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ABSTRACT OF THE DISSERTATION

Validation of a Human Vascularized Micro-Tumor Model
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About 95% of anti-cancer drugs that show promise during preclinical study fail to gain FDA-

approval for clinical use. The gap between in vitro and in vivo preclinical study calls for

physiologically relevant in vitro models that can better serve as a reliable drug-screening

tool. The vascularizedmicro-tumor (VMT) is a novel three-dimensional model system that

recapitulates the complex tumor microenvironment within a transparent microfluidic

device that allows real-time study of drug response and tumor-stromal interactions. Here

we validate our model system by showing that gene expression, tumor heterogeneity, and

treatment response in the VMTmore closely model tumor clinicopathology than current

standard drug screening modalities.
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Chapter 1

Introduction

1.1 Background

Cancer is the second leading cause of death in the United States, with 1,500 people dying

from the disease every day[216]. The high rate of mortality and morbidity for this dis-

ease highlights the need for more effective therapies. Despite the high incidence, drug

discovery has been slow to translate into clinical benefit for patients and the paucity of

effective treatments in oncology is consequent to the high attrition rate during drug de-

velopment[128]. Indeed, oncology has the lowest success rate of any therapeutic area

with only 5.1% of anti-cancer drugs entering phase I clinical trials ultimately gaining FDA

approval[223]. For every 10,000 compounds that proceed through research and develop-

ment, only 1 will ultimately become FDA-approved formarket use[128, 269]. To bring a new

drug tomarket for any disease indication can take in excess of 10 years and $2.5 billion[55].

Despite promising preclinical data, the majority of drugs fail during clinical stages due to

issues with efficacy (>50%) and/or safety (>10%)[125]. One of the main reasons for such a

high attrition rate is that current methods for disease modeling and drug screening are
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poor predictors of human outcomes. Given the fact that about two thirds of drug devel-

opment cost occurs during clinical trial phases, the ability to more accurately identify

lead candidates and eliminate ineffective drugs earlier in the process will save a signifi-

cant amount of time and resources, reduce human risk, and accelerate the translation of

effective therapies to the clinic[268, 282].

While animal models have advanced our understanding of complex diseases such as can-

cer and provide essential readouts of organism-level drug effects in vivo, these samemod-

els are expensive, time consuming and often fail to predict human responses during clini-

cal trials[175, 146]. In fact, it is estimated that less than 8% of successful animal trials for

cancer drugs translate to successful human clinical trials, primarily due to species-specific

differences in physiology and cell biology[282]. Furthermore, animal models allow only

limited manipulation to study the mechanisms at play during disease progression or ther-

apeutic response[219, 250]. On the other hand, while standard 2D cell monocultures used

for drug screening are cost-efficient and simple to use, such monolayer cultures fail to

recapitulate the 3D cellular spatial arrangement and microenvironment of in vivo tissues

leading to poor predictive power. Cell growth in 2D versus 3D environments not only pro-

motes changes in cellularmorphology, function, response to stimuli, and gene expression

patterns, but also leads to drug responses that vary dramatically from the in vivo situa-

tion[232]. Translation of results obtained fromcell culture studies into animal trials during

preclinical stages of drug development is difficult because of the inability of these over-

simplified in vitromodels to simulate the complex and heterogeneous tissue architectures

of their in vivo counterparts.

To bridge the translational gap between current preclinical models and clinical outcomes,

in vitro platforms that better mimic native tissue physiology are undergoing rapid evolu-

tion. Advances in tissue engineering have assisted the development of functional, minia-

turized human healthy or diseased organs termed microphysiological systems (MPS, also
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known as ’organ-on-a-chip’, organ chip or tissue chip)[282, 15, 142]. MPS integrate mi-

crofluidics, microfabrication techniques, biomaterials and tissue engineering to create

tissue or organ constructs via co-culture of multiple cell types, often embedded in a hy-

drogel or extracellular matrix (ECM), within a palm-sized device. By leveraging microflu-

idics technology, physiological relevance can be built into the MPS to model the dynamic

microenvironment and inter-cellular interactions of complex tissues or organ-systems.

High-fidelity modeling of essentially any tissue in the human body to reproduce corre-

sponding functional units is now possible. For example, microscaled platforms have been

developed to model lung[95], liver [11], brain[178], endocrine tissues[278], intestine[120],

kidney[275, 103], and heart[92], among many others. In addition to these micro-organ

platforms, MPS technology offers new opportunities for building and applying functional

3D in vitro human tumor models for oncology research.

Besides 3D cellular assembly, the tumor microenvironment consists of a complex combi-

nation of ECM, stromal cells and interstitial fluids. This complex composition influences

the tumor cell phenotype via mechanical and biochemical factors that ultimately con-

tribute to tumor growth[203]. To recreate the tumor microenvironment, tumor chip mod-

els have been engineered to incorporate stromal cells such as pericytes[122], cancer asso-

ciated fibroblasts[107], smooth muscle cells and myofibroblasts[88], mesenchymal stem

cells[53], as well as endothelial cells[12, 164] to form a vascular compartment, either self-

organized[12, 225, 90, 160, 281, 35, 36, 264, 129], or spatially organized by design[261, 30].

Rudimentary (natural) immune systems have also been incorporated into tumor chips

through the addition ofmacrophages[88], dendritic cells[171] andTcells[105, 174]. Fully au-

tologous systems are still on the horizon. Tumor chips have been arrayed for high through-

put drug screening applications[180], optimized for cancer metastasis studies such as

tumor cell extravasation and micrometastasis generation[37], and populated with patient-

specific cells for personalized medicine approaches[105]. Organotypic tumor chips capa-

ble of recapitulating complex organ-level patterns of cancer growth, dissemination and
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therapeutic response observed in patients are quickly advancing[84, 150]. Multi-MPS have

been generated for the detailed study of drug pharmacokinetics (PK), pharmacodynamics

(PD) and toxicity[142, 238, 215, 251]. In particular, tumor chip models allow experimental

manipulation and well-controlled real-time study of dynamic interactions among tumor

cells, stromal cells and the tumor microenvironment, which is less simple to accomplish

using regular tissue culture and animal models.

In this introduction,wefirst brieflydescribe the strengths and limitations of currentmodel

systems and highlight critical features of the tumor microenvironment that contribute to

disease progression. We then review the current state-of-the-art in 3D tissue-engineering

models developed for cancer research and outline how the technology is revolutionizing

disease modeling, drug screening and personalized medicine for oncology. Within this

context, we critically evaluate limitations in current tumor chip models and address chal-

lenges in the field by proposing solutions to accelerate the translation of tumor chips into

mainstream use.

1.2 Strengths and Limitations of Standard Preclinical Mod-

els

2DMonocultures

While assays derived from 2D monolayers of cell lines grown on plastic are low cost, easy

to use and high throughput, these same models have limited predictive capability since

they fail to mimic natural human physiology[55, 60]. Differences in cell morphology,

differentiation, proliferation, viability, response to stimuli, metabolism, gene/protein

expression and drug sensitivity are observed when cells, previously cultured in 2D, are
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moved to a 3D environment[86, 19, 138]. This is not surprising considering that, with

few exceptions, human organs develop and maintain their specific functions owing to

the 3D structure they adopt. 2D cell cultures have vastly different substrate topography,

stiffness, and architecture than in vivo counterparts, and fail to recapitulate the cell-cell

and cell-matrix interactions of endogenous tissues[18]. Furthermore, 2D culture places a

selective pressure on cells that can cause genetic drift and loss of heterogeneity, resulting

in substantial changes to their original phenotypes[13].

Another major limitation of 2D assays is that artificial in vitro conditions for growing cells

on plastic dishes prevents investigation and therapeutic targeting of many cell behaviors

that lead to disease progression and treatment failure, such as immune suppression and

metastasis[232]. Moreover, 2D assaypropertiesmay lead to false-positive selectionof drugs

that have only limited efficacy in vivo, often due to the greater heterogeneity seen in more

complex environments, where stem cells and quiescent cells may cycle more slowly and

demonstrate resistance to cell cycle arrest[279]. Since the tumor microenvironment and

tumor-stromal interactions that create a barrier to drug delivery in vivo are notmodeled in

2D cell culture, drugs that look promising in cell assaysmay not be able to reach target cells

in vivo[233]. Drug screening is typically performed in 2D on cells growing asmonocultures,

despite evidence that direct association of tumor cells with stroma renders populations

of cancer cells resistant to chemotherapeutic drugs[262, 274, 6, 245, 46]. The intrinsic

limitations of 2D cell culturemodels have prompted the development of 3Dmodels that can

provide a cellular microenvironment and physiologic context that more closely mimics

the microenvironment observed in native tissues. This feature is critical for drug testing

since environmental cues can have profound effects on cell functions, which often affect

cellular responses to drugs. Therefore, drugs often demonstrate greater efficacy in 2D

cultures than in 3D or in vivo systems; conversely, compounds that are only effective in 3D

will be missed by traditional screening assays.
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3D Spheroids

Bymaintaining tumor cells in a native 3D conformation, spheroid cultures address certain

limitations in 2D cell models. Spheroids develop distinct areas of rapidly dividing cells on

the outer layer vs necrotic and slow cycling cells at the center and intermediate layers,

respectively[239]. In this regard, spheroid cultures more accurately mimic the metabolic

gradients and drug resistance of in vivo tumors than standard 2D cultures[242]. These

models have progressively evolved from the simplest form comprising homogeneous ep-

ithelial cell populations to 3D co-cultures that can be embedded in matrix with variable

ECM properties and derived from numerous cell sources (such as established cell lines,

patient-derived cells, and stem cells). 3D models provide sound insight into the differ-

ences between normal and malignant epithelial cells and serve as an excellent basis for

determining the intermediate steps that are responsible for the transition from a normal

to a malignant fate[64].

While spheroid cultures can recapitulate disease characteristics such as chemo-/radio-

resistance[241], some aspects of tumor cell heterogeneity and invasive/migratory poten-

tial of tumor cells[257], there are several limitations in thesemodels. Spheroids are useful

models of avascular tumors but lack the structure and complexity seen in vascularized

tumors in vivo[72]. As a result, spheroid cultures are not able to fully recapitulate the spec-

trum of cell phenotypes within the tumor milieu. Due to static culture conditions, cells in

spheroid models do not experience the same mechanical forces that would be expected

in vivo and lack of dynamic flow also prevents long-term culture for drug sensitivity and

toxicity studies[183]. Thus several important factors of the tumor microenvironment are

not reproduced and cannot be studied in these models. Another significant limitation is

that many tumor types, especially those with a highly invasive phenotype, do not readily

form spheroids and so cannot be assayed in these cultures (e.g. MDA-MB-231 breast can-

cer cell line). To address these shortcomings, tumor chips represent more sophisticated
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tissue-based culture models that mimic critical features not represented in traditional

monolayer or spheroid cultures.

Animal Models

Animal surrogates of human disease are a necessary component in the drug development

pipeline because these in vivo models can emulate physiological complexity at the whole-

organism level. Although animal studies have advanced our understanding of complex

diseases such as cancer, a major shortcoming of these models is that they often have only

limited translatability to humans. This is evidenced by the fact that >90% of drugs that

show promise during animal studies fail in clinical trials, suggesting that current animal

models fail in critical ways to fully recapitulate the human disease condition[65]. Species-

specific differences betweenmouse and human in physiology, and cell biology, variations

in the homology ofmolecular targets, and differences in the number of required keymuta-

tions to develop tumors can impede clinical translation of preclinical results[165]. Further,

immunological and inflammatory response vastly differs in the murine model[158, 209].

During preclinical drug development, tumor cells are often injected subcutaneously into

the flanks of severely immunocompromisedmice to generate xenograft tumors for in vivo

testing of candidate drugs. This procedure greatly facilitates tumor monitoring by palpa-

tion and visual inspection, but is poorly representative of tumor development in the native

tissue microenvironment. Less commonly, transplants are generated orthotopically, or

in the original site of cancer, to better mimic tumor-specific disease evolution, although

these procedures can present technical challenges both in establishing and monitoring

the xenograft tumor[202]. Moreover, tumors generated from transplantation in mice will

inherently contain non-human host cells. In contrast, tumor chips can be composed en-

tirely of human cells and tissue-specific factors of the microenvironment can be readily

incorporated into the chip by design to better mimic the organ site of tumor origin.
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To better replicate the heterogeneity of human tumors, patient-derived xenograft (PDX)

tumor models that are established from transplantation of primary tumors are increas-

ingly being adopted for drug screening, disease modeling and personalized medicine

applications[202, 187]. These models are limited by the small amounts of patient-derived

tissue available, thus it can take months to expand and serially transplant PDX to gener-

ate sufficient replicates for in vivo drug testing, and many primary tumors simply fail to

engraft from the outset. While there have been increasing efforts to use PDX as models to

study drug response, recent evidence suggests that PDXmaynot recapitulate parent tumor

characteristics as faithfully as initially assumed[63]. Indeed, Ben-David et al[13] assessed

copy number alterations (CNA) in 1,100 PDX samples derived from 24 cancer types and

analyzed PDX genomic stability through the process of serial engraftment, compared to

human primary tumors and primary-derived cell lines. Interestingly, individual PDXmod-

els often gained or lost CNAs and mutations in cancer-related genes during PDX passage,

quickly diverging genomically from the parental tumors from which they derived. These

changes in genomic landscape were comparable to those observed in primary-derived

cells maintained and passaged in vitro, which included loss of recurrent chromosomal

aberrations that are believed to have casual roles in tumor progression and therapy re-

sponse. These results suggest that primary-derived cells are critically influenced by the

amount of time maintained outside of the body, and that MPS can address this limitation

by providing an in vivo-like environment amenable to more rapid analysis.

While severely immunocompromised mice are necessary to allow engraftment of hu-

man tumors, such models preclude the study and therapeutic targeting of interactions

between adaptive immune cells and tumor cell populations. Humanized mouse models

are being developed to address this concern, whereby human immune components are

incorporated to partially reconstitute the immune-inflammatory response during disease

progression[286, 158]. Still, appropriate mouse models may not be readily available for

certain applications and are impractical for routine drug screening[68, 242]. Another im-
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portant limitation of animal models is that only limited experimental manipulation can

be performed to interrogate mechanisms of disease progression, due to the complexity

of generating knockout animals and difficulty investigating dynamic cell-cell interactions

in vivo. Furthermore, spatially random and temporally rapid events such as tumor cell

intravasation that can be easily visualized in real-time using tumor chips cannot be easily

interrogated using animal models. Transgenic mouse models have been genetically engi-

neered to partially recapitulate aspects of human carcinogenesis in situ, however evidence

suggests key differences in the signaling requirements for transformation of mouse and

human cells[190, 83]. Additional considerations for the use of different types of mouse

models in cancer research have been reviewed previously[29, 45, 132].

Although animal models represent a necessary component in the drug development pipe-

line and have provided useful information on disease processes, these same models re-

quire tremendous time and resources and thus represent a low throughput model system.

Even so, approximately 27 million vertebrate animals are used for research purposes in

theUS every year, highlighting the ethical burden associatedwith these studies[4]. Indeed,

the US National Research Council recommends that animalmodel based tests be replaced

as soon as possible with an increased emphasis on epidemiology, in silico models and in

vitro human cell-based assays, including MPS[146]. This is in accordance with federal and

ethical guidelines originating from the 3R’s initiative to replace, reduce and refine the use

of animals in scientific and medical research[244].

1.3 Overview of the Tumor Microenvironment

To create a realistic tumor model, several key features of an actual tumor must be repli-

cated. A tumor comprises numerous cell types in a dynamic tumor microenvironment

wherein a host of biochemical and biophysical cues dictate cellular responses. Although
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tumor genetic heterogeneity remains a significant barrier to effective cancer eradication,

it is now widely recognized that the tumor microenvironment plays an equally critical

role in cancer initiation, progression and drug resistance, thus representing an attractive

therapeutic target independent of the myriad genomic aberrations unique to each tu-

mor[246, 233, 262, 197, 83]. The tumor microenvironment serves as a complex ecosystem

containing diverse cellular and non-cellular components that modulate the proliferation,

function and fate of cancer cells via bi-directional communication[184, 147]. Cell signal-

ing within the tumor microenvironment occurs through release of soluble factors in the

interstitial fluid, cell-cell or cell-ECM adhesion, and mechanical forces. These mechanical

forces are generated by fluid forces, shear stresses, interstitial flow and ECM organization,

composition and stiffness[258, 183, 133]. The functional association of tumor cells with

surrounding tissues leads to the development of a newpathological ‘organ’ that continually

changes as malignancy progresses and in response to treatment[147].

Like normal tissues, tumors require delivery of oxygen and nutrients, and elimination

of metabolic wastes, via the vascular supply. In the absence of new vasculature, central

necrosis will develop in a solid tumor due to limited diffusion of oxygen to the tumor core

resulting in hypoxia, high acidity and the accumulation of wastes[257]. Before undergo-

ing cell death, cells at the core adapt their metabolism and become quiescent in order to

maintain homeostasis. Quiescent tumor cells are difficult to eradicate with conventional

therapies that target rapidly proliferating cells, such as radiation and chemotherapy[150].

Gradients of nutrients, oxygen and cytokines develop as the tumor mass grows, often

leading to zonation within the tumor whereby viable, proliferating cells survive at the

periphery of the tumor while quiescent and necrotic cells are harbored at the center.

Necrotic cells can also release growth-stimulating factors, such as IL-1α, that can directly

stimulate neighboring cells to proliferate, thus contributing to disease progression[83].

Overexpression of hypoxia inducible factors such as HIF-1 promotes the expression of

hypoxia-inducible genes that enhance cell survival, alter glucose metabolism, increase
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vascular permeability and inflammation, and induce new vessel sprouting via angiogene-

sis[184]. Such genes includephosphoglycerate kinase 1 (PGK-1), glucose transporter 1 (Glut-

1), lactate dehydrogenase A (LdhA), glyceraldehyde-3-phosphate dehydrogenase (GAPDH),

vascular endothelial growth factor (VEGF) and nitric oxide synthetase (iNOS)[208]. Hy-

poxia also promotes cancer metastasis of solid tumors via a step-wise, physical process

that is heavily influenced by the ECM density and composition of the surrounding tumor

microenvironment. Synergistic interactions between malignant cells and the tumor mi-

croenvironment lead to active ECM remodeling that further promotes the recruitment of

fibroblasts, immune-inflammatory cells, and perivascular cells to facilitate cancer cell

dissemination and invasion to distant organs[46].

Bissell and colleagues demonstrated the importance of faithfully recapitulating the tissue-

specific tumor microenvironment in a series of seminal studies[134, 99, 138, 19]. When

mammary epithelial cells were cultured on laminin-rich reconstituted basement mem-

brane, the cells self-assembled into spherical structures with a central lumen and pro-

duced milk protein in response to stimuli, similar to normal mammary acini. However,

when the same mammary luminal epithelial cells were cultured in 3D collagen I gels, the

self-assembled spheres failed to form a central lumen, demonstrated inverse cell polarity

and did not produce milk protein. Interestingly, the physiological phenotype (i.e. lumen

formation and cell polarity) could be restored if the mammary luminal epithelial cells

were co-cultured with myoepithelial cells that could deposit the basement membrane in

situ, suggesting that the composition of the ECM is a critical determinant of tissue structure

and function[46]. Further, ourwork has demonstrated the profound effect of ECM composi-

tion and stiffness on cell behavior within the tumormicroenvironment. By extracting and

comparing ECM from normal human colon tissue and colon tumor metastases, we found

differences in protein composition and stiffness between the two reconstituted matrices

with overrepresentation of a number of ECM proteins (e.g. collagens IV and XIV, laminin)

in the tumor ECM as well as a 3-fold increase in stiffness compared to normal ECM[197]. In
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Disease modeling Drug Screening Personalized Medicine

• Metastasis modeling

• Invasion/intravasation
• Survival/dormancy
• Extravasation
• Metastatic niche
• Epithelial-mesenchymal transition

• Tumor heterogeneity/evolution

• Mechanical forces

• Tumor-ECM interactions

• Tumor-stromal interactions

• Organ-specific microenvironments

• Immuno-oncology studies

• Species-specific models

• PK-PDmodeling

• Absorption
• Distribution
• Metabolism
• Excretion

• Toxicity

• High-throughput designs

• Efficacy testing

• Novel compound validation

• Tumor resistance/sensitivity

• Mechanistic studies

• Incorporation of primary cells

• Induced pluripotent stem (iPS) cells
• Adult tissue resident stem cells
• Biopsy-, blood- or tissue-derived cells
• Cancer stem cells
• Patient-derived organoids
• Genetically modified cells

• Integration with Big Data

• ‘Omics’ signatures/readouts
• Genome wide association studies

(GWAS)
• Computational modeling

• Biomarker discovery/validation

• Individualized trials-on-chip

• Tailored clinical management

Table 1.1 – Applications of Tumor Chip Technology

an in vitro assay of vascularized tumors whereby tumor cells were co-cultured with en-

dothelial cells and fibroblasts in the reconstituted matrices, vascular network formation

and tumor growth were significantly increased in the tumor ECM compared to normal

ECM, and tumor cells exhibited increased glycolysis. When introduced in vivo, tumor ECM

promoted enhanced vascularization to the cancer cells[197]. These findings highlight the

importance of studying tumor cells in the correct context. A better understanding of

interactions within the tumor microenvironment, gained through use of appropriate ex-

perimental models such asMPS, will be critical to overcome treatment resistance through

the development of successful targeted therapeutics.

1.4 Microphysiological Systems for Cancer Research

The ability to rapidly screen drugs and study disease mechanisms within a physiologi-

cally relevant context is critically important to facilitate clinical translation of preclinical

findings. To address current limitations in preclinical models, multiple research groups

12



have focused on innovating MPS that model both normal and pathological human tissue

functions in vitro[9, 98]. By utilizing advanced microfabrication, microfluidic and tissue

engineering techniques, physiological relevance can be designed into MPS to emulate the

important functions of practically any human tissue or organ in correspondingmicroscale

configurations. Major advantages of on-chip tissue models are that they recapitulate both

the 3D organization andmulticellular complexity of tissues and at the same time enable en-

hanced dynamic control over the cellular microenvironment to accommodate systematic

experimental intervention[15]. Furthermore, organ-on-a-chip platforms are composed

exclusively of human cells and require fewer cells and drug volumes that standard pre-

clinical models since assays are performed on a microscale. Microfabrication techniques

such as soft lithography and replica molding are often used to manufacture tissue chips

based on precise microfluidic designs. These bioengineering approaches allow manip-

ulation of fluids at ultralow volumes (i.e. nanoliter and below) to simulate physiological

flow, shear stress, nutrient delivery and drug exposure[183, 227, 182, 214]. Furthermore,

on-chip devices enable careful spatiotemporal control over cell growth to better model

complex tissue structure and function withinmicrometer-sized channels. Since fluid flow

in microfluidic channels is laminar, it can be easily mathematically modeled, allowing

theoretical predictions of complex biological phenomena[238] that, when coupled with

experimental analysis, provide a robust in vitro system for understanding tissue function

and testing promising approaches for treating disease.

Microfluidic devices for biomedical purposes are often fabricated using poly (dimethyl-

siloxane) (PDMS), an elastic silicone-based polymer that is biocompatible, oxygen-perme-

able, and optically transparent, allowing for continuous observation of tissue constructs

by microscopy for real-time assessment of cell behavior and response to treatment[205].

Recent advances have allowed continuous in situ monitoring of biochemical, physical

and optical responses via fully integrated sensing platforms on chip[282, 109]. Physical

properties of individual organs can be modeled on-chip via cyclic deformations (to model
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breathing or peristaltic motions [84, 120]), mechanical loading (to mimic the weight of

the body on the musculoskeletal system [151]) or contractile forces (such as those im-

portant for heart function [92]). Current on-chip approaches mainly rely on combining

pre-differentiated cells in particular ratios, often within an ECM or hydrogel that acts as

scaffolding for cell growth, to emulate the native tissue composition[242]. Cells are of-

ten fluorescently labeled, labeled with dye or immunofluorescently stained to facilitate

tracking by fluorescence microscopy, but other sensitive, non-invasive imaging meth-

ods have also been applied to these systems[225]. By integrating microfluidic assays, ad-

vanced microscopy and computational modeling, single events can be investigated with

unprecedented temporal and spatial resolution as part of the complex biological pro-

cesses that define pathophysiological responses. Based on advances in tissue-engineering

strategies, individual organ-on-a-chip platforms are now being linked together to gener-

ate multi-organ systems for the study of drug pharmacokinetics, pharmacodynamics and

toxicity[268, 238, 220, 16, 59, 251, 285, 199, 237]. With knowledge gained in the field of

stem cells, human induced pluripotent stem (iPS) cells or adult tissue resident stem cells

can be differentiated into patient-specific cell populations for incorporation into tissue

chips to achieve personalizedmedicine approaches[242, 92, 154, 155]. On-chip devices are

anticipated to enhance preclinical predictability of drug responses by more accurately

mimicking complex tissue- and disease-specific microenvironments than standard mod-

els.

1.4.1 Tumor Chips

Organ-on-a-chip platforms are rapidly evolving as powerful tools for oncology research

(see Table 1.1). By replacing healthy cells and associated ECMs in tissue-specific con-

structs with those of cancer origins, so called tumor-on-a-chip or tumor chip systems

have emerged. Tumor chips can ideally reproduce specific key aspects of the tumor mi-
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Figure 1.1 –Vascularizedmicro-tumormodel VMT (a)A schematic of themicrofluidic platformwith a single
unit. Three tissue chambers (1mm× 1mm× 0.1mm) constitute 1 unit. Different levels of medium in the
four vials drive flow. (b) A schematic of the microfluidic platform with 12 units/plate. (c) GFP+ EC at day 0.
(d) A fully-formed vascular network at day 7. (e) A vessel (mCherry, red) wrapped by a pericyte (YFP, yellow)
(f) 70 kDa rhodamine dextran flowing through the capillary network (green) formed within the three tissue
chambers showing tight barrier function. Tumor cells are labeled in blue. (g) HCT116 colorectal cancer cells
(GFP) with vessels (mCherry) are either non-treated (control) or treated with FOLFOX standard chemotherapy
on day 7 (0 hour) and imaged every 24 hours. (h) Quantitation of FOLFOX treatment in HCT116 VMT. Tumor
significantly regresses with treatment compared to control. Reproduced from Sobrino et al[225] and Phan
et al[178] with permission from Nature Publishing Group and the Royal Society of Chemistry.

croenvironment, such as biochemical gradients and niche factors, dynamic cell-cell and

cell-matrix interactions, and complex tissue structure comprised of tumor and stromal

cells. Moreover, tumor chips are able to reproduce cell confinement, a parameter imposed

on cell movement in the interstitial space of tissues that is totally absent in 2D assays yet

essential for studying the behavior of motile cells such as immune and cancer cells[171].

Vascularized Tumor Chips

Nearly every tissue in the human body, including those of malignant origin, depends for

survival on a supply of oxygen and nutrients delivered through blood vessels. Angiogene-

sis refers to the sprouting of newvessels frompre-existing vasculature, and vasculogenesis

occurswhenvessels form de novo fromprogenitor cells. In combination they represent the

fundamental processes by which new blood vessels are formed (reviewed in [70, 43, 185])

and are critical during physiological processes such as tissue homeostasis, wound healing,
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pregnancy and fetal development. However, during malignant progression angiogenesis

and, to a lesser degree, vasculogenesis are co-opted to feed the growing tumormass, while

also providing a means for metastasis. Metastasis is a primary reason for therapy failure

and accounts for >90% of cancer deaths[118]. Thus, tumor-associated vasculature repre-

sents an important component of the tumor niche and an attractive therapeutic target.

Indeed, anti-angiogenic drugs have been developed extensively for use in cancer but with

mixed clinical trial outcomes and oftentimesmarginal survival gains[185]. Elucidating the

factors that contribute to therapy failure will ultimately lead to more effective therapies.

Furthermore, approximately 25% of drugs entering clinical trials fail due to pharmacologi-

cal issues such as lack of absorption or penetration into the tumor[146]. High efficacy drug

delivery to cancer remains a challenge primarily due to the heterogeneity and complexity

of the tumor microenvironment, therefore models that mimic physiological barriers to

drug or gene delivery will facilitate translation of in vitro results to in vivo studies.

To advance drug development in this area, our group and others have designed microvas-

cularized tissue constructs on-chip in which vascular and perivascular cells self-organize

de novo into a living and perfused vascular network in response to fluid flow and shear

stress[225, 123, 119, 272]. Incorporation of thesemicrovascular networks into tumor chips

is a breakthrough for several reasons: 1) it better mimics the structure, function and dis-

ease processes of a vascularized tumor mass in vivo; 2) it models key steps of metastasis,

which involve tumor-endothelial and stromal cell interactions that are poorly understood

and difficult to investigate in current preclinical models; 3) it more accurately establishes

physiologically selective barriers to nutrient and drug delivery in target tissues allowing

for more realistic pharmaceutical screening; and, 4) drugs with anti-angiogenic and anti-

metastatic capabilities can be directly assessed in such a system.

For realistic tumor modeling and anti-cancer drug screening, our group has adapted our

base VMO platform[38, 90, 160] for cancer studies by incorporating tumor cells into the
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model to generate vascularized micro-tumors, or VMTs (Figure 1.1)[225, 180]. We have

previously validated our VMOmodel by demonstrating that perfused, living microvessels

that self-assemble within the microfluidic device (Figure 1.1a, 1.1b) model the physiology

of blood vessels in vivo. In response to gravity-driven physiologic flow, VMO microves-

sels derived from EC (Figure 1.1c) form tight junctions by day 5 of culture (Figure 1.1d).

Stromal cells seeded with EC in the tissue chambers acquire a pericyte phenotype (NG2+,

PDGFRβ+) with tight appositions to vessels (Figure 1.1e), and once established, vessels

rapidly lay down a collagen IV rich basement membrane that increases in density over

time. Importantly, the VMT recapitulates the barrier functions of tumor-associated vessels

in vivo (Figure 1.1f). We then created biomimetic VMTmodels for CRC using HCT116 (Figure

1.1g), SW620 and SW480 cell lines, breast cancer (MCF7 and MDA-MB-231) and melanoma

(MNT1) by introducing each cancer cell line mixed with stromal cells, EC and ECM into the

three tissue chambers of the device. Interestingly, tumor cells showed reproducibly differ-

ent growth patterns, with SW480 andMCF7 growing as tight spheroids andMDA-MB-231 and

MNT1 showing highly diffuse, invasive phenotypes reminiscent of their in vivo behaviors.

Differences in growth rate, vessel development, and collagen synthesis suggests that each

tumor cell line uniquely remodels the tumor microenvironment within the VMT.

We next performed drug screening to test VMT response to FDA-approved chemothera-

peutics and small molecule receptor tyrosine kinase (RTK) inhibitors representing both

anti-cancer and anti-angiogenic drugs, including the standard-of-care therapies indicated

for specific tumor types[225]. By treating VMTs with physiologically-relevant doses, we

demonstrated that the IC50 in our VMT model is higher than for 2D cultures (i.e. cancer

cells are more resistant to treatment in VMTs) and better representative of the IC50 ob-

served in vivo or in patients based on effective plasma concentration dose. This indicates

that 2Dmodels fail to accurately model certain critical features of in vivo tumors and that

certain survival-signaling pathways essential for tumor progression in vivo are not acti-

vated in 2D culture. In response to FOLFOX, a chemotherapeutic regimen indicated for
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CRC, HCT116 tumors displayed marked regression after 48 hours of treatment vs control,

whereas the already established vasculature remained intact (Figure 1.1g, 1.1h). Tumor

regression continued even 96 hours post-drug removal, confirming the cytotoxic effect of

FOLFOX treatment. The anti-angiogenic multi-kinase inhibitors sorafenib and pazopanib

were also tested in the VMT model and induced marked vascular regression in response

to treatment. Both drugs target VEGFR2 and PDGFRβwith similar efficacy, but pazopanib

additionally targets VEGFR1 and caused a greater degree of vascular regression in the

platform, whereas sorafenib induced greater tumor regression due to its targeting of RAF.

Additional drug screening results indicate that the VMT robustly recapitulates anticipated

drug response based onmechanismof action, animal studies and clinical trial results[225].

We have now arrayed our platform for high-throughput experiments to facilitate drug-

screening studies as well as to enable downstreammolecular biology techniques that are

difficult to perform using standard microfluidic platforms[180].

Recent contributions byKammand colleagues[35, 272, 106, 119] have provided an unprece-

dented, high-resolution view of tumor cell extravasation through microvessels formed

in a microfluidic device (Figure 1.2). The authors employed a de novo vascularized plat-

form to study the process of tumor cell extravasation from within in vitro microvessels

and were able to track each step in real-time. Suspended human umbilical vein endothe-

lial cells (HUVEC) and normal human lung fibroblasts (NHLF) (Figure 1.2a) cultured under

dynamic gravity-driven flow conditions in the two-gel channel device (Figure 1.2b) self-

organize to form stable, functional and perfused microvessels via paracrine signaling

across the central media channel (Figure 1.2c–1.2e). The microvessels formed tight cell-

cell endothelial junctions, deposited basement membrane and demonstrated physiologic

vascular permeability. Breast cancer cells (MDA-MB-231) were introduced into the device

and high-resolution time-lapsemicroscopy revealed the highly dynamic nature of extrava-

sation events (Figure 1.2f). The cancer cells first penetrated the EC barrier by extending

thin fillipodial protrusions that continued to increase and branch out while the remain-
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Figure 1.2 – Tumor cell extravasation from in vitro microvessels. (a) A schematic of a microfluidic de-
vice and cell-seeding configuration. Suspended HUVECs form microvascular networks in a gel matrix via
paracrine signaling with NHLFs across the central media channel. (b) Photograph of 2-channel microfluidic
device. (c) Visualization of VE-cadherin (red) at 60X reveals continuous cell-cell junctions. (d) Collagen IV
basement membrane deposition (green) around the lumen (red) and in the perivascular space suggests ves-
sel maturation. (e) Perfusion of vessels with 70 kDa dextran reveals patent lumens void of local leaks. Scale
bars are 20 µm. (f) High resolution time-lapse confocal microscopy (40X) of an extravasating entrapped
MDA-MB-231 (green). Lumens were labeled with a far-red plasma membrane stain (purple). Tumor cells
transmigrate through the endothelium and into the 3D matrix over a period of 4 h. The white arrow at 3:30
h indicates the location of a vessel opening at the site of tumor cell extravasation. Reproduced from Chen
et al[37] with permission from the Royal Society of Chemistry.

ing body on the apical side of the lumen maintained its sphericity, even as the nucleus

traversed the vessel. Throughout the process, tumor cells underwent significant shape

changes as the cell body extruded through a gap in the microvessel of subnuclear dimen-

sions. Interestingly, staining for VE-cadherin revealed that EC cell-cell junctions remained

largely intact. Employing this assay, the authors found that TNFαstimulation impaired

endothelial barrier function and increased tumor cell extravasation efficiency, and noted

positive correlations between themetastatic potentials ofMDA-MB-231, HT1080 andMCF10a

cancer cells and their extravasation capabilities. These results indicate that human tu-

mor cells exhibiting different metastatic potentials exit the vascular system with different

efficiencies, and that the platform possesses the sensitivity to detect such variations.
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Cancer Type Modeling On-Chip

Cancer progresses via dynamic organ- and tissue-specific interactions; therefore, accu-

rately modeling tissue-specific factors of the tumor microenvironment is crucial to cre-

ating physiologically and clinically relevant in vitro platforms for cancer research. In a

recent study, Hassell et al[84] created a sophisticated in vitro human orthotopic model

of non-small cell lung cancer (NSCLC) using a biomimetic microsystem of the alveolar-

capillary interface in the human lung (Figure 1.3a)[95, 94]. The lung alveolar chip consists

of two closely-apposed upper and lower channels separated by a thin, flexible and porous

ECM-coated PDMSmembrane that serves as the alveolar-capillary interface, or can serve as

an airway-capillary interface. NSCLC tumor cells were cultured on the upper surface of the

membrane containing primary human lung alveolar or small airway epithelial cells and

human lung microvascular EC lined all four walls of the lower channel, forming a hollow

vascular lumen. Physiological breathing motions were mimicked on-chip by applying

cyclic suction to two parallel side chambers that rhythmically deformed the adherent

lung tissues. Interestingly, NSCLC cells proliferated rapidly when cultured in the human

alveolus chip, yet displayed a relatively dormant phenotype when cultured in the airway

chip, reflecting organmicroenvironment-specific lung cancer growth observed in human

patients in vivo. Surprisingly, when NSCLC cells were cultured in the presence of cyclic

mechanical strain to mimic physiological breathing motions, lung cancer growth was

significantly suppressed by >50%. Without breathing motions on-chip, the tumor cells

expanded to replace large regions of the epithelium and invaded into the epithelial layer,

whereas the same tumor cells remained limited to smaller localized regions of the epithe-

lium when grown with cyclic deformation. The authors note the possibility that in vivo

obstruction of lungmotion due to filling of alveolar spaces by growing cancer cells or other

causes could produce a positive feedback loop to further enhance tumor growth. NSCLC

cells also displayed decreased sensitivity to tyrosine kinase inhibitors (TKI) when treated
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under mechanical stimulation due to significantly reduced EGFR expression and phospho-

rylation, as well as an increase in both expression and phosphorylation of c-Met. Thus, it

was concluded that mechanical breathing motions may suppress NSCLC cell response to

TKI therapy by altering signaling pathway activation. These studies reveal thatmechanical

cues within the tumor microenvironment can significantly influence NSCLC growth, drug

sensitivity and tumor dormancy in vitro to mimic unique NSCLC tumor growth patterns

that are observed in human patients.

Figure 1.3 –Cancer type-specificmodeling on-chip. (a) (Left) Schematic diagram of a cross-section through
2-channel microfluidic lung-on-a-chip device. (Right) Confocal fluorescence micrograph of a cross-section
of the two central cell-lined channels of an alveolus chip. NSCLC cells are labeled with GFP and endothelium
with RFP, as shown. Reproduced from Hassell et al[84] with permission from Cell Press. (b) (Left)Workflow
for generating bone perivascular (BoPV) niche for studies of breast cancer colonization. (Right Top) Bone
tissue reconstructionbasedonmicro-computed tomography (µ-CT) data. (Right Bottom)Rectangular-shaped
bone matrix in microfluidic chip. Reproduced fromMarturano-Kruik et al[150] with permission from the
National Academy of Sciences.
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Metastases can arise months or even years after a patient is treated for primary disease

due to residual disseminated tumor cells that enter dormancy and evade therapies[228].

Tissue-specific experimental models of the metastatic niche are needed to identify crit-

ical factors leading to metastatic-cell homing and colonization at distant sites, as well

as tumor latency and resistance to treatment. Tumor chips are uniquely primed to elu-

cidate the roles of stromal cells, secreted factors, exosomes and ECM proteins in niche

priming and reveal therapeutic targets that may prevent metastatic progression[3]. To

investigate breast cancer metastatic colonization and drug resistance, Marturano-Kruik

et al[150] developed a functional human triculture that formed stable vascular networks

within a 3D native bone matrix cultured on a microfluidic chip, termed the bone perivas-

cular (BoPV) niche-on-a-chip (Figure 1.3b). Human endothelial and bonemarrow-derived

mesenchymal stem cells were seeded into decellularized bone and exposed on-chip to

physiologically relevant interstitial flow and oxygen gradients. Recreation of these niche

factors on-chip allowed the long-termmaintenance of self-assembled microvascular net-

works without continuous addition of angiogenic factors. Interestingly, breast cancer

cells that were introduced into the BoPV niche-on-a-chip under physiologic flow condi-

tions showed a 4-fold reduction in cell numbers after 1 week in culture compared to static

BoPV niche-on-a-chip cultures. Furthermore, treatment with the RTK inhibitor sunitinib,

which is commonly used to target proliferative cancer cells and vasculature, was effective

only in the static BoPVniche-on-a-chip. Cancer cell growth was inhibited by 50% following

drug treatment in the absence of flow, whereas slowly-proliferating cancer cells in the per-

fused niche showed no response to sunitinib treatment. This study reveals the importance

of recapitulating key cancer-specific characteristics of the tumormicroenvironment to re-

veal physiologic mechanisms of drug resistance in vitro. It also demonstrates how tumor

chips provide the unique capability to manipulate the host microenvironment to study

the contribution of each niche component to tumor cell dormancy and drug sensitivity.
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Onco-Immuno Chips

Cancer is well recognized as an immunogenic disease that stimulates complex immune

responses via activation of both immune-inflammatory and immune-suppressive signal-

ing pathways. Cancer cells hijack immune checkpoint signals (including upregulation

of PDL1 and PDL2) to evade immune surveillance, while concurrently recruiting immune-

inflammatory tumor-associated immunosuppressive cells that actively contribute to ma-

lignant progression and metastasis[68]. The tumor microenvironment itself plays a criti-

cal role in influencing tumor-immune interactions and response to immunotherapy[108].

For example, desmoplastic stroma within the tumor microenvironment can function as

a barrier to T cell infiltration to foster a permissive, tumor-promoting environment[108].

By mobilizing the host immune system against malignant cells, cancer immunotherapy

induces long-term remissions in a subset of patients with metastatic disease and has be-

come a clinically validated treatment for many cancers[68, 211]. However, despite the

remarkable success of cancer immunotherapy, overcoming treatment resistance and the

variable responses among patients remain major challenges. The interactions between

the immune system and cancer cells are dynamic and constantly evolving within each in-

dividual patient – from the initial establishment of cancer to the progression tometastatic

disease, which is dependent on immune evasion[211]. Immunotherapy efficacy relies on

this tumor-immune crosstalk within the tumor microenvironment. Given the emerging

importance of the tumor microenvironment in modulating immune cell function, more

sophisticated tumormodels that incorporate features of the tumormicroenvironment are

needed to elucidate mechanisms of response and resistance to immunotherapies. Broad-

ening the clinical applicability of onco-immunotherapies requires an improved under-

standing of the mechanisms limiting therapeutic response in order to derive actionable

strategies to overcome them. Ex vivo systems such as tumor chips that model the dy-

namic interactions between the immune system and cancer cells may facilitate efforts in
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precision immune-oncology and the development of effective combination therapies[21].

Onco-immuno chip models, incorporating both malignant and immune components, fed

through a vasculature are well positioned for these studies since they are derived entirely

fromhuman cells and the delivery of patient-based antibody therapies to the tumor occurs

via tumor-associated vessels. Immune and tumor response can subsequently be assessed

in real-time within the tumor microenvironment.

Microfluidic technologies hold many advantages for studying tumor-immune cell interac-

tions since they capture the essential features ofmultiple cell type interactionswhile allow-

ing tight control of the microenvironment and real-time monitoring. Hsu et al[88] devel-

opedamicrofluidic platform that allowedcancer cells,myofibroblasts andmacrophages to

be cultured in each of three separate chambers connected by aY-shaped channel equipped

withmicrovalves that, when opened, allowed release of cell-conditionedmedia (CM) from

myofibroblasts and/ormacrophages to the cancer cells. Employing the platform, it was ob-

served that CM frommyofibroblasts andmacrophages increased migration of cancer cells

and that TNFαsecretion by macrophages counteracted the migration-promoting effects of

myofibroblasts. This study provides insights into the crosstalk between tumor and stromal

cells and highlights the importance of modeling these aspects of the tumor microenviron-

ment in disease models. In a recent contribution by Parlato et al[171], a novel platform

was used to monitor behavior of patient-derived interferon-α-conditioned DCs (IFN-DCs)

toward SW620 colorectal cancer cells, either untreated or exposed to an innovative anti-

tumor combined treatment (termed RI). IFN-DCs moved through the microfluidic device

toward RI-treated cancer cells, rather than the untreated counterparts, which was facili-

tated by CXCR4/CXCL12 dendritic cell-cancer cell signaling. RI-treatment of SW620 resulted

in a significant increase in phagocytosis of SW620 cells as IFN-DCs modified their motion

within the platform to take up more tumor antigens from drug treated cancer cells. The

microfluidic device allowed real-time visualization of the dynamic tumor-immune interac-
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tions involved in disease progression and treatment response, while further revealing that

cancer treatment with the novel dual therapy RI facilitated anti-tumor immune function.

Similarly, in a recent publication by Jenkins et al[105], ex vivo response to immune check-

point blockade (ICB) was interrogated using Murine- and Patient-Derived Organotypic Tu-

mor Spheroids (MDOTS \PDOTS) cultured in amicrofluidic device (Figure 1.4a) and validated

against in vivo data. Primary spheroids isolated frommouse and human tumors retained

autologous lymphoid and myeloid cell populations that recapitulated response and re-

sistance to ICB within the tumor chips. Profiling of Murine-Derived Organotypic Tumor

Spheroids (MDOTS) within the tumor chips revealed that TBK1/IKKε inhibition enhanced

response to PD-1 blockade, which effectively predicted tumor response in vivo. Systematic

profiling of secreted cytokines in Patient-Derived Organotypic Tumor Spheroids (PDOTS)

captured key features associated with response and resistance to PD-1 blockade, such as

increased CCL19 and CXCL13 that facilitate recruitment of immune cells to sites of chronic

inflammation to coordinate anti-tumor response. These findings were further confirmed

in paired biopsy specimens collected from patients with melanoma both before and after

ICB treatment. Thus, MDOTS \PDOTS profiling represents a novel platform to evaluate ICB

using established murine models as well as clinically relevant patient specimens. A 2017

study by Pavesi et al[174] describes a microfluidic model to test the antitumor efficacy

of TCR-engineered T cells wherein cancer cells and T cells interact in a 3D collagen ma-

trix on-chip (Figure 1.4b). Effector T cells introduced into medium-filled side channels

encountered a central collagen-filled region (i.e. the “tissue”) containing hepatocellular

carcinoma (HepG2-Env) cells expressing both hepatitis B virus (HBV) envelope protein

(HBsAg) and GFP. Only T cells engineered via retroviral transduction to express a spe-

cific TCR recognizing the complex HLA-A0201molecule and hepatitis B Env183-191 epitope

(TCRe-T cells) engaged and killed the target cells upon migration into the gel. This was

observed in real-time via a high resolution, 11-hour time-lapse video (Figure 1.4c).
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Figure 1.4 – Examples of onco-immuno chips (a) Schematic for preparation and analysis of MDOTS \PDOTS
from murine or patient-derived tumor specimens. Reproduced from Jenkins et al[105] with permission
from the American Association of Cancer Research. (b) 3D rendering of onco-immuno devices from Pavesi
et al[174]. (c) Time-lapse video showing TCR-eT cell killing of HepG2-Env cells on-chip. Reproduced with
permission from the American Society for Clinical Investigation.
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Future Opportunities

Given their versatility andwide range of capabilities, microfluidic tumor chip assays could

be exploited for more complex modeling of immune-cancer cell interactions by using

additional cell types in 3D[21]. Stromal cells such as cancer-associated fibroblasts and

macrophages should be included in future studies because of their critical role in mod-

ulating the immune response and facilitating cancer cell dissemination and invasion to

distant organs[83, 18, 46]. Incorporation of a functional vascular network is also necessary

to model physical barriers to drug or cell delivery, cell homing to distinct microenviron-

ments, and trans-endothelial migration of tumor, stromal and immune cells[130, 149]. An

important limitation to such studies is that incorporation of adaptive immune cells (e.g.

T and B cells) would require an entirely autologous, HLA-compatible vascularized tumor

chip model since human endothelial cells are highly immunogenic antigen presenting

cells[93]. However, one can envision the development of patient-specific onco-immuno

chips, incorporating tumor, stroma, and immune components for studying critical initi-

ating steps in metastasis and developing novel immune-modulating therapies[21]. These

individualized tumor chips are now becoming feasible with advanced cell culturing and

genetic engineering techniques[69, 169].

While modeling of blood cancers-on-chip is still in its infancy, a recent study by Bruce et

al[24] demonstrates a reductionist bone marrow-on-a-chip for study of acute lymphoblas-

tic leukemia. It was shown that co-culture of primary human bone marrow stromal cells,

osteoblasts and human leukemic cells in a 3D collagen matrix under dynamic flow con-

ditions within the platform conferred enhanced cell viability and chemoresistance to

the cancer cells compared to 2D and 3D static models. In a study by Torisawa et al[248],

an in vivo engineered organotypic bone marrow-on-a-chip that recapitulates the struc-

tural, cellular and physical complexity of the hematopoietic niche in vitro is described.

Bone marrow-on-a-chip can be used not only for study of toxicity/drug response and solid
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tumor colonization within the metastatic niche, these models can also be developed to

study leukemia, myeloma, myeloproliferative neoplasms and lymphoma. In addition to

endothelial cell self-assembly intomicrovessels on-chip in response to flow, lymphaticmi-

crovasculature[126] and primitive lymph node models have also been described[228, 76].

These microphysiological elements can be further integrated into novel models of blood

cancers, metastatic disease and onco-immune responses to increase physiological rele-

vance, faithfully recreate steps of cancer progression in vitro and interrogatemechanisms

of drug resistance.

1.4.2 Integrated Tumor-Organ-Chip Systems: Toxicity, PK-PD Modeling,

and Metastasis Studies

Cancer is a heterogeneous and individualized disease involving multiple systems. Each

cancer is both patient-specific and tissue-specific – i.e. breast cancer is not bone cancer

is not lymphoma; all will behave differently, even between individuals with the same type.

Yet, all cancers require integration of multiple tissue components to create a complex

tumor microenvironment for tumorigenesis to proceed. This cannot be modeled with

overly reductionist models like 2D or 3Dmodels that lack tissue structure, or in immuno-

compromised non-human animal models. MPS represent a physiological, humanized

model that allows for customization to specific cancers and integration of multiple sys-

tems. Integration of tumors into multi-MPS platforms will allow truly predictive in vitro

modeling of human pathophysiology. These coupled tumor-organ-chip systems can en-

able comprehensive studies of drug toxicity, PK-PD parameters, and complex systemic

cell-cell interactions such as those influencing the establishment of distant metastases.

The importance of recapitulating orthotopic tumor growth and metastasis further neces-

sitates the use of integrated tumor-organ-chip systems. Metastasis is a physical process by

which mobile cancer cells break away from the primary site, travel into lymph vessels to
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seed nearby lymph nodes or squeeze through blood vessel walls to gain access to the sys-

temic circulation. Metastatic cells can then invade distant tissues by extravasating through

the resident vasculature and establishing a secondary tumor at the new site[130, 149]. Cou-

pling of organ systems holds tremendous potential for modelingmetastasis of tumor cells

from primary organs to distant sites in the body, especially if the organs are intercon-

nected by microfluidic channels lined with living, perfused vessels to mimic the blood

flow pattern in the human body[237].

One of the reasons for high rates of attrition during drug development is unforeseen

drug toxicity that is not revealed until the later stages of testing when the drug has pro-

gressed to clinical trials. Many drugs have even been FDA-approved and available on the

market before being recalled by the FDA for unanticipated side effects[221]. Current pre-

clinical and computational models are unable to fully reproduce the pharmacokinetics-

pharmacodynamics (PK-PD) of drugs in vivo, underscoring the need for clinically relevant

model systems capable of revealingdrug effects prior to testing inhumans. Themajority of

therapeutic failures attributed to toxicity in cancer treatment are accounted by cardiotox-

icity, hepatotoxicity and bone marrow toxicity, although nearly every other organ/system

of the body (including gastrointestinal tract, kidneys, nervous system, skeletal muscles

and gonads) has been reported to have anti-cancer drug-related pathologies[86]. To date,

each of these organs have been recreated on-chip and could potentially be leveraged into

tumor-organ-chip systems. While single tissue chips are useful for many applications,

organs and tissues in the human body are not isolated but instead highly interconnected

via the vasculature, receiving biochemical signals from cells at distant sites and function-

ing in concert to dictate the absorption, distribution, metabolism and excretion of drugs.

Since the liver is the major site of drug metabolism, tumor chips can be linked to human

liver chips to emulate in vivo PK-PD for simultaneous preclinical efficacy and safety testing

within a single platform. Toxic effects on other organs can be assessed by incorporating

additional functional units onto the platform.
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Organ chip systems that integrate multiple human tissues have been described exten-

sively in the literature[268, 267, 59, 186]. Yet there are fewer integrated systems in which

malignant cell populations have been incorporated to study drug response or cancer pro-

gression, suggesting that multi-organ systems are still in the developmental phases of

physiologic modeling. In 2010, Sung et al[238] published a pumpless system containing

liver, bone marrow and colon cancer cells that, upon treatment with the chemotherapy

5-fluorouracil (5-FU), recreated anticipated drug actions showing that metabolites gener-

ated in the liver recirculated to achieve expected outcomes in all 3 tissue compartments.

While a ’human surrogate’ on-chip has not yet been fully realized, recreating the entire

body may not be necessary or even practical for drug screening. When considering the

increased costs, time, resources, sophisticated engineering and complex experimental

procedures required for establishing such body-chip systems, the advantages of these sys-

tems may be insufficient compared to simpler on-chip models[152]. Furthermore, many

biological and technical challenges remain, including theneed to: 1) scale organs and their

associated blood supplies to produce outputs that are physiologically accurate compared

to other organs[273, 237]; 2) control oxygen gradients to create areas of inter- and intra-

organ zonation; 3) create a systemic and interconnected circulatory system; and, 4) feed

the tissues with a universal blood surrogate providing all the necessary nutrients, growth

factors and proteins in a physiologically relevant manner[199]. Therefore, simplicity must

be weighed against physiological relevance and platform usability when considering the

appropriate level of model complexity important to reconstitute tissue functions, disease

processes or drug responses for a given application.

For screening purposes, we feel that tumor chips are best positioned for drug efficacy

studies because the majority of drugs fail during development due to lack of efficacy. The

predictive power of tumor chips in toxicology studies may well be limited as there is a

multitude of ways a drug could manifest toxicity, in contrast to efficacy, which is a clearly-

delineated endpoint. Certain aspects of organ-specific toxicity may be tested in well-
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designed multi-organ chips containing malignant cells, however these studies will need

to be supplemented with mathematical models, in vivo study, and careful cross-species

and drug design considerations. We envision that the greatest commercial and clinical

potential for tumor chips resides in efficacy testing, since this application requires only a

single tissue unit and output for ease of production, faster readouts and higher throughput

screening. The less-complicated, user-friendlier tumor units with fewer barriers to use

will likely see greater and faster adoption into drug development and clinical diagnos-

tics. On the other hand, well-designed toxicity studies, with clear hypotheses and defined

endpoints, should readily yield useful data from organ chips.

1.4.3 Personalized Medicine Applications

The goal of personalized medicine (precision medicine) is to choose the most efficacious,

and least toxic, therapy for each individual patient. Yet many cancer drugs fail to demon-

strate clinical activity due to an inability to identify patients that are most likely to re-

spond[100]. Instead, drugs are prescribed by an empirical, one-size-fits-all approach that

yields limited efficacy and significant side effects. Lack of efficacy is a significant barrier

to FDA-approval for oncology drugs, and the majority of drugs that are approved confer

only marginal survival gains. Current standards for precision medicine involve perform-

ing molecular testing on patient-derived tumor tissue to identify the specific genomic

aberrations present and then categorizing the subtype of cancer based on population-

level genetics[7]. Patients are then treated as an ‘average patient’ based on the cohort with

which their tumor characteristics most segregate – we term this one-way personalized

medicine. Although these tests are routinely performed in an effort to guide targeted

treatment decisions, the full promise of genome-wide association studies has not yet been

realized, as tumor recurrence andhigh variability in disease patterns remain an important
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problem. Consequently, there is a lack of clinically validated and actionable biomarkers

for which to guide treatment decisions.

Each individual cancer is characterized by considerable inter- and intra-tumorheterogene-

ity that encompasses genetic, molecular, cellular and microenvironment diversity that

evolves over time[8]. These defining aspects of actual tumors are insufficiently modeled

during preclinical drug development, leading to false-positive selection of drug candidates

that look promising until they reach human efficacy testing in phase II and III clinical

trials[55]. Part of the problem is that established cancer cell lines are routinely used for

drug testing in 2D assays and animal studies, and since these cells have been maintained

in culture for decades they are no longer representative of the disease from which they

were derived. Even short-term culturing can inducemarked genomic changes: cells adapt

to growth in 2D monolayers and thus lose the intrinsic heterogeneity of the original tu-

mor through genetic drift, as clonal populations that cannot survive in the culture flask

are lost[13]. Thus, current preclinical models based on these immortalized cell lines are

oversimplified and misrepresentative models of human tumors in vivo. To develop more

effective targeted therapy for personalized treatment, understanding of humanpathophys-

iology is critical and requires an investigational cancermodel with high clinical predictive

value. Tumor chips are now emerging as promising personalized model systems for pre-

clinical drug development and, in the future, may serve as diagnostic tools to inform

tailored clinical management.

Cell Sources for Tumor Chips

In order to achieve precision medicine approaches, it is necessary to use human primary

cells for disease modeling and drug testing applications to more faithfully recapitulate

the heterogeneity inherent to human disease. Primary cells can be derived from surgical

resections, biopsies, aspirates and blood specimens[169]. In culture, samples can be fur-
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ther enriched for adult resident stem or progenitor cells, or reprogrammed into iPS cells,

and subsequently differentiated into mature cell types[154]. Ideally, matched healthy and

cancerous cells can be derived from a single source and integrated into tumor chips to

allow patient-specific disease modeling, drug efficacy and toxicity studies. Tumor chips

populated with tissue samples obtained from sites of resistance and matched primary

and metastatic lesions are valuable resources to study tumor evolution and guide the

development of treatment strategies that address tumor heterogeneity. Cutting-edge bio-

engineering approaches to capture patient- and disease-specific characteristics on-chip

through incorporation of renewable cell sources are described below.

Organoid Technology

Advancements in stem cell biology have facilitated the development of patient-derived

3D stem cell cultures termed organoids. Since organoids give rise to multiple lineages

that self-organize to reconstitute the cellular hierarchy, heterogeneity and structure of

native tissues, these stem cell-derived models are increasingly being integrated into MPS

for enhanced tissue fidelity and clinical relevance[266, 121]. Robust methods that are now

established to derive long-term organoid cultures from virtually any matched normal and

malignant tissue, such as those originating from intestine, pancreas, liver, prostate, and

breast, may also be suitable for MPS applications[196, 256, 25, 131]. Organoids derived

from epithelial tumors, also known as tumoroids, have been shown to be representative

of distinctmolecular disease subtypes by retaining the genetic heterogeneity of the parent

tumors and, consequently, are able to recapitulate some aspects of in vivo treatment re-

sponses[259, 135, 256]. However, physiologic relevance is limited in thesemodels because

organoid cultures lack key anatomical and functional features that contribute to cancer

progression and drug resistance, such as a tissue-tissue interface, stromal cells, a vascular

compartment, dynamic fluid flow and mechanical forces[72]. Adaption of organoids into
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tumor chips to replace commonly used established cell lines may facilitate the long-term

support of cellular heterogeneity within a physiological context, since the convergence of

the two technologies has been previously shown to better model organ-specific structures

and in vivo gene expression signatures than either model alone[111]. Alternatively, cancer

stem cells can be initially positively selected in specialized stem cell media and then dif-

ferentiated on-chip to reconstitute the native clonal cell populations[231]. By exploiting

organoid technology for tumor chip applications, both healthy and tumor tissue can be

readily generated from the same individual and tested for drugs that specifically target

tumor cells while leaving healthy cells unharmed[58]. Amajor limitation to this approach,

however, is that cells must be harvested from each represented organ to generate the

healthy organoids to be used for drug toxicity screening on-chip. While it may be more

reasonable to collect cells from certain tissues than for others, it is neither practical nor

ethical to obtain numerous biopsies from patients. Instead, patient-specific iPS cells can

be generated.

iPS Cells

iPS cells are derived from primary human somatic cells via reprogramming by transient

exogenous expression of a set of transcription factors[240]. Two unique properties define

iPS cells: they can be maintained in culture in a self-sustaining pluripotent state, and they

can be directed to differentiate into virtually any cell type of the human body, although

generating fully mature cells with full functionality is still a challenge for most tissue

types[169]. As a result, iPS cells have made it possible to engineer patient-specific human

in vitro systems by deriving every cell type needed in the system from a single iPS cell.

This is particularly useful for personalized toxicity screening and to detect variants that

alter response to treatment. For example, patients with a genetic variation that reduces

their ability to metabolize thiopurines, the drugs most commonly used to treat acute lym-
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phoblastic leukemia, will build up toxic metabolites with standard treatment unless the

variant is detected in the clinic and they administered a lower dose[57]. In a recent study,

cardiomyocytes derived from iPS cells from patients with breast cancer were shown to

model the doxorubicin-induced cardiotoxicity manifested in the patients [27], demon-

strating the potential for iPS cell-derived models to faithfully recapitulate patient-specific

disease outcomes in vitro.

Tomodel population-wide variation necessary to detect disease variants, large and diverse

collections of iPS cells capturing a range of cancer types, genotypes and patient-specific

factors such as age and gender will need to be assembled and tested on-chip. Such studies

could streamline the drug development process by accurately representing population

variation at preclinical and early clinical trial stages, reducing the attrition rate of promis-

ing drugs and averting human risk by informing patient selection for clinical trials[142].

Gene editing tools, such as CRISPR-Cas, have enabled researchers to introduce disease-

associated mutations into iPS cells to create isogenic models of human disease and then

compare them with the original, unedited cell lines[143]. These studies will allow better

tractability of results from preclinical to clinical stages and will be necessary to reveal

novel drug targets and biomarkers of disease progression or prognosis. While iPS cells

can theoretically provide an unlimited supply of once-inaccessible human tissues for re-

search, these models are not without limitations. Not all cell lineages can be effectively

derived from the same iPS cell line, and can vary between batches[169]. In general, iPS

cell-derived lineages lose epigenetic markers during derivation and, as noted above, are

immature[71, 199]. To address these limitations, the development of robust protocols for

iPS cell differentiation and maturation are ongoing.

35



Individualized Trials-On-Chip

To circumvent current barriers to personalized medicine, we suggest using one or more

approaches outlined above to grow a patient’s own cells within tumor chip systems. Drugs

can be tested, in a high throughput manner, directly on this ‘individual-on-a-chip’ in or-

der to better predict the individual response to many therapies at once. Results derived

from these tumor chip models can then correctly guide an oncologist to treatments that

are most likely to be of clinical benefit to that patient – an approach we term two-way

personalized medicine. The goal is to determine which therapeutic regimen will most

effectively target their particular cancer before they receive any treatments. This repre-

sents a truly personal drug screening methodology whereby tumor chips can be directly

used in the clinic as a diagnostic tool. Individualized tumors-on-chip can also be used for

‘micro’-clinical trials in which many unique patient-specific tumor chips are established

using patient-derived cells and material[110]. Such in vitro trials would allow testing of

multiple drug dosing and schedule regimens to inform treatment timing and sequence,

guide rational combination therapies, and facilitate discovery of novel agents. Drugs that

are currently only approved for treatment of specific cancer types or compounds that are

not traditionally prescribed for cancer can be readily tested on tumor chips in vitro and

repurposed for additional disease indications based on the results. This may increase the

number of treatment options available for patients while facilitating our understanding of

cancer type-specific resistancemechanisms to informdevelopment of clinical biomarkers.

Individualized trials-on-chip could revolutionize drug development and clinical manage-

ment in oncology by allowing patient stratification based on individual characteristics

without the need for large-scale clinical trials, thereby reducing human risk. Such an ap-

proach would also allow therapeutic agents to be screened on tumor chips derived from

patient populations unfit to participate in standard clinical trial designs, such as patients

with co-morbidities, rare cancers, recurrent or heavily pre-treated disease, and pediatric
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patients. High-throughput experiments combined with molecular testing could elucidate

gene-drug interactions, facilitate tumor subtype stratification in response to drugs and

inform clinical trials. Such an approach will allow more accurate patient stratification

based on additional tumor characteristics such as the microenvironment milieu[31].

Translational Study Design

In order to validate tumor chipmodels as translational tools, studies utilizing thesemodels

must be designedwith translation inmind[44]. In a recent study[150], for example,Vunjak-

Novakovic and colleagues validate results from a bone-mimetic tumor chip model against

clinical data to unravel the contribution of mechanical strain to treatment resistance in

Ewing sarcoma (ES), the secondmost frequent bone tumor in children and young adults. A

bioengineeredmodel of ESwas generated by preparing porous 3D scaffolds from collagen I

and hyaluronic acid solutions using a freeze-drying technique and then seeding thematrix

with established ES cell lines or patient-derived ES xenograft tumor cells. ES-mimetic

bone constructs were then placed in a bioreactor and subjected to dynamic compressive

loading to model the mechanical stresses generated by body weight and muscle tension

on bone. Compared to unstimulated control and 2D culture, bone-like loads increased the

expressionof RUNX2, a transcription factor thatmediates cancer cell proliferation, survival

and drug resistance of tumors that reside in the bone. Indeed, mechanical stimulation of

the tumor chips led to enhanced ES resistance to treatmentwith clinically relevant doses of

RTK inhibitors. In accordance with clinical trial data and immunohistochemical staining

of ES tumor biopsies, patient-derived ES cells demonstrated increased RUNX2 expression

and exhibited an enhanced degree of treatment resistance than established ES cell lines,

indicating that patient-derived tumor cells better retained characteristics of the native

tumor. By analyzing publicly available databases for RUNX2 expression, it was revealed that

patients with tumors overexpressing RUNX2 had poorer outcomes and decreased survival.
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Based on these findings, the authors suggest targeting the RUNX2 downstream effectors

ERK1/2 as a rational therapeutic strategy for ES.

The vast numbers of clinically annotated ‘omics’ (genomics, transcriptomics, metabolo-

mics, and proteomics) databases now available constitute a powerful set of research tools

to identify high frequency cancer-related biological variations. However, despite signifi-

cant advancements arising from these association studies, it has proven very difficult to

assign causal roles to the identified “cancer-associated” variants[143, 255]. To successfully

verify biomarkers of cancer progression or treatment response, realistic human cell-based

cancer models that can be experimentally queried in a reproducible manner are needed.

Tumor chips offer unprecedented opportunities to model cancer in a robust, physiologi-

cally relevant context that allows repeated experimentation to probe the mechanistic and

functional underpinnings of ‘omics’ cancer-associated signatures. Further, tumor chips

can reveal novel targets by phenotype-based drug screening.

Considerations for Personalized Medicine

Tumor chip systems are uniquely suited to facilitate the development of personalized

medicine because few cells are needed from the patient and rapid, automated results can

be obtainedwithin a clinically actionable timeframe. However, several obstacles to the use

and study of patient-derived tissues include: 1) the regulatory burdens and logistical issues

associated with such research; 2) challenges in successful generation of primary cultures;

3) the scarce amount of viable patient-derived cells available for use after pathological

analyses; and, 4) the need to form homogeneous replicates representing the functional

heterogeneity of the tumor in order to compare responses under various conditions (e.g.

replicates to test different compounds, concentrations and even timing or tissue location).

If tumor chip models are to be embraced for precision medicine applications, they must

provide reliable results despite these challenges. Close collaboration between primary
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investigators, physicians, and regulatory agencies is necessary to move the field forward.

Biobanks of human primary tissues can facilitate these studies, as well as collaborative

efforts among independent investigators to integrate the most critical components for

modeling tumor biology on-chip. Phenotypic and genotypic profiling is necessary to

demonstrate that tumor chips preserve a high degree of similarity to the original patient

tumors. Moreover, it has yet to be demonstrated that tumor chips accurately replicate

patients’ clinical outcomes. Co-clinical trials, whereby drug responses of patient-derived

tumor chips are compared directly with patient drug response, must be performed to

determine the clinical predictive utility of tumor chips[100]. Pharmaceutical companies

and academic research institutions can design clinical trials to include in vitro studies

performed in parallel using patient-derived biopsy tissue to complement in vivo findings.

These studieswill reveal the value of tumor chips inmaximizingdrugdevelopment success

and patient benefit from anticancer treatment[100].

1.4.4 Design of Tumor Chips

Oxygen Control

To create biomimetic 3D models that better recapitulate tissue or organ function during

physiological or pathological processes such as cancer, several important factors of the

tumor microenvironment must be considered. Oxygen tension is a critical regulator of

cell behavior, and in some organs (e.g. liver), tight regulation of oxygen levels across the

tissue is required for function. Most adult tissueswithin the body typically experience 3%–

8%O2, with highly oxygenated tissues in the lungs reaching 14% O2, capillaries around 4%

O2 and poorly perfused tumors frequently experiencing chronic or intermittent hypoxia

(i.e. ∼1% O2) within the tumor microenvironment[34]. In contrast, in vitro studies are

usually performed under atmospheric oxygen conditions (20% O2) that do not represent
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in vivo conditions. Consequently, the results from these studies may be misleading. In

cancer, hypoxia is associated with poor prognosis since it promotes treatment resistance

and is a major contributor to malignant progression via metastasis[2]. In vitro models of

metastasis must further expose migrating tumor cells to varying microenvironments and

oxygen gradients mimicking what occurs during the intravasation process in vivo[62].

Tumor chip systems have several advantages over traditional preclinical models to facili-

tate experimental manipulation and interrogation of molecular mechanisms of tumorige-

nesis. Microfluidic devices can be designed to achieve oxygen gradients with high spatial

and temporal resolution for modeling physiologically relevant effects of oxygen on tumor

progression and metastasis. Such control can be implemented by perfusing oxygen scav-

engers or carriers, or pumping oxygen or nitrogen, directly into microfluidic channels

adjacent to tissue constructs or by exploiting cellular consumption of oxygen in single- or

multi-layer devices or in multicellular aggregates[2, 39, 23, 61]. However, some of these

designs require cumbersome external apparatuses and pumps to deliver gas or chemicals

into the chip, or require multi-layer arrangements that increase fabrication complexity

and impair high-resolution microscopic observations[205]. Tumor chips that incorporate

living, perfused vasculature can deliver oxygen and nutrients to the tissue construct via

flow of oxygenated media through the vessels, much as it would occur in vivo. Other

options to control O2 delivery in tumor chips include placing microfluidic platforms in

controlled gas tissue incubators for simulating chronic hypoxia, or fabricating devices

with oxygen-impermeable materials, such as thermoplastics, in place of PDMS, which has

high oxygen permeability[39].

Fabrication Material Properties

PDMS is traditionally used for fabrication of biomedical microfluidic devices since it is

relatively inexpensive, can bond reversibly and irreversibly to itself or other materials,

40



and is elastic, allowing for easy removal from delicate silicon molds for feature repli-

cation as well as enabling specialized designs on-chip, such as valves or thin, flexible

membranes[205]. However, drug and small molecule absorption into PDMS is a major

concern since hydrophobic compounds readily diffuse into or adhere to PDMS, reducing

the intended drug exposure and causing undesirable mixing between adjacent channels

that can confound interpretation of experimental results[61]. The hydrophobic surface

properties of PDMS can be tuned to a more hydrophilic state prior to drug testing to help

prevent absorption/adsorption of drugs to PDMS[10]. This is accomplished by oxidizing

the PDMS to create a barrier of silicon dioxide on the surface through plasma treating or

coating with proteins. Alternatively, devices can be fabricated with a different material al-

together although additional considerationsmust then be given to the fabrication process.

Polystyrene is routinely used for cell culture and thus represents a rational alternative

to PDMS. Mathematical modeling approaches have also been developed to account for

absorption[142, 205].

Tumor Chip Readouts

Multiple modes of analysis (e.g. biological, electrophysiological, chemical and mechani-

cal) can now be integrated on-chip for dynamic studies of tissue responses[199]. The ma-

jority of on-chip studies exploit the optical clarity of PDMS devices to perform functional

assays on live tissues usingmicroscopy techniques. Morphological tissue features can also

be visualized by in situ imaging of fluorescently tagged or unlabeled cells, immunofluo-

rescent or immunohistochemical staining. Sensitive, noninvasive imaging and confocal

microscopy techniques can be performed on intact tissue-chips to reveal distinct histo-

logical features, cellular populations or tumor characteristics[109]. While these tumor

chip applications rely on time-consuming and involvedmicroscopy imaging and analyses,

which limit the devices in terms of automation, streamlined methods are increasingly
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reported[253, 282]. To further characterize cells grown in tumor chips, RNA-expression

analysis is now routinely used in combination with imaging[109]. However, preparation

of the cells for genomic assays is a manual and inefficient process that may be improved

by designing tissue chips compatible with the workflow of these assays. Molecular assays

such as ELISA or LC/MS based techniques can be coupled to microfluidic cell culture by

means of dedicated outlets to collect and analyze effluents from individual chambers and

detect secretion of compounds, such as tumor-derived exosomes or pro-inflammatory

cytokines[109, 152, 174]. The increased sophistication of analytical techniques applied

to MPS studies warrants a critical assessment of bioengineering designs to enhance tu-

mor chip usability, throughput and compatibility with existing technologies[109]. Ideally,

designs are considered for automation and direct translation into industry settings[199].

Data derived from large-scale tumor chip studies can then be compared directly to the in

vivo situation to establish correlations of tumor heterogeneity and treatment response.

1.5 Future Considerations

Advances in microfluidic technologies and tissue engineering have made tumor chips

attractive candidates to replace traditional experimental approaches by allowing precise

control over the tumor microenvironment, the ability to interrogate dynamic cell-cell

and cell-ECM interactions in real time and at high resolution, and the ability to acquire

rapid, automated results using high throughput arrays. Depending on tumor chip design,

virtually any type of drug or drug delivery system can be tested for efficacy and toxicity

within a fully humanized system, including but not limited to: cell-based therapies[84,

174], chemotherapy, anti-angiogenic treatment, targeted therapy[225], antibodies or small

molecules, radiation, nanomedicine[285, 74] and electric field therapy[174]. Yet despite

their tremendous experimental potential, the use of microfluidic tumor chip assays has
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mostly been restricted to academic research settings and they have not yet been widely

adopted in the pharmaceutical industry or clinic. One of the major reasons for this is that

many tumor chip technologies have not yet been rigorously validated against in vivo data,

either mouse or human.

Currently, many microfluidic device studies are still considered ‘proof-of-concept’[205].

Regulatory hurdles to FDA-approval for tumor chips mean that the burden for preliminary

data indicating proof-of-superiority to traditional models lies mostly with the academic

labs that developed the platforms. Yet global research initiatives to support and advance

this cutting-edge technology are ongoing. In the US, the NIH National Center for Advanc-

ing Translational Sciences (NCATS), in collaboration with other NIH Institutes and Centers,

the Defense Advanced Research Projects Agency (DARPA), and the FDA, is leading the Tis-

sue Chip Drug Screening program. Under this program, three Tissue Chip Testing Centers

have been established to test and validate tissue chip platforms, including tumor chips,

independently. The goal of this program is multifaceted: to ensure wide-ranging avail-

ability of tissue chip technology, particularly for regulatory agencies and pharmaceutical

companies, and to promote adoption of this technology by the broad research community.

Much work still remains before tumor chips, or organ chip models generally, are adopted

into healthcare settings and mainstream drug R&D, and predominately hinges on demon-

strating the functionality, reproducibility, robustness and reliability of each tissue chip

platform. The current trajectory, however, is promising. For example, blood-vessel-on-

chip devices have already been implemented into the clinic for the diagnosis of sickle cell

disease[276], and pharmaceutical companies are now readily forming collaborations with

academic centers that develop on-chip technologies. Similarly, start-up companies based

on these technologies and founded by the inventors are now gaining commercial recog-

nition as well as support from both public and private entities. Microfluidic technologies

have clear potential to advance cancer research, the success of which depends on how
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effectively the engineering and the biology can be integrated to create a clinically relevant

in vitro tumor system.

1.6 Closing Remarks

Rapid technological advances have led to the development of tumor chip platforms for

monitoring in real time the events linked to cancer development, progression and re-

sponse to therapy. Given their close mimicry of human biology and physiology, tumor

chips are anticipated to bridge the enormous gap between in vitro and in vivo preclinical

studies as well as serve as a clinical diagnostic for personalized medicine applications. By

surpassing the predictive accuracy of conventional 2D cell culture models, tumor chips

can reduce reliance on animal models in line with the 3R’s initiative and eliminate false-

positive selection of ineffective or toxic drugs earlier in the drug development pipeline,

thereby saving time and resources. Most importantly, better predictability of human

drug response will reduce human risk and improve patient outcomes. We anticipate a

paradigm shift in drug development, disease modeling and precision medicine as tumor

chip models become widely adopted in academia, industry and healthcare.

1.7 Foreword

Given the current state-of-the-art in tumor chip technology, we sought to determine wh-

ether our VMT system recapitulates key features of in vivo tumors, including: 1) gene

expression; 2) heterogeneity; and 3) drug response. To do so, we profiled tumor cells,

endothelial cells and fibroblasts isolated from the VMT at single cell resolution to map

heterogeneity within the tumor microenvironment. We found that the cells growing in
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the VMT better model the cellular diversity and gene signatures of in vivo tumors. Further,

the VMT captures distinct cell populations that are not observed in simple 2D or 3Dmono-

cultures, including a subpopulation undergoing epithelial to mesenchymal transition.

High-resolution, time-lapse confocal microscopy allows us to visualize this rapid event

as tumor cells break away from one another and intravasate into associated vasculature.

By comparing gene expression data from bulk RNA sequencing performed for monolayer,

VMT and xenograft tumors, we demonstrate that the VMTmore faithfully recapitulates the

xenograft tumor gene signature than 2D cultures. Reference-integration analyses compar-

ing single-cell gene expression data for 2D and 3D monocultures, the VMT and xenograft

tumors shows that the VMT maintains the heterogeneity observed within the xenograft

more closely than the current standard culture models. Based on our single-cell RNA se-

quencing results, we find tumor-stromal interactions that recapitulate clinicopathological

tumor features. We show that these tumor-stromal interactions can be therapeutically

abrogated to suppress tumor growth, and that these interactions can not be studied or

targeted in simple monocultures, further highlighting the physiologic relevance of the

VMT.

We next developed automated image processing methods via scripts and macros to im-

prove and standardize our image analyses workflow. These scripts provide flexibility to

the user’s needs, while allowing a range of functions to address many different research

questions within the VMT or with other assays. We show the utility of these scripts to

perform standard analyses and derive interpretable results in a fraction of the time that

the image processing, measuring and analyses normally take when performed manually.

Lastly, we show the promise of the VMT model for personalized medicine applications by

demonstrating our methods for deriving patient-specific tumor tissue from freshly col-

lected biopsies and surgical resections for maintenance within the VMT. Our aims with

these studies are to position the VMT in the drug development pipeline and to gain suf-
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ficient data to justify a co-clinical trial using the VMT to determine its clinical predictive

value and move toward truly personalized medicine in oncology.
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Chapter 2

Recapitulating the Tumor

Microenvironment In Vitro Using a

Vascularized Micro-Tumor Model

2.1 Abstract

About 95% of anti-cancer drugs that show promise during preclinical study fail to gain FDA-

approval for clinical use. The gap between in vitro and in vivo preclinical study calls for

physiologically relevant in vitro models that can better serve as a reliable drug-screening

tool. The VMT is a novel three-dimensional model system that recapitulates the complex

human tumor microenvironment within a transparent microfluidic device, allowing real-

time study of drug response and tumor-stromal interactions. Here we validate our model

system by showing that gene expression, tumor heterogeneity, and treatment response in

the VMTmore closelymodel tumor clinicopathology than current standard drug screening

modalities.
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2.2 Introduction

Cancer accounts for 25% of US deaths, and themajority of patients die frommetastatic dis-

ease that is refractory to current therapies[217]. Less than 5% of drugs entering clinical tri-

als ultimately receive FDA approval[96] and most anti-cancer agents fail in clinical studies

despite showing promise during preclinical study, suggesting that current model systems

are poor predictors of drug response in humans. Traditionally, drug candidates are first

tested in 2D cellmonocultures. However, cell growth in 2D versus 3D environments not only

promotes phenotypic changes in cell morphology, response to stimuli, cell functions and

gene expressionpatterns, but also alters response to therapeutic agents[163, 79, 71, 46, 198].

Indeed, both normal and cancerous cells maintain their specific functions in the body

owing to the 3D conformation they adopt, encompassing heterogeneous and dynamic

cell-cell and cell-matrix interactions[144, 181, 116]. Prior efforts to develop appropriate

3D tumor tissues have been limited to the generation of avascular spheroids in artificial

matrix, which fail to recapitulate the structure of a vascularized tumor mass and are not

viable for long-term study[67, 243]. Although animal models have significantly advanced

our understanding of complex diseases such as cancer, and are important in the drug

development pipeline, these same models require substantial time and resources and

species-specific differences can impede clinical translation of results[5, 42].

To address the need for improved preclinical models, we have designed, fabricated and

validated a microfluidic device that supports the formation of a perfused, vascularized

micro-tumor (VMT) via co-culture of multiple cell types in an extracellular matrix[85, 90,

161, 226, 81]. This is a truly novel platform as it is the only one where growth of the tumor,

and delivery of therapeutics to the tumor, is entirely dependent on flow through the living

vascular network. Physiologic flow rate through the capillary bed formed within the de-

vice is maintained by a gravity-driven pressure differential that does not require external
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pumps and valves[89]. The VMT (aka ‘tumor-on-a-chip’) represents a major breakthrough

in tissue engineering by providing an environment amenable to de novo formation of per-

fused vasculature supported by stromal cells in the tissue construct, allowing long-term

culture for drug sensitivity and molecular studies. Further, the platform is composed

entirely of human cells, optically compatible for real-time fluorescent image analysis and

arrayed for high-throughput experiments[180]. Drugs can be tested within days on lim-

ited numbers of cells expanded to form the VMTs, providing high sensitivity and rapid

turnaround of results. These features are essential for developing the VMT as a drug de-

velopment tool and clinical diagnostic.

CRC represents a major source of morbidity and mortality as the second leading cause

of cancer-related deaths in the US and the third most common cancer worldwide, with

over a million diagnoses and half a million deaths each year. The majority (75%) of pa-

tients present with localized disease (stage I and II) and undergo intentionally curative

surgery. However, half of these patients will develop, and ultimately die from, metastatic

disease. A 5-year survival rate for stage IV disease at merely 10% highlights the need to

find more effective therapies. Accurately modeling tumor biology in vitro is critically

important to developing therapeutic regimens to improve clinical outcomes. Here we

show that CRC-derived VMT more closely model gene expression, heterogeneity, tumor

growth and response to standard chemotherapy of xenograft tumors derived from the

same CRC cells than those cells grown as 2D or 3D monocultures. We further interrogate

the transcriptomic landscape of the VMT compared to both 2D and 3D monocultures at

single cell resolution to reveal changes in cellular diversity and gene expression that arise

when cells are introduced into the dynamic co-culture environment of the VMT. These

studies reveal that the VMT recapitulates key features known to contribute to CRC disease

progression and therapeutic failure, while also capturing unique cellular populations and

expression signatures not observable in simple in vitro models. By characterizing distinct

cell populations within the VMT via single cell mRNA sequencing, we demonstrate that
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the VMT maintains the heterogeneity of tumors growing in vivo, distinct from the same

cells growing as 2D or 3D monocultures, and that changes in gene expression within the

tumor and stroma underpin drug sensitivities. Our findings support the VMTmodel as a

powerful tool for drug development and disease modeling in oncology.

2.3 Materials and Methods

2.3.1 Cell culture.

Human endothelial colony-forming cell-derived endothelial cells (ECFC-EC) are isolated

from cord blood with IRB approval. After selection for the CD31+ cell population, ECFC-EC

are expanded on fibronectin-coated flasks and cultured in EGM2medium (Lonza). ECFC-EC

are used between passages 4–8. NHLF are purchased from Lonza and used between pas-

sages 6–10. HCT116 colorectal cancer cells were a gift from the UC Irvine Chao Family

Comprehensive Cancer Center and SW480 colorectal cancer cells were clonally derived

and generously provided by Dr. Marian Waterman. The ECFC-EC and cancer cells were

transduced with lentivirus expressing mCherry (LeGO-C2, plasmid # 27339), green fluores-

cent protein (GFP) (LeGO-V2, plasmid # 27340), or azurite (pLV-Azurite, plasmid # 36086)

(Addgene, Cambridge, Massachusetts)[270, 157]. Cancer cells and fibroblasts are cultured

in DMEM (Corning) containing 10% FBS (Gemini Bio). All cells are cultured at 37 °C 20% O2

5% O2 unless noted otherwise.

2.3.2 Microfluidic device fabrication.

Device fabrication has been described previously[226, 180]. Briefly, polydimethylsiloxane

(PDMS, Sigma-Aldrich) is poured into a customized polyurethanemastermold and allowed
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to polymerize overnight in a 70°C oven. The PDMS replicate layer is removed and holes

are punched to create inlets and outlets for the media reservoirs and loading chambers.

The PDMS device is attached to a 96-well open-bottom plastic culture plate via chemical

gluing and oxygen plasma bonding (Harrick Plasma Cleaner), after which a transparent

150 µm PDMS membrane is then bonded to the device using oxygenated plasma. The fully

assembled high throughput device is placed in a 60°C oven overnight, covered with a

standard 96-well plate polystyrene lid, and sterilized with UV light for 30 minutes prior to

use.

2.3.3 Loading the microfluidic device.

EPC and LF (both 8× 106 cells/mL) and SW480 and HCT116 CRC cells (2.5× 106 cells/mL)

were resuspended in fibrinogen solution (10mg/mL basal medium). The cell slurry was

thenmixed with 1.5 µL thrombin (3U/mL) to catalyze gel solidification and quickly loaded

into the tissue chambers of each unit on the platform. Fibrin ECM was allowed to solifidy

at 37°C for 15 minutes prior to injecting laminin and EGM2 medium through the microflu-

idic channels. Laminin promotes vessel anastomosis with the outer channels. VMT were

cultured at 37°C , in either a 5% CO2 incubator (normoxic condition) for the duration of

the experiment or in a 4% O2 incubator (for low oxygen culture) after the vessel network

had fully formed (by day 5).

2.3.4 Generation of tumor spheroids.

SW480 CRC cells were resuspended into 10mg/mL solution of 70% fibrinogen at a concen-

tration of 1× 105 cells/mL and 50µL of the cell solution was seeded into a 96-well plate

containing 5U of thrombin. Gels were allowed to set at 37°C for 15minutes before addition
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of 100 µL of EGM2 medium to each well. Medium was changed every other day and drug

treatment started on day 5 of spheroid formation.

2.3.5 Drug treatment.

Media is changed every other day and hydrostatic pressure restored every day in the high

throughput platform. After culturing for 5 days to allow full development of each VMT,

culturemedium is replaced bymedium containing the drugs at the desired concentration,

and delivered through the microfluidic channels using the hydrostatic pressure gradient.

To mimic pharmacokinetics in vitro, drugs were diluted into medium at maximal human

plasma concentration on the first day of treatment (day 5 of VMT culture) and AUC were

modeled according to average plasma clearance curves and drug half-life. Pharmaceutical

grade 5-fluorouracil, leucovorin andoxaliplatin (FOLFOX)were purchased fromUCIMedical

Center pharmacy. Galunisertib (TGF-β R1 inhibitor) was purchased from SelleckChem.

Tissues were exposed to compounds for the desired duration based on parameters defined

by clinical administration and the effect on tumor growth was quantified every 48 hours

for 6 days post-treatment. Cell viability in response to drugs in 2Dmonolayer cultures was

quantified using an XTT assay according to the manufacturer’s protocol (Sigma-Aldrich).

Briefly, 5,000 or 10,000 cells (HCT116 , SW480 or NHLF) were seeded in triplicate in a 96-well

plate and allowed to grow for 24 hours prior to treatment with drugs. XTT assays were

performedafter 48hours of drug exposure or at the 96hour timepoint aftermedia changed

at 48 hours. Cell viability was normalized to control wells without drug treatment.

52



2.3.6 Immunofluorescence staining.

The VMTwere fixed for immunofluorescence staining by perfusing 4% paraformaldehyde

(PFA) through the medium inlet for 30 minutes at room temperature. After fixing, VMT

were washed with 1x DPBS overnight at 4°C . Next, the high throughput plate was inverted

and the bottom polymer membrane was carefully removed from the device. Each VMT

unit was cut from the platform with a razor blade and placed in a 24-well culture plate,

washed with 1x DPBS and then permeabilized for 15 minutes with 0.5%Triton-X100 diluted

in DPBS. After permeabilization, VMT were blocked with 10% goat serum for 1 hour at

room temperature and then incubated with primary antibody (diluted in 3% goat serum

in 1x DPBS) overnight at 4°C . The following primary antibodies were used in experiments:

anti-Collagen II (Abcam, ab6310), anti-EpCAM (Abcam, ab71916), and anti-Cytokeratin 5

(Abcam, ab53121). After washing with 1x DPBS, VMT were incubated with goat anti-rabbit

or goat anti-mouse secondary antibody (1:2000 dilution in 5% serum) for 1 hour at room

temperature before washing with DPBS and counter-staining with DAPI. Finally, anti-fade

solutionwas added on top of each VMT beforemountingwith a glass coverslip. Established

cell lines were seeded into multi-well cover glass chambers and processed by the same

protocol.

2.3.7 Fluorescence imaging and analyses.

Fluorescence images were acquired with an Olympus IX70 inverted microscope using

SPOT software (SPOT Imaging, Sterling Heights, Michigan). Confocal time-lapse series ac-

quisition and imaging of fluorescent immunostaining was performed on a Leica TCS SP8

confocal microscope using a standard 10x air objective or 20x multi-immersion objec-

tive with digital zoom setting. AngioTool software (National Cancer Institute) was used to

quantify vessel area, vessel length, number of vascular junctions and endpoints in the VMT.
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ImageJ software (National Institutes of Health) was utilized to measure vessel diameter

and measure the total fluorescence intensity (i.e. mean grey value) for each tumor image

to quantify tumor growth. Each chamber was normalized to baseline. Vessels were per-

fused by adding 25 µg/mL FITC or rhodamine-conjugated 70 kDa dextran to the medium

inlet. Once the fluorescent dextran had reached the vascular network, time-lapse image

sequences were acquired using a Nikon Ti-E Eclipse epifluorescent microscope with a 4x

Plan Apochromat Lambda objective. Perfusion images were analyzed using ImageJ soft-

ware by measuring change in fluorescence intensity within regions of the extracellular

space. Permeability coefficient is calculated by using Equation 2.1:

PD =
1

Ii − Ib

(
If − Ii
∆t

)
× d

4
(2.1)

where Ii, If and Ib represent the initial, final and background average intensities, respec-

tively,∆t is the time interval between two captured images and d is the average diameter

of the vessel[106].

2.3.8 Finite element simulation.

COMSOL Multiphysics®5.2a was used to perform finite element simulations for the inter-

stitial flow inside a developed microvascular network. Thresholded vessel images were

smoothed and processed into outlines using ImageJ software, then converted into a .dxf

file using Img2cad software. After the vessel outline was closed, and redundant fragments

were removed using AutoCAD software, the complete vessel outline was scaled and inte-

grated into the geometry of microfluidic device. The refined CAD vessel diagram was then

built into a 2D free and porous media flow model in COMSOL Multiphysics. Water was cho-
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sen to model the flow of culture media through the vascular network. The porosity and

permeability of fibrin gel were estimated to be 0.99 and 1.5× 1013m2 based on our pub-

lished result[226]. Inlet/outlet were designated at the media reservoir boundaries, with

pressure specified as 98 and 0.001 Pa, respectively, based on calculated gravity-driven

pressure difference in the device, as previously described.

2.3.9 Cell sorting.

The PDMSmembranewas carefully removed from the bottom of the platform to expose the

VMT tissue chambers. Chambers were washed with HBSS before adding TrypLE express

enzyme drop wise to each VMT unit and incubated at 37°C for 5 minutes to loosen the

extra-cellular matrix from the device. Chambers were flushed with a pipette to collect

cells into a conical tube andwashed oncewith EGM2medium to stop the digestion reaction.

Next, cells were subjected to centrifugation (340×g for 3 min.) and briefly resuspended

in an HBSS/collagenase type III solution (1mg/mL) to fully digest the matrix. Finally, the

single cell suspension was washed with EGM2 and put through a 70 µm filter. Cells were

processed for sorting within an hour and kept on ice. Sorting was performed on the BD

FACS AriaII with BD FACS Diva software version 8.0.1. Samples were sorted using a 100 µm

nozzle at 20 psi with gating strategy to select for fluorescently labeled (mCherry) cancer

cells (2.1).

2.3.10 Animal studies.

All animal experiments were approved by the University of California, Irvine (UCI) In-

stitutional Animal Care and Usage Committee (IACUC). For CRC xenograft treatment ex-

periments, male NOD scid gamma (NSG) mice (Jackson Laboratories) were injected sub-
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Figure 2.1 – Cells in the VMT can be isolated via fluorescence activated cell sorting FACS. (a) Representative
image of SW480 VMT. CRC cells shown in GFP and vessels in mCherry. (b) Gating strategy for FACS. (c) Table
showing proportions of isolated cells.

cutaneously into both flanks with a sterile culture of HCT116 or SW480 (5× 105 cells) in

100 µL PBS (2 injections permouse). Tumor volume and body weight weremeasured every

other day using a caliper and scale, respectively. Tumor volume was calculated using

Equation 2.2 with length being the longest measurement of the tumor.

V olume =
Length×Width2

2
(2.2)
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When the tumors reached a volume of 150mm3, mice in the control group received two

intraperitoneal (I.P.) injections of PBS. Mice in the FOLFOX group received one I.P. injec-

tion containing a combination of leucovorin (90mg/kg) and 5-Fluorouracil (50mg/kg),

followed by an injection of oxaliplatin (6mg/kg) two hours later. This treatment occurred

weekly for up to 6 weeks or until the tumor reached a volume of 2 cm3. For NanoString

experiments, xenograft tumors were established as described. When the tumors reached

a volume of 2 cm3, mice were euthanized and tumors were harvested. The tumor tissue

was minced into 1 mm pieces and digested in a solution of collagenase IV, hyaluronidase

and DNAse I by shaking for 1–2 hours at room temperature. The single cell suspension was

then processed and subjected to flow cytometry to select for mCherry labeled cancer cells

as outlined above.

2.3.11 NanoString PanCancer Human Pathways Assay.

Gene expression analysis was performed using the NanoString PanCancer Human Path-

ways Assay. Per sample, 10,000 cells were lysed in diluted Buffer RLT (1:5 in RNAse-free wa-

ter) at a concentration of 2000 cells/µL volume. Samples were submitted to the Genomics

High Throughput Core Facility at UCI. Each cell lysate was mixed with a 3′ biotinylated

capture probe and a 5′ reporter probe tagged with a fluorescent barcode from the custom

gene expression code set (list of genes provided in Supplementary Methods). Probes and

target transcripts were hybridized at 65°C for 12–16 h. Hybridized samples were run on

the NanoString nCounter preparation station using the recommended manufacturer pro-

tocol, in which excess capture and reporter probes were removed and transcript-specific

ternary complexes were immobilized on a streptavidin-coated cartridge. The samples

were scanned at maximum scan resolution on the nCounter Digital Analyzer. Data were

processed using nSolver Analysis Software and the nCounter Advanced Analysis module.

For gene expression analysis data were normalized using the geometric mean of house-
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keeping genes selected by the GeNorm algorithm. The raw count from NanoString was

subjected to background subtraction and reference gene normalization. Data were ana-

lyzed using NanoString nCounter nSolver software version 3.0 (NanoString Technologies,

SeattleWA).

2.3.12 Xenograft tumors for single-cell sequencing and cell anchoring.

SW480 CRC cells were transduced with lentivirus carrying pCDH vector from System Bio-

sciences: empty vector (Mock) or vector expressing dnLEF-1, followed by selection with

500µg/mL G418. Transduced cells were collected as a pool for confirmation of expres-

sion, andWnt signaling activity wasmeasured by a SuperTOPFlash luciferase reporter[172].

Next, 2.5× 106 cells in PBS were injected subcutaneously into immunodeficient NSGmice.

Tumors were removed after 3 weeks and dissociated for single cell sequencing. Only

empty vector (Mock) samples were used for reference integration.

2.3.13 SW480 xenograft dissociation for single cell sequencing.

Tumorswere excised into petri dishes containingDMEM (Corning), 1%Pen/Strep (Corning),

5% FBS (AtlasBiologicals), and2mg/mLCollagenase IV (Sigma-Aldrich)(DMEM-collagenase).

Using razor blades, tumors were manually dissociated, the resulting suspension was col-

lected into a 15mL conical tube and the dish washed using additional DMEM-collagenase

media, to a final volume of 10mL. Tumors were digested on a shaker at 37°C for 1 hour.

Following digestion, tubes were spun down at 1100 rpm for 5 minutes at 4°C and super-

natant discarded. The pellet was washed with 10mL HBSS (Corning) and spun down again.

After discarding supernatant, the pellet was treated with 1U/µL DNAse I (Zymo) for 5 min-

utes at room temperature. 2mL of 0.05% trypsin (Corning) was added and the pellet

58



mechanically disturbed before incubating at 37°C for 10 minutes. 5mL of DMEM with 10%

FBS (DMEM-FBS) was added to the tube and the cells spun down at 1000 rpm for 7 min-

utes at 4°C. The supernatant was discarded and pellet resuspended in 5mL DMEM-FBS and

passed through a 40 micron strainer. The strainer was washed with an additional 5ml

DMEM-FBS. Cells were counted prior to FACS using a Countess (ThermoFisher). Cells were

resuspended to 5× 107 cell/mL and stained with CD298-APC (10 µL/106 cells)(BioLegend)

and Sytox Green (ThermoFisher) for 20 minutes at 4°C in the dark, prior to sorting on FAC-

SAria II (BD) for Sytox- cells. Sorted cells were spun down and resuspended to 1× 106 cells

per mL.

2.3.14 Single-cell sequencing.

Flow cytometry sorted cells were washed in PBS with 0.04% BSA and resupended at a

concentration of 1000 cell/µL. Cellular suspensions were loaded onto a Chromium Single

Cell Instrument (10XGenomics) to generate single-cell gel beads in emulsion (GEMs). GEMs

were processed to generate cDNA libraries by using 10X Genomics v2 chemistry according

to the Chromium Single Cell 3′ Reagents Kits v2 User Guide: CG00052 Rev B. Quantification

of cDNA librarieswas performedusingQubit dsDNAHSAssayKit (LifeTechnologiesQ32851),

high-sensitivity DNA chips (Agilent 5067-4626) and KAPA qPCR (Kapa Biosystems KK4824).

Libraries were sequenced on an IlluminaHiSeq4000 to achieve an average of 50,000 reads

per cell.

2.3.15 Transcriptome alignment and data processing.

After demultiplexing sequencing libraries to individual library FASTQ files, each library

was aligned to an indexed GRCh38 reference genome using Cell Ranger (10X Genomics)
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Count 2.2.0. Aligned libraries are then normalized based onmean reads per cell using Cell

Ranger Aggr 2.2.0. Raw gene expression matrices were loaded into R (version 3.6.0)[201]

and converted to a Seurat object using the Seurat R package (version 2.3.4)[28]. From this,

the data were log-transformed and corrected for unwanted sources of variation using the

ScaleData function in Seurat. Gene expressionmatrices were then normalized to total cel-

lular read count and to mitochondrial read count using linear regression as implemented

in Seurat’s RegressOut function. For quality control filtering, we excluded libraries with

less than 200 or more than 5000 genes detected, and/or over 15% UMIs (unique molecular

indices) derived frommitochondrial genome. In addition, genes that were not detected in

at least 3 of the cells after this trimming were also removed from further analysis. Cell cy-

cle gene regression did not significantly influence PCs or clustering (2.2,2.3) and therefore

was not performed in the final analyses.

2.3.16 Ligand-receptor interaction analyses.

In order to quantify potential cell-cell paracrine communication in the VMT, we utilized

a list of published receptor-ligand interactions[222, 189]. A ligand or receptor is defined

as ‘expressed’ if 65% of cells in a particular cell type expressed the ligand/receptor at

an averaged level of 0.65. Therefore, a receptor/ligand interaction was considered to be

expressed when both the receptor and ligand were expressed in 65% of cells at a level

equal or greater than .65. To define these networks of interaction, we connected any two

cell types where the ligand was expressed in one and the receptor in the other. To plot

networks, we used the chorddiagram function in the R package ‘circilize’.
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Figure 2.2 – Cell cycle gene visualization for HCT116. (a) First 9 PCs showing lack of cell cycle genes driving
downstream clustering. (b) PC plot of cells in G1, G2M, or S phase. (c) Representative cell cycle genes show-
ing marginal upregulation across the samples, with highest peak expression centered at 0 (no expression)
and normal distribution with mean approximately 0.5 for expressing cell populations.

2.3.17 Single cell genotyping analyses.

In order to identify cell origin, Vartrix[1] combined with in-house scripts were used to

extract single cell variant information from 10X genomics single cell data for the two

HCT116 samples, VMT andmonolayer. Variant information forHCT116 cell linewas obtained

from Broad Cancer Cell Line Encyclopedia[75] containing 39000 variants. The variant list
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Figure 2.3 – Cell cycle gene visualization for SW480. (a) First 9 PCs showing lack of cell cycle genes driving
downstream clustering. (b) PC plot of cells in G1, G2M, or S phase. (c) Representative cell cycle genes show-
ing marginal upregulation across the samples, with highest peak expression centered at 0 (no expression)
and normal distribution with mean approximately 0.5 for expressing cell populations.

was first filtered so that common variants in dbSNPs Build ID: 150[213] were excluded. For

the remaining 18K SNVs, Vartrix was used to extract genotype information at each loci from

the BAM files of the two samples analyzed using cellRanger (10X Genomics). For each cell

in the two samples, a genotype score that the sums of the genotyping score for all 18K SNVs

and then subtract the expression of all X linked genes was used to indicate the probability

that the cell is derived from HCT116 . For copy number variation (CNV) analysis, we utilized

a pipeline from the Broad Institute called inferCNV[247].
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2.3.18 Pathway analyses.

Marker genes for each subgroup of cells were determined by Seurat following log-trans-

formation. Based on cell type and state specific marker genes, comprehensive gene set

enrichment was performed using Enrichr[104]. A p-value of 0.05 was used as a cut-off to

determine significant enrichment of a pathway or annotated gene grouping.

2.3.19 Cell anchoring.

Cell anchoringwasperformedwith Seurat version 3using reference-based integration[235].

For these analyses, ‘Xeno’ (SW480 xenograft tumor scRNAseq dataset) was used as the ‘ref-

erence’, and all other SW480 datasets (VMT, spheroid and monolayer) were used as ‘query’.

Plots were generated using Bioconductor package “projectR”[210].

2.3.20 Statistical analyses.

Data are represented as mean ±standard error of at least three independent experiments,

unless noted otherwise. Comparison between experimental groups of equal variance is

analyzed using an unpaired t-test and 95% confidence interval or one-way ANOVA followed

by Dunnett’s test for multiple comparisons. Statistical calculations were performed using

GraphPad Prism 8.0, with the level of significance set at p < 0.05.
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2.4 Results

2.4.1 The VMT serves as a high throughput platform for realistic tumor

modelinganddirect visualizationof the tumormicroenvironment.

We have previously validated our VMT model as a robust system for disease modeling

and drug screening studies[226, 180, 81]. Multiple tissue units are incorporated within

a single microfluidic device that is fitted onto a bottom-less 96-well plate to allow each

VMT to be independently treated (Figure 2.4a). Since each tissue chamber is <1mm3 in

volume, few cells are needed for VMT establishment and minute volumes of reagents are

required for maintenance and therapeutic testing. The microfluidic device is fabricated

from transparent, biocompatible polydimethylsiloxane (PDMS) to create an optically clear

platform for real-time microscopic imaging. In response to physiologic flow driven by a

hydrostatic pressure gradient across the tissue, endothelial cells, fibroblasts and cancer

cells introduced into each tissue unit self-organizewithin an extracellularmatrix to form a

complex tumormicro-ecosystemby day 5 of VMT culture. COMSOLMultiphysics simulation

on a fully formed, anastomosed and perfused vascular network shows that the surface

velocity of medium flowing through the vessels varies across the tissue, with some areas

experiencing higher flow than others, mimicking blood flow through a capillary network

in vivo (Figure 2.4b). Just like nearly all healthy tissues of the body, tumors rely on blood

vessels for growth and survival via delivery of nutrients and elimination of metabolic

waste. Blood vessels also serve as the conduit through which anti-cancer agents (drugs

or immunotherapies) are delivered to the tumor, and a means for cancer cells to gain

metastatic access to distant sites. The VMTmodel is the only one of it’s kind to incorporate

living blood vessels that feed the growing tumor mass, supported by stromal cells, just as

it occurs in vivo (Figure 2.4c). As such, we sought to determine the physiological relevance

64



of the VMT platform to study cancer and to bridge the gap in the drug development pipeline

between in vitro and in vivo preclinical study[81].

Figure 2.4 – Vascularized micro-tumors (VMTs) form in response to gravity-driven flow within a microflu-
idic platformarrayed for high throughput experiments (a)Themicrofluidic chip is bonded to a bottom-less
96-well plate via chemical glue and oxygen plasma. Zoom view shows a single device unit with 3 tissue cham-
bers (T1-3) fed through microfluidic channels, 2 loading ports (L1-2), medium inlet and outlets (M1-2), and a
pressure regulator (PR) to prevent gel bursting during loading. (b) COMSOL simulation on a perfused vascular
network shows the surface velocity of medium flowing through the vessels. (c) Fluorescent image shows a
vascularized micro-tumor with endothelial cells (mCherry, red) forming the vascular network, fibroblasts
(Az, blue) supporting the tissue, and cancer cells (GFP, green). Chamber is 2 x 1 x .1 mm.
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2.4.2 Vessels in the VMT are irregular and leaky, hallmarks of in vivo tu-

mors.

Distinct changes in tumor-associated vascular architecture and function are known to

occur during tumor progression. Although tumors recruit blood vessels to support their

growth, the resulting vasculature is irregular, leaky, and ill-perfused due to tumor patho-

physiology, contributedbyhighlyproliferating, hypoxic andnon-vascularized areaswithin

the tumor[101, 280, 33]. Comparisons between vessels in our normal tissue platform, the

VMO, and the VMT show that the vessels in the VMT recapitulate key features of in vivo

tumor-associated vasculature. Furthermore, these features become more pronounced at

later time points, as the tumors grow larger, compressing and displacing the existing vas-

culature within the tissue construct (Figure 2.5a). Overall, vessel density is significantly

reduced in the VMT compared to the VMO due to reduced total vessel length (Figure 2.5b).

The vessels in the VMT are highly disorganized, such that individual networks contain

areas of both vessel dilation and vessel narrowing, although on average the vessels in the

VMT are narrower than the vessels in the VMO (Figure 2.5c). The tumor-associated vascu-

lature within the VMT also contains fewer vascular junctions (Figure 2.5d), and greater

lacunarity, a measure of the non-vascularized spaces within the tissue chamber. Likely

due to pro-angiogenic tumor signaling, we observe an increased number of vascular end-

points and tip cells in the tumor-associated vasculature compared to the VMO (Figure

2.5e). Perfusion experiments flowing 70 kD FITC dextran through the vascular networks

in both the VMT and the VMO reveal that the vessels in the VMT are significantly leakier

than vessels in the VMO, with areas of massive leak in the VMT compared to fully patent

networks in the VMO (Figure 2.5f). Furthermore, as a result of structural heterogeneity

in tumor-associated vasculature, the VMT shows differential patterns of perfusion, with

highly leaky areas found adjacent to ill- or non-perfused areas. Overall, the vasculature

within the VMT is significantly more leaky than the VMO (Figure 2.5g), indicating that the
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vessels are affected by the presence of the tumor to model tumor-associated vasculature

in vivo.

Figure 2.5 – VMT-associated stromamodel key features of in vivo tumors. (a) Comparison of VMO and VMT
on days 5 and 8 show irregular vasculature in the VMT that worsens over time. (b) Quantification of total
vessel length, (c) vessel diameter, (d) number of junctions and (e) number of endpoints. While vessel length,
diameter and density are decreased in the VMT, # of endpoints increases, suggesting angiogenic sprouting
in response to the tumor. (f) Perfusion with 70 kD FITC dextran reveals fully patent networks in the VMO,
with leaky and non-perfused vessels in the VMT. (g) Quantification of the permeability coefficient shows
that the VMT is twice as leaky as the VMO.

Immunofluorescence staining reveals stark differences in collagen density and organiza-

tion between the VMO and VMT, with collagen III highly prevalent in the VMT, enriched

near tumor cells and fibroblasts and forming collagen fiber ‘tracks’ throughout the tissue.

In contrast, collagen III is less abundant in the VMO, showing homogenous and diffuse

staining patterns (Figure 2.6a–2.6c). Various collagens, including collagen III, show in-
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creased deposition during tumor formation to promote cell survival and proliferation via

upregulated integrin signaling[144]. In a recent study, serological detection of type III

collagen degradation and formation fragments in CRC patients served as a biomarker to

distinguish stage IVmetastatic disease from all other stages, suggesting that collagen III

deposition and remodeling may be a measure of tumor invasiveness[114]. Intriguingly,

live imaging studies have shown that cancer cells migrate rapidly on collagen fiber tracks

in areas enriched in collagen[173]. The VMT is uniquely well-suited for direct observation

of spatially random and temporally rapid events, such as epithelial to mesenchymal tran-

sition (EMT). Via confocal microscopy time-lapse imaging of VMT development over the

course of 10 days, we capture the coordinated self-organization of the VMT as it progresses

from single cancer cells embedded in a stromal tissue niche to a fully-formed vascular-

ized tumor mass. We observe a remarkable series of events: tumor cells extravasate into

adjacent vessels and are swept through the vasculature by flow, and growing clusters of

tumor cells suddenly explode into single cells that rapidly migrate radially from the ori-

gin, undergoing a coordinated EMT event. Taken together, defining features of the VMT are

changes in ECM composition associated with in vivo tumor progression and the presence

of an abnormal vasculature that closelymodels known characteristics of tumor-associated

vasculature in vivo. Recapitulating these features is critical to faithfully model nutrient

and drug delivery to the tumor, as well as changes in the microenvironment, extracellular

matrix and stroma associated with tumor progression.
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Figure 2.6 – Collagen tracks revealed within the VMT. (a) Collagen III staining (red) in the VMO vs (b) the
VMT. Cancer cells blue, vessels green. (c) Zoom view reveals collagen fiber enrichment and ‘tracks’ in the
VMT.

2.4.3 Transcriptomic comparison of cancer cells grown as monolayer

culture, in the VMT and as xenograft tumors shows high correla-

tion in gene expression between VMT and xenograft tumors, with

significant divergence frommonolayer cultures.

To determine if the VMT more closely models in vivo tumors than monolayer cultures,

we carried out transcriptomic analysis of 770 cancer-related genes on HCT116 colorectal

cancer (CRC) cells that had been grown in the VMT, as xenograft tumors and in 2Dmonocul-

tures. The multiplex gene expression analysis included genes from 13 cancer-associated

pathways, including: MAPK, STAT, PI3K, RAS, Hedgehog,Wnt, TGF-β2, cell cycle, apoptosis,

DNA damage control, transcriptional regulation, and chromatin modification (Nanostring,

Inc.). Importantly, each biological replicate was established in parallel from a single vial

and passage of HCT116 cells, cells grown in the VMT and inmonolayer were cultured under
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the same conditions, and HCT116 mCherry-labeled cells were isolated from all experimen-

tal groups by fluorescence activated cell sorting (FACS).

As anticipated, we found that the gene expression patterns of tumor cells derived from

the VMT better matched in vivo tumor-derived cells than the HCT116 cells growing in the

culture dish. A heatmap comparing gene expression ofHCT116 CRC cells derived fromeach

of the three systems shows that the VMT clusters with the xenograft tumor, whereas cells

grown in monolayer diverge in their gene expression patterns (Figure 2.7a). By assessing

all genes together, we found that VMT were not significantly different in gene expression

from the xenograft tumors (p-value = 0.6), whereas monolayer cultures displayed signifi-

cantly different gene expression patterns compared to both the VMT and xenograft tumors

(p-value = 0.001). The experiment was repeated with similar results. Interestingly, the

variation between samples was highest formonolayer cultures (12.8%) and second highest

for xenograft tumors (6.6%), with the VMT yielding the least variability between replicates

(3.5%), highlighting the robustness and reproducibility of the VMTmodel. Pathways con-

sistently enriched in the VMT and xenograft-derived CRC cells, but not in 2Dmonocultures,

included PI3K-Akt signaling pathway,MAPK signaling pathway, Ras signaling, FGF signaling,

chromosome and microsatelite instability in CRC, epithelial to mesenchymal transition

in CRC and angiogenesis, among several other cancer-related pathways (Figure 2.7b). In-

terestingly, genes that were consistently differentially expressed in the VMT compared to

xenograft were enriched for beta-1 signaling (COL1A1, COL3A1, FN1), urokinase-type plas-

minogen activator (uPA), uPAR-mediated signaling (PDGFRB, HGF, MMP3), and interleukin

signaling pathways (IL11, IL1A, IL6, IL13RA2). However, it is important to note that the ex-

pression changes between the three model systems are relative, meaning the absolute

expression of oncogenes in the 2D cultures is likely still higher than in normal epithelium.
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2.4.4 The VMT recapitulates xenograft tumor growth and response to

standard of care therapy, whereas monolayer cultures show

significantly different growth patterns and drug sensitivity.

Based on the significant overlap in gene expression between HCT116-derived VMT and

xenograft tumors, we next compared growth rates and drug responses between tumor

cells grown as monolayer cultures, VMT and xenograft tumors. To capture the molecu-

lar landscape of CRC, we tested two established CRC cell lines originating from tumors

of different subtypes: HCT116 , which is a primary-derived, MSI-high (microsatellite in-

stable - high), KRAS-mutant CRC representing about 15% of clinical CRC cases; as well as

SW480 , a primary-derived, MSS (microsatellite stable), APC-mutant CRC representing the

majority (85%) of clinical CRC cases. First-line treatment for advanced metastatic CRC is

a combination of systemic cytotoxic chemotherapy (FOLFOX- a regimen of 5 fluorouracil

(5FU), leucovorin and oxaliplatin). Therefore, we treated each systemwith pharmaceutical-

grade FOLFOX at a dose, duration and frequency to approximate the clinical administration,

plasma Cmax and clearance for each drug. In the VMT and monolayer cultures, 5FU was

given as a 100 µmbolus for 2 hours in combinationwith 10 µm leucovorin, and followed by

5 µm oxaliplatin for an additional 48 hours. Drugs were delivered to the VMT by perfusing

through the vasculature. Mice were treated weekly by intraperitoneal injection based on

a moderate dosing schedule to limit toxicities and better mimic the clinical outcomes of

FOLFOX treatment.

As shown, the growth and drug sensitivity of both HCT116- and SW480-derived VMT closely

models the growth and sensitivity seen for xenograft tumors derived from those same

cells, whereasmonolayer cultures significantly diverge at the 48 hour time-point due to en-

hanced cell growthand increased FOLFOX sensitivity in 2D (Figure 2.7c–2.7f). HCT116-derived

xenograft and VMT tumors show no statistically significant difference in growth for the
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entire 6-day experimental period (day 6 fold change from baseline: 2.84±1.31 vs 2.66±0.35,

respectively) (Figure 2.7c, 2.7d). In contrast, monolayer cultures exceed the maximum

growth observed in VMT and xenograft tumors in only 48 hours, to reach a fold change of

4.51±0.21. The 2D cultures were significantly different from both VMT and xenograft at the

2-day time point (p-value <0.0001) (Figure 2.7c), and, due to rapid growth, were not sus-

tainable for longer drug testing studies. For FOLFOX treatment, we observe that xenograft

tumors and VMT show similar drug sensitivity (1.19±0.27 and 1.12±0.01 fold change, respec-

tively) and thus similar effect size (approximately 58%) at 6 days post-treatment (Figure

2.7c). Monolayer cultures, however, show an approximate 96% reduction in tumor growth

at the 48-hour time point (fold change from baseline for treated cultures 0.18±0.01), which

is significantly different from both xenograft and VMT response (p-value <0.001) (Figure

2.7c).

We confirm similar findings in SW480-derived xenograft and VMT tumors, with respective

fold change 3.03±0.79 and 3.29±0.56 above baseline on day 6, and no significant differ-

ence in growth between VMT and xenograft tumor at any time point (Figure 2.7e, 2.7f).

FOLFOX treated xenograft and VMT-derived tumors also show similar drug sensitivity, with

maximum response at 6 days post-treatment (1.48±0.09 and 1.13±0.03 fold change, re-

spectively) and similar effect size (52-66%) (Figure 2.7e). Monolayer cultures showed

significantly increased cell growth and drug sensitivity at the 48-hour time point (con-

trol fold change in tumor growth 3.91±0.16, treated fold change 0.47±0.07) compared to

xenograft and VMT (Figure 2.7e), with an effect size of approximately 88%. Intriguingly,

SW480-derived spheroid cultures showed significantly reduced tumor growth compared

to xenograft tumors (spheroid control fold change day 4: 1.41±0.06, xenograft control fold

change day 4: 2.29±0.53) while maintaining roughly the same effect size in response to

FOLFOX treatment. However, the absolute response to FOLFOXwas significantly different in

the spheroid cultures compared to xenograft (0.85±0.16 and 1.45±0.02 fold change in tumor

growth, respectively). Hence, for two different subtypes of CRC, we show that while 2D and
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3Dmonocultures are poorly predictive of tumor growth and response to chemotherapy in

vivo, the VMT recapitulates these important features.

Figure 2.7 – Comparison of gene expression, tumor growth and response to drug treatment between VMT,
2D and 3D monocultures and xenograft tumors. (a) Bulk RNA sequencing of 770 cancer-related genes in
HCT116 CRC cell line-derived mono-layers, VMT and xenograft tumors. (b) Pathway enrichment plot for VMT
similarity to xenograft tumor. (c) Growth curves of HCT116 cells grown in mice or in the device and treated
with standard of care, FOLFOX. (d) Representative images of HCT116-VMT. (e) Growth curves of SW480 cells in
VMT, spheroids (working on this) and mice treated with FOLFOX. (f) Representative images of SW480-VMT.
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2.4.5 Single-cellmRNA sequencing reveals that the transcriptomeof stro-

mal and tumor cells in the VMT retain features of in vivo tumor cell

populations not seen in monolayer or spheroid cultures.

2.4.6 HCT116 CRC cell-derived VMT and matched monolayer cultures.

Based on stark differences in tumor growth and response to chemotherapy between 2D

and 3D monocultures and the VMT, we next sought to explore the distinct gene expres-

sion changes that occur at the single cell level when cells are co-cultured within the dy-

namic 3D tumor microenvironment of the VMT. Here we used single-cell mRNA sequenc-

ing (scRNAseq) to profile the transcriptomes of cells isolated from HCT116-derived VMT

and matched HCT116 CRC cells, endothelial cells and fibroblasts growing in 2D monocul-

tures (Figure 2.8a). Unbiased clustering analysis using the Seurat pipeline[28] revealed

distinct shifts in gene expression between the cells grown in the VMT and those grown in

monolayer (Figure 2.8b). Guided by annotated lineage-specific markers in humans[284]

and prior knowledge, two populations were identified as endothelial cells (EC A and EC B)

by differential expression of PECAM1 (CD31+), two populations were derived from fibrob-

lasts (fibroblast A and B) based on high expression of MMP2 and ACTA2, two populations

were enriched for EPCAM and labeled as tumor (A and B), and a third tumor cluster highly

expressed KRT5 (tumor C) (Figure 2.8c). Overall, the cells derived from the VMT showed

higher expression of cell-type specific markers than the same cells grown in 2D cultures

(Figure 2.8c). Higher KRT5 expression, characteristic of cells undergoing epithelial to mes-

enchymal transition (EMT)[194], was also observed in the VMT compared to monolayer

(Figure 2.8c).

Intriguingly, one cluster of cells that was found exclusively in the VMT could not be read-

ily characterized by querying marker expression distinctive to the other subpopulations.
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Figure 2.8 – Distinct changes in gene expression that better model in vivo tumors occur when cells previ-
ously grown in 2Dmonocultures are grown in the VMT. (a) Experimental design. HCT116 CRC cells, endothe-
lial cells and fibroblasts were grown as 2D monocultures or co-cultured within the VMT, harvested on day 7
of culture and processed for droplet-based single cell RNA sequencing. (b) tSNE plot reveals marked shifts in
gene expression between VMT and monolayer samples for all cell types. (c) Cell clusters are characterized
into types by known markers and differential gene expression is displayed by tSNE plot. (d) tSNE plot shows
each cluster annotated by group (Mono vs VMT) and cell type (EC A, EC B, Fibroblast A, Fibroblast B, Tumor A,
Tumor B, Tumor C, Tumor D). Note that tumor C and D are absent from the monolayer culture (only 1 cell in
tumor D).

Instead, the ‘unknown’ population showed differential expression of a unique panel of

genes (Figure 2.9a). While CSPG4 (NG2+, a pericyte marker) was highly expressed, ad-

ditional pericyte markers such as PDGFRβ and DES were absent, and CD74 and HLA-DRA

(immune modulation) were highly, and exclusively, expressed. Furthermore, expression

of PAGE5 (a proposed tumor marker) and VGF (a neuroendocrine marker) were restricted

to this population, hinting at a tumor origin. However, other markers of neuroendocrine

differentiation (e.g. CHGA or SYP), a process that can occur in highly invasive and resistant

CRC tumors[141, 78], were either absent or below the detection limit.
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To confirm the origin of the unknown population, we performed single nucleotide varia-

tion (SNV) profiling of raw reads in order to barcode the different populations within the

VMT using SNV found in HCT116 CRC cells. Further confirmation of these findings derived

from additional barcoding based on Y-chromosome linked genes since HCT116 CRC cells

are derived from a male patient, and the fibroblast line used in experiments were derived

from a female patient. Further analyses were performed to look at copy number vari-

ations (CNV) between the different populations. Interestingly, the unknown population

had a CNV signature distinctive of HCT116 CRC tumor origin, but with enrichment of CNV

on chromosomes 1, 11 and 19 compared to the other tumor populations. While tumor

populations A and B had a similar CNV profile, C clustered with tumor D and both showed

distinguishing patterns of CNV enrichment, suggesting a greater degree of tumor hetero-

geneity within the VMT through selection of HCT116 CRC subclones. Taken together, these

analyses confirmed that the unknown population (tumor D) was indeed originating from

CRC cells and not from the stroma or EC, and also revealed a high degree of heterogeneity

within VMT-derived tumor subpopulations relative to monolayer cultures (2.9).

In Figure 2.8d, tSNE plotting shows the degree to which subpopulations were unique

to either VMT or monolayer culture, and a heat map with the combined top 10 cluster-

discriminative genes for HCT116 populations showed that clusters were distinct in their

gene signatures (Figure 2.10a). The distribution of cells from each sample based on cell

type reveals distinct changes in the VMT compared to 2Dmonocultures (Figure 2.10b). The

stromal cells within the VMT occupy only EC A and fibroblast B subpopulations, whereas

monolayer contains cells of each subtype (EC A,ECB, fibroblast A and fibroblast B). In con-

trast, VMT-derived tumor cells were distributed to all four subtypes (tumor A-D), although

only 3 cells occupied tumor B, whereas no monolayer cells were found in C and only 1 cell

occupied tumor D, further highlighting the higher degree of tumor heterogeneity seen

in VMT-derived HCT116 CRC cells compared to those derived from 2D monocultures. Im-

munofluorescence (IF) staining of HCT116-derived VMT and HCT116 CRC cells growing in
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Figure 2.9 – Single nucleotide variation and copy number variation analyses for HCT116 . (a) tSNE plot
showingmarker gene expression forHCT116-derived VMT, highlighting the unique gene expression signature
of tumorD. (b) SNVanalyses. Red = greater proportion ofHCT116-derived SNVpresent, blue = lower proportion.
(c) CNV analyses showing that VMT-derived tumor D groups with known tumor-derived clusters A, B and C,
whereas normal cells show greater chromosomal stability.
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monolayer confirmed the presence of tumor subpopulations in the VMT (Epcam+, Cytok-

eratin 5+), with only a subset of the tumors expressing EPCAM in the VMT, and a proportion

of cells expressing high levels of KRT5, compared to HCT116 CRC cells growing in 2D which

showed lower levels of EPCAM expression in nearly all cells and low levels of KRT5 expres-

sion in a subpopulation (Figure 2.10c).

Figure 2.10 – Distinct changes in tumor heterogeneity that better model in vivo tumors occur when cells
previously grown in 2D monocultures are grown in the VMT. (a) Heatmap of the top 10 differentially ex-
pressed genes in each cell type shows clear differentiation between sub-populations. (b) Plot showing
distribution of cells from each sample (Mono or VMT) based on cell type. (c) Immunofluorescence staining
of HCT116-derived VMT, 2D monocultures and xenograft tumors show that native tumor heterogeneity is
reproduced in the VMT and not in monolayer, further supporting the scRNAseq data.
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2.4.7 SW480 CRC cell-derived VMT, tumor spheroids andmatchedmono-

layer cultures.

Given that SW480 CRC cells represent the major subtype of colorectal cancers (∼85%), we

sought to validate the robustness of our system by performing scRNAseq on 1391 cells iso-

lated from SW480-derived VMT, matchedmonolayer cultures, and tumor spheroids (Figure

2.11a). There is growing acknowledgement in the field that 3D cultures are more repre-

sentative of actual tumors and we therefore wanted to test the physiological relevance of

the VMTmodel compared to current standards. For SW480 , we observe distinct shifts be-

tween the VMT and monolayer cultures for the endothelial cell and fibroblast populations

(Figure 2.11b), as well as for the cancer cell populations, with some overlap between VMT,

monolayer and spheroid cultures for SW480-derived tumor subpopulations. Populations

were defined based on marker expression used in HCT116 (Figure 2.11c); with heat map

and tSNE plot showing the discrimination between clusters (Figure 2.11d,2.12a). Two pop-

ulations were identified as endothelial cells (EC A and EC B) by differential expression of

PECAM1 (CD31+), three populations were derived from fibroblasts (fibroblast A, B and C)

based on high expression of MMP2 and ACTA2, three populations were enriched for EPCAM

and labeled as tumor (A, B and C), and a third tumor cluster highly expressed EPCAM and

KRT5 (tumor D) (Figure 2.11d). A heat mapwith the combined top 10 cluster-discriminative

genes for SW480 populations showed that clusters were distinct in their gene signatures

(Figure 2.12a).

The distribution of cells from each sample based on cell type revealed distinct changes

in the VMT compared to both 2D and 3D monocultures (Figure 2.12b). The stromal cells

within the VMT occupy only EC A, fibroblast B and fibroblast C subpopulations, whereas

monolayer contains cells of each subtype with the exception of fibroblast B (i.e. EC A, EC

B, fibroblast A and fibroblast C). In contrast, VMT-, 2D and 3Dmonoculture-derived tumor
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Figure 2.11 – Distinct changes in gene expression that better model in vivo tumors occur when cells pre-
viously grown in 2D or 3D monocultures are grown in the VMT. (a) Schematic of the experimental design.
SW480 CRC cells were grown as 2D or 3D monocultures, endothelial cells and fibroblasts were grown as 2D
monocultures or all 3 cell types were co-cultured within the VMT, harvested on day 7 of culture and pro-
cessed for droplet-based single cell RNA sequencing. (b) tSNE plot reveals marked shifts in gene expression
between VMT and monolayer samples for all cell types. (c) Cell clusters are characterized into types by
knownmarkers and differential gene expression is displayed by tSNE plot. (d) tSNE plot shows each cluster
annotated by group (Mono vs VMT) and cell type (EC A, EC B, Fibroblast A, Fibroblast B, Fibroblast C, Tumor
A, Tumor B, Tumor C, Tumor D). Note that tumor C and D are absent from the monolayer culture (only 1 cell
in tumor D).

cells were distributed to all four subtypes (tumor A-D), in varying proportions. Interest-

ingly, 70% of spheroid-derived tumor cells were categorized as tumor A with high GAPDH

and SOX4 expression, whereas the majority of cells in the VMT (57%) were characterized

as tumor B with high EPCAM and KRT8 expression. The majority of monolayer cells (64%)

were found in tumor C, defined by high SDF2L1 expression and containing few spheroid-

derived tumor cells. While few VMT- and monolayer-derived tumor cells occupied tumor

A, the remaining cells were roughly equally distributed between subpopulations, includ-
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ing tumor D which was characterized by high expression of RBP1 and KRT23. Interestingly,

the CSPG4/CD74-enriched population seen in HCT116-derived VMT was absent from SW480.

Similar to HCT116 , we see upregulation of PECAM1 in the VMT compared to monolayer

cultures, and KRT5 expression is enriched in the VMT compared to both 2D and 3D mono-

cultures of SW480. EPCAM was not significantly enriched in a single group for the SW480

dataset. IF staining confirmed the presence of tumor populations expressing EPCAM or

EPCAM/KRT5 in SW480 cells grown in monolayer and in the VMT (Figure 2.12c), with nearly

ubiquitous expression of EPCAM in both systems, but higher expression of KRT5 seen in

the VMT, confirming the scRNAseq data.

2.4.8 Lineage hierarchy reconstruction reveals a unique VMT-derived

HCT116 tumor population with characteristics of invasive CRC.

To investigate theorigins of theCD74+ tumor subpopulationobserved solely in theHCT116-derived

VMT, we performed pseudotemporal reconstruction of differentiation trajectories using

Monocle[249]. To interrogate the hierarchical relationships between the tumor subpopula-

tions,HCT116-derivedVMT scRNAseqdatawere subset in Seurat to contain only tumorA-Dby

removingECand fibroblast subpopulations. Applying Monocle to this subsampled popula-

tion yielded a connected differentiation trajectory that separated into threemain branches

representing distinct cellular states – with tumor A and tumor C occupying distinct cell

states, tumor B at the junction, and the CD74+/NG2+ tumor subpopulation D occupying the

third state along pseudotime (Figure 2.14a). Repeating this process with fibroblast subpop-

ulations present in the subsampled dataset yielded a surprising finding: that fibroblasts

segregate with tumor D to occupy the same state that is not observable with SW480 (Figure

2.13).
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Figure 2.12 – Distinct changes in tumor heterogeneity that better model in vivo tumors occur when cells
previously grown in 2D or 3D monocultures are grown in the VMT. (a) Heatmap of the top 10 differentially
expressed genes in each cell type shows clear differentiation between sub-populations. (b) Plot showing
cell distribution by cell type for each sample. (c) Immunofluorescence staining of SW480-derived VMT, 2D
monocultures, tumor spheroids and xenograft tumors show that native tumor heterogeneity is reproduced
in the VMT and not in monolayer or spheroid cultures, further supporting the scRNAseq data.

On further examination of this lineage hierarchy via pseudotemporal expression pattern

gene clustering, we determined a list of genes that may be responsible for the transition

of HCT116 CRC epithelial cells to a de-differentiated, mesenchymal state within the VMT

(Figure 6B). While NG2 is considered a perivascular cell or pericyte marker, several other

cell types also express NG2, including oligodendrocyte progenitor cells, chondroblasts,

myoblasts, as well as several different tumors including glioblastoma and melanoma. CRC

and breast cancer cells have been reported to upregulate CSPG4 (NG2) during epithelial-

mesenchymal transition[212]. Indeed, we observe increases in EMT regulatory factors in
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Figure 2.13 – Differential tumor states observed in VMT derived from SW480 and HCT116 . (a) Clustering
for SW480 . (b)Monocle trajectory shows that tumor cells overlap and occupy two distinct states, and that
fibroblasts segregate to a third branch for SW480 . (c) Pseudotime plot of SW480 . (d) Cell state plot for SW480 .
(e) Clustering for HCT116 . (f)Monocle trajectory shows that tumor cells are distinct and occupy two distinct
states, and that fibroblasts segregate to a third branch with tumor D to occupy the same state for HCT116 . (g)
Pseudotime plot of HCT116 . (h) Cell state plot for HCT116 .

the CD74+/NG2+ tumor population, including TWIST1, VIM, TIMP1, and FN1, and decreased

expression of differentiation and cellular adhesion markers, such as EPCAM, KRT8, KRT9

and KRT18 (Figure 2.14b). These findings suggest that HCT116 cells are undergoing EMT

within the VMT, with each subpopulation occupying a distinct state. Indeed, we observe a

collective EMT event within the VMT, with rapid and coordinatedmovement of cancer cells

from the center of a tumor cluster within the span of an hour (Figure 2.14c). KRT5 and

KRT23 serve as transitional markers for the tumor C population - midway between tumor A

and tumor D/fibroblast populations, with low expression at the endpoints of pseudotime

and high expression at the midpoint. While KRT5 is associated with metastasis[194], a

recent study found that KRT23 activates CRC growth and migration, and that high KRT23

expression is prognostic of markedly shorter overall survival in CRC[283].
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Figure 2.14 – Lineage hierarchy reconstruction reveals differential tumor states between HCT116- and
SW480-derived VMT. (a)Monocle analyses for HCT116-derived VMT tumor subset showingmonocle trajectory
plot and pseudotime plot (inset). (b) Pseudotime heatmap for HCT116-derived VMT transition subset show-
ing 3 differentially expressed clusters across the pseudotime trajectory. (c) Time-lapse confocal imaging
showing an EMT event within the VMT. Arrow shows movement of an individual CRC cell.

2.4.9 Pathways implicated in tumor progression are upregulated in CRC

cells grown in the VMT when compared to cells grown as 2D or 3D

monocultures.

Comprehensive gene set enrichment analyses, basedoncell type- and state-specificmarker

genes, revealed pathways that were significantly upregulated in cells grown in the VMT

compared to 2D or 3Dmonocultures (Figure 2.15a). A key feature of cancer is the disregula-

tion of transcriptional programs[22], and indeed we observe transcriptional activation in
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SW480-VMT derived tumor A and tumorDpopulations, aswell asHCT116-VMT derivedfibrob-

last A, evidenced by enhanced ribosomal biogenesis, increased eukaryotic transcription

initiation, and high expression of ribosomal proteins and translation factors.

Both HCT116-VMT and SW480-VMT derived CRC cells showed enhanced growth factor signal-

ing, upregulationof genes associatedwith colorectal cancer, activationof c-MYC, enhanced

TNF signaling, and increased PDGFR-β signaling (Figure 2.15a). Notably, both HCT116- and

SW480-VMTderivedCRC cells displayedheterogeneity in intra-tumorpatterningofmetabolic

gene expression by tumor cluster, a characteristic of in vivo tumors[172, 226]. Interest-

ingly, two SW480 tumor populations (tumor B and tumor C) showed increased signaling

downstream of IL-17, a pro-inflammatory cytokine that is elevated in several human tu-

mors, including ovarian cancer, breast cancer, gastric cancer, and CRC[277]. Pro-growth,

pro-survival pathways upregulated in the HCT116-VMT derived CRC cells included the RAC1

signaling pathway (ARPC2, ARPC3, ARPC1B, RAC1; adjusted p-value 0.016) andNF-κB signaling

pathway (LYN, VCAM1, TRAF1, LTB, CXCL2; adjusted p-value 0.037). In SW480-VMT derived

CRC cells, we observed increased regulation of nuclear β-catenin signaling and target gene

transcription (JUN, XPO1, YWHAQ, ID2, CUL1, SP5, SFN; adjusted p-value 0.011), regulation of

telomerase (JUN, DKC1, NCL, E2F1, FOS, EGFR; adjusted p-value 0.016), and regulation of rb

protein (CCND3, JUN, DNMT1, TFDP1, CEBPD, E2F1; adjusted p-value 0.016). Within the VMT,

tumor populations with high expression ofWnt signaling effectors (HCT116 tumor A and

SW480 tumor B) also showed the highest expression of stem-likemarkers (Figure 2.15b), in

agreement with in vivo findings that suggest a critical role forWnt signaling in CRC cancer

stem cell maintenance[193].

Compared to SW480-derived VMT and monolayer cultures, spheroid cultures showed up-

regulation of genes involved in HIF1αsignaling and glycolysis; however, we found no other

significantly enriched pathways, indicating that these 3D tumor spheroid models are lim-

ited in their ability to recapitulate features of in vivo tumors. Whilewe observed significant
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Figure 2.15 – Pathway enrichment for VMT-derived cells. (a) VMT-derived tumor pathway enrichment for
HCT116 and SW480 . (b)Violin plots forWnt-related genes and stem-like signatures for HCT116 and SW480 . (c)
VMT-derived tumor pathway enrichment for HCT116 and SW480 EC and stroma.

PDGFR signaling enrichment in SW480-VMT derived CRC cells compared to both 2D and 3D

monocultures of the same cells, HCT116-VMT derived CRC cells showed highly activated

EGFR signaling compared to HCT116-derived monolayer cultures.
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2.4.10 Dynamic intercellular cross talk within the VMT promotes extra-

cellular matrix remodeling characteristic of malignancy.

The tumormicroenvironment is comprised of many host cell types, including endothelial

cells, perivascular cells, fibroblasts and inflammatory cells, which contribute to tumor

progression by mediating angiogenesis, desmoplasia and inflammation[47]. Integrin-

mediated remodeling of the tumor microenvironment is a key step in cancer progres-

sion[82]. Not only do integrins contribute to tumor cell migration and invasion by regulat-

ing the activity ofmatrix-degradingproteases, such asmatrixmetalloproteases (MMPs) and

urokinase-type plasminogen activator (uPA), integrins also support the process by which

tumors recruit new blood vessels via angiogenesis[52]. In SW480 and HCT116 VMT-derived

stromal populations (ECand fibroblasts) and CRC cells, we observe enhanced integrin sig-

naling compared to 2D and 3Dmonocultures. Extracellularmatrix remodeling is controlled

by integrins[82] and indeed we find that HCT116- and SW480-VMT derived EC and stromal

subpopulations actively re-organize the extracellular matrix.

Pathways significantly enriched within the VMT-derived stroma include collagen forma-

tion and degradation, integrin signaling, laminin interactions, ECM-receptor interactions

and miRNA targets in ECM and membrane receptors (Figure 2.15c). HCT116 VMT-derived fi-

broblasts display upregulated uPA and uPA receptor-mediated signaling (ITGB1, LRP1, ITGB5,

ITGA3, FN1; adjusted p-value 0.01) and increased expression of MMPs (MMP14, BSG, TIMP2,

TIMP1; adjusted p-value 0.02). Furthermore, we observe an increase in β1 integrin cell sur-

face interactions (ITGB1, CD81, COL4A1, LAMB2, ITGA3, COL6A2, COL6A1, FN1, COL6A3, LAMB1,

LAMC1; adjusted p-value 0.0000017). β1 integrin has been implicated in CRC to promote

hepatic invasion and metastasis in addition to supporting CRC cancer stem cells[176, 41].

Endothelial cells (EC) within both HCT116- and SW480-VMT highly express genes associ-

ated with angiogenic sprouting and tip-cell formation, including ANGPT2, NID2 and DLL4,
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while expression of VWF, a marker of non-sprouting EC, was not differentially expressed

between the VMT and monolayer cultures. Regulators of angiogenesis (JUN, FOS, ETS1,

HIF1A, JAK1) were significantly upregulated in the VMT-derived endothelial cells compared

to 2D monocultures. Fibroblasts derived from the VMT support vessel sprouting and for-

mation via upregulation of integrins involved in angiogenesis, such as COL1A1, COL1A2,

COL3A1, and COL4A1. Intriguingly, several cancer-associated pathways were also enriched

in VMT-derived stroma, including focal adhesion-PI3K-Akt-mTOR-signaling, TNF signaling,

N-cadherin signaling events, and senescence and autophagy in cancer (Figure 2.15c).

It is generally accepted thatmost solid tumors, including CRC, are linked to chronic inflam-

mation and that inflammatory cells and cytokines create a microenvironment that sup-

ports disease progression[47]. Transcriptomic profiles obtained from VMT-derived fibrob-

lasts suggest a hypoxic, pro-inflammatory, and tumorigenic microenvironment within

the VMT. Several pathways associated with tumor progression, resistance and metastasis

are highly activated in the VMT-derived stromal population compared to 2Dmonocultures:

HIF1A regulation of glycolysis, the inflammatory response pathway and cellular responses

to stress, oxidative stress and lncRNA-mediated mechanisms of therapeutic resistance

(Figure 2.15c). Intriguingly, fibroblasts derived from both HCT116- and SW480-VMT, as well

as HCT116-VMT derived EC A population, were distinguished by enhanced IL-6 expression

and signaling. IL-6 is a pro-inflammatory cytokine reported to have an important role

during CRC tumor development, and of which high expression is associated with drug

resistance, advanced disease stage and decreased survival in CRC[260, 236, 156]. The pro-

inflammatory cytokines CXCL1 and CXCL2 are also upregulated in HCT116- and SW480-VMT

derived fibroblast populations and HCT116-VMT derived tumor D, respectively. Among

enriched pathways within the VMT, glycolysis and metabolic reprogramming of CRCmedi-

ated by HIF1α emerged within HCT116- and SW480-VMT derived stroma, with HIF1A highly

expressed in EC and fibroblast subpopulations.
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2.4.11 VMT-derived stromamodel clinical characteristics of reactive stro-

ma in CRC.

Both HCT116- and SW480-derived fibroblasts display active TGF-β signaling in the VMT (Fig-

ure 2.16a, 2.16b). Intriguingly, we observe significant upregulation of the TGF-β signal-

ing pathway in fibroblasts derived from SW480-VMT compared to those same fibroblasts

grown in monolayers, but do not observe enhanced TGF-β signaling in SW480-VMT tumor

populations compared to both 2D and 3Dmonocultures. In contrast, HCT116 VMT-derived

fibroblasts and tumor populations both show modest increases in TGF-β signaling over 2D

monocultures. Importantly, we observe these differences in cancer-associated fibroblasts

between SW480- andHCT116-derived VMT despite using the same line and passage of fibrob-

lasts (derived from a single vial) in all experiments, suggesting that the tumor uniquely

models the microenvironment and stromal compartment of the VMT. Indeed, these ob-

servations are consistent with recent literature defining the role of TGF-β-activated stroma

in poor prognosis CRC[32]. Although most CRC display mutational inactivation of the TGF-

β pathway, these tumors are paradoxically characterized by elevated TGF-β production.

Functional studies show that cancer-associated fibroblasts support tumor-initiating cells

via enhanced TGF-β signaling (Figure 2.17), and that poor clinical outcomes are predicted

by a gene program induced by TGF-β in tumor-associated stromal cells[32].

TGF-β signaling is active between the tumor and fibroblast populations in both HCT116

and SW480 VMT. Since TGF-β activation in the stroma is known to promote CRC tumori-

genesis, we sought to test whether targeting TGF-β signaling in the reactive stroma could

suppress the tumor within the VMT. VMT were treated with the TGF-β receptor antago-

nist galunisertib, which is currently in clinical trials for hepatocellular cancer, within a

physiologically-relevant range of doses. While galunisertib showed no effect for HCT116

grown in the VMT over the course of 6 days (Figure 2.16c), we observed potent inhibition of
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Figure 2.16 – TGF-β-activated stroma in VMT confers differential drug sensitivity. (a) tSNE plot of HCT116 VMT
with TGF-β ligands and receptors highlighted. (b) tSNE plot of SW480 VMT with TGF-β ligands and receptors
highlighted. (c) Dose response of galunisertib for HCT116-derived VMT. (d) Dose response of galunisertib for
SW480-derived VMT. (e) Dose response of galunisertib for monolayer-derived HCT116 , SW480 and NHLF at 48
hours and 96 hours. (f) Dose response of galunisertib for spheroid-derived SW480 .

SW480 growth in the VMT with galunisertib treatment (Figure 2.16d). Interestingly, there

were no responses observed for HCT116 , SW480 , or NHLF growing as 2Dmonocultures at

any of the concentrations tested at 48 hours or 96 hours (Figure 2.16e). There were also no
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Figure 2.17 – TGF-β signaling promotes CRC progression. Stromal production of TGF-β supports CRC growth,
survival, metastasis, and immune suppression.

effects on SW480-derived spheroid growth in response to treatment (Figure 2.16f). These

findings suggest that SW480 cells, and not HCT116 , become dependent on TGF-β signaling

in the presence of TGF-β activated stroma, and that the stroma is a powerful regulator of

tumor growth as well as suppression. The VMT model can serve as an important tool to

further investigatemolecular signatures of resistance or susceptibility to TGF-β antagonists

toward tumor stratification and to interrogate other tumorigenic pathways.
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2.4.12 VMT-derived SW480 CRC cells better model in vivo tumor hetero-

geneity than 2D and 3Dmonocultures.

To further validate the VMT as a physiologically relevant drug screening and disease mod-

eling platform, we performed a reference-based integration using Seurat[235]. To run the

cell anchoring pipeline, a scRNAseq dataset of SW480-derived xenograft tumors was used

as reference and all other SW480 datasets (VMT, spheroid and monolayer) were used as

query (Table 2.1). Out of the three model systems, VMT showed the greatest similarity to

xenograft tumor, with 289 cells (38% of total) accurately mapping to the reference dataset.

In contrast, monolayer cultures showed 27% fidelity, with 184 cells correctly mapping

to the reference. Surprisingly, spheroid cultures showed the lowest concordance with

xenograft tumors, with only 8% of cells (123 cells) correctly mapping to the reference. A

potential explanation for the high rate of false matches in the spheroid sample may be

because the spheroids displayed the least degree of heterogeneity of all the models, being

almost entirely composed of a single clonal population. These results suggest that the

VMT more closely resembles the cellular diversity found within a xenograft tumor than

both 2D and 3Dmonocultures.

Sample # True # False % True % False

VMT 289 475 38 62
Spheroid 123 1268 8 92

Monolayer 184 490 27 73

Table 2.1 – Results from reference-based integration of SW480 scRNAseq datasets
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2.5 Discussion

Anti-cancer drug development is a costly, time-consuming and inefficient process with a

low success rate - only about 5% of drugs in the pipeline will ultimately gain FDA-approval.

Recapitulating the complex intercellular crosstalk between the tumor and microenviron-

ment is critical to capturing clinical tumor pathology toward novel therapeutic develop-

ment. With the VMT model, we aim to improve clinical outcomes for patients and save

resources by predictingwhich compoundswill demonstrate efficacy in humans, detecting

promising drug candidates that may be missed by standard assays, and eliminating toxic

and ineffective drugs earlier in the pipeline. To this effect, we show that the VMT more

closely models the growth and chemotherapeutic drug response observed in preclinical

in vivo murine models than 2D and 3D monocultures. Indeed, FOLFOX, with IC50 in the

nanomolar range in standard assays, has significantly diminished anti-tumor effect in

the VMT, with IC50 shifted toward peak plasma concentrations observed in clinical trial

settings. We find that numerous tumor-associated pathways are enriched in the VMT and

xenograft tumors, but not in 2D monoocultures, including PI3K-Akt signaling pathway,

MAPK signaling pathway, Ras signaling, FGF signaling, chromosome and microsatelite in-

stability in CRC, epithelial to mesenchymal transition in CRC and angiogenesis, among

several other cancer-related pathways.

By recreating the tumor microenvironment in vitro, we begin to dissect the complex inter-

cellular interactions occurring within a 3D, vascularized tumormass that contribute to dis-

ease pathology and drug resistance. In the same way that malignancy progresses via aber-

rant signaling in the microenvironment, targeting key intercellular signaling pathways

between cancer cells and stroma can abrogate malignant progression. In VMT-derived

stromal populations, we observe significant upregulation of TGF-β signaling, that, when

pharmacologically abrogated, suppresses tumor growth within the VMT but not in 2D or
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3Dmonocultures, underscoring the critical role stromal cells play in disease progression

and drug sensitivity. Here we show that both HCT116 and SW480 induce TGF-β activation in

the stroma within the VMTmodel to recapitulate pathological features of poor-prognosis

clinical CRC tumors. However, only VMT-derived SW480 CRC cells show sensitivity to TGF-β

inhibition, indicating that the VMT captures tumor cell-type specific stromal dependen-

cies within the VMT. Our findings reveal that stromal cell activating, prognostic in vivo

phenomena are reproduced within the dynamic tumormicroenvironment of the VMT and

cannot be studied or targeted in simple 2D or 3D monocultures. High levels of TGF-β are

associated with poor outcomes in CRC and a key hallmark of microsatellite-stable CRC is

TGF-β activated stroma. Furthermore, TGF-β can act as a tumor suppressor or tumor pro-

moter depending on the context[153], further emphasizing the importance of capturing

cancer-specific disease characteristics in preclinical models. Our findings highlight the

unique capability of the VMT to recapitulate human-specific and clinically relevant tumor

pathologies in vitro that cannot be readily reproduced with standard cell culture or animal

models.

Intriguingly, a CD74+/NG2+mesenchymal-like population originating fromHCT116 emerges

only in HCT116-derived VMT, and is not seen in monolayer cultures or SW480 CRC cells.

Further examination of this population (tumor D) revealed downregulation of epithelial

markers and upregulation of mesenchymal-related genes such as VIM, TWIST1, FN1, ZEB1

and TIMP1, suggesting a subpopulation of HCT116 CRC cells undergo EMT within the VMT.

These findings were confirmed by time-lapse confocal microscopy of VMT development

and growth showing the coordinated, collective and rapid migration of CRC cells coupled

with CRC cell intravasation into associated vasculature, highlighting the utility of the VMT

to study tumor cell behaviors that result in metastatic spread toward development of tar-

geted therapies. Intriguingly, based on CNV analyses and marker gene expression, HCT116

tumor D is likely derived from tumor C, another unique tumor population arising only

within the VMT, which shows transitionary metastatic markers and similar CNV profiles.
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Interestingly, VGF (or VGF nerve growth factor inducible), a secreted protein and neuropep-

tide precursor, was enriched in the tumor D subpopulation. Usually expressed in nerve

cells or neuroendocrine cells, high VGF expression also occurs in several types of malig-

nant neuroendocrine tumors that confer unfavorable prognosis[97, 265]. In glioblastoma,

VGF has been shown to promote tumor growth and cancer stem cell (CSC) survival and self-

renewal via autocrine and paracrine signaling between differentiated glioblastoma cells

and glioblastoma-specific CSC[265]. Further, a recent study found that high expression of

VGF in a subset of lung cancer cells induces the transcription factor TWIST1 to facilitate EMT

and resistance to EGFR inhibitors, and that VGF silencing attenuates tumor growth[97]. No-

tably, high VGF expression is associated with diminished survival in CRC and is prognostic

for poor outcomes in endometrial cancer and malignant glioma/glioblastoma[252].

Although the consequences of VGF expression have not been widely studied in CRC, the

role of VGF in the development and progression of CRC and other cancers warrants further

study based on its potential utility as a biomarker and therapeutic target. To facilitate

such studies, we show that the VMT captures tumor heterogeneity arising from differenti-

ation trajectories and distinct cellular states not seen in 2D or 3Dmonocultures, and thus

serves as a powerful tool to recapitulate the clinicopathology of human tumors in vitro.

Notably, the CD74+/NG2+ tumor D population appears to arise through EMT, a phenomenon

observed in vivo and within the VMT, but not in 2D or 3D monocultures. Therefore, the

VMT can facilitate the study and targeting of resistance mechanisms related to this unique

population that is not possible with other culture systems and not easily studied in mouse

models. Importantly, the heterogeneity observed in the SW480-derived VMTwas also found

in SW480-derived xenograft tumors but not in 2D or 3D monocultures. Taken together, our

findings demonstrate that the VMT not only recapitulates in vivo drug response, but also

reconstitutes the cellular diversity of the tumor growing in vivo.
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2.6 Conclusion

The tumor microenvironment forms a complex ecosystem that facilitates tumor progres-

sion and resistance. Only with the appropriate model system can the dynamic interplay

within the tumor microenvironment begin to be defined for therapeutic targeting. Here

we show that the VMT robustly reproduces clinicopathological features and drug response

of CRC tumors. Furthermore, we demonstrate the VMT can be used as a powerful tool to

study, and target, spatially random and temporally rapid events such as EMT that are not

readily observable with other model systems. These results highlight the marked changes

in gene expression, cellular diversity and drug sensitivity that occur when cells grown in

simple 2D or 3Dmonocultures are co-cultured to form the complex 3D tumor architecture

within the VMT.
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Chapter 3

Automated Image Processing for a

Vascularized Micro-Tumor Model Using

ImageJ Scripting and Macros

3.1 Abstract

To address the need for improved preclinical models, our lab has designed and validated

an advanced microfluidic device that allows long-term study of tissue engineered minia-

turized organ constructs. Through the co-culture of multiple cell types in a dynamic flow

environment, perfusedmicrovascular networks self-assemble within the tissue chambers

of the device to enable realistic modeling and real-time monitoring of physiologic and

disease states. The VMO is a base platform that can be adapted to virtually any organ

system or cultured with cancer cells to create a VMT. By replicating in vivo delivery of nu-

trients and drugs in a complex 3Dmicroenvironment, the VMO/VMT platform is arguably

the most physiologically relevant in vitro model in which to perform drug screening, in-
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terrogate complex pathological processes and study cancer, vascular or organ-specific

biology. Themicrofluidic platform is optically transparent for real-time image acquisition

of fluorescently labeled cells or molecules within the tissue construct, allowing the user

to interrogate drug response, inter-cellular interactions and temporally rapid, spatially

random phenomena such as epithelial to mesenchymal transition. Since these studies

can lead to the generation of enormous amounts of imaging data, robust and standard

workflows for analysis are critical. Typically, micrographs of vessels and tumors can be

processed manually in the open-source software ImageJ using repetitive functions. Here

we describe how this time-consuming process can be greatly streamlined using ImageJ

scripts, a simplified and standardized method for efficient image processing and data

extraction from the novel VMO/VMTmodel.

3.2 Introduction

Our lab has developed a novel drug-screening platform inwhich living, perfusedmicroves-

sel networks form de novo within a microfluidic device [80, 224, 179, 263, 177]. This base

organ-on-a-chip platform, hereby termed the VMO, can be adapted to virtually any organ

system to replicate tissue physiology for disease modeling and drug screening or person-

alized medicine applications. The VMO can also be established as a cancer model system

by co-culturing tumor cells with associated stroma to create a VMT. Endothelial cells, fi-

broblasts and, in the VMT, tumor cells are embedded in a 3D extracellular matrix within

the tissue chambers of the device and subjected to gravity-driven fluid flow through the

microfluidic channels. Within days, a perfused vascular network forms and, in the case

of the VMT, begins to feed the growing tumor mass just as it occurs in vivo – i.e. nutri-

ents and drugs are delivered through the microvessels. Unlike any other drug-screening

platform, the VMO/VMT model establishes a complex microenvironment complete with
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stromal and/or tumor cell interactions within a capillary bed. As such, it is arguably one

of the most physiologically relevant platforms to screen drugs and model disease.

In addition to being low cost, easily established and arrayed for high throughput experi-

ments, the platform is fully optically compatible for real-time imaging of stromal and tu-

mor response to stimuli and drug treatment. By labeling each cell type in the systemwith a

different fluorescent marker, we can directly visualize and track cell behavior throughout

the entire experiment, thus allowing awindow into the dynamic tissuemicroenvironment.

Our methods for establishing and imaging the VMO/VMTmodel have been described pre-

viously[224, 179]. The complex spatial and temporal information derived from VMO/VMT

images requires a robust and highly reproducible method for extracting data. Yet nor-

mally to assess tumor response, vessel remodeling or flow dynamics, a series of images

must first be processed and analyzed through ImageJ software by applying repetitive func-

tions individually to each image. By automating these processes in ImageJ, the macro

can extract thousands of data points from series of images in a matter of seconds, thus

requiring very little effort or time from the investigator. Herewe describe an ImageJ script

designed to automate image processing and analyses for high throughput applications in

the VMO/VMTmodel that can be readily adapted to other common research applications.

3.3 Materials and methods

3.3.1 Script development

Git source control[77] was used during the development of the macro. The complete

version history can be found on Github.
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ImageJ and the Fiji Distribution of ImageJ[206] include tools for developing ImageJmacros

and scripts[207]. The development tools included with both ImageJ and Fiji are reason-

ably well-suited for simplemacro and script development. Likewise, they include aMacro

Recorder that is helpful in identifying the commands needed to execute operations typ-

ically invoked from the ImageJ user interface. During script development, we opted to

use an Integrated Development Environment (IDE) for its advanced development and code

debugging tool set. The IDE used was IntelliJ IDEA Community from JetBrains. IntelliJ IDEA

is a Java Virtual Machine (JVM)[139] development environment that offers the ability to

create JVM compatible programs using the Java language, Java derivative languages such

as Groovy, and various other languages such as Python, which we used as our primary

development language.

3.3.2 Script installation

The Hughes Lab Tools suite is compatible with ImageJ and has been tested with the

Fiji[206] distribution of ImageJ2 on MacOS 10.14.4. It is recommended that the tools be

used with Fiji as some functions rely on plugins not installed by default with the base

ImageJ distribution. Manual installation of Fiji on MacOS is easily accomplished using

the Homebrew package management system[87] using the terminal command brew cask

install fiji. To simplify installation of the tools, a shell script has been included with

the suite to test for the presence of both Homebrew and Fiji and then install the Hughes

Lab Tools scripts and macros into the appropriate locations.

To install the Hughes Lab Tools, the user should download the tools from GitHub, decom-

press the downloaded zip file, and navigate to the resulting directory using the terminal.

To run installer script the user should run the command ./install.sh. During the instal-

lation the user will be prompted to “Copy Hughes Lab Tools to Fiji (End-user Mode)” or
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“SymLink Hughes Lab Tools to Fiji (Developer Mode)” (Supplemental figure 3.1). These

installation options will either copy the Hughes Lab Tools source files into Fiji or create

symbolic links to them from their current location. For most users, the copy option is the

appropriate choice as this will install all files needed inside the Fiji.app package on their

computer. However, developers debugging or extending the tools may find it convenient

to symbolically link to the location of the tools install folder since this directory can be

opened directly in IntelliJ, the source codemodified, and tested simply by restarting Fiji. A

third option in the installer allows files created during install to be removed from Fiji.app

if desired.

Figure 3.1 – Options presented during installation of Hughes Lab Tools

After the installation is complete the user will find a new “Hughes LabTools”menu item in

themenubar of Fiji (Supplemental figure 3.2a). A keyboard shortcut to quickly execute any

of the tools can be created using the “Add Shortcut ...” command found under “Plugins

>Shortcuts” menu (Supplemental figure 3.2b). Using this command the end user can
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specify keyboard shortcuts of their preference and assign them to any of the menu items

found under Hughes Lab Tools.

Figure 3.2 – Hughes Lab Tools Menu. (a)Hughes Lab Tools menu bar item in Fiji. (b) Dialog box to specify
a keyboard shortcut function using the “Add Shortcut ...” command.

3.3.3 Device fabrication

A detailed description of device fabrication can be found in our earlier publications[224,

179]. Briefly, the high throughput platforms used in the experiments were fabricated

with polydimethylsiloxane (PDMS) by mixing 10:1 parts base to curing agent (Sylgard 184

elastomer kit, DowCorning). The PDMS is then degassed in a vacuum chamber and poured

into a polyurethanemastermold replicated froma soft lithographic designed siliconwafer.

The PDMS device is then cured in a 70◦C oven for 4 hours before holes are punched to
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create media inlets/outlets and loading ports. Next, the device is bonded to a chemically

treated bottomless 96-well plate by oxygen plasma treatment. Finally, the high-throughput

platform is bonded to a thin PDMS membrane and placed under UV light for 20 minutes to

sterilize the device prior to loading cells.

3.3.4 Cell culture

Human CRC cell lines SW480, SW620 and HCT116 (gifts from the University of California,

Irvine (UCI) Chao Family Comprehensive Cancer Center), and NHLF (purchased from

Lonza) were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with

10% DMEM. ECFC-EC were isolated from cord blood according to an Institutional Review

Board-approved protocol and cultured on gelatin-coated flasks in endothelial growth

medium-2 (EGM-2). All cells were incubated in a 37◦C and 5% CO2 environment. Cancer

cells, ECFC-EC and NHLFwere transduced with lentivirus to express either GFP, mCherry or

Azurite fluorescent markers. All ECFC-EC were used between passage 5–7 and NHLF were

used between passage 7–10.

3.3.5 VMO/VMT establishment

To load the device and establish the VMOmodel, ECFC-EC andNHLFwere harvested, counted

and resuspended with 10mg/mL solution of 70% clottable fibrinogen in basal media to a

concentration of 7 million cells/mL. To establish the VMTmodel, CRC cells were also har-

vested, counted, and resuspended with the ECFC-EC/NHLF fibrinogen mix. The cell slurry

was then mixed with 2 U/µL thrombin to catalyze fibrin clotting and quickly introduced

into the tissue chambers of the device. In order to culture VMO/VMT, the microfluidic
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channels were coated with laminin to promote vessel anastamosis and the media inlets

were fed with EGM-2.

3.3.6 Fluorescent imaging, perfusion and bead tracking

Fluorescently labeled tumors, stromal cells and vessels were imaged using a SPOT Pursuit

High SpeedCooled CCD cameraonanOlympus IX70microscopewithX-Cite 120LED.Vessels

were perfused with 70 kD FITC- or rhodamine-dextran and imaged using a Nikon confocal

microscope. Permeability coefficient is calculated by using Eq 3.1:

PD =
1

Ii − Ib

(
If − Ii
∆t

)
× d

4
(3.1)

where Ii, If and Ib represent the initial, final and background average intensities, respec-

tively,∆t is the time interval between two captured images and d is the average diameter

of the vessel[106].

To induce vascular leak, VMOs were first perfused for 2 hours with basalmedium, and then

perfused with thrombin (10 U/mL) for an hour before addition of fluorescent-dextran. To

track bead velocity, 2 µm fluorescent beads were introduced into the media inlets and

sequential vessel images were taken at a shutter speed of 2.5 frames/second. Each image

pair in the series was differentially colored andmerged to measure the distance a specific

bead traveled through any given vessel segment. Velocity was then calculated by dividing

the distance traveled in µm by the frame rate.
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3.3.7 COMSOLMultiphysics simulation

COMSOL Multiphysics 5.2a was used to perform finite element simulations for the inter-

stitial flow and bead tracking inside a developed microvascular network. The geometry

of the vessel network was first integrated into the geometry of the microfluidic channel.

Thresholded vessel images were smoothed and processed into outlines using ImageJ soft-

ware, then converted into a .dxf file using Img2cad software. After the vessel outline

was closed and redundant fragments removed using AutoCAD software, the complete ves-

sel outline was scaled and integrated into the geometry of the microfluidic device. The

refined CAD vessel diagram was then built into a 2D free and porous media flow model

in COMSOL Multiphysics. Water was chosen as the material to model the flow of culture

media through the vascular network. The porosity and permeability of fibrin gel were es-

timated to be 0.99 and 1.5× 10−13m2 based on our published result[224]. Inlet/outlet were

designated at the media reservoir boundaries, with pressure specified as 98 and 0.001 Pa,

respectively, based on calculated gravity-driven pressure difference in the device. The

particle tracking for fluidic flow module of COMSOL Multiphysics was used to simulate the

beads perfusion in the vascular network. The properties of polystyrene bead were set as

1040 kg/m3 in density and 2 µm in diameter. Stokes’ law and the flow velocity field from

the previous model was used for the drag force, and bounce wall condition is applied for

this model. 9 beads were released near the inlet at T0 from 3x3 grid with 200 µm spacing.

A movie was recorded for this bead perfusion process.

3.3.8 Statistical analysis

Three biological replicateswere performed for each experiment. GraphPad PrismVersion

8.1.1was utilized to perform students t-test for permeability comparisonswith significance

set at p < 0.05. Spearman’s rank correlation coefficient was used to determine the degree
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of correlation between COMSOL simulated fluid flow velocity and actual bead velocity de-

termined through experimental tracking. Significance was determined by plotting the

correlation coefficient on Spearman’s rank significance graph with p < 0.05.

3.4 Results

3.4.1 Overview

ImageJ is a Java-based image processing program developed at the National Institutes of

Health and the Laboratory for Optical and Computational Instrumentation, University

of Wisconsin (LOCI)[207]. ImageJ was designed with an open architecture that provides

extensibility via Java plugins, scripts capable of beingwritten in various programming lan-

guages, and recordable macros using the built-in ImageJ macro language. Using scripting

and macro capabilities within ImageJ, we have created a series of tools to automate and

standardize image processing for our VMO/VMT tissue constructs. Our suite of Jython[188]

scripts and ImageJ macros, collectively called Hughes Lab Tools, incorporates user inter-

face driven tools to execute one or more common tasks while also providing flexibility to

quickly batch process large numbers of images in nested folders.

The primary functions of the tool are to:

1. Color monochromatic micrographs

2. Merge two or more colored micrographs into a single image

3. Measure the mean gray levels of the tumor images

4. Measure the diameter of the VMO/VMT vessels

5. Segment the tumor structures for further image analysis
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6. Threshold micrographs of the VMO/VMT vessel structure for further image analysis

7. Batch convert Nikon ND2 files to tiff files

8. Measure the perfusion coefficient for images of the VMO/VMT vessel structure

The scripts are capable of being executed in either a completely automatic manner or a

semi-automatic mode where the operator is able to verify the intermediate results. In

addition, images can be processed in a single directory or a series of nested directories,

allowing for flexibility in the image acquisition and organization. Script functions can be

individually chosen or a series of functions can be run in series on each batch of images,

which vastly improves throughput over manual image processing. Furthermore, the tools

can be easily modified or adapted to address a broad range of experimental questions,

either in the VMO/VMT platform or other model systems.

3.4.2 Functionality

3.4.2.1 VMO Tools

Found under the Hughes Lab Tools>VMO Tools menu item, the VMO tools is a set of tools

that can be run individually or in sequence to process fluorescently labeled tumors, stro-

mal cells and vessels images. The functions that can be performed are to color the

monochromatic images, merge multiple colored images in to a single image, measure

tumor image mean gray levels as a read-out of tumor growth and regression, segment the

tumor structures for further image analysis, and threshold micrographs of the VMO/VMT

vessel structure for further image analysis. From the Hughes Lab Tools >VMO Tools >All

VMO Scripts menu item (Figure 3.3a), one or more of the functions can be invoked from a

unified VMO function selection dialog box (Figure 3.3b).
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Figure 3.3 –Hughes Lab Tools User Interface (a) Tool selection drop-downmenu. (b)Unified VMO function
selection dialog box. (c) Dialog box for the selection of the number of image types. (d) Dialog box with
functions specific options.

After one or more functions have been selected and the user clicks the Next button, the

user is prompted to indicate the number of image types in the sub-directories to be pro-

cessed (Figure 3.3c). For instance, if the sub-directories contain only vessel images then

the image type would be 1, however, if the sub-directories contain images of both vessels

and tumors then the image type would be 2. All sub-directories to be processed must

contain the same number of image types.
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The script offers two methods of identifying the cell type of each image. The first is based

on a common procedure used when photographing the cells on the microscope. Often

each cell type requires a different microscope configuration to be photographed, and in

order to minimize reconfiguration of the microscope, images are usually captured in a

“snake” pattern. For example, if there are two image types, and three chambers were pho-

tographed, the sequence of image types would be Vessel, Tumor, Tumor, Vessel, Vessel,

Tumor. Using the snake pattern image classification method there is an assumption that

the images will be placed in one or more folders where the images will be numbered se-

quentially corresponding to the pattern. Alternatively, the image files can be named with

a hint about the image type. Using the File Name Recognition Image File Classification

Method option the usermust name each image file using the following basename template

: d#-c#-x, where d stands for device, c stands for chamber, # are the device and chamber

numbers and x is the first letter of the image type. For example, a series of images may

be named d1-c1-v.tif, d1-c1-t.tif, d1-c2-v.tif, d1-c2-t.tif, d1-c3-v.tif, d1-c3-t.tif.

With either image classificationmethod, the results can be verified, and overridden if nec-

essary, by checking “Confirm image types”. When checked the user will be presented with

a dialog box as each image is opened to confirm the image type has been identified cor-

rectly. After choosing the number of image types contained in the folders to be processed,

the user is presented with a dialog box containing options for the selected functions. Only

options relevant to the functions selected will be presented to the user. Figure 3.3d shows

options for the various functions to be run. The dialog box includes options to specify

how images should be colored, assign names to the images, show various processed image

types, specify whether the operations should be applied to only the images in the chosen

directory or recursively to all sub-directories, whether each image should be presented

to the user to confirm the image type or not, and whether or not to present a verbose log

of all operations performed to the user. Depending on the options selected, the user can

quickly process hundreds or thousands of images with no intervention, or monitor inter-
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mediate results to confirm image processing is progressing as expected. Upon clicking

Next the user is presented a directory chooser to specify the location of the images, and

optionally sub-directories, to be processed.

3.4.2.1.1 Running a single function

If it is desirable to run a single function (e.g. Color Images) rather thanmultiple functions

on each image, a series of shortcut scripts (Figure 3.3a) are included in the Hughes Lab

Tools >VMO Tools menu. Each script bypasses the initial unified VMO function selection

dialog box and immediately presents the dialog box for selecting the number of image

types. Next, a function specific set of options is presented to the user. These scripts are

provided as a convenient way to skip the functions dialog box, further reducing the time

required for a user to process a large number of images.

3.4.3 Convert ND2

Found under the Hughes Lab Tools >Conversion Toolsmenu item, this function batch con-

verts Nikon ND2 microscope images to TIFF format for ease of processing. The conversion

tool is dependent on the BioFormats[140] plugin included with Fiji. When run, the user

will be prompted for the location of the ND2 files to be converted. After a location has been

chosen, the Fiji Log window will show the detailed progress of the tool and an indication

of when the tool has completed. The tools will recursively process all ND2 files under the

directory chosen so care should be taken to choose the appropriate root directory. An

example of the log window output of the Convert ND2 tool can be seen in Supplemental

Figure 3.4.
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Figure 3.4 – ND2 Convert tool log window

3.4.4 Color and Merge Images Module

FITC- and mCherry-labeled cells grown in the VMT are standardly photographed as mono-

chromatic images. The Color and Merge Module of VMO Tools colors monochrome micro-

graph images. As suggested in the options dialog, the color of each image type can be

specified. The resulting colored images are saved in a sub-directory named “Colored” us-

ing the JPEG[167][168] file format. After one of each image type specified has been colored,

the Color and Merge Module can optionally merge those images into a new image. The

resulting merged images are saved as JPEGs in a sub-directory named “Merged.” Figure
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3.5a and 3.5b show examples of unprocessed and colored Vessel, Tumor and Stromal Cell

images. Figure 3.5c shows the results when the three images are colored and merged

into a single composite image. Composite images are saved into a sub-directory named

“merged” with the file name “composite_#” where # is incremented starting with 1 for each

composite image saved.

Figure 3.5 – Color and Merge Images function (a) unprocessed images. (b) resulting colored Images from
3.5a (c) composite image frommerging colored vessel (red), tumor (green), and stromal cell (blue) images
shown in 3.5b

3.4.5 Segment Tumor Images Module

The Segment Tumor Images Module of VMO Tools segments the tumor portion of the

photomicrograph from the background and the total area, mean gray value, and total

integrated density are measured. Each tumor image undergoes thresholding using us-

ing an iterative minimum cross entropy thresholding algorithm[136] and converted to a

mask. The resulting images are saved in a sub-directory named “Segmented” as JPEGs and

the measurement results are saved to a Comma Separated Values (CSV) file. Figure 3.6

shows an example tumor image before and after segmentation and the resulting data in a

spreadsheet.
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Figure 3.6 – Tumor Segmentation and Measurement function. (a) Tumor image prior to segmentation (b)
Segmented tumor image (c) Resulting data

3.4.6 Measure Tumor Gray Level

The Measure Tumor Gray Level Module of the VMO tools measures the mean gray value,

modal gray value, minimum gray value, and the standard deviation of the gray value for

an entire tumor image. The measurement results are saved to a CSV file in a sub-directory

named “measured_gray”.

3.4.7 Threshold Vessel Images

The Threshold Vessel Images of the VMO tools thresholds each vessel image using an itera-

tive minimum cross entropy thresholding algorithm[136] and converts the threshold to a

mask. This process greatly standardizes and simplifies downstream image manipulation

for measurements of vessel structure and fluid flow simulations. The resulting images

are saved as JPEGs to a sub-directory named “threshold” with the file name corresponding

to the original file name appended with “_threshold”. Figure 3.7 shows an example vessel

image before and after thresholding.
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Figure 3.7 – Vessel Thresholding function. (a) Unprocessed vessel image (b) Resulting threshold vessel
image

3.4.8 Measure Vessel Diameter

Mean vessel diameter is a measurement that describes the mean width of sampled blood

vessels in an imaged blood vessel network. Although vascular biologists frequently rely

upon this quantitation to describe blood vessel networks in vivo and in vitro, there are few

existing tools available to automatically and systematically measure mean blood vessel

diameter; instead, individual vessel diameter are oftenmeasured manually in image anal-

ysis software like ImageJ. However, given the tedious nature of manual measurements

as well as the inherent subjectivity of manual methods, manual measurements of vessel

diameter are time-consuming, prone to low sampling number, and vulnerable to investi-

gator bias in sampling.

To address these issues, we have developed a tool to automatically detect the coordinates

of blood vessel objects in segmented network images and to measure the corresponding

vessel diameters of each object coordinate. In brief, the segmented image is scanned

in the horizontal and vertical directions to detect and store the coordinates of positive

vessel objects by comparing positive signal against mean background signal. Next, the

boundaries of vessel objects in the horizontal direction at each measurement coordinate

is identified, and a line selection is set at the midpoint of each vessel object and rotated
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to identify the shortest vessel diameter that can be measured at that coordinate; vessel

diameter is determined by comparing positive signal along the length of the line selection

against background. Each vessel diameter measurement is then output into the Results

window in pixel units and saved in a tab delimited CSV file, and the vector of the measured

vessel diameter is stored as an image overlay on a duplicate results image that is created

and saved by this tool.

Users can modify the function of this tool in the initial dialogue window (Figure 3.8a)

by setting the maximum number of measurements to record, the minimum and maxi-

mum size of vessel objects to include in the analysis, the vertical (vertical scan step) and

horizontal (scanning resolution) step sizes used in scanning for vessel objects, and the

sensitivity of the tool to LUT values at object boundaries. Using the default settings for

these values, a representative network image was analyzed. 248 vessel diameter measure-

ments were collected and the resulting results images showing the measurement vector

overlay is displayed in Figure 3.8b–3.8c. Figure 3.8b shows that the tool is able to discrimi-

nate between linear vessel segments and branchpoints where several segments converge,

and that it only samples in linear regions to minimize sampling artiacts; however, the

tool settings can be adapted to encourage sampling in areas of vessel convergence if the

user so desires. In Figure 3.8c, an analyzed vessel segment is highlighted to show that

automatically determined diametermeasurement vectors are reasonably placed, and that

each vessel segment is sampled across its entire length. Each vector is also labeled with

its corresponding coordinate number to allow users to perform post-hoc removal of un-

wanted measurements from the dataset. The tool shows no bias towards horizontally

vs. vertically-oriented vessels; instead, the tool samples evenly across the entire imaged

network.

The strength of this tool is that it significantly increases sampling rate (number of mea-

surements / analysis time) (Figure 3.8e) while generating data comparable to conventional,
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Figure 3.8 – An Automated Method of Measuring Vessel Diameter is Comparable to Manual Methods.
(a)Dialog window showing variable parameters for our automated script. (b) Representative output of
a segmented vessel network image following measurement of mean vessel diameter using our automated
script and its default settings. (c) Inset showing the automatically placed vessel diameter vectors along the
length of a blood vessel in the network. (d) Sampling rate is significantly increased in the automatedmethod
compared tomanualmeasurement. (f)For thenetwork shown in 3.8c, both automated (>350measurements)
and manual (∼50 measurements) methods of measuring mean vessel diameter yield a comparable set of
diameter measurements, with a similar mean, median, and standard deviation.

manual methods of analysis. Automatically measured vessel diameter datasets are com-

parable to those generated manually (Figure 3.8f): a representative network measured

by both methods yields vessel diameter datasets with similar means, medians, and dis-

tributions, even though the automated dataset includes more than ten times as many

measured vessel coordinates. Across many sampled networks measured by both manual
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and automated methods, the mean vessel diameters measured by either approach are

nearly equivalent.

3.4.8.1 Perfusion Coefficient

Perfusion Coefficient, found under the Hughes Lab Tools Perfusion Tools menu item,

allows the user to select a region of interest (ROI) outside the microvascular network to be

measured for permeability coefficient calculation. Permeability is a functional readout of

vascular patency in the VMO/VMTmodels, as well as in in vivo assays, and is visualized by

leak of smallmolecularweight fluorescent-dextran into the extracellular space outside the

vasculature. The first dialog box will prompt the user to choose an ROI radius, in pixels,

with default set to 25. Depending on the density of the microvascular network, an ROI

radius in the range of 15–50 pixels is likely appropriate. In the next dialog box, the user

will specify the number of images in the time course, with 3 as the default setting, after

which the user will be prompted to find the location of the images and sequentially open

each image within the function. Next, the user is given the option to run the manual

aligner to specify the chamber coordinates, in case the chamber is misaligned in any

of the time-course images. If run, the user will be prompted to adjust the lines in each

image to the center of the communication pore and the center of the chamber. Once

alignment is completed, the user will be prompted to choose areas to place the ROIs, and

a confirmatory dialog box will then allow the user to either proceed with the analysis

or change the ROIs. In the latter situation, the user can move the placement of the ROIs

by clicking and dragging existing ROIs to a different position or adding additional ROIs

by clicking in an unoccupied area. By proceeding, all ROIs will be measured and results

output into a CSV file and a stack of ROI labeled images within a folder named “Perfusion”.

Our VMO/VMT model is currently the only in vitro assay to incorporate a living and per-

fused vascular network that transports nutrients to the tissue construct, mimicking in vivo
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capillary bed function as well as drug delivery. We standardly perfuse the networks with

70 kD FITC- or rhodamine-dextran to confirm the patency of the microvessels and detect

changes in permeability. By visualizing perfusion throughout the tissue chamber, we can

then note changes due to disease condition (e.g. increased permeability or “leaky” vessels

in the presence of high grade tumors). To show the responsiveness of the microvessels

formed within the device, thrombin, a known vascular disruptor, was perfused through

the VMO-associated vessels and perfusion measured via Perfusion Coefficient tool. Figure

3.9a shows VMOperfusion at time 0, 10 and 20minutes under control and thrombin-treated

conditions. Resulting images with selected ROIs are shown in Figure 3.9b, with quantifica-

tion of images confirming the increase in vascular permeability induced by thrombin in

the VMO.

3.4.8.2 Fluid flow simulations on living vessel network

After creating and further processing threshold vessel images, fluid or cell flow dynam-

ics through the vascular network can be simulated using COMSOLMultiphysics Modeling

software. To determine whether the COMSOL simulation on a 2D projection of the vessel

network is representative of actual fluid velocity in our system, we perfused VMOs with

2 µm fluorescent beads and simulated the process using COMSOL (Figure 3.10). In Figure

3.10a, resulting fluid velocity and streamline profiles are shown for a living and perfused

vascular network. Individual beads were then tracked, both in the simulation (Figure

3.10b) and experimentally (Figure 3.10c), flowing through the vascular network. In the

VMO, the fluid velocity was calculated in each vessel segment per given time frame (dis-

tance bead traveled in µm/s determined by imaging frame rate), and these values were

then directly compared with the COMSOL simulation results. By using the Hughes Lab

Tools threshold vessel image as input, the resulting simulation realistically modeled the

actual fluid flow and velocities in the vascular network. We measured the distance 100
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Figure 3.9 – Thrombin-induced vascular leak in the VMO (a) Perfusion of 70 kD rhodamine-dextran through
the vasculature of control and thrombin-treated VMO at 0, 10 and 20 minutes. Associated GFP-labeled vessel
images on the right. (b) Images resulting from the Perfusion Coefficient processing and quantification of
results.

single beads traveled through each segment in the vascular network and found that, with

direct comparison to velocity values simulated in COMSOL for the same segments, the

Spearman’s rank correlation coefficient indicated strong correlation at r = 0.8 (p < 0.001)

(Figure 3.10d). This serves as validation that Hughes Lab Tools vessel threshold images

input into COMSOLMultiphysics modeling is a robust and reliable method for determining

fluid flow velocity through the vasculature of the VMO.
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Figure 3.10 – Streamline profile and bead tracking simulation using thresholded vessel images. (a) Color
map of fluid flow velocity magnitude through the VMO in µm/s with streamlines in red. Right: Close-up of a
single tissue chamber. (b)Bead tracking simulation still with close-up of a single tissue chamber on the right.
(c) Merged fluorescent image of middle tissue chamber. FITC-labeled 2 µm beads were perfused through
the network and tracked to determine velocity in µm/s. Images of later time-points were pseudo-colored
red, merged with earlier time-points in green, and distance between green and red beads were measured in
ImageJ. (d) Quantitation of comparison between bead velocities by manual tracking vs simulation. A high
degree of correlation is observed (r = 0.8).
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3.5 Discussion

We have outlined the use of an ImageJ suite to automate repetitive tasks for the process-

ing and analysis of VMO/VMT micrographs. The Hughes Lab Tools provides a simplified,

user-friendly and standardized method to efficiently extract imaging data for large scale

analyses. This computational tool is especially suitable for high throughput applications

such as drug screening because the end-user has the option to choose the location of the

images or to process images in sub-directories to allow for an extensive series of images

to be processed in seconds. For reference, using a 2014 Macbook Pro 11.3 with a 2.8GHz

Intel Core i7 processor with 16GB of RAM, a 1TB Apple SM1024F SSD, and an NVIDIA GeForce

GT 750M GPU, the Hughes Lab Tools was able to process (color, merge, threshold) 600 im-

ages (300 tumor/vessel pairs) in 48.029 seconds. The time required for a trained, expert

end-user to manually process a single tumor/vessel pair was approximately 3 minutes. Ex-

trapolating, this would mean the same 600 images would require a minimum of 15 hours

for the trained, expert end-user to process. That time only includes active time clicking

in ImageJ and does not include breaks, slow downs due to fatigue, and correction time

required for inevitable mistakes associated with doing a repetitive task.

Segmenting andmeasuring tumors adds a significant amount of time tomanually process

the images. The time required for a trained, expert end-user to manually process a single

tumor/vessel pair was approximately 6 minutes, extending the extrapolated time for 600

images to approximately 30 hours. In contrast, the Hughes Lab Tools suite was able to

color, merge, threshold, and measure the tumors of 600 images (300 tumor/vessel pairs)

in 72.423 seconds. The significant amount of time saved by using the macro to automate

repetitive tasks vs processing the imagesmanually is especially critical for high throughput

applications of the VMO/VMT. By contrast, for an expertly trained user, the same manual

routine takes approximately 6 minutes to process only 1 vessel/tumor image pair.
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The range of functions and user-friendly interface provided by Hughes Lab Tools allows

the investigator flexibility to meet experimental needs while also maximizing data output.

ImageJ is an open-source and freely distributed software that is commonly used for re-

search applications to process biological images. Here we show the Hughes Lab Tools to

be a robust, reliable and flexible tool for high throughput analyses and disease modeling

applications in the VMO/VMTmodel. Hughes Lab Tools can also be used to simply process

a large dataset of VMO/VMT images by quickly coloring andmerging images for experimen-

tal reference and publication. Importantly, the vessel thresholding function of our macro

creates images that can be imported into COMSOLMultiphysics software for realistic fluid

flowmodeling, which we have validated by comparing simulated velocity with actual fluid

velocity measurements. The correlation between predicted and actual velocity values was

found to be strong, with r = 0.8 (p < 0.001). Importantly, the script structure allows the

user flexibility to easily add additional functionality to tailor data processing and analyses

to specific research questions.

3.6 Conclusion

Nearly every tissue in the body receives nutrients and oxygen through the vasculature,

making it a critical component for realistic disease modeling and drug screening. More-

over, several malignancies and disease states are defined by vascular endothelial dys-

function and hyperpermeability, such as diabetic retinopathy and cancer. Our lab has

validated a microphysiological system that supports the formation of a living, perfused

vascularized micro-organ (VMO) or micro-tumor (VMT) for disease modeling, drug screen-

ing and personalized medicine approaches. Yet the huge amount of imaging data that can

be derived from each VMO or VMT tissue chamber micrograph, especially in the context

of high throughput experiments, is too onerous for the investigator to extract manually.
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We have developed the Hughes Lab Tools to aid researchers in efficiently processing and

analyzing complex sets of images in a standardized manner. As the VMO/VMT platform

sees wider adoption, we anticipate the Hughes Lab Tools to have broad applicability as

an easy-to-use tool to accelerate VMO/VMT data analyses to answer complex physiological

questions.
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Chapter 4

A Vascularized Micro-Tumor Model to

Study Patient-Derived Colorectal Cancer

Cells

4.1 Introduction

Approximately 95% of anti-cancer agents fail to demonstrate efficacy in clinical trials de-

spite showing promise during preclinical study, and those that do gain FDA-approval con-

fer marginal survival gains at best[223]. The low rates of effective preclinical compounds

reaching the clinic can be largely attributed to drawbacks in current model systems that

are poor predictors of drug response in patients[80]. Moreover, efforts to develop individ-

ualized treatment regimens that lead to durable responses have been hampered consid-

erably by inter- and intra-patient tumor heterogeneity and the complexity of underlying

biologic pathways[49]. Although clinical benefit derived from current biomarker-guided

therapeutic strategies is limited, most therapy decisions in oncology are still carried out
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at the population level. A major obstacle to personalized cancer treatment is the lack

of a technology that can identify drug sensitivity, and predict clinical benefit, to guide

cancer management for each individual patient. Indeed, current model systems for drug

screening fail to recapitulate the complex, heterogeneous 3D cell-cell interactions and

microenvironment of a vascularized human tumor in vivo. Moreover, standard research

practice involves testing established cell lines that, after maintenance in cell culture for

years, are no longer representative of the disease from which they were derived and do

not yield individualized information about drug response for each patient. Failure of pre-

clinical models to mimic the patient-specific disease condition leads to the development

and clinical testing of ineffective, and often harmful, drugs on patients. Moreover, current

standards for personalized medicine involve physicians choosing drugs for their patients

based on aggregated data, which does not mean that, because a drug works on many pa-

tients, it will work on any given individual. A new approach to personalized medicine is

necessary to ensure that the most clinical benefit, with the least toxicity, is consistently

achieved from therapy for each individual patient.

The ability to directly grow and study samples from patient tumors is a crucial technology

in the development and testing of new therapies toward personalized medicine in oncol-

ogy. Several groups now report reliable derivation of tumor cultures for drug screening

and molecular studies. To date, contributions to the field include the establishment of

patient-derived cancer cell and fibroblast monolayer co-cultures[127, 48], explant cultures

in which primary resected tumors are thinly sectioned onto an extracellular matrix[145],

and organoids, which are cultured 3D tumors derived from cancer cells seeded into a

basement membrane extract such as Matrigel[204, 256]. While these models reproduce

certain features of primary-derived tumors and have been used for drug sensitivity stud-

ies, these same models fail to recapitulate the complex and dynamic cell-cell interactions

and architecture of a vascularized tumor mass growing in vivo. Furthermore, the static
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culture systems utilized in suchmodels preclude long-termmolecular and drug screening

studies, since limited nutrient and oxygen diffusion restricts cell growth and survival.

To address the need for improved preclinical models, we have designed, fabricated and

validated amicrofluidic device that supports the formation of a dynamic tumor ecosystem

– the vascularized micro-tumor (VMT)[224, 180]. Via co-culture of multiple cell types in an

extracellular matrix under dynamic flow conditions, a perfused vascular network forms

de novo and feeds the growing tumormass just as it occurs in vivo. This is a truly novel plat-

form as it is the only one where survival and growth of the tumor is entirely dependent on

flow of nutrients through the living vascular network. We have previously shown that, in

contrast to 2D and 3Dmonocultures, the VMT reproduces the growth and drug sensitivity of

in vivo tumors and recapitulates expected drug response based on subtype-specificmolec-

ular programs activated in the tumor stroma. Furthermore, the VMT closely models gene

expression profiles of in vivo tumors at bulk and single-cell RNA sequencing resolution,

capturing clinically relevant tumor heterogeneity not seen in 2D or 3Dmonocultures. We

now show that the VMTmodel reproducibly supports the growth and long-term culture of

patient-specific tumor cells derived from small fresh CRC biopsies and surgical resections,

and that the VMT accurately models tumor heterogeneity and drug response seen in clini-

cal specimens. Herein we outline our methods for generating patient-derived VMT (pVMT)

and demonstrate the ability to interrogate ex vivo response to standard chemotherapeu-

tics and novel compounds using pVMT. A translational infrastructure providing real-time

information from patient-derived tumor cells in our VMT, as established in this study, will

support efforts to improve patient outcomes. Most importantly, our system will allow

patients to avoid months taking drugs that are not going to work.
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4.2 Methods

4.2.1 Sample collection

Tissuewas collected under protocols approvedbyUCI IRB in accordancewith the principles

of ethical human subjects research. Written informed consent was obtained from all

patients prior to enrollment in the study. The population was sampled from patients >18

years of age treated for CRC at UCI Medical Center (MC) in Orange, California. Patients

with a known diagnosis of CRCwho were already planned to undergo medically necessary

endoscopic sampling or operative tumor resection were approached by their treating

physician to provide written informed consent. Willing and eligible patients underwent

anadditional endoscopic biopsy fromvisualized tumorduring endoscopyor, fromsurgical

specimens, excess tissue not needed for diagnostic purposes was donated to the Hughes

lab. Samples were deposited directly into a conical tube with basal cell culture media

on ice for immediate transport to UCI Main Campus for processing. All samples were

deidentified to the Hughes lab.

4.2.2 Tissue processing

Laboratory personnel are trained annually in the safe handling of bloodborne pathogens

and observe biosafety level III precautions while handling biohazardous or toxicmaterials.

Surgical specimens were cut into∼1mm pieces using a scalpel and biopsies were broken

into small pieces with pipetting. Tissue pieces were portioned for RNA and DNA isolation,

fixation with 4% PFA for immunostaining, with at least 50% of the tissue reserved for

cell culture. Portions reserved for cell culture were then resuspended in a 300U/mL

collagenase type III HBSS solution and digested at room temperature with vigorous shaking
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for 30 minutes at a time. Every 30 minutes, single cells and cell clusters were removed

from the digestion, neutralized with medium and collected by centrifugation at 340 x g

for 3 minutes. Cells were then resuspended into colorectal cancer initiating-cell (CCIC)

supplementedmedia[218] and plated into ultra-low attachment plates. The procedure was

repeated until all the tissue was fully digested.

4.2.3 Cell culture

Tissues were transported in serum-free DMEM with 4.5 g/L glucose, sodium pyruvate and

L-glutamine with 1x P/S and antimitotic/antimycotic. CCIC media consisted of DMEM F12

50:50 media with L-glutamine supplemented as indicated in 4.1 and 4.2 below:

Reagent [Original] [Final] Volume for 50ml

DMEM F12 50:50 media n/a n/a 48ml
Non-essential amino acids 100x (10 mM) 1x (0.1 mM) 500µl
Pen-strep 100x 1x 500µl
B27 supplement 50x 0.2x 200 µl
Heparin 2 µg/µl 4 µg/ml 100 µl
Sodium pyruvate 100x 1x 500µl

Table 4.1 – CCIC basal media
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The following were added freshly to basal CCICmedia:

Reagent [Original] [Final] Volume for 50ml

DMEM F12 supplemented as above n/a n/a 50 µl
bFGF 100ng/µl 20ng/ml 10 µl
EGF 0.5 µg/µl 40 ng/ml 4 µl
N2 100x 1x 500 µl

Table 4.2 – CCIC complete media

Endothelial growthmedium-2 (EGM2) was obtained fromLonza (Basel, Switzerland), DMEM

was from Corning (Corning, New York), and Fetal Bovine Serum (FBS) was from Gemini

Bio Products (Sacramento, California). Endothelial colony forming cells (ECFC, hereafter

termed EPC for endothelial progenitor cells or EC for differentiated endothelial cells) were

isolated from human umbilical cords obtained from the UCIMC under an approved IRB

protocol. Normal human lung fibroblasts (NHLF, hereafter termed LF) were purchased

from Lonza (Basel, Switzerland), CRC cell lines (SW480 , HCT116 ) were given to the lab

from UCI’s Chao Family Comprehensive Cancer Center and previously established CCIC

lines (1024, 5707, 5823-3, J774, J906, and J919[231]) were from Dr. Steven Lipkin at Cornell

University. EPC were cultured in EGM2 and used between passages 4–8. LF (used between

passages 4–9), SW620, SW480 and HCT116 were cultured in DMEM containing 10% FBS. Cells

were cultured at 37 ◦C in a 5% CO2 incubator. The EPC and cancer cells were transduced

with lentivirus expressing mCherry (LeGO-C2 (plasmid # 27339)) or green fluorescent pro-

tein (GFP) (LeGO-V2 (plasmid # 27340), from Boris Fehse (Addgene, Massachusetts). Cells

were washed with HBSS (Thermo Fisher Scientific), harvested using TrypLE express en-

zyme and collected by centrifugation at 340 x g, 22 ◦C for 3 minutes. Primary tumor cells

were fed with fresh organoid media supplemented with 10 µm m Rho kinase inhibitor

Y-27683 every 2–3 days and expanded for no more than 7–10 days prior to device loading.

Isolated tumor cells are labeled with membrane dye (CellBrite Cytoplasmic Membrane
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Dye, Biotium) for visualization and mixed with fluorescently labeled endothelial cells and

fibroblasts in ECM within the device.

4.2.4 Immunofluorescent staining

The VMTs are fixed for immunostaining by perfusing 4% paraformaldehyde (PFA) through

themedium inlet for 30minutes at room temperature. After fixing, PFA is replaced with 1X

DPBS to wash for 1 hour at room temperature, or overnight at 4 ◦C. The platform is inverted

and the bottompolymermembrane is carefully removed. Each VMT is washedwith 1X DPBS

once before permeabilizing for 15 minutes with 0.5% Triton-X100 diluted in DPBS. After

permeabilization, VMTs are blocked with 10% goat serum for 1 hour at room temperature

and then incubated with primary antibody overnight at 4 ◦C. After washing with 1X DPBS,

VMTs are incubatedwith goat anti-rabbit secondary antibody (1:2000 dilution in 5% serum)

for 2 hours at room temperature before washing with DPBS and counter-staining with DAPI.

Finally, anti-fade solution is added on top of each VMT before mounting with a glass cover

slip. Established cell lines were seeded into multi-well slide chambers and subsequently

processed by the same protocol. Paraffin embedded and sectioned xenograft tumors were

processed by the same protocol, starting at the blocking step.

4.2.5 Fluorescent imaging

Objective tumor and stromal response was monitored in real-time using fluorescence

microscopy. Fluorescence images were acquired with an Olympus IX70 inverted micro-

scope using SPOT software (SPOT Imaging, Sterling Heights, Michigan). Confocal images

were obtained using a Leica TCS SP8 (Leica) microscope. Fluorescence lifetime imaging

microscopy (FLIM) was performed on a Zeiss LSM 710 (Carl Zeiss, Jena, Germany) micro-
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scope using an ECPlan-Neofluar 20x/0.50N.A. objective (Carl Zeiss, Oberkochen, Germany).

NADH was excited by an 80 MHz Titanium:Sapphire Mai Tai Laser (Spectra-Physics) at 740

nm. Individual cells were imaged with a size of 256 x 256 pixels and a scan speed of

25.21 µsec/pixel. A total of 50 frames were collected and integrated for each fluorescence

lifetime image. The excitation and emission signals were separated by a 690 nm dichroic

mirror, and a 460/80 bandpass filter and photomultiplier tube (H7422P-40, Hamamatsu

Photonics, Hamamatsu, Japan) were used for detection. Frequency domain FLIM data was

acquired by the A320 FastFLIM FLIMbox (ISS, Champaign, Illinois) and analyzed by SimFCS

software (LFD, Irvine, California, www.lfd.uci.edu).

4.2.6 Fluorescent image analysis

AngioTool software (National Cancer Institute) was used to quantify vessel area, vessel

length, number of vascular junctions and endpoints in the VMT. ImageJ software (National

Institutes ofHealth)wasutilized tomeasure the total fluorescence intensity (i.e. meangrey

value) for each tumor image to quantify tumor growth. Each chamber was normalized to

time zero baseline. Vessels are routinely perfused with 150 kD FITC-dextran to calculate

vessel permeability as an indication of vascular integrity. FLIM images were analyzed by

the phasor approach as previously described[50]. Briefly, every pixel of the integrated FLIM

image is transformed into a point on the phasor plot. The g and s coordinates in the phasor

plot are calculated from the sine and cosine components of the Fourier transform of the

fluorescence intensity decay of each pixel in the image. By NADH FLIM phasor analysis,

we mapped the free to protein bound NADH distribution in the images, which has been

correlated to the metabolic state of the biological sample[50].
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4.2.7 Microfluidic device fabrication

Device fabrication has been described previously[224, 180]. Briefly, polydimethylsiloxane

(PDMS, Sigma-Aldrich) is poured into a customized polyurethane master mold of the VMT

device design and allowed to polymerize overnight in a 70 ◦C oven. The PDMS replicate

layer is removed and holes are punched to create inlet and outlets for the media reser-

voirs and loading chambers. A thin PDMS membrane is then bonded to the device using

oxygenated plasma cleaner (Harrick Plasma). The high throughput system (HTS) is further

attached to a 96-well open-bottom plastic culture plate via chemical gluing and oxygen

plasma bonding.

4.2.8 Loading the microfluidic device

Patient-derived CCIC (2× 106 cells/mL), EPC and LF (7× 106 cells/mL) were resuspended in

fibrinogen (10mg/mL in EBM2). The cell slurry was thenmixed with 6 U thrombin (3U/µL)

to catalyze gel solidification and quickly loaded into the VMT. Fibrin ECM was allowed to

solifidy at 37 ◦C for 15 minutes prior to introducing laminin into the microfluidic channels

to promote vessel anastomosis. VMT were fed with EGM2 and cultured at 37 ◦C, in either a

5% CO2/20% O2 incubator (normoxic condition) or in a 4% O2 incubator (for low oxygen

culture). Media was changed every other day in the VMT and media flow restored every

day in the HTS.
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4.2.9 DNA and RNA isolation

RNA is isolated from each sample via RNeasy Mini kit (Qiagen) according to the manufac-

turer’s protocol. DNA is isolated using the Zymo MicroDNA kit (Zymo) according to the

manufacturer’s protocol.

4.3 Results

4.3.1 The VMT model supports the growth of patient-derived tumor tis-

sue.

We have previously validated our VMT model system for cancer-specific disease model-

ing and drug screening studies using established tumor cell lines[225, 178]. A rational

next step in validating the VMTmodel as a clinically relevant predictive tool in the field of

oncology entailed obtaining fresh, treatment-naive colon cancer biopsy and surgical sam-

ples from patients during routine, clinically indicated endoscopic or surgical procedures.

Cancer stem cells are isolated from primary tissues via gentle digestion and cultured non-

adherent in serum-free stem cell media for no more than a week prior to device loading

(Figure 4.1).

Once cell numbers are expanded, tumor spheroids are harvested, mixed with endothelial

cells and fibroblasts in extracellular matrix slurry, and introduced quickly into the plat-

form. The single unit wide-chamber is arrayed onto a multi-unit chip for high through-

put experiments (Figure 4.2a. In response to physiological flow, cells self-assemble into

patient-derived vascularized micro-tumors (pVMTs) fed through a fully perfused, living

vascular network (Figure 4.2b. Zoom views of fluorescently-labeled, primary-isolated CRC
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Figure4.1 – Isolationofprimarycolorectal cancer-initiating cells (a)Colorectal cancer-derived 1mmpunch
biopsies or surgical tissues are freshly collected during routine, clinically-necessary endoscopic sampling
or tumor debulking. (b) Tissues are digested and cultured in specialized stem cell medium. (c) Spheroids
are expanded briefly in culture and loaded into the device for primary VMT establishment.

initiating cells (CCIC) growing within replicate device units show the tumors integrating

with microvessels within the pVMT (Figure 4.2c. Interestingly, the patient-derived sam-

ples demonstrates vastly different morphology in the pVMT compared to spheroid culture,

with an invasive/mesenchymal phenotype observed in the pVMT that is not seen in the

well plates. pVMTs are grown for up to 3 weeks and form fully perfused and functional

vasculature by day 5 for drug screening and other molecular analyses.

While we have previously utilized a chip design with three chambers per individual de-

vice unit (Figure 4.3a), in order to facilitate loading and distribution of CCIC spheroids,

a single, wide channel design was used instead (Figure 4.3b. Dimensions between the

two devices are similar, except, to accommodate loading spheroids, the single chamber

device has a wider loading channel (0.50 mm compared to 0.20 mm) and contains only

one compartment.

The VMT robustly supports the survival and growth of patient-derived CRC tumors from

different individuals (Figure 4.4). Via the co-culture of multiple cell types within an extra-

cellularmatrix, the dynamicmicroenvironment of an actual tumor is recapitulated within

the pVMTs to support primary CRC tumor histology (Figure 4.5a,4.5b) and growth charac-

teristics (Figure 4.5c) based on pathology and grade. We are currently in the process of
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Figure 4.2 – Primary CRC cells grow in a vascularized micro-tumor model arrayed for high throughput
experiments. (a) The microfluidic chip is bonded to a bottom-less 96-well plate via chemical glue and
oxygen plasma. Zoom view shows a single device unit with a single tissue chamber fed throughmicrofluidic
channels, 2 loading ports (L1-2), and medium inlet and outlets (M1-2). (b) Fluorescent image of a patient-
derived VMT. P54 CRC primary tumor in green, vessels in red. (c) Zoom views of four individual P54 pVMT
replicates. As shown, the tumor closely associates and integrates with the vasculature.

assessing these features for each individually-derived pVMT. Notably, the pVMT not only

readily supports tumors derived from advancedstage disease, but also the growth of stage

I CRC tumors for which growth has proven to be a major challenge in current culture

systems and mouse models.
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Figure 4.3 – Wide chamber design allows ease of CCIC loading. (a) The microfluidic chip is bonded to a
bottom-less 96-well plate via chemical glue and oxygen plasma. Zoom view shows a single device unit with
a single tissue chamber fed through microfluidic channels, 2 loading ports (L1-2), and medium inlet and
outlets (M1-2). (b) Comparison between the standard 3 chamber device and the single, wide chamber device.
While height and width are roughly the same, the loading channel is greater in the wide chamber device
(0.5mm vs 0.2mm) and also lacks narrowing within the chamber.

4.3.2 FLIM detects metabolomic heterogeneity in pVMT.

Cancer cells often utilize glycolysis to fulfill their metabolic and energy demands rather

than oxidative phosphorylation (OxPhos), regardless of oxygen availability, a phenomenon

known as the Warburg effect[83]. This balance between glycolysis and OxPhos can be

visualized using fluorescence lifetime imaging microscopy (FLIM), a label-free and non-

invasive method to measure metabolic activity in living cells using differences in the

fluorescence lifetime of free vs. protein-bound NADH, the key co-factor inmanymetabolic

pathways[20, 50]. Free NADH correlates with a more glycolytic environment, while the

bound form correlates with less glycolysis. FLIM reveals glycolytic gradients throughout

the tissue, thereby providing a metabolic signature[50]. We have shown this method to be

highly sensitive in distinguishing the metabolic state between different cell types in the

VMT[224]. High-resolution FLIM imaging demonstrates that the tumor is more glycolytic

in areas associated with endothelium and stroma (Figure 4.6), as well as the core of the
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Figure 4.4 – The VMT supports the survival and growth of patient-derived CRC cells fromdifferent individu-
als. Brightfield/fluorescentmerged images of pVMT. Patient-derived CRC tissue (unlabeled, circled) is seeded
into each device unit with endothelial cells (mCherry, red fluorescence) and fibroblasts (unlabeled). Shown
are 3 primary CRC tumors derived from different individuals (P1, P2, and P3). The left column shows the
pVMT on day 1 of culture and the right column shows the same pVMT on day 7 of culture.

tumor mass, with a high degree of spatially patterned heterogeneity. We observe a top-

down pattern of metabolic heterogeneity that models patterns observed in colon crypts in

vivo[234]. Metabolic heterogeneity is revealedwithin the tumor, with distinct areas of high

free NADH interspersed with high bound NADH, similar to what has been observed in solid

tumors in vivo[234]. Our findings demonstrate that cells in the pVMTs are behaving as they
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Figure 4.5 –pVMTsmodel histological and growth characteristics of primary tumors fromwhich theywere
derived. (a) Example H&E stained tubulovillous adenoma. Arrow shows an area with tubular histology
that mimics the structure of tumor in 4.5b. (b) pVMT derived from patient 3 (P3), who had a tubulovillous
adenoma (stage I). Show is a portion of tumor growing within the VMT that recapitulates the parent tumor
histology in 4.5a. (c) Quantitation of growth for low grade and high grade tumors seeded into the pVMT.

would in vivo, and that the system will be useful for further studies using patient-derived

cells.

4.4 Discussion

The need for improved therapies in CRC is immense. Despite the large global burden and

poor prognosis, our molecular understanding and ability to predict response to therapy

has been slow to translate to clinical benefit. Accurately modeling tumor biology and

testing novel therapies on patient-derived cells is critically important to developing thera-

peutic regimens personalized to a patient’s specific disease to improve clinical outcomes.

We have optimized culture conditions to grow patient-derived tumor samples in the VMT

by dissociating fresh cancer biopsy or surgical tissue and then positively selecting for

cancer-initiating cells using a specialized stem cell media. Although growing cancer cells

from clinical tissue is notoriously unpredictable, VMTs replicate the in vivo conditionmore

closely than standard monolayer or spheroid cultures and, as such, foster higher rates of

successful growth. We see nearly 100% success rate for engraftment of primary-derived
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Figure 4.6 – FLIMmetabolomics imaging of pVMT reveals heterogeneity. (a) Left: Top plane merged bright-
field/fluorescence images of P3 grown in the pVMT on day 7 of culture with mCherry labeled EC. Right:
Resulting metabolomic profile. (b) Left: Bottom plane of P3 with resulting FLIM image on the right. (c) Top
and (d) bottom planes of P3 with resulting FLIM images. (e) Zoom view of vessel interaction with patient-
derived CRC tissue in the top and (f) bottom planes with resulting images. (g) P39 growing in the pVMT with
vessels labeled with GFP. (h) Top: Resulting FLIM image of top plane of P40. Bottom: Resulting FLIM image of
bottom plane of P40. (i) Phasor plot with color legend.

tumors in our system, whereas in immunodeficient mice, engraftment success typically

ranges from 10-50% depending on tumor type and often requiresmonths to establish (ref).

The VMT can be established within days of tissue collection, is low cost, and ismuch easier

to monitor andmanipulate than xenograftmodels, allowing for results to be acquired and

interpreted in real-time and within a clinically actionable time frame. Furthermore, the

pVMT incorporates only human cells and requires very few cells for establishment, such

that drug testing can be performed in a rapid and high throughput manner using tumor

cells derived from a small biopsy. Based on these data, we conclude that the VMT serves
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as an accurate and physiologically relevant model for drug screening and personalized

medicine applications.

Here we show that we can reliably establish patient-derived VMT, the growth characteris-

tics of which model in vivo characteristics based on stage and grade. Although growing

cancer cells from clinical tissue is notoriously unpredictable, pVMTs replicate in vivo con-

dition more closely than standard monolayer or spheroid cultures and, therefore, foster

higher rates of successful growth, especially with early stage disease tissue in which pri-

mary cultures are otherwise unattainable. We are now testing targeted and standard of

care treatment response in the pVMT and comparing those results with clinical trials data

based on themutation status of the tumor. Furthermore, we are assessingwhether hetero-

geneity of the parent tumor is maintained in the VMT by performing immunofluorescent

(IF) staining for cell-specificmarkers, as well as H&E staining to look at gross histology. We

aim to show that the primary-derived tumor cells show greater cell viability and better re-

tain primary tumor heterogeneity when cultured in the VMT vs spheroid cultures. A direct

comparison between histology of the primary tumors and matched pVMTs is expected to

reveal whether the pVMT culture conditions are optimal for maintenance of primary tu-

mor heterogeneity. However, we recognize that the tumors we generate in our platforms

are small and thus may miss some of the large-scale heterogeneity present in human

tumors. This is probably unavoidable and is a limitation that the field is grappling with

- from the sampling of tumors by biopsy, to the establishment of xenografts in mice, to

the various culture models currently in use. However, generating multiple micro-tumors

from a single sample as we propose may aid in capturing the original heterogeneity, so

that several pVMT can be tested in parallel to determine the drug sensitivities for each

unique clonal population across multiple replicates.

In future studies, we plan to use the patient-derived VMTmodel to study different stages

of tumor progression and dissemination, develop novel therapeutic approaches tailored
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to individual patients, and, ultimately, to use as a diagnostic tool to guide clinical man-

agement. An important step toward realizing these goals is to perform drug testing in

the pVMT as part of a clinical trial to see if 1) the responses in the pVMTmatch responses

seen in individual patients and 2) to determine if results from the pVMT are predictive

of patient outcomes. The overarching goal of these efforts is to inform clinical manage-

ment for patients by testing drug efficacy on their own tumor cells growing in the pVMT

before they receive treatment in the clinic. We envision the pVMT to facilitate choosing

the most effective drug regimen for eradicating their particular tumor. Improving the

preclinical prediction efficacy of human drug responses and stratifying patients in clin-

ical trials based on molecular profile are both critical to reducing costly failures in drug

development and to ensuring that each patient receives the optimal treatment regimen

for their disease given malignancy. Our goal with this pilot clinical study is to generate

sufficient data to justify a larger clinical trial in order to validate the pVMT platform as a

companion diagnostic and move closer to realizing precision medicine in oncology.

4.5 Conclusion

To date, we have shown that the VMT grows, responds to drugs, and has similar patterns

of gene expression when compared to in vivo tumors, in stark contrast to those same cells

growing in 2D or 3D monocultures. Although recent molecular insights have begun to

pave the way for disease stratification and development of targeted cancer therapies for

improved patient outcomes, the full potential of current research efforts has yet to be

realized in the clinic.

A rational next step in validating the VMTmodel as a clinically relevant predictive tool in

the field of oncology entailed obtaining fresh, treatment-naive colon cancer biopsy sam-

ples from patients during routine, clinically indicated endoscopic or surgical procedures.

141



Herewe establish proof-of-concept that patient-derived CRC cells can bemaintained in the

device for drug screening purposes, to serve as a platform that can, in the future, acceler-

ate personalized treatments to the clinic. If the platform is clinically validated, both the

research and health care fields aim to benefit from this broadly applicable translational

technology. This new approach to personalized medicine is necessary to ensure that the

most clinical benefit, with the least toxicity, is consistently achieved from therapy for each

individual patient.
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Chapter 5

Considerations

5.1 Establishment of culture conditions

5.1.1 Oxygen tension

Many different niche factors contribute to the in vivo microenvironment of the native

tumor, and since the tumor has adapted to these conditions while growing in vivo it is

imperative to recapitulate this microenvironment in vitro. While cells are standardly

cultured in atmospheric oxygen conditions (20% O2), oxygen in the body can range from

1-12%with oxygen tension in capillaries reaching 4%[33]. On the other hand, tumors often

become hypoxic (<1% O2) with enhanced generation of lactate as metabolic demands

outgrow the blood supply. Therefore, oxygen tension is an important factor in cell culture

for cells to maintain endogenous functions, proliferative capacity, metabolic function and

innate response to drugs. Intriguingly, we observe significantly increased growth of SW480

CRC cells in the VMT when cultured in 4% O2 compared to atmospheric O2 (Figure 5.1a,

5.1b), which warrants further study as well as testing with patient-derived tumor tissue.
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Figure 5.1 – Oxygen tension affects growth of CRC cells within the VMT. (a) SW480 CRC cells (GFP) growing
within the VMT in 20% O2 or 4% O2. Day 6 shown on the left and day 10 on the right. (b) Quantification of
SW480 CRC cells growing in different oxygen tension conditions. ** = p < 0.01.

5.1.2 Human-derived serum

A diverse network of oncogenic signaling pathways is induced in vivo by endogenous

ligands found in patient sera[145]. Several recent studies have shown that growth factors

in serum have the ability to impact tumor heterogeneity[26]. Moreover, use of human-

derived serum (HS), whether it is autologous in origin or pooled, in place of fetal bovine

serum (FBS) has been shown to not only enhance the growth of primary tumor cultures

but also significantly alter receptor tyrosine kinase activation and the tumor cell response

to drugs to more accurately mimic the parent tumor[145]. Those findings demonstrate a

more precise representation of patient biology when the source of serum is derived from

increasingly individualized sources (i.e. autologous serum shows the greatest degree of

correlation in phenotype between cultured tumor and parent tumor). FBS is standardly

used in culture media, but a set back to using FBS in drug screening applications is that it

does not stimulate the signaling networks and survival cascades native to patient-derived

cancer cells since it lacks the growth factors enriched in patient sera that contribute to
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these autocrine-paracrine loops. Further, effects of FBS on tumor growth in culture are

largely unknown[148]. The first step toward using autologous serum in the VMT was to

show that replacing FBS with HS can have an effect on CRC growth. Growth of CRC cell

line HCT116 was assessed with standard EGM2 media containing 2% FBS and compared to

growth with EGM2 media containing 2% HS in place of FBS (Figure 5.1a). As shown, there

was no difference in tumor growth (Figure 5.1b). However, when SW480 was seeded into

the VMT to test these same conditions (Figure 5.1a), we saw significantly increased tumor

growth with EGM2 2% HS vs 2% FBS at every time point (Figure 5.1b). These results suggest

that tumor cells differ in their sensitivities to the growth factors present in serum and that

there is a difference between human and bovine serums that can alter cell proliferative

capacity. Previous research also supports that more individualized serum sources are

warranted to obtain accurate results from drug screening, which we aim to test further

in the VMT. Patient-derived tumors may be especially sensitive to serum factors to allow

optimal adaptation to culture conditions.

5.1.3 Treatment with bevacizumab

First-line treatment for advanced metastatic CRC is a combination of systemic cytotoxic

chemotherapy (FOLFOX or FOLFIRI – a regimen of 5 fluorouracil (5FU), leucovorin and either

oxaliplatin or irinotecan) and a biologic: patients with CRC harboring a KRAS mutation

receive the angiogenesis inhibitor bevacizumab[192]. Bevacizumab is an anti-angiogenic

monoclonal antibody specific for vascular endothelial growth factor (VEGF) that inhibits

the growth of tumor blood vessels, thereby ‘starving’ the tumor of nutrients and blood

supply[162]. However, the efficacy of bevacizumab is limited and treatment extends the

overall survival of patients by just fivemonths[14]. We currently do not see significant anti-

vascular or anti-tumor effects in response to bevacizumab in the VMT when treated at day

5 – even at supraphysiologic doses (10 µM) (Figure 5.3). Intriguingly, when bevacizumab
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Figure 5.2 – Replacing FBS with human serum promotes differential growth of CRC-derived VMT. (a) Left
panels show HCT116 on day 6 and day 10 fed with medium supplemented with FBS or HS. Right panels show
the same conditions for SW480 . (b)Quantification of results showing significant increase in growth in SW480
in response to HS.

is introduced at day 0 of VMT culture (Figure 5.3b), the endothelial cells fail to migrate

out and line the outer channels, suggesting that bevacizumab may alter laminin receptor

interactions.

However, an explanation for the lack of observable anti-angiogenic response to beva-

cizumab may be that we observe only vasculogenesis, and not angiogenesis, in our three-

chamber device. Vasculogenesis is the process by which endothelial progenitor cells

self-assemble to form new vasculature, mostly during development, whereas angiogen-

esis is the process by which new vessels sprout from existing vasculature in response to

injury, during tissue regeneration or in disease states such as tumor progression [33, 102].

While both vasculogenesis and angiogenesis are important for vessel development, these
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Figure 5.3 – Bevacizumab shows no significant anti-angiogenic or anti-tumor effects in the VMT. (a) Left
panels show control HCT116 VMT on day 5 and day 9. Right panels show bevacizumab treated (day 5) HCT116
VMT on day 5 and day 9. Vessels in red and tumor in green. (b) Left panel shows control VMO and right panel
shows bevacizumab treated VMO. VMO treated starting on day 0 of culture. Note the lack of anastomosis and
endothelial cell migration into the outer channels. (c) Quantification of tumor response to treatment. (d)
Quantification of vessel response to treatment.

processes are biologically distinct andmay differentially rely onVEGF signaling. To test the

true anti-angiogenic potency of bevacizumab within the VMT, an important step is to test

vessel sensitivity in the dual chamber platform (Figure 5.4). The dual chamber is a new
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device iteration developed by the Lee lab that incorporates two chambers, fed through

separate microfluidic channels and media reservoirs, partitioned by a central channel

(Figure 5.4a). Tumor cells can be loaded into either of the chambers or the central chan-

nel, initially away from the forming vessels, and each compartment fed with different

media – allowing ‘independent’ growth of each component until the tumor cells recruit

the vessels and promote endothelial sprouting via angiogenesis (Figure 5.4b, 5.4c).

Another consideration is that bevacizumab has been proposed to have a vascular ‘nor-

malizing’ effect, meaning the decrease in hyper-angiogenic signaling in response to beva-

cizumab treatment causes the vessels to adopt a mature, quiescent phenotype rather than

regress[102], and it may be possible that this is what we are observing in the VMT. These

findings warrant further investigation into factors that influence vascular and tumor re-

sponse to bevacizumab. Doing so may reveal novel combination therapeutic strategies or

predictive biomarkers to allow patient stratification in the clinic. Our platform is uniquely

suited to address the efficacy of novel combination therapies through direct observation

of not just tumor growth, but also vascular response and cell-cell interactions within the

tumor microenvironment.
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Figure 5.4 – Dual chamber device supports angiogenic sprouting toward tumor cells. (a) Schematic of the
dual chamber microfluidic device. Two diamond-shaped chambers flank a central channel that is 100 µm
wide. Each chamber is independently fed through separate medium inlet/outlets. A pressure regulator
aids with loading. (b) Brightfield image of a dual chamber with vasculature established in each diamond
chamber and cancer cells in the central channel. (c) Fluorescent image of 5.4b. Vasculature in red and
tumor in green.
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Chapter 6

Future Directions

6.1 Significance

CRC represents a major source of morbidity and mortality as the second leading cause of

cancer-related deaths in the US and the third most common cancer worldwide, with over

a million diagnoses and half a million deaths each year[216]. Alarmingly, CRC incidence

is rising among patients under the age of 50[159]. While the majority (75%) of patients

present with localized (stage I and II) disease and undergo intentionally curative surgery,

more than half of these patients will develop, and ultimately die from, metastatic dis-

ease[217]. First-line treatment for advanced metastatic CRC is a combination of systemic

cytotoxic chemotherapy (FOLFOX or FOLFIRI - a regimen of 5 fluorouracil (5FU), leucov-

orin and either oxaliplatin or irinotecan) and a biologic. Bevacizumab, a monoclonal

antibody specific for vascular endothelial growth factor (VEGF), is an anti-angiogenic bi-

ologic typically administered in CRC to inhibit the growth of blood vessels and ‘starve’

the tumor of nutrients and blood supply[254]. However, the efficacy of bevacizumab is

limited and treatment extends the overall survival of patients by just three months[271].
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Further, chemotherapies are largely ineffective and highly toxic. With a 5-year survival

rate for stage IV CRC at a mere 10%, new approaches are needed to facilitate targeted drug

development for this common and lethal malignancy.

Immunotherapies are revolutionizing medical oncology due to the remarkable and, in

some cases, unprecedented outcomes observed in a subset of patients. Cancer immuno-

therapies can unleash antitumor activity and lead to long-term clinical responses in pa-

tients with advanced cancer, including those with disease that is highly resistant to tradi-

tional therapies[195]. However, patients with CRC usually do not benefit from immunother-

apies to the same extent as patients with other solid tumors, such as melanoma or non-

small cell lung cancer, except in cases where the tumor belongs to the group ofmicrosatel-

lite instable (MSI) disease that make up only about 15% of CRCs[112]. Antibodies targeting

immune checkpoint inhibitors are FDA-approved for use in microsatellite instable (MSI)

high tumors and several othermalignancies[230], and breakthrough strategies are quickly

advancing. Adoptive cell transfer (ACT) of naturally occurring or gene-engineered T cells,

in which tumor-specific lymphocytes are expanded ex vivo and transferred back into the

patient, has been shown to trigger complete tumor eradication in some instances – leading

to durable and complete remission in select patients, even those with heavily pretreated

disease[200]. Yet currently, few patients with CRC benefit from immunotherapy treatment,

overcoming innate resistance remains a major challenge and biomarkers to guide treat-

ment decisions are lacking. These barriers highlight the need to elucidate mechanisms

of response and resistance to immunotherapy in CRC.

Recent studies in CRC have shown an association between immune reactivity within the

tumor and lack of metastatic spread[73]. Intriguingly, increased density of activated im-

mune cells within the tumor is better prognostic of improved clinical outcomes and longer

overall survival in CRC than criteria based on anatomic extent of disease[73]. However, the

majority of CRCs donot show evidence of a productive immune cell infiltrate[66], contribut-
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ing to poor clinical outcomes and further hampering immune-therapeutic approaches. It

is well recognized that dynamic interactions between the tumor and the immune system

influence clinical outcomes and response to immunotherapies, yet appropriate model

systems to study tumor-immune interactions are lacking. Although organoid cultures cap-

ture the 3D structure of a tumor, these models typically lack stroma and do not reproduce

barriers to drug or immune cell delivery to the tumor[255]. Xenograft tumor models are

a cornerstone in cancer research, but are time consuming, expensive, not easily manip-

ulated and contain non-human cells. Further, xenograft tumors are often established in

immune-suppressed animals to improve graft rate, which precludes studies of human

immune-tumor interaction[40].

Allograft, or syngeneic, mouse models are established via engraftment of cancer cells

that have been induced, or originated spontaneously, in a murine host[56]. Strengths

and limitations of the syngeneic mouse model are similar to the xenograft model, with

the exception of an intact immune system in the syngeneic model that allows immuno-

oncological studies. Yet both models lack the significant genomic and microenvironmen-

tal heterogeneity that define human cancers. Indeed, the cell lines used for engraftment

lack mutational patterns that recapitulate human intra-patient clonal heterogeneity and

are implanted into a limited number of inbred strains of mice that fail to model the hu-

man inter-patient heterogeneity[166]. In contrast, genetically-engineered mouse models

(GEMMs) form tumors de novo via introduction of tissue- or cell-specific oncogenic mu-

tations and/or tumor suppressor gene knock-outs[115]. While GEMMs are immunocom-

petent and better reproduce the evolution and heterogeneity of an actual tumor, central

challenges when using GEMMs include a lack of penetrance of the tumor phenotype and

extended latency of neoplastic development [115, 166]. However, the clinical translatabil-

ity of murinemodels is often limited by species-specific differences in tumor progression,

metabolism and immunology. Cross-reactivity betweenmouse and humanmay differ due

to absence of antigens and surface markers on murine cells that are present on human
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cells[166]. Further, differences in antigen processing, T cell signaling pathway activa-

tion, and chemokine/chemokine receptor expression can also affect cross-reactivity with

human epitopes, illustrating the underlying challenges with using murine models for

immuno-oncology research[158].

Given the importance of the tumor microenvironment in modulating immune cell func-

tion, we propose using a tumor model that incorporates key features of the native human

tumormicroenvironment. To this end,wehave created andvalidated a vascularizedmicro-

tumor (VMT) model that forms de novo within a microfluidic platform via co-culture of

multiple cell types under dynamic, physiological flowconditions. In this tissue engineered

micro-tumor construct, a living vascular network forms within days and begins to feed

the growing tumor mass just as it occurs in vivo. The VMT is optically transparent for high

resolution imaging of dynamic processes and direct visualization of fluorescently labeled

cells within the tissue. Not only does the VMT allow real-time imaging and interrogation

of cell-cell interactions, the model can be established within days for rapid turnaround

of results and contains only cells of human origin. Furthermore, the microfluidic design

provides experimental control to address specific research questions. We have shown

that the VMT, in contrast to current 2D and 3Dmodels, retains in vivo tumor heterogeneity,

gene expression signatures, drug response, and subtype-specific activated stromal com-

partments. Importantly, we have optimizedmethods to derive cancer-initiating cells from

fresh CRC biopsy and surgical tissue that grow and respond to drug treatment in the VMT.

6.2 Aims

Myriad factors contribute to clinical failure of immunotherapies, which, while interdepen-

dent, can be broadly categorized by: 1) a lack of immune cell penetration into the tumor;

2) immunosuppression of immune cells that do penetrate the tumor; and, 3) an inability of
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immune cells to target the heterogeneous cellular populations within a tumor[112]. Here

we outline our strategies to address the first two challenges by using our advanced VMT

model to find novel immunotherapeutic approaches for CRC. An approach to address the

third challenge will be proposed in a future funding application.

6.2.1 Aim 1: Promote enhanced immune cell infiltration into the tumor

via vascular normalization.

Just like nearly all healthy tissues, tumors rely on blood vessels for nutrient and oxygen

delivery and the removal of metabolic wastes. Although tumors recruit blood vessels to

support their growth, the resulting vasculature is irregular, leaky, and ill-perfused due

to tumor pathophysiology that induces the continued production of pro-angiogenic fac-

tors, leading to rapid but aberrant tumor blood vessel formation[33, 51]. Solid tumors are

composed of highly proliferating, fibrotic and non-vascularized areas that are not only

hypoxic and acidic, but also surrounded by high interstitial pressure[208, 19, 46]. Indeed,

histological analyses of CRC tumors reveal that tumor-associated blood vessels are spa-

tially aggregated in a limited belt-like zone at the periphery of the tumor and are almost

completely absent from the center of the tumor[113]. These features lead to an immuno-

suppressive microenvironment and form a physical barrier to effective drug delivery and

immune destruction of the tumor[54]. Tumor-associated endothelial cells also express

lower levels of cell adhesion molecules, which further reduce the trafficking of immune

cells into tumors[91]. Current anti-angiogenic approaches in oncology (e.g. bevacizumab

as standard treatment for CRC) aim to suppress new blood vessel formation and destroy

pre-existing tumor vessels to starve tumor cells[43]. Yet anti-angiogenic treatments of-

ten cause extreme hypoxia in tumors due to vessel regression that eventually leads to

increased drug resistance and metastasis[191]. Instead, studies have shown that restor-

ing the functional integrity of tumor blood vessels via vascular normalization results in
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enhanced tissue perfusion to alleviate hypoxia[91, 33]. As a result, an increase in oxygen

delivery to the tumor reconditions themicroenvironment to sensitize resistant tumor pop-

ulations, potentiate immune response and, ultimately, reduce tumor growth, invasion and

metastasis[117]. Importantly, stabilizing tumor vasculature improves drug and immune

cell penetration into the tumor to facilitate anti-tumor activity[54]. Evidence further sug-

gests a positive feedback loop, whereby stimulation of immune cell functions also helps

to normalize tumor vasculature, and vice versa[91]. However, effective therapeutic agents

that can promote vascular normalization and restore function to tumor-associated vessels

are an unmet need.

The angiopoietin (ANGPT)-TIE2/TEK signaling pathway is essential for vascular homeosta-

sis and, in disease, ANGPT2-mediated inhibition of TIE2 in blood vessels causes aberrant

blood vessel formation and vascular leak[170, 229]. Notably, high expression of ANGPT2

is prognostic of poor outcomes in several malignancies[252]. ANGPT2 is enriched at the

invasive front, but not the central regions, of tumors where increased levels of matrix

metalloproteinase-2 and angiogenesis are also evident[229]. Co-opted vessels display strik-

ing upregulation ofANGPT2, which is not detectable in vessels of adjacent normal tissue[82].

In our studies, we performed single cell RNA-sequencing analyses of VMT-derived endothe-

lial cells (EC), fibroblasts, and CRC (HCT116 and SW480 ) and compared gene expression

at single cell resolution with those cells growing as 2D or 3D monocultures. Intriguingly,

we find upregulation of ANGPT2 in microvascular EC within the VMT compared to those

EC growing as monolayers. Functionally, we observe leaky and ill-perfused vessels in the

VMT when compared to the vascularized micro-organ (VMO), with associated structural

irregularities. Since ANGPT2 is an antagonist of ANGPT1 that competes for binding to the

TIE2 receptor (TEK), and ANGPT1-induces TIE2 autophosphorylation and activation, we aim

to compare the phosphorylation of TEK between extsmallerHCT116-VMT and VMO. We ex-

pect, based on our findings, to observe a greater amount of phosphorylated TEK in the
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VMO compared with extsmallerHCT116-VMT, suggesting that the vascular leak induced in

the VMTmay be attributable to ANGPT2 antagonism of TEK phosphorylation.

A recent study shows that endothelial-specific phosphatase VEPTP (vascular endothelial

protein tyrosine phosphatase) determines TIE2 response to ANGPT2, and that inhibition of

VEPTP converts ANGPT2 into a potent TIE2 activator in blood endothelium, thereby promot-

ing a mature, quiescent vascular phenotype[229]. Based on these findings, we propose

a novel strategy to stabilize tumor vessels by treating with a small-molecule inhibitor of

VEPTP (AKB-9785, Aerpio Pharmaceuticals). We predict that therapeutic induction of vas-

cular normalization will: 1) restore tumor vascular patency; and, 2) increase immune

cell homing and extravasation to the tumor. To assess patency, we will first perfuse the

vasculature of VMT, treated with AKB-9785 treated or non-treated, with 70 kDa FITC dextran

to visualize and quantitate vascular leak. If therapeutic effect is evident through reduction

of tumor vessel permeability, we will then perform immunofluorescence staining to look

for expression of cell adhesionmolecules such as vascular cell adhesion protein 1 (VCAM1)

and intercellular adhesion molecule 1 (ICAM1). The VMTmodel is ideal for studying tumor-

immune-vascular interactions, and we aim to show that freshly isolated peripheral blood

mononuclear cells (PBMCs) can extravasate and seed within the VMT. To determine if stabi-

lization of vessels with AKB-9785 enhances immune cell homing and extravasation to the

tumor, PBMCswill be perfused in AKB-9785 treated and non-treated VMT and the number of

PBMCs that have extravasated under each condition will be quantitated. If AKB-9785 is suc-

cessful in normalizing tumor-associated vasculature, we expect that immune cell homing

and extravasation will increase in the VMT. If AKB-9785 is not successful in inducing nor-

malization, we can therapeutically block ANGPT2 itself, activate TIE2, or combine ANGPT2

inhibition with TIE2 activation[170]. Alternatively, from our single cell RNA-seq dataset,

we have identified several oncogenic pathways specifically upregulated in VMT-associated

endothelium, including TNF signaling, mTOR signaling and TGF-β signaling, that can be
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pharmacologically targeted to potentially induce vascular normalization and promote

immune cell extravasation[124, 32].

6.2.2 Aim 2: Analyze transcriptome of CRC tumor-immune microenvi-

ronment at single cell resolution to derive novel immunotherapy

targets.

Knowledge of tumor, stromal and immune cell phenotypes within the tumor microenvi-

ronment is essential for understanding mechanisms of disease progression and immune

evasion to enable development of novel therapies. While recent studies have character-

ized significant intratumoral heterogeneity in CRC at the single-cell level[17, 137], these

efforts have been largely limited to tumor cells and analyses of the immune component

have been neglected. Here we propose to profile malignant, stromal and immune cell

populations fromfive CRC tumors, as well asmatched normal colon tissue and blood using

single-cell RNA sequencing. T cells that have been exposed to tumor-associated antigens

via presentation by antigen-loaded dendritic cells, and expanded in culture, will be sub-

jected to VDJ sequencing. By analyzing cells from tumors, matching non-malignant tissue

and blood, we expect to uncover a large degree of cellular heterogeneity, distinguished by

mechanisms with which those populations adapt to the tumor that may be therapeutically

exploited. Further, VDJ sequencing is anticipated to reveal novel TCRs specific to tumor

neoantigens that can direct engineering of CAR-T cell therapies.

Each characterized cell subtype will be confirmed by immunostaining for selected mark-

ers and an associated marker gene panel will be assessed in bulk RNA-sequencing data

to determine how gene expression signatures correlate with immunotherapy response

in CRC. To reveal the combinatorial impact of T cell receptor (TCR) utilization on pheno-

typic T cell diversity in CRC, we will analyze paired single-cell RNA and TCR sequencing
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data from T cells. These analyses are anticipated to identify T-cell differentiation states

and additional immunosuppressivemechanisms in the CRC tumormicroenvironment that

can be therapeutically exploited. We further aim to identify T-cell clonotypes specific to

tumor neoantigens that may be used for ACT. An overarching goal of these analyses is to

generate a comprehensive catalog of the CRC stroma and immune compartments to better

understand CRC disease progression and to guide targeted- and immune-therapeutic de-

velopment. The strategies that result from these analyses can then be tested for efficacy

in the VMT using patient-derived cells to determine feasibility and efficacy.

6.3 Conclusion

The University of California, Irvine (UCI) Chao Family Comprehensive Cancer Center’s

Gastrointestinal Disease Oriented Team (GI-DOT) is a multidisciplinary group of GI cancer

researchers spanning the clinical, translational, and basic research expertise of the insti-

tution (representing 4 schools and 12 departments) that continually inform our research

design. An ongoing collaboration between theHughes lab and the GI-DOT alongwith a con-

certed effort by all involved parties at the UCIMedical Center has led to the establishment

of a standard pipeline for successful procurement of fresh CRC biopsy and surgical tissue.

Furthermore, the partnership has allowed free exchange of ideas across the Schools of

Biological Sciences and Medicine in our effort to accelerate translation of the novel VMT

into a tangible clinical application with health benefits. The translational infrastructure

we have established providing real-time information from patient-derived tumor cells in

our VMT will support efforts to improve patient outcomes in CRC.

Herein, we have shown that the VMT is uniquely suited to facilitate the development of

personalized medicine because few cells are needed from the patient and rapid, auto-

mated results can be obtained within a clinically actionable timeframe. The VMT supports
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the survival and growth of CRC biopsy and surgically excised tissues, for which the mor-

phology and growth of the tissues within the VMT models characteristics of the primary

tumors. Our studies provide insights into the crosstalk between tumor and stromal cells,

and demonstrate that modeling the dynamic, complex and heterogeneous cell-cell inter-

actions of a vascularized tumor mass are necessary to recapitulate the tumor growing in

vivo. The tumor-associated vasculature within the VMT models the immature and leaky

vessels of an actual tumor mass, thereby mimicking nutrient delivery to the tumor, acting

as a physiological barrier to drug delivery, promoting pro-tumorigenic signaling, and serv-

ing as a conduit through which cancer cells or stromal cells can intravasate/extravasate.

Compared to 2D and 3Dmonocultures, the VMTmore closelymodels the architecture, gene

expression, tumor heterogeneity, and drug response of an actual tumor for two CRC cell

lines representing the molecular landscape of the disease. For the first time to our knowl-

edge, we analyze the cellular diversity and gene expression in a tumor chipmodel at single

cell resolution, and find that the VMTmore closely mimics the single cell gene expression

signatures of in vivo tumors than current standard model systems. The VMT platform

allowed real-time visualization of the dynamic tumor–stromal interactions involved in

disease progression and revealed distinct cellular populations undergoing metastasis, an

observation not readily made in other systems. We aim to target these cellular behaviors

as a future research direction, as well as study the tumor-immune microenvironment to

guide therapeutic development and personalized medicine strategies in oncology.
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