depend on hormones to sustain their growth and proliferation and tamoxifen and 

tratuzumab prevent the interaction between the normal ligand and their receptors to inhibit cell proliferation 
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and growth. In addition, targeted therapies are also produced to attack proteins that are mutated such as 

Vemurafenib49 targeting mutated BRAF V600E kinase in melanoma, which reduces the signalling of MAPK 

pathway (Figure 3D). In leukemia, BCR-ABL fusion is targeted by Gleevec50, a tyrosine kinase inhibitor of 

this chromosomal abnormality. Furthermore, poly (ADP-ribose) polymerase (PARP) inhibitors (PARPi), 

which include Olaparib, Niraparib and Talazoparib, have recently been approved in ovarian and breast 

cancer and Olaparib has currently been approved around the world (including Canada) for patients with 

prostate cancer and cancers having a homologous recombination repair mutation/deficiency. They rely on 

synthetic lethality mechanism42,51 to stop the growth of cancer cells (Figure 3E). This is based on targeting 

cancer cells having a deficiency in a protein of DNA repair mechanism that comes from a gene/protein 

alteration52,53 within the tumor cell. These crippled cells are more susceptible to PARPi therapeutics, which 

inhibits a second protein in DNA repair, such that the combination of both deficiencies are lethal for the 

cancer cells54,55. These various strategies targeting cancer cell vulnerabilities are dependent on a better 

stratification of patients based on tumor characteristics.  

 

Figure 3. –  Mechanism of action of cancer drugs. A. Taxol-based agents are microtubule inhibitors. B. Platinum-based 

agents induce DNA damage by adding alkyl groups. C. Various hormone therapy mechanism of action. 

D. Inhibitor of mutated BRAF V600E kinase. E. PARP inhibitors induce synthetic lethality by inhibiting PARP 

proteins and reducing its capacity to repair single strand DNA breaks. If the cell is deficient in genes involved in 

repair of double-strand DNA breaks, the prediction is the cell will die.  
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1.1.2.4 Cell Fate Decisions 

The goal when using an anticancer agent is to induce cellular arrest and/or cell death56. However, 

cancer cells respond quickly to selective pressures induced by treatment, which can lead to various therapy-

induced cell fates including apoptosis and senescence amongst others, as well as allow resistant populations 

to emerge56,57.  

When exposed to therapeutic agents, cells often are subject to cellular death by inducing the intrinsic 

apoptosis pathway56 (Figure 4A). DNA damage induced by the drug will activate a death signal, activating 

the pro-apoptotic protein in the BCL-2 family, BH3. Activated BH3 oligomerizes Bax and Bak proteins in 

the mitochondrial outer membrane, which will permeabilize and release the apoptogenic factor, cytochrome 

c. This in turn interacts with an adaptor protein, Apaf-1, to further recruit and activate caspase-9 that will 

cleave the downstream effectors caspase-3 and caspase-758. The activation of these effector proteins results 

in cell size reduction, cytoplasm condensation, membrane blebbing, chromatin collapse and DNA 

fragmentation59.  

Exposure to treatment may also trigger a transient or prolonged cellular arrest in cancer cells, 

characterized by senescence phenotypes60,61.  DNA damages can also activate p531/p21 and/or p16INK4a to 

initiate a senescence phenotype (Figure 4B)62. Recently, a study from our laboratory showed that PARPi 

maintenance therapy may lead to therapy-induced senescence in cancer cells, which allows them to bypass 

the anticancer effects of PARPi and allows a resistant population that is not eliminated by therapy to emerge 

over time and continue its malignancy course61.  A better understanding of the factors that drive therapy-

induced cell fates can aid in the development of novel therapies or approaches that exploit therapy-induced 

senescence for enhanced killing of cancer cells. This strategy has been shown through an initial treatment 

of epithelial ovarian cancer (EOC) cells with PARPi, which induced cellular senescence, followed by 

treatment with a senolytic, a drug that specifically targets senescent cells, resulting in the elimination of 

senescent cancer cell61 and potentially reducing recurrence rates of patients.  
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Figure 4. –  Therapy-induced cellular apoptosis and senescence.  A. Intrinsic apoptosis pathway activated by death 

signal initiated in response to anticancer agent. B. Cell cycle arrest initiation induced by anticancer therapy 

bringing forward senescence phenotypes. 

1.1.2.5 Patient Stratification for Treatment  

Individual cancers display significant variability at a clinical, histopathological and molecular level 

such that the same cancer type may respond differently to the same treatment63. Therefore, risk stratification 

systems are used to estimate patient outcome as well as facilitate clinical decision making and treatment 

selection8. Patient stratification includes clinical staging, tumor grading, and predictive (therapeutic 

response) and prognostic (overall outcome) biomarkers. 

Staging and grading of tumors estimate the potential spread of the cancer within the body and 

severity of the disease and is based on a numerical classification to select the treatment plan that best suits 

the tumors’ location and aggressiveness64,65. Clinical staging uses imaging modalities and surgical 

examination to estimate the extent and spread of the cancer. Pathological staging is based on the examination 

of the resected specimen to characterize the margins (i.e is there disease at the edge of the resected 

specimen). Together the clinical and pathological information is incorporated in TNM classification of 
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malignant tumors before or following surgical resection of the tumor. Clinicians assess the size of the tumor 

(T), number of lymph nodes infected (N) and presence of metastatic lesions (M). On the other hand, the 

grading is determined by a pathologist through the assessment of cancer cell morphology, histopathology 

and organization within the tissue66. As the numerical value of the clinical staging or grading increases, the 

patient prognosis and outcome worsen. This system is an essential component to determine the appropriate 

treatment regimen and patient outcome67.   

At the molecular level, predictive and prognostic biomarkers help stratify patients according to their 

susceptibility to respond to targeted therapeutic options and the likelihood of disease progression. Different 

strategies exist for biomarker development depend on the role of the biomarker, including a single biomarker 

that is directly associated to a therapeutic target or a robust multiple-biomarker signature of target activities 

using genomic or proteomic analyses68. The major bottleneck in biomarker discovery is the extensive work 

needed to validate its predictive and prognostic potential69. Biomarker assessment is quantitative and uses 

expression levels or signal strength to help define patient categories for stratification. Examples of validated 

predictive biomarkers include those used for breast cancer therapeutics. The expression levels of biomarker 

receptor proteins at the cellular surface of cancer cells, such as ER/ PR, and human epidermal growth factor 

receptor 2 (HER2), help select patients for treatment using targeted therapies, such as tamoxifen and 

Herceptin, respectively70. However, the use of predictive biomarkers is still limited and only available for a 

small subset of cancer types. 

Even current therapeutic recommendations are often based on the one-size-fits-all approach. 

However, our understanding of the various molecular mechanisms implicated in cancer progression and the 

global utilization of large cohort data, the development of novel targeted therapies has accelerated. These 

therapies target a specific population of patients with specific genetic alterations. Ultimately, more than 

80% of new treatments in clinical phase studies fail to show clinically significant efficacy during phase 2 

trials69,71. Many of these trials show a few particularly good responders although the use of the drug in the 

general population is not warranted. As such, being able to predict these responses would help rescue some 
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of these drugs. This highlights the need to refine patient stratification for more accurate assessment and to 

optimize patient selection.  

1.1.2.6 How Resistance Impacts Treatment Management? 

Resistance to treatment can be categorized as either innate or acquired resistance5,55,72. Innate 

resistance indicates that resistance phenotypes already exist in cancer cells prior to therapy72. The genetic 

makeup of the major tumor population gives rise to innate resistance to drugs through inherent genetic 

mutations in intrinsic cell growth and cell apoptosis pathways5. However, in acquired resistance, cancer 

cells develop resistance after therapy, reducing the anticancer efficacy of the given drugs72. Here, the tumor 

heterogeneity allows minor subpopulations to be selected over the treatment course or the genomic 

instability of the cancer creates the selective pressure to permit the emergence of acquired resistance. Drugs 

can sometimes stimulate the activation of proto-oncogenes that become new driver genes to facilitate tumor 

survival throughout treatment8,73. In addition, drugs can induce mutations or alter target proteins or modify 

the TME to create a barrier against treatments reducing their efficacy over time5. With the lack of predictive 

and prognostic biomarkers available to help determine patient response to novel therapies, along with the 

rise in treatment resistance, different approaches to personalized medicine are urgently needed to address 

these challenges.  

1.1.3 Ovarian Cancer  

Ovarian cancer is a gynecological cancer that affects approximately 3,100 women yearly with an 

overall low incidence rate of 2.8% in Canada. However, ovarian cancer has a high mortality rate. It is ranked 

as the fifth cause of cancer-related deaths and the first cause of death among gynecological malignancies in 

North American women1. The high mortality rate is, in part, due to the lack of early detection and the 

asymptomatic early stage of the disease, resulting in 70 - 75% of cases that are diagnosed at advanced 

stages74.  In addition, genomic predispositions recognizing up to 15% of all EOC74 include hereditary breast 

ovarian cancer syndrome (HBOC) and lynch syndromes75 as well as Peutz-Jegher and rarer disorders, such 

as Gorlin syndrome74. These predispositions increase the likelihood of women developing ovarian cancer 
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by 30-40%76,77. As the disease progresses to an advanced stage, patients often present with symptoms such 

as bloating, difficulty eating and severe pain in the pelvic and abdominal area with or without the presence 

of fluid build-up (ascites)76. However, these symptoms are also commonly mistaken for other benign health 

issues, adding to the difficulty in diagnosing this disease.  

The ovaries are the female reproductive organs that conduct three important functions: to secrete 

hormones, to protect the large supply of oocytes (egg cells) and to induce maturation of oocytes for possible 

fertilization. Epidemiology research has shown that ovarian cancer may be associated with the frequency of 

accumulated ovulation78-81. During ovulation, the ovum or egg is released from the ovary into the fallopian 

tube, breaching the ovarian surface and is associated with a number of inflammatory factors to initiate repair 

of the ovarian surface. This repair initiation entails apoptosis of cells as well as proteolysis and vascular 

remodelling by the replication of cells in an inflammatory environment, which can increase sporadic 

mutations that fuel the oncogenic process and cumulative risk of inefficient DNA repair82. Studies suggest 

that the origin of this disease is the fallopian tube, where cancer cells migrate to the ovarian surface 

epithelium to form ovarian carcinomas, although it has not been discounted that the origin, in some cases, 

is the surface epithelium of the ovary, and in this context cancer cells may migrate to the fallopian tube83. 

The most significant risk factors for ovarian cancer are age, the number of lifetime ovulations, family 

history, benign gynecological conditions (including endometriosis, polycystic ovary syndrome and pelvic 

inflammatory disease) and presence of hereditary genetic mutations74,84,85.  

1.1.3.1 Characterization of Ovarian Cancer Subtypes  

The most common type of ovarian cancer, constituting 90% of all cases, is EOC86 with a median 

age at diagnosis of 63 years. The remaining 10% of ovarian cancer cases develop from germ cells or 

granulosa theca cells pertaining to the stromal portion of the ovary76. Within the EOC group, there are five 

different subtypes including high-grade serous (HGS)85-87, low-grade serous (LGS)85,88, mucinous85,89, 

endometrioid85,90 and clear cell carcinomas85,91. Each subtype is distinct92 and can be differentiated by 

specific histopathological features as well as the presence of specific biomarkers93,94 (Table 1, Figure 5). 
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Among the various subtypes of EOC, HGS is the most common, constituting approximately 70% of all EOC 

diagnosed cases74,85,95.  

Table 1. Histopathology of different subtypes of epithelial ovarian cancer. 

Subtype Cellular Features Cytological 
features Biomarker % of 

diagnosis 

High-grade 
serous 

carcinoma 

Solid masses of cells showing 
papillary, glandular or cribrifom 

architecture resembling the surface 
epithelium 

High-grade nuclear 
atypia with large 

hyperchromatic and 
pleomorphic nuclei 

TP-53 mutated 
and WT-1 
positive 

70-80% 

Low-grade 
serous 

carcinoma 

Solid masses of cells with slit-like 
fenestrations, often showing papillary, 

glandular or cribrifom architecture 
resembling the surface epithelium 

High-grade nuclear 
atypia with large 

hyperchromatic and 
pleomorphic nuclei 

TP-53 WT and 
WT-1 positive 2% 

Mucinous 
carcinoma 

Cystic spaces lined by gastrointestinal-
type mucinous epithelium with 

stratification and filiform papillae with 
minimal stromal support 

Slightly large nuclei, 
presence of atypia 
and stromal invasion 
and increased mitosis 

WT-1 negative, 
HNF1B positive 

and ARID1A 
negative 

4% 

Endometrioid 
carcinoma 

Glandular with confluent or cribriform 
pattern that resembles uterine 
carcinoma, foci of squamous 

differentiation 

Numerous isolated 
cells, strips or 

crowded glands, 
palissading and 

elongated columnar 
shaped nuclei 

WT-1 negative, 
PR positive and 
HNF1B negative 

10% 

Clear cell 
carcinoma 

Tubulocystic, papillary and solid 
pattern with hobnai-type cells. 

Contains glycogen 
with large clear 

cytoplasm 

WT-1 negative, 
PR negative and 
ARIDIA positive 

10-13% 

WT: wild-type, WT-1: Wilm’s tumor protein, ARID1A: AT-Rich Interaction Domain 1A, PR: progesterone receptor. Information 

of obtained from the following references 85,87-91. 
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Figure 5. –  Histopathology of ovarian cancer. Hematoxylin and Eosin staining of tumor tissue from micro array 

punches of patient tumors showing distinguished features of the different subtypes of ovarian cancer. Images were 

taken with permission from the optimization tissue micro-array cohort belonging to the Gynecological Biobank 

of the CRCHUM. 

1.1.3.2 Treatment of Ovarian Cancer 

For all subtypes, the standard of care treatments consists of a debulking surgery, which removes the 

affected pelvic organs, followed by a six-cycle combinatorial platinum and taxane-based chemotherapy 

regimen76, which can be done in an adjuvant or neoadjuvant setting. The commonly used platinum-based 

chemotherapy to treat ovarian cancer patients is carboplatin, usually combined with the taxane, paclitaxel. 

The ICON-3 clinical trial study compared single carboplatin treatment versus combination carboplatin-

paclitaxel treatment and showed that the overall survival of patients receiving the combination treatment 

was increased by several months with low toxicity levels96. However, 70% of EOC patients74 will have a 

recurrence after first-line treatment in a median time of 12 to 18 months, resulting in a 5-year overall survival 

of 45%76. Recent clinical studies have suggested that approximately 25% of HGS EOC patients have a 

deficiency in DNA repair pathway including gene mutation, methylation or deletion of breast cancer genes 

1 or 2 (BRCA1/2), rendering them more susceptible to PARPi treatment. Although Olaparib and Niraparib 
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are both FDA approved drugs for ovarian cancer patients, they have been approved only for maintenance 

therapy for patients with complete or partial response to first-line platinum-based therapies regardless of 

BRCA status as well as strongly recommended for patients harbouring a mutation in a DNA repair gene97,98. 

The goal of using this agent as a maintenance therapy is to continue accumulating single-strand DNA breaks 

resulting in excessive double-strand DNA breaks produced that would overwhelm HR pathway leading to 

cellular death99. Altogether, a better understanding of the biology of ovarian cancer is needed to develop 

new interventions and new targeted approaches to address the limited number of therapeutic agents that are 

currently available to treat EOC.  

1.1.3.3 Evaluation of Clinical Response  

The Gynecological Cancer Intergroup (GCIG) has defined measures for identifying the therapeutic 

response and disease progression of EOC patients with a cut-off at 3-6 months after the end of the sixth 

chemotherapy cycle74. It relies on the Response Evaluation Criteria in Solid Tumors (RECIST) criteria and 

the level of the serum marker cancer antigen 125 (CA-125)100. The RECIST criteria standardizes response 

assessments of patients by using imaging modalities such as abdominal-pelvic scans to evaluate tumor 

burden and metastatic lesion appearance101. Therapeutic response is defined as the reduction of tumor size 

and CA-125 levels (normal range between 0 – 35 U/mL) during and after treatment (see details in Table 

2)100. Ovarian cancer response is characterized in three categories; platinum-sensitive are patients with a 

first recurrence or platinum-free interval of more than 6 months, platinum-resistant are patients with a first 

recurrence at the 3-6 month interval and platinum-refractory are patients with a first recurrence at or prior 

to the 3 month period74. By following these criteria, clinicians can assess disease progression and determine 

further courses of action for each patient. 
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Table 2. Clinical response evaluation in ovarian cancers. 

Therapeutic 
Response 

Evaluation of lesions by abdomino-pelvic 
scan CA-125 (U/mL) 

Complete 
Response (CR) Disappearance of all target lesions CA-125 falls to reference range 28 days after 

end of treatment 

Partial Response 
(PR) 

At least 30% decrease in sum of longest 
diameter of all targeted lesions 

50% reduction between pre-treatment CA-125 
but never reaches reference range at 28 days 

after end of treatment 

Progressive 
Disease (PD) 

At least 20% increase in longest diameter of 
targeted lesion using as reference the size of 

lesion at treatment start point or by 
appearance of one or more new lesions 

Less than 50% reduction between pre-
treatment CA-125 at 28 days after end of 

treatment 

Stable Disease 
(SD) 

Neither sufficient shrinkage to qualify for PR 
nor sufficient increase to qualify for PD No changes in CA-125 

Details were obtained from the following refences 100,101.  

1.1.4 Prostate Cancer  

PC is the most frequently diagnosed cancer of men, affecting approximately 21,300 men yearly, 

which accounts for 20.3% of all new cases in Canada. Approximately 1 out of 8 men develop PC in their 

lifetime. PC is often diagnosed at an early localized stage due to effective screening measures102, which are 

generally recommended for men over 50 years of age. Screening consists of a rectal exam and measurement 

of serum levels of prostate-specific antigen (PSA). PC can be a slow-growing indolent disease and 

progression often occurs several years after initial diagnosis. Approximately 20% of patients will eventually 

die of PC resulting in an estimated 4,100 deaths in Canada per year, making it the third leading cause of 

cancer-related deaths in men102. As such, the development of targeted therapies is especially necessary for 

patients with aggressive PC.  

The prostate is an exocrine gland of the male reproductive system that is composed of two distinct 

cell types: luminal and basal epithelial cells. In general, luminal cells contain a large number of androgen 

receptors (AR) that are activated upon binding to androgens, which are produced in the testicles in response 

to endocrine hormones (for details, see Figure 6A, B). The main androgen that binds to AR is testosterone; 

however, it has a low affinity for AR and is primarily converted to dihydrotestosterone (DHT) by the 

cytochrome P450 (CYP)-17A1 enzyme, located within the luminal cells. DHT has a strong affinity for AR, 

enabling their interaction in the cytoplasmic region of luminal cells. This complex translocates to the nucleus 

to bind to androgen response elements on DNA, further stimulating the translation of proliferative, survival 
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and secretory proteins such as PSA (Figure 6C). Thus, these luminal cells show a high dependency on 

androgens to activate AR for maintenance of cellular homeostasis and survival103. Consequently, PC is 

thought to originate in the luminal secretory epithelial cells and androgens are considered as potent 

mediators to cancer growth and progression104. Various studies have shown that the deregulation of genes 

involved in prostate development and maturation as well as the activation of various oncogenes and 

abrogation of tumor suppressors are at the core of PC development and progression. Aberrant activation of 

prostate-specific proteins such as NKX3.1, FOXA1 and AR increase the risk of disease development104 and 

are extremely important for all stages of prostate differentiation. In addition, the oncogene Myc and the gene 

fusions of TMPRSS2:ETS have been shown to be elevated throughout PC progression as well as a loss of 

PTEN and RB expression may promote the castrate-resistant PC (CRPC) form104. Other risk factors that 

lead to PC development include age and family history103,104. 

 

Figure 6. –  Endocrine system in the production of testosterone for stimulation of prostate development. 

A. Endocrine system showing the hormone stimulation process from the CNS, hypothalamus to the anterior 

pituitary gland and then to the testis B. Testosterone is produced in the testis in response to luteinizing hormone 

(LH). C. Testosterone enters the luminal cells in the prostate activating androgen receptors to stimulate 

transcription of genes involved in cell proliferation, survival, and production of prostate specific antigen (PSA). 
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1.1.4.1 Prostate Cancer Progression and Treatment  

The grading system of PC includes the aggressivity of the tumor and is based on the World Health 

Organization (WHO) classification that takes into account gland formation and differentiation of basal and 

luminal cells (Table 3). Grading classification gives insight into potential clinical outcomes and risk of 

progression and helps determine the specific treatment course for the patient102,105,106.  

Table 3. Grading of prostate cancer 

WHO Grading Gleason Score Description of glands and cells 
Group 1 ≤ 6 Small, well-formed, and uniform glands 
Group 2 3 + 4 = 7 Well-formed glands with large portion of stroma between glands 

Group 3 4 + 3 = 7 Poorly formed, fused or cribriform glands with distinctly 
infiltrative margins  

Group 4 8 Poorly formed/fused/cribriform glands with irregular masses of 
neoplastic glands 

Group 5 9 or 10 Lacks gland formation (with or without necrosis) with 
occasional gland formation 

Details are found in the following references 105,106 

Patients are often diagnosed at an early, localized PC stage, and approximately 90% of patients at 

this stage are cured. However, patients in the 3-5 group grading classification have a higher risk of 

progression and are usually among the 30-50% of patients who progress. The treatment course for PC 

patients depends on individual tumor growth patterns (Figure 7). Patients with a higher risk of progression 

undergo surgical radical prostatectomy, which removes the entire prostate, or radiotherapy. However, the 

large proportion of intermediate or high-risk patients will progress and eventually receive androgen 

deprivation therapy (ADT). These are synthetic hormone analogs of the endocrine system that will suppress 

the production and release of testosterone in the blood circulation, further reducing the fueling agent of 

prostate cancer cells. However, over time the majority of patients undergoing ADT will eventually develop 

CRPC, by inducing overexpression of AR, synthesizing de novo androgens or developing mutations and 

variants of AR to promote an androgen-independent phenotype, thereby enabling AR activation even 

without androgens. At this stage, patients with non-metastatic PC are treated with an new generation AR 

targeted therapy such as apalutamide, enzalutamide, and darolutamide. For patients with metastatic lesions, 

various taxane-based chemotherapies such as docetaxel and cabazitaxel as well as new generation hormonal 
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therapies such as enzalutamide and abiraterone are given. Enzalutamide inhibits AR activation and prevents 

its nuclear translocation and interaction with DNA, preventing the transcription of proliferative proteins and 

indirectly initiating cellular apoptosis. These therapies are used to treat patients at late stages of the disease, 

in a palliative care setting and have been shown an increase in patient overall survival in several clinical 

trials107.  

 

Figure 7. –  Progression of intermediate or high-risk prostate cancer. Graph showing an example of the progression 

of a patient diagnosed with a Gleason score between 7 and 10 associated with the androgen sensitivity, disease 

state, symptoms, and treatment course available. 

1.1.4.2 Novel Potential Treatments for Castrate-Resistant Form of PC  

Current therapies for metastatic CRPC are insufficient in maintaining a durable response. The 

Cancer Genome Atlas have shown that 19% of primary PC tumors harboured alterations in DNA-repair 

genes108. In addition, epigenomic studies have shown an increased mutational burden in CRPC patients with 

metastatic regression. It was established that 23-30% of metastatic CRPC patients had a genomic aberration 
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in DNA-repair genes including BRCA2, ATM, MSH2, FANCA, and RAD51B/C, amongst others108,109. 

This led to clinical trials in PC that tested the efficacy and usefulness of the PARPi, Olaparib. One study 

showed an increase in patient overall survival when treated with Olaparib alone and several ongoing clinical 

trials have shown the benefits of other PARPi in monotherapy as well as in combination with abiraterone 

and enzalutamide110,111. Currently, several phase 3 clinical trials are underway to determine PARPi efficacy 

and its potential as a treatment option in PC.  

1.1.4.3 Evaluation of Clinical Response and Progression 

PC progression is evaluated based on Prostate Cancer Working Group (PCWG) clinical practice 

guidelines, which takes into consideration the level of serum PSA and the use of imaging modalities such 

as bone scans, computed tomography (CT), and occasionally magnetic resonance imaging (MRI)105,106. PSA 

levels provide insight into disease progression. Normal serum levels are often between 0-4 ng/mL as PSA 

is mostly retained in the prostate. However, in the presence of cancer, the basal membrane becomes 

disrupted and allows the protein to leak into the bloodstream, increasing PSA serum levels. Imaging tool 

such as MRI, bone and CT scans are more commonly used when the tumor progresses and develops into 

more aggressive or metastatic forms of the disease102.  

1.2 Cancer Research Models and Novel Technologies 

1.2.1 2D and 3D Models for Cancer Research  

Cancer research has based fundamental and preclinical findings on classical two-dimensional (2D) 

and three-dimensional (3D) cell models, which include 2D monolayer cell cultures 112,113, 3D spheroids 

114,115, cell line xenografts116,117, PDX118,119 and organoids120,121 (Figure 8). They have been used to evaluate 

key phenotypic and genotypic characteristics of cancer cells as well as evaluate newly developed 

therapeutics. However, each model is associated with disadvantages that may limit their use in predicting 

patient-specific responses to treatment (Table 4). 
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Figure 8. –  Model systems for cancer research. All model types are derived from patient tumors. In vitro primary cell 

cultures and established cell lines are cultured on artificial plastic plates. In vitro spheroids are characterized by 

aggregates of cells forming three distinct cell layers. Ex vivo organoids are made of several different cell types 

and highly rich media to recreate the disease state. In vivo mouse model recreate the complexity of tumors. 

Table 4. Comparison of current cancer models for cancer research. 

 2D established 
cell lines112,113 

3D 
spheroids114,115 

3D cell line 
xenograft 116,117 

Patient-derived 
xenograft 
(PDX) 118,119 

Organoids120,121 

Generation 
efficiency 30% 60-80% 60-80% 10-70% 70-100% 

Tumor tissue 
source 

Surgically 
resected 
specimens 

Surgically 
resected 
specimens 

Surgically 
resected 
specimens 

Surgically 
resected 
specimens 

Surgically 
resected 
specimens 

Retention of 
heterogeneity No No No Yes Yes 

Generation time 3-12 months 2-14 days 2-5 months 6-10 months 4-12 weeks 
Effective for 
drug discovery 
screening 

Yes Yes Yes Yes Yes 

Immune 
component No No No No Yes 

Cost Low Low-medium High High Medium 
Prediction of 
clinical response No No No Yes Yes 

Details can be found in references indicated within the table. 

Monolayered cell line cultures, spheroids and cell line xenograft models have proved to be 

irreplaceable for translational and fundamental research. They are easy to handle, have a limitless growth 

potential and are homogeneous in culture due to successive passaging and clonal selection to achieve an 

immortalization stage, thereby representing an ideal model for high-throughput experiments. Over the past 

century, cell line cultures have been the backbone of targeted drug discoveries as well as the generation of 

gene expression signatures for patient stratification. In addition, spheroids and cell line xenografts are 

Primary cell cultures & 
established cell lines Spheroids Organoids Mouse models 
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routinely used for preclinical pharmacodynamic and pharmacokinetic analyses of novel drugs. For 2D 

cultures, their lack of heterogeneity representing different cancer clones122 hampers their ability to 

accurately predict patient response. Furthermore, the loss of various components of the TME, including 

immune, stromal and endothelial cell components critical for cancer progression is a major limitation of 2D 

models to correctly model the effect of therapeutic agents123,124. In addition, in vitro 2D tumor cell lines 

grown in an artificial environment may be open to potential irreversible genetic changes, altering their 

genotypic and phenotypic characteristics125,126. In contrast, 3D spheroid models are composed of self-

aggregating monolayer cell cultures in which the size of the spheroid may vary. As an advantage, this model 

represents the spatial tumor heterogeneity incorporating proliferative, quiescent, and necrotic cell layers, 

allowing for the study of hypoxia-induced mechanisms and chemosensitivity114,127,128. However, these 3D 

models also lack necessary TME components. For 3D cell line xenograft models, the stromal infiltration 

from the mouse-host also impairs the accurate evaluation of treatment response.  

Additional 3D models have been developed over the past decade to circumvent limitations 

associated with cell line-based models, with emphasis on preserving tumor heterogeneity and some of the 

original TME. In particular, in vivo PDX models involve the implantation of fresh patient tissue in immune-

deficient mice. Thus, in addition to retaining intratumor heterogeneity, PDX models maintain 

histopathology features, gene expression profiles, copy number variants and metastatic behaviour of the 

original cancer129,130. They have shown to be beneficial for putative resistance analysis and biomarker 

discovery; however, their low throughput potential, high cost and long generation time means that they are 

not feasible to determine the chemosensitivity of a patient before initiation of the first treatment (Table 4). 

To palliate some of these weaknesses organoids represent another model system where solid tumors are 

dissociated and allowed to re-associate in 3D structures. These models have been used to demonstrate the 

causative potential of various genomic alterations that initiate or promote tumorigenesis, allowing for a 

better understanding of tumor biology120. Organoids have also been shown to be a good predictor of patient 

response131,132. However, cancer organoids remain challenging as a platform for personalized medicine as 

they can take between 4-12 weeks to produce121 and the success take rate in culture is highly 
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variable121,133,134. Moreover, all these models remain incapable of predicting patient response to treatment in 

a clinically relevant timeframe with sufficient accuracy and are not practical for routine application. 

Therefore, an ideal model would not only preserve the genetic and phenotypic heterogeneity and 

microenvironment of tumors but would also be suitable for empirical drug testing in a personalized medicine 

manner within a feasible timeframe. 

1.2.2 Development of Organotypic Tissue Slice Cultures for Prediction of Drug Response 

The development of functional assays to better stratify patient response to novel therapeutics 

regimens remains an important clinical challenge. This requires a viable model system that closely 

resembles in vivo characteristics of the tumor and its complex microenvironment. Organotypic tissue slice 

cultures have been shown to address the many challenges associated with cell based 2D and 3D model 

systems.  

1.2.2.1 Overview of Organotypic Tissue Slice Cultures  

Tissue slice models were first introduced in 1951 by Black et al135 who sought to understand the 

effect of drugs on the dehydrogenase activity of the tissues in the context of epithelial carcinomas. However, 

this model was not ideal since these organotypic slice cultures could not be maintained in culture for more 

than 48 hours135,136. Since this first description discovery, refinements in the approach have allowed 

organotypic slice cultures to be produced without damaging the structure of the tissue and reducing stress-

induced apoptosis. Consequently, organotypic tissue slice cultures have been utilised extensively over the 

past decade137-140. This model system is derived from surgically resected tumors through mechanical 

precision-cut techniques such as manual slicing, tissue slice choppers and vibratome, and can be performed 

in just a few hours. Interestingly, it has been reported to predict patient response in a clinically relevant 

manner141-144. The relative size reduction of these tumors allows for a more adequate diffusion of oxygen 

and nutrients to the center of the tissue during culture. These macro-sized tumor slices can be further 

cultured in a variety of culture platforms. A main advantage to this model is its ability to maintain the 

original structure, architecture, and cell-matrix interactions of the original tumor specimen145. As such, 
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tissue slice cultures show promise as a predictive model system for determining patient response to drugs 

in a time frame suitable for clinical decision-making.   

1.2.2.2 Ex Vivo Tissue Characteristics 

Improvements to the tissue slice model have focused on the tissue and culture conditions to promote 

and replicate cell content found within the natural TME. Further studies have shown that various tissue 

slicing techniques do not interfere with cellular morphology and tissue function, thereby maintaining tumor 

viability145. To further ensure viability and reduce tissue deterioration, tumor samples must be processed 

within hours of surgical resection and placed immediately in favourable culture conditions. Overall, ex vivo 

tissues are easy to handle, fast to produce and can be treated in a time-efficient manner that is ideal for 

personalized medicine.  

Traditional culture conditions of organotypic tissue slices involve submersion in media in plastic 

48 or 96-well plates, which may induce loss of tissue integrity. To circumvent this drawback and to improve 

the diffusion of oxygen and nutrients, additional culture platforms have been developed. This includes the 

incorporation of membrane inserts that promote either complete submersion of the tissue in media or an air-

liquid interface that exposes the top tissue slice layer to the air while the bottom layer is supplemented with 

nutrients140. These culture platforms have been combined with rotational movements using orbital shakers. 

In addition, the type of culture media used is highly dependent on the tissue origin and may require specific 

nutrients and growth factors to promote or maintain tumor proliferation. Standard media is often combined 

with antibiotics and either patient serum or fetal boivine serum (FBS)145,146 to create a favourable 

environment for cell growth and are essential for maintaining their TME. However, even with these 

measures in place, hypoxia induction pathways often occur after 7 days of culture138, thus reducing the 

potential utility of the macro-sized organotypic tissue slice model systems. 

The lack of oxygen supply to the center of the tissue induces hypoxic cores, which leads to cell 

death and shortens the longevity of the tissue slices. It has been postulated that this was due to the size and 

diameter of the organotypic tissue slice culture. Thomlinson and Gray’s group studied mass transport 
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limitations on organotypic tissue slice cultures and described a critical diameter (between 250 and 500 µm) 

range for the tumor slice that should not be exceeded to allow proper nourishment. These results were based 

on the diffusive properties of metabolites and the general intake of nutrients by the tissue136 and were later 

validated by our group in 2016 using mathematical algorithms and numerical simulation techniques6. In 

addition to size restrictions, medium replenishment is another factor that greatly influences the longevity of 

organotypic tissue slice cultures. The tissue volume controls glucose consumption: the larger the tissue, the 

faster glucose will be consumed and the more often medium should be refreshed147. For macro-sized tissue 

culture, continuous perfusion of medium is preferable. However, this increases labour time and reduces the 

number of tissue slices that can be handled at once, limiting the throughput screening capabilities.  

1.2.2.3 Recent Developments in Tissue Slice Culture Platforms  

Multiple laboratories and companies have created tissue slice culture platforms for personalized 

medicine approaches to quantitate patient drug response. Two organotypic tissue slice platforms in 

particular, Mitra Biotech’s CANScript™ and PREDECT™, have been promoted to support oncology drug 

development and provide a read-out system to predict the clinical outcome of patients.  

Mitra Biotech CANScript mission is to provide sufficient data on both the responsiveness of tumor 

types and effective drug combinations, while interrogating mechanisms of resistance. In their 2015 

publication, Mitra Biotech revealed a complex supplementation of their culture medium consisting of high 

levels of insulin, L-glutamine and various growth hormones including epidermal growth factors, hepatocyte 

growth factors, vascular endothelial growth factors and macrophage colony-stimulating factor, all of which 

were used to support the TME within their model system144. In addition, tissue slices from fresh tumor 

specimen were cultured in 48-well flat bottom plastic plates that were coated with extracellular matrix 

proteins144. These extra components complicated their procedure, which became more time consuming and 

introduced phenotypic and genotypic alterations. In addition, the specifications of tissue size were not 

mentioned, a factor that greatly impacts tissue longevity. Also, their culture platform requires the use of 

plastic well plates, which can induce loss of tissue integrity and was not addressed by the authors. The lack 



 53 

of these essential details to recreate their findings demonstrate important limitations in the platform for 

widespread clinical use. 

PREDECT is a collaborative platform funded by the Innovative Medicines Initiatives (IMI), which 

is a partnership between 21 public-private laboratories of the European Union. The goal of the IMI is to 

develop advanced and transferable in vitro models for breast, prostate and lung cancers. They have a series 

of 2D and 3D models produced from fresh tumor specimens, including primary cell cultures, organoids, 

PDX and tumor slice explants, and altogether represent a consortium of various model systems to 

reconstruct tumor complexities for genomic and proteomic profiles. The IMI platform is focused on 

preclinical target validation to predict drug efficacy in patient cohorts. Their tumor slice explant model, 

similar to the Mitra Biotech CANScript, relies on fresh tumor slices produced with a vibratome and culturing 

in titanium gridded 6-well plastic plate containing culture medium supplemented with high levels of glucose 

and L-glutamine148. The main approach of the IMI model is based on a case-by-case basis. While both 

CANScript and the IMI models have demonstrated promise with their platforms, both have not yet shown 

the reliability and reproducibility for routine, standardized use for personalized medicine. 

1.2.3 Microfluidic Technology 

New advances in biomaterials, microfluidics and tissue engineering have allowed for specialized ex 

vivo culture systems that maintain tumor cells in a controlled environment replicating in vivo characteristics. 

In particular microfluidic devices rely on techniques that facilitates the trapping of individual micrometre- 

to millimetre-scaled tissue samples under unique culturing conditions, permitting the analysis of biological 

pathways including therapy-induced cell fates, resistance mechanisms and protein activation induced by 

specific stimuli147.   

The use of engineered microfluidic devices has gained much interest over the past decade. They 

have been shown to promote the longevity of ex vivo tumors as well as decrease handling time and increase 

the number of experiments performed6. The devices parameters can also be modified to specific research 

aims, creating a flexible and valuable platform for research147. The complexity in the culture system design 
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is dependent on the need for a perfusion-based device, which requires pumps and highly intricate machinery 

to streamline the operation and allow a continuous supply of nutrients to the tissue slice cultures. In contrast, 

non-perfused devices have a simpler system, allowing for culture of smaller tissue volumes147 making it 

more amenable for high-throughput analysis.   

1.2.3.1 Fabrication of Microfluidic Devices 

Microfluidic devices are available in a variety of shapes and sizes, and dependent upon chip 

specifications tailored to project goals. The type of material used for the fabrication of these devices can be 

plastic, glass or polymer-based. Polymer is highly recommended as it has pore-like features that permits air 

passage, which is not permitted with plastic or glass surfaces. Poly di-methyl siloxane (PDMS) is a polymer-

based material that is extensively used in the microfluidic field. In addition to its low production costs, 

PDMS has pore-like features that allow for a continuous supply of oxygen to the tissue specimen and is 

transparent, which allows for direct observation and analysis of entrapped samples using various imaging 

modalities6,147. Consequently, PDMS in the microfluidic field is frequently used for the design of ex vivo 

culture models.  

1.2.3.2 Advantages of Incorporating Microfluidic Technology to Predict Drug Response  

Microfluidic technologies in cancer diagnostics have allowed the miniaturization of ex vivo culture 

models and procedures. The reduction in sample size and reagent consumption is especially beneficial when 

tissue samples are scarce and reagents, such as chemotherapeutics and small molecules, are expensive. 

Microfluidic devices are designed to incorporate channels and wells, promoting easy changes of the medium 

and providing homing matrices for the micro-scaled tissue specimen, respectively147. In addition, the high 

surface-to-volume ratio of microfluidic channels allows for heat transfer, enabling quick temperature 

changes and accurate temperature control. The channels are often long and narrow to enforces a laminar 

flow for precise spatiotemporal control of fluids. When comparing micro-scale to macro-scale microfluidic 

devices, the diffusion of solutions in and out of the wells is much faster in micro-scaled devices, increasing 

the efficiency of chemical reactions and reducing the overall time spent per analysis147. Another advantage 
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of using microfluidic technologies is the ease in manipulation and trapping of tissue specimens within wells 

without direct physical contact while reducing potential environmental contamination. The detailed 

fabrication of microfluidic devices broadens their capacity for a constant supply of nutrients while removing 

waste and controlling access to oxygen147. Therefore, microfluidic technology for cancer therapeutic 

strategies presents an ideal platform to create point-of-care applications while understanding the 

fundamental aspects of drugs and predicting patient responsiveness.  

1.2.4 Micro-Dissected Tissues, a Novel Ex Vivo Model System for Personalized Medicine 

Microfluidic technology has emerged in the field of cancer therapeutics as a viable option for micro-

scale tumor tissue model to increase longevity as well as permit a broader applicability. By combining 

microfluidic technologies with micro-dissection procedures to circumvent the limitations of macro-sized 

tissue slice cultures, our group has developed a micro-sized tumor-on-a-chip model system to address issues 

of tissue longevity and low applicability of current tumor-derived model systems. In previous studies, we 

have characterized our novel 3D ex-vivo tumor-derived micro-dissected tissue (MDT) model6 to 

demonstrate its potential applicability to predicting therapeutic response. The clinical challenge that our 

model may addresses is the need to accurately identify the most suitable treatment regimen for each cancer 

patient. 

1.2.4.1 Device Fabrication to Fit to Our Ex Vivo Model System 

The device fabrication used for our ex vivo model is specifically designed to culture and individually 

entrap MDTs in a non-perfused setting. This platform relies on the plasma bonding of two layers. The top 

layer contains the inlet and outlet inputs for the addition and removal of solutions. The bottom layer consists 

of two fluidic levels (Figure 9A, B) where the top level contains the channels for fluid circulation over the 

MDTs and the bottom level contains the gravitational traps securing the MDTs and providing a homing 

matrix that mimic the human physiological environment, allowing for similar confined space with presence 

of necessary supply of nutrients providing proper culturing and interaction with drugs (Figure 9C). The 

length of the channel can be modified to increase the total number of traps6. The distance between each trap 
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is critical as it determines the amount of nutrients that each MDT has access to147. The main transport 

mechanism is diffusion driven6 such that through manual medium changes, the nutrient-rich medium enters 

the chambers, carrying nutrients to the samples while cellular waste exits out of the wells. This mechanism 

is key for maintaining viable tumors with high stability. Through theoretical replenishment simulations, the 

rate of nutrient deprivation within a microfluidic device can be calculated according to physical properties 

of the device, nutrient uptake until glucose consumption reaches the Michaelis-Menten kinetic constant and 

knowledge of tissue volume. These simulations have shown that MDTs having a diameter of 300 – 500 µm 

require a manual medium replenishment every 48 – 72 hours6,147 to contain a viable level of nutrients in the 

media.   

 

Figure 9. –  Microfluidic device. Schematic representation of the 25-well microfluidic device for MDTs. A. showing 

dimensions and various sections B. overview of design and C. sedimentation process and view of MDTs in their 

well. Scale bars = 2 mm. Images were taken and modified with permission from “Micro-dissected tumor tissues 

on chip: an ex vivo method for drug testing and personalized therapy” by Astolfi et al., 2016, Lab on Chip, 16: 

312, 25. 

1.2.4.2 Micro-Dissection Procedure of Patient Tissues 

Our model relies on the micro-dissection of surgically resected patient tumors into sub-microliter 

sized tissue samples, described as MDTs6. The freshly resected tumor was dissected into tissue slices of 350 

µm thickness using a McIlwain tissue chopper. Tissue slices were then micro-dissected using a 500 µm 

biopsy punch to obtain spherically dense tumors of approximately 480 µm in diameter. On average, a 10 

mm tumor section produced hundreds of MDTs, which were then trapped individually within microfluidic 

devices using a laminar force executed by pipetting medium in and out of the outlet region for precise 

spatiotemporal control of the MDTs6 (Figure 10).  

A

Inlet Opening

Well

Channel

Outlet Opening

B

C

A

Inlet Opening

Well

Channel

Outlet Opening

B

C



 57 

 

Figure 10. –  Schematic overview of the ex vivo mode system using MDTs. Tumor resected from consented patients is 

microdissected using a scalpel, McIllwain tissue chopper and a 500 µm biopsy punch to produce MDTs. The 

MDTs are loaded into 32-well microfluidic devices for further chemosensitivity assay. An easy read-out system 

is then used to analyze the response of MDTs to drugs to identify the most effective treatment plan for each 

patient. Images were modified with permission from “Micro-dissected tumor tissues on chip: an ex vivo method 

for drug testing and personalized therapy” by Astolfi et al., 2016, Lab on Chip, 16: 312, 25. 

The use of microfluidic technologies promotes the maintenance of individually entrapped tumors 

(Figure 9) that contain their own TME matrix, where the microfluidic chamber mimics the natural human 

environment, allowing sustained tumor growth. The medium within the microfluidic devices provides 

supplementation specific to the tumor specimen. In our model system, ovarian cancer specimens were 

cultured using commercially available OSE medium and PC specimens were cultured with standard RPMI 

medium, both supplemented with FBS and antibiotics. In comparison to other groups, our medium does not 

contain additional growth factors or supplements that could potentially alter the epigenetics or phenotype 

of the tumor specimen.  

1.2.5 Analysis Techniques to Measure Treatment Response in Our Ex Vivo Model 

Astolfi et al6 demonstrated that MDTs derived from cell line xenograft OC and PC tumors as well 

as patient specimens had a long-term viability for up to 8 days of culture. In addition, this study showed the 

possibility of studying the survival of MDTs in presence of drugs. These results were obtained using two 

imaging modalities, confocal microscopy and flow cytometry. The transparency of PDMS material allows 

for various direct imaging modalities such as confocal microscopy. In addition, the easy assembly and 

disassembly of the microfluidic device allows for sample harvest for subsequent flow cytometry techniques. 
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These two commonly used techniques can assess viability and cellular composition of MDTs in the presence 

or absence of various therapeutic agents, but also have limitations.  

1.2.5.1 Confocal Microscopy 

Confocal microscopy is a laser scanning that recognizes fluorescent reagents to produce a 3D image 

of the specimen.  The benefit of using confocal microscopy is the ability to analyze cellular fate in real time 

by incubating the MDTs with metabolic antibodies detecting live and dead cells to observe the direct effect 

of drugs. However, the diameter depth of the MDTs is larger than the imaging depth limit (around 100 µm) 

of the confocal microscopy149, creating a “black” undefined region in the center of the MDTs that results in 

an underestimation of the overall cell mortality. Thus, this technique alone is insufficient for a thorough 

measurement of MDT viability. 

1.2.5.2 Flow Cytometry  

To complement confocal microscopy, flow cytometry was incorporated for analysis of MDTs 

cellular content and cancer cell viability. Flow cytometry is often used to detect and measure physical 

characteristics of cell populations in suspension. The protocol requires the complete digestion of the tumor 

sample and incubation with fluorescent reagents in order to analyze protein-specific characteristics of single 

cells150. However, dissociation of tissue through enzymatic digestion and mechanical can induce cellular 

stress, impacting the overall survival of cells. In addition, the dissociation of a tumor into a suspension 

counteracts the preservation of tissue architecture and morphology, destroying sample integrity and 

preventing further analysis with the tissue.  

1.3 Thesis Hypothesis and Objectives 

1.3.1 Challenges  

Solid tumors are treated with an initial surgical resection procedure followed by chemotherapeutic-

based treatment regimens. Fundamental and translational studies have shown that tumors of the same cancer 

subtype have molecular and genetic variabilities, which contributes to patient-specific responses and have 
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revealed differences in drug efficacy as well as identified novel therapeutic targets. This has changed the 

therapeutic approach from a one-size-fits-all to a more personalized medicine approach. In turn, clinicians 

are faced with a clinical challenge of deciphering the nuances in different potential therapeutic regimens 

with no knowledge of patient’s susceptibility or response to these novel therapies. Thus, their ability to 

accurately identify the most suitable treatment plan for patients in a personalized manner is severely 

hampered.  

1.3.2 Hypotheses  

The hypothesis of this thesis is that the tumor-derived ex vivo MDT model coupled with appropriate 

analysis tools serve as a surrogate to predict response to treatment. 

1.3.3 Research Objectives  

 There are three main objectives of this thesis:  

1. To develop a read-out system that relies on histopathology tools to assess tissue architecture, cellular 

morphology and biomarker analysis as well as to evaluate drug response. To do so, we aimed to 

develop a new histological tool that preserves the tissue architecture and cellular morphology of 

patient tumors. The Micro-Dissected Tissue Micro-Array (MDTMA) was evaluated as to its utility 

as a read-out system for drug response. 

2. To compare the chemosensitivity profile of MDTs derived from cell line xenograft tumors to in vivo 

models. We used five cell line xenograft tumors to produce MDTs to identify the appropriate 

treatment regimen for the drug of interest. We then compared the chemosensitivity to the same drug 

between the in vivo and ex vivo model systems. The correlative ranking of chemosensitivity for five 

cell lines between their in vivo xenograft tumor response versus their ex vivo tumor response was 

evaluated to infer the model’s capability to represent the patient response. 

3. To demonstrate that MDTs preserve and maintain gene expression profiles and TME to demonstrate 

their ability to reflect in vivo tumor characteristics. For this, we produced MDTs from patient primary 

tumor samples and performed expression profiling as well as immunofluorescence assays to examine 
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the epigenetic profile and various cell populations present in the TME, respectively. We also 

performed matched treatment comparison analysis to determine the predictive potential of MDTs 

using patient samples.
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2 RESULTS 

2.1 Chapter 1: Paraffin-Embedding Lithography And Micro-Dissected Tissue Micro-

Arrays: Tools For Biological And Pharmacological Analysis Of Ex Vivo Solid Tumor 

2.1.1 Article 1: Résumé en francais 

Titre en français: Lithographie par enrobage de paraffine et micro-étalage de tissus disséqués: Outils 

d'analyse biologique et pharmacologique des tumeurs solides ex vivo 

Il existe un besoin urgent et un fort intérêt clinique et pharmaceutique pour le développement 

d’essais permettant de tester directement des agents thérapeutiques sur des tissus primaires. Les technologies 

actuelles ne parviennent pas à fournir la longévité des échantillons, le débit et l'intégration avec les tests 

standard éprouvés en clinique. Nous présentons ici une plateforme micro-histologique microfluidique qui 

permet la culture ex vivo d'un large éventail de tissus micro-disséqués (MDT) de cancers de la prostate et 

de l'ovaire, suivie d'une fixation et d'une paraffination directement sur la puce, un processus que nous 

appelons lithographie de paraffine. Le résultat est un micro-étalagesmicro-réseaux de tissus micro-disséqués 

(MDTMA) de haute densité compatible avec l'histopathologie clinique standard qui peut être utilisé pour 

analyser ex vivo la réponse tumorale et la résistance aux agents thérapeutiques. La morphologie cellulaire 

et l'architecture tissulaire sont préservées dans les MDT tout au long de la période de culture de 15 jours. 

Nous démontrons également comment cette méthodologie peut être utilisée pour étudier les voies 

moléculaires impliquées dans le cancer en réalisant une caractérisation approfondie des mécanismes 

biologiques et pharmacologiques tels que la translocation nucléaire de p65 via des stimuli TNF, et pour 

prédire le résultat du traitement en clinique via la réponse des MDT aux thérapies à base de taxane. 
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2.1.2 Article 1: Original version published in the journal Lab on a Chip  

 

Lab on a Chip. 2019 Jan; 19(3): 693-705. DOI: 10.1039/cBlc00982a. 
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2.1.2.1 Abstract  

There is an urgent need and strong clinical and pharmaceutical interest in developing assays that 

allow for the direct testing of therapeutic agents on primary tissues. Current technologies fail to provide the 

required sample longevity, throughput, and integration with standard clinically proven assays to make the 

approach viable. Here we report a microfluidic micro-histological platform that enables ex vivo culture of a 

large array of prostate and ovarian cancer micro-dissected tissue (MDT) followed by direct on-chip fixation 

and paraffination, a process we term paraffin-embedding lithography (PEL). The result is a high-density 

MDT-Micro Array (MDTMA) compatible with standard clinical histopathology that can be used to analyse 

ex vivo tumor response or resistance to therapeutic agents. Cellular morphology and tissue architecture are 

preserved in MDTs throughout the 15-day culture period. We also demonstrate how this methodology can 

be used to study molecular pathways involved in cancer by performing in-depth characterization of 

biological and pharmacological mechanisms such as p65 nuclear translocation via TNF stimuli, and to 

predict treatment outcome in the clinic via MDT response to taxane-based therapies. 

2.1.2.2 Introduction 

The inability to adequately predict response to therapeutic agents in the clinic is a major challenge 

in clinical oncology. This often leads to significant delays in optimal therapeutic decisions and contribute 

to reduce overall survival rates for many solid tumors1-3. This finding supports the broadly shared concern 

in cancer research that currently used in vitro, and in vivo models are generally inaccurate recreations of the 

TME found in primary tumor4. For example, cell line-based models systematically represent a selected sub-

population5 of cancer cells, which grow in artificial environments, and do not recapitulate the complexity 

of variable cell-cell interactions and heterogeneity seen in patient tissues. By contrast, murine xenograft 

models recapitulate many of these interactions6. However, in vivo assays are costly and take several months 

to produce.  As such, they cannot enable the prediction of patient-specific response to therapeutic agents in 

a suitable clinical time frame. There is thus a longstanding need for assays that allow for the direct testing 

of approved or newly synthesized pharmacological agents on primary tissues7,8. Organotypic tissue models 
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represent a promising path to achieve this goal as they preserve the original architecture and cell-stromal 

interactions of the primary tissue and can be generated just a few hours after the initial tumor harvest. In 

particular, chemotherapy sensitivity and resistance assays (CSRAs) on organotypic tissue models could help 

characterize specific tissue response to various therapies9,10.  Additionally, these methods can help track 

treatment effects on a patient’s sample over time and identify resistance mechanisms, which, in turn, would 

inform us on additional molecules to target therapeutically. Black et al were the first to report CSRA on 

organotypic models of surgically-extracted epithelial carcinoma11, however their approach failed due to 

severe anoxia as they were constrained to using large tissue specimen (> 400 µm in depth)12. The advent of 

microfluidics and live microdissection technologies, a few decades later, marked a new era for organotypic 

models13-18. Microfluidic culture platforms offer spatiotemporal control over the biological sample and its 

microenvironment, while preserving the tissue architecture and viability in the appropriate culture 

conditions. Furthermore, microfluidics allows high-throughput manipulations through automation and 

multiplexing as well as the potential for seamless integration with standard instrumentation and assays (e.g.: 

imaging modalities, immunological assays, etc.). Organotypic approaches using microfluidics have been 

used extensively to study biological and pharmacological mechanisms in various tissue explants, including 

liver19,20, brain17,18,21, lung22,23, breast15,24 and gut15,25.  However, these methods still rely on fresh tissue slices 

(~300-400 µm thickness) and on continuous perfusion and complex culture platforms to prevent hypoxia12 

and consequently generally remain low throughput.  

To measure treatment effect, CSRAs generally rely on imaging and antibody-based assays26-28 and 

assess the viability of various cells of interest. However, most approaches lack the ability to thoroughly 

evaluate the therapeutic effect at a molecular level, while preserving tissue morphology. Because the 

assessment of cancer tissue morphology by histopathology (HP) is the current gold standard for diagnosis 

and treatment selection, many research groups have reported using HP techniques as read-outs to their 

organotypic CSRAs15,17,18,20,21,24,29-31. However, HP assays require that individually cultured samples be 

removed from the culture platform to be processed, requiring extensive manual labour and resulting in low 
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throughput, increasing the risk of tissue damage while contributing to high reagent consumption and 

biomarker variability. 

To circumvent the limitations in tissue size and hypoxia of these approaches, we have recently 

developed an ex vivo patient-derived model28 that relies on the micro-dissection of solid tumor tissue into 

hundreds of sub-millimeter-sized tissue cores (~380 µm in diameter). These micro-dissected tissues (MDTs) 

are trapped and cultured in multiplexed microfluidic devices that serve as a homing matrix where they can 

be exposed to various therapeutic agents and followed by an easy analysis of cancer cell fate. The 

miniaturization of the tumor specimen circumvents mass transport limitations28 and anoxia induction12, 

which were measured by Grimes et al. to occur in spherical tissue samples with diameters larger than d = 

460 ± 40 µm32. These measurements and others33 agree well with previously published theoretical 

calculations made from simple 1D diffusion-reaction models (d = 450 µm) and from full 3D simulations28,34 

for well-based assays in PDMS chips. Additionally, the large number of MDT samples obtained from a 

single biopsy or post-surgical specimen allows for the analysis of multiple treatments in a time-efficient 

manner while also taking into account the heterogeneous nature of the tumor.  

To enable the study of both the molecular mechanisms and the microenvironment factors that 

influence a tumor’s ability to resist or respond to various treatments, we herein introduce a microfluidic 

micro-histological platform that complements confocal microscopy and FACS analyses. We describe high-

density array HP analyses enabled by a “Paraffin embedding lithography” (PEL) technique (Figure 1) that 

adapts and optimizes standard formalin-fixed paraffin-embedding (FFPE) protocols so that all steps can be 

performed directly on chip.  The high-density microfluidic chip integrates a large number of tissue samples 

that can be analysed at once within the MDT-Micro Array (MDTMA) block. Using this approach, evaluation 

of tissue architecture as well as cellular viability and proliferation assessment are carried out using standard 

HP techniques on up to 32 MDTs from a single chip simultaneously. We demonstrate that the resulting 

MDTMA provides a high-density array of aligned tissue samples similar to tissue micro-arrays (TMAs)35-

37. This type of CSRA supports the observation of cancer cell behaviour as well as the study of simultaneous 

ex vivo-induced response to various biological and pharmacological agents on the same HP slide, within a 
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clinically relevant time frame. The proposed approach is simple, robust, and opens a whole new framework 

for using conventional histopathology techniques to assess treatment responses using minimal amounts of 

tissue. 

 

Figure 1: General workflow for the development of a patient-derived ex vivo model and micro-dissected tissue 

micro-array tool. a, Micro-dissection of surgically resected tumor or biopsy specimen into sub-microliter sized 

samples as micro-dissected tissues (MDTs). b, Loading, culturing and treating of MDTs in the microfluidic device. c, 

Paraffin-embedding protocol to form MDT-Micro Arrays (MDTMAs). d, Microtome slicing and IHC analyses to 

evaluate morphology, viability and proliferation of multiple MDTs. 

2.1.2.3 Methods  

Ovarian and prostate cancer cell lines for xenograft production 

Different human carcinoma cell lines derived from metastatic prostate cancer tumors (LNCaP and 

DU145, ATCC, Manassas, USA) and ovarian cancer ascites (OV229538, OV194639) were used to produce 

mouse xenografts. Cells were grown as monolayers (2D culture) in either RPMI (PC cells) or OSE (EOC 

cells) media supplemented with 10% FBS, 55 mg/L gentamicin and 0.6 mg/L amphotericin B. After 

harvesting, cell suspensions were mixed with Matrigel (1,000,000 cells) (BD Biosciences, Franklin Lakes, 

USA) before subcutaneous injection into the flank of immunodeficient NOD.Cg-

Rag1 tm1Mom Il2rg tm1Wjl/SzJ male or female mice (Charles River Development, Burlington, USA). After a 

growth period varying from 21 to 70 days, depending on the cell line injected, the solid tumors were 
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harvested once they reached a volume between 800 and 1,500 mm3. All protocols involving animals were 

reviewed and approved by the Comité institutionnel de protection des animaux (CIPA) at the CRCHUM. 

Design of microfluidic device and fabrication 

The microfluidic device is composed of two poly-dimethyl siloxane (PDMS) layers obtained by a 

replica-moulding process on poly(methyl methacrylate) moulds micro-machined using a CNC mill (Roland 

MDX-40A, Irvine, California, USA). To form both layers, PDMS and curing agent (Sylgard® 184 silicone 

elastomer kit, Dow Corning, Midland, USA) were mixed at a ratio of 10:1, degassed and cured for 1 hour 

at 80°C. The bottom layer contains four fluidic channels of 0.9 x 1.1 mm rectangular cross-sections, each 

featuring an inlet and outlet of 3.2 mm and 1.5 mm, respectively. The bottom layer consists in a 4 x 8 array 

of 0.7 mm square cross-section wells that serve as traps for the MDT (see Figure 2a). The top and bottom 

layers are plasma-bonded and aligned under the microscope to form four enclosed channels, each capable 

of holding up to eight MDTs. 

Finite element simulation methodology 

Finite element methods using commercially available COMSOL Multiphysics (COMSOL Inc, 

Burlington, Maine, USA) were used to simulate the different convection and diffusion processes that take 

place in the device during medium changes and treatments using a P200 micropipette. The geometry of the 

model (dimensions shown in Supplementary Table 1) was drawn using the built-in COMSOL drawing tools. 

Navier-Stokes equation for incompressible flow were used to model the convection, and convection-

diffusion equations were used to model the diffusive transport of diluted species in the culture medium. 

Both these equations are sequentially solved using the built-in time-dependent solver. We simulated a 

certain volume of fluid at a fixed concentration entering the inlets at a speed determined by the hydraulic 

resistance of the channels and by the difference of height between the liquid in the inlets and the outlets. 

We then simulated the passive diffusion process that occurs in the device after rinsing and monitored the 

concentration of the new fluid in the bottom of the last well of the device. We repeated this process of 
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sequential convection-diffusion until the medium was completely refreshed in all the wells of the device. 

By adjusting the volume of liquid used to rinse at each cycle and the diffusion times for each step, we 

optimized the rinsing process to minimize the required volume of reagent and the time needed to fully 

refresh the culture conditions in the device.  

Monte-Carlo simulations on whole-tissue images 

We developed a Monte-Carlo image analysis tool that simulates the microdissection sampling 

process to study the effects of the sheer number of MDTs sampled on the precision and accuracy of the 

method. Starting with whole-tissue images of IHC stained primary xenografts, we generated field-of-views 

(FOVs) of fixed size (250x250 µm) at random locations in the primary xenograft and generated an IHC 

score for each of these FOVs.  By varying the sheer number of FOVs, we followed the effects of the number 

of MDTs sampled on the standard error of the mean in the resulting distribution of IHC scores and compare 

it with the average IHC score of the whole tissue. As expected, when sampling a normal distribution, the 

standard error of the mean varies inversely proportional to the square root of the number of samples ( !
√#
). 

Using this simulation on various PC and EOC cell line xenografts, we observed a general trend amongst the 

different xenografts where we see very little gain in precision when sampling more then 15 to 20 MDTs 

(Supplementary Figure 3). These findings corroborate our experimental results, which suggest that we 

should sample 15 MDTs or more to be representative of the primary xenograft.  

MDT production from cell line xenograft tumors 

The method for the production of micro-dissected tumor samples from tumor-extracted tissue 

samples was an adapted version of the one previously published by our group19. Briefly, a scalpel was used 

to cut the biopsied sample into thin tissue fragments (1.5 x 5 mm) which were kept in a balanced saline 

solution (HBSS, 311-516-CL, Wisent Inc., Saint-Bruno-de-Montarville, Canada) supplemented with 10% 

FBS, 55 mg/L gentamicin and 0.6 mg/L amphotericin B. The tissue fragments were further cut into sphere-
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like MDTs using a 400 μm diameter tissue punch (Zivic Instruments, Pittsburgh, USA) and kept in HBSS 

supplemented with the antibiotics without serum until the loading procedure.  

Loading, trapping and culture of the MDTs in the microfluidic device 

Similar to our previous work28, for each individual channel, eight MDTs were collected using a P20 

micropipette and introduced in the HBSS-filled inlets where they sediment to the bottom of the channel. 

Flow was induced in the microfluidic channels by aspirating fluid from the outlet of the device using the 

same micropipette. Carried by the flow, the MDTs travel in the channel and the flow is suspended for 

approximately 1-2 seconds when an MDT above the desired well is allowed to sediment to the bottom of 

the trap. The same procedure is repeated to fully load the four fluidic channels of the device, resulting in a 

total number of 32 MDTs per device. Once the 32 MDTs were loaded, the liquid volume was replaced with 

a tissue-specific culture medium. The four independent channels allow the MDTs to be exposed to three 

different therapeutic agents or a combination of therapeutic agents while keeping one non-treated channel 

as a control.  

Treatment of MDTs within the microfluidic device 

The MDTs of PC origin were treated with docetaxel (8078A002, Mckensson Canada Corporation, 

Canada) at 1X, 10X of the monolayer IC50 (1 nM) for 12 hours then replaced with culture medium and 

analysed after a recovery period of 12 hours. The MDTs were also treated with recombinant human tumor-

necrosis factor alpha (TNF- α; 300-01A, PeproTech, New Jersey, USA) at a concentration of 10 ng/mL for 

either 0, 30, 60 or 120 minutes.  

Micro-dissected tissue micro-array procedure 

The adapted paraffin-embedding on-chip procedure consisted of fixing the MDTs with formalin (F-

6050, Capitol Scientific, Austin, Texas) involving two rinses of 5 minutes each followed by a 30-minute 

incubation. The MDT connective tissue was then coloured using phloxine-B (P4030, Sigma-Aldrich, 

Oakville, Ontario) for 20 minutes and dehydrated by a stepwise application of an ethanol gradient consisting 

of 50, 70, 80, 90, 95 and 100% ethanol (20 minutes each). Three incubations of 5 minutes each with Xylene 
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Substitute (9990505, Thermo FisherScientific, Massachuusetts, United States) were used to remove all the 

ethanol. The two PDMS layers were separated and the bottom layer was placed in a metal cassette immerged 

in liquid Paraplast X-TRA® paraffin (P3808, Sigma-Aldrich) at 56°C for 90 minutes then solidified at 4°C 

for 40 minutes. The remaining PDMS layer was removed and the newly exposed surface of MDTs were 

covered with a layer of liquid paraffin. The block was re-melted at 58°C for 90 minutes and re-solidified 

first at room temperature overnight and then at 4°C for 25 minutes to produce an MDTMA block. The 

paraffin blocks were sliced in 4 µm-thick slices using a microtome and placed on microscope slides for 

further analysis yielding approximately 30 slides per MDTMA block. 

Immunohistochemistry/immunofluorescence staining 

The 4 µm sections were stained with various antibodies to assess cell population composition and 

viability. For hypoxia, a tissue from a metastatic clear cell renal carcinoma (CCRC) patient sample was used 

as a positive control for the carbonic anhydrase 9 (CA9) staining as this CCRC patient presented with a 

VHL gene inactivation40 driving the activation of the hypoxia pathway via HIF, resulting in the 

overexpression of CA941-43. Subsequent slides were stained using the BenchMark XT automated stainer 

(Ventana Medical System Inc Tuscan, AZ). Antigen retrieval was carried out with Cell Conditioning 1 

(VMSI; #950-123) for 30 minutes (caspase-3), 60 minutes (CK8/18, anti-mitochondria, Ki67, p65) or 90 

minutes (CA9). Rabbit anti-CA9 (1:2000) antibody (ab15086, Abcam, Cambridge, United Kingdom), rabbit 

anti-CK8/18 (1:2) antibody (IR09461-2, Agilent, California, USA), mouse anti-mitochondria (1:5000) 

antibody (ab92824, Abcam), rabbit anti-Ki67 (1:500) antibody (RM9106, ThermoScientific), rabbit anti-

cleaved caspase-3 (1:500) antibody (9661, Cell Signaling Technology, Massachusetts, USA) and mouse 

anti-p65 (1:200) antibody (sc8008, Santa-Cruz Biotechnology, California, USA) were automatically 

dispensed. The slides were incubated at 37°C for 60 minutes and developed by the Ultra-View DAB 

detection kit (VMSI#760-091). All sections were scanned with a 20x 0.75NA objective with a resolution of 

0.3225 µm (bx61vs, Olympus, Toronto, Ontario). 
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Quantification of immunohistochemistry and immunofluorescence staining 

Stained MDTs (15 to 20) were quantified using VisiomorphDP software (VisioPharm, Denmark).44 

For IHC analyses, quantification was performed in two different ways, depending on the cellular localisation 

of the protein of interest. Cytoplasmic staining (CK8-18, anti-mitochondria) was quantified by thresholding 

the deconvoluted DAB image and evaluating the ratio between the stained area and the total area of the 

tissue core. Nuclear staining (Ki67) was quantified by dividing the number of positively stained nuclei by 

the total number of nuclei present in the tissue core. The IF quantification of cleaved caspase-3 was 

performed by first extrapolating the tissue core surface area through the DAPI channel. The mean intensity 

of fluorescence, corresponding to our protein of interest, within the tissue core was then calculated. The 

average quantified expression of all MDTs within the same condition was then calculated (n=number of 

MDTs analysed for a same xenograft). Statistical analysis of the IHC and IF results were performed using 

one-way ANOVA analyses. The visual quantification of IF staining of p65 was performed by identifying 

the localisation of the protein expression either in the nucleus or cytoplasm. The total number of positive 

MDTs within each group was calculated and contingency statistical analyses were performed using 

GraphPad. 

Off-chip analysis of MDTs by FACS 

Fluorescence-activated cell sorting (FACS) was used as an end-point validation assay to measure 

the survival of individual cells constituting the MDTs after their incubation in the microfluidic platform. 

The MDTs were removed from the microfluidic device by separating the two PDMS layers, without 

affecting the position of the MDTs, and further pipetting them out of their wells. To obtain a single cell 

suspension, 15 MDTs were removed and digested for 15 minutes at room temperature with 4 mg/mL crude 

collagenase (C9407, Sigma) and 1 mg/mL collagenase type 1A (C9891, Sigma) in PBS. Once the MDTs 

were completely dissociated, FBS was added and the single cell suspension was then passed through a 35 

µm cell strainer (352235, Corning Inc., Corning, USA). Prior to analysis by FACS, a set of MDTs was used 

as negative and positive controls to set the photomultiplier tool (PMT) levels and thresholds in the annexin 



 72 

V, DRAQ7 and Alexa-488 fluorescent secondary antibody channels. The MDTs being evaluated were first 

stained with apoptotic fluorescent Annexin V (4:100 dilution) (PE Annexin V Apoptosis Detection Kit I 

640908, BD Biosciences) and DRAQ7 (1:100 dilution) (ab109202, Abcam). For the Mito staining, which 

is intracellular, a fixation and permeabilization (88-8824-00, ThermoFisher Scientific) procedure was 

performed prior to primary (human Mito) and secondary antibody (Alexa-488) labeling.  The data from 

each acquisition was analyzed using FlowJo (FlowJo LLC, Ashland, USA) by gating the cell population in 

the FSC/SSC graph, removing doublets, identifying the human epithelial cells and associating them to one 

of three populations according to its fluorescent labeling: early apoptotic cells (annexin V-stained only), 

late apoptotic or dead cells (double stained with annexin V and DRAQ7), and live cells (non-stained).  

Experiments were done in batches and used the same xenograft as starting material. However, each batch 

of experiment was performed using internal triplicates of 15 MDTs from the same xenograft (n=45 MDTs). 

The FACS results were analysed for statistical relevance using one-way ANOVA analyses. 

Immunocyctochemistry analysis of cell line cultures 

Cells were seeded onto coverslips in 24-well plates at a concentration of 20 000 cells per well. 24 

hours after seeding, the cells were treated with TNF-a at a concentration of 10 ng/mL for 0 or 10 minutes. 

The culture medium was removed, and cells were rinsed with PB. The cells were further fixed with formalin 

and permeabilized with 0.1% Triton X-100 (Sigma-Aldrich Inc). After blocking (1% BSA and 0.1% tween 

in PBS), the coverslips were incubated with anti-p65 (1:200) primary antibody overnight at 4˚C in a 

humidified box. They were further incubated with Cy-5 (1:250) secondary antibody for 1 hour at room 

temperature away from the light. Coverslips were mounted onto slides using Prolong® Gold anti-fade 

reagent with DAPI (Life Technologies Inc, Burlington, Ontario). Images were obtained using a Zeiss 

microscope (Zeiss observer ZI, Carl Zeiss, Jena, Germany).  

Western Blot analysis 

Cells were seeded in 60 mm plates with a total cell count of 400,000 cells and treated 24 hours after 
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seeding with TNF-a for 0, 10, 30, 60 and 120 minutes or with staurosporine (4 µM) for 4 hours as positive 

control. Fifteen micrograms of total protein extracts were separated on 10% SDS-polyacrylamide gels and 

transferred onto nitrocellulose membrane. The membranes were blocked with 5% skim milk in PBS-Tween 

for 1 hour and probed with primary antibodies (cleaved caspase-3 diluted 1:200 and Actin diluted at 1:1000) 

overnight at 4˚C. The HRP-conjugated secondary antibody was added, and the proteins were detected by 

chemoluminescence using a BioRad apparatus. The protein expression level was quantified using Image 

Lab.  

2.1.2.4 Results  

High-density Microfluidic device design and fabrication 

The micro-dissected tissue micro-array device was designed to optimize the viability of cultured 

tissue in non-perfused conditions, eliminating the need for micro-pumps and complex fluidic connections, 

which can be cumbersome in an eventual clinical application. We have previously determined, through 

numerical simulations of mass transfer within 3D cell cultures, that to ensure optimal viability over 24 hours 

in non-perfused microfluidic channels, each sample should have access to a volume of media of 

approximately 100 times its volume34. Taking this into account, we developed a microfluidic device 

allowing us to trap and analyse up to 32 samples in a high-density array within an area small enough to fit 

in a histology cassette used for subsequent paraffin embedding (Figure 2a). The dimensions of each of the 

32 microfluidic wells were optimized to allow simple sedimentation trapping of 380 µm samples with 

minimal displacement during the medium changes (as described in Ref.34). In the 32-plex devices, the inlets 

and outlets of each channel were spaced so as to minimize the chance of cross-contamination between 

adjacent channels. The design allows for a simple loading process of MDTs within the microfluidic device, 

and in a typical micro-dissection procedure we could reliably load more than 20 of the 32-well devices. 

Because each device is subdivided into four channels, it is possible to expose tumors to 80 different 

conditions in one experiment.  
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In non-perfused mode, nutrient and metabolite transport within the MDTs (Figure 2b) is diffusion 

limited. The culture medium must therefore be refreshed periodically every 2-3 days to ensure limited 

development of hypoxic cores within the MDTs throughout the culture period. Indeed, we have performed 

IHC using the hypoxia marker CA9, which is a downstream target of the Hypoxia-inducible factor 1-alpha 

(HIF1A) known to be up-regulated in hypoxic conditions41-43. Our results show low or no staining in our 

MDTs cultured for up to 15 days in our microfluidics devices (supplementary Figure 1). As expected, some 

areas of positive staining can be observed in the primary xenograft tissue, and a strong staining can be 

observed in the positive control tissue (i.e. a clear cell renal carcinoma metastasis to the pancreas; see 

Methods). Furthermore, finite element simulations were carried out using COMSOL Multiphysics® to 

define an optimal rinsing process to fully refresh the culture medium in all device wells for a given chip 

geometry (see Materials and Methods). Using a micropipette to rinse with 70 µL of reagent every 5 minutes, 

we determined that a total of four repeats was sufficient to refresh the culture conditions (>95%), 

independent of the reagent (culture medium and chemotherapy) used (Figure 2b). These simulations show 

that fluid refreshment in the device, due to flow recirculation during medium replacement (Re ~100), is 

limited by diffusive reagent transport from the channel to the wells, i.e with a characteristic time scaling 

with the second power of the total diffusion length (~ (h + w)2, where h and w are the channel height and 

the well depth). As such, the height of the microfluidic channel in the final design was fixed to a relatively 

low value (0.9 mm) to allow rapid fluid exchange and thus expedite sample processing. While higher sample 

density in the paraffin block could be achieved by increasing channel height, this would significantly 

increase the time required for each fluid exchange, potentially limiting the applicability of the technique in 

a clinical context. 
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Figure 2: Design and operation of microfluidic device. a, Schematic representation of the microfluidic device. b, 

Finite element simulations of the average mixing in the last well of a channel during the rinsing process for different 

reagents. Subset images show carboplatin concentration distribution (arbitrary units) in the well at 1, 6, 11 and 16 

minutes.  

Paraffin-embedding lithography 

Formalin-fixed paraffin-embedding (FFPE) is widely used in pathology to diagnose patient tumor 

specimens as it allows both tissue morphology-based diagnosis and molecular-level characterization of the 

samples. However, the technique has been designed to study large tissue fragments and is challenging to 

apply to sub-milimeter sized tissue samples. Tissues of this size are challenging to align, hard to visualize 

and slow to manipulate individually. The method defined here circumvents these challenges by confining 

samples within a specifically designed microfluidic chip that yields precise FFPE of MDTs assembled in a 

high-density MDTMA (see details in Materials and Methods) that maintains the spatiotemporal structure of 

the tissue specimen to better understand the effect of pharmacological agents on cancer cells. The presented 

methodology eliminates the need to individually manipulate the samples by fixing and dehydrating them 

directly in the device prior to casting them all at once in a paraffin block. We added a phloxine-B connective 

tissue staining step to facilitate sample visualization as their size and low contrast renders them otherwise 

indistinguishable from the paraffin block (Figure 3a). A xylene substitute was added, slightly swelling the 

PDMS layers and facilitating their separation (Figure 3b).  In a second phase, MDTs within the trapping 

layer of the channel were cast in a stainless-steel mould containing liquid paraffin (Figure 3c). The paraffin 
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block was then solidified and the remaining PDMS layer peeled off, resulting in a notched surface with the 

MDTs embedded in each protrusion (Figure 3d). A second layer of liquid paraffin was added to smooth out 

the surface, with the side effect of inducing a slight out-of-plane drift of the MDTs within the block (Figure 

3e). To overcome this, the MDTMA block was completely re-melted on a levelled hot plate located in an 

oven at 58˚C (Figure 3f) to let the MDTs sediment and align in a single plane against the bottom of the 

casting mould (Figure 3g). This step is crucial and ensures that each microtome slice contains every MDT 

in the array with the trade-off of a slight lateral misalignment that is inconsequential for further analyses 

(Figure 3h). The specific conditions for the procedure have been optimized for proper preservation of the 

cellular morphology and tissue architecture of the MDTs (Figure 3i). For formalin fixation, the fixation time 

as a function of tissue dimension is known to be on the order of 1 mm per hour45; thus, a tissue of ~380 µm 

in thickness would need to be fixed for approximately 30 minutes. Therefore, PEL reduces the required 

fixation period by 98% (from 24-48 hours in conventional histopathology). Overall, the MDTMA approach 

preserves the spatial organization of the samples, greatly reduces the time and labour required to fix a large 

number of samples and limits the chance of sample damage and mishandling as they are shielded within the 

chip during fixation. Finally, compared to FFPE standard protocols, our procedure reduces reagent 

consumption per device and procedure time (dehydration to paraffin embedding) by 60%. 

A single block incorporating MDTs produced an average amount of 30 ± 1.01 4-µm thick slices (n 

= 60 blocks). After fixation and Hematoxylin and Eosin (H&E) staining, average MDT diameter was 279 

µm (supplementary Figure 2), ~73% of their original size (characterized previously at ~380 µm). The 

shrinkage is similar to that reported for FFPE whole tissue samples46,47.  
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Figure 3: Paraffin-embedding lithography protocol to produce micro-dissected tissue micro-array. a, Formalin 

fixation and dehydration of the MDTs in the microfluidic device. b, Peeling apart of the two PDMS layers. c, Replica 

moulding of the channel layer by immersion in liquid paraffin followed by solidification. d, Removal of the remaining 

PDMS layer from the solid paraffin block. e, Conserving the exposed MDTs with liquid paraffin and solidification. f, 

Re-melting of the block to align the MDTs on the same plane. g, Completed MDTMA block ready to be sliced. h, 

MDTMA block (24 x 37 x 5 mm) containing 4 channels with 8 MDTs within each channel. i, H&E of various MDTs 

derived from prostate cancer and ovarian cancer cell line xenografts showing preservation of cellular morphology and 

tissue architecture. Scale bar = 70 µm. 
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xenograft specimen fixed on the day of the harvest (day 0). As expected, MDTs produced from PC and EOC 

cell line xenografts mirrored the heterogeneous compartments of the corresponding primary xenograft tissue 

(Figure 4a, d), showing varying levels of epithelial cells (CK8/18 and human Mito) (Figure 4b, c, e, f). The 

human Mito antibody defines the human cells to clearly distinguish between human epithelial and 

infiltrating mouse-stromal cells. To demonstrate the similarity between MDTs and the FFPE specimen, we 

analysed 15 randomly selected MDTs and 15 randomly selected regions of the primary xenograft, 

corresponding to the same surface area as the MDTs (250 µm x 250 µm). We found no significant difference 

in distribution of fraction of area stained with the CK8/18 or Mito marker (Figure 4g, h). These results 

demonstrating that our procedure mirrors the heterogeneous architecture of the tumor tissues within a set of 

MDTs derived from this tissue. These findings were further validated with a custom Monte-Carlo simulation 

based on stained whole-tissue primary xenografts to determine the number of MDTs that had to be sampled 

to recapitulate whole-tissue antibody analysis. In order to minimize sampling error, our simulations suggest 

that using 15 MDTs (or 2 rows of 8 MDTs) we can derive the IHC staining score with a 95% confidence 

interval of 10% or less (see Material and Methods; supplementary Figure 3). Taken together, these results 

suggest that a random analysis of 15 MDTs is sufficient to represent the primary xenograft specimen in its 

entirety and does not impose a significantly greater sampling bias than the original tumor section. 
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Figure 4: Representation of heterogeneous compartmentalization of PC and EOC primary xenograft. a, PC cell 

line (LNCaP) xenograft d, EOC cell line (OV2295) xenograft as a cross section of the entire primary xenograft tissue, 

magnified tissue areas and corresponding MDTs stained with H&E. a,d, Corresponding magnified primary xenograft 

tissue from the same specimen as b,e, and MDTs stained with epithelial cell marker (CK 8/18) and c,f,  human Mito 

distinguishing between human epithelial cells and infiltrating mouse-stromal cells (negative staining).  g,h, IHC 

scoring of 15 primary xenograft magnified regions (250 x 250 µm field of view) and 15 MDTs chosen randomly. All 

experiments were done using the same xenograft as starting material. Scale bar = 50 µm. Error bar = ± SEM. 
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Morphology, viability and proliferation activity are preserved in MDTs for up to 15 days 

To ensure that the MDTMA microfluidic device could maintain epithelial cell and tissue viability 

within the MDTs, we examined the MDTs over a 15-day culture period. MDTs produced from both PC and 

EOC (Figure 5) xenografts were analysed after 0, 5, 10 and 15 days in culture. MDTMA analyses using 

H&E staining suggest that general tissue architecture was preserved, including epithelial structures and their 

spatial relation with stromal components. Similar to other research groups15,17,24,31, Ki-67 and cleaved 

caspase-3 antibodies had been selected for cell proliferation and viability specific analysis. The results show 

that the micro-dissection procedure induces a mechanical stress on the cancer cells located within the MDTs, 

hindering the viability of MDTs at day 0. However, a recovery period of 3 to 5 days is sufficient to increase 

their overall viability, as seen by an increasing proliferative capacity while maintaining a low and stable 

apoptotic fraction over the 15-day culture period (Figure 5a, b, d, e). To confirm the results obtained through 

IHC, we carried our FACS analyses on dispersed off-chip MDTs to assess the viability of the human 

epithelial cell (Mito) cells within the MDTs. As in the IHC analyses, FACS results showed a similar 

epithelial component within the MDTs over the 15-day culture period. Furthermore, the cancer cells within 

the MDTs showed no significant decrease in viability over time (93% ± 1.5; Figure 5c, f). Taken together, 

these results suggest that the MDTMA culture platform adequately supports cancer cell viability and 

proliferation over a 15-day period.  
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Figure 5: Maintenance of MDT viability over 15-day culture period using EOC and PC cell line xenograft 

model. a,d, Representative images of individual EOC (OV1946) and PC (DU145) derived MDTs at different time-

points (day 0, 5, 10, 15) stained with H&E, or following IHC for human epithelial cells (human Mito), cell proliferative 

(Ki-67) and cell apoptosis (cleaved caspase-3; CC3). b,e, IHC scoring of MDTs showing stable epithelial cell 

expression and sustained proliferation over the 15-day period (n=15 MDTs per time point). c,f, FACS analysis of 

MDTs at Day 0, 5, 10, 15 stained with Mito, Annexin V (detection of early apoptosis) and DRAQ7 (detection of dead 

cells) for epithelial cell expression and tissue viability assessment (n=45 MDTs). All experiments were done using the 

same xenograft as starting material. Scale bar = 50 µm. Error bar = ± SEM. ***p<0.0001, ****p<0.00001 with respect 

to viability at day 0.  
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MDTMAs can track ex vivo biological and pharmacological responses 

After characterizing the composition and viability of arrayed MDTs, we sought to demonstrate the 

ability of MDTMAs to follow various biological responses. TNF is a pro-inflammatory cytokine commonly 

secreted by tumor-recruited immune cells, which can induce a variety of cell fates. TNF is known to 

stimulate the nuclear translocation of p65 subunit of the nuclear factor κB (NF-κB)49,50 thereby inducing 

transcription of NF-κB-target genes. Long exposures to TNF can also induce cell stress, leading to cellular 

apoptosis via caspase-3 activation51. We therefore assessed the response of MDTs originating from PC and 

EOC (Figure 6) cell line xenografts exposed to TNF at a concentration of 10 ng/mL for 0, 30, 60 or 120 

minutes. As expected, IF staining of the p65 NF-κB subunit was restricted to the cytoplasm in the untreated 

MDTs; however, MDTs treated with TNF for 30 minutes showed a significant increase in nuclear p65 

(Figure 6a, b, c); similar responses were also observed in 2D cell cultures (Figure 6d). Following TNF 

exposures of 60 or 120 minutes, we observed increased cleaved caspase-3 staining (supplementary Figure 

4a, b, c) as previously reported for 2D cultures51. These results suggest that MDTMAs can be used to 

investigate the response of tumor samples to cytokines. 

Next, we used MDTMAs to assess the response of our ex vivo 3D PC cell line xenograft models to 

the chemotherapeutic docetaxel. Three days after they were established, MDTs were treated for 12 hours 

and analyzed after a 12-hour recovery period. As anticipated, IF (Figure 7a) and IHC (supplementary Figure 

5) staining of cleaved caspase-3 showed a significant increase in apoptotic cells (Figure 7b, supplementary 

Figure 5) after treatment, and the proportion of apoptotic cells was docetaxel-dose-dependent. These results 

were further confirmed by flow cytometry analyses (Figure 7c) and show that MDTMAs can enable the 

systematic characterization of the response of tumor specimens to small molecule pharmacological agents. 

Combined with the ability to track the response of ex vivo cancer samples to biological agents, such as TNF, 

this demonstrates that MDTMAs represent a path toward miniaturized and efficient CSRAs. 
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Figure 6: PC and EOC cell line MDTs exposed to TNF- α showing p65 nuclear translocation. MDTs produced 

from PC (DU145) and EOC (OV1946) cell line xenograft tumors were treated with either RPMI media or TNF-α at a 

concentration of 10 ng/mL for 30 minutes. a,b, The MDTs were fixed using the PEL technique and stained with p65 

antibody using IF (DAPI in blue and p65 in red) c, Visual analysis of p65 localisation was identified on an average of 

100 cells per MDT in both conditions. Identified MDT cores were scored as positive when p65 staining was located 

in the nucleus. All MDT associated experiments were done using two separate xenografts as starting material, resulting 

in a total of 23 analysed MDTs. *p<0.05. d, Immunocytochemistry (DAPI, p65) of PC cell line treated with either 

RPMI or TNF-α at a concentration of 10 ng/mL for 10 min. N=2 for DU145 and N=1 for OV1946. Scale bar = 70 µm. 

Error bar = ± SEM.  
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Figure 7: Dose-Response analysis of PC (LNCaP) cell line xenograft MDTs. MDTs treated with two concentrations 

(1, 10 nM) of docetaxel (IC50 for monolayer cultures is 1 nM) for 12 hours at day 3. MDTs were fixed and analyzed 

after 12 hours of recovery period. a, IF staining of MDTs (DAPI in blue, Mito in green and cleaved caspase-3 in red). 

b, IF analysis of overall expression of cleaved caspase-3 (n=15 MDTs/condition). c, FACs analysis n=45 MDTs 

(Annexin V and DRAQ7). All experiments were done using the same xenograft as starting material. Error bar = ± 

SEM. *p<0.05, **p<0.001. 
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2.1.2.5 Discussion 

A critical bottleneck in the improvement of cancer care is the dearth of methods to accurately 

determine the chemosensitivity profile of a patient and thus facilitate clinical decision-making. To address 

this, we developed a platform for CSRAs in ex vivo solid tumor-derived models that could support the 

identification of response or resistance to specific therapeutic agents in a timeframe suitable for clinical 

decision-making. We used human cancer cell line xenograft models to validate the potential of MDTMAs 

to characterize cellular behaviour and pathway activations at a molecular level. Based on standard principles 

of ex vivo cultures12,28,52, our model is efficient in evaluating treatment response in patient tumor samples 

using robust and widely adopted IHC and IF as endpoint measurements. These assays are compatible with 

both clinical and pharmaceutical current practices and allow the monitoring of multiple biological pathways. 

Furthermore, because they preserve the viability of the tissue for at least 15 days, MDTMAs may allow the 

study of longer-term effects of multiple treatment cycles on the same tissue specimen. In turn, this may yet 

enable the ex vivo study of delayed cell fate choices caused by both cytotoxic and cytostatic agents such as 

apoptosis, quiescence and senescence53 as well as acquired resistance to treatment, which are likely to be 

missed using shorter culture periods.  

Compared to other organotypic slice models, where fragile consecutive tissue slices are laboriously 

manipulated and independently exposed to various treatments, the current MDTMA configuration allows 

multiple treatment conditions to be evaluated on the same slide. This should greatly reduce the assay 

variability known to arise from experiment-to-experiment in IHC staining15,17,31. Moreover, because the 

MDTs are randomly selected from different regions of the tumor, MDTMAs can provide a more 

representative assessment of treatment response than would organotypic slices, where each region of the 

tumor may be exposed to different therapeutic agents16,18. Casting all the samples in paraffin with simple 

steps reduces the potential tissue damage caused by off-chip manipulation of the tissue sample. In addition, 

our methodology can readily be integrated with other promising technologies using pre-clinical organotypic 

models to predict patient-specific sensitivity to treatment. This has the potential to improve the throughput 

potential of these models31.  
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The power of MDTMAs could be further extended by integrating other promising innovations in 

pre-clinical studies using organotypic models such as careful modeling of tumor ecosystems31, and 

improving their throughput. Although our study focused on PC and EOC xenograft tumors, MDTMAs 

should be amenable to study any type of solid tumor including tumors that incorporate an immune 

component and thus encompass the effect of the TME. Furthermore, through appropriate sampling, the 

tumor-derived MDTs can mirror the intra-tumor heterogeneity found in many solid tumors, making 

MDTMAs a powerful approach to study heterogeneity-related phenomena such as resistance or immune-

based responses to treatment. In addition, the improved assay throughput of MDTMAs should enable 

simultaneous characterization of multiple biological pathways engaged in the response of tumor samples to 

biological or pharmaceutical agents, leading to mechanistic insight into these responses. With improved 

throughput, our method could also help reduce the cost and time needed to identify and test leading 

compounds in a drug discovery setting. Finally, PEL is general technique that can be applied beyond the 

organotypic modeling of solid tumors. Indeed, it can be applied to spheroids, organoids54, to study both 

normal physiology and the response to pathogens; to embryo culture55 and to small multicellular organisms 

such as C. elegans or Planaria56. 
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2.1.2.10 Supplemental Tables and Figures  

Supplementary Table 1: Description of the parameters defined for COMSOL simulations to characterize the rinsing 

process in the device. 

Parameter Value Reference 

Geometry 

Channel Height 0.9 mm - 

Channel Width 1.1 mm - 

Well Height 800 µm - 

Well Width 800 µm - 

Channel length 51 cm - 

Distance between wells 4 mm - 

Diffusion parameter 

Diffusion of ethanol in water 1.24 x 10-5 cm2/sec (Hills 2011) 

Diffusion of glucose in water 9.6 x 10-6 cm2/sec (Suhaimi 2015) 

Diffusion of paclitaxel in water 4.2 x 10-6 cm2/sec (Cremasco 2012) 

Physical parameter 

Water density at 37°C 993.3 kg/m3 (Kestin 1978) 

Water viscosity at 37°C 0.692 mPa s (Kestin 1978) 

 

Supplementary Figure 1: Histogram of average diameter of fixed MDTs. The diameter distribution of 280 MDTs; 

average: μ = 297 μm, standard deviation: σ = 68 μm 
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Supplementary Figure 2: Representation of heterogeneous compartmentalization of an EOC primary tumor. 

a, EOC cell line xenograft represented as primary tumor whole tissue, magnified tissue section, and MDTs stained 

with H&E. b, Corresponding magnified primary tumor tissue section and MDTs stained with the epithelial cell marker 

(CK 8/18) or c, human Mito distinguishing between human epithelial cells and infiltrating mouse-stromal cells 

(negative staining).  d, IHC scoring of 15 magnified primary tumor regions (250 x 250 µm field of view) and 15 MDTs 

chosen at random. All experiments were done using the same xenograft as starting material, error bar = ± SEM. p > 

0.05.  
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Supplementary Figure 3: Monte-Carlo simulation of the sampling process.  95% Confidence interval for the 

distribution of IHC scores when sampling different number of MDTs.  



 93 

 

Supplementary Figure 4: Maintenance of the MDT viability over a 15-day culture period using a PC cell line 

xenograft model. a, Representative images of individual PC derived MDTs at different time-points (day 0, 5, 10, 15) 

stained with H&E, Mito, cell proliferative (Ki-67) and cell apoptosis (cleaved caspase-3; CC3) biomarkers. b, IHC 

scoring of MDTs showing stable epithelial expression and sustained proliferation over the 15-day period (n=15/time-

point). c, FACs analysis of MDTs at Day 0, 5, 10,15 stained with Mito, Annexin V (detection of early apoptosis) and 

DRAQ7 (detection of dead cells) for epithelial cell expression and tissue viability assessment (n=45 MDTs). All 

experiments were done using the same xenograft as starting material. Error bar = ± SEM. *p<0.05, ***p<0.0001. 
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Supplementary Figure 5: EOC cell line MDTs treated with TNF-α showing p65 nuclear translocation. MDTs 

produced from EOC cell line xenograft tumors (n=20 MDTs/condition) were treated with either OSE media or TNF-

α at a concentration of 10 ng/mL for 30 minutes. a, The MDTs were fixed using the PEL technique and stained with 

p65 antibody using IF (DAPI in blue and p65 in red). Arrows indicate cells within MDT cores as positive when p65 

staining was located in nucleus. b, Quantification of IF p65 localisation in controls and following TNF stimulation. 

All experiments were done using the same xenograft as starting material. *p<0.05.  c, Immunocytochemistry (DAPI, 

p65) of EOC cell line treated with either OSE or TNF-α at a concentration of 10 ng/mL for 10 min. N=2.  
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Supplementary Figure 6: Caspase-3 activation induced by over induction of TNF-α stimulator. MDTs produced 

from EOC cell line xenograft tumor treated with either OSE media or TNF-α at a concentration of 10 ng/mL for 0, 30, 

60 and 120 minutes. a, MDTs were fixed and stained with cleaved caspase-3 antibody using IF (Dapi in blue and CC3 

in red) (n=20 MDTs/condition). b, IF analysis of overall caspase-3 activation. All experiments were done using the 

same xenograft as starting material. *p<0.05, **p<0.001. c, Western blot of EOC cell line treated with TNF-α at a 

concentration of 10 ng/mL for 0, 10, 30, 60, 120 minutes. Staurosporine was added as a positive control. N=2.  
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Supplementary Figure 7: IHC of dose-response analysis in PC cell line xenograft MDTs. MDTs were treated with 

two concentrations (1, 10 nM) of docetaxel (IC50 = 1 nM) for 12 hours at day 3. MDTs were fixed and analyzed after 

12 hours of recovery period. IHC staining of cleaved caspase-3 (CC3) and Ki-67 to monitor apoptosis and cell 

proliferation respectively. All experiments were done using the same xenograft as starting material. 
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2.2 Chapter 2: Carboplatin Response in Preclinical Models for Epithelial Ovarian Cancer: 

Comparison of 2D Monolayers, 3D Spheroids, Ex Vivo Tumors And In Vivo Models 

2.2.1 Article 2: Résumé en français 

Titre en français: Réponse au carboplatine dans des modèles précliniques de cancer de l'ovaire : 

comparaison de culture en monocouches 2D, de sphéroïdes, de tumeurs ex vivo et de modèles in vivo. 

Le cancer épithélial de l'ovaire (COE) est le cancer gynécologique le plus meurtrier. L'un des 

principaux défis à relever pour mettre au point des thérapies efficaces est d’améliorer les modèles 

précliniques utilisés dans la filière de découverte des médicaments, dans laquelle les taux d'abandon de 

molécules et les coûts des médicaments atteignent des niveaux critiques. Des travaux antérieurs ont mis en 

évidence les divergences de réponse thérapeutique entre les modèles in vitro et in vivo actuels. Pour y 

remédier, nous avons mené une étude comparative afin de différencier la réponse à la chimiothérapie au 

carboplatine dans quatre systèmes de modèles cellulaires différents des monocouches en 2D, des sphéroïdes 

en 3D, des tumeurs ex vivo en 3D et des modèles de xénogreffe de souris. Nous avons utilisé six lignées 

cellulaires CEO caractérisées précédemment et présentant une chimiosensibilité variable, et nous avons 

effectué des tests de viabilité pour chaque modèle. Les résultats in vivo du modèle de souris étaient en 

corrélation avec la réponse 2D dans 3/6 lignées cellulaires, tandis qu'ils étaient en corrélation avec les 

sphéroïdes 3D et le modèle ex vivo dans 4/6 et 5/5 lignées cellulaires, respectivement. Nos résultats 

soulignent la variabilité de la réponse thérapeutique d'un modèle à l'autre et démontrent que la réponse au 

carboplatine dans les lignées cellulaires CEO cultivées dans un modèle 3D ex vivo présente la meilleure 

corrélation avec la réponse in vivo. Ces résultats mettent en évidence un modèle préclinique plus réalisable, 

plus fiable et plus rentable, avec un meilleur potentiel d'application pour le criblage de médicaments et les 

études de prédiction dans le CEO. 
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2.2.2 Article 2: Original version published in Scientific Reports 

 

Scientific Reports. 2021 Aug; DOI: 10.1038/s41598-021-97434-w 
 

 

Carboplatin response in preclinical models for ovarian cancer: comparison of 2D monolayers, 
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2.2.2.1 Abstract  

Epithelial ovarian cancer (EOC) is the most lethal gynecological cancer. Among the key challenges 

in developing effective therapeutics is the poor translation of preclinical models used in the drug discovery 

pipeline, which leaves drug attrition rates and costs at an unacceptably high level. Previous work has 

highlighted the discrepancies in therapeutic response between current in vitro and in vivo models. To address 

this, we conducted a comparison study to differentiate the carboplatin chemotherapy response across four 

different model systems including 2D monolayers, 3D spheroids, 3D ex vivo tumors and mouse xenograft 

models. We used six previously characterized EOC cell lines of varying chemosensitivity and performed 

viability assays for each model. In vivo results from the mouse model correlated with 2D response in 3/6 

cell lines while they correlated with 3D spheroids and the ex vivo model in 4/6 and 5/5 cell lines, 

respectively. Our results emphasize the variability in therapeutic response across models and demonstrate 

that the carboplatin response in EOC cell lines cultured in a 3D ex vivo model correlates best with the in 

vivo response. These results highlight a more feasible, reliable, and cost-effective preclinical model with the 

highest translational potential for drug screening and prediction studies in EOC. 

2.2.2.2 Introduction 

Epithelial ovarian carcinoma (EOC) is the most lethal gynecological cancer. In 2019, 22,530 women 

were diagnosed with EOC in the United States and 13,980 died of the disease1. Most women are diagnosed 

at late metastatic stages III-IV, for which only 30.2% will survive 5 years after diagnosis2. Although these 

patients initially respond to first-line treatment (combination of cytoreductive surgery and platinum-based 

chemotherapy), most patients will eventually recur and develop resistance3. Despite the appeal for 

personalized medicine, no biomarkers have been clinically accepted to accurately predict first-line 

therapeutic response. To date, carboplatin chemosensitivity remains the main predictor of EOC clinical 

prognosis4.  

Significant research efforts have been invested in the discovery of new cancer treatments, with 

limited focus on the actual experimental models used to test new agents5. The current drug discovery 



 100 

pipeline is dependent on 2D cell culture model systems that are devoid of the inherent complexity of their 

original tumors, which are better captured by in vivo models. In particular, 2D cultures put into question the 

proper representation of tumor heterogeneity due to cell selective pressures and remain devoid of immune 

cells and a tumor microenvironment (TME) including the extracellular matrix (ECM), tumor cell-stromal 

cell interactions, and additional important components6. While 2D cell models remain as the primary method 

of in vitro preclinical testing, attrition rates of anti-cancer drugs continue to be high and EOC survival 

remains low. To address this, more reliable and practical preclinical models are needed to study drug 

response and putative biomarkers. 

An ideal preclinical model for drug response has optimal physiologic relevance and downstream 

analysis compatibility, can be translated in a clinically relevant timeframe, and is affordable7. To bridge the 

gap between the shortcomings of 2D models and animal experimentation, there has been a shift to further 

develop 3D cell culture systems. Overall, 3D spheroids better mimic the structural cell-cell interactions and 

the chemical nutrient and oxygen gradients5,8-10 featured in different cell layers: proliferative, quiescent, and 

necrotic5,9-11. In the setting of EOC, this model is particularly relevant given the physiologic development 

of ascites (abdominal fluid accumulation) that contain clusters of cells (spheroids)12. Additionally, tumor-

derived ex vivo models may better mimic the tumor heterogeneity by preserving original TME 

characteristics, allowing the study of interactions with cancer-associated cells. 

Our group recently showed that response to chemotherapy varies significantly from one in vitro 

model to another (2D and 3D) for the same cell line and that this variation did not follow the same trend 

across cell lines13. This calls into question the precision of EOC preclinical models, and it is currently 

unclear whether these in vitro models or an ex vivo model reliably reflects the in vivo gold standard response. 

To better understand the carboplatin response, we investigated two different in vitro systems (2D 

monolayers, 3D spheroids) and one ex vivo system (3D micro-dissected tumors14) and compared them to 

the in vivo therapeutic response (xenograft mouse model) (Fig. 1). Using a panel of six EOC cell lines, we 

show that previously characterized carboplatin response from 2D cultures differs significantly from the in 

vivo response of the xenograft mouse model. Furthermore, we find that our ex vivo 3D model correlates 
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reliably with the in vivo results. These findings highlight the variability in therapeutic response across model 

systems and the advantages of a cost-effective 3D ex vivo model for preclinical drug development and 

testing in EOC. 

 

Figure 1. Schematic illustration of study design. Carboplatin chemotherapy response of six EOC cell lines was 

compared under different model systems: 2D monolayers, 3D spheroids, ex vivo MDTs of tumors, and in vivo xenograft 

mouse model. Using ultra-low attachment plates, 3D spheroids were treated and analyzed by flow cytometry. Cell 

lines were injected in immunodeficient mice for xenograft formation and analyzed for tumor volume curves and 

immunofluorescence. Control xenografts from five cell lines were used for ex vivo tumor generation and placed in 

microfluidics devices for treatment and analysis by immunofluorescence. 
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2.2.2.3 Methods  

Cell lines 

Six EOC cell lines were selected for their different carboplatin sensitivities (Supplementary Table 

S1) and their ability to form tumors in immunodeficient mice: OV90 (Cellosaurus ID: CVCL_3768), 

OV4485 (Cellosaurus ID: CVCL_9T21), OV4453 (Cellosaurus ID: CVCL_9T20), TOV21G (Cellosaurus 

ID: CVCL_3613), TOV112D (Cellosaurus ID: CVCL_3612) and OV1946 (Cellosaurus ID: CVCL_4375)13, 

15-19. Cell lines originated from patient tumors (TOV) or ascites (OV). OV4485 and OV4453 are BRCA1 

and BRCA2 mutated cell lines, respectively16. Cells were cultured in complete OSE medium (316-030-CL, 

Wisent Inc, Saint-Bruno, QC, Canada) supplemented with 10% fetal bovine serum (FBS, 088-150, Wisent), 

2.5 ug/mL of amphotericin B (450-105-QL, Wisent) and 50 µg/mL of gentamicin (450-135, Wisent). Cells 

were cultured under conditions previously determined15-17. OV90, TOV21G, TOV112D and OV1946 cells 

were maintained at 21% O2 and 5% CO2 at 37°C. OV4485 and OV4453 were kept at 7% O2 and 5% CO2 at 

37°C. Experiments were carried out with cells between passage 70 to 80 (at ~90% confluence). Mycoplasma 

testing and short tandem repeat (STR) analysis were performed for all cell lines. 

Xenograft mouse model 

All animal procedures were performed in accordance with the guidelines for the Care and Use of 

Laboratory Animals of the CRCHUM as well as the recommendations in the ARRIVE guidelines. This 

study was approved by the Comité institutionnel de protection des animaux (Animal Ethics Committee, 

protocol number C18028AMMs). NOD.Cg-Rag1tm1MomIl2rgtm1Wjl/SzJ immunodeficient female mice 

(007799, The Jackson Laboratory-JAX, Bar-harbor, Maine, USA)20,21 were used to establish xenograft 

tumors with cell lines. A 200 µL suspension of 1 x 106 cells in 100 µL cold Dulbecco’s PBS (311-425-CL, 

Wisent) with 100 µL of Matrigel® Matrix (CACB356237, Corning Inc., NY, USA) was injected 

subcutaneously in the flank of each mouse for the TOV112D, TOV21G and OV90 cells, while 5 x 106 cells 

were injected for the OV1946, OV4453 and OV4485 cells. Eight mice were used for the control (vehicle) 
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group and for each of the three carboplatin treatment groups per cell line (see section Carboplatin treatment). 

Treatment was initiated once tumor size was 200 mm3 as drug effects can vary if below this value22. Mice 

were between the ages of 11-24 weeks at the start of treatment and given dietary supplementation, DietGel® 

Recovery and DietGel® Boost (Clear H2O, Portland, USA), twice weekly. Tumors were measured with 

calipers 2-3 times weekly. To alleviate the known negative side effects of carboplatin treatment, anti-nausea 

medications (1 mg/kg of maropitant and 0.8 mg/kg of ondansetron) were given one hour before the 

chemotherapy dose and at 24- and 48-hours following treatment. Mice were sacrificed at the end of 

treatment period or if ethical limits were attained through an intraperitoneal injection of euthanyl 

(pentobarbital sodium) at a dose of 400 mg/kg (concentration of 240 mg/ml). Tumors were collected, 

measured and were formalin-fixed and paraffin-embedded (FFPE). FFPE tumor blocks were cut into 4 µm 

sections for histological hematoxylin & eosin (H&E) staining.  

3D spheroid formation 

Rapid, compact and uniform homogenous formation of EOC spheroids was achieved by using 96-

well concave-bottom, ultra-low attachment (ULA) microplates (4515/4520, Corning)8,11,13,16,23. For all cell 

lines, 2,000-2,500 cells in 100 µL of complete OSE medium were seeded in each well. Plates were 

centrifuged at 1,000 rpm for 5 minutes at room temperature. Spheroids were allowed to form over 48 hours 

in their respective incubation conditions (see Cell lines), generating spheroids of approximately 500 µm in 

diameter. Spheroids were treated with three carboplatin concentrations (based on optimized IC50 dose 

ranges; see Carboplatin treatment). For each cell line, 20 spheroids were seeded for each carboplatin 

concentration as well as control groups. Two replicates per condition, containing 10 spheroids for each 

replicate, were analyzed for each cell line by flow cytometry. In parallel, 10 untreated spheroids were 

transferred into microfluidic devices at 48 and 96 hours for fixation. 
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Micro-dissected tissue (MDT) production from cell line xenograft tumors  

The micro-dissection procedure was adapted from previously published work14,24. Briefly, tumors 

were sliced into 1 cm thick sections by a scalpel and placed on the McIlwain™ tissue chopper to obtain 350 

µm thick slices. Tumor slices were placed in Hank’s balanced salt solution (HBSS, 311-516-CL, Wisent) 

supplemented with 10% FBS, 2.5 µg/mL of amphotericin B (Wisent) and 50 µg/mL of gentamicin (Wisent). 

A biopsy punch of 500 µm (PUN0500, Zivic Instruments, Pittsburgh, USA) pierced tumor slices to produce 

sphere-like MDTs, which were placed in HBSS supplemented with antibiotics without serum until the 

loading procedure. The loading, trapping, and culturing of MDTs were performed as described in our 

previous work14.  

Fixation of MDTs and spheroids within microfluidic devices 

MDTs were fixed with 10% formalin (F6050, Produits Chimiques A.C.P. Chemicals Inc, Saint-

Leonard, Qc, Canada) after carboplatin treatment and recovery periods, including respective controls. 

Untreated spheroids were similarly fixed after 48 and 96 hours of formation. All specimens were further 

processed through the previously published paraffin-embedding lithography procedure to create micro-

dissected tissue microarray (MDTMA) blocks14, which were cut into 4 µm sections for histological H&E 

staining. Specimen sizes shrink after this processing technique as previously reported14.  

Carboplatin treatment 

Xenograft mouse model 

Based on pilot toxicity studies, carboplatin (Hospira Healthcare Corporation, Saint-Laurent, QC) 

treatment in the xenograft models was given once weekly by intraperitoneal (IP) injections at either 25, 50, 

and 75 mg/kg for up to six cycles. The carboplatin vehicle, 0.9% NaCl solution, was used for controls.  
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3D spheroid model 

Optimization studies with spheroids determined the carboplatin treatment range. Thereafter, 

spheroids were treated by adding 100 µL of three different concentrations of carboplatin (within 0 to 3000 

µM final in-well concentration), whereas the control received 100 µL of complete OSE medium. Spheroids 

were treated for 24 hours followed by a 24-hour recovery period, based on literature suggesting that 24 

hours of drug exposure is required to penetrate the spheroid25-27. A 24-hour recovery was chosen based on 

published in vitro studies demonstrating the effect of chemotherapy only after its removal27,28 and to mimic 

the physiologic metabolism of the drug. The optimal concentration range was determined for each cell line 

for minimal growth inhibition and for an effect well below the 50% threshold.  

3D ex vivo tumor model 

MDTs obtained from untreated xenograft tumors of our cell lines were treated with 6-7 different 

carboplatin concentrations based on the IC50 values from monolayers and 3D spheroids. Two carboplatin 

regimens were tested for MDTs: a 10-hour treatment induction followed by a 14-hour recovery, and a 16-

hour induction followed by a 24-hour recovery. 

Clonogenic survival assay 

The IC50 values for carboplatin for OV4453, OV4485, TOV112D and OV90 were previously 

determined by clonogenic survival assay13,16,19. Carboplatin sensitivity for the OV1946 and TOV21G cell 

lines was determined in this study using the same clonogenic assay16. Briefly, cells were seeded in a 6-well 

plate at a volume of 1mL/well and at a density that allowed the formation of individual colonies (1,000 or 

1,500 cells/well for TOV21G or OV1946, respectively). Cells were allowed to adhere for 16 hours in 5% 

CO2 at 37°C. Then an additional 1mL of medium containing carboplatin (final concentrations 0–100 μM) 

was added in each well and cells were incubated for 24 hours. After this period, medium was completely 

removed and replaced with fresh OSE complete medium. When colonies became visible at 2X 

magnification, plates were fixed with cold methanol and stained with a solution of 0.5% blue methylene 



 106 

(Sigma–Aldrich Inc., St. Louis, MO) in 50% methanol. Colonies were counted under a stereomicroscope 

and reported as percent of control. IC50 values were determined using Graph Pad Prism 6 (GraphPad 

Software Inc., San Diego, CA). Each individual experiment was performed in duplicate and repeated three 

times. 

Flow cytometry analysis of 3D spheroids 

After treatment and recovery, 10 spheroids (one replicate) were pooled per condition and dissociated 

with trypsin-EDTA (0.05%) for 30-45 seconds to obtain single-cell suspensions. Two replicates were done 

per experiment. Single cells were labelled using the LIVE-DEADTM Fixable Aqua Dead Cell Stain Kit 

(Thermofisher, Massachusetts, USA) stain at 1:100 dilution. After an incubation of 15 minutes at room 

temperature, stained cells were analyzed by flow cytometer, LSR-Fortessa (BD Biosciences, Mississauga, 

ON), using 405 nm excitation, and fluorescence emission was monitored at 525 nm. Data were analyzed 

using FlowJo (FlowJo LLC, Ashland, USA), identifying dead cells (stained) and live cells (non-stained). 

Normalized live and dead cell rates were plotted using GraphPad Prism 6 (GraphPad Software Inc.) to 

generate dose-response inhibition curves with respective IC50 values. Each experimental analysis was 

performed in duplicate and repeated three times. 

Immunofluorescence (IF) and immunohistochemistry (IHC) 

FFPE xenograft blocks were cut into 4 µm sections and placed on Fisherbrand superfrost plus 

microscope slides (Fisherbrand, Ottawa, Ontario). MDTMA blocks (MDT and spheroids) were sliced into 

4 µm thick slices and placed on Matsunami TOMO® hydrophilic adhesion slides (VWR, Mont-Royal, QC, 

Canada). Treatment response in xenograft and MDT experiments was assessed by IF, and viability in 

untreated spheroids was assessed by IHC. Anti-Ki-67 antibody (cell proliferation) and DAPI (nuclei 

detection) were used for xenografts and MDTs. Anti-human mitochondria and anti-cytokeratin 8/18 (human 

epithelial cancer cells) antibodies were additionally used for MDTs. Lastly, antibodies for IHC in spheroid 

experiments included anti-Ki-67 and anti-cleaved caspase-3 (CC3, apoptosis).  



 107 

IF/IHC slides were stained using the BenchMark XT automated stainer [Ventana Medical System 

Inc. (VMSI), Tucson, AZ]. TOMO slides were incubated at 60˚C for 20 minutes before staining. For IF 

staining, antigen retrieval was carried out with Cell Conditioning 1 solution (VMSI) for 60 minutes. Mouse 

anti-Ki-67 (1:500) antibody (9449, Cell Signaling Technology, Massachusetts, USA), mouse anti-CK8 

(1:200) antibody (MA514428, Lab Vision, Sweden), mouse anti-CK18 (1:200) antibody (6259, SantaCruz, 

California, USA), and mouse anti-human mitochondria (1:2500) antibody (ab92824, Abcam, Cambridge, 

UK) were automatically dispensed. Slides were incubated at 37°C for 60 minutes. Secondary antibodies 

(dilution 1:250) including Alexa 488 (A11001, Life Technologies, CA, USA) and TRITC (A11030, Life 

Technologies) were added at room temperature. For IHC staining, antigen retrieval was carried out 

automatically with Cell Conditioning 1 solution for 30 minutes (CC3) and 60 minutes (Ki-67). Rabbit anti-

CC3 (1:200) antibody (9661, Cell Signalling Technology) and mouse ant-Ki-67 (1:500) were automatically 

dispensed followed by horseradish peroxidase secondary antibody. Counterstaining was achieved with 

hematoxylin and bluing reagent (VMSI). All sections were scanned with an Olympus BX61 microscope 

using 20 x 0.75 NA objective with a resolution of 0.3225 µm (Bx61vs, Olympus, Toronto, Ontario).  

IF Quantification 

Stained tumor sections were quantified using VisiomorphDP software version 2020.08 

(VisioPharm, Denmark, http://visiopharm.com).  

Xenograft experiments 

IF filters for DAPI and anti-Ki-67 were DAPI and TRITC, respectively. IF quantification of Ki-67 

was calculated as a ratio of the total area of Ki-67 positive cells over the detected tissue core area.  

MDT experiments 

IF filters used for DAPI, epithelial cancer cells, and anti-Ki-67 were DAPI, Alexa-488 and TRITC, 

respectively. Treatment response was quantified as follows: 1) detection of core surface area through DAPI, 

2) detection and calculation of total epithelial area within the core through Alexa-488, 3) identification of 
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nuclei of each epithelial cell and calculating total nuclei area through DAPI, and 4) identification of Ki-67 

positive nuclei and calculating total positive area for each stain through TRITC.  

Statistical analyses 

Values are expressed as the means ± standard error of the mean (SEM) from at least three 

independent experiments in the case of 3D spheroids. We used eight tumors per condition per cell line for 

the xenograft model and 15 MDTs per condition per cell line. Comparison between multiple groups 

(different carboplatin concentrations) was determined by one-way ANOVA comparison test. The IC50 of 

3D models 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 version 6 

(GraphPad Software Inc., http://graphpad.com). 

2.2.2.4 Results  

Carboplatin sensitivity of 2D EOC cell cultures differs from the in vivo response 

The selected EOC cell lines have been extensively characterized13,15-19 and represent the diverse 

range of EOC subtypes (dedifferentiated = TOV112D; clear cell = TOV21G; and high-grade serous = OV90, 

OV1946, OV4453, OV4485) and response to carboplatin treatment (Supplementary Table S1). Based on 

clonogenic assays, these EOC cell lines have been classified according to pre-determined cut-offs: 

carboplatin sensitive cell lines in 2D cultures have IC50 values below 1 µM (TOV21G and OV4453) and 

resistant cell lines have IC50 values above 10 µM (TOV112D and OV90). Cell lines with IC50 values in 

between are categorized as intermediate (OV1946 and OV4485). This same 2D carboplatin sensitivity 

criteria have been used previously by others29. 

Xenografts were generated from EOC cell lines and treated following the protocol depicted in Fig. 

2A. Tumor volumes were recorded throughout carboplatin treatment (Fig. 2B). Chemosensitivity of each 

cell line was based on inhibition of in vivo tumor growth. OV1946 and OV4453 were categorized as 
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sensitive, demonstrating tumor volumes that were significantly lower than the controls at time of sacrifice 

for all three carboplatin doses (highly responsive). OV90 and OV4485 showed intermediate responses with 

a significant decrease in tumor volumes at the two highest doses but no response to the lower dose (partially 

responsive). TOV21G and TOV112D were resistant as they showed no statistical difference at even the 

highest dose (unresponsive). IF with Ki-67 was quantified from collected xenografts after carboplatin 

treatment (Fig. 2C) and showed that the response was dose- and cell-line dependent. Results were largely 

concordant with the tumor volume measurements, confirming chemosensitivity classification. However, 

treatment response in the xenograft model varied significantly from the 2D culture ranking (Supplementary 

Table S1); a positive correlation of 2D sensitivity with the in vivo response was found in 3/6 EOC cell lines 

(Table 1). 

Table 1. Summary of carboplatin sensitivity of EOC cell lines across model systems 

Cell lines 2D monolayers 3D spheroids 3D MDTs Xenograft In vivo correlation 

OV4453  Sensitive Resistant Sensitive Sensitive 2D + 3D MDTs 

TOV21G  Sensitive Resistant Resistant Resistant 3D spheroids/MDTs 

OV1946 Intermediate  Sensitive Sensitive Sensitive 3D spheroids/MDTs 

OV4485 Intermediate Resistant Intermediate Intermediate 2D + 3D MDTs 

TOV112D Resistant Resistant Resistant Resistant 2D + 3D spheroids/MDTs 

OV90 Resistant Intermediate Not performed Intermediate 3D spheroids 

MDTs = micro-dissected tissues 
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Figure 2. In vivo response of EOC xenografts to carboplatin treatment. (A) Timeline for weekly in vivo 

chemotherapy cycle in our xenograft mouse model. Carboplatin was delivered intraperitoneally (IP).  (B) Volume 

measurements of xenograft tumors (N=8 per condition) throughout carboplatin treatment. (C) IF quantification of Ki-

67 stain (normalized to control). Sensitive cell lines are indicated in green fonts, intermediate in blue and resistant in 

red. Data are the mean+ SEM. ns = non-significant. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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Carboplatin response of 3D EOC spheroids improves the correlation with the in vivo response 

compared to 2D cultures  

All six EOC cell lines formed 3D spheroids in ULA plates. OV90 and OV1946 formed compact 

spheroids (Fig. 3A), whereas TOV112D, TOV21G, OV4485 and OV4453 formed dense aggregates (Fig. 

3B). To demonstrate that cells in the spheroids remained proliferative throughout the experiment, we 

performed IHC staining to evaluate the level of apoptotic (CC3) and proliferative cells (Ki-67) in spheroids 

at 48 hours (time of spheroid formation) and at 96 hours (end of experiment) in the untreated controls 

(Supplementary Fig. S1). Cells in the spheroids stained strongly for Ki-67 at both time-points with low 

expression of CC3, demonstrating that they remained proliferative throughout the treatment course.     

Flow cytometry was used to evaluate the proportion of viable cells in spheroids after carboplatin 

treatment (Fig. 3C). IC50 values were generated using dose-response inhibition analyses (Fig. 3D). In all cell 

lines, the 3D spheroid IC50 values were significantly higher than that seen in 2D models (Supplementary 

Table S1). However, the fold change in carboplatin sensitivity between 3D and 2D models varied 

significantly, depending on the cell line (Supplementary Table S2). The change from 2D to 3D models 

increased the IC50 value by 280-fold for TOV21G, but only 7-fold for OV90, highlighting cell line-

dependent changes. Cut-off for resistance to carboplatin treatment was based on response to the physiologic 

conversion of carboplatin bioavailability (269.4 µM, rounded to 250 µM) in patients (carboplatin dosing of 

an AUC of 5 corresponding to an average concentration of 300 mg/m2, body surface area 1.6 m2, blood 

volume 4.8 L)30. Therefore, cell lines with IC50 values higher than 250 µM were considered resistant. On 

the other hand, response to doses below 100 µM were considered sensitive based on previous reports of 

carboplatin treatment of 3D ovarian cancer models31,32. Response between the two cut-offs were considered 

intermediate. Using these criteria, OV1946 was categorized as sensitive, OV90 as intermediate, and 

TOV21G, TOV112D, OV4453 and OV4485 as resistant. These results show a positive correlation with the 

in vivo response for 4/6 EOC cell lines (Table 1). 
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Figure 3. Carboplatin response of EOC 3D spheroids. Representative pictures of EOC cell lines forming at 48 hours 

(A) compact spheroids or (B) dense aggregates. (C) Normalized viability of spheroids after a 24-hour carboplatin 

treatment with a 24-hour recovery. (D) Dose-inhibition response curves with their corresponding IC50. Sensitive cell 

lines are indicated in green fonts, intermediate in blue and resistant in red. Data are the mean + SEM of three 

independent experiments, two replicates per condition. Scale bar on images (A, B) = 400 µm, *p < 0.05, **p < 0.01, 

***p < 0.001, ****p < 0.0001. 
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The 3D ex vivo tumor model demonstrates a reliable correlation with the in vivo carboplatin 

response 

Previous studies have shown that MDTs can assess the response to chemotherapeutic drugs in cell 

line xenograft models14,24. Here, we sought to compare the carboplatin sensitivity profiles of cell line 

xenograft tumor-derived MDTs (Supplementary Fig. S2A) to our ovarian cancer model systems including 

3D spheroids and in vivo xenografts using IF analysis (Fig. 4A). The OV90 cell line was excluded for ex 

vivo analysis due to an insufficient level of cancer cells present in the xenograft tumor precluding the 

generation of statistically significant results. We first tested two different treatment regimens of carboplatin 

in our MDTs using OV1946, OV4453 and TOV21G cell lines. This included a 10-hour treatment induction 

followed by a 14-hour recovery period (10-14) (Supplementary Figure S2B-D), and a 16-hour treatment 

induction followed by a 24-hour recovery period (16-24) (Fig. 4B-C, Supplementary Fig. S2B). Both 

treatment regimens gave similar cell fate responses (proliferation, apoptosis) as well as similar IC50 

(Supplementary Fig. S2C and S2D, and Fig. 4C). Based on these results, we used the 16-24 treatment 

regimen to perform the remaining experiments. To compare the chemosensitivity of cell line-based MDTs 

to 3D spheroids and the in vivo model, we quantified the proliferation capacity of cells after carboplatin 

treatments (Fig. 4B) and determined IC50 values (Fig. 4C). According to our criteria for 3D spheroids, 

OV1946 and OV4453 were categorized as sensitive (IC50 < 100 µM), TOV21G and TOV112D were 

resistant (IC50 > 250 µM), and OV4485 was intermediate. These findings were in complete agreement with 

the in vivo chemosensitivity results (5/5 EOC cell lines) and provided the best correlation compared to the 

other two in vitro models (Table 1).  
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Figure 4. Response of EOC 3D ex vivo tumor model to carboplatin. MDTs derived from several cell line xenograft 

tumors (OV1946, OV4453, OV4485, TOV21G and TOV112D) were treated with carboplatin at various concentrations 

(µM) for a 16-hour induction followed by a 24-hour recovery treatment regimen. (A) Representative IF staining for 

DAPI, mitochondria and cytokeratin 8/18 (human epithelial cancer cells) and Ki-67 of treated TOV21G MDTs. (B) 

Proliferation index, bar graphs are Ki-67 staining normalized to control for each cell line. (C) Dose-inhibition curves 
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showing IC50 of each cell line. Sensitive cell lines are indicated in green fonts, intermediate in blue and resistant in red. 

Data are the mean + SEM. A total of 15 MDTs (technical replicates) were analyzed per condition for each cell line 

from one xenograft. Scale bar = 50 µm, Magnification = 20x. N.S. = non-significant. *p < 0.05, **p < 0.01, 

***p < 0.001, ****p < 0.0001. 

2.2.2.5 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 variations when performing drug 

screening or therapeutic response prediction studies, especially in the era of personalized medicine.  

The mainstay of preclinical studies remains cell line-based and the in vivo response from animal 

models is often used as the gold standard in preclinical testing of novel therapies/combinations. To our 

knowledge, only one study33 using bladder carcinoma cells reported that the 3D spheroids model reflected 

better the chemoresponse found in their mouse xenograft model, and higher drug resistance was seen with 

the 3D model compared to 2D cultures. In our study, we compared four translational model systems, 

including 2D monolayers, 3D spheroids, ex vivo MDTs and in vivo xenografts. Our data suggest better 

concordance in carboplatin sensitivity between our 3D ex vivo model (MDTs) and in vivo responses. 

Interestingly, we observed some notable differences between 2D culture and in vivo carboplatin responses. 

In the case of TOV21G, both its clear cell histology and microsatellite instability17,34,35 supports the in vivo 

response of a platinum-resistant cell line. However, 2D culture experiments have consistently shown this 

cell line as carboplatin sensitive (Supplementary Table S129,36,37). For OV90 and OV1946, an increased 

sensitivity to carboplatin is seen in mice. This may be due to their histological high-grade serous subtype of 

which the majority of patients respond to first-line platinum treatment3. Indeed, none of our high-grade 

serous cell lines showed in vivo resistance to carboplatin, but showed sensitivity in the 2D or 3D spheroid 

models. 

Given that each model has unique features, their relative response to cytotoxic therapy may vary. 

Immortalized EOC monolayer cultures offer little cell-cell interaction and consist uniquely of a sub-clonal 

population of epithelial cancer cells. While spheroids also consist of epithelial cancer cells, they offer a 3D 
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structure with inherent cell layers, cell-cell interactions and chemical/nutrient gradients25,38. Increasing in 

model complexity is our ex vivo tumor model of MDTs that not only offers a 3D structure, but also includes 

mouse-infiltrating stromal cells which may impact the tumor response to a therapeutic agent. In vivo models 

further increase model complexity by incorporating important elements such as drug metabolism, influence 

of endogenous hormones and mammalian physiology39. In general, our study suggests that the relative 

carboplatin response of our 3D models was in line with in vivo results. However, two cell lines, OV4453 

and OV4485, did not have concordant results as 3D spheroids and demonstrated higher carboplatin 

resistance in our spheroid model.  We suspect that this may be related to their low oxygen culture conditions 

(7%), which was specific for only these two cell lines. Hirst et al.40 showed that an increase in hypoxia-

regulated genes and markers of stemness were present in the core of 3D spheroids but not in monolayered 

cells and that this induced chemoresistance and phenotypic changes. In addition, these cell lines formed 

spheroid aggregates that were not compact and had larger spheroid diameters, which has been shown to 

influence drug resistance38,41. 

Importantly, our 3D ex vivo model provided a complete concordant correlation with in vivo 

responses. Ex vivo models are attractive for fundamental and translational research as they can predict 

patient response to drugs in a clinically relevant timeframe. Important advantages of this model include 

minimal waste of tissue and culture/drug reagents24, control of fluids and constant supply of nutrients42, 

long-term viability14,43-44 and the maintenance of MDTs and their TME14,24 without need of growth 

supplements45,46. This model further allows testing multiple cycles of cytotoxic therapies as well as studying 

the effects of cytostatic drugs that require longer incubation periods. This underscores the need to 

incorporate these models into the drug development pipeline to better evaluate the potential efficacy of new 

drugs or combinations prior to entering in expensive clinical trial settings. 

Although this study has some limitations, such as use of a single drug, choice of flow cytometry for 

3D spheroid analyses and limited utility of ex vivo tumors with low epithelial count, the reproducible 

comparison between model systems while using the same cell lines clearly shows the relevance of using 

various preclinical models to better characterize response to novel therapies. We are aware that cell lines 
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are often devoid of many elements of the natural TME such as stromal and immune cells, which have been 

shown to influence response, and may not fully represent the primary tumor heterogeneity. However, the 

use of cell lines currently remains common practice in most preclinical models. Furthermore, a mouse model 

may not entirely reflect the human drug response. Hence, ex vivo models derived directly from patient 

samples would eliminate this bias in the drug development pipeline. Alternatively, similar analyses in 

comparing these preclinical models could be applied to other drugs in ovarian cancer treatment, such as 

paclitaxel, poly (ADP-ribose) polymerase (PARP) inhibitors and other drugs currently in preclinical studies 

such as HIF, WEE1 and TGFß inhibitors. Unfortunately, 3D analysis methods have traditionally relied on 

2D culture methods or confocal microscopy analyses, which have their limitations. Thus, it would be 

interesting to include novel techniques such as light sheet microscopy and tissue clearing as well as IF 

staining of MDTMAs to allow optimal analysis of tissue without disturbing its natural environment.    

Platinum resistance remains an important obstacle in EOC with dismal survival and limited options 

at advanced stages of disease progression. With the overall high attrition rate of oncologic treatments, more 

cost-effective predictive cancer models that accurately reflect patient response are needed. With this study, 

we clearly demonstrate a heterogeneity in therapeutic responses of EOC cell lines when cultured in different 

systems, which underscores the need to consider multiple factors when selecting a preclinical model for 

drug discovery and screening studies. This may avoid rejecting potentially effective drugs while eliminating 

ineffective drugs at the preclinical stage. This could also help reduce the rate of failed clinical trials in which 

patients experience drug toxicities with minimal efficacy, particularly for rare cancers23, which are more 

difficult to accrue for clinical trials. In the era of personalized medicine, future applications would be to 

optimize treatment selection based on the individual tumor and patient characteristics rather than a ‘one 

treatment fits all’ approach.  Thus, validation and feasibility studies of newer and more complex models are 

needed to enhance the current standards. 
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2.2.2.11 Supplemental Tables and Figures 

Table S1. Characteristics and 2D culture carboplatin response of EOC cell lines 

Cell line EOC histology 
subtype 

Origin of 
cell line 

IC50 (µM) 
(clonogenic 
assay) 

Chemosensitivity References Cellosaurus 
numbera 

OV4453 High-grade serous ascites 0.23±0.074 Sensitive 16 CVCL_9T20 
TOV21G Clear cell tumor 1.0±0.23b Sensitive 17 CVCL_3613 
OV1946 High-grade serous ascites 3.4±0.18b Intermediate 15 CVCL_4375 
OV4485 High-grade serous ascites 6.1±0.27 Intermediate 16 CVCL_9T21 
TOV112D Dedifferentiated tumor 13.9 Resistant 17, 18, 19 CVCL_3612 
OV90 High-grade serous ascites 31.8±5.4 Resistant 13, 17 CVCL_3768 

a Cellosaurus is an online knowledge resource on cell lines (https://web.expasy.org/cellosaurus/) 
b Values obtained are from this present study 
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Table S2. Fold change in carboplatin IC50 values between 2D and 3D models 

Cell Line 3D IC50/2D IC50 
(Spheroids) 

3D IC50/2D IC50 
(MDTs) 

OV4453 659.1/0.23 = 2865.7 45.43/0.23 = 197.5 

TOV21G 280.8/1= 280.8 270.7/1 = 270.7 

OV1946 75.32/3.4 = 22.1 17.69/3.4 = 5.2 

OV4485 597.1/6.1 = 97.9 106.7/6.1 = 17.5 

TOV112D 330.3/13.4 = 24.7 494.3/13.4 = 36.9 

OV90 223.9/31.8 = 7.0 - 

 

 

Figure S1. 3D spheroids remain proliferative throughout 96-hour experiment period. Representative photographs 

of A) sensitive EOC cell line OV1946 and B) resistant EOC cell line TOV112D at spheroid formation (48 hours) and 

at the end of the experiment (96 hours). Representative staining for H&E (left), Ki-67 (middle) and cleaved caspase-

3, CC3, (right). Scale bar = 100 µm. 
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Figure S2. Identification of treatment regimen for ex vivo tumor model. A. Schematic representation of MDTs 

generated from a tumor surgically removed from a cell line xenograft model. B. Timeline used for carboplatin treatment 

of MDTs with two different therapeutic regimens:  10-hour incubation followed by 14-hour recovery (10-14 TR) or 

16-hour incubation followed by 24-hour recovery (16-24 TR). C. Cell fate represented in graphs showing percentage 

of proliferative, quiescent and apoptotic cells within MDTs with or without carboplatin at various concentrations for 

each treatment regimen for three cell lines (OV1946, OV4453 and TOV21G). D. Dose-inhibition curves for 10-14 TR 

to determine IC50. Data are the mean + SEM. A total of 15 MDTs were analyzed per condition for each cell line from 

one xenograft.  
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2.3 Chapter 3: Ex Vivo Model Preserved Natural Tumor Microenvironment To Accurately 

Predict Clinical Response To Chemotherapy 

2.3.1 Article 3: Résumé en français 

Titre en français: Un modèle ex vivo préserve le microenvironnement tumoral naturel pour prédire la 

réponse clinique des patients à la chimiothérapie. 

La sélection des options thérapeutiques les plus appropriées et efficaces pour chaque patient est 

cruciale pour la personnalisation des soins contre le cancer. Les modèles ex vivo dérivés de tumeurs 

permettent de tester directement des agents thérapeutiques sur un échantillon de patient. Nous avons évalué 

si notre modèle de tissus micro-disséqués (MDTs) ex vivo préserve et maintien son microenvironnement 

tumoral (TME) naturel afin de mieux expliquer la corrélation entre les MDTs et la réponse clinique du 

patient. À partir d'une cohorte de 25 patientes atteintes d'un cancer de l'ovaire, nous avons généré des MDTs 

pour les mettre en culture pour 15 jours. Nous avons comparé le transcriptome et l’architecture histologique 

entre les MDTs et leurs tumeurs appariées. Les MDTs ont également été exposés à une combinaison de 

chimiothérapie, comparable à la clinique. Nos résultats ont montré que la composition génétique des MDTs 

était maintenue pendant la période de culture de 15 jours et qu'elle était représentative de la tumeur primaire. 

En outre, le TME naturel, incluant les cellules immunitaires, stromales et épithéliales, est maintenu dans les 

MDTs à un niveau de répartition cellulaire proportionnel à la tumeur primaire. La réponse induite par la 

chimiothérapie dans les MDTs a montré une corrélation positive de 92,8 % avec la réponse clinique du 

patient. Nous présentons un modèle ex vivo robuste qui fournit un modèle préclinique pertinent pouvant 

servir de plateforme pour prédire la réponse du patient dans un délai cliniquement adapté.  
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2.3.2.1 Abstract  

Selecting the most appropriate and effective treatment options for each patient is crucial to 

personalized cancer care. Ex vivo tumor-derived models enables direct testing of therapeutic agents on a 

patient specimen to accurately predict a patient’s response to various drugs. Here, we evaluated our 

previously described ex vivo micro-dissected tissue (MDT) model system for preservation and maintenance 

of the natural tumor microenvironment (TME) including endothelial, immune, epithelial and stromal 

lineages, in culture to better explain the correlation between MDT and patient drug responses. Using a cohort 

of 27 patients with ovarian cancer, we generated MDTs from primary tumors and cultured them over a 15-

day period. We compared transcriptomic and histological analyses between MDTs and their matched tumors 

to investigate the genetic similarities, as well as the cell lineage composition found in the TME. MDTs were 

also exposed to a chemotherapy combination, with parameters comparable to clinical treatments, to verify 

their predictive potential. Our results showed that the genetic composition of MDTs was maintained over 

the 15-day culture period and that was representative of the primary tumor. In addition, the cell lineages that 

compose the natural TME including immune, stromal and epithelial cells were maintained in MDTs over 

the culture period and proportional to the primary tumor. The chemotherapy induced response in MDTs 

showed a 88.2% positive correlation with the patient’s clinical response. We present a robust ex vivo model 

derived from primary tumors that provides a robust preclinical model that can serve as a platform to predict 

patient response in a clinically suitable timeframe.  

2.3.2.2 Introduction 

Ovarian Cancer (OC) is the most lethal gynaecological cancer, and 5th leading cause of malignancy-

related deaths in North American women1. The most common form is epithelial ovarian cancer (EOC)2,3, 

which is further classified into subtypes with specific morphology, etiology, pathogenesis, molecular 

biology, prognosis and somatic mutational profiles4-12. Around 75% of patients present with a high-grade 

serous carcinoma (HGSC), and less common subtypes include mucinous, low-grade serous, clear-cell and 

endometrioid carcinomas9,13. Despite being different diseases, the multiple subtypes of EOC are treated with 
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the same standard front-line therapy: primary debulking surgery followed by a combination of platinum- 

and taxane-based chemotherapy for 6 cycles3,12,14-16. In general, despite 70-80% of patients initially 

responding to first-line regimens, the 5-year survival rate of OC is 45%9,13. The remaining 20-30% of 

patients usually either relapse 3-6 months after the last treatment cycle or fail to respond at all to first-line 

treatment2,3,12. This puts into perspective the clinical need to quickly identify this minority of patients pre-

emptively plan for more effective therapeutic regimens. 

The standard of care for cancer treatment is still largely based on local (surgical resection or 

radiology) and systemic (chemotherapy, hormone therapy, immunotherapy, etc.) control for a vast majority 

of solid tumors including OC17-20. However, individual response rates can differ when exposed to same 

therapeutic agent21,22, emphasizing the genetic and molecular variabilities of an individual tumor and the 

lack of preclinical models that translate to the patient response. Current preclinical models rely on cell-line 

based systems, including 2D monolayer cell cultures23, 3D spheroids24 and in vivo models25, to evaluate 

drug response, and pharmacodynamics and pharmacokinetics of newly developed therapeutics26. These 

models are limited in their capacity to mimic tumor complexity, mainly due to their lack of cell population 

heterogeneity27,28. Although, novel models, such as in vivo patient-derived xenograft (PDX)29,30 and ex vivo 

organoids31-33 mimic tumor heterogeneity, their lengthy production times limit their use for predicting drug 

response in a clinically relevant timeframe. This factor adds to the clinical challenges of identifying the best 

treatment option for patients. Recent studies have also shown the importance of the tumor microenvironment 

(TME) and the interaction between various cell lineages in tumor drug resistance34,35. Thus, there remains a 

clinical need in developing ex vivo tumor-derived models that reflect the genetic and phenotypic 

complexities of patient tumors, and that maintain an intact natural tumor microenvironment (TME) for 

accurate drug testing within an acceptable timeframe. 

Over the past decade, ex vivo tissue explant models have gained interest and have shown their ability 

to predict drug response in non-small cell lung cancer36, head and neck squamous cell carcinoma36, 

colorectal cancer36, renal carcinoma37 and advanced prostate38 and bladder cancers39, presenting them as a 

reliable preclinical model for drug efficacy evaluation. However, tissue slice cultures have reduced 
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longevity and a higher risk of hypoxia-induced necrosis due to its size. To address this, our group has 

developed an ex vivo micro-sized tumor-derived model system, using micro-dissected tissues (MDTs) from 

primary tumor specimens cultured within specifically designed microfluidic devices40,41. The use of 

microfluidic technologies promotes the maintenance of individually entrapped tumors that contain their own 

TME matrix such that the microfluidic chamber mimics the enclosed human environment, allowing tumors 

to continue their malignancy course. In addition, the reduced tumor size and small volumes of reagents (less 

than 20 µL/MDT) permits use of scarce tissues and prevents the waste of expensive reagents and drugs. 

Using cell-line xenograft tumors, we have previously shown that our MDT model system accurately 

reproduces the primary tumor cell lineage composition and can mimic treatment response in a timeframe of 

less than a week41.  

It has been established that the TME plays a key role in cancer growth, metastasis, and drug 

resistance, and has gained greater attention in the design of 3D models for more accurate disease simulation 

and drug screening (Balkwill). Here, we present the first preclinical correlative study using MDTs to 

preserve the TME in OC patient samples and demonstrate their ability to predict patient-specific responses 

in a timeframe suitable for clinical decision-making. This study used a cohort of 27 EOC patients to show 

that the genetic integrity and cell lineage composition of the natural TME within MDTs was maintained 

over a 15-day culture period (Figure 1). Using standardized protein detection procedure, we evaluated the 

correlation of treatment response to the standard front-line carboplatin/paclitaxel combination therapy for 

OC. We obtained a 88.2% positive response correlation between the ex vivo analyses and patient-matched 

clinical responses. Our results suggest that MDTs provide a sophisticated preclinical model to recapitulate 

the primary tumor response and may serve as a platform to test new therapeutics, as well as a clinical 

guidance tool to predict patient response to various drugs. 



 129 

 

Figure 1: Schematic overview of our model system experiment concept. Resected tumor was separated into four 

sections; two sections were used to produce primary cell cultures and MDTs, a third section was flash frozen, and the 

last section was formalin-fixed and paraffin embedded. Primary cell cultures were grown in Petris dishes until 80% 

confluency was attained before splitting. MDTs were cultured and treated in microfluidic devices made up of 

polydimethylsiloxane (PDMS). At experimental endpoints, RNA was extracted from all sample types for microarray 

gene expression profiling to perform transcriptome analyses. In parallel, MDTs cultured for the same time-points, as 

well as treated MDTs, were formalin-fixed for IF analysis of TME and chemosensitivity.  

2.3.2.3 Methods  

Patient cohort  

OC tumor specimens were collected from 25 patients undergoing debulking surgery at the Centre 

hospitalier de l’Université de Montréal (CHUM) and Division of Gynecologic Oncology following 

50 m
m

35 mm
Legend : 

Gravitational traps
Loading channel

MDTMA

280 µm

TME

Chemo-

sensitivity 

Assay

Transcriptome Analysis

Image Analysis Software (VIS)

RNA Extraction

RNA Extraction

Hierarchical Clustering

B C A 

50 m
m

 

35 mm 

4 different conditions  

Legend :  
Gravitational traps 
Loading channel 

Micro Dissected Tissue  
(MDT) 

390 µm 

Primary Tumor 

MDTMA 

280 µm 

390 µm

PT

MDT

PCC

FFPE

Flash Frozen P0, P2

Day 0, 

8 & 15

Day 0, 8, 15C/P

MicroArray

PT



 130 

informed consent. The staging of each patient was determined at the time of surgery by an on-site 

gynaecologic oncologist following the FIGO classification criteria42. Tumor grading and histological 

characteristics were identified by a gynecologic-oncology pathologist of the CHUM following FIGO 

recommendations. The study was approved by the relevant institutional ethics committee, the Comité 

d’éthique de la recherche du CHUM (2015-5622 CE 14.175-CA). 

MDT production, loading in microfluidic devices and medium changes 

Primary OC tumor specimens from patients were separated into three sections. One section 

underwent a micro-dissection procedure that was adapted from previously published work40. Another 

section was used for formalin-fixation and paraffin-embedded procedures and the last section was flash 

frozen for RNA extraction (Figure 1).  

For the microdissection procedure, the tumor specimen was sliced into 1 cm thick sections using a 

scalpel and then placed on the McIlwain™ tissue chopper (Stoelting, Wood Dale, Illinois, USA). The tumor 

sections were chopped at a thickness of 350 µm to produce tissue slices and placed in Hank’s balanced salt 

solution (HBSS, 311-516-CL, Wisent Inc., Saint-Bruno-de-Montarville, Canada) supplemented with 10% 

fetal bovine serum (FBS, 088-150, Wisent), 2.5 µg/mL of amphotericin B (450-105-QL, Wisent) and 50 

µg/mL of gentamicin sulfate (450-135, Wisent). Using a 500 µm biopsy punch (PUN0500, Zivic 

Instruments, Pittsburgh, USA), the tumor slices were punctured to produce disk-like MDTs and placed in 

serum-free HBSS supplemented with antibiotics until they were ready for loading in their microfluidic 

devices. The loading, trapping and culturing of MDTs was then performed as described in our previous 

work40. MDTs were cultured in OSE complete medium (316-030-CL, Wisent Inc, Saint-Bruno, QC, 

Canada) containing 10% FBS, 2.5 µg/mL of amphotericin B and 50 µg/mL of gentamicin sulfate.  

Generating primary cell cultures 

Five to six of the 350 µm thick tissue slices were placed in a 60 mm Petri dish (430166, VWR, 

Quebec, Canada) with OSE complete medium and incubated in 5% CO2 at 37°C. The following day, the 
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medium was changed to remove all shedding debris from the tumor specimen and replaced with fresh OSE 

complete medium. Two to three Petri dishes were used for each patient. As epithelial cells reached 80% 

confluency or when fibroblasts started to outgrow tumor cells, cells were split and one third was reserved 

for RNA extraction. This procedure continued as long as tumor cells continued to grow43.  

Combination chemotherapy treatment  

MDTs derived from OC patient samples were treated with a regimen of 300 µM carboplatin 

(Hospira Healthcare Corporation) and 80 nM paclitaxel (Hospira Healthcare Corporation). The treatment 

regimen used for these patient samples consisted of a 10-hour treatment period followed by a 14-hour 

recovery period, which was previously optimized in a dose-response analysis using mouse xenograft MDTs. 

MDTs were formalin-fixed at the end of the recovery period.  

MDT fixation and paraffin-embedding 

MDTs were fixed with 10% formalin (F0650, Produits Chimiques A.C.P. Chemicals Inc, Saint-

Leonard, Qc, Canada) and further processed through the previously published paraffin-embedding 

lithography procedure to create micro-dissected tissue micro-array (MDTMA) blocks41. These blocks were 

cut into 4 µm sections using a microtome and placed on Matsunami TOMO® hydrophilic adhesion slides 

(10478-172, VWR) for histological analyses and protein-specific visualization. 

RNA extraction and gene expression analysis  

A section of the flash frozen primary tumor specimen was sliced and placed in a tube with 500 µL 

of RLT lysis buffer (74004, Qiagen, Hilden, Germany) for mechanical disruption using the TissueRuptor II 

(9002755, Qiagen) for 10-30 seconds.  

MDTs were harvested in 1.5 mL Eppendorf microtubes (72-690, Sigma, Darmstadt, Germany) at 

appropriate time points, and culture medium was rinsed out using 10X phosphate buffered saline (PBS, 811-

012-LL, Wisent) diluted to 1X with RNase, DNase and proteinase-free water (10977-015, Thermofisher, 
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Waltham, MA). Samples were placed on dry ice and MDTs were crushed into small debris using a plastic 

piston, and 200 µL RLT lysis buffer was then added for several minutes.  

When primary cell cultures reached confluency, a third of the cells were harvested into a 1.5 mL 

microtube. The medium was rinsed out with 1X RNase-free PBS solution and then replaced with RLT lysis 

buffer for several minutes.  

The RNeasy Micro Kit (74004, Qiagen) was used to perform the RNA extraction of the primary 

tumors, MDTs and primary cell cultures. RNA was quantified and analyzed for suitable quality and purity 

by the NanoDrop (Denovix) and Bioanalyzer (Agilent), respectively. The RNA extracted for five HGSOC 

patients were sent to Genome Quebec for an Affymetrix Clariom S HT pico gene expression analysis.  

The Transcriptome Analysis ConsoleTM (TAC) software version 4.0.2 (ThermoFisher Scientific) 

was used for normalization of expression data, control probe verification and comparison studies of 

differentially expressed genes. The TM4 Multi-Experiment Viewer (MeV) software version 4.8.1 was used 

to perform principal component analyses (PCA) and unsupervised hierarchical clustering. KEGG pathway 

analysis was also performed to identify differentially expressed pathways.  

Immunofluorescence & histological staining 

The 4 µm sliced sections of each block for each patient underwent hematoxylin and eosin (H&E) 

staining and immunofluorescence (IF) staining to assess the presence of various cell lineages and the 

treatment response of patient specimens. Prior to IF staining, TOMO slides were first incubated in a 60˚C 

oven for 20 minutes.  

For all IF staining, antigen retrieval was carried out automatically with the Cell Conditioning 1 

solution (VMSI; #950-123) for 60 minutes with primary antibodies (Supplementary table 1). Primary 

antibodies were automatically dispensed, and the slides were incubated at 37°C for 60 minutes. For the anti-

FAP, no detergent agent was used during the dehydration procedure. Secondary antibodies (supplementary 

Table 1) were added at room temperature.  
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All sections were scanned with a 20 x 0.75 NA objective with a resolution of 0.3225 µm (BX61VS, 

Olympus, Toronto, Ontario).  

 

Statistical analysis  

Values are expressed as the mean ± standard error of the mean (SEM) derived from a single 

experiment using a minimum of 15 MDTs per condition. Comparisons between multiple groups (time points 

or TME) were evaluated by one-way ANOVA comparison tests. Comparisons for ex vivo treatment response 

were evaluated by Student’s t-tests. P values <0.05 were considered significant. All statistical analyses were 

performed using GraphPad Prism 9.0 software (GraphPad Software Inc., San Diego, CA). Receiver 

operating characteristics (ROC) curves were plotted in SPSS 26 software (IBM, Armonk, NY) to determine 

cut-off ratios for ex vivo treatment response analysis. 

2.3.2.4 Results  

Characteristics of the patient cohort  

The patient cohort included 27 women diagnosed with EOC at varying stages (I to IV) and subtypes 

(Table 1). The cohort reflected the frequency of EOC subtypes reported in the literature12,19, 80% HGSC, 

12% endometrioid, 4% carcinosarcoma and 4% Brenner tumor, a much rarer subtype. Patient cohorts were 

selected randomly based on tissue volume, characteristics, and feasibility. Thus, several patient tumor 

specimens were used for more than one experimental procedure. Due to the low production rate of primary 

cell cultures, only five HGSC patient samples produced adequate primary cell cultures that were sustained 

for a minimum of two consecutive passages. These five patient samples were first used to perform 

microarray gene expression profiling and transcriptome analyses. In addition, 10 patient were used to 

investigate the TME and 17 patient samples were used to investigate the MDTs ability to predict treatment 

response (Table 1). All patients within this response prediction group underwent cytoreductive surgery with 
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little to no residual disease. All patients had no prior cancer history, were chemo-naïve and were treated 

with a combination of carboplatin and paclitaxel as first-line treatment (Supplementary Figure 2). 

 

 

 

 

Table 1: Patient Cohort Characteristics 

 Biobank ID Laterality Subtype Staging Experiments performed 
1 7873 RPI HGS IIIC Microarray 
2 8093 L HGS IIIC Microarray 
3 8244 R Carcinosarcoma IIIC TME 
4 8288 R HGS IV TME 
5 8393 L HGS IIIC Microarray & TME 
6 8588 P HGS IIIC Microarray & TME 
7 8970 L HGS IIA Microarray 
8 9061 R Endometrioid IV Response Prediction 
9 9443 O/OM HGS IIIC Response Prediction 
10 9447 R HGS IIIC Response Prediction 
11 9454 R HGS IIIA TME & Response Prediction 
12 9532 R Endometrioid IIA Response Prediction 
13 9562 L HGS IIIC Response Prediction 
14 9704 R HGS IC-II TME & Response Prediction 
15 9808 L HGS IIB Response Prediction 
16 10329 R HGS IIIA Response Prediction 
17 10381 L HGS IC-I Response Prediction 
18 10412 L HGS IC-I TME  
19 10499 L HGS IIB TME & Response Prediction 
20 10505 R HGS IIIC TME & Response Prediction 
21 10520 L HGS IIB Response Prediction 
22 10547 R HGS IIA Response Prediction 
23 10549 L Brenner IC-I TME  
24 10550 L Endometrioid II TME 
25 10557 R HGS IIA Response Prediction 
26 10627 R LGS IIIC-I Response Prediction 
27 10645 R Endometrioid IVB Response Prediction 

HGS: high-grade serous; L: left ovary; LGS: low-grade serous; O/OM: omentum; TME; P: peritoneum; R: right ovary; RPI: right 
pelvic implant; tumor microenvironment  

MDTs are genetically stable and similar to their matched primary tumor 

A 3D ex vivo organotypic model should maintain stable genetic composition over its culture period 

to accurately represent the primary tumor. To investigate the maintenance of genetic stability in our ex vivo 

model system, we used five HGSC patient samples (Table 1) to compare transcriptomic data of patient-
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matched primary tumors (PT), MDTs at various culture time-points (day 0, day 8 and day 15) and primary 

cell cultures (PCC) at two distinct passages (passage 0, passage 2). As PCC have shown a close resemblance 

to patient-specific responses and have the potential to be used for personalized tumor therapy assays44,45, we 

compared the transcriptomic profiles of these cultures to our ex vivo model system and to the PT of origin. 

The gene expression analysis of each patient-matched models showed similar results for all five HGSOC 

patients. Principal component analysis (PCA) showed that the MDTs clustered close together to matched 

PTs, whereas PCCs clustered separately (Figure 2A). To confirm this relationship, we performed an 

unsupervised hierarchical clustering (UHC) analysis. This analysis groups together samples within 

branches, where each branch indicates samples that are biologically similar to one another at a transcriptome 

level. The results showed that the gene expression profile of MDTs matched their PTs, whereas the PCCs 

branched away (Figure 2B, Supplementary Figure 1A), suggesting a loss of cellular heterogeneity over their 

culture period. In addition, the PCA and UHC analyses confirmed that MDTs at day 0 were highly similar 

to their respective PT, whereas MDTs cultured for 8 and 15 days were closely associated. 
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Figure 2: The genomic integrity of MDTs is maintained over a 15-day culture period. A) Principal Component 

Analysis (PCA) and B) simplified hierarchical clustering tree of patient samples. A total of 15 MDTs (technical 

replicates) were analyzed per condition for each patient and, one section of the primary tumor was used for each patient. 

PT: primary tumor, D0: day of microdissection, D8: day 8, D15: day 15, P0: passage 0, P2: passage 2. 

Next, we performed a comparison study to better identify the genes that were differentially 

expressed between each model type and their matched PTs. We confirmed that the PCCs had a higher 

number of differentially expressed genes set compared to MDTs (Figure 3A, Supplementary Figure 1B). 

These results were consistent for all five patients, highlighting the magnitude of differences between each 

model type and their matched PT. A pathway analysis also showed more deregulated pathways between 
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PCCs and the PTs than between MDTs and PTs (Figure 3). We further observed that MDTs at day 0 had 

upregulated pathways in cellular metabolism including galactose, sucrose and starch metabolism and 

carbohydrate digestion and absorption but also an increase in necroptosis compared to PTs, confirming that 

the microdissection procedure does impact the cells nutritional value and increase stress factors (Figure 3B). 

Notably, these pathways related to stress-induced cell fate were then shown to be downregulated in MDTs 

after 8 and 15 day of culture whereas pathways involved in cell homeostasis, energy metabolism, and 

cellular survival were upregulated including Ras, Chemokine, PI3K-AKT signalling (Figure 3C), This 

suggests that MDTs retain a stable cellular state. However, PCCs have a large list of differentially expressed 

genes and pathways compared to the PTs including upregulation in metabolism, necroptosis and cell 

interaction pathways and downregulation in cell lineage, cell survival and inflammatory pathways (Figure 

3D). Altogether, these results suggest that gene expression profile is more profoundly altered in PCCs than 

in MDTs, when compared with PTs.   
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 Figure 3: A smaller number of genes and pathways were differentially expressed in MDTs compared to PCCs. 

A) Scatter line plot of the percentage of differentially expressed genes (between PCCs and PTs and between MDTs 

and PTs. Upregulated and downregulated pathway analyses between B) MDTs at D0 C) MDTs at D8 and D15 of 

culture and D) PCCs compared to PTs. Fold-change cut-off is ±2 for all gene set. The bars represent the net sum of 

upregulated and downregulated genes per pathway.  
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The TME is maintained in MDTs over a 15-day culture period 

The TME plays a critical role in the patient-specific response to chemotherapy35. Therefore, the 

sustained presence of the TME in a predictive model system is important to obtain an accurate therapeutic 

read-out. To evaluate the presence of various cell lineages found in the TME, we performed IF analyses on 

formalin-fixed MDTs to identify endothelial cells/hematopoietic cells (anti-CD34), leucocytes (anti-CD45), 

monocytes (anti-CD68) and cancer-associated fibroblasts (identified by fibroblast activation protein alpha 

[anti-FAP]) (Figure 4A-E). We show that the vasculature component, consisting of 

endothelial/hematopoietic cells, is significantly reduced within the MDTs compared to the PTs in all 10 

patients. Globally, we have expected a reduction in endothelial/hematopoietic cells since the 

microdissection procedure breaks up the circulatory system present within the PTs. However, the number 

of endothelial/hematopoietic cells present at day 0 was maintained over the complete culture period, 

however in 3 out of the 10 patients an increase of endothelial/hematopoietic cells was seen (Fig 4B, 

Supplementary Figure 2A). This would signify that the cells present within the MDTs are adequately 

nourished to maintain a viable state. In addition, our results suggest that the immune cell components, 

represented by monocytes and leucocytes, were present within the MDTs and at a level comparable to the 

PTs with non-significant changes over time (Figure 4C-D, Supplementary Figure 2B). Moreover, we 

observed a consistent number of cancer-associated fibroblasts within MDTs that was equivalent to their 

matched PTs (Figure 4E, Supplementary Figure 2C). Even with a smaller surface area, the cell lineage 

surface to core ratios were highly similar between MDTs and matched PT. We also observed similarities in 

the proportion of epithelial cancer cells (Figure 4F) between MDTs and matched PTs. Lastly, we previously 

determined that 15 MDTs41 would suffice to obtain statistically significant results. Overall, all patients 

provided an adequate number of MDTs (≥15 MDTs) with epithelial cancer cells that remained consistent 

over the total culture period (Figure 4G). Taken together, these results reflect the stability of various cell 

lineages present within MDTs, demonstrating a sophisticated 3D model system that preserves the natural 

TME. 
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Figure 4: MDTs maintain their natural tumor microenvironment over a 15-day culture period. A) 

Representative images of the PT and MDTs of patient 10549 stained with TME antibodies: CD34 for endothelial cells, 

CD68 for monocytes, CD45 for leucocytes and cytokeratins 8 and 18 (CK8/18) for epithelial cells. Scatter box plots 
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of the average expression of the marker for all 10 patients in the cohort for B) endothelial cells, C) monocytes, D) 

leucocytes E) cancer-associated fibroblast, F) epithelial content and G) percentage of MDTs with epithelial content 

per experimental condition. Data are represented as the mean + SEM. A minimum of 15 MDTs (technical replicates) 

were analyzed per condition for each patient and each dot represents the average of each patient. Scale bars = 50 µm, 

magnification = 20x. Statistical significance p<0.05 (Student’s t-test). NS: non significant. 

MDTs are highly viable over a 15-day culture period 

A key feature in establishing an adequate ex vivo response prediction model is the ability to maintain 

the viability of cancer cells over a certain culture period. We have previously shown that MDTs derived 

from cell-line xenograft tumors could maintain a stable viability over a 15-day culture period41. We 

evaluated the proportion of apoptotic and proliferative epithelial cells by cleaved caspase-3 (CC3) and Ki-

67 IF staining, respectively, in MDTs immediately after the microdissection as well as after 4, 8 and 15 days 

of culture (Figure 5). Our results showed that the MDTs maintained high levels of epithelial cell viability 

over time (Figure 5) and suggested that the level of sustained viability was highly dependent on the cellular 

composition and tissue used. Of note, MDTs at day 0 showed higher levels of apoptosis, which may be due 

to potential stress factors induced by the microdissection procedure. 
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Figure 5: High viability was sustained in epithelial content within MDTs over a 15-day culture period. A) 

Representative images of the PT and MDTs of patient 9454, stained for apoptotic (CC3) and proliferative (Ki-67) 

markers, as well as CK8/18 for epithelial cells. B) Histograms of epithelial content, and apoptotic and proliferative 
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ratios for each patient. A minimum of 15 MDTs (technical replicates) were analyzed per condition. Scale bar = 50 µm, 

magnification = 20x. 

MDTs show potential to predict patient clinical response to combination chemotherapy  

A major obstacle in the clinic is the inability to identify with sufficient accuracy the most effective 

therapeutic regimen for each individual patient with sufficient accuracy. To validate the utility of our ex 

vivo model system for this purpose, we compared the treatment response of MDTs to the patient-matched 

clinical response of the same therapeutic combination, carboplatin/paclitaxel (C/P). All OC patients 

underwent cytoreductive surgery followed by the standard first-line chemotherapy treatment 

(Supplementary Table 2). The ex vivo C/P concentration was based on the approximate physiological blood 

concentrations calculated in patients, at 300 µM and 80 nM respectively (using a carboplatin dosage of 300 

mg/m2 and a paclitaxel dosage of 175 mg/m2, an average body surface area of 1.7 m2 and an average blood 

volume of 4.5 L). The clinical response of patients in the cohort was determined based on the Gynecological 

Cancer Intergroup (GCIG) definitions of fluctuations in CA-125 levels during and after six chemotherapy 

treatment cycles46. Abdominal-pelvic scans were also taken into consideration at 3 to 6 months after the last 

treatment cycle to detect the presence of metastatic lesions (Supplementary Table 2). Patient clinical 

responses were classified into three categories: sensitive (CA-125 in normal range with no presence of 

metastatic lesion 6 months after the last chemotherapy cycle), platinum-resistant (CA-125 increase with the 

presence of metastatic lesions between 3-6 months after the last chemotherapy cycle) and refractory 

(continuous high CA-125 levels with the presence of metastatic lesions at 3 months after the last 

chemotherapy cycle). To identify treatment response in MDTs, IF assays were conducted to compare the 

proportion of apoptotic (CC3) and proliferative (Ki-67) epithelial cells between untreated and treated MDTs. 

We plotted our predicted ex vivo analysis versus the matched patient clinical response based on patient 

sensitivity to chemotherapy within the SPSS program to produce ROC curves (Figure 6A) to pinpoint the 

most stringent ratios for classification of patient response in an ex vivo setting. Our results showed that the 

cut-off values were 1.785 for CC3 ratios and 0.705 for Ki-67 ratios (Figure 6A). Therefore, a ROC 

classification of 1 was given for values of CC3 ratio lower than 1.785 and for values of Ki-67 ratio higher 
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than 0.705 (Table 2). This divided patient-derived MDT chemo-sensitivity into two groups: responders 

(sensitive) with a ROC status of 0, and non-responders (platinum-resistant and refractory) with a ROC 

response status of 1-2 (Table 2). An example of a responder and non-responder classification is shown in 

Figure 6B-D: MDTs derived from patient 10505 showed significantly higher apoptotic (3.83) and lower 

proliferation (0.27) ratios than non-treated controls (responder), whereas MDTs from patient 9454 showed 

no significant changes in proliferation (0.75) or apoptotic (1.53) ratios (non-responder) (Figure 6C-D). 

Importantly, a similar epithelial cell content was observed between untreated and treated MDTs (Figure 

6B). These classifications corresponded to the clinical outcomes of these patients indicated by clinical CA-

125 levels (Figure 6E, Table 2). Our response prediction panel is composed of 17 patients in which complete 

clinical follow-up. The comparison results showed a positive correlation of 88.2% (Figure 6F, green cases) 

between the MDT treatment response (Table 2) and clinical response (Supplementary Table 2) in our cohort. 

These results suggest that MDTs have strong potential in predicting the patient sensitivity to treatment. 

Table 2: Ex Vivo response and classification 

Biobank 
ID Treatment Ex Vivo 

Response 
Apoptotic 

Ratio 
Apoptotic 

Classification† 
Proliferative 

Ratio 
Proliferative 

Classification‡ 
Response 
Status* 

9061  NR 1.03 1 0.94 1 2 
9443  NR 1.18 1 1.13 1 2 
9447  NR 0.61 1 0.45 0 1 
9454  NR 1.53 1 0.75 1 2 
9532  R 4.20 0 0.32 0 0 
9562  R 2.08 0 0.62 0 0 
9704  R 2.54 0 0.54 0 0 
9808  R 3.65 0 0.46 0 0 
10329 C/P R 2.04 0 0.31 0 0 
10381  R 2.60 0 0.62 0 0 
10499  R 2.11 0 0.57 0 0 
10505  R 3.83 0 0.27 0 0 
10520  R 6.03 0 0.28 0 0 
10547  R 3.04 0 0.42 0 0 
10557  NR 0.85 1 1.06 1 2 
10627  R 5.71 0 0.34 0 0 
10645  R 2.08 0 0.45 0 0 
C/P: Carboplatin/Paclitaxel; NR: non-responder (response status of 1 or 2), R: responder (response status of 0), †: Apoptotic ROC 
of 1 if CC3 ratio < 1.785, ‡: Proliferative ROC of 1 if Ki-67 ratio > 0.705, *: Response status was calculated as the sum of both 
ROC values. Dashed lines indicate that the values apply to all lines.   
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Figure 6: MDTs accurately predict patient clinical response to combination chemotherapy. A) ROC curve used 

to classify ex vivo response using two variables. B) Bar graph showing percentage of epithelial cell content between 

untreated and treated MDTs. Scatter box plots of the normalized area of expression of C) apoptosis marker CC3 and 

D) proliferation marker Ki67 for two patient samples representative of each response group. E) Clinical CA-125 levels 

of both patients over time. F) Table showing the correlation between ex vivo and clinical response (green signifies a 

positive correlation, red signifies a negative correlation and yellow signifies lack of clinical follow-up to confirm 

prediction). A minimum of 15 MDTs (technical replicates) were analyzed per condition.  
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2.3.2.5 Discussion 

The complexity of primary tumors reflects the different response rates of individuals to the same 

drug regimens. Fundamental studies suggest that tumors are composed of a sub-population of cancer cells 

that contain different genotypic alterations and phenotypic characteristics that allow them to control their 

microenvironment to benefit their growth17,18,47. The TME has been shown to markedly impact the response 

rate of patients, hence the high importance of incorporating its presence in preclinical models to better reflect 

patient-specific responses to drugs35. Here, we show that our ex vivo tumor-derived model system better 

maintained the primary tumor’s genetic composition than PCCs. However, we observed some discrepancies 

in MDTs between the day of microdissection procedure and days 8 and 15 of culture. KEGG analyses 

showed that pathways involved in stress-induced cell fate were downregulated when compared to the PTs. 

We hypothesize that when MDTs were given the time to recover from the microdissection, they were able 

to overcome certain stress factors. In addition, we show that the various TME cell lineages were maintained 

from the PTs over the course of a 15-day culture period, and that the epithelial cancer cell count in our 

MDTs maintained a highly viable state, representing accurate controls for drug response assays. This would 

provide the opportunity to study the effect of cytostatic drugs, which take longer to attain a statistically 

significant drug response.  

The use of treatment response markers is pivotal in accurately predicting the patient’s drug response. 

The C/P combination is the standard first-line treatment course for all OC patients. Carboplatin48 is an 

alkylating agent that disrupts DNA function and paclitaxel49 is a microtubule-stabilizing drug that causes 

cell cycle arrest in the mitosis phase. Both drugs induce cell death by activating the intrinsic apoptotic 

pathway in cells, which was monitored by CC3 and Ki-67 markers to classify responsiveness to 

chemotherapy in our EOC cohort. Caspase-3 is an executive protein that is activated by cleavage in the late 

stages of cellular apoptosis induced by various stimuli including chemotherapeutics. Ki-67 is a marker 

involved in all phases of proliferation and is considered an important biomarker in pathology. Thus, the 

level of Ki-67 positive cells within a primary tumor is frequently analyzed to assess aggressivity of cancer 

cells and is correlated to disease staging50-52. Thus, in our EOC patient cohort, cleaved caspase-3 (CC3) and 
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Ki-67 markers were used to classify response to chemotherapy (assess cells activating the apoptosis pathway 

versus cells strong enough to resist treatment). This proof of principle study showed that MDTs reliably 

predicted the clinical response of 15/17 EOC patients. However, further validation of the sensitivity of the 

model’s predictive potential is required on a larger patient cohort. 

PDX53-55 and organoid56,57 models of EOC have shown promise, predicting anti-cancer drug 

response with clinical data in matched patients. These tumor-derived model systems are important 

preclinical models for the screening and development of novel therapies to closely resemble clinical 

response. Genetically, these models show a close relationship to the matched primary tumor. However, 

PDXs often rely on the use of immunodeficient mouse models without retention of the natural TME of the 

patient and are subject to the infiltration of mouse cells over the course of sequential passaging. For organoid 

models, production is based on the complete dissociation of the tumor specimen into single cell suspensions 

to re-establish the tumor using Matrigel and nutrient-rich medium, while removing components of the TME 

or sub-clonal population of cancer cells. Furthermore, the use of these models as a clinical guidance tool is 

impractical as they have lengthy generation times and low succession efficiency. 

Amongst other ex vivo models, tissue slices and recently published 3D patient-derived spheroids 

have shown similar positive correlations to the clinical response. Tissue slices are often 300-500 µm thick 

slices of varying lengths and often rely on plastic 96-well dishes for culture, which reduces the oxygen 

supply to the tissue core and increases hypoxia-induced necrosis, reducing the potential use of this model 

system36-39. 3D patient-derived spheroids have recently been developed56 as an analytical tool to predict 

patient response in EOC patient samples.  While the authors showed a 90% success rate in producing 

spheroids from whole tissue and biopsy specimens, the dissociation procedure resulted in low cell viability. 

In addition, response was evaluated by the presence of a panel of cytokeratins, which are not indicative of 

drug-induced responses. In contrast to tissue slices and 3D patient-derived spheroids, MDTs are cultured in 

specifically designed microfluidic devices fabricated from polydimethylsiloxane (PDMS) that is gas 

permeable, allowing a constant supply of oxygen. The size of channel to media volume ratio allows MDTs 

to have access to sufficient nutrients for up to 72 hours40. We show that the natural TME is maintained, and 
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that the survival of various cell lineages is sustained for a 15-day culture period using the MDTMA 

histological tool. Furthermore, the micro-size of our model system also broadens the use of limited tumor 

specimens, especially biopsies, which determine the diagnosis for many cancers.  

Due to its high viability over a prolonged culture period, our model system allows for more testing 

of different drugs that require more time for anticancer activity, including chemotherapeutics, small 

molecules and monoclonal antibodies. More specifically, poly (ADP-ribose) polymerase inhibitors (PARPi) 

have been approved as a maintenance treatment in EOC patients that carry BRCA mutations and have a 

complete or partial response to chemotherapy58. Preclinical studies have shown that PARPis takes up to 6 

days to induce an apoptosis cascade59,60, which is feasible using our model. Accordingly, we can further test 

PARPis alone or in combination with chemotherapies in biopsied specimen to evaluate their effect in a neo-

adjuvant or adjuvant setting. Furthermore, our MDTMA read-out tool can easily be adapted to analyze 

specific antibodies associated with drugs of interest. For example, PARPis induce DNA damage that can be 

detected by increased γ-H2AX foci within Ki-67-positive cancer cells.  Our model provides opportunities 

to adapt for different cancer types and treatment alternatives to better predict patient assessment in a 

clinically relevant timeframe.  

Beyond facilitating a personalized approach in cancer care, our model system is an integral tool for 

fundamental research studying cancer cells and their TME components for the discovery of novel targeted 

therapeutic strategies. In addition, drug discovery pipelines are long and costly with success rates of only 

11.8% for novel drugs entering the market61, due in part to a lack of adequate preclinical models. Thus, the 

incorporation of our ex vivo tumor-derived MDTs as a more representative preclinical model can serve to 

evaluate the efficacy of novel therapeutics prior to conducting costly clinical phase trials. 

Our results show that MDTs can serve as a platform model to evaluate the efficacy of drugs on 

patient samples, which would improve patient-personalized treatment plans and increase patient overall 

survival, while eliminating ineffective agents with lots of undesirable secondary effects. Moreover, our 

model can give preclinical insight for potential clinical phase studies, to ameliorate the percentage of 

effective drugs entering the marketplace. 
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2.3.2.11 Supplemental tables and figures  

Supplemental Table 1: Primary and secondary antibodies used for immunofluorescence analysis 

 

Supplementary Table 2: Clinical data of patients in response prediction experiment 

Biobank 
ID 

Cyto-
Reductive 
Surgery, 
Residual 
Disease† 

Type of 
First-Line 
Treatment 

CA-125 Abdominal-
Pelvic Scan 
Post-C/P 
Response 

Other pertinent 
information Pre-

Surgery 
Pre-
C/P 

End of 
C/P 

3 mox 
post-
C/P 

6 mos 
post-
C/P 

9061 Complete  918 110 29 62  - Refractory Pacli/Bevacizumab 2 
months post C/P 

9443 Optimal  320 234 78 41 77 Sensitive Slow progressive tumor 

9447 Sub-Optimal  5821 2653 134 473 4801 Platinum-
Resistant 

Carboplatin/ Caelyx 4 
months post C/P 

9454 Complete  350 231 14 48 384 Refractory  
9532 Complete  214 12 10 8 8 Sensitive  
9562 Sub-optimal  1549 1095 9 7 6 Sensitive  
9704 Complete  302 10 8 8 8 Sensitive  

9808 Complete  Carboplatin/
Paclitaxel 660 37 13 13 13 Sensitive  

10329 Complete  302         Sensitive  
10381 Complete  81 14 14 12 12 Sensitive  
10412 Complete   13   6.6  6.6     
10499 Complete   1157 1297 17 17 17 Sensitive  
10505 Complete   172 41 7 7 19 Sensitive  
10520 Complete   1136 60 3 3 3 Sensitive  
10547 Complete   1850 - 7 7  7 Sensitive  
10549 Complete   795 656         

10557 Complete  38 38 5 5    Hormone therapy 3 
months post C/P 

C/P: carboplatin/paclitaxel; †Residual Disease: optimal if ≤1 cm, sub-optimal if ≥1.0 cm, complete if no lesions; Dashed lines 
indicate that the values apply to all lines.  Yellow denotes lack of clinical follow-up for the indicated timepoints. 
 

Primary Antibody Dilution Primary Antibody 
Reference 

Secondary 
Antibody 

Secondar Antibody 
Reference 

Mouse Anti-CD34 1:2 1563230, Agilent, Saint-
Laurent, Quebec, Canada Mouse Alexa-488 A11029, Thermofisher 

Mouse anti-CD45 1:50 M0701, Agilent Mouse Cy5 A21236, Thermofisher 
Mouse anti-CD68 1:50 M0876, Agilent Mouse Alexa-546 A11035, Thermofisher 

Rabbit anti-CK8/18 1:2 IR094, Agilent Rabbit Alexa-750 A21039, Thermofisher 

Mouse anti-FAP 1:200 MAB3715, Cedarlane, Cork, 
Ireland Mouse Alexa-546 A11035, Thermofisher 

Mouse anti-Ki67 1:500 9449, Cell Signaling 
Technology, Danvers, MA Mouse Alexa-546 A11035, Thermofisher 

Rabbit anti-CC3 1:200 9661, Cell Signalling 
Technology Rabbit Cy5 A10523, Thermofisher 

Mouse anti-CK8 1:200 MA514428, Thermofisher Mouse Alexa-488 A11029, Thermofisher 

Mouse anti-CK18 1:200 6259, SantaCruz, Dallas, 
Texas Mouse Alexa-488 A11029, Thermofisher 
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Supplemental Figure 1: Microarray analysis of patient samples. A) Hierarchical clustering analysis of over 20,000 

genes performed with MeV. B) Volcano plots showing the number of differentially expressed genes between each 

model type and PTs for all five patients. A total of 15 MDTs (technical replicates) were analyzed per condition. P0: 

passage 0, P2: passage 2. 
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Supplemental Figure 2: Tumor microenvironment cell lineage present for each patient over a 15-day culture 

period. Scatter box plots of the average expression of the marker for A) endothelial cells, B) monocytes, leucocytes 

and C) cancer-associated fibroblasts for each patient. Data are represented as the mean + SEM. A minimum of 15 
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MDTs (technical replicates) were analyzed per condition for each patient. Statistical significance p<0.05 (Student t-

test). NS: non significant. 
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3 DISCUSSION 

This thesis describes the characterization and validation of the ex vivo tumor-derived model system. 

The first chapter of this thesis confirmed the feasibility of casting MDTs in paraffin with simple steps, 

reducing the potential tissue damage caused by off-chip manipulations. Preliminary characterization of 

MDTs produced from cell line xenograft tumors suggested that MDTs, derived from cell line xenograft 

tumors, mirrored the intra-tumor heterogeneity found in solid tumors and maintained high viability for 15 

days of culture that was comparable between the MDTMA technique and flow cytometry. In addition, the 

utility of MDTs can be expanded to simultaneous characterizations of multiple biological pathways in the 

response to stimuli to examen mechanistic effects. The second chapter of this thesis highlighted the 

importance of MDTs as a preclinical model. Our comparison of cancer models validated that by establishing 

a proper treatment regimen for a drug of interest, the ex vivo models reliably mirrored the chemosensitivity 

profile of in vivo models. This demonstrated that the complexity of ex vivo tumor-derived model systems 

was similar to gold standard in vivo pre-clinical models that test for drug efficacy. Finally, the third chapter 

of this thesis characterized the TME within MDTs derived from patient tumor samples and was the first 

clinical comparison study to evaluate their predictive potential and utility as a clinical guidance tool. The 

results from this study revealed that the gene expression profiles between MDTs and matched primary 

tumors were highly correlated compared to primary cell cultures. In addition, the TME, which plays a pivotal 

role in patient-specific response to drugs, is well preserved within MDTs over the course of the 15-day 

highly viable culture period. Also, preliminary data performed on a small cohort of EOC patients showed 

that prediction of response was highly sensitive and allowed therapeutic responses to be evaluated prior to 

treatment. Ultimately, our work suggests that this model system can be used for a variety of solid tumors, 

benefiting not only OC and PC cancers but other types of cancers that are faced with similar clinical 

challenges.  

MDTs have several advantages as a preclinical model to screen drug efficacy on patient tumors as well 

as a clinical guidance tool to personalize treatment plans. The main advantage of MDTs when comparing 
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to other ex vivo tissue slice cultures are their size and culture platform that utilizes microfluidic technology. 

This combination strategy reduces sample size needed and reagent consumption6 benefiting the use of scarce 

tissue and lower volume of expensive therapeutic agents. The specific design of the microfluidic device 

allows for precise spatiotemporal control of fluids and ability to maintain a constant supply of oxygen147 as 

well as size to media volume ratio to sustain enough nutrients for several days in a non-perfused setting. In 

addition, the culture platform allows for micro-sized tumors to preserve their natural TME better mimicking 

human malignancy6,151. In comparison with other ex vivo models144,148, MDTs are cultured in media without 

supplemental growth factors that can alter cellular responses and the cell epigenome. The average viability 

of ex vivo tissue slice cultures remain limited to 8 days140,146 whereas MDTs can sustain a confirmed viability 

of 15151 days widening the range of therapeutic and biological studies analyzable including various cycles 

of chemotherapy or the effectiveness of cytostatic drugs. This suggests that patient samples can be analyzed, 

depending on the course of treatment given, in a 1 to 3-week time frame, representing an ideal drug 

prediction model.  

3.1 Importance of results 

The work shown throughout this thesis contains important additions to the literature. The robustness and 

simple design of our ex vivo model system rationalizes its potential impact in a translational research, clinical 

and pharmaceutical setting. The throughput casting of MDTs in paraffin was developed to be reliable and 

easily adaptable to PDMS-based microfluidic culture platforms.  This histological read-out methodology 

was adapted from the commonly used FFPE procedure that is the gold standard technique in clinical 

pathology. Similarly, our procedure reflects the ability to produce a substantial amount of analyzable 

slices151, which is proportional to the tissue volume, allowing for the analysis of a large spectrum of 

antibodies to be done in a consecutive manner. In comparison to other ex vivo tissue slice studies, FFPE 

remains the standard technique used. Kang et al group152 created a micro-pillar array for hydrogel-supported 

3D spheroids in order to cast spheroids in OCT and paraffine for imaging further resembling our MDT and 

MDTMA methodology. This technique relies on the production of spheroids within a hydrogel and 
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incorporation into an OCT or paraffin block without disrupting the spherical nature of the model and while 

maintaining the original alignment of the spheroids within the hydrogel. In contrast, their technique is 

restricted to 3D spheroids model and have a low throughput potential due to its 9-spheroid capacity152. In 

addition, we showed that our model can follow biological pathways involved in tumor progression including 

NF-kB pathway and drug response by following the activation of an apoptosis effector, caspase-3151. These 

experiments were chosen to provide the proof of concept to support the use of this platform to study tumor 

biology, to validate fundamental research on tumor biology and drug efficacy on fresh tissue samples. 

Compared to the literature, very few papers have shown similar findings using their ex vivo models.  

To compliment methodological and proof of concept findings, we’ve validated the preclinical relevance 

of our ex vivo model system. The use of preclinical models in drug discovery is crucial to the development 

of effective therapeutic options. The model comparison study (Chapter 2.2) showed that the carboplatin-

sensitivity profile of MDTs better reflects gold standard in vivo models whereas 2D monolayers and 3D 

spheroid models provide some discrepant results. In the literature, very few papers have compared 

sensitivity profiles of standardly used drugs between typically used preclinical models. In 1984, Erlichman 

and Vidgen153 were amongst the few to compare the cytotoxicity of adriamycin in colon cancer models 

showing that 3D spheroid models better reflect in vivo response compared to monolayer cell cultures. Thus, 

this work brings high impact and relevance to the literature as it incorporates a more modern spheroid 

formation methodology and sophisticated tumor-derived model system. The strength of our work relies on 

the comparison of independent carboplatin sensitivity ranking across models using same cell lines, 

normalizing the variability between model systems. In addition, the analysis was performed on 6 cell lines 

of different histological subtypes of ovarian cancer, broadening the feasibility and reproducibility of the 

results. This study further highlights the importance of properly selecting preclinical models for drug 

sensitivity assays as well as better understanding the heterogenous variations that exists between the 

different model systems.  

From a clinical perspective, fresh tumor-based model systems continue to show relevance in representing 

the heterogeneity found in solid tumors compared to cell line-based models. The extensive characterization 
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of our ex vivo tumor-derived MDT model supports its ability to reflect patient-specific drug responses. These 

findings demonstrate that MDTs can maintain similar gene expression profile, throughout their 15-day 

culture period, as in the primary tumors. In addition, the natural TME is also maintained reflecting an 

abundance of nutrients in culture media to sustain high viability and preservation of cell lineages in the 

tumor model as well as a high predictive potential. In comparison to the literature, there exists a large 

spectrum of patient-derived model systems that have impacted scientific research including tissue 

slices142,144,146, PDX130,154,155, organoids120,133,156 and novel patient-derived spheroids131. Our model system 

adds to this impact by providing a micro-dissected version of tumor-derived model system to compliment 

some of the limitations seen in these models. Extensive studies have been made on PDX and organoid 

models showing major limitations in its usefulness as clinical guidance tool. There is a lack of TME 

components found in PDX130,154,155 and organoid120,133,156  models as well as a low production rate and highly 

time-consuming. In addition, no paper, thus far, has characterized the TME seen in tissue slice and tumor-

spheroid models, only similar genetic composition as matched primary tumors131,142,144,146. There is an 

importance in characterizing the TME in patient-derived models to show the potential to explore different 

therapeutic avenues and increase its utility as a preclinical and clinical model in a research, clinic, and 

pharmaceutical setting. In addition, the pilot study performed on MDTs showing its relevance in predicting 

patient-specific responses to chemotherapy was done on a small cohort of patients, bringing a limitation in 

the study compared to tissue slice culture models142,144,146. This needs to be further validated on a larger 

cohort. Based on Peduzzi et al., a cohort of a minimum of 100 patients should be used to have the same 

predictive value as other studies in the literature157. This patient number cohort is based on the cancer 

progression rate and the number of variables under investigation (treatment, biomarkers, comparison 

strategy). Furthermore, ex vivo models have created a scientific research platform to aid in scientific and 

clinical research to better dictate patient response to drugs. The long-term advantage of this model will 

reduce the use of ineffective therapies on cancer patients and minimalize the burden of failed clinical trials 

of drugs with high toxicity.  
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3.2 Methodological challenges encountered  

There exists a variety of analysis modalities in cancer research that have been shown to accurately 

evaluate the treatment response and drug monitoring. Our ex vivo model’s culture platform is fabricated 

using a transparent polymer, PDMS, to facilitate the use of imaging modalities including confocal 

microscopy. The simplicity of the culture platform design allows easy disassembly to gain access to the 

MDTs allowing for flow cytometry analysis to be performed. However, each of these techniques have 

limitations. Confocal microscopy has an imaging depth limitation, which creates an undefined region at the 

core of the MDTs resulting in poor visualization of response. On the other hand, flow cytometry requires a 

complete dissociation of the MDTs to obtain single-cell suspension, which impacts overall survival of cells 

and results in destruction of tissue architecture and morphology. 

To circumvent the disadvantages related to confocal microscopy and flow cytometry, we developed an 

assay that would preserve the tissue architecture and morphology while identifying treatment response using 

well-known biomarkers. Histological staining in combination with predictive biomarkers for diagnostic 

purposes, further facilitates clinical decision-making. The predictive potential of patient outcome using 

these biomarkers relies on computed statistical analysis in which clinicians may over-estimate the likelihood 

of response. To prevent this, we developed a Micro-Dissected Tissue Micro-Array (MDTMA), merging the 

standard paraffin embedding protocol with microfluidic technologies to empirically test the patients’ 

response to therapeutic agents through the use of proliferative and viability biomarkers. MDTMAs represent 

an innovative tool that takes advantage of the throughput nature of microfluidics and Tissue Micro-Arrays 

(TMAs) to handle, probe and analyze large quantities of patient samples with simple manipulations and 

clinically available techniques. The advantage of this technique is highlighted by their pathology-based 

nature and semi-automatable applications, which the clinic is highly familiar with compared to confocal 

microscopy and flow cytometry.  

 The development and optimization of this histological tool to assess tissue architecture and cellular 

morphology of MDTs was very challenging due to precise multi-step procedures. The ultimate goal to 

transfer the MDTs from their original culture platform into a paraffin block, without manipulating the 
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specimens, was based on standard FFPE protocols. This procedure is initiated with an important formalin 

fixation step to inhibit cellular processes, preventing tissue degradation and preserving tissue 

architecture158,159. The effective exposure time was identified based on theoretical and experimental 

understanding of the fixative to avoid an over fixation of tissue, which can lead to epitope masking and 

decreased immunoreactivity160,161. A dehydration process is further assessed to maintain and preserve 

cellular morphology. This process remains the most crucial such that water retention within the tissue 

impacts the morphological features of the cells and tissue composition. The visualisation of MDTs is 

performed during the dehydration process such that the cytoplasm and connective tissue regions of the 

MDTs were stained with a red biological stain, phloxine B, which does not interfere with histological 

techniques including IHC, IF or H&E staining. A clearing agent such as xylene is then used prior to paraffin-

embedding to help displace the ethanol within the tissue and allow for better infiltration of paraffin wax162. 

The infiltration of paraffin within the tissue can take between 20 minutes to several hours depending on 

tissue size, however the incubation time does not affect the overall result160 (Appendix 2). With this 

technique, all MDTs from the chip could be integrated into a block while maintaining their natural 

microfluidic alignment, further allowing the analysis of up to 4 different treatment conditions with just one 

MDTMA slice. Every step of the procedure was thoroughly optimized to obtain samples with accurate 

architecture, morphology and proper epitope presentation (Appendix 3, Figure 1).  

 The ability to retain MDTs on microscope slides is extremely important to obtain high-density 

analyses. As previously mentioned, the number of MDTs, at experimental endpoint, is a limiting factor in 

attaining statistically significant results. Thus, sliced MDTMA blocks were placed on superfrost™ 

microscope slides and histological techniques were done to look at various cellular components and cell 

fates. The results suggested that H&E staining techniques did not highly influence the retention of MDTs 

on the microscope slide, however, some MDTs moved and so were not in their original placement. In 

addition, IHC and IF staining using a BenchMark XT automated stainer on same slides showed over 80% 

loss of MDTs. Several staining experiments were performed on MDTs derived from various cell line 

xenograft tumors showing same level of loss (Appendix 3, Figure 2A). In addition to MDT loss, the MDTs 
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remaining on the microscope slide were folded or blurry justifying a low retention (Appendix 3, Figure 2B). 

To resolve this problem, we extensively investigated different microscope slides and focused on the 

Matsunami TOMO® hydrophilic adhesion slides, which have a strong positive charge increasing adhesive 

properties for high tissue and cell retention. In addition, the hydrophilic surface is highly durable to thermal 

treatment. Experiments were conducted comparing MDT retention between the two types of microscope 

slides. The results suggest that the TOMO slides have a higher retention rate than the superfrost™ slides, 

the staining was adequate for analysis and tissue folding did not occur (Appendix 3, Figure 2C). This critical 

optimization greatly improved the ability to maintain and preserve MDTs for histological staining.  

Primary tumors contain high heterogeneity, playing a pivotal role in treatment specific responses. 

This feature has been highly discussed throughout various chapters of this thesis. One of the studies 

performed characterized the number of MDTs that were required to attain statistical significance, done in 

collaboration with Polytechnique de Montréal. This study was based on cell line xenograft tumors that were 

highly homogenous. Mathematical simulation, based on the Monte Carol method (a computerized algorithm 

that relies on repeated random sampling), a minimum of 15 MDTs were needed to attain statistical 

significance and that the standard deviation was not drastically altered when compared to 20 MDTs. This 

theoretical calculation was applied by randomly identifying 15 regions of the primary tumor that were 

identical in size as the MDTs and comparing their protein expression of epithelial markers to 15 MDTs. The 

results showed that the average expression between the 15 randomly chosen regions of the primary tumor 

and 15 MDTs were extremely similar with ± 3.5% difference151. Since patient primary tumors are 

heterogeneous, the number of MDTs required for statistical significance would be highly dependent on the 

tumor cell content within primary tumors. On average, we estimate that a minimum of 15 MDTs is 

sufficient. In addition, depending on tissue characteristics, there can be some loss of MDTs through media 

change and histological techniques performed, reducing the total number of MDTs at the end. With the 

uncertainty of the percentage of cancer cells within a tumor specimen due to high heterogeneity and precise 

knowledge of technique, a larger number of analyzed MDTs is recommended to attain relevant statistical 

significance with small error bars.  
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3.3 Clinical challenges and limitations  

Our ex vivo 3D organotypic model was optimized to address the multiple critical clinical challenges 

described throughout this thesis. The main goal was to develop a tumor-based model system that could 

predict treatment response in patients who were diagnosed with solid tumors. Early studies6,147 have shown 

the merits of the micro-dissection procedure performed on whole tumors and biopsies, in preserving specific 

tissue characteristics and the stabilization of micro-scaled tumors within microfluidic devices. However, 

there are several clinical challenges and limitations that have created hurdles in the development of MDTs 

as a preclinical model.  

There are three principal tissue characteristics identified, which restrain the production of workable 

MDTs. First, friable tissue required fast and efficient microdissection as these tissue slices and MDTs are 

more likely to break apart and expand in a saline solution. Second, gelatinous tissues are often quite sticky 

and elastic and do not slice and punch well. Among the MDTs that are produced from gelatinous tissues, 

they are either too large or too small to perform any experiments. Third, tissue with a high fat content is not 

usable in our model as they produced MDTs that float in solution and will not stabilize within the chambers 

of the microfluidic device. This will result in complete loss of MDTs during medium changes and treatment 

induction. Therefore, tumor specimens that are gelatinous or of soft tissue with cloud-like features and high 

in adipose tissue are not compatible with our system. These types of tissues are not amenable to slicing and 

chopping, which can result in tissue fragments of inadequate diameter. Moreover, tissue punches with these 

types of specimens form empty pockets that generate small inferior MDTs for loading or MDTs that float 

and cannot be trapped in the devices. Therefore, our model system is tissue- and cancer subtype-dependent.  

In addition to the tissue characteristic challenges, the tumor cell content is highly important for any 

biomarker-based analysis, thus the cancer site that is under investigation will affect the usability of the 

MDTs produced. This is a hurdle that should be thoroughly characterized prior to initiating extensive 

treatment response analyses. In general, our results show that low levels of cancer cells present within the 

tumor specimen will provide inadequate representation level of cancer cells within the MDTs produced. 

This will further reduce the significance of the results. For example, PC is diagnosed at an early stage due 
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to adequate screening measures. For this cancer, there is a clinical need to differentiate between low and 

high-risk PC patients to provide a better treatment plan for those with indolent versus aggressive PC disease. 

As a result, there is a lack of cancer cells present in and around all glands of the prostate, which may be a 

limiting factor for our 3D ex vivo tumor-derived model. To overcome this limitation, a larger number of 

MDTs, per experimental condition is needed to evaluate drug response, further reducing the throughput 

potential of this model system. Unpublished proof of concept data showed that by using 3-4 biopsy 

specimens, only 25% of MDTs analyzed had sufficient material to study viability and drug response using 

both flow cytometry and histological techniques. In addition, we performed treatment response analyses on 

very few PC patient samples, reflecting a high variation in culture viability in untreated specimen as well as 

an accurate representation of treatment response according to level of risk of the patient (Appendix 3, Figure 

3). The little data obtained on PC samples suggests that in this model system it may be more valuable, from 

a clinical perspective, to test drug efficacy on advanced stages of PC specimen such as cancer cell rich 

transurethral resections of the prostate (TURP) to better guide treatment in advanced disease.  

As previously described, each tumor will retain various challenges that can either be simple or difficult 

to overcome. Solid tumors including melanoma, renal, hepatic, pancreatic, cervical and uterine cancers 

amongst others, may easily overcome some minor hurdles such as identifying the most suitable media due 

to their natural high tumor content, however other cancers may have a larger list of hurdles as seen in PC, 

such as breast, bladder, esophageal cancers among others. In the context of breast cancer would be 

challenging due to its high fat content, that tends to float in solution. To explore the avenues and potentially 

resolve this hurdle, there are several collaborative measures that can be ideal. It has been shown that 

spectroscopic techniques including raman spectroscopy163 would potentially help differentiate between fat 

and tissue content as well as normal versus malignant cells. Raman spectroscopy relies on light scattering 

techniques where molecules vibrate at different wavelengths according to chemical structure, phase and 

polymorphy chances as well as crystallinity and molecular interactions. By these means, fat cells can be 

discriminated from cancer cells and normal cells to help identify usable tissue specimen for MDT 

production. The improvement of technology can impact the ability to overcome certain difficulties.  
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Our model system contains various other limitations involving its ability to recreate certain 

characteristics of the human component. The TME results stipulated that the vasculature system located in 

the patient tumor specimen is affected by the microdissection procedure due to slicing of the circulatory 

component. Consequently, studies that examine the effect of drugs on the angiogenesis mechanism in cancer 

cells, such as Bevacizumab, would be difficult to study. In addition, the model itself is not a representation 

of how cancer subsists in the human body. The microfluidic device acts as a homing matrix for the tumor 

specimen and provides the appropriate amount of nutrients and oxygen to the MDTs for growth and 

nourishment. However, since the host components including a working liver and gut microbiome, studies 

that aim at understanding the role of drug metabolism by the liver or the gut microbiome implication in drug 

response create hurdles that are quite hard to overcome but not impossible. There already exists various 

microfluidic designs to study the vasculature system164,165, however, to study microbial bacteria implication 

on drug efficacy remains a challenge. In addition, there exists numerous culture organ-on-a-chip 

platforms166,167, to study the effect of drug metabolism and metastatic burden as well as to evaluate how 

tumor cells communicate with normal tissue via exosome excretion. These platforms broaden the ability to 

overcome some hurdles. For example, by combining the culture platform designed for MDTs with the 

organ-on-a-chip design it would be possible to study how drugs are metabolized by the liver and how much 

active moiety reaches the tumor of interest. By forming collaborations and exploring other avenues of 

microfluidic technology the development of culture platforms can readily help better understand cancer 

biology and drug efficacy further exploiting clinical avenues that are challenging.  

3.4 Reflecting clinical assessment 

Response to drugs can vary between different cell types and tumors, such that each drug will 

implement a new challenge. Therefore, an adequate characterization and optimization of the drug of interest 

must be evaluated on an individual basis for the specific cancer type. The greatest difficulty in ex vivo 

modelling is defining the treatment regimens and concentrations that allow for clinical interpretation. 

Parameters in understanding drug activity and administration including equivalent drug concentration, 
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bioavailability, drug half-life and treatment course, need to be addressed in order to ensure that drug 

pharmacokinetics is comparable to what patient receive.  

One of the widely used standard treatments in cancer care consist of chemotherapeutics. These are 

often administered intravenously for several cycles to ensure efficacy. In OC care, a combination therapy is 

often used, such that the dose recommendations differ per drug. Ideally, model systems should be able to 

replicate the effect of the drug when administered at a dosing equivalent to the clinic. There exist various 

strategies to calculate equivalent clinical drug concentration for ex vivo model. One of the most widely used 

is based on the drug concentration, drug molecular weight, body surface area and blood volume for an 

average individual diagnosed with the disease in question. These various components must be taken into 

consideration prior to investigating the effect of a drug. 

The MDTMA microfluidic chip design was developed for histological analysis procedures, which is 

based on the use of antibodies to evaluate drug response and efficacy. There are several drug-induced cell 

fates such as cellular apoptosis168, senescence169, hypoxia and autophagy170,171 among others. For each cell 

fate, there are specific proteins that are activated or inhibited in the presence of a drug and can be assessed 

using histological techniques (Table 5). However, to clearly confirm the induction of cell fates including 

senescence and autophagy, other analysis techniques that are standardly used can be adapted for ex vivo 

MDTs. These include ELISA, Western blots and PCR techniques. As mentioned in Table 5, cells that 

develop senescence phenotypes will produce a senescence-associated secretory phenotype (SASP) that can 

be collected in the media and analyzed through ELISA techniques. In addition, there are several proteins 

and genes that are highly expressed in a senescent, necrotic and autophagic cell that have been optimized 

for Western blot and PCR analysis, respectively26,170,172. We have optimized a technique to dissociate cells 

to extract RNA, DNA and protein in order to perform these analyses, increasing the robustness of this ex 

vivo model in a fundamental and translational research setting. To date however we have not integrated 

these techniques in our treatment response analysis dataset. Depending on the cell fate under study, various 

techniques may be needed to fully understand the effect of the drug of interest. In addition, a better 
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understanding of the pathways involved in these cell fates induced by the drug of interest is crucial to 

properly designing the experimental procedures needed to fully validate the effective response of the drug. 

 

Table 5. Classic therapy-induced cell fate decision pathways 

Cell fate Proteins/genes to analyze Analysis Technique 
Apoptosis Cleaved Caspase-3, cleaved PARP-1 IF, IHC, Western blot 

Senescence SASP 
p21, p16 

Elisa 
Western blot 

Hypoxia HIF-1, CA-XI IF, IHC, Western blot 

Autophagy 
P62, LC3-1/LC3-2 
Downregulation Bad & Bim 
YAP 

Western blot 
PCR 
IF, IHC, Western blot 

 

In this thesis, we focused on histological analysis to analyze chemotherapy-induced cell fate 

responses. To do so, we based our understanding of the cell fates induced by chemotherapy extensively 

characterized by in vitro studies56,169,173. These studies provide insight in the various factors to consider 

evaluating the effect of chemotherapeutic drugs on cancer cells and the mechanism involved in these various 

cell fates. For one, various studies conducted in our laboratory showed that drug sensitivity invariably 

change when moving from a 2D in vitro model to 3D spheroids and in vivo models, increasing the effective 

drug concentration in order to obtain an observable response174,175. Also, the timing involved in inducing 

and characterizing proteins involved in cell fate pathways should be thoroughly investigated. We based our 

work on chemotherapy-based drugs such as carboplatin to optimize treatment conditions. We also conducted 

a study comparing the response to carboplatin in different cancer models to identify a treatment regimen 

that would effectively assess drug response. We based our chemotherapy-induced cell fate response on cell 

death through the activation of the apoptosis pathway, which the literature concludes can take anywhere 

between 24 to 48 hours168,176. To identify the time frame of drug induction for an effective response, a dose-

response study comparing various treatment regimens, restricting the drug induction to a 24-hour period. 

These results showed that a minimum induction period of 10-hours was sufficient to initiate apoptosis. 

However, we recognized that a sufficient amount of time is needed to be able to identify the cells that have 

entered an apoptotic state. While our results concluded that a 10-hour induction followed by a 14-hour 
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recovery period was ideal, this treatment regimen was impractical based on daily work. We then compared 

this initial regimen to a 16-hour induction followed by a 24-hour recovery period, remaining within the 24 

to 48-hour apoptotic window. The results suggested that both treatment regimens were adequate and 

produced similar dose-inhibition curves, with the latter presenting a more feasible and practical regimen in 

terms of a normal daily workflow. To better characterize the response to chemotherapy-based treatments, 

antibody detection of various markers involved in the cell cycle and apoptosis, such as Ki-67 and caspase-

3, respectively, were then chosen. Therefore, these allowed an adequate evaluation of the drug effect on the 

cancer cells.  

Chemotherapy induced responses were assessed to facilitate the comparison between ex vivo and 

clinical responses for predictive value. However, we also explored another drug that had a different 

induction path, the PARPi Olaparib. Since Olaparib is approved as a maintenance treatment in OC and 

breast cancer and its use is currently under investigation in PC, we decided to perform a small optimization 

study. We characterized Olaparib in PC cell line xenograft tumors for future use to include in the drug panel 

of interest. For information, PARPi inhibits the PARP enzymes that are involved in repairing single-strand 

DNA damages177. Based on cell death induced by synthetic lethality, the function of this drug is dependent 

on tumors harbouring a deficiency in proteins involved in the repair of double-stranded DNA damages that 

are provoked by the inability to repair single-stranded DNA damaged induced by PARPi. To define the 

response of this drug in a 3D ex vivo model system, starting concentrations and regimens were based upon 

2D in vitro results conducted in our laboratory60 and then optimized for the same cell line xenograft tumors 

cultured in our ex vivo model. Fleury et al.61 showed that maintenance therapy of PARPi induced various 

cell fates including apoptosis and senescence. In general, the apoptotic phenomenon was indicative of 

response after 4 days of treatment induction60,61. However, after 6 days of PARPi stimulation, the remaining 

cells showed pronounced signs of cellular senescence including cell enlargement and the presence of SASP. 

Olaparib induces an accumulation of DNA damage that can be detected by the presence of g-H2AX, which 

accumulates as the concentration of the drug increases. This marker can also be combined with proteins 

involved in the S-G2 phase of the cell cycle, such as geminin antibody, so to restrict the analysis to dividing 
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cells with g-H2AX staining only in dividing cells. As previously mentioned, Olaparib can induce various 

cell fate responses depending on the timeframe induced. Thus, we decided to characterize the apoptosis 

response, in which occurs within 4 days of consistent treatment with Olaparib in 2D settings. We conducted 

an experiment on MDTs derived from PC cell line xenograft tumors using increasing concentrations of 

Olaparib for either 4, 6, or 8 days of treatment. We saw that the apoptosis marker (CC3) expression followed 

a dose-response curve at all timepoints, however as the time of treatment increased their expression 

increased exponentially. To confirm that this result was due to Olaparib induction, Y-H2AX foci expression 

was also examined and resulted in similar dose and time-dependent reliance on exposure to Olaparib. 

Senescence phenotypes, however, were not observed during this experiment but would have allowed to 

better compare which cell induced fates were initiated at the different timepoints. These results suggested 

that an induction period between 4 to 6 days would suffice to obtain significant cell apoptosis response in 

concordance with drug concentrations (Appendix 3, Figure 4). This type of experiment can also be 

performed to identify cell fate responses at the clinically equivalent concentration of Olaparib in patients to 

better identify what happens at the physiological bioavailibity dose in patients.  

3.5 Developing MDTs for personalized medicine 

This ex vivo model and the complementary MDTMA histological tool provide significant benefits in 

a pre-clinical and clinical setting. After patients undergo a biopsy or surgical resection of the tumor region, 

a pathologist-confirmed diagnosis is given 4-6 weeks after the surgical procedure. Considering our model 

system’s ability to maintain specimen viability for at least 15 days, the drug efficacy response can be 

obtained within a 2–3-week span, enabling clinicians to quickly identify the most effective treatment course 

for an individual patient. In addition, the histological read-out system of MDTMA is simple to use and very 

adaptable, such that the established protocol can be used for various types of tissue and tumor characteristics. 

Furthermore, depending on the mode of action of the drug, a large set of antibodies are available and can 

easily be optimized to evaluate the effect of the drug. Moreover, micro-sized tumors permit the use of biopsy 

specimens and minimizes the amount of tissue sample needed to perform the necessary experiments. This 
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is also compliant with current clinical standards that aim to reduce tumor size for better visualization and 

control of tumor burden by treating patients in a neo-adjuvant setting. Lastly, the model provides tissue 

longevity of 15 days expanding its use to evaluate different types of drugs with longer inductions times, 

including cytostatic drugs such as PARPi and immunotherapies.  

There remains some work to be conducted to confirm the predictive value of this model system and 

validate its usefulness in a clinical setting. These include the ability to clearly discriminate the various level 

of response seen in patients, the incorporation of a normogram based classifiers to compile patient-specific 

responses facilitating clinical interpretation and the reproducibility of response by other laboratories. In the 

case of OC, we see that patients are categorized as having a complete, partial or no response to 

chemotherapy. Based on the data accumulated to date, the MDTMA technique analyzing two-specific 

antibodies still presents challenges to properly discriminate between the three responses. Encouragingly, the 

classification between responders and non-responders allowed us to successfully classify patients 

accordingly. To better characterize the response, other cell proliferation markers can be used such as 

proliferating cell nuclear antigen (PCNA) or minichromosomal maintenance (MCM), or flow cytometry 

techniques can be used as a complement to identify cells in various stages of the cell cycle through 

propidium iodine (PI) dye. However, the integration of more techniques may reduce the easy use of the 

model design. Once the predictive value of the model is validated in a larger patient cohort, it may be 

possible to compile the results to create an artificial intelligence algorithm that would facilitate the 

classification of response based on patient sensitivity, in a clinical setting, improving the usefulness of this 

model. In addition, by incorporating a fresh tissue freezing protocol, the samples can be frozen to allow 

biomarker specific and genetic alterations assays to be completed to better stratify and personalize the drug 

panel for individual patients. Once the analyses on the primary tumor are obtained, tumors can be defrosted 

and tested with strategically identified targeted therapies to better stratify patient sensitivity to drugs. By 

combining biomarker and genetic alterations analysis to the MDT drug response platform, the 

personalization of drug response can be more stringent and help increase patient overall survival. The idea 

to combine microfluidic technology with MDT drug response techniques opened new avenues to be 
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scientifically explored. For this, the CRCHUM has opened a platform that designs various microfluidic 

chips for their use in different projects as well as develops biological and histological approaches to use 

MDTs in a fundamental or therapeutic setting. With this, other laboratories will be able to test their drugs 

on MDTs to show their efficacy on patient samples and the reliability of MDTs as a therapeutic prediction 

model.  

The ability to transpose this MDT platform in the clinic is going to be extremely challenging, as there 

are several obstacles that will have to be overcome. As previously mentioned, there are specific and 

meticulous techniques that must be mastered prior to working with MDTs and MDTMA, such that hours of 

training should be anticipated to perfect and understand how to work these techniques. There are several 

questions that should be kept in mind when deciding where this platform should take place including: does 

the facility contain the proper spacing for all the sterile and nonsterile equipment needed to perform the 

needed techniques; are the personal properly trained and how can everyone take advantage of this facility. 

The build-up of a platform and transposing from a research to clinical setting can be rather hard to do since 

there would be several unforeseen hurdles178. Due to expert knowledge, this platform would be best if it 

relied on a centralized testing setting, where all samples would be directed to one destination for 

manipulation, testing, and analysis. With the optimization of freezing techniques, frozen samples can be 

sent to the facility simplifying the uptake of samples and distribution from one center to another. Should the 

technique be adopted by other facilities, meticulous training needs to be provided and appropriate quality 

control measures would have to be implemented.  
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4 CONCLUSION AND PERSPECTIVES 

4.1 Conclusion 

In conclusion, this thesis describes the characterization and validation of an ex vivo tumor-derived 

model system that uses MDTs, microfluidics and a novel histological tool, the MDTMA. We showed that 

MDTs were a valid preclinical model that retained the intra-tumor heterogeneity and characteristics of 

primary tumors and could replicated the chemosensitivity profile observed on in vivo models when 

compared to in vitro and 3D spheroids. The integration of microfluidics elevates our MDT model to allow 

for tissue longevity, maintenance of TME with few epigenetic and phenotypic alterations. The development 

of a histological tool that accompanied this model is compatible with principal histopathology procedures 

and involved several optimizations of FFPE procedures to ensure a reliable, reproducible read-out of 

antibody-based analyses to determine drug activity, response and efficacy. Comparison with other cancer 

models shows that our model has more potential due to its size and microfluidic culture platform to serve 

as an ideal model for personalized therapy. 

4.2 Perspectives   

Our patient cohort study in chapter 3 highlighted a need for concise validation of the clinical 

significance of the model. Accordingly, to gain predictive value, power calculations suggest that a minimum 

of 100 patients would be necessary for significance power, and to support the inclusion of this model in 

treatment decision-making. Nonetheless, our cohort of 14 patients, with complete follow-up, was able to 

determine a stringent cut off to classify response. This in turn could be used to stratify the validation patient 

cohort. In addition, the usefulness of the platform would be greatly increased by studying more tumor types 

and a wider variety of therapeutics. The validation of this model as a clinical guidance tool would open up 

the possibility of testing various drugs simultaneously as well as various combination of drugs. 

 As previously mentioned, there are several optimization procedures that must be taken into account 

prior to conducting a drug response study on patient specimen. In parallel to validating the model’s ability 
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to predict patient response, the optimization of treatment regimen of currently used targeted therapies as 

well as drugs in clinical phase trials should be performed. These include small molecules such as PARPi, 

hormone therapy and immunotherapy. An optimization of the PARPi Olaparib has been initiated using PC 

cell line xenograft tumors. However, validation of these results requires a comparison with the same 

experiments performed on EOC cell line xenograft tumors (Appendix 3).  

MDTs also provide a tool to better understand how hormone therapy agents act and through what 

mechanism they induce cellular death. For example, proof of principal studies on PC patient samples treated 

with androgen deprivation therapy (bicalutamide) for 24 hours followed by a 48-hour recovery period 

showed a cell death response using flow cytometry. However, more studies are required to evaluate the state 

of cells using MDTMA and to optimize the treatment regimen. For immunotherapies, it would be possible 

to perform some studies to better understand how the immune component located within the tumor is 

affected by immunotherapies. However, various optimization strategies will have to be conducted to study 

the effect of immunotherapies on MDTs. To increase the percentage of immune cells or even understand 

how immunotherapies direct immune cells from the vascular system to the tumor, various other microfluidic 

chip design strategies would have to be adapted to integrate a host vascular and immune system presence 

with microfluidic devices. In addition, various tumor-on-a-chip devices are available to study 

immunotherapies179-181 such that our simple microfluidic device can be modified to attain important 

characteristics that would allow a better understanding of immunotherapies. In addition, oncolytic viruses 

that help guide the immune cells to attack cancer cells can also be analyzed as immunotherapies. Several 

collaborations have already been established to understand the effect of oncolytic viruses on tumor 

specimens. Promising preliminary 2D studies on the previously mentioned therapies could be assessed with 

our ex vivo model system as a preclinical model to bring forward the efficacy of drugs on patient samples 

and further improve clinical phase trials, accelerating the clinical integration of novel therapies.  

 This thesis has shown that the MDT model suggests a more comprehensive way of predicting patient 

progression than the standard clinical CA-125 and would provide an invaluable tool for fundamental 

research in resistance mechanisms to drugs. For example, MDTs derived from patient samples can be treated 
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with single or combinatorial agents and undergo treatment response analysis using MDTMAs as well as 

gene expression profiling. Our 25-patient cohort analysis allowed the ex vivo response to be performed in 

parallel to establishing a prediction signature that reflects the response to each treatment. From these results, 

a correlation between resistance mechanisms and the patient response can be further investigated through 

protein expression analysis. This study can improve the understanding of patient specific resistance 

development that can be further explored using gene expression databases and cell line-based models.  
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5.2.1 Introduction 

Cancer remains the most lethal disease worldwide. Approximately two in five Canadians will 

develop cancer in their lifetime, and about one in four diagnosed with cancer will die each year1. It is known 

that individuals respond differently to the same therapeutic agent due to their individual genetic and tumor 

specific characteristics2. This response variability makes it difficult to impose standard of care treatment 

regimens to cure diseases, making it a public health concern. To address this problem, research has focused 

on developing a personalized medicine approach, which dictates that each cancer patient be matched to the 

most appropriate treatment. This not only results in superior medical care, by improving effectiveness while 

diminishing toxicities, but it also directly impacts health economics and patient quality of life. 

Cancer research has based their fundamental and preclinical findings on classical two-dimensional 

(2D) and three-dimensional (3D) models. These models include 2D monolayer cell cultures3,4, 3D 

spheroids5,6, cell line xenografts7,8 and patient-derived xenografts (PDX)9,10. They are well suited for 

evaluating key phenotypic and genotypic characteristics of cancer cells as well as evaluating the 

pharmacodynamics and pharmacokinetics of newly developed treatments. However, common 

disadvantages such as the lack of cell population heterogeneity as well as the non-representative selection 

of cancer clones11 seen in these models limits their usability in predicting patient specific responses. Various 

components of the tumor microenvironment, including immune, stromal and endothelial cell components, 

have been shown to play a crucial role in cancer progression, thus, the loss of such factors in the model 

systems may modulate the effect of the therapeutic agents12,13. In addition, in vitro 2D tumor cell lines grown 

in an artificial environment may be open to potential irreversible genetic changes, altering their genotypic 

and phenotypic characteristics14,15. Moreover, in 3D cell line xenograft models, the stromal infiltration from 

the mouse-host impedes the evaluation of treatment induction. The 3D PDX models may be beneficial for 

putative resistance analysis, however it takes approximately 6-10 months to produce a first generation PDX 

from a particular donor tumor, thus making it a costly model to maintain and impossible to determine the 

chemosensitivity of a patient before the first treatment is initiated. While these models allow for empirical 
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testing of therapeutic agents, they remain incapable in predicting patient response to treatment in a clinical 

relevant timeframe and with sufficient accuracy as to be practically applicable.  

There remains a strong clinical interest in developing assays that allow for direct testing of 

therapeutic agents on patient tumor samples. To answer to this need, our group has developed a novel 3D 

ex-vivo model implementing a personalized medicine strategy to identify the most suitable treatment 

regimen for a particular cancer patient. The novelty of the presented model relies on the micro-dissection of 

the surgically resected patient’s tumor into sub-microliter sized tissue samples using a 500 µm biopsy 

punch16 (figure 1A-B). These micro-dissected tissues (MDTs) are further loaded and cultured in specifically 

designed microfluidic devices, enabling precise spatiotemporal control of the MDTs16. These microfluidic 

devices are fabricated through the plasma bonding of two polydimethylsiloxane (PDMS) layers, where the 

bottom layer contains the channels and gravitational traps that hold the MDTs allowing for proper culturing 

and induction using various pharmacological agents. The original design of these microfluidic devices 

consisted of five serpent channels holding a total of 25 MDTs (figure 2A), thus enabling the analysis of five 

different conditions in a single chip16. 

Our ex-vivo 3D organotypic model has the potential to predict patients’ response to treatment. A 

major advantage of our model is its ability to maintain a variety of cell subtypes (endothelial, stromal, 

epithelial and immune cells) within the primary tumor microenvironment. Moreover, the micro-size of the 

tissues eliminates the need for continuous perfusion of the system; a simple diffusion of oxygen through the 

gas permeable PDMS matrix is enough to prevent hypoxia in the sample core16. Also, the viability of the 

MDTs can be sustained for up to 15 days in the microfluidic devices, which allows them to be introduced 

to numerous cycles of therapeutic agents. Moreover, patient samples can be introduced to various treatments 

and analyzed in a 3-week time frame, thus representing the perfect model to predict the patients’ response 

in a time frame suitable for clinical decision-making.  

Confocal microscopy and flow cytometry techniques were commonly used to assess the viability of 

the MDTs in the presence or absence of various therapeutic agents (figure 1A). However, each technique 

has disadvantages. The confocal microscopy generally underestimates the mortality due to washing out of 



 191 

dead cells during medium changes and staining protocols as well as the staining of early apoptotic cells by 

“live” dyes. Additionally, there is a limit in imaging depth (around 100 µm) creating a “black” unanalyzed 

region in the center of the MDTs thus impeding the evaluation of cancer cell survival at the core of the 

MDTs. In addition, the flow cytometry protocol requires complete digestion of the sample in order to 

analyze protein-specific characteristics of single cells, and therefore, can only be used as a one-time analysis 

tool. In addition, the digestion of tissue prevents the preservation of tissue architecture and morphology. 

The disadvantages presented suggest that these techniques are inefficient to answer all the biologically 

fundamental questions that may arise.  

In pathology, predictive biomarkers in combination with immunohistochemical (IHC) assays are 

widely used for diagnostic purposes and clinical decision-making. The predictive potential of patient 

outcome using these biomarkers rely on computed statistical analysis, in which clinicians may over-estimate 

the likelihood of response. For this, we opted to develop an innovative tool, Micro-Dissected Tissue Array 

(MDTA), merging the standard paraffin embedding protocol with microfluidic technologies to empirically 

test the patients’ response to therapeutic agents through the use of proliferative and viability biomarkers. 

MDTAs takes advantage of the high-throughput nature of microfluidics and Tissue Micro-Arrays (TMAs) 

to handle, probe and analyze large quantity of patient samples with simple manipulations and clinically 

available techniques. 

5.2.2 Hypothesis 

We hypothesis that our 3D ex vivo patient-derived model maintains its primary tumor characteristics 

over time.  

5.2.3 Objectives 

1. Evaluate MDT evolution over time from high-grade serous ovarian cancer patients in an ex 

vivo culture platform by transcriptome analysis. 

We will analyze the evolution of MDTs from high-grade serous ovarian cancer (HGSOC) patients 

in the microfluidic culture platform. We will characterize the transcriptome of MDTs at different 
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time points by DNA microarray and compare these results to the transcriptome profile of the parental 

HGSOC as well as to primary cell cultures. 

2. Develop a new histological tool that preserves the tissue architecture and cell morphology: the 

Micro-Dissected Tissue Array (MDTA) 

We will develop a method appropriate for fixing and embedding tissue samples within the 

microfluidic devices, thereby making the amenable to classical histologic examination. This FFPE 

fixed tissue will be further characterized to interrogate tissue architecture and cell content of tumor 

tissues over time. 

Model systems 

1. Patient sample Inquiries 

Taking advantage of our active PC and OC tissue-banking infrastructure at the CRCHUM in 

association with the CHUM’s Urologic and Gynecologic Oncology division it will be possible to obtain 

post-surgery biopsy samples as well as clinical follow-up of response to therapy.  

2. Cell Line Xenografts  

Different human carcinoma cell lines derived from prostate cancer tumors (LNCaP and PC-3 

Manassas, USA) and ovarian cancer tumors and ascites (TOV112D, OV90, OV2295, OV1946) were used 

to produce mouse xenografts. All protocols involving animals were reviewed and approved by the Comité 

institutionnel de protection des animaux (CIPA) at the CRCHUM. 

5.2.4 Experimental Study 

Evaluate MDT evolution over time from high-grade serous ovarian cancer patients in an ex vivo 

culture platform by transcriptome analysis. 

For this aim, we have recruited and collected six HGSOC post-surgical tumor samples. From single 

tumor fragments, we have established primary cell cultures and produced over 200 MDTs, which were 

loaded in 25-well microfluidic devices. Total RNA was derived from the primary tumors, fifteen MDTs at 

day 0, 8 and 15 and primary cell cultures at various passage states. To do so, we established an RNA 
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extraction method specifically for MDTs that allow us to obtain a sufficient quantity of RNA with suitable 

quality and purity. From the transcriptome analysis of these model types we will determine the epigenetic 

stability of the MDTs over time. From these results, we expect that the MDTs produced from our HGSOC 

patients maintain similar genetic properties as the primary tumor.  

RNA extraction protocol for transcriptome analysis 

The extraction protocol has been optimized specifically for MDTs. All the reagents used for our 

protocol are from Qiagen. The primary tumor used had a maximum volume of 24 mm3, required flash 

freezing in liquid nitrogen, and storage at -80˚C. The extraction proceeded after mechanical disruption using 

the TissueRuptor. The primary cell cultures take approximately one to four months for the first series to 

obtain optimal confluence. Once obtained, a standard lysis buffer extraction protocol is performed. 

Furthermore, the MDTs are harvested at different time points, at day 0, after 8 days and 15 days of 

cultivation. They were first rinsed with RNase-free phosphate buffered saline (PBS) to remove the culture 

medium and were placed in a tube with RNAlater solution to diminish potential RNAse contamination. 

They were further stored at -80˚C and once ready to be processed; the RNAlater solution was properly 

removed. Keeping the MDTs on dry ice, they were crushed into small debris using a plastic piston and 

further incubated for several minutes in RLT lysis buffer. The RNeasy Micro Kit was used to facilitate the 

RNA extraction of the samples.  

The RNA was quantified and analyzed for suitable quality and purity by the NanoDrop and 

Bioanalyzer. The RNA extracted from two patient samples were sent to Genome Quebec for an Affymetrix 

HumanGene ST 2.0 gene expression analysis. A normalization of the results as well as control probe 

verification was performed using a publically available expression analysis software to ensure high quality 

and reliability of results. The results were further analyzed by hierarchal cluster analysis (transcriptome 

analysis consoleTM) where we compared the MDTs at various time points to the primary tumor tissue 

independently as well as compared the primary cell cultures to each of the other sample groups. From these 
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results, we performed a cluster analysis taking into account the 44 000 probes to identify the genes that were 

differentially expressed between each group.  

Preliminary results of transcriptome analysis of MDTs over time and discussion 

We initially sent all the samples from an endometrioid carcinoma patient and our first HGSOC 

patient to Genome Quebec for gene expression analysis. We performed a cluster gene analysis for each 

patient and observed distinctly different results. The endometrioid carcinoma patients’ cluster shows a 

genetic similarity between the day 0 MDTs and the primary tumor. However, the MDTs cultured for 8 and 

15 days seem fairly more genetically similar to the primary cell cultures than the primary tumor (figure 3A). 

We postulate that for this particular patient, there is a similar selection of cancer cell clones within the MDTs 

as the primary cell cultures. On the other hand, the cluster gene analysis of our HGSOC patient suggests 

that the MDTs maintain their epigenetic integrity through time as opposed to primary cell cultures (figure 

3B).  We cannot conclude that the results obtained were due to low sample size or cancer subtype. To 

validate these results, we must perform the expression analysis on the remaining five HGSOC patient 

samples.  

Develop a new histological and high-throughput tool that preserves the tissue architecture and cell 

morphology: Micro-Dissected Tissue Array 

Our goal was to define a method for formalin fixed paraffin-embedding (FFPE) MDTs within 

microfluidic devices in a high-density MDTA. Architecture, viability and proliferation are characterized 

using MDTA, an adaptation of the standard FFPE technique currently used in pathology, allowing on-chip 

fixation and direct casting of all samples in a unique paraffin block. This paraffin-embedding protocol of 

micro-scaled tissue samples is the core aspect of this methodology that has not been reported to date. 

Previous work using standard FFPE protocol was unsuccessful in maintaining tissue architecture and cell 

morphology further orienting my goal to optimize the FFPE conditions for the MDTs.  
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Optimization of the methodology 

Dehydration process  

The initial dehydration procedure (direct 70% to 100% ethanol) produced MDTAs showing ghost-

like structured cells with no nucleus or cellular components (figure 4A). In comparison to paraffin-

embedding protocols, our optimization revealed that the most crucial step to preserving the morphology of 

the cells was to introduce incremental concentrations (50, 70, 80, 90, 95, 100%) of ethanol for a 20-minute 

incubation period. The results obtained from this dehydration process with MDTAs showed better 

morphological and architectural preservation with well-defined cell representation and distinction between 

cell types (Figure 4B).  

Formalin fixation and phloxine staining 

Formalin is widely used in pathology to preserve the tissue from decay, preventing autolysis17. It is 

an ideal fixation agent for tissue specimens as well as for MDTs. We examined if it was possible to diminish 

the incubation period (4 hours) with the fixative agent to favour a high-throughput potential. We produced 

MDTs from our ovarian cell line (OV1946) xenograft models and proceeded with an on-chip formalin 

fixation using various time points (5 to 60 minutes) (figure 5A). With the help of a pathologist, we 

determined that the best results were obtained with a fixation period of 30 minutes, thus reducing the 

traditional fixation time (24 to 48 hour incubation) of tissue specimen by 98%. We validated this step by 

using various epithelial ovarian cancer (EOC) and prostate cancer (PC) cell line xenografts (figure 5B). 

Theoretically, the tissue diffusion rate of formalin is 1 mm per hour17. Therefore, a tissue section of 

approximately 400 µm in thickness and 500 µm in diameter would require fixation for approximately 30 

minutes and this observed time correlated well with the theoretical time. 

The size of the MDTs and their opaque coloration makes them obscure in the paraffin. To facilitate 

the visibility of the MDTs in the paraffin block, we elected to stain the cell cytoplasm and connective tissue 

regions of the MDTs with a red biological stain, phloxine B. This unique step, not part of standard FFPE, 
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successfully allowed MDTs to be visualized within the paraffin block. Importantly, this biological stain 

does not interfere with further IHC, immunofluorescence (IF) or Hematoxylin & Eosin (H&E) colorations.  

Paraffin-embedding and MDT alignment 

In general, the MDTs were fixed with formalin, stained with phloxine and dehydrated (figure 6A, 

table 1). The next step in the procedure is the addition of a xylene substitute solution that was less volatile 

and of low toxicity in the inlets of the device. This slowly removed all traces of the dehydrant, further 

curving the device and facilitating the separation of the two PDMS layers. Once separated (figure 6B), the 

bottom layer containing the MDTs was placed in a stainless steel base mold and embedded in liquid paraffin 

(figure 6C) at 60˚C for 90 minutes, allowing full infiltration of the embedding agent into the MDTs. The 

paraffin block was then solidified at 4˚C to allow proper removal of the remaining PDMS layer (figure 6D), 

leaving the MDTs upright in the paraffin block. The exposed MDTs were then covered with a second layer 

of liquid paraffin (figure 6E).  This step resulted in misalignment of the MDTs within the paraffin block 

thus requiring a large number of slides to integrate MDTs within the block. This greatly affected the high-

throughput potential of our approach. To circumvent this problem, we re-liquefied the paraffin block in an 

oven at 60°C (figure 6F), thus allowing the sedimentation of the MDTs to the bottom of the block, while 

keeping the microfluidic device alignment (figure 6G). This step allowed all the MDTs in the block to be 

on the same cutting plane, which is a crucial step to forming high-density MDTA slides.  

Changes in the microfluidic device 

Advantages and disadvantages of three different microfluidic devices 

We tested several microfluidic device designs in order to favor the generation of a high-density 

array of tissue samples as well as to increase the number of MDTs that can be treated on a single chip 

(summary of device specifications in table 2). The original 25-well device (figure 2A), allowed for analysis 

of five MDTs per condition. However, the heterogeneity of the tumor imposes that the number of MDTs 

analyzed per condition must be high. This device requires the production of a large number of blocks per 
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patient (3-4 blocks), reducing the high-throughput ability and high-density capability of MDTA. In order to 

increase capacity, a seven vertical channel device design holding a total of 70 MDTs was produced, thus 

allowing seven different conditions to be analyzed at the same time (figure 2B). Advantageously, this design 

doubled the number of samples per condition and greatly reduced the number of blocks (1-2 blocks). We 

also noted that the stability of the MDTs within the wells increased as the reservoir channel increased in 

width. However, these devices were prone to trapping air bubbles, required a lot of time to operate and 

relatively large amount of reagents, and had a low resistance factor to reagent flow. To compensate for these 

disadvantages, a 32-well serpent-like device (figure 2C) was produced, holding four channels that each 

contained eight wells allowing analysis of four different conditions. This compromise makes it the most 

practical device to work with.  

Reproducibility and medium change variability of each device  

The operation of a microfluidic device is diffusion-driven16,18, therefore, it is important to properly 

remove previously introduced medium in order to maintain the viability of MDTs. This was equally 

important for the MDTA and required rinsing the devices thoroughly before starting the required incubation 

periods for optimal fixation and dehydration. For this, the procedure required a minimum of two rinsing 

intervals of 5-minutes before initiating the required incubation periods. 

Each device was thoroughly inspected for usage potential. The incubation period with the fixative 

for the MDTA procedure was tested on each device to optimize the conditions. The results suggested a 

minimal incubation of 20 and 30 minutes for the 70-well (figure 7A) and 32-well devices (figure 7B), 

respectively. Moreover, a coloration test using culture medium was performed on each device (figure 8A). 

Our results suggested that the 25-well and 32-well devices required a minimum of 3 medium changes in 

order to sufficiently remove enough of the former medium in both the channels and wells. However, the 70-

well device required a minimum of 7 medium changes, correlating to the COMSOL Multiphysics® 

modeling software analysis (figure 8B). Finally, the alignment step has been optimized for each device and 
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slight adjustments have been made in the device design in order to perfect the reproducibility of this step 

(figure 9). Together, the results show that the 32-well device is most suitable for our future experiments.   

5.2.5 Results 

In FFPE, evaluation of tissue architecture, viability and proliferation can be carried out through 

IHC/IF analysis. The approach is simple, robust, and provides a whole new framework for using 

conventional IHC/IF to study post-treated ex vivo tissue specimens. In order to validate the MDTA tool, we 

used cell line xenograft models.  

The PC cell line, LNCaP, generates heterogeneous tumors such that we performed our micro-

dissection procedure on the harvested tumor to show that our MDTs were representative of the different 

tissue architectures found in tumors. By visually selecting various tissue regions of the tumor, which were 

characterized as brittle (brownish coloration), vascularized (red coloration) or hard textured (whitish 

coloration), MDTs produced from these heterogeneous regions of the tumor were placed in indicated 

devices for proper analysis. In comparing the different types of MDTs produced at day 0 to the FFPE tumor 

xenograft specimen, we were able to correlate the tissue characteristics of the MDTs to the various tumor 

regions. This demonstrated that the MDTs maintained an architecture specific to selected tumor regions 

(figure 10).  

We then examined the evolution of the MDTs over time to determine if we were able to maintain 

tissue viability and sustain epithelial cells within the MDTs. For this, we produced xenografts from an 

ovarian cancer cell line, OV2295, which generated a more homogeneous tumor. The MDTs were analyzed 

at day 0, day 3/5 and day 8. Flow cytometry analysis was used to validate the results observed with the 

MDTA. The tumor epithelial cells were identified using a human anti-mitochondrial antibody. Various other 

biomarkers were used to assess the viability for flow cytometry (Annexin V, DRAQ 7 for detection of 

apoptotic and dead cells and cleaved caspase-3 for MDTA) and proliferation (Ki-67 for MDTA) potential 

of the type of cells within the MDTs. As we have previously reported, the MDTs at day 0 showed lower 

levels of proliferation and viability than the MDTs that had been cultivated for 3 and 8 days (figure 11A). 
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We suspect this occurs to mechanical stress induced by the MDT procedure. We also observed an increase 

in the number of epithelial cells as well as an increase in their proliferating ability as the days of culture 

progressed (figure 11B-C). We speculate that the initial culture period of the MDTs, within the microfluidic 

device, allowed for them to recover from the micro-dissection procedure and the medium supplied them 

with sufficient nutrients for viability. We did observe a slight reduction in epithelial cells in day 8 MDTs; 

however, the cells were viable and proliferating (figure 11D). From this, we show that the epithelial cells 

remain viable and in a proliferative state within the MDTs over time. 

Going from xenograft models to patient samples and recognizing that there is a higher degree of 

heterogeneity in human tumors, we expected to obtain a larger amount of patient-derived MDTs to show 

stronger stromal components rather than epithelial components. This heterogeneity imposed the need to 

produce 2 or 3 MDTAs per condition, in order to obtain a sufficient number of MDTs expressing epithelial 

markers. Moreover, we optimized various biomarker conditions in order to look at the expression of certain 

well-known biomarkers (figure 12). These results suggest that there is need for improvement in identifying 

the proper antibody concentration condition for our MDTs, however we are able to use this MDTA protocol 

on patient samples, maintaining high quality cell morphology. 

5.2.6 Conclusion 

Many research groups have reported using paraffin-embedding techniques as therapeutic read-outs 

to their organotypic chemosensitivity and resistance assay19,20. However, these techniques remain 

incompatible with microfluidic technology. For instance, Hattersley et al. used histology combined with 

“off-chip” analysis of a cell viability biomarker (cytochrome c) to demonstrate that head and neck squamous 

cancer biopsies cultured in their microfluidic device remains viable for up to 8 days19. Similarly, Vaira et 

al. showed sustained 3D architecture, viability and proliferation for up to 120 hours using IHC in their 

organotypic slice model20. However, these assays require removal of individually cultured samples from the 

culture platform for processing, yielding poor throughput potential, a lot of manual labor and risk of 

experimental and biomarker variability.  



 200 

Due to the micro-size of the tissue samples and the use of microfluidic chips, the MDTA procedure 

takes advantage of the fast reagent-reaction time and low reagent consumption, reducing total procedure 

time. The procedure relies on the direct and systematic transfer of the MDTs from the microfluidic matrix 

to the paraffin block while maintaining tissue alignment further allowing all the sample conditions are 

analyzed on the same slide. This incorporates a high number of replicated that may provide a superior read-

out. Favorably, MDTA preserves the tissue architecture and cell morphology, in which will provide in-depth 

characterization of therapeutic response as well as following biological mechanisms or pathways using 

standard HP/IHC/IF techniques. In conclusion, we must further optimize IHC techniques and characterize 

the evolution of the MDTs over time. This will form the basis of a first author article that is now under 

preparation, mainly focusing on the methodology and MDTA approach potential. 

5.2.7 Proposed Doctorate Project 

Rational for investigation and Hypothesis  

We will proceed with the expression analysis of the remaining five HGSOC patient samples to 

validate that the primary tumor characteristics are maintained in our 3D ex vivo patient-derived model over 

time. In addition to my masters project, we postulate that the treatment response of the MDTs correlate to 

the clinical patient outcome thus making the viable model effective in empirically predicting drug response 

in patients. This specific aim will be answered in two parts. First, we will compare the response to treatment 

of micro-dissected xenograft tissues (ex vivo model) in microfluidic devices with matched mouse xenografts 

(in vivo model). We will follow, on-chip and in mice, the impact of chemotherapies (docetaxel) and 

hormonal therapy (enzalutamide) on the survival and growth of hormone-sensitive and castrate-resistant PC 

xenografts. Secondly, we will validate the prognostic potential of our patient-derived ex vivo model system 

on a large cohort of high-grade serous ovarian cancer (HGSOC) patients.  

As previously mentioned, each patient will respond differently to the same therapeutic agent. In 

particular, 96% of PC patients that relapse after surgery and treated with the standard androgen deprivation 

therapy (ADT) and 80% of HGSOC patients treated with standard platinum-paclitaxel-based chemotherapy 
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will develop a resistance 21-24. The pathways by which innate and acquired resistance mechanisms develop 

remain a major clinical challenge for both CRPC and HGSOC patients. This novel model system in 

combination with MDTA and transcriptome analysis will permit us to study such mechanisms. My doctoral 

research proposal will be based on depicting and further studying fundamental molecular pathways of 

resistance development to standard therapies in CRPC and HGSOC patients. We postulate that treatment-

dependent molecular signature of unresponsive patients correlate with the occurrence of innate or acquired 

resistance mechanisms. 

Research Objectives  

1. Evaluate MDT evolution over time from high-grade serous ovarian cancer patients in an ex vivo 

culture platform by transcriptome analysis. 

2. Determine the prognostic potential of the ex vivo patient-derived model in a clinical context. 

3. Characterization of molecular and pathological responses of CRPC and HGSOC tumor tissues to 

treatment to study innate and acquired resistance. 

Study/Experimental design  

Evaluate MDT evolution over time from high-grade serous ovarian cancer patients in an ex vivo 

culture platform by transcriptome analysis. 

We will complete the transcriptome analysis of the remaining five HGSOC patients. From the 

compilation of the six patient complete transcriptome we will do a thorough analysis of the cell composition 

in the two model systems (MDTs over 15 day period and primary cell culture) and compare it to the primary 

tumor. We will be able to look at the proliferative potential of the MDTs over time and examine the evolution 

of the tumor microenvironment in the MDTs. In addition, we will perform a thorough investigation of the 

various pathways activated and suppressed significantly determining the differences between each model 

type as well as within each ex vivo time-point. 
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Determine the prognostic potential of the ex vivo patient-derived model in a clinical context. 

Correlation between ex vivo and in vivo cultured PC tissue responses to ADT and chemotherapy  

To validate our ex vivo model as a surrogate for chemotherapeutic response in vivo, we will 

determine whether the chemosensitivity of MDTs reflect the sensitivity of matched PC xenografts: PC-3 

(castrate-resistant) and LNCaP (hormone-sensitive). We will compare the response of MDTs in microfluidic 

devices and of xenografts in mice to different therapies: chemotherapy (docetaxel) and hormonotherapy 

(enzalutamide), either alone, in combination, or sequential administration (table 3). Previously, we have 

shown that 3D culture models demonstrate a higher IC50 to drugs than 2D monolayer cultures25. 

Consequently, the drug concentrations used in this study will be adjusted to a 10-fold increase of the 2D 

IC50.  

Chemotherapeutic intra-tumoral injections at cell line-specific doses (10X IC50) will begin for the 

first group (64 mice) when tumor size reaches 1000 mm3 and will be administered once a week for 3 weeks. 

Tumors will be measured every 3 days for 15 days at which time mice will be sacrificed. The second group 

(12 mice) will be sacrificed when tumor size reaches 1000 mm3, which will be immediately processed to 

produce multiple MDTs (table 4) that will be exposed to 2 cycles of 24-hour drug treatment followed by a 

48-hour recovery. MDT samples and xenografts will be collected at the end of experiments to analyze cancer 

cell survival and growth by flow cytometry (AnnexinV) and by MDTA using antibodies against Ki-67, 

Caspase-3, p16, and p21.  

Statistical analyses will be performed using SPSS software, version 20 (SPPS, Inc., Chicago). 

Pearson correlations will be used to measure the association between drug sensitivity of MDTs and the 

xenograft response to treatment in mice. We expect to validate the potential of MDTs in association with 

microfluidic devices for empirical prediction of primary tumor sensitivity that will improve the sequence of 

treatment to various chemotherapeutic agents. Moreover, as sequence of treatments using these specific 

compounds and combinations in the xenograft models has not been described, our mouse studies themselves 

will provide valuable results for future experimentation. 
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Correlation of HGSOC patient ex vivo model to clinical outcome. 

We will continue working on the validation of our ex vivo patient-derived 3D model for the study 

of patient response to treatment on a larger cohort of HGSOC patients. We will continue to recruit HGSOC 

patients from the CHUM clinic and obtain specimens for treatment response analysis using MDTA and flow 

cytometry techniques. The newly developed MDTA tool will give a visualization of the change in cell 

morphology in the presence of treatment. For example, cells may have acquired characteristics allowing 

them to induce an epithelial to mesenchyme transition. The viability (cleaved caspase-3) and proliferative 

(Ki-67) capability of the cells will further be defined by using IHC or IF techniques. Flow cytometry 

techniques will be used in parallel to assess the viability of the epithelial and immune cells using specific 

apoptotic (Annexin V) and dead (DRAQ7) cell markers. In comparison with the patients’ clinical outcome 

we can validate the precise prediction utility of our ex vivo patient-derived 3D model.  

Preliminary results of treatment response analysis for prediction of clinical outcome 

We obtained a tumor specimen from a HGSOC patient diagnosed with a stage IIb (FIGO) to 

generate MDTs and performed a two-cycle chemotherapy regimen that consisted of a combination of 

carboplatin (300 µM) and paclitaxel (80 nM). Each treatment cycle consisted of a 24-hour induction with 

the combinatorial treatment followed by a 48-hour recovery period. At the end of the experiment, the MDTs 

were fixed and embedded in paraffin to produce MDTAs. In parallel, the viability of another set of MDTs 

from the same patient sample was analyzed using flow cytometry. The preliminary results obtained from 

MDTA showed tissue distortion as well as increased expression of cleaved caspase-3 and drastic reduction 

in cell proliferative biomarker, Ki-67, in the treated MDTs compared to the controls (figure 13B). The 

viability assessment by flow cytometry showed a 40% increase in cell death in the treated MDTs compared 

to the controls (figure 13C), further confirming the results observed with the MDTA and, thus, predicting 

the response to the combinatorial treatment regimen. The clinical follow-up of this patient’s progression 

showed a major decrease of her CA-125 levels from 2935 U/ml to 13 U/ml (figure 13D) within the first 6 
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months after the initial treatment cycle, resulting in full remission. We are extending these results to a larger 

cohort of cancer patients.  

Characterization of molecular and pathological responses of CRPC and HGSOC tumor tissues to 

treatment to study innate and acquired resistance. 

For this aim, we will recruit four treatment naïve high-grade PC patients as well as four treatment 

naïve HGSOC patients treated at the CHUM clinic to obtain post-surgery tumor tissues. In particular, our 

PC patient samples will preferentially come from relapse patients undergoing a transurethral resection of 

the prostate (TURP) procedure or a metastatic tissue biopsy (from the bone or liver) to study acquired 

resistance. For HGSOC patients, we will obtain either a laparoscopy biopsy specimen or a full tumor 

resection to study the innate resistance mechanisms.  

Using these tumor specimens, we will generate more than 300 MDTs in which every 30 MDTs will 

be exposed to a different drug or combination of drugs for a period of 24 hours and then immediately 

processed (table 5). A portion of the MDTs (approximately 112 MDTs) will be fixed and embedded in 

paraffin to produce MDTAs. The remaining (approximately 210 MDTs) will be used for RNA extraction in 

order to characterize the transcriptome of each treatment group of samples from the same patient. This will 

allow us to identify the molecular signature induced in response to one drug alone or in combination. We 

aim to validate the signature using IF co-staining of biomarkers representing cancer cell fates such as 

proliferative biomarker, Ki-67; apoptosis biomarker, cleaved caspase-3; senescence biomarkers, p16 and 

p21; and necrosis biomarkers, FK18 and RIP1. We will include epithelial specific proteins such as 

epithelium-specific EPCAM and cytokeratins 8 and 18 proteins to enable a targeted analysis of the 

predominant cancer cells. We will quantify the presence of each biomarker using a quantitative analysis 

system (Visiomoph software, Visiopharm) that allows subcellular localization of signals and fluorescence 

multi-labeling on the same MDTA slide. Multiple monochromatic and high-resolution images of MDTA 

spots are obtained using an Olympus VS110 epifluorescence microscope (Olympus). These results in 
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combination with viability assessment using flow cytometry will confirm if MDTs respond or are resistant 

to each treatment. 

Furthermore, the compilation of DNA micro-array results from these four patients will help generate 

a list of genes preferentially expressed in response to each treatment that we would call the treatment 

response signature. By combining the specific molecular response signatures from the four patients, we will 

be able to identify and determine a set of proteins within molecular pathways of interest that are involved 

in chemo-sensitivity. Furthermore, we will analyze the prevalence of these proteins of interest in the cancer 

genome atlas (TCGA) dataset for each cancer type and correlate them with the cancer progression (staging) 

and response to treatment to which will be further developed during this thesis. This will further allow us to 

focus our fundamental research on the most important molecular resistance pathways.  

Conclusion 

We are developing a novel model system suitable to address a range of biological questions in 

cancer. We have currently demonstrated the feasibility of our model and we will begin to determine the 

predictive potential of MDT model system for personalized medicine. Having developed our new MDTA 

tool, we can include published or emerging predictive and prognostic IHC/IF based biomarkers in decision-

making monogram. In addition, we will provide a model system to dissect innate and acquired resistance. 

5.2.8 References 

1.  Statistics CCSsACoC: Canadian Cancer Statistics 2016. Toronto, ON: Canadian Cancer Society, 
2016 
2. James Ritter RF, Graeme Henderson, Humphrey Rang: Rang & Dale's Pharmacology (ed 7th), 
Elsevier, 2011  
3. Venditti JM, Wesley RA, Plowman J: Current NCI preclinical antitumor screening in vivo: results 
of tumor panel screening, 1976-1982, and future directions. Adv Pharmacol Chemother 20:1-20, 1984 
4. Fleury H, Communal L, Carmona E, et al: Novel high-grade serous epithelial ovarian cancer cell 
lines that reflect the molecular diversity of both the sporadic and hereditary disease. Genes Cancer 6:378-
98, 2015 
5. Weiswald LB, Bellet D, Dangles-Marie V: Spherical cancer models in tumor biology. Neoplasia 
17:1-15, 2015 
6. Torisawa YS, Takagi A, Nashimoto Y, et al: A multicellular spheroid array to realize spheroid 
formation, culture, and viability assay on a chip. Biomaterials 28:559-66, 2007 



 206 

7. Johnson JI, Decker S, Zaharevitz D, et al: Relationships between drug activity in NCI preclinical in 
vitro and in vivo models and early clinical trials. Br J Cancer 84:1424-31, 2001 
8. Richmond A, Su Y: Mouse xenograft models vs GEM models for human cancer therapeutics. Dis 
Model Mech 1:78-82, 2008 
9. De Wever O, Mareel M: Role of tissue stroma in cancer cell invasion. J Pathol 200:429-47, 2003 
10. Junttila MR, de Sauvage FJ: Influence of tumour micro-environment heterogeneity on therapeutic 
response. Nature 501:346-54, 2013 
11. Justice BA, Badr NA, Felder RA: 3D cell culture opens new dimensions in cell-based assays. Drug 
Discov Today 14:102-7, 2009 
12. Hirschhaeuser F, Menne H, Dittfeld C, et al: Multicellular tumor spheroids: an underestimated tool 
is catching up again. J Biotechnol 148:3-15, 2010 
13. Morgan MM, Johnson BP, Livingston MK, et al: Personalized in vitro cancer models to predict 
therapeutic response: Challenges and a framework for improvement. Pharmacol Ther 165:79-92, 2016 
14. Bounaix Morand du Puch C, Nouaille M, Giraud S, et al: Chemotherapy outcome predictive 
effectiveness by the Oncogramme: pilot trial on stage-IV colorectal cancer. J Transl Med 14:10, 2016 
15. Huh D, Hamilton GA, Ingber DE: From 3D cell culture to organs-on-chips. Trends Cell Biol 
21:745-54, 2011 
16. Astolfi M, Peant B, Lateef MA, et al: Micro-dissected tumor tissues on chip: an ex vivo method for 
drug testing and personalized therapy. Lab Chip 16:312-25, 2016 
17. Protocols O: Paraffin Processing of Tissue, 2016 
18. Nassim Rousset FMTG: Simulation-assisted design of microfluidic sample traps for optimal 
trapping and culture of non-adherent single cells, tissues, and spheroids. Scientific reports 7, 2017 
19. Hattersley SM, Sylvester DC, Dyer CE, et al: A microfluidic system for testing the responses of 
head and neck squamous cell carcinoma tissue biopsies to treatment with chemotherapy drugs. Ann Biomed 
Eng 40:1277-88, 2012 
20. Vaira V, Fedele G, Pyne S, et al: Preclinical model of organotypic culture for pharmacodynamic 
profiling of human tumors. Proc Natl Acad Sci U S A 107:8352-6, 2010 
21. Coutinho I, Day TK, Tilley WD, et al: Androgen receptor signaling in castration-resistant prostate 
cancer: a lesson in persistence. Endocr Relat Cancer 23:T179-T197, 2016 
22. Armstrong DK: Relapsed ovarian cancer: challenges and management strategies for a chronic 
disease. Oncologist 7 Suppl 5:20-8, 2002 
23. Luvero D, Milani A, Ledermann JA: Treatment options in recurrent ovarian cancer: latest evidence 
and clinical potential. Ther Adv Med Oncol 6:229-39, 2014 
24. Staropoli N, Ciliberto D, Chiellino S, et al: Is ovarian cancer a targetable disease? A systematic 
review and meta-analysis and genomic data investigation. Oncotarget 7:82741-82756, 2016 
25. Das T, Meunier L, Barbe L, et al: Empirical chemosensitivity testing in a spheroid model of ovarian 
cancer using a microfluidics-based multiplex platform. Biomicrofluidics 7, 2013 



 207 

5.2.9 Figures and Tables  

 

Figure 1. Novel 3D ex vivo model using microfluidic technologies. A) General Concept. The tumor is surgically 

resected and micro-dissected into a sub-microliter size as micro-dissected tissues (MDTs). They are cultured for several 

days in microfluidic devices fabricated with two layers of polydimethylsiloxane (PDMS). Viability assessment of 

samples is achieved by using flow cytometry and predictive and prognostic biomarker analysis with Micro- Dissected 

Tissue Array (MDTA) using immunohistochemistry (IHC) techniques. B) Micro-dissection procedure of patient-

derived 3D ex-vivo model to study patient response to treatment. a. Slicing of tumor specimen. b. Sliced sections of 

the tissue. c. Micro-dissection of sectioned tissue sample using a 500 μm biopsy punch. d. Microscopic view of the 

MDTs. e. Microfluidic device of 7 channels, each holding 10 wells and inlets with a micro-reservoir to hold medium. 

f. Overview of a filled device. g. Microscopy imaging of MDTs and histogram (grey) with normal fit (blue) 

representing average diameter of MDTs from cell line xenograft tumor samples. 
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Figure 2. A Schematic representation of microfluidic device designs. A) 25-well device B) 70-well device C) 32-

well device. 

 

 

Figure 3. HGSEOC and Endometrioid Carcinoma patient HumanGene ST 2.0 gene expression analysis. 

Cropped image of a cluster analysis of the 44, 000 genes. A) HGSEOC patient cluster and epithelial-mesenchyme 

transition gene analysis (log2 of the level of expression). B) Endometrioid carcinoma patient cluster and epithelial 

mesenchyme transition gene analysis (log2 of the level of expression). 
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Figure 4. Optimization of the dehydration process in a 25-well device. A) MDTs of OV90 cell line xenografts 

exposed to a 4-hour treatment with formalin following a 70% ethanol incubation and direct 100% ethanol incubation 

before embedding in paraffin. B) MDTs of TOV1946 cell line xenografts exposed to a 4-hour formalin incubation 

which is proceeded with incremental incubations of ethanol (70, 80, 90, 95, 100%), with enlarged regions of two 

MDTs. ** Incremental increases of ethanol concentration maintains cell morphology of great quality. 
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Figure 5. Optimisation of formalin fixation conditions. A) The EOC cell line, TOV1946, was used to optimize these 

conditions in the 25-well device. Each system was exposed to formalin for a period of either 5, 15, 30 or 60 minutes. 

A 30-minute incubation period shows a better preservation of tissue architecture and cell morphology as seen in the 

enlarged regions of chosen MDTs in each incubation condition. B) Validation of the 30 minute incubation period in a 

25-well device using PC (PC3) and other EOC (OV2295, OV90, TOV112D) cell line xenografts. Although the 

component composition varies between each MDT and cell line, the morphology of the cells within each MDT is 

preserved using these conditions. 

 

 

A
5 

m
in

15
 m

in
30

 m
in

60
 m

in

60 min30 min15 min5 min

B LNCaP OV2295 OV90 TOV112D



 211 

 

Figure 6. Paraffin embedding protocol to produce Micro-Dissected Tissue Micro-Array (Paraffin-Embedding 

Lithography). A) Formalin fixation and dehydration of the MDTs directly in the microfluidic device. B) Peeling apart 

of the two PDMS layers. C) Replica molding of the channel layer by immersion in liquid paraffin followed by 

solidification. D) Removing the remaining PDMS layer from the solid paraffin block. E) Covering the exposed MDTs 

with liquid paraffin and solidification. F) Re-melting of the block to align the MDTs on the same plan. G) Solidification 

of block with MDTs perfectly aligned on the surface plane. 

 
Table 1. Summary of MDTA procedure in which formalin fixation incubation is dependent on device type. 

Time of incubation (min) 25-well 
Device 

70-well 
Device 

32-well 
Device 

Formalin Fixation  30 20 25 
50% Ethanol  3x5 4x5 3x5 
70% Ethanol  20 20 20 
Phloxine  20 20 20 
80% - 100% Ethanol 20 20 20 
Xylene Substitute 3x5 3x5 3x5 
Paraffin embedding  120 120 120 
Solidification  40 40 40 
Peeling off PDMS & 
covering up 15 15 15 

Re-melting & 
solidification 120 120 120 

TOTAL TIME: ~ 11 hours if done on the same day 
Fixation time depended on the device type as a function of the amount of volume the channel unit could hold (for more details see 
table 2). For every ethanol step the systems were rinsed with 2 intervals of 5-minute incubations before starting the real incubation 
time, allowing removal of previous solution from the wells and channels. This procedure was usually done over a 3-day period; the 
steps highlighted in green were primarily done at the end of the experimental time point at which time the samples were stored for 
a couple weeks in 70% ethanol at 4˚C. The orange highlighted steps were done all on the same day and finally the blue highlighted 
steps could be done the day following paraffin embedding if needed. 
 

 

G
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Table 2. Particularities of each device type fabricated with all important specifications. 

 25-well Device 70-well Device 32-well Device 
Channel 
Dimensions 0.7mm by 0.7mm 1.1mm by 2.2mm 1mm by 0.9mm 

Well dimensions  0.7mm by 0.7mm 0.7mm by 0.7mm 0.7mm by 0.7mm 
Assembly of device Channel and wells on 

same layer 
Channel and well on 

separate PDMS layers 
Channels and wells on 

same layer 
Volume of medium 
channel can hold 45 µl 100 µl 80 µl 

Time for glucose to 
diffuse out of well 
(rate of diffusion 
9x10-6cm2/sec) 

5 min 18 min 8 min 

Time for phloxine to 
diffuse out of well 
(rate of diffusion 
5x10-6 cm2/sec) 

7 min 25 min 12 min 
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Figure 7. Optimization of formalin fixation of the 70-well and 32-well device. A) Xenograft MDTs of the epithelial 

EOC cell line, OV2295, exposed to formalin during different incubation time points (10, 20, 30, 45 and 60 minutes) 

in a 70-well device. B) Xenograft MDTs of the epithelial EOC cell line, OV90, exposed to formalin during different 

incubation time points (10, 30 and 45 minutes) in 32-well device. 
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Figure 8. Medium change variability and usage potential of each device type. Culture medium coloration test using 

OSE medium of different colors (red and yellow). *The device wells did not contain any MDTs during testing 

procedures. A) 25-well device B) 70-well device C) 32-well device. Each device was initially rinsed with 100% ethanol 

to remove possible air bubbles that may have been trapped within the channels or wells, and then rinsed first with red 

medium and then with yellow medium. Between each medium change, 5 minutes of diffusion time was given before 

adding the next rinsing change. D) Computer stimulations using COMSOL Multiphysics® modeling software was 
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performed for establishing rinsing procedure as a function of diffusion rate of glucose. * In the graph legend 0.7 mm 

refers to the 25-well device, 0.9 mm refers to the 32-well device and 2.2 mm refers to the 70-well device. 

 

 

Figure 9. Reproducibility of MDTA alignment using different device types. A) 25-well device B) 70-well device 

C) 32-well device * More than ten blocks were produced and analyzed for this part of the procedure.  
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Figure 10. Heterogeneity preserved in prostate cancer cell line xenograft model (LNCaP). Each primary tissue 

region and MDTs were stained with H&E, a human mitochondrial antibody staining human epithelial cells and the cell 

proliferative marker Ki-67. A) Primary tumor tissue sectioning stained with Hematoxylin and Eosin (H&E). B) 

Closeup of different regions showing heterogeneity of the tumor C) Representative MDTs corresponding to the 

different tumor regions of the primary tissue. 

 

Figure 11. Evolution of the MDTs over time in ovarian cancer xenograft model (OV2295). IHC analysis (A-C) 

of randomly selected MDTs at different time-points stained with H&E, human mitochondrial antibody and cell 

proliferative biomarker, Ki-67, showing sustained proliferation of human epithelial cells over time A) MDTs fixed on 

primary tissue harvest day (Day 0). B) Fixation after 3 days of culturing. C) Fixation of MDTs after 8 days of culturing. 

D) Flow cytometry analysis of 15 MDTs at Day 0, 5 and 8 stained with human mitochondrial antibody identifying the 

percentage of human epithelial cells and showing tissue viability using combination of Annexin V (detection of 

apoptotic cells) and DRAQ7 (detection of dead cells) antibodies. 



 217 

 

Figure 12. MDTA procedure on prostate cancer and epithelial ovarian cancer patient samples. A) Hematoxylin 

and Eosin (H&E) coloration of three PC patient sample MDTs. B) H&E staining of three EOC patient sample MDTs. 

C) Same PC patient samples exposed to different biomarkers such as epithelial cell identifier, CK8/18; IκB kinase, 

IKKε; and the p65 subunit of NF-κB. D) Same EOC patient MDTs exposed to various biomarkers such as epithelial 

cell identifier, CK8/18; molecular chaperone, clusterin; GTPase, Ran; and tight junction membrane protein, claudin-

7. * Optimizations of antibody concentration conditions are on going however from these results we show we can 

convey this protocol onto patient samples maintaining high quality cell morphology. 
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Figure 13. Chemo-treatment response analysis of a high-grade serous ovarian cancer patient sample. A) MDTs 

at day of tumor resection (Day 0) stained for epithelial cell markers, cytokeratin 7,19. B) Day 8 MDTs treated with 

two cycles of a combinatorial chemotherapy treatment of carboplatin (300 μM) and paclitaxel (80 nM). Viability and 

proliferative analysis through the use of cleaved caspase-3 and Ki-67, respectively. C) Viability assessment of 

treatment response validated using flow cytometry. Fifteen MDTs were analyzed per condition (control and treated) 

and stained with Annexin V (detection of apoptotic cells) and DRAQ7 (detection of dead cells) antibodies taking into 

account a combination of stromal and epithelial survival. D) Patients’ clinical outcome. Patient was diagnosed with 

stage IIB (FIGO) HGSEOC and underwent six cycles of chemotherapy (combination of carboplatin and paclitaxel) 

and showed complete remission after 12 months of observation based on the CA-125 levels in the blood. 
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5.3 Unpublished MDT Data 

5.3.1 Figures  

 

Figure 1. MDTMA procedure on PC and EOC patient samples. A) H&E staining of three PC patient-derived 

MDTs.  B) Immunohistochemical staining for different biomarkers such as epithelial cell identifier, CK8/18; IκB 

kinase, IKKε; and the p65 subunit of NF-κB. On PC patient-derived MDTs. C) H&E staining of three EOC patient-

derived MDTs D) Immunohistochemical staining for biomarkers such as EOC identifier, CK8/18; molecular 
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chaperone, clusterin; GTPase, Ran; and tight junction membrane protein, claudin-7 on EOC patient-derived MDTs. 

*Preliminary optimizations of antibody concentration conditions show patient samples maintain cell morphology, 

generating high quality stained images for analyses. 
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Figure 2. TOMO microscope slides highly retain MDTs during histological staining. A) Bar graph showing 

percentage of MDT loss after IF staining for three different cell line xenograft derived tumors placed on superfrost 

microscope slides. B) representative images of MDTs stained on superfrost microscope slides. C) Bar graph 

comparison percentage of MDTs lost when comparing MDTs placed on TOMO and superfrost slides.  

 

Figure 3. Viability and treatment response analysis of PC tissue and biopsy specimen as MDTs. A) Cell viability 

of MDTs derived from either PC tissue or biopsy samples after 2 and 8 days of culture in microfluidic device. Flow 

cytometry analysis of MDTs derived from B) low grade C) high grade PC patient samples in RPMI medium and treated 

with Bicalutamide (100µM), Docetaxel (10nM) or combination therapy. 
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Figure 4. Optimization of Olaparib on PC cell line models. A) Calculation of the 2D response to Olaparib 

calculating (IC50) in PC cell lines. B) Optimization of treatment response in MDTs derived from PC3 cell-line 

xenograft tumors using three Olaparib concentrations (0, 100, 500 µM) and three different treatment regimens (4,6, 8 

days of induction). Representative images of 22RV1 MDTs stained forr C) cleaved caspase-3 and D) y-H2AX staining 

at increasing concentrations of Olaparib. Bar graphs of ratio of E) cleaved caspase-3 and F) y-H2AX normalized to 

control for MDTs derived from 22RV1, PC3 and DU145 cell line xenograft tumors. Error = S.E.M. p<0.05 is 

significant.  
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