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Format of Thesis

This thesis is prepared in one introduction and six chapters, including published and under-
publication research articles. The chapter 1; “Introduction” provides an overview of the
tumour microenvironment (TME) and its cellular and molecular features, emphasizing the
importance of modelling TME and current TME models. In Chapter 2, the current application
of microfluidic technology in cancer research and therapy is discussed comprehensively and
the remain challenges that required to be addressed are highlighted as well. Following these,
in Chapter 3, a comprehensive in-silico data analysis has been performed to figure-out the
association of cellular components of TME with tumour immunity and activation of invasion
and migration. Moreover, in this chapter we highlighted potential of drug repurposing in
cancer treatment and targeting TME. The findings and output of this chapter are modeled in
our microfluidic system through the next chapters. Chapter 4 — Chapter 8 are the application-
specific chapters showcasing the application of microfluidic-based 3D cell culture in
particular modelling features of TME and drug discovery. Chapter 4 demonstrates modelling
tumour stromal cells and cancer cell interaction and its effect on immune suppression on
cancer cells which has not been before. Moreover, in this chapter, the application of an anti-
fibrotic drug on reversion of immune sensitivity has been shown for the first time. Following
this, in Chapter 5, the immune-modulation role of mesenchymal stem cells in the stimulation
of immune escape and drug response is explored using a microfluidic device. To model the
biological and molecular aspect of initiation and invasion of cancer cells, Chapter 6 illustrates
the application of microfluidic for mimicking cancer and tumour-stromal cells invasion and
cancer-stem cells formation using the culture of organotypic tumour spheroids containing
stromal cells in the device. Moreover, this chapter highlights the therapeutic potential of an
anti-fibrotic agent discovered in Chapter 3 on targeting key cytokines and suppression of
invasion. As ECM is the main component of TME, in Chapter 7, we modeled the role of
matrix stiffness on cancer cells immunity and invasion. In Chapter 8, the formation of
microvasculature and pre-vascular tumour organoids in the microfluidic device has been
shown. Finally, in last chapter, “Conclusion and Future Work”, the limitations and challenges

of this thesis project and future research direction are discussed.
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Abstract

The tumour microenvironment (TME) plays a crucial role in cancer initiation, progression,
and development. To better understand the cellular and molecular feature of TME, various
in-vitro, ex-vivo and in-vivo models of TME have been developed, ranging from 2D cancer
cells lines, 3D organoids to genetically engineered animal models. However, these models
faced a series of challenges and drawbacks limiting the study of the particular feature of TME
in a specific type of cancer. Recently, microfluidic technology introduced a new platform to
mimic the TME ecosystem at the micro-scale through an advanced engineered system. This
platform enables modelling a wide range of TME properties from ECM to the vasculature
and the complex cellular structure by co-culturing 3D tumour cells cost-efficient, real-time,
and controllable fashion. However, the major focus of the current microfluidic models of
TME is on cancer cells rather than tumor-stromal cells and their effects on tumour immunity
and immunotherapy. Moreover, these models unbale to provide a space for down-stream
molecular analysis including cytokines analysis or RNA-sequencing. Additionally, the design

of majority of these models is complex which might limit broad application of these models.



This thesis focuses on addressing these challenges using a low-cost and easy to use
microfluidic device which enable wide range of applications from in-vitro to ex-vivo and
drug discovery and immune-oncology. Using developed model in this thesis, the most
impactful contributions of this thesis was the discovery of the role of the tumor stromal cells
including cancer-associated fibroblasts (CAFs) and tumour-associated mesenchymal stem
cells (TAMs) in tumour immunity and that targeting these populations can significantly
reduce immune-suppression capacity in TME. We discovered and introduced potential of an
anti-fibrotic drug called Pirfenidone for targeting CAFs and secreted cytokines through a
comprehensive in-silico data analysis at both bulk and single cell level in breast cancer for
the first time. Using our developed microfluidic model of TME, we showed that how
pirfenidone reduce CAFs and MSC activity, invasion, immune-suppression, and tumor
initiation in breast carcinoma. Moreover, we modeled the effects of matrix stiffness which is
regulated by CAFs on tumour immunity and expression of immune checkpoints. Finally, we
tried to develop a novel method for generation of vascularized tumor organoids in device

which extremely affected by Covid-19 pandemics and lockdowns.



Chapter 1

Introduction



Summary:

This chapter introduces the tumor microenvironment (TME) and its cellular and non-cellular
components and explains their role in cancer initiation, progression, and metastasis.
Moreover, in this chapter, the importance of the study of TME is discussed. Additionally, the
current models of TME and their limitations and how microfluidic technology can resolve

these challenges and limitations are highlighted in this chapter.



Cancer is a heterogeneous disease and a leading cause of death worldwide. Over the past
decade, our understanding of various cancer's biology and genomic properties has been
significantly improved, resulting in the development of novel cancer diagnostic and
prognostic markers and the discovery of a new generation of anticancer therapeutics agents,
including targeted therapy and immunotherapy. However, clinically, a significant proportion
of patients met a poor outcome due to diagnosis of cancer at a late stage, lack of reliable
biomarker for early detection, and acquired resistance to standard of care therapies. It has
been proved that the tumour and its surrounding area, known as the tumour
microenvironment (TME), play a crucial role in tumour evolution, metastasis, and outcome
of patients [1]. Additionally, various clinical and pre-clinical studies highlighted that TME
could reshape therapeutic response and drug resistance.

To uncover the dark side of TME biology and its dynamic ecosystems, various in-vitro and
in-vivo tumour models have been developed, ranging from cancer cell lines to animal models.
Considering the hallmarks of cancer [2] and its correlation with TME, the proposed models
failed to recapitulate all major features of TME due to numerous limitations. Lack of tumour
stromal cells, immune system elements, and vascular network are major drawbacks of
conventional in-vitro tumour models [3]. Although, in comparison with in-vitro models,
animal models overcome these challenges, however, suppression of the immune system as a
critical step of generating tumour xenograft limited its application to study of TME, tumour
immune microenvironment (TIME) and its crosstalk with cancer and stromal cells and
screening of immunotherapy drugs.

The microfluidic cell culture platform recently opened a new window to model TME in a
dynamic and more humanized fashion. The possibility of assembly of all cellular and non-
cellular components of TME in a small microfluidic device can overcome the limitations of
conventional models and serve as a reliable pre-clinical model for drug discovery and

personalized medicine.

1.1 Tumour microenvironment

Cancers develop in a complex and dynamic tissue ecosystem, which they depend on for

sustained growth, invasion, and metastasis. The tumour mass consists of a heterogeneous
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population of cancer cells and a variety of resident and infiltrating host cells, secreted factors
and extracellular matrix proteins, collectively known as the tumour microenvironment. The
cellular part of TME is composed of various cell types, including endothelial cells,
fibroblasts, mesenchymal stem cells (depending on the types of cancer), immune cells, etc.,
while the non-cellular part includes extra-cellular components such as cytokines, growth
factors, hormones, and extracellular matrix.

Considering the hallmark of cancer [2], growing evidence highlighted the crucial role of
TME in tumour development and metastasis, where bidirectional communication between
cancer cells and tumour stromal cells can reprogram cancer cells toward achieving an
aggressive behaviour, resulting in induction of metastasis [1]. In addition, TME can reshape
therapeutic response against wide varieties of anticancer drugs ranging from chemotherapy

to immunotherapy agents [4].
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Figure 1: Schematic of tumour microenvironment. The TME is composed of various cell
types including cancer cells, immune cells, vascular formation related cells, cancer-
associated fibroblasts and in some cases mesenchymal stem cells [1].
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1.2 Cancer-Associated Fibroblasts (CAFs)

A dominant component of the tumour microenvironment is fibroblasts, and many studies
over the years have suggested a prominent functional role for these types of cells in cancer
progression, metastasis, and drug resistance to various treatment regimens [5, 6]. Fibroblasts
associated with cancer have been known as cancer-associated fibroblasts (CAFs), tumour-
associated fibroblasts, activated fibroblasts or activated myofibroblasts. In the past decade,
large number of studies highlighted crucial role CAFs as key components of tumour
progression, metastasis, drug resistance, and tumour immune suppression, suggesting that
they probably contribute to a wide range of stromal programs of many different tumours [7,
8]. Emerging evidence suggests that CAFs are a heterogeneous population of cells within
TME [9]. This heterogeneity might be ascribed to the numerous potential cellular sources of

CAFs, which consist of six dominant categories based on the tumour histological type [9,

10].

1.2.1 CAF in tumour development and metastasis

CAFs isolated from various solid tumours exhibited many distinct properties when compared
with normal fibroblasts cultured from healthy organs [11]. Using co-culture experiments,
CAFs enhance tumourigenesis of cancer cells when compared with normal fibroblasts [12,
13]. CAFs also induce invasion feature on benign and non-invasive cancer cells [14]. The
ability of CAFs to influence tumour growth and progression was partly dependent on their
ability to induce angiogenesis by various CAF derived stromal cytokines including but not
limited to CXCL12 and recruitment of bone marrow-derived endothelial cells [15]. Besides
the pro-tumourigenic role of CAF, several secreted molecular regulators of CAFs have been
identified that regulate metastasis, drug resistance and immune suppression in TME (Figure
2) [16]. In addition to these, CAFs are essential mediators of secondary tumour growth at the
metastatic site. At the primary site, CAFs may enhance metastasis by releasing growth factors
and cytokines into the circulation to stimulate, indirectly or directly, the growth and invasive
features of cancer cells at a distant site [17-19]. From a biomechanical aspect, CAFs may

reshape physical characteristics of the TME by affecting ECM stiffness at primary tumours,
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enabling the synthesis of ECM proteins, expression of ECM-remodeling enzymes which
consequently enhance cancer cell invasion via epithelial to mesenchymal transition [20-24],

and drug resistance through the suppression of drug penetration[25].
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Figure 2: CAFs and their secretome remodel the TME. The extracellular matrix (ECM),
together with cellular components of the tumour microenvironment (TME), are actively
remodeled and reprogrammed by cancer-associated fibroblasts (CAFs). Secretory
functions mediate immune reprogramming (left) and self-sustained activation (middle),
and engage cancer cells (right), promoting or restraining their growth, survival or
resistance to therapy [16].

1.2.2 CAF and tumour immune suppression

The immunomodulatory functions of CAFs within TME may be direct or indirect. The
released secretome from CAFs not only contributes to their sustained activated state during
tumour progression but may also dynamically evolve during cancer progression, thus
potentially affecting tumour immunity differently at different stages of cancer progression.
The CAF secretome has also been implicated indirectly regulating tumour immunity and
rewiring tumour immune microenvironment (Figure 2) [16]. Generally, CAFs are considered
to promote an immunosuppressive TME in a context depending manner [26, 27]. For

22



instance, in the hypoxic TME, CAFs interact dynamically with cancer cells, endothelial cells,
and immune cells, and this could enhance the complexity of their paracrine signaling
responses. Furthermore, most of the in vitro and in-vivo studies suggested CAF

immunomodulatory secretomes and immune responses.

Secretion of cytokines, chemokines and pro-angiogenic factors by CAFs in established
tumour, including, but not limited to, IL-6, IL-4, IL-8, IL-10, tumour necrosis factor (TNF),
TGFp, C-C motif chemokine ligand 2 (CCL2), CCLS5 (also known as RANTES), C-X-C
motif chemokine ligand 9 (CXCL9), CXCL10, SDF1, prostaglandin E2 (PGE2), nitric oxide
(NO), HGF and human leukocyte antigen G (HLAG) may have direct and/or indirect
implications for tumour immunity[28-30]. Based on the in vitro evaluations, CAF production
of [L-4, IL-6, and IL-8 may induce immunosuppressive myeloid cell differentiation [31, 32].
Furthermore, CAF-derived CXCL14 affects tumour immunity, mainly through the affecting
macrophage recruitment and polarity to the TME [33].

These studies highlight paracrine CAF—immune cell signaling that places their interaction at
a central node of control for neoplasia and malignancy [34, 35]. It has also been implied that
T cell recruitment involves cytokines that are found in the CAF secretome, such as CXCL9,
CXCL10 and SDF1 [36]. Cultured fibroblasts from normal human colons have been reported
to express negative co-regulatory immune signals against programmed cell death one ligand
1 (PDL1) and PDL2 impacting on T cell activation [37]. In contrast, in a subset of CAFs
positive for a-SMA and FAP derived from tumour specimens with lung and breast cancer,
expression of PDL1 and PDL2 may convey an immune-suppressive effect on cytotoxic T cell
from an activation state to regulatory state ex vivo [38] where CAF can induce elimination

of CD8+ T cells via PDL2 and FASL in an antigen-dependent manner [39].

1.2.3 CAF and drug resistance
A major clinical challenge for cancer therapy is the development of resistance, which re-
enables cancer dissemination and metastasis despite therapeutic efforts. Cancer therapy

resistance is defined as the progression of a cancer lesion concurrent with an initial response
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to therapeutic intervention. Early studies pointed to the role of organ-specific TME for drug
resistance, and CAFs have emerged as key players in promoting cancer cell evasion of
anticancer therapies [40]. Recently, a stroma-associated gene signature is associated with
chemoresistance to 5-fluorouracil, epirubicin, and cyclophosphamide in breast cancer, with
a predictive value for response to chemotherapy in the neoadjuvant setting [41], however,
numerous studies linked reactive stroma signatures with poor response to chemotherapy
indicating CAFs as promoters of resistance to therapy only in an association manner rather

than by establishing a causal association.

Continuing efforts to establish such mechanistic connections are ongoing and are naturally
of great interest to better harness the therapeutic value of anticancer therapies. Other
mechanisms of resistance induced via stroma include the modulation of pathways involving
cancer cell-ECM interactions, CAF-ECM adhesion and cytokine- or chemokine-mediated
signaling pathways [42, 43]. CAFs may also participate in increased intra-tumoural
interstitial fluid pressure, thus indirectly inhibiting penetration and uptake of anticancer
drugs[44]. Other studies have suggested that CAF-mediated pro-angiogenic actions and
metabolic rewiring of the TME aid cancer cell survival and facilitate escape from therapy-
induced cancer control particularly in case of chemotherapy drugs [6, 45, 46]. CAFs may
also confer resistance to anticancer drug therapy on cancer cells through soluble factors [43].
In this context, TGFp, IL-6, and HGF produced by CAFs have emerged as potential drug
resistance mediators. TGFB may induce cell plasticity in cancer cells via epithelial to
mesenchymal transition program, enabling their enhanced adhesion to ECM rather than
neighboring cells, and CAF-produced IL-6 induces well-studied pro-survival signaling
cascades [47]. HGF is also a key modulator of CAF-mediated resistance to various receptor
tyrosine kinase inhibitors[48]. CAF-derived HGF was shown to promote resistance in
preclinical cancer models treated with BRAF-V600E209 or epidermal growth factor receptor
(EGFR) inhibitors [49].
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1.3 Tumour Associated Mesenchymal Stem Cells (TA-MSCs)

Multipotent mesenchymal stem cells (MSCs), also known as mesenchymal stromal cells, are
a heterogeneous group of progenitor cells that play a vital role in tissue regeneration. The
wound healing is the best example of the role of MSCs in tissue regeneration and cellular
homeostasis, a complex and dynamic process that involves modulation of tissue
inflammation, regulation of cellular proliferation, and differentiation and remodeling of the
injured tissue [50, 51]. During this process, inflammatory mediators have been shown to

facilitate the recruitment, proliferation, and differentiation of MSCs [52, 53].

Since MSC cells migrated to the wound site, these cells actively integrate into damaged
tissues and participate in tissue repair through the alteration in the local inflammatory
microenvironment [50, 53], facilitating wound repair activities of intrinsic tissue stem cells
via producing immunoregulatory factors, growth factors and chemokines [52]. However,
MSCs do not always promote healing, and their properties can change according to the
pathophysiological status of the tissue in which they reside [52-54]. A large number of studies
have been found that MSCs can migrate to tumour site and evolve into cells like tumour
associated MSCs (TA-MSCs) and, depending on TME context differentiate into cancer-
associated fibroblasts (CAFs) [55, 56]. These characteristics of MSC cells have recently

emerged as attractive targets or tools for anticancer approaches [57, 58].

Growth factors, chemokines, and cytokines produced by TA-MSCs and other stromal cells
may also directly confer growth and survival advantages to tumour cells during tumour
initiation and progression. For instance, VEGF and neuregulin-1 released from MSCs have
been shown to promote tumour growth in xenograft tumour models [59, 60]. In another
example, upon intra-tumoural injection of BM-MSC conditioned medium, human colorectal
cancer cells exhibited accelerated progression in nude mice.

Moreover, it has also been shown that direct cell-cell interactions between human umbilical
cord MSCs and MDA-MB-231 breast cancer cells can significantly induce tumour cell
proliferation in mouse models of triple-negative breast cancer [61], although the molecular

mechanisms underlying this effect remained to be discovered. Interestingly, in comparison
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studies between different sources of MSc ( BM-MSCs and AD-MSCs) and TA-MSC, MSCs
isolated from patients with ovarian cancer or multiple myeloma were found to have an altered
secretome profile of growth factors that specifically promoted tumour growth [62, 63].
Therefore, although much remains to be investigated, the available data suggest an essential
role of TA-MSCs in promoting tumour growth. In addition to these, several studies uncovered
the role of MSC in developing drug resistance. It has been shown that cellular heterogeneity
of the tumour stroma cells, as well as genetic mutations in stromal cells, such as TA-MSCs,
associate to potential recurrent tumour growth in patients undergoing chemotherapy and
radiotherapy [64].

Furthermore, some recent clinical studies indicated that the proportion of tumour stromal
cells in the tumour mass could be key indicator for poor survival prognosis of patients
undergoing chemotherapy [64, 65]. Moreover, there is a strong positive correlation between
the proportion of tumour stromal cells and tumour growth and invasion [65], and various
studies have revealed that MSCs and CAFs can render cancer cells resistant to chemotherapy

and radiotherapy both in vitro and in vivo [66, 67].

1.4 T-cells in TME

Evasion and suppression of the host immune system is one of the hallmarks of cancer and a
critical step in the malignant progression of incipient tumours [68-70]. This can be achieved
through inhibition of various effector immune cells, or via stimulation of immunosuppressive
cells. Regulatory T (Treg) cells are another TME cell type that has diverse immune-
modulatory functions in cancer cells within TME [71]. At the normal physiological
conditions, Treg cells regulate the expansion and activation of T and B cells and play a critical
role in maintaining homeostasis of innate cytotoxic lymphocytes and immune balance [72].

Given their complex regulatory roles in response to different environmental stimuli, it is not
surprising that Treg cells have diverse effects on tumourigenesis and patient outcome [68].
In some tumour types, including breast cancer and hepatocellular carcinoma, increased
infiltration of Treg cells correlates with reduced overall survival [73, 74], while in colorectal
cancer, Treg cells are associated with improved survival [75]. In addition to this, Treg cells

can suppress tumour-associated antigen presentation, and interfere with cytotoxic T cell
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function by inhibiting cytolytic granule release [76]. The mechanisms underlying divergent
Treg cell functions in cancer remain elusive. It is not clear that Treg cells exhibit context-
dependent functionality, or they encompass multiple subpopulations with distinct functions.
Indeed, tumour-associated Treg cell phenotypes are heterogeneous [77], suggesting they
likely accumulate by various mechanisms such as peripheral recruitment, the proliferation of

cells in the TME, or differentiation of progenitors in response to tumour-secreted factors.

The CD8+ cytotoxic T cells have been shown that play a crucial role in immunosurveillance
and immunoediting of various carcinomas [20]. However, recent in-vitro studies have
implicated their role in tumour metastasis and local invasion via inducing EMT program in
which epithelial cells lost expression of E-cadherin and acquired high expression of the
vimentin and ZEB1 [20, 78]. In line with in-vitro results, in-vivo studies shown that CD8+
cytotoxic T cells can induce EMT on breast cancer cells via the generation of breast cancer
stem cells [79, 80]. They suggested that IL-6, TNF and TGF released by activated effector

T cells may facilitate this process.

1.5 Tumour associated blood vasculature

Solid tumours that have grown beyond a few cubic millimeters require to induce tumour
angiogenesis and vascular network, to receive nutrients for their high energy demand and
growth [81]. In 1971, Judah Folkman published a revolutionary article proposing that all
tumours are angiogenesis-dependent [82], initiating a paradigm shift throughout the cancer
research community despite initial resistance. Angiogenesis is now accepted as a hallmark of
cancer in response to a growing need for oxygen and nutrients from the bloodstream, without
which tumours would succumb to dormancy [2]. Tumour vascularization requires co-
operation of multiple TME cell types, including vascular endothelial cells (which form tight
adhesions to ensure vessel integrity), cancer-associated fibroblasts (for releasing a plethora
of pro-angiogenic signals into the TME including FGF, IGF, VEGF and ECM remodeling
cytokines), tumour-associated mesenchymal stem cells, pericytes (for vessel converging and
vessel maturity), and BM-derived precursor cells [81, 83-85]. Recent studies showed that the

morphological and functional abnormality of tumour vasculatures mediated by tumour
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stromal cells contribute to the immune suppressive microenvironment (via inducing killing

of effector T cells) within solid tumours and drug resistance [83].

Lymph-angiogenesis is another mode of vascularization in tumours, and lymphatic vessels
and nodes represent an alternate route for cancer cell dissemination and tumour cell
dormancy [86, 87]. It has been shown that M2 macrophages produce VEGF-C and VEGF-
D, which correlates with peritumoural inflammation and lymph-angiogenesis in human
cervical cancer [86, 87]. Besides macrophages, myeloid cell populations also have critical
influences on lymphatic endothelial cells (LECs), by modulating their signal transduction
and transdifferentiating into functional LEC-like cells 84. In a study performed on a mouse
model of cancer, presence of VEGF-C and heparanase mediated myeloid cell incorporation

and trans-differentiation into LECs [88].

1.6 Extracellular Matrix (ECM)

Beyond the contributions of specific cell types of TME to tumourigenesis, the ECM can limit
cancer initiation at early stages and drive disease progression towards malignancy at elderly
stage [89]. Indeed, the composition of the extracellular TME is a significant predictor of
clinical prognosis. In breast cancer, tumours can be stratified into four subclasses based
strictly on ECM composition, which is predictive of patient outcome [90]. Tumours with high
expression of protease inhibitors such as serpin family members in their ECM are associated
with good prognosis, while tumours with high expression of integrins and MMPs correlate
with poor prognosis and risk of recurrence [90].

Beside composition of ECM, stiffness of ECM can regulate tumour invasion, metastasis and
drug resistance [91-94]. Recent studies showed activation of EMT program on cancer cells
cultured in ECM with high stiffness feature which mostly observed in late stages of tumour
progression [95]. Additionally, a positive correlation between activation of stemness program
via expression of CD133 and CD44 and drug resistance with ECM was observed in
metastatic breast cancer treated with Cetuximab [95]. Moreover, ECM stiffness regulated via
tumour stromal cells can inhibit penetration of immune cells and chemotherapy agents into

TME [96-98].
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1.7 Importance of modeling TME

Each tumour is associated with a heterogeneous tumour microenvironment, which can
significantly affect the response to therapy and clinical outcomes. However, the use of gene-
drug association (see Glossary) treatment strategies may be limited due to a lack of biological
understanding of tumour response to drugs [3, 99]. In other words, detecting mutations (e.g.,
EGFR or PIK3CA mutations) matched with approved, targeted drugs (e.g., EGFR and
PIK3CA inhibitors) does not necessarily mean that the molecular alterations in these
pathways are sensitive to the selected therapy [3, 100]. In the field of personalized cancer
medicine, the link between functional genomics and pathological data to patient outcomes is
the main challenge. To tackle this challenge, different tumour models have been proposed,
including cancer cell lines, patient-derived xenografts (PDXs), and 3D culture tumour

models, such as organoid culture methods.

1.7.1 Conventional Models of TME

The initial results of in vitro tumour modeling were obtained from tumour-derived cell lines
due to their high-throughput capacity for pharmaceutical drug screening [101]. However,
there is evidence showing the limitations of cancer cell lines, such as the lack of tumour and
stromal cells, and interactions between the cells and the extracellular matrix (ECM) [66].
Also, cancer cell lines lack immune—tumour cell interactions in vitro, whereas immune cells
can dramatically alter the efficacy of cancer therapies in patients. Thus, available cancer cell
lines have primarily failed to model a tumour microenvironment to evaluate new targets and
chemotherapy medicines [102]. After the emergence of 3D cultures, partial mimicking of the
tumour microenvironment allowed researchers to test the functionality of drugs or evaluation
of chemoresistance in the presence of cell-cell and cell-ECM interactions in a 3D architecture
[103]. Nonetheless, these methods also face several limitations and have so far failed in
applications to personalized tumour modeling.

Conventional 3D tumour models, known as tumour spheroids, can be generated from single-

cell types of cancer cell lines (homotypic spheroids) or co-cultured with other cell types
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(heterotypic spheroids). These models have a series of challenges that limit their applications
as preclinical tumour models. These challenges include variations in 3D culture methods,
lack of immune cell interactions in the culture, and inability to fully mimic the tumour
microenvironment in terms of cell types and their spatiotemporal architecture [ 104]. In terms
of gene expression profiles, the comparison between original tumours and corresponding cell
line-based tumour spheroids has shown significant differences, where common mutations
can be observed in cancer cell lines, whereas rare mutations are not preserved. Thus, cell
line-based models are unable to imitate the complete genomic background of tumours and,

consequently, the drug response of targeted therapy agents [105].

1.7.2 Organoid culture technology
Organoids are 3D cell cultures that preserve numerous key features of the represented organ.
The organoids contain multiple and organ-specific cell types with a spatial architecture
similar to that of the corresponding organ. These models can recapitulate some key functions
of that organ. Organoids may be generated from one or a few cells derived from primary
tissue samples, adult stem cells, the directed differentiation of pluripotent stem cells, or
tumour specimens [106-108]. Tumour organoids are 3D cultures of cancerous cells that can
be derived from tumour tissues for better mimicking the cellular and molecular heterogeneity
of'a tumour in the body [107-112]. The first organoid culture was reported in murine intestinal
cells, further developed for other organs, and eventually translated into human cells [113].
These features of organoids made them useful tools for cancer research and therapy for in
vitro and clinical studies [114].
In patients with resected tumours, multiple organoids can be generated from different areas
of the tumour to better mimic tumour heterogeneity [115, 116]. Tumour organoids show
tremendous potential for modeling specific cancer subtypes that have unique genomic
mutations [117]. Taken together, these key findings suggest that this new model has great
potential in modeling tumour microenvironment and the response of tumour cells to anti-
cancer drugs in an in-vitro setting. Recent pre-clinical and clinical studies highlighted
potential application of tumour organoids in prediction of chemotherapy and targeted therapy
agents [3, 118].
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Despite the advantages of tumour organoids, numerous challenges may hamper the
implementation of this approach in modeling a complex tumour microenvironment similar
to the original TME. Challenges include the lack of immune system elements, other essential
stromal cells such as CAFs and TA-MSCs, and vasculature network in tumour organoid
cultures. These can restrict functional testing of immunotherapy drugs or stromal targeted

agents on tumour organoids, leading to development of a complementary tool and advanced

model of TME.

1.7.3 Microfluidic technology for modeling TME

Microfluidics is the science of manipulating fluids in sub-millimeter channels. This method
can control several parameters, such as relative cell and tissue location, fluid flow levels and
patterns, mechanical cues, and gradients within a system [119]. The advantages of this
technology include (i) smaller sample and material requirements, (ii) enhanced quality of
microscopic imaging and quantification of cells, (iii) control over experiments, (iv) low cost
of production, (v) the possibility of a targeted design, and (vi) co-culturing various cell types
in a dynamic fashion (Figure 3).

These advantages make microfluidic technology a complementary tool for other platforms.
A complex tumour microenvironment can be created with the support of this technology and
by determining different cell regions [120]. Microfluidic technology can be used to model
different aspects of TME, such as the metastatic microenvironment [120], immune—cancer
cell interactions [121], modeling vascular network formation, and specific behavior of cancer

cells [122-125].
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Figure 3: Comparison of microfluidic technology with conventional in-vitro and in-vivo
models. The microfluidic system shows number of advantages over other models. Besides
these, the possibility of direct culturing patient derived tumour sample into this system
allows us not only to preserve TME, but also develop a reliable and more humanized

model.

1.8 Conclusion

In this chapter, I explained the importance of the of TME and its components, during my

thesis I attempted to address couple of burning questions around TME in cancer particularly

breast cancer. Initially in the chapter 2, I look at the landscape of model and works around

the TME. As immunotherapy revolutionized the treatment of cancer, In chapter 3, I did

comprehensive in-silico data analysis based on the clinical, genomic and transcriptomic data

from The Cancer Genome Atlas (TCGA) and other publicly available datasets to figure out

the role of stromal cells in tumor immunity of TME in breast cancer and how targeting these
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population of the cells accelerate efficacy of immunotherapy in one of the worse sub-type of
breast cancer known as triple-negative breast cancer. Additionally, I showed link between
tumor stromal cells activity, tumour immunity and epithelial-mesenchymal transition (EMT)
in breast cancer. Using gene-drug association analysis and drug repurposing analysis, I
identified a potential agent that able to effectively target CAFs and other stromal cells. In
Chapter 4, I studied the role of the CAFs in immunotherapy using 3D microfluidic model of
cancer cells-CAFs and demonstrated the effect of anti-fibrotic drug on CAFs activity and
reduction of immune-suppression for the first time in breast cancer. In chapter 5, I looked at
another angle of TME, the role MSC in TME and their role in immunotherapy. Given
immune-modulatory role of MSC, I showed that these cells positively regulate immune-
suppression through the secretion of various cancer-promoting and immune-suppressive
cytokines in which targeting MSC reverse immunity by reduction of proportion of immune
checkpoints. Following these studies, in chapter 6, I focused on modeling tumor initiation
and the role of CAFs in tumor formation in microfluidic device using organotypic tumor
spheroids that include CAFs. Moreover, I showed that targeting CAFs not only reduce tumor
spheroid formation but also inhibit initiation of epithelial-mesenchymal transition. Given the
role of matrix stiffness regulated by CAFs in tumor formation and metastasis, In Chapter 7,
I highlighted that ECM stiffness can induce the expression of immune checkpoints in breast
cancer. Finally, in chapter 8, I focused on developing vascularized tumor organoids in device
for the purpose of the study of immune infiltration in microfluidic device. However, the
completion of this chapter had been extremely affected by Covid-19 pandemic which warrant

future works and efforts.
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Collectively together, using microfluidic platform, this thesis presents together various
critical novelties to address challenges and questions are remained to be resolved in the

context of modeling and targeting TME including:

e Comprehensive in-silico data analysis on TME of TNBC at the single-cell level and
highlighting role of tumour stromal cells in the stimulation of immune-suppression.

e Discovery of a potential therapeutic agent to target tumour stromal cells in TNBC using
drug repurposing and gene-drug association studies.

e Modeling tumour stromal cells and cancer cell interaction using dynamic and static
microfluidic devices.

e Exploring how tumor stromal cells rewire TME and cancer cells using paracrine factors.

e Introducing for the first time the potential application of pirfenidone in targeting tumor
stromal cells and restoring immune response in TNBC by reducing immune checkpoints
expression and increasing immune cells infiltration.

e Highlighting the effects of pirfenidone in reducing invasion, progression and stemness
feature of cancer cells through targeting activity of tumour stromal cells.

e Developing 3D micro-vasculature and organotypic vasculature in microfluidic device.
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Literature Review
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Summary:

This chapter summarizes the application of various microfluidic platforms in the study of
cancer from several aspects and highlights numerous challenges in the study of TME. Part of
this chapter has been published as Book Chapter *.

* Azadi, Shohreh, Hamidreza Aboulkheyr Es, Arutha Kulasinghe, Pritam Bordhan, and Majid
Ebrahimi Warkiani. "Application of microfluidic technology in cancer research and therapy."
In Advances in clinical chemistry, vol. 99, pp. 193-235. Elsevier, 2020.
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1.1 Application of microfluidic device in modelling cancer biology

and metastasis

Metastasis results from a complex and multi-step process which initiates with the formation
of primary tumours followed by proliferation of cancer cells [126]. Upon tumour growth,
some cells in the primary tumour undergo processes such as epithelial to mesenchymal
transition (EMT) and several genetic alterations which lead to breaching of the basement
membrane and entering into the blood or the lymphatic system in the intravasation process.
These circulatory tumour cells (CTC) further flow through the human body and experience
shear stresses, high velocities, and immune-surveillance. Some cells with higher metastatic
potential can survive this condition and extravasate into distant tissues. Ultimately, if they
find a suitable environment for colonization, form the secondary tumour/re-seed at the

primary site [126-129].

The process of metastasis is driven by different chemical, mechanical, and genetic factors
which determine the specific target organ for the formation of secondary tumours. For
example, breast tumour cells preferentially invade to the bone tissue, while lung tumour cells
prefer to invade to the brain tissue [130-132]. This selective invasion suggests a complex
process affected by various components of tumour microenvironment (TME), cellular
interactions, mechanical cues, and chemical gradients. All these factors need to be considered
to achieve a comprehensive analysis of the metastatic cascade. Despite the recent progress in
the field of cancer modelling, current models still lack incorporating the full complexity of

the metastatic process.

Initially, cancer modelling was assessed using 2D approaches [133-135]. These methods
could not provide the complexity of TME and changed to more complex trans-well-based
assays such as Boyden chamber. Usually, in these assays, cancer cells migrate and invade
from one side of the chamber through a porous membrane or a thin layer of the biological
matrix to the other side of the chamber [136, 137]. The membrane is pre-coated with
extracellular matrix (ECM) molecules such as collagen, fibronectin, and laminin. Moreover,

this assay can be used to investigate cancer cell-endothelial cell interaction through the
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formation of a confluent layer of endothelial cells before introducing cancer cells to the
chamber [138]. Although trans-well-based methods extensively have been used to model
tumour cell migration, these semi-quantitative methods do not provide the complexity of

TME, specifically in terms of mechanical cues.

To overcome the above-mentioned limitations, microfluidics devices have been developed to
model cancer metastasis in a more accurate environment [139, 140]. Microfluidic models
significantly improved physiologically relevance of the microenvironment and quantitative
measurements of the metastasis models. These models enable incorporating multicellular
structures, cell-cell interactions, and chemical and mechanical features of TME in a single
chip. Moreover, these models provide single cell analysis and real-time monitoring of
processes which enable the assessment of specific signaling pathways. Several review papers

have described cancer modelling techniques using a microfluidic approach [140-144].

Here, we briefly describe the microfluidics methods used to model the metastatic process.
Firstly, we review the various devices which have been successfully utilized for modelling
of tumours in 2D and 3D environments. Furthermore, the application of the microfluidic
devices in modelling different steps of the metastatic process and influential factors including

tumour growth, angiogenesis, TME, migration and invasion are presented.

A complex model of metastasis should incorporate multiple cell types including cancer cells,
endothelial cells, immune cells, stromal cells, ECM components (e.g. collagen), biochemical
and biophysical cues. Generally, microfluidic device configurations for cancer modelling can
be categorized into five groups as shown in figure 1 including 2D devices, lumen chips, 3D
devices, Y-shape chips, and trans-well chips [140-142, 144]. Besides this categorization,
other specific designs have been introduced by several groups [145, 146]. These
configurations vary in terms of controllable parameters, in providing 2D or 3D environment,

the possibility of multiple cell type co-culturing and read-out methods.

The first configuration consists of two main parallel microchannels which are connected with
several interconnecting microchannels usually with a diameter of 3-10 pm (Figure 1A) [128,
147-150]. This design, which is known as a 2D device, is often used to study the migration

of cancer cells in a specific chemical gradient. Cancer cells are cultured in one of the main
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channels and start migrating to the other channel by exposing to a chemical gradient. In one
study, the device was used to model and generate the oxygen gradient of TME [151].
Moreover, this design can be used for co-culture of cancer cells and other cell types to
monitor migration and viability of cancer cells under co-culture condition [149]. Cell
deformation through the narrow interconnecting channels also had ben probed through this

model [150].

The second design is a lumen chip which provides a model of blood vessel for the cancer
cells while surrounded by a suitable ECM (Figure 1B, C) [152-154]. In other applications,
this design can be used to tightly pack cancer cells for the formation of multicellular
aggregates and cancer spheroids. For example, Tien et al. used a similar device to probe the
effect of elevated pressure on the invasion of 3D aggregates of breast cancer cells [154]. They

used a polydimethylsiloxane (PDMS) channel filled with collagen to form cancer aggregates.

While the first and second configurations still lack a physiologically relevant
microenvironment, the third design successfully overcame these limitations. This design
usually consists of three parallel channels, which are connected to each other through some
empty space between channels (Figure 1D) [140, 144, 155, 156]. The specific design of the
chip is related to the array of blocks, which separate the device into three channels, while
keeping cell-cell signaling and cellular movements. Presence of these blocks increases the
surface tension in the central channel, which leads to confinement of biological matrix
solution (e.g. collagen, Matrigel) in the central channel. The device usually is used for 3D
culture of cells in the central channel while 2D culture is also possible through the side
channels. Different cell types can be incorporated into the central and side channels to mimic
intravasation, extravasation angiogenesis, TME condition, and cell-cell interactions [156-
158]. Moreover, adding extra channels to the main design provides the possibility of culturing
several cell types in a 3D environment and modelling the metastatic process [159, 160]. The
device is versatile and controllable which provides the possibility of introducing flow to the

model in a controlled manner.

The fourth design is called a Y-shape chip. This design is an example of co-flow devices

consisting of two channels which merge together. Two different types of cells can be
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introduced to the microchannels through separate inlets and meet in the interface [161, 162].
One successful example of this device is related to the co-culture of mammary ductal
carcinoma cells and fibroblasts [162]. The presented model demonstrated the transition of
ductal carcinoma in situ (DCIS) to invasive ductal carcinoma (IDC) in the presence of

fibroblasts which is a critical step in breast cancer progression.

The last model, transwell chip, is one of the most complex designs in modelling cancer
metastasis and the TME. This multi-layer device consists of microchannels separated by a
porous ECM-coated membrane (figure 1E, F) [163-166]. The device is run with two different
configurations. In the first configuration, cancer cells and organ-specific epithelial cells are
cultured in the upper channel, while other stroma cells and fibroblast are cultured in the lower
channel. This configuration can be used to model the initial tumour growth in a more
physiologically relevant environment. Choi and co-workers used this method to replicate the
microenvironment of breast cancer tissue. They co-cultured breast tumour spheroids with
human mammary ductal epithelial cells and mammary fibroblasts in a compartmentalized
transwell microfluidic device and explored the potential of the system as a drug screening
platform (figure 1E) [164]. The second configuration aims to model cancer invasion. In this
configuration, cancer cells and organ-specific epithelial cells are introduced to one channel,
while endothelial cells cover the other channel. By introducing chemical cues to the
endothelial channel, cancer cells can migrate through the porous membrane and endothelial
junctions to enter the second channel [165, 166]. Adding extra hollow side chambers makes
the device flexible for stretching and relaxing (figure 1F), which can be used to mimic TME
mechanical cues in a lung cancer model. This model successfully utilized for monitoring the
responses of lung tumour cells to tyrosine kinase inhibitor (TKI) agents including Erlotinib

and Rociletinib [163].
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Figure 1. Different configurations of microfluidic devices in cancer modelling. (A) 2D
design with two parallel channels and several interconnecting channels for investigating
cellular interactions, migration, and cell deformability [128, 149, 150], (B) Lumen chip
design for formation of cellular aggregates [154], (C) Lumen chip design for providing a
vessel like structure [153], (D) 3D design with three parallel channels for providing a 3D
ECM-like structure and cancer cell-endothelial cell-co-culture. The confocal image displays
the endothelial monolayer at the interface of channels [140], (E) Transwell design for co-
culturing breast tumour spheroids with human mammary ductal epithelial cells and
mammary fibroblasts [164], (F) Modified Transwell design by adding extra hollow side
chambers for making the device flexible for stretching and relaxing [163].
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1.2 Modelling Tumour growth

Tumour growth models have been developed to mainly probe how TME conditions and cell-
cell interactions affect the growth of various types of tumours [167-169]. In these models,
co-culture or tri-culture of cancer cells with other cell types including normal epithelial cells,
fibroblasts, endothelial cells, and immune cells provide a more accurate physiological
environment for tumour growth and proliferation. Moreover, tumour growth on chip models
can be used for drug screening applications by assessing the effect of various drugs on the
tumour growth and survival. In recent work, Hassell et al. used a transwell tri-culture
microfluidic model [163]. They cultured lung cancer cells on a layer of epithelial cells in the
upper chamber, while endothelial cells covered the lower chamber. The cancer growth and
responses to TKI therapy were probed in the presence of mechanical cues mimicking
breathing motions (figure 1F) [163]. In another study, an integrated microfluidic-3D device
was used to create a physiologic environment for breast cancer cells containing stromal cells,
fibroblasts, and different ECM molecules (collagen, fibronectin, laminin). In this study, the
morphology and proliferation of breast cancer clusters were monitored which resulted in
higher metastatic capacity of cancer clusters compared to single cells. Additionally, they
used different composition of ECM and found that fibronectin-rich ECM increases tumour

growth [169].

1.3 Modelling cancer cell-endothelial cell interactions

Endothelial cells play an important role in the metastasis cascade through two distinct
mechanisms, angiogenesis and vasculogenesis, which implement the formation of the
vascular network in the tumour. Angiogenesis is the outgrowth of exciting capillary vessels
which is a necessary step to change lesions from hyperplasia to neoplasia [140, 170].
Angiogenesis not only occurs in the first step of the metastasis process and tumour growth
but also during transmigration of cancer cells in intravasation and extravasation steps.
Vasculogenesis is assembling of singular endothelial cells into functional microvessels [140,
170].
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Both angiogenesis and vasculogenesis are induced upon tumour growth to deliver sufficient
nutrient and oxygen to cancer cells [170]. Different chemical and mechanical cues from TME
involve in the initiation of these two processes. Signalling interactions between cancer cells
and endothelial cells play a critical role in successful invasion of cancer cells to the
vasculature. It has been shown that cancer cell-endothelial cell interactions change the
characteristics of both cell types and facilitate the metastasis process [157, 171, 172]. For
example, it has been demonstrated that the permeability of the endothelium layer changed in
the presence of cancer cells [157], and endothelial cells exhibited a faster proliferation in co-
culture with cancer cells [173]. Moreover, cancer cells can easily migrate upon the formation
of endothelial pathways through both angiogenesis and vasculogenesis processes. All these
findings suggest that a systematic model of tumour on-chip cannot be achieved without
considering cancer cell-endothelial cell interactions. Several papers have reviewed modelling

this interaction using microfluidic platforms [172, 174].

Several groups attempted to recreate both angiogenesis and vasculogenesis using engineered
microvessels (figure 2A, B) [157, 173, 175]. To present a model of angiogenesis, firstly the
formation of a confluent layer of endothelial cells which can be extended to new capillaries
has been considered [173]. 3D devices have been extensively used for this approach. In these
devices, endothelial cells are cultured in the side channel to cover the gel-fluid interface and
form a confluent layer. The channel represents a vessel wall and is used to model
intravasation, extravasation, and angiogenesis in three different configurations which are

described as follows.

In the first configuration, cancer cells are embedded into the collagen and loaded to the
central channel, while endothelial cells are introduced to the side channel to form a confluent
layer. Upon the formation of endothelial layer, and the presence of chemical gradients, cancer
cells can migrate through EC junctions to inter to the side channel (figure 2C) [171].
Moreover, loading tumour angiogenesis factors will result in the extension of capillary
sprouts from the side channel toward cancer cells [173]. This method has been used
successfully to model intravasation of cancer cells [143, 157]. Zervantonakis et al. recreated
the tumour-vascular interface in three-dimensions and showed that biochemical factors from

the interacting cells and cellular interactions with macrophages mediate intravasation of
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tumour cells [171]. In other work, Bersini and co-workers used a three-channel device to
model intravasation of cancer cells in a bone-mimicking environment. Their tri-culture
system consisted an osteo-cell conditioned microenvironment with human osteo-
differentiated bone marrow-derived mesenchymal stem cells and cancer cells in the gel
region, while endothelial cells were cultured in the side channel [176]. This approach was
further used by Jeon and co-workers to monitor organ-specific extravasation of breast cancer
cells (figure 2D) [175]. Several other studies used the same approach to investigate cell-cell

interactions [177].

In the second configuration, collagen is loaded to the central channel, while endothelial and
cancer cells are cultured separately in the side channels. By introducing angiogenesis factors
in the cancer cell channel, endothelial cells initiate angiogenesis toward cancer cells (figure
2A) [173]. Usually, fibroblast and stromal cells are used to secrete angiogenesis and
vasculogenesis factors. Kim and colleagues introduced a multi-channel device and
successfully modelled both angiogenesis and vasculogenesis in the presence of endothelial
cells, fibroblasts, and cancer cells (Figure 2F) [173]. In their more recent work, they
developed a microfluidic 3D in vitro model to investigate the role of interstitial flow (IF)
during vasculogenesis and angiogenesis. They showed that IF significantly facilitated the
vasculogenesis regardless of the flow direction, whereas its effect on the angiogenesis

depends on the flow direction [160].

In the third configuration, collagen is loaded to the central channel, while endothelial cells
are loaded to the side channel. Upon the formation of a confluent layer of endothelial cells,
cancer cells enter into the same channel. This method has been used to model extravasation
of cancer cells (Figure 2E) [155]. Cancer cells attach to the endothelial cell layer and
transmigrate through endothelial cell junctions to enter into the collagen. Jeon et al.
developed a microfluidic system to mimic tumour cell extravasation by transmigration of
cancer cells across an endothelial monolayer into a hydrogel [155]. They examined the
permeability of the endothelial layer in the presence of cancer cells and concluded that cancer
cells increase the permeability of endothelial layer and extravasate to the biological matrix
generally within 24 hours of cancer cell-endothelial cell co-culture [155]. Several other

studies used the same approach to model extravasation of cancer cells in the presence of
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different chemokines [178, 179] and tumour secreted factors [180].

Modelling vasculogenesis is a more challenging process. 3D microfluidic devices
demonstrated great potential in modelling vasculogenesis. In this approach, multiple
dispersed endothelial cells are embedded in an appropriate matrix such as collagen, Matrigel,
or combination and loaded to the central channel. By introducing vasculogenesis factors,
endothelial cells self-assemble into a network composed of functional perfusable capillaries
with different length and diameter (figure 2 B) [173]. This model has been utilized to provide
an accurate 3D environment for both endothelial and cancer cells. Cancer cells can be either
loaded with collagen before the formation of capillaries to model intravasation, or after the

formation of the capillaries to model extravasation.

This vasculogenesis model is powerful in live observation of events in the single cell level.
Chen at al., used a 3D device with three separate gel-regions. They introduced human
umbilical vein endothelial cells (HUVEC) to the central gel region, while two other gel
regions were used for normal human lung fibroblasts (NHLF)-embedded gels. After the
formation of the vascular network, cancer cells were introduced to the system to mimic the
extravasation process. They investigated the role of tumour integrin f1 (ITGB1) in the
extravasation and revealed a critical requirement for ITGB1 in several steps of this process
[181]. Furthermore, this model extensively has been used for the organ-specific extravasation
of cancer cells [182] and found that the underlying mechanism of extravasation could be
related to cell adherence to vessel walls or trapping into the capillaries [159]. Recently a
modified 3D device was used to probe the effect of tumour-associated macrophages (TAMs)
and interstitial flow in the invasion of cancer cells in a vascularized environment [183].
Nagaraju and co-workers also proposed a novel 3D microfluidic platform comprised of
concentric three-layer cell-laden hydrogels to investigate the breast cancer cell invasion and

intravasation in a vascularized environment [184].
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Figure 2. Modelling angiogenesis and vasculogenesis (A) A model of angiogenesis on-
chip, endothelial cells are loaded to the side channel [173], (B) A model of vasculogenesis
on-chip, endothelial cells are embedded into the biological matrix [173], (C) Forming a
confluent monolayer of endothelial cells in the side channel to model intravasation [157], (D)
Organ-specific extravasation of breast cancer cells in vascularized bone-mimicking
microenvironment [182], (E) Formation of an endothelial monolayer to model extravasation
of breast cancer cells [155], (F) Simultaneous modelling of angiogenesis and vasculogenesis
on a modified 3D chip [160].

1.4 Modelling the tumour microenvironment (TME)

The tumour mass consists not only of a heterogeneous population of cancer cells but also a

variety of resident and infiltrating host cells, secreted factors and extracellular matrix
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proteins, collectively known as the tumour microenvironment (TME). TME cues have been
demonstrated to play a pivotal role in the different stages of the tumour progression and
metastatic cascade. TME cues can be characterized into three parts including biochemical
factors, biomechanical factors, and TME cellular components, which are discussed in this
section. Investigating the effect of these cues in a microfluidic model of cancer is challenging
but essential to understanding the underlying mechanisms involved in metastasis. Current
microfluidic platforms have emerged as a powerful tool to model TME parameters in a

controlled manner.
1.4.1 Biochemical cues

TME undergo various alterations, which result in a change in pH, oxygen level, and
chemokine gradients. Hypoxia is a low oxygen condition which occurs in the TME and
affects angiogenesis, cell survival, EMT, and invasion [128]. Several studies used a
microfluidic approach to model TME in terms of pH and oxygen level [147, 151, 185, 186].
Chen and colleagues generated oxygen gradients in a microfluidic device using spatially
confined chemical reactions. They cultured A549 lung carcinoma cells with an anti-cancer
drug (Tirapazamine, TPZ) under various oxygen gradients and demonstrated the hyperoxia-
induced cell death and hypoxia-induced cytotoxicity of TPZ [151]. Moreover, Wang and co-
workers studied tumour cell-drug interactions in a dynamic hypoxia microenvironment.
They used two antitumour drugs (Tirapazamine and Bleomycin) and two tumour cell lines
(human lung adenocarcinoma A549 cells and human cervical carcinoma HeLa cells). Their
results indicated the dose-dependent antitumour effect of the drugs and hypoxia-induced
cytotoxicity of TPZ [147]. In another study, Acosta et al. used a 3D two-layer microfluidic
platform to model the migration of cancer cells under hypoxia condition. They probed that
cancer cell invasion was a function of oxygen concentration. Cancer cells which maintained
under 1% oxygen in the device showed increased migration, suggesting that hypoxia induces

a more aggressive phenotype [186].
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1.4.2 Biomechanical cues

Effect of TME is not limited to the biochemical cues. Mechanical signals play an important
role in inhibiting or promoting cancer invasion through different mechanisms. Mechanical
signals affect both the direction that migration of tumour cells occurs and the degree of
invasiveness. TME biophysical cues include flow signals and ECM biophysical properties,

which are discussed below.

Generally, there are two kinds of flow that can be found in TME including interstitial fluid
flow (IFF) and intramural flow [187]. It has been shown that interstitial fluid pressure (IFP)
increased by tumour progression leads to the formation of IFF [187]. These changes help
cancer cells to migrate easily toward the desirable locations e.g. circulatory system. Effect of
IFF in the invasion and migration of cancer cells has been investigated previously by several
groups [187-189]. Besides IFF, intramural flow is also important and determines the survival
of circulating cancer cells under the applied flow-stress. Moreover, this flow is important in
determining the attachment and transmigration of cancer cells during the extravasation
process. One study showed that fluid shear stress induces cancer stem cell-like phenotype in
breast cancer cells [189]. Polacheck et al. investigated the effects of interstitial flow and
fluidic stress on the cell migration and demonstrated that there is a force balance between
fluid drag and matrix adhesion tension on the cells which control their migratory behaviour
[190]. A microfluidic platform was also developed which allowed for the introduction of both
intramural flow and IFF at the same time. This device showed great potential to model tumour

cell invasion and transmigration in the presence of both flow types [191].

ECM biomechanical properties which modulate cancer migration and invasion have been
studied in terms of ECM porosity, stiffness, and topography. Microfluidic devices have
demonstrated great potential for modelling ECM biophysical properties. Collagen and
Matrigel are often used to present a 3D biological matrix [192]. The studies revealed that
matrix alignments promote directional cell migration. Additionally, by changing the matrix
composition (e.g. collagen or Matrigel) and concentration, the effect of both stiffness and
porosity of ECM in the invasion of cancer cells has been examined using a microfluidic

approach [192]. Carvalho et al. examined both fibrin hydrogel and Matrigel as a biological
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matrix in a 3D microfluidic device. They demonstrated that the mechanical properties of

ECM affect the extravasation of colorectal cancer cells [193].

1.4.3 Cellular components of TME

Heterotypic interaction of cancer cell with other cell types including stromal cells, endothelial
cells, and immune cells play a critical role in the invasion of tumour cells to surrounding
matrix and further to the secondary site. Stromal cells as the main cellular component of TME
significantly affect the migration and invasion behaviour of cancer cells. Many studies have
emphasized the importance of TME in terms of cellular components [128, 139, 194].
Microfluidic models allowed for the integration of multiple cell type with biochemical and
biophysical properties of TME in 2D and 3D environment which led to better mimic of in

vivo condition.

Several studied probed the role of carcinoma-associated fibroblasts (CAFs) in invasion and
migration of cancer cells. A 3D co-culture device has been used to investigate the effect of
CAFs on the invasion of salivary gland adenoid cystic carcinoma (ACC) cells. It was
observed that CAFs promoted ACC cell invasion in a 3D matrix in a spheroid fashion, and
MMP inhibitors successfully decreased this invasion [195]. Hsu and colleagues used a 2D
three-chamber device and tri-cultured fibroblast, macrophages, and lung cancer cells. They
probed that paracrine signalling from tumour stroma affects the cancer cell invasiveness. In
this study, lung cancer cells induced transformation of fibroblasts to myofibroblasts.
Moreover, they showed that the combination of macrophage conditioned medium and
myofibroblast conditioned medium resulted in a significant increase in lung cancer cells’
migration speed [196]. Bischel and co-workers used a three-dimensional lumen structure and
demonstrated that mammary fibroblasts induced the invasion of ductal carcinoma in situ

(DCIS) of breast cancer cells [197].

In another study, a 3D co-culture device was used to investigate the role of pancreatic stellate
cells (PSCs), a major component of the tumour microenvironment in pancreatic cancer, in

the migration and drug resistance of pancreatic tumour spheroids. This study showed that the
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number of tumour spheroids increased in co-culture conditions. Moreover, the co-culture
conditions demonstrated an increase expression of a-SMA and EMT-related markers [198].
A recently published review paper highlighted the vital role of EMT in cancer progression
through inducing treatment resistance, decreasing sensitivity to chemotherapeutic agents,
inducing the stemness features, upregulating the angiogenesis factors and immune

checkpoints across many cancer types [199].

The immune cells are one of the key components of the TME. Investigating cancer cell-
immune cell interaction has been accelerated in recent years due to the great potential of the
immune cells to be involved in both attenuation and promotion of cancer. Several studied
identified different cellular and molecular interactions from the immune side which lead to
the development of metastatic cascade [121]. These findings resulted in significant progress
in understanding the underlying mechanism of immune cell function and cancer
immunotherapy. Zervantonakis et al. used a 3D microfluidic chip to investigate intravasation
of cancer cells in the presence of macrophages. They demonstrated that the permeability of
endothelial layer changed in the presence of macrophages led to intravasation of cancer cells

[200].

More recently, the effect of monocytes on tumour cell extravasation has been investigated in
a 3D microfluidic model [201, 202]. One study demonstrated differentiation of monocytes to
macrophages upon transmigration through the vasculature in an extravasation model. This
study probed that monocytes can directly reduce cancer cell extravasation in a non-contact

dependent manner [201].

A series of studies investigated the role of interferon regulatory factor-8 (IRF-8) on the
migration of immune cells toward tumour cells. In these studies, a 2D microfluidic device
with parallel channels was used to model interaction of spleen cells from immunodeficient
mice with murine melanoma cells [203, 204]. A similar device was used to probe the
interaction of colorectal cancer cells and dendritic cells which are a subtype of immune cells
[205]. In this model, dendritic cells migrated toward cancer cells treated with antitumour
compounds. They found that CXCR4/CXCL12 signalling plays a critical role in cancer cell-

dendritic cell interaction. Currently, a modified 3D microfluidic chip with two gel region and
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two side channels was developed to culture tumour aggregates, macrophages, monocytes,
and endothelial cells in the presence of interstitial flow. They found that mesenchymal-like
breast cancer cells and interstitial flow, activated the monocytes to tumour associated

macrophage phenotype through the stimulation of colony-stimulating factor 1 (CSF-1) [183].

1.5 Modelling migration and invasion

As mentioned before, metastatic cascade is a multistep process which includes several types
of cancer cell migration in different stages. Migration of cancer cells in a metastasis cascade
can be categorized into three types including initial migration, intravasation, and
extravasation. Microfluidics platforms extensively have been utilized to model all kinds of

cancer cell migration which are described as follows.
1.5.1 Initial migration

The initial migration of cancer cells occurs in the primary site of the tumour upon a change
in TME chemical and mechanical features, lead to a change in cancer cell phenotype. EMT
is a complex process, which changes the phenotype of epithelial cells to more motile
mesenchymal type. Upon EMT, cancer cells lose their cell-cell connections and initially
migrate through the surrounding environment (e.g. basement membrane) toward the
circulatory system. Microfluidic approaches have been developed to model this initial
migration using 2D or 3D devices. In 3D devices, cancer cells usually are embedded into the
collagen and loaded to the central channel. By introducing chemical gradients, cell-cell
signalling, and TME biophysical properties into the devices, the initial migration of cancer
cells can be modelled. Truong et al. developed a microfluidic chip allowing side-by-side
positioning of 3D hydrogel-based matrices to model 3D chemotactic tumour-stroma
invasion. Their model demonstrated that cancer cell invasion significantly increased in
response to epidermal growth factor (EGF) signalling as well as co-culturing with CAFs
(figure 3A) [206]. In another study by Peela and colleagues a similar device was utilized for
the anti-cancer effect of suberoylanilide hydroxamic acid (SAHA), a histone deacetylase

(HDAC) inhibitor. They co-cultured breast tumour and stromal fibroblasts in a
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compartmentalized 3D model which allowed drug transport to the tumour region [207]. This
device demonstrated a high potential in modelling intravasation of breast cancer cells by
incorporating three regions of tumour, stromal, and vascular cells [208]. More recently, a
modified 3D device consisting of two gel channels and two side channels was utilized to
model tumour invasion to the surrounding stroma to screen the drug performance. Their
results suggested that co-culture of tumour and healthy cells led to increased secretion of IL-

6 and consequently increased cell invasiveness [209].

1.5.2 Intravasation

The second type of migration during the metastasis process is related to intravasation of
cancer cells. In this step, cancer cells interact with endothelial cells through existing
capillaries or newly formed branches to enter the circulatory system. 3D devices have been
extensively utilized to recreate this step by incorporating cancer cell-embedded
collagen/Matrigel to the central channel, while endothelial cells formed a confluent layer in
the side channels. By introducing chemical gradients and signalling pathways, cancer cells
move and transmigrate from endothelial layer. As mentioned before, Zervantonakis et al.
presented an intravasation model of breast cancer cells in the presence of endothelial cells
and macrophages. They showed that secretion of tumour necrosis factor (TFN) by
macrophages results in an increase of permeability of the endothelial layer and consequently
intravasation rate (figure 2C) [200]. It has been demonstrated that TME mechanical cues
including interstitial flow, fluid stresses, and orientation of biological matrix affect the

intravasation of cancer cells [210-212].

1.5.3 Extravasation

The third major migration event during the metastatic cascade occurs in the extravasation
step where CTCs invade to the secondary site through different proposed mechanisms. While
several groups have reported physical trapping of CTCs in capillaries or adhering to the

vessel walls as a possible mechanism of extravasation, Au and co-workers presented a
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microfluidic devices mimicking human capillary constrictions and demonstrated that CTC
clusters can traverse capillary-sized constrictions through reorganizing into single-file chain-
like geometries [213]. Generally, two common approaches have been utilized to model
extravasation process in 3D microfluidic devices. In the first approach, a monolayer of
endothelial cells is formed in the side channel which is in contact with the biological matrix
in the central channel. Cancer cells are loaded to the endothelial channel and extravasate to
the biological matrix in the presence of suitable signalling [155]. In the second approach, a
vascularized network is formed in the central channel, then cancer cells are loaded to this
network and circulate in the capillaries. Depending on the size of the vessel, cancer cells can
be trapped or adhere to the wall and extravasate through the lumen walls [159]. This model
demonstrates a great potential in providing a physiological condition for both cancer and

endothelial cells and extensively has been used by several groups.

Chen at al. examined the role of tumour integrin 1 in the extravasation of cancer cells in a
modified 3D microfluidic device consisting of three gel channels for endothelial cells and
fibroblasts. They probed that although integrin did not mediate adhesion to endothelium but
mediated the adhesion to the subendothelial matrix [214]. More recently, Bersini et al. used
a similar 3D device to combine microfluidic-transcriptomic approaches and tri-cultured
cancer cells, endothelial cells and osteo-cells to assess the extravasation potential of cancer
cells. They found that the bone-mimicking microenvironment increased the extravasation of
breast, bladder, and ovarian cancer cells (figure 3B) [180]. Organ-specific extravasation of
cancer cells has been further investigated by several other groups [179]. In these studies,
either local signalling chemokine gradients or specific cellular components were utilized to
mimic the specific organ. For example, Riahi and co-workers probed the extravasation of
breast cancer cells in the presence of CXCL12-CXCR4 signalling and an endothelial cell
monolayer in a 3D microfluidic device [179]. The same device was utilized by Zhang and
co-workers to probe extravasation of tumour aggregates under CXCL12-CXCR4 signalling
[215]. Jeon and co-workers also developed a 3D vascularized model and examined the
extravasation of breast cancer cells to the bone- and muscle-mimicking environment. They
showed that A3 adenosine receptor modulates bone-specific extravasation of breast cancer
cells [182]. In another study, a 3D microfluidic model was utilized to model extravasation of
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breast cancer cells to an osteo-cell conditioned microenvironment. In this study, CXCL5-
CXCR?2 signalling was proposed for organ-specific extravasation of breast cancer cells

(figure 3C) [156].

More complex models have been developed in the recent years. One study developed a 3D
microfluidic model of breast cancer to monitor invasion of cancer cells in a model containing
tumour aggregates, macrophages, monocytes and endothelial cells in the presence of
interstitial flow (figure 3D) [183]. This work demonstrated the differentiation of monocytes
to tumour-associated macrophages in the presence of both invasive breast cancer cells and
interstitial flow. Moreover, a good model of brain tumour extravasation was proposed by Xu
and colleagues. They modelled the complex blood-brain barrier by incorporating endothelial
cells, astrocytes, and different types of cancer cells and examined brain metastasis of human
lung, breast and melanoma cells and their therapeutic responses to chemotherapy (figure 3E)

[216].

Another complex model of cancer metastasis was proposed by Xu et al. [217]. They
developed a multi-organ microfluidic chip mimicking the in vivo microenvironment of lung
cancer metastasis. Their model included one ‘“‘upstream” lung cancer model and three
“downstream” brain, bone, and liver sections. Bronchial epithelial, lung cancer,
microvascular endothelial, mononuclear, and fibroblast cells were used together in the
“upstream” to model lung cancer, while astrocytes, osteocytes, and hepatocytes were used to
model brain, bone, and liver, respectively. In this model, EMT of lung cancer cells was
observed, where cancer cells invaded into all three brain, bone, and liver sections and

damaged the cellular components (Figure 3F).

1.5.4 Modeling colonization of extravasated cancer cells

Colonization is the last step in the metastatic process. Cancer cells extravasate through vessel
walls to enter to the secondary site. If they find a suitable environment in terms of chemical
and mechanical characteristics, they will form the secondary tumour. To the best of our

knowledge, few studies have attempted to model this step of metastasis. Current microfluidic
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devices which are extensively are used for cancer modelling lack of providing a suitable
environment for cellular activity in the long term. Migration and invasion of cancer cells
usually occur in 24 to 48 hours, while colonization requires several days. In one model of
extravasation, the formation of micrometastases was followed in the chip for up to five days.

The extravasated cancer cells proliferated and formed colonies in size of 4 to more than 60
cells [156].
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Figure 3. Initial invasion, intravasation, and extravasation of cancer cells on a chip. (A)
Modelling the invasion of breast cancer cells by incorporating two regions of tumour and
stromal cells. The device was used to model the invasion of SUM-159 cells into the stroma
region with or without CAFs [208], (B) A microfluidic approach for tri-culture of cancer

cells, endothelial cells and osteo-cells to assess the extravasation potential of breast cancer
cells to the bone-mimicking microenvironment [130] (C) A 3D microfluidic model of
extravasation of breast cancer cells in a osteo-cell conditioned microenvironment [156] (D)
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Incorporating tumour aggregates, macrophages, monocytes and endothelial cells in a multi-
channel microfluidic device to models invasion of cancer cells in the presence of interstitial
flow [183], (E) A model of brain tumour extravasation with a complex blood-brain barrier
[216], (F) A multi-organ microfluidic chip mimicking the in vivo microenvironment of lung
cancer metastasis [217].

1.6 Microfluidic systems for the detection, characterization and
analysis Circulating tumour cells (CTCs)

Circulating tumour cells were first described by Thomas Ashworth, an Australian physician
that observed cells identical to the tumour itself in the blood of a metastatic cancer patient in
1869 [218]. Since these findings, technological advances have resulted in the capture of these
rare cancer cells in the blood of solid tumour patients. In 2004, Allard et al., described the
capture of CTCs using the CellSearch (Menarini Silicon Biosystems) [219]. This system is
currently the only FDA-approved technology for the capture of epithelial tumour cells and
has shown prognostic and clinical relevance of epithelial cell adhesion molecule (EpCAM)-
positive CTCs in breast, prostate and colorectal cancers. In these tumours, CTC enumeration
was found to be prognostic and correlate with disease outcomes [220, 221] . The reliance and
preselection of epithelial cell adhesion molecule (EpCAM)-positive CTCs was found to be
limiting in capturing the total population of CTCs due to factors such as epithelial-
mesenchymal transition[222, 223]. Other competing technologies which used epitope-
independent capture were successively developed such as microfluidics, filtration, bead and
antibody based CTC capture to name a few. Emerging evidence from these technologies has
shown that epitope independent CTC capture may capture a greater proportion of CTCs from
circulation, including CTCs that have undergone EMT. However, the verdict is still out as to
whether EpCAM-negative CTCs are of clinical significance and more research is warranted

in this space to understand the role of CTC subpopulations.
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1.6.1 CTCs enumeration

CTC counts and thresholds have been established using the FDA approved CellSearch
(Menarini Silicon Biosystems) platform for metastatic breast (mBC), prostate (mPC) and
colorectal cancer (mCRC). In these tumour types, >5 CTCs/7.5ml were associated with
poorer outcomes in mBC and mPC and >3 CTCs/7.5ml for mCRC. Whilst studies using the
CellSearch instrument have been performed In other tumour types such as lung, head and
neck [224] and other solid tumour streams [225, 226], clinical cut-offs have not been
established. Larger studies in these other tumour types is warranted for determination of
whether a threshold can be developed. However, due to a number of factors, including
downregulation/low expression of EpCAM and tumour heterogeneity, EpCAM may not be

the most suitable marker for preselecting CTCs in other tumour types.

1.6.2 Circulating tumour cell (CTC) clusters

CTC clusters were first described by Watambe and colleagues in 1954 and since these
findings a number of groups have described these tumour cells across a number of cancers
[227-230]. Using microfluidic technology Au et al., demonstrated that CTC clusters in fact
retain their cluster forming capacity whilst travelling in a single-line format through narrow
capillaries [213]. Moreover, Aceto and colleagues demonstrated that CTCs have a 23-50
times higher metastatic capacity in the blood compared to single CTCs and a shorter half-life
in the blood. More recently the group has shown that CTC clusters contain neutrophils within
the cluster which may demonstrate immune-evasion strategies by neutrophils ‘escorting’
CTC clusters to distant sites [231]. The presence of CTC clusters is an emerging field and a
number of groups have reported on these, including for the first time in aggressive forms of
brain cancer (glioblastoma) where clusters have shown to cross the blood brain barrier [231].
It is important to determine the role of these CTC clusters, whether they are indeed clusters
which break through the basement membranes and into the lymphovasculature or the clusters
form in the blood. In so doing, strategies can be employed to reduce cluster mediated
metastasis by targeting the interactions that are holding the clusters together. Early evidence

has shown that gamma-catenin (57lakoglobin) is upregulated in CTC clusters. Moreover,
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binding sites for stemness and proliferation markers were hypomethylated in CTC clusters
[228]. Further research into CTC cluster reporting and composition is needed to understand

these multicellular aggregates in more depth and their role in metastasis.

1.6.3 Single Cell CTC characterization

To gain a further understanding of CTCs, molecular analysis has revealed that there is vast
heterogeneity in CTCs at single cell resolution. Studies have revealed 3 types of CTCs when
whole genome amplification (WGA) and next generation sequencing (NGS) was performed
on single CTCs. Type 1 shares genomic copy number changes concordant with the tumour.
Type 2 were copy number changes detected in the CTCs but not in the tumour and type 3,
where no copy number changes were detected [232, 233]. Recent molecular analysis
performed using Hydro-seq CTC capture and massively parallel single-cell RNA-sequencing
in breast cancer has revealed that breast cancer drug targets for hormone/targeted therapies
could be tracked in individual cells that expressed marker of cancer stem cells and EMT

transitioned states [234].

1.6.4 Immunotherapeutic biomarkers

Immunotherapies have been identified as a pillar in cancer therapeutics with an urgent need
for predictive biomarkers of response. To this end, early data has revealed that CTCs
frequently express these markers and may be used to identify patients likely to benefit from
immunotherapy. CTCs expressing PD-L1 have been shown in various solid tumours [235]
including breast [236], non-small cell lung cancer [237] and head and neck cancer CTCs
[238, 239]. Initial studies have shown that PD-L1 may be up-regulated in response to
radiation and that gene expression analysis showed that higher PD-L1 was associated with a

poorer overall survival in NSCLC.[237].
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1.6.5 Shift towards high throughput CTC isolation

Recent reviews of literature [240] have revealed that as the volume of blood is increased for
CTC analysis, the higher the probability and number of CTCs that is captured. This has been
enabled through methodologies such as diagnostic leukapheresis (DLA) where larger blood
volumes are accessible. The DLA product has been estimated to harvest around 205 times
more CTCs compared to a standard 7.5ml blood draw [241]. In vivo methodologies for CTC
capture include the Gilupi device. This device contains a wire which remains in the cubital
vein for up to 30 min [242]. The narrow wire interacts with blood and EpCAM-positive cells
bind to the antibody posts. After removal from the vein, the device is washed with PBS, fixed
with acetone and stored for analysis. These cells can then be interrogated for downstream
analysis outside the patient’s body. This technology, though somewhat invasive, allows for
the interrogation of larger volumes of blood compared to the standard 7.5ml typically
analysed for CTCs. In a 30 min duration, a few litres of blood can pass by the Gilupi device
allowing for a higher interaction blood volume and thereby opportunity to capture CTCs.

Initial studies have been carried out in colorectal cancer, lung and prostate cancer [242-244].

1.7 Microfluidic CTC enrichment technologies

1.7.1 Inertial microfluidics

Over the last decade, microfluidic based technologies have come to the fore of CTC
enrichment and downstream applications with improvements in isolation, improved
sensitivity and high separation efficiencies. Inertial microfluidic devices which utilise the
hydrodynamic forces for particle separation have demonstrated utility across a range of
tumour types. To this end, ‘dean flow fractionation’ has been used to isolate CTCs, with the
latest iteration using spiral channels with trapezoidal cross sections. The chip uses a single
inlet containing the sample and two outlets for waste and the enriched CTC sample (Figure
4). The technology has demonstrated efficient capture of CTCs in metastatic lung [245, 246],
breast [245, 246], melanoma [247] and head and neck cancer [248] with head-to-head
comparative studies with the CellSearch demonstrating that the spiral technology is able to

capture a higher proportion of CTCs[245] . The technology allows for the enrichment of
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viable CTCs with a high purity and yield. By using micro-milling and PDMS casting, the
chip can be developed at low cost and is suitable for automation. A number of studies have
shown that the purity of the final product has yielded lower white blood cell background cells
by repeat enrichments [247]. This chip has been commercialized by Clearbridge Biomedics

(Singapore) [249].

A further iteration of the microfluidic technology has been demonstrated by Zhou and
colleagues recently [250]. Where the microchip was designed to accommodate multiple
flows by initially confining cells near channel sidewalls. The sample is introduced through
the sample inlet and buffer solution through a buffer inlet, in so doing and in such a
configuration that three flow steams are formed in the main channel with clean buffer flow
in the middle to collect larger target cells which are captured using size-dependent inertial
forced of which rotation induced lift force is predominant. In so doing, cells from the blood
are separated into two groups based on cell size. This chip has shown utility in head and neck

cancers too [229] .
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Figure 4. An example of CTC enrichment using inertial microfluidic (Spiral) technology. A
combined sample/sheath fluid is pumped through a syringe pump and the cells are separated
to either wall of the spiral chip allowing for CTCs (larger than normal blood cells) to be
separated into one channel whilst the smaller cells pass into a waste channel. Figure
reproduced from Kulasinghe et al. 2017 [248].
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1.7.2 Nanovelcro

This technology uses a microfluidic chip which contains anti-EpCAM coated posts for the
capture of CTCs. As blood flows through this chip, CTCs expressing EpCAM bind using
immuno-affinity to the nanowires like ‘velcro.’ Four generations of this technology have been
developed with the 1% generation composed of silicon nanowire substrate (SiNS) which is
overlaid with a microfluidic chaotic mixer for CTC enumeration. The second generation were
based on polymer nanostrubstrates which captured CTCs with laser microdissection
methodologies. This was developed for single CTC isolation. By combining
thermoresponsive polymer brushes onto SiNS, a 3™ generation of this chip was developed
which allowed for the capture and release of CTCs at varying the temperatures. The fourth
generation chip was developed with boronic acid grafted conducting polyer nanomaterial on

a chip surface and utilised to purify CTCs for RNA transcript analysis [251] .

1.7.3 Acoustic Separation

Peng and colleagues used tilted-angle standing surface acoustic sound waves flowing through
microchannels to offer a unique approach for separating tumour cells from the blood [252].
The technology allowed for cellular separation based on size, compressibility and other
physical properties. The acoustic separation appeared to offer a gentler methodology to
sorting cancer cells from the blood. Similar technologies for the enrichment of rare cell types
from blood have been developed by Shields et al. [253] where a tri-modular microfluidic
chip was developed. The first module uses an acoustic standing wave to align cells, the
second magnetically labels cells and the third module captures the cells in microwells with
micromagnets to capture individual cells for an on-chip analysis allowing for staining,

imaging and quantification.
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1.7.4 Parstotix

This microfluidic technology enriches for rare cells from whole blood by passing the cells
through a separation cassette under constant pressure to enable separation. The cassettes
allow for continuous cell separation using a ‘step configuration’ which yields to a final critical
gap to capture cells. Cells are captured as a function of size and resistance to compression.
Larger cells are typically captured in the wider steps at the top of the structure. For collection
of the capture cells, the flow is reversed to release the cells from the cassettes steps and is
collected externally. This technology has been tested in prostate [254-256] , breast and small
cell lung cancer. The Parsortix technology is available through Angle PLC.

1.7.5 Vortex

Under high flow rates, laminar microscale vortices develop in rectangular reservoirs,
allowing for larger cancer cell capture while smaller blood cells pass through and are not
trapped under the flow. The captured cells can be released by reducing the flow rate to
dissipate the vortices [257]. The technology has demonstrated CTC capture across a number
of tumour types and more recently used for the detection of PD-L1 (an immunotherapeutic
biomarker) in non-small cell lung cancer [258]. This technology is commercially available
through the Vortex VTX-1 system which is a fully automated benchtop system for capturing
CTCs.

1.8 Microfluidic approach in cancer treatment

Currently, surgery/chemotherapy and radiation are the treatment options of choice in the first
line setting. In recent years, with the development of new generations of small molecule
inhibitors revolutionized treatment regimens for cancer patients where using targeted therapy
agents alone or in combination with chemotherapy and other regimens not only improved
treatment efficacy and overall survival in most of the cancer but also reduced the adverse
side effects.

62



Cancer drug development is a complicated process that involves several costly and time-
consuming steps [259, 260]. The drug development process includes drug discovery and
preliminary in-vitro validation, preclinical testing in animal models, and clinical trials. In the
preclinical phase, efficacy and performance of drugs is tested in both in-vitro and in-vivo
tumour models toward investigation of cytotoxic activity before initiation of clinical trials in
humans. Considering In vivo screening of candidate drugs, several critical issues limited
translational application of mouse models including ethical issues, lack of modeling tumour
physiology, variation in engraftment rate, lack of modeling specific types of cancer with
particular mutations, time and cost inefficiency [3]. In vitro platforms can be used to study a
variety of biological and physiological processes. However, conventional in vitro platforms
are based on a 2D monolayer of cells and/or simple 3D models, failing to mimic cellular and
non-cellular features of the tumour microenvironment including presence of immune cells,
vascular network and tumour stromal cells [261-264]. Microfluidics-based culture platforms
have recently emerged as powerful tools for modeling complexities of diseases including

cancer and its tumour microenvironment [120, 265].

To evaluate the treatment potential and efficacy of a large library of anti-cancer agents, high-
throughput screening (HTS) platforms are using in target discovery. Considering the merits
of microfluidics cell culture platforms requiring low amount of reagents (cost-effective) and
allowing parallel processing (less time-consuming), microfluidic cell culture systems can be

employed as a high-throughput drug screening platform [266].

Identification of effective doses of an anticancer agent is an important issue for drug
development. Recently, developing concentration gradient generators (CGG) included with
culturing cancer cells in both 2D and/or 3D structure by means of microfluidic platform
enable us to identify appropriate and effective dosage of single and combination anticancer
agents. For instance, Ye et al. developed a microfluidic platform composed of a concentration
gradient generator (CGG) connected to cell culture chambers, in which hepatocellular
carcinoma cells (HCC) were cultured [267]. Employing a CGG allow us to measure cytotoxic
effects of wide range of drugs on the cultured cells using different concentrations of
anticancer drugs. In this study, cytotoxic effects of two chemotherapy drugs known as

actinomycin and daunorubicin were assessed in the hepatocellular carcinoma cell line HepG2
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and hepatocytes using the platform, where selectivity of inducing apoptosis in the carcinoma

cells was detected [267].

In line with these studies, Xu et al. combined a CGG in a microfluidic platform to screen
drug sensitivity and resistance in the treatment of lung adenocarcinoma [268]. Co-culture of
human lung fibroblast cells (HLF1) and human non-small cell lung cancer cells (SPCA-1)
were suspended in a basement membrane extract (BME) and added to the cell culture
chambers. The side channels delivered cell culture medium included with or without
anticancer drugs to the co-culture site. The microfluidic device was used to test the toxicity
of several chemotherapy and targeted therapy drugs, including gefitinib (EGFR inhibitor),
paclitaxel, gemcitabine, and cisplatin. They assessed treatment efficacy of cisplatin and
paclitaxel in a combination manner in the CGG microfluidic platform by measuring their

IC50 values.

The obtained results showed that the combination of paclitaxel and cisplatin was more
effective (higher rate of apoptosis) than the treatment of cancer cells in a single agent
chemotherapy fashion. Additionally, a drug resistance behavior was observed in the co-
culture group compared with mono-culture group where majority of cells were sensitive to
the chemotherapy, highlighting the role of tumour stromal cells on induction of drug
resistance in cancer cells [268]. In a preclinical study, the microfluidic platform was used to
test drug sensitivity in a co-culture of eight patient derived lung adenocarcinoma cells and
tumour stromal cells. Drug sensitivity studies resulted to identification of a similar
cytotoxicity pattern between cell lines and patient derived samples screened against similar
drugs. Additionally, this study identified various IC50 values that obtained from different

patient samples, indicating the impact of lung cancer stages on treatment efficacy [260].

Combination treatment regimens and it is impact on improving patient survival have been
studies for a long time [80-82]. However, the assessment of efficacy of numerous
combinations of chemotherapy and targeted therapy drugs in a 2D and/or conventional 3D
cell cultures platform is time-consuming and non-correlative compared to the dynamic and
cellular heterogeneity of the tumour tissues. The possibility of directly culturing patient

derived tumour specimens into microfluidic platform where cellular heterogeneity of the
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original tumour is preserved can serve as a reliable platform for combinatorial drug
screening. In this regards, recently, Eduati et al., developed a plug-based microfluidics
platform for functional screening of numerous drug combinations including chemotherapy
and targeted therapy agents on various tumour biopsy derived from pancreatic cancer patients
[269]. In this study, using an integrated Braille valve enabled changing the plug composition
and testing 56 different condition. Interestingly, they highlighted high efficacy of
combination of oxaliplatin and AKT-inhibitor for patient with non-metastatic tumour, while
combination of AKT-inhibitor and BRAF-inhibitor (ADZ-6244) effectively targeted and

suppressed liver metastasis in pancreatic cancers [269].

1.9 Microfluidic and modeling anticancer drug response

As discussed earlier, many groups have used microfluidic culture devices to analyze how
tumour microenvironmental factors including cellular and physical influence tumour cell
responses to anticancer therapies. Culturing lung adenocarcinoma cancer cells A549 under
various oxygen gradients created within a microfluidic device resulted into various treatment
response rate against Tirapazamine. Interestingly, lung cancer cells cultured in hypoxic
condition showed increased drug-induced cancer cell killing [270]. This study provides an
example of the application of microfluidics systems to modeling chemical gradient of the
tumour microenvironment, and how this platform can be used to gain new insights into

fundamental processes of tumour development and therapeutic targeting [270].

It is well understood that tumour stromal cells particularly cancer associated fibroblasts
(CAFs) play a critical role in the tumour development and drug response in various cancers.
Modeling crosstalk between tumour and stromal cells can enhance our understanding of the
tumour microenvironments and treatment response regulated by tumour stromal cells. In a
simple microfluidic device A549 lung cancer cells cultured in a 3D chambers connected to a
chamber seeded with CAFs. The chambers linked to a linear microfabricated concentration
gradient generator to mimic paracrine effect of CAFs on treatment response of cancer cells.

This study revealed that secretion of HGF by CAFs induce resistance by means of inhibiting
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paclitaxel-induced apoptosis in lung cancer cells [271].

In the context of hematopoietic malignancies including leukemia, drug screening analysis of
large number of primary chronic myeloid leukemia (CML) cells and normal hematopoietic
stem cells (HSCs) in a microfluidic culture platform revealed tumour cell-specific responses
to a dual BCR/ABL and Src family tyrosine kinase inhibitor named Dasatinib in which, HSCs

exhibit a substantially elevated level of apoptosis rate in comparison with CML cells [272].

In the case of the advanced breast cancer, microfluidic culture technology enabled culturing
multicellular tumour spheroids (MCTS) structures with cancer cells, tumour stromal cells,
endothelial cells, and immune cells to model the complexity and dynamics of the tumour
microarchitecture of breast DCIS towards the evaluation of the efficacy and toxicity of
paclitaxel when administered at in vivo-relevant doses [273]. In this model, paclitaxel had
insignificant cytotoxic effects on normal epithelial cells, while the growth of the DCIS
spheroids was suppressed. Another microfluidic model was used to identify drugs with the
potential of reduction in EMT and cancer cell dissemination in a single or combination
manner [274]. In this study, human lung adenocarcinoma or bladder carcinoma cell lines
were embedded in a collagen scaffold in one channel, while HUVECs were seeded in another
channel in order to generate vessel-like structures. The entire culture was then treated with
different drugs, MK-2206 (AKT inhibitor), AZD-0530(Src inhibitor), A83-01(TGFp
kinase/activin receptor-like kinase (ALK 5) inhibitor) and CI-1033(EGFR, HER-2 and ErbB-
4), known to affect EMT signalling pathways. Interestingly, the drugs significantly reduced
expression of EMT related markers in cancer cell monocultures, while these effects were
significantly diminished when the cancer cells were co-cultured with HUVECs indicating
the role of cytokines and chemokines released from endothelial cells on induction of
resistance of cancer cells against anti-cancer drugs [274]. The generation of the perfusable
and 3D microvascular networks within microfluidic device toward a reliable organ-on-a-chip
model opened the new way to evaluate the cytotoxic therapies such chemotherapy and
vascular-targeting agents. This microfluidic device can distinguish between drugs that were
not effective in disrupting the vascular networks and drugs that had multiple targets such as

VEGFR2 and PDGFR, which led to regression of the vasculature [275].
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Another model cultured human colon carcinoma cells spheroids derived from LS174T cell
line and then transferred them to microfluidic devices and exposed them continuously to
flowing medium included with doxorubicin to mimic chemical gradients in blood vessels in
the TME and to measure the diffusion coefficient of the doxorubicin and quantify the

accumulation of a therapeutic bacterium, Salmonella enterica [276].

One of the challenges in the treatment of primary brain tumours is delivering drugs and
antibodies across the blood-brain barrier (BBB). Recently, Kamm and colleagues developed
a two-channel microfluidic device in which HUVECs were grown in an outer channel under
flow conditions while rat brain astrocytes or metastatic HER2+ mouse breast cancer cells
were cultured in the inner channel under static conditions to model both the normal BBB
condition and the blood—tumour barrier [277]. Interestingly, when the monoclonal
therapeutic antibody Trastuzumab, a HER2 targeted drug, was perfused through the outer
channel, there was a considerable uptake of the antibody into the inner compartment under
both BBB and blood—tumour barrier conditions. Importantly, in parallel with these
observations, similar results were obtained in an in-vivo study [277]. Furthermore, both the
in vivo and the in vitro studies highlighted lack of a clear correlation between the size of the
metastases or metastatic cell clusters and antibody uptake across the blood—tumour barrier.
This study emphasizes that there is still a great need to develop reliable and suitable
preclinical models, including human-relevant BBB models, to aid the development of more

effective therapeutic monoclonal antibodies for treatment of the brain tumours.

In recent years, cell-based immunotherapy by using engineered T -cells shed new light in
treatment various types of haematological malignancies such as leukaemia. Currently, using
animal models are the gold standard for evaluating treatment efficacies. However, time
consumption, variation in rate of tumour development in mice and cost inefficiency limited
large applications of this model. Microfluidic technology can be used to develop a preclinical
in vitro model to evaluate the anti-tumour efficacy of T cell receptor (TCR)-redirected
engineered T cells for cancer immunotherapy [278]. For instance, to investigate the migration
potential of the engineered T cells into the side of the tumour cells, the human liver
carcinoma cells HepG2 were cultured either dispersed or aggregates within a collagen matrix

within one channel of a microfluidic device, and engineered T cells were introduced in the
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another channel [278]. This microfluidic model was able to detect that lower oxygen levels
(2%) led to reduced killing of dispersed cancer cells by engineered T cells compared with
higher levels of oxygen (20%). In addition to these, by using this model, they found that, the
addition of the inflammatory cytokines interferon-y (IFNy) or TNF significantly increase the
killing of cancer cell aggregates by the engineered T cells [278].

Growing studies highlighted the role of monocytes in regulation of an immune suppressive
tumour immune microenvironment through modulation of PD-1/PD-L1 signalling in the
TME, which impede function of cytotoxic T-cells in the TME [279]. The microfluidic device
showed the potential to model TME particularly tumour-immune interactions. In this regard,
an intrahepatic microfluidic model of hepatitis B virus (HBV)-related hepatocellular
carcinoma was developed to investigate the immunosuppressive potential of monocytes
towards HBV-specific TCR-engineered T cells and the role of PD-1 and PD-L1 signalling
[202]. In this device, the central channel of a three-channel microfluidic device was filled
with a hydrogel containing embedded HepG2 cancer cell aggregates transduced with a
construct containing the gene of the preS1 portion of the envelope protein from HBV
genotype D, and the two side channels were filled with medium containing engineered T cells
[202]. This microfluidic model was able to identify a suppressing effect of monocytes via
PD-1/PD-L1, whereas this was not the case in the 2D model [202, 278]. Collectively, these
two studies demonstrate the potential of using microfluidic tools to predict TCR-engineered

T cell efficacy in a preclinical setting.

1.10 Microfluidic and personalized cancer treatment

In conventional approaches to cancer therapy, most patients with particular types of cancer
receive similar ‘one-size-fits-all’ treatments. However, it has recently become clear that
therapies only work in certain subsets of patients [3]. Currently, individualized cancer
treatments are progressively improving due to better characterization of the molecular and
pharmacogenomic features of tumours and the patient’s disease. This recent approach, called

precision or personalized cancer medicine, can be described as a ‘one dose, one patient’
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treatment. In the field of personalized cancer medicine, the link between functional genomics
and pathological data to patient outcome is a major challenge. To address this challenge,
different personalized tumour models have been proposed, including cancer cell lines,
patient-derived xenografts (PDXs), 3D culture tumour models, and microfluidic tumour on
chip models. Although, these models represent great potential and application for
personalized cancer therapy, numerous challenges and critical issues limited their wide

application in this field of oncology [3].

The ability to predict a patient’s response to an anti-cancer therapies is a major challenge in
clinical oncology. Despite the years of research and development with countless investments,
clinical trials in oncology still experience high failure rates, resulting in patients suffering
from severe side effects with little benefits. Personalized approaches could lower treatment
toxicity, improve patients’ quality of life, and ultimately reduce mortality. In order to pursue
personalized treatment, advanced technologies and tools are urgently needed. Recently
microfluidic technology shows great potential for complementing and, in some instances,
replacing the use of animal models in the testing of medicines and in developing personalized

treatments for cancer patients in a real-time and routine clinical setting [280].

Compared with the current in-vitro models, ability of direct culturing patient derived tumour
cells in microfluidic devices paved new ways to not only preserve spatiotemporal
composition of the tumour microenvironment, but also screening of the candidate drugs in a
reliable manner [281]. Recently, a few pre-clinical studies employed microfluidic culture
system to predict response of tumour cells to a wide range of anticancer drugs mostly targeted
therapy and immunotherapies [280-282]. In a pre-clinical effort, Jenkins and colleagues
recently represented that ex-vivo culturing of patient-derived organotypic tumour spheroids
(PDOTY) in a microfluidic device can model the dynamic response to immune checkpoint
blockade (ICB) and may facilitate efforts in precision 69mmune-oncology and the
development of effective combination therapies for patient with lung adenocarcinoma [282].
In this pre-clinical study, miniaturization of tumour samples derived human tumours not only
preserved spatiotemporal composition of the tumour microenvironment (TME), but also
importantly retained autologous lymphoid and myeloid cell populations and respond or

resistance to ICB in short-term 3D microfluidic culture. Additionally, profiling of cultured
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PDOTS demonstrated that TBK1/IKKe inhibition enhanced response to PD-1 blockade,
which effectively predicted tumour response in vivo. Systematic profiling of secreted
cytokines in PDOTS captured key features associated with response and resistance to PD-1
blockade [281]. Considering the merits of organoid technology and their application in
personalized cancer medicine [3], culturing these self-organized and multicellular 3D tumour
models in microfluidic device toward development of reliable organ-on-chip opened new
way for accurately prediction of drug response in-vitro. In line with this concept, Shirure et
al. demonstrated, long term culture and treatment of patient derived breast cancer organoids
in a vascularized microfluidic device. Targeting cultured organoids with paclitaxel and
bevacizumab resulted into shrinkage of organoids and disruption of formed microvascular
network [283]. These findings indicate feasibility of employing this platform for both drug

discovery and personalized medicine.

The role of immune cells in reshaping the tumour microenvironment and consequently
therapy response has been proven [68]. Co-culturing autologous immune cells and tumour
organoids derived from individual patients in a 3D vascularized microfluidic device to model
a complex tumour microenvironment not only overcomes the challenge of screening current
immunotherapy drugs and combination regimens, but also can predict the effects of new
generation of cell-based immunotherapy agents including CAR-T cells, engineered natural
killer cells, and dendritic cells on tumour organoids in the preclinical setting [3, 278] (Figure

5), which remained to be explored.
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Figure 5. Schematic of co-culturing patient derived tumour organoids, with immune system
elements derived from the peripheral blood of patients, in a microfluidic device and screening

of current and future anti-cancer therapeutics toward treatment selection [141].

1.11 Challenges and limitations

Taken together, these findings demonstrate that microfluidic technology can be used to screen
novel types of anticancer molecular, cellular, and nanotechnology-based therapies, optimize
treatment parameters, and investigate effects of combination therapies in an in vivo-like
TME. An application where microfluidic device could be particularly helpful in the future is
in the development of a personalized tumour model in which the direct culture of patient-
derived tumour spheroids into microfluidic device and screening them against either library
of the anticancer drugs or agents can aid in the identification of most effective drugs for
individual patients. However, in these models the role of tumor stromal cells in regulation
of TME and its properties is not studied. Moreover, another aspect of TME including tumor

immunity and tumor immune-microenvironment and the role of other components of TME
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in treatment response remained to show. Additionally, from a technical point of view,
complexity and labor-intensive properties of these device significantly limit broad
application of them to model various feature of TME. Thus, developing a low-cost and easy

to use device that allow modeling complex features of TME in a simple and reliable fashion

is required.
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Chapter 3

In-silico Study of Tumour Microenvironment in
Triple-Negative Breast Cancer
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Summary:
In this chapter, I performed a comprehensive in-silico data analysis on two large cohorts of

breast cancer with a focus on TME. In this study, I highlighted the role of tumour stromal
cells in regulation of tumor immunity, induction of epithelial-mesenchymal transition, and
how drug-repurposing aids in the treatment of breast cancer. The part of the presented results
in this chapter has been submitted and is under review in the journal of Cell Report.
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3.1 Introduction

Breast carcinoma is the most prevalent cancer in women and remains a significant cause of
cancer-associated death, despite attempts to provide effective therapies. Immune checkpoint
blockade therapy has demonstrated success in various cancers but remains limited in breast
cancer treatment [284, 285]. There is increasing interest in understanding the role of the
tumour microenvironment (TME) and intra-tumour heterogeneity in the immune activity and
response to immune checkpoint inhibitors [68]. Among cells present in the tumour
microenvironment, cancer-associated fibroblasts (CAFs), play a critical role in the complex
process of tumour-stroma interaction. In aggressive forms of breast cancers such as triple-
negative breast cancer (TNBC), the high abundance of stromal fibroblasts associates with the
aggressiveness of adenocarcinoma, disease recurrence, drug resistance, and lack of immune
response. The mechanisms by which tumour cells escape immune surveillance are now better
understood, but the role of stromal cells on induction of an immunosuppressive environment

to evade immune surveillance is not well defined.

Epithelial-mesenchymal transition (EMT) is one mechanism shown to play a critical role in
the modulation of tumour progression regulated by TME, [199, 286]. Numerous studies
highlighted a link between the initiation of EMT and activity of the tumour stromal cells in
TME which consequently might alter immune properties of TME toward an immune-escape
ecosystem. Although the role of the TME in inducing EMT has been well established [23,
287], however, the reciprocal process, where carcinoma cells residing in the more-
mesenchymal state and regulate the activities of stromal constituents in TME, particularly
immune cells, is still poorly understood [20]. Considering resistance to immunotherapy
regulated by EMT [288], in studies encompassing a broad spectrum of malignancies,
including breast cancer, a positive correlation has been observed between immune-
suppression and EMT-related transcription factors (TF) [20, 289-292]. However, the impact
of EMT activated through the tumour stromal cells on reprogramming of the tumour immune
microenvironment (TIME) toward the development of immune-suppressive TIME is mainly
unknown. Therefore, in this study we combined available single-cell data of TME with The

Cancer Genome Atlas (TCGA) and several other open-access cancers-immune databases to
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analyze tumour immune activity at molecular and cellular levels across the EMT spectrum.

We highlight association between cancer-associated fibroblasts and their cytokines with the
activity of EMT and demonstrated the associations of various EMT scores with TME features
including infiltration of immune cells, and the expression of immune-checkpoints in TME.
We indicated low immune activity known as cold TME [14] characterized by reduced
infiltration of lymphocytes, and increased expression of immune checkpoints was identified
across samples with high EMT scores. In contrast, hot TME samples were represented by
low EMT scores, increased tumour immunogenicity, favored intra-tumoral T-cell infiltration
particularly CD8+ T-cells and enhanced immune-checkpoint blockade efficacy. This study
suggests the potential of using EMT score as a biomarker for cancer immunotherapy response
in breast cancer. It also indicates that targeting pathways leading to EMT-TF expression could
be a powerful approach to enhance immune response and overcome immunotherapeutic
resistance in clinical applications. Finally, using two drug-protein interaction and gene-drug
association database, we scored a list of therapeutic agents that possibly can reverse this
process through the targeting either CAFs directly or cytokines that regulate both EMT and

immune suppression.

3.2 Materials and Methods

3.2.1 Datasets

In this study, The Cancer Genome Atlas (TCGA) (https://portal.gdc.cancer.gov/) breast

cancer clinical data, including gene expression and clinical information, were downloaded
from Xena-browser (https://xenabrowser.net/datapages/). The immune and stromal scores
data of TCGA breast cancer cohort was retrieved from ESTIMATE portal, MD Anderson
Cancer Centre (https://bioinformatics.mdanderson.org/estimate/) [293]. The TCGA data,

ESTIMATE scores and correlation analysis were performed under TCGA-BioLink package
in R software [294]
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3.2.2. The EMT scores and immune feature analysis

The EMT scores were analyzed according to the previous study [295]. The immune features,
tumour-infiltration lymphocyte analysis and correlation analysis were performed using CRI-

iAtlas portal (https://isb-cgc.shinyapps.io/shiny-iatlas/) [296] and Tracking Tumour

Immunophenotype (TIP) portal (http://biocc.hrbmu.edu.cn/TIP/) [297]. The correlation

between the expression of EMT-TF and filtration of individual immune cells were analyzed

using Tumour Immune Estimation Resource (TIMER) application (http://timer.comp-

genomics.org/) [298-300].

3.2.3 Cell, ligand and receptor abundance diagram

The cell, ligand and receptor abundance diagram were generated using Cell-Interaction
Diagram module under iAtlas portal [296]. A detail description of the applied algorithm is

available in 1Atlas portal (https://isb-cgc.shinyapps.io/shiny-iatlas/). Briefly, to yield values

for display, the gene expression values for each protein shown were first binned into tertiles
(low, medium, high). The binning was performed over all TCGA samples. The ‘abundance’
was computed as the fraction of samples within the selected subtype that map to the mid and
high-value bins. The abundance can thus range from 0 to 1. Identical binning was performed
to yield cell abundance within the subtype. Immune cell abundance was estimated with
CIBERSORT. The T Cell estimate corresponds to the CD8+ T Cell estimate from
CIBERSORT; Macrophage level is given by the sum of M0, M1, M2 macrophages according
to CIBERSORT; Dendritic cells are a combination of CIBERSORT resting and activated
Denderitic cells. The Tumour Cells estimate are estimated by TCGA tumour purity. The T cell
receptor (TCR) value was approximated by the T Cell estimate. MHC Class I values (MHC)
were set to the expression of the single HLA gene HLA-A, and MHC Class II (MHC-II)
approximated by the expression of HLA-DPAI. In the network diagram, the TCR and
peptide-mediated binding interactions are not shown. Inducible T Cell Co-stimulator Ligand

(ICOSLG) gene codes for the protein ICOSL.

71


https://isb-cgc.shinyapps.io/shiny-iatlas/
http://biocc.hrbmu.edu.cn/TIP/
http://timer.comp-genomics.org/
http://timer.comp-genomics.org/
https://isb-cgc.shinyapps.io/shiny-iatlas/

3.2.4 Statistical analysis

The Mann—Whitney, Fisher’s exact and Spearman’s correlation coefficient tests were
computed by GraphPad Prism version 8.0. A p-value < 0.0001 was considered as highly

significant.

3.3. Results

3.3.1 Fibroblasts in the TME and its association with EMT and immunity

We first analyzed the TME content of TNBC through the available sing-cell databases (Figure
1). We found 10 different cell clusters according to their genomic signature. Beside the
epithelial cells which include most of the cell population, a large population of the fibroblasts

(cluster 3) and macrophages (cluster 4) was also observed (Figure 3.1A, 3.1B).
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Figure 3.1: Overview of cell populations cluster and its signature identified in TME of
TNBC. (A) identified subpopulations and clusters (B).
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Following this observation, we performed gene-set enrichment analysis and pathway
enrichment analysis. Interestingly we found a positive association between pathways
involved or regulate metastasis among three population of TME including fibroblasts (cluster
3; score:0.5), secretory cells (Cluster-7; score:0.3), and oxygen-accumulating cells (Cluster-
8; score:0.2) (Figure 3.2A). in line with this, the gene-set enrichment analysis showed
association of the signature of hallmark of EMT in among fibroblasts (Figure 3.2B).
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Figure 3.2: Gene-set enrichment analysis and association between EMT, immunity and
CAFs activity. (A). GSEA of TNBC sub-populations highlight positive correlarion of
fibroblasts with metastasis related pathways and hallmark of EMT. (B) immune content
analysis of TNBC breast cancer and EMT demonstrat positive association between EMT
and CAFs activity with immune-suppression feature of TME, including high infiltration of
Treg cells, MDSC, immune checkpoints and M2 macrophages and reduction of cytotoxic
T cell activity.

To better characterizing these associations and performing cross validation, we analyzed
single-cell data of a large cohort of samples with a fully enriched TME included with immune
cells and calculated EMT score (low score = more epithelial, high score = more
mesenchymal) and CAF activity scores for individual samples and performed unsupervised
clustering. We found that increase of CAFs activity positively associates with high score of
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EMT (Figure 3.2C). Moreover, infiltration of cytotoxic cells and other tumor suppressor
immune cells reduced at the high score of both EMT and CAF activity, while matrix
remodeling, expression of pro-tumour cytokines, M2 macrophages infiltration, and MDSC
trafficking significantly raised indicting a positive association between immune-suppression,
CAFs activity and EMT (Figure 3.2C). Interestingly, the analysis of the 35 immuno-
modulation cytokines which are mostly secreted by CAFs demonstrated involvement of
majority of these cytokines in activation of EMT in breast cancer (Figure 3.3A). Moreover,
these cytokines are highly expressed in TNBC sub-types of breast cancer in comparison with
other subtypes, indicating that why patient with a detected TNBC subtypes are mostly
resistant to both immunotherapy and targeted therapy (Figure 3.3B) in which targeting these
cytokines might reverse tumor immunity to ward an immune promoting TME (Figure 3.3C).
All in all, these data clearly illustrated a triple-link between activity of EMT, immune-

suppression and CAFs activity.
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Figure 3.3: Pathway activity and the expression of 35 immuno-modulatory cytokines in
breast cancer. (A) Pathway activity analysis depict involvment of most of the cytokines in
activation of EMT. (B) Comparing the expression of cytokines in three main sub-types of
breast cancer, showing that high expression of cytokines is enriched in TNBC sub-types.
(C) Correlation between CTRP drug sensitivity and mRNA expression.
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3.3.2 EMT score positively associates with stromal score and negatively with

the immune score in different subtypes of breast cancer

It has been shown that EMT is a dynamic transition program. The role of tumour stromal
cells in the induction of EMT program in carcinoma cells and, consequently, regulating an

immune-suppressive TME have been shown previously [20, 301].

To better understand the association between stromal and immune factors during the EMT
program in different subtypes of breast cancer, we first assessed stromal score and immune
score across three main subtypes of breast carcinoma namely, ER/PR+, HER2+ and triple-
negative breast cancer (TNBC) and then analyzed its correlations with EMT scores (Figure
3.4; Supplementary Table 1; Supplementary Table 2). We found a high level of stromal score
among HER2+ samples compared to ER/PR+ and TNBC samples. Interestingly, in contrast
to stromal score, a high level of the immune score was found across TNBC samples compared
to other subtypes, indicating a negative association between the stromal and immune score
in different subtypes of breast cancer. (Figure 3.4A and 3.4B). As numerous studies
highlighted the role of carcinoma-stromal cells in EMT induction, we analyzed the
association between different EMT scores from epithelial (Score: -1) to mesenchymal (Score:
+1), stromal- and immune scores among these three groups of patients. We observed that the
stromal score increased in all subtypes when the EMT score increased (Figure 3.4C, 3.4D,
and 4E) with a strong positive association in TNBC samples (Figure 1E). In contrast, the
immune score negatively associated with increased EMT score in HER2+ and TNBC
samples (Figure 3.4F, 3.4G, and 3.4H). These data in line with previous observations,
highlight the tri-directional link between induction of EMT, stromal factors and immune

suppression in different subtypes of breast cancer.
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Figure 3.4. The correlation between immune and stromal score with EMT scores in
different subtypes of breast cancer. (A and B) Stromal score and immune score
measurement across three subtypes of breast cancer from TCGA cohort. (C-E) Correlation
coefficient analysis between EMT scores and stromal score in three subtypes of breast
cancer, (C) HER2+, (D) ER/PR+, and (E) TNBC from TCGA. (F-H). Correlation
coefficient analysis between EMT scores and immune score among (F) HER2+, (G)
ER/PR+, and (H) TNBC samples. The data represented a positive association between
increased EMT score and increased stromal score, while negatively associated with the
immune scores in different breast cancer subtypes.

3.3.3 EMT scores negatively associate with infiltration of immune cells in the

TME

To better understand the correlation between EMT score and immune-suppression, we
analyzed intratumoral heterogeneity, leukocyte fraction, stromal fraction, and infiltration of
immune cells among three EMT groups namely low-EMT score (L-EMT), intermediate-
EMT score (I-EMT), high-EMT score (H-EMT) (Figure 3.5; Supplementary Table 3). We
found a significant increase in the level of intratumoral heterogeneity among H-EMT score

samples compared to low and intermediate EMT scores samples (Figure 3.5A). Moreover,
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the analysis of leukocyte fraction and stromal fraction illustrated a positive trend with the
increase EMT scores in which a significant level of these fractions was observed in the H-

EMT group with a mesenchymal phenotype (Figure 3.5B and 3.5C).

Following these observations, we next analyzed the association between EMT scores and
tumour infiltrating lymphocytes (TILs) using TIL-map cluster portal. Interestingly, we found
a reduction in the number of TIL clusters by increasing EMT score from an epithelial to a
mesenchymal state (Figure 3.5D). Moreover, the image processing analysis of
histopathological images using TIL-map illustrated a low filtration of TILs in TME samples
identified as H-EMT score compared to the L-EMT samples (Figure 3.5E).
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Figure 3.5. Comparison of TME features across three different EMT groups. (A-C)
Distribution and level of intra-tumoral heterogeneity (A), leukocyte fraction (B), and
stromal fraction (C) among three different EMT groups. (D) The association between EMT
score and tumour infiltration lymphocytes (TIL). The graph illustrates a negative
association between increase EMT score and reduction of TIL clusters. (E) Representative
images of identified TIL clusters in the low-EMT score (left) and high EMT score (right)
analyzed using TIL-Map algorithm. (F-H) The comparison between infiltration level of
CD4+ T-cells (F), CD8+ T-cells (G), and Treg cells (H) across three EMT groups. The
results depict a significant increase in the CD4+ T-cells and Treg cell infiltration in tumour
samples with high EMT score compared to the low EMT groups. (Data are represented as
mean = SEM). ns, not significant; *p < 0.05; **p < 0.01; ***xp < 0.001; ****p <0.0001.
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Furthermore, we assessed infiltration of CD4+ T-cells (Figure 3.5F), CD8+ T-cells (Figure
3.5G), and Treg cells (Figure 3.5H) in TME and their association with EMT scores. We found
an immune-suppressive state among samples with an H-EMT score compared to L-EMT
score, in which a significant increase in infiltration of CD4+ T-cells was observed while the
number of cytotoxic T cells (CD8+ T cells) was reduced in H-EMT score (Figure 3.5F and
3.5G). Moreover, although Treg cell infiltration in H-EMT group did reach a statistically
significant point, however we found a high proportion of infiltrated Treg cells in H-EMT
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Figure 3.6. Association between EMT scores and expression of immune-checkpoints,
immuno-inhibitors and immuno-stimulators. (A-D) The correlation coefficient analysis
between EMT scores and the expression of PD-1 (A), PD-L1 (B), and CTLA4 (C) across
1108 samples from TCGA. The results illustrate a positive association between increase
EMT score and high expression of immune checkpoints. (E and F) The expression of (E)
immuno-inhibitor- and (F) immuno-stimulators-related genes across three EMT groups. A
high expression of immuno-inhibitors genes enriched in H-EMT score samples, while L-
EMT score and I-EMT score represent the expression of immuno-stimulators compared to

H-EMT score samples.
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We next analyzed the expression of immune-checkpoint proteins and their association with
various EMT scores recognized as they represent a hallmark of immune-suppressive TIME.
As expected, expression of the PD-1(Figure 3.6A), PD-L1 (Figure 3.6B), CTLA4 (Figure
3.6C), and FOXP3 (Figure 3.6D) showed a strong positive association with increased EMT
score. In addition to these checkpoint inhibitors, the high expression of other inhibitors
including IL10, PD-L2 (PDCD1LG2), and IDOI1 enriched in samples with high EMT score.
(Figure 3.6E). We also analyzed the expression of a panel of immuno-stimulators (Figure
3.6F), and found that, in contrast to immune-inhibitors, immuno-stimulators genes enriched
in both L-EMT and I-EMT score samples rather than in H-EMT score specimens. Among
these, CD80, CD276, and LTA represent a high expression level in samples with L-EMT
score compared to [-EMT and H-EMT score groups (Figure 3.6F).
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Figure 3.7: Expression of cytokines/chemokines and their receptors in different EMT
groups. (A). The heatmap depicts the expression of a panel of 58 cytokines, chemokines
and their receptors in three EMT groups. (B-G). The statistical comparison between three
EMT groups against most differentially expressed cytokines. The H-EMT score samples
significantly expressed CCL18 (B), CCL23 (C), CCL16 (D), CXCL3 (E), CXCR4 (F),
and CCL5 (G) in comparison with other EMT groups. (Data are represented as mean +
SEM) ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001; ****p <0.0001.
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The secretion of cytokines and chemokines from tumour stromal cells and cancer cells plays
a crucial role in rewiring TME toward developing an immune-suppressive TME. We assessed
the expression of 59 different cytokines/chemokines and their receptors across EMT groups.
As depicted in Figure 3.7, the expression of various cancer- and immune-suppression
promoting cytokines and their ligands enriched in H-EMT group (Figure 3.7A). Among
these, CCL18 (Figure 3.7B), CCL23 (Figure 3.7C), CCL16 (Figure 3.7D), CXCL3 (Figure
3.7E), CXCR4 (Figure 3.7F), and CCLS5 (Figure 3.7G) were significantly expressed in H-
EMT samples in comparison with other EMT groups. Taken together, these data indicate a

negative association of EMT score with immune surveillance in breast carcinoma TIME.

3.3.4 Association between EMT-TFs and infiltration of immune cells in TME

An increasing number of in-vitro and in-vivo studies highlighted the crucial role of classical
EMT markers in both expressions of immune-checkpoints and infiltration of immune cells,
particularly Treg cells in various cancer types, including breast cancer [68, 302] For
expanding our understanding of association between classical EMT markers with the
infiltration of other immune cells, we analyzed the correlation coefficient between classical
EMT markers and the infiltration level of immune cells (Figure 3.8). We found a strong
positive association between the expression of mesenchymal markers including ZEB1, VIM,
and TWISTI and infiltration of Treg cells (Figure 3.8A, 3.8B, and 3.8C; blue panel) and M2
macrophages (Figure 3.8A, 3.8B, and 3.8C; green panel), while the infiltration of NK cells
(Figure 3.8A, 3.8B, and 3.8C; brown panel), DC cells (Figure 3.8A-C; yellow panel) and
CD8+ T cells (Figure 3.8A, 3.8B, and 3.8C; red panel) negatively associated with the
expression of these EMT-TFs. Moreover, although in comparison with mesenchymal-related
genes, the expression of CDHI(E-cadherin) represents a weak negative association with
infiltration of immune cells including CD8+ T cells. However, it seems that expression of
this epithelial-related gene positively correlates with infiltration of DC cells (Figure 3.8E;
yellow panel).
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Figure 3.8: Correlation coefficient analysis between classical EMT related genes with
infiltration of various immune cells. Associations between CD8+ T cells (red), Treg cells
(blue), M2 macrophages (green), DC cells (yellow), and NK cells (brown) with the
classical EMT-related genes, (A) ZEB1, (B) VIM, (C) TWIST1, (D) SNAI1, (E) CDHI1(E-
cadherin), and (F) CDH2 (N-cadherin). The data illustrate a strong positive association
between the expression of mesenchymal-relate genes with a reduced infiltration of various
immune cells.
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3.3.5 Hot TME versus cold TME

To better demonstrate immune activity and its association with EMT status, we used a cell,
ligand and receptor abundance diagram using the CRI-iAtlas portal (Figure 3.9). In this
diagram, we included tumour cells, T-cells, macrophages, and dendritic cells and measured
ligand-receptor binding abundances ranging from weak (Score: 0) to strong (Score: 1) in
three different EMT groups (Methods section). As illustrated in Figureure-6, L-EMT score
tumours represent a weak binding abundance (0.25-0.5) of major immune checkpoints PD-
L1, PD-L2, PD-1, TIM3 and CTLA4 between tumour cells and immune cells resulting in a
hot TME (Score: 0.75-1.0) (Figure 3.9A). Besides, intermediary state of binding abundance
was illustrated for those samples with an I-EMT score state (Figure 3.9B). In contrast, a
strong abundance score in the ligand-receptor binding of immune checkpoints in tumour cells
and immune cells was observed in H-EMT score tumour cells indicating a cold TME (Score:
0.25-0.5) (Figure 3.9C). Taken together, these data indicate a negative association between

EMT and tumour immunity.
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Figure 3.9: Cell, ligand and receptor abundance analysis of tumour cells, T cells,
macrophages, and DC cells. The diagram illustrates a comparison between immune cell
activity of T cells, macrophages and DC cells in three different EMT states. Compared to
the L-EMT score (A), and I-EMT score (B) in which high immune activity is present (Hot
TME), in H-EMT score samples (C) an increase in abundance level of immune
checkpoints, and reduction in the level of MHC class I and II activity represent a cold
TME.

3.4 Discussion

The role of the EMT program in rewiring TME toward tumour progression is well known
[199, 303]. Recently, growing evidence highlighted the crucial role of the EMT program in
promoting an induction a TIME through the expression of immune-suppressive proteins,
including PD-1/PD-L1 and CTLA4 in both tumour and immune cells [68]. However, as EMT
is a dynamic process, the immune activity of TME during the transition of carcinoma cells
in the EMT program remains to be determined. In this study, we computationally investigate
the immune activities of the TME across various EMT scores ranging from epithelial (Score
-1) to mesenchymal (Score +1) in different subtypes of breast cancer. Numerous studies
highlights tumour stromal cells, particularly cancer-associated fibroblasts (CAF) as regulator
of tumour progression and immune-suppression through the induction of EMT in various
cancer types, including breast cancer [22, 304]. To further validate these findings, our results
revealed a positive association between tumour stromal cells and increase EMT score in three
different sub-types of breast cancer particularly in TNBC samples which in turn can reduce
tumour immunity in this sub-type through the upregulation of PD-1/PD-L1, CTLA4, FOXP3
[290, 305]. The activation of the EMT program by stromal constituents of the TME has been
observed [20]. It has been shown that different immune cells that accumulated in the tumour
stroma can crosstalk with carcinoma cells and activate EMT [78]. In recent studies, co-
culturing pancreatic ductal epithelial cells with activated CD8+ T-cells and CD4+ T-cells

resulted in the loss of epithelial marker E-cadherin expression acquisition of mesenchymal
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markers ZEB1 and Vimentin in pancreatic cancer cells [78]. Similarly, an immune-induced

EMT was observed in breast cancer, both in-vivo and in-vivo [79, 80].

Although we first observed a reduction in the level of TIL clusters via an increasing EMT
score, we found a significant increase of CD4+ T-cells in samples with High EMT score in
comparison with low EMT score, although no significant differences between the level of

CD8+ T-cells observed between EMT groups.

The role of macrophages in inducing EMT via secretion of a distinct cohort of cytokines and
chemokines has been extensively studied. Similar to tumour stromal cells, including CAFs,
the TAMs secrete TGFB, which in turn activate and induce EMT in carcinoma cells, including
breast cancer [306, 307]. Moreover, the secretion of TNF by TAMs and its synergistic effects
with TGFf can promote EMT. Recent studies using mouse models highlighted crosstalk
between tumour stromal cells, particularly tumour associated mesenchymal stem cells and
TAM, in EMT regulation [308]. It has been shown that mesenchymal stem cells resident in
TME enhance the formation of TAMs via secretion of GM-CSF. The activated TAMs
released CCL18 which induce EMT and metastasis in breast cancer [309].

These studies highlighted the role of immune and stromal cells within TME to modulate and
activate EMT. Once EMT is activated, carcinoma cells undergoing EMT or quasi-
mesenchymal neoplastic cells able to modulate and rewire TME toward the acquisition of
fully immune-suppressive TME through the induction of PD-1/PD-L1, CTLA4 and the
secretion of TGF-B which in turn induce existence of T-reg cells in TME [310-312].
Similarly, we observed a high level of TGF-B and T-reg population in samples with high
EMT scores compared low EMT score samples. The association between EMT-TFs,
expression of the immune checkpoints, and immune cell infiltration has been studied [290,
313]. For instance, the expression of ZEB1 and SNAIL induce the expression of PD-L1 and

suppress T cell-mediated attacks on carcinoma cells [291, 314].

The consistent association between EMT-related genes expression and T-cell infiltration has
led to speculation regarding how EMT might impact the development of anti-tumour
immunity and response to immune checkpoint blockade [289]. Our obtained results strongly

highlighted link between the expression of EMT-related genes with immunotherapy
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resistance regulated through the expression of various immune-checkpoints including PD-L1

[301].

The density and variety of tumour-infiltrating immune cells are closely related to prognosis
and prediction of treatment efficacy, particularly immunotherapy [315]. Thus, understanding
the differential composition of immune cells between the primary and metastatic TME may
be an essential factor in predicting response to distinct immunotherapy strategies [316, 317].
Moreover, different patients with the same cancer type may represent differences in immune
cell composition within the TIME, highlighting that mapping the composition of TIME in
terms of infiltration of immune cells and their functional state plays a crucial role in both
diagnosis and designing treatment approaches [318]. The TME could be characterized into
cold (not T-cell inflamed) or hot (T-cell inflamed), which primarily relates to the levels of
pro-inflammatory cytokine production and T cell infiltration [319]. A hot TME is
characterized by T-cell infiltration and molecular signatures of immune activation and low
expression of immune checkpoints, whereas a cold TME shows striking features of T-cell
absence or exclusion. In general, the hot tumours present high mutational load (tumour
mutation burden) and higher response rates to immunotherapy targeting PD-1/PD-L1 therapy
[320]. Therefore, various studies have focused on converting noninflamed cold tumours into
hot ones to achieve better response to immunotherapy [321]. The role of tumour stromal cells
and non-immune cells in turning hot into cold TME have been highlighted in which they
regulate infiltration of immune cells and expression of immune checkpoint through the

various mechanisms, including EMT.

Through the cell, ligand and receptor abundance analysis, we showed that EMT scores
positively associate with the switch of TME from hot-to-cold in which the immune activity
of T cells reduce via expression of PD-L1 and PD-1 on cancer and T cells respectively.
Additionally, attenuation in the cell surface display of major histocompatibility complex
(MHC) class I and HLA molecules on cancer cells and macrophages on tumours with high
EMT score indicate short presentation of antigen to T-cells and increase the presence of T-
reg cells, a signature of cold TME. Hence, by decreasing the expression of MHC class 1,

tumour cells can evade T cell cytolytic functions [322, 323].
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Taken together, our observations highlight low immune activity known as cold TME in
tumour cells with high EMT score suggesting that patients with low EMT score of tumour
tissue (considered as hot TME) may be eligible for immunotherapy. Additionally, these
results emphasize the potential application of EMT scores as biomarker for predicting
immunotherapy response in breast cancer particularly TNBC patients after recent approval

of immunotherapy for this proportion of patients [324, 325].
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Chapter 4

The role of CAF in Tumour Microenvironment and
Tumour Immunity
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Summary:

In the Chapter 3, I highlighted the role of cancer-associated fibroblasts (CAFs) in TME and
regulation of both EMT and tumor immunity in triple-negative breast cancer. We
hypothesized that targeting this population of cells in TME might reduce immune-
suppression and invasion in cancer cells through the depletion of major cytokines. In this
chapter, using 3D microfluidic device, I modeled CAFs-cancer interaction and demonstrated
for the first time the effects anti-fibrotic drug called Pirfenidone on reduction of immune-
suppressive capacity of CAFs and cancer cells by targeting cytokines. This chapter has been
published as research article*.

* Aboulkheyr Es, Hamidreza, Sareh Zhand, Jean Paul Thiery, and Majid Ebrahimi Warkiani.
"Pirfenidone reduces immune-suppressive capacity of cancer-associated fibroblasts through
targeting CCL17 and TNF-beta." Integrative Biology 12, no. 7 (2020): 188-197.
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4.1 Introduction

Breast cancer (BC) is the most prevalent cancer in women and remains a significant cause of
cancer-associated death, despite attempts to provide effective therapies. Patients diagnosed
with TNBC do not benefit from endocrine or targeted therapies, and conventional
chemotherapy 1is still considered the clinical state of the art for this subtype. Immune
checkpoint blockade (ICB) therapy has demonstrated success in various cancers but remains
limited in TNBC treatment [1]. Among significant mechanisms responsible for tumour cells
chemo/immunoresistance, there is increasing interest in understanding the role of the tumour
microenvironment (TME) and its components in response to immune checkpoint inhibition
[2—4]. Cancer-associated fibroblasts (CAFs) in the TME play a critical role in the complex
process of tumour-stroma interaction. In aggressive breast cancers such as TNBC, the high
abundance of CAFs associated with the aggressiveness of adenocarcinoma [5,6], disease
recurrence [6—8], drug resistance [9,10], and lack of immune response [5,11]. Although
tumour-promoting activities of CAFs is well explored [12], the immunomodulatory role of
CAFs, as well as their potential application for therapeutic intervention, especially in the field
of cancer immunotherapy, remain to be explored [13]. Thus, given their crucial role of CAFs
in tumourigenesis and immunosuppression, in combination with the conventional treatments
directed against carcinoma cells themselves, targeting CAFs might be a promising
therapeutic approach. The recent approval of pirfenidone (PFD) for the treatment of
idiopathic pulmonary fibrosis of lung relies on targeting activated fibroblast and their

secretory functions[14].
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Some recent studies were prompted to attempt co-targeting of CAFs and breast carcinoma
cells with PFD and standard chemotherapy, respectively[15—17]. Although PFD was
identified to mainly targets CAFs and their released cytokines however it remains elusive
how PFD abrogate CAF induced immune suppression. Herein, we hypothesized whether
targeting CAFs with PFD would enhance tumour immunity for immunotherapy by inhibiting

various factors such as PD-L1 and related cytokines.

4.2 Materials and Methods

Figure 4.1 illustrates the workflow of this study, initiating from in-silico data analysis of
cancer genome alteration and gene-drug association of pirfenidone, followed by
microfluidic-based co-culture of CAF cells and breast carcinoma cells in the device and
assessing the influence of pirfenidone on expression and secretion of PD-L1 and associated

cytokines.
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Figure 4.1. The workflow of study. (A). In-silico data analysis of PFD through the drug-
protein interaction, protein-protein interaction of PFD and its target proteins followed by
genomic alteration analysis of these proteins across 1085 breast carcinoma samples deposited
in The Cancer Genome Atlas (BRCA-TCGA). (B). The schematic design of used
microfluidic cell culture device in this study for both co-culturing CAFs and breast carcinoma
cells and culturing multicellular aggregates (MCA) with CAF-CM included with or without
PFD. (C). The downstream analysis performed on cells cultured in microfluidic device
including immunofluorescent microscopy, distant migration analysis and cytokine profiling
on derived conditioned medium from CAF cells.

4.2.1 In-silico data analysis

The TCGA-breast cancer genomic information and clinical data were downloaded from
cBioportal data portal (https://www.cbioportal.org/) and analyzed under Bioconductor tools
in R-Software (version 3.8). A detail description of used packages and related scripts to gene
expression and mutation analysis are available at:
https://bioconductor.org/packages/release/bioc/vignettes/maftools/inst/doc/maftools.html.

The protein-protein-interaction and drug-protein interaction analysis were performed by

using STRING PPI and SNITCH package under Cytoscape software (version 3.7.0).
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4.2.2 Generation of CAF cells from normal fibroblasts

The normal fibroblasts purchased from Lonza (Cat no: CC-2512) and maintained with FGM-
2 Fibroblast Growth Medium-2 BulletKit (Cat no: CC-3132) according to manufacture
protocol. To produce MDA-MB-231 conditioned medium, we cultured MDA-MB-231 (Cat
no: HTB-26. ATCC) cells at 100% confluence with serum-free Dulbecco’s Modified Eagle's
Media (DMEM) supplemented with 100 U/ml penicillin, and 100 pg/ml streptomycin
(Sigma-Aldrich, St. Louis, MO, USA) for 48 hours. Normal fibroblasts were cultured at 80

percent confluence with condition medium derived from MDA-MB-231 for 48 hours.

4.2.3 Production of conditioned medium from CAF cells

We produced conditioned media of CAF (CAF-CM) using serum-free Dulbecco’s Modified
Eagle's Media (DMEM) to exclude the effects of growth factors present in serum for the
following experiments. The confluent (80%) CAF cells were maintained in serum-free
DMEM for 48 hours. In experiments designed to analyze the effects of pirfenidone (PFD) on
CAFs, 100% confluent CAFs were cultured in serum-free DMEM containing 100 uM PFD
for 48 hours (CAF-CM+PFD) [18]. The conditioned media were centrifuged for 10 minutes
at 1,000 rpm after collection and stored at 80°C until use. The resulting conditioned media
were used to stimulate breast cancer cells. Proteins secreted into the supernatant were also

examined through a cytokine profiling array against 42 targets.

4.2.4 Microfluidic Device Design and cell culture

The microfluidic tissue culture devices used in this study are purchased from AIM Biotech

(Singapore). The devices consist of 2 media channels running parallel to and located on either
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side of an extended central region containing the extracellular gel matrix like collagen type I
named gel channel. Then, 200 pl collagen gel solution (2.5 mg/ml) at pH 7.4 was prepared
on ice with 20 pl 10x PBS was mixed with 4 ul NaOH (0.5 N), 129.2 ul collagen type I
(Corning), 10 ul freshly trypsinized and dissociated MCF7 targets at 50 x 10%cells/ml (for
2D studies) or 10 pl cell suspension medium with 50—100 tumour spheroids (for 3D studies),
and 22.9 ul dionized water. The collagen gel solution containing the MCF7 aggregates cells
was then injected into the dedicated gel region of the device and kept in the cell culture
incubator at 37°C and 5% CO; for 40 minutes to allow gel polymerization via thermal cross-
linking. Devices with gel only (no embedded cells, control) were prepared as described above
except adding cell suspension. Immediately after gel polymerization, DMEM or CAF-CM
media were subsequently introduced to respective media channels. In case of migration assay,
the central channel was filled with collagen gel solution, while the side channels were loaded
with 2000 cell /120ul cultured medium.

4.2.5 Culturing single cells and multi-cellular aggregate (MCA) in microfluidic
device

In order to obtain cell aggregates with the appropriate size for 3D studies, MCF7 cells were
trypsinized and resuspended as individual cells at 100,000 cells/ml in DMEM, and cultured
for 3 consecutive days onto a 100 mm ultra-low attachment dish (Corning Inc, NY, USA).
Aggregates were collected and filtered in two consecutive filtration steps: (a) 40-pum
filtration, in order to exclude cell aggregates smaller than 40 um, and (b) 100-um filtration,
in order to exclude aggregates larger than 100 pm in diameter, and centrifuged by 250 g for
5 min to separate them from the supernatant. For 2D studies, cells were harvested with

Trypsin/EDTA and centrifuged at 200 % g for 5 min. Cells were resuspended in growth
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medium and mixed with collagen I solution for a final concentration of 6 x 10° cells per mL
total collagen solution. The single cells and aggregates were then mixed with the collagen

solution in order to inject to gel channel of AIM Biotech devices.

4.2.6 Immunofluorescent staining

Cell culture media was removed from the devices and samples in the microfluidic devices
were first rinsed in cold PBS in this way that add 70 pl of media into one port and then add
50 pl into the opposite connected port of a media channel and then fixed in 4%
paraformaldehyde (PFA) (Sigma-Aldrich, St. Louis, MO, USA) for 15 min at room
temperature. Then 0.1% Triton-X 100 (Sigma-Aldrich, St. Louis, MO, USA) was added and
incubated for 10 min before blocking by BSA 1% (cat no: A5611. Sigma-Aldrich, St. Louis,
MO, USA) for 2 h, followed by staining of cells for a-SMA (1:100, cat no: ab197240.
Abcam) Vimentin (1:200, cat no: 677804. Biolegend) and PD-L1(1:200, cat no: ab214958.
Abcam). The mean fluorescent intensity of obtained images was analyzed using Cell-Sense
software (Olympus, Japan). The normal fibroblasts and cancer cells cultured in DMEM
were considered as control. To cell morphogenesis analysis, the cell area, circularity and

aspect ratio were analyzed using MorphoLibJ in ImagelJ software.

4.2.7 Cytokine array

The cytokine profiling of CAF-conditioned media included with and without PFD analyzed

against a panel of 42 different inflammatory and cancer-promoting cytokines using the
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Human Cytokine Antibody Array (Abcam, ab133997) according to the manufacturer’s

instructions.

4.2.8 Statistical analysis

All experiments were performed in three independent technical replicates (n=3). The
results of quantitative experiments were expressed as mean + SD. Statistical analysis was
performed with Student t-test. *p-Value <0.05 was considered as a statistically significant
and ****p-value < 0.005 was considered as an extremely significant. Microscopic images
are representative images from three independent experiments. The mean fluorescent

intensity was measured and analyzed using ImageJ software.

4.3 Results
4.3.1 Association between CAF derived cytokines with PD-L1

According to the drug-bank information, PFD is an orally active small molecule that may
inhibit collagen synthesis, down-regulate production of multiple cytokines and block
fibroblast proliferation and stimulation in response to cytokines. In an in-silico analysis, first,
we analyzed the drug-protein interaction of PFD (Figure 4.2A). As depicted in Figure 4.2A,
PFD potentially targets IL-10 (Score: 0.836), TGFBI1 (Score: 0.859), TIPM1 (Score: 0.824),
and FNI1 (Score: 0.822) (Figure 4.2A). Interestingly, the tissue-specific protein-protein
interaction analysis between proteins targets of PFD and immune suppression protein PD-L1
(CD274) showed a positive correlation between 1L10, and IL6 with CD274 (PD-L1), ILS8
(CXCLS), and TNF-B (LTA) in breast cancer (Figure 4.2B). Following these observations,

we analyzed alteration frequencies of these proteins across 1085 breast carcinoma samples
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deposited in TCGA (Figure 4.2C). As shown in Figure 2C, high expression of TNF-f3, TGF-
B1, IL8, IL6 and IL10 was identified across patients diagnosed with breast invasive ductal
carcinoma (IDC) compared to other subtypes such as breast invasive lobular carcinoma and
mixed ductal-lobular carcinoma (Figure 4.2C). In line with the PPI interaction results, the
Pearson correlation analysis shows a positive correlation between IL6, IL8, IL10, and TNF-
B with PD-L1 among samples with IDC sub-types (Supplementary figure-1). It is well
established that tumour stromal cells, particularly CAFs, can reprogram cancer cells in TME
through the secretion of various cytokines and induce an immune-suppression TME (TIME)
[19]. In line with these findings, we analyzed the expression of PD-L1 among samples with
low- (LSI) and high-stromal index (HSI) according to their ESTIMATE score [20] (Figure
2D). As we expected, a significant expression of the PD-L1 (Figure 4.2D) was observed
among HSI tumour samples compared to LSI group, indicating a positive association
between the proportion of tumour stromal cells and expression of PD-L1. Taken together,
these data suggest that targeting CAFs and its released cytokines may reduce the immune-

suppression capacity of TME through the reduction of PD-L1 expression.
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Figure 4.2. In-silico analysis of PFD target proteins and their alterations across breast
carcinoma samples in TCGA. (A). Drug-protein interaction analysis results showing
main targets of PFD. (B). The protein-protein interaction results retrieved from STRING
database. The result shows a positive correlation between PFD protein targets with various
interleukins including IL6 and IL8 (CXCLS), TNF-B (LTA), and PD-L1 (CD274). (C). The
oncoprint results of genomic alteration status of PFD targets proteins and their positive
associated proteins across 1085 breast carcinoma samples in TCGA. The data depicts a
high expression level of TNF-f, IL8, and IL10 in patient with invasive ductal carcinoma
subtypes in comparison with other subtypes. (D). Comparison between expression level of
PD-L1 among samples with high and low stromal index (P < 0.005).

4.3.2 CAFs induce a phenotype switch in cancer cells

To generate CAF cells, we cultured normal human lung fibroblasts with condition medium
derived from MDA-MB-231 for 72 hours (Figure 4.3A), followed by characterization of
induced cells in terms of expression of the CAF marker alpha-smooth muscle actin (a-SMA)
and also the expression of PD-L1. As an expression of a-SMA is one of the hallmarks of CAF

cells, we observed significant expression of a-SMA in cultured fibroblasts with MDA-MB-
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231 condition medium compared to the cells cultured with DMEM (Figure 4.3B, 4.3C).
Various studies have shown the expression of PD-L1 on CAF cells [5]. In line with these
results, we assessed the expression of PD-L1 on generated CAFs at the protein level. As
depicted in Figure 4.3D, our generated CAFs significantly expressed PD-L1 compared to the

normal fibroblasts.
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Figure 4.3. Transformation of normal fibroblast to CAFs and its characterization.
(A). Schematic of method used to generate CAF from normal fibroblasts (NF). (B, C).
Confocal immunofluorescence image of a-SMA expression (green) in generated CAFs
compared to the NF. The nucleus is stained with DAPI (blue) (scale bar: 20pum. P < 0.005).
(D). Expression of PD-L1 in CAFs (scale bar: 50pum).
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Numerous in-vitro and in-vivo studies highlighted migration and recruitment of CAF cells to
the TME [21]. To model this characteristic feature of CAFs, we performed a co-cultured
assay in a three channels 3D microfluidic cell culture device (Figure 4.4A), where the central
channel was filled with collagen type-I, while CAF cells and cancer cells were cultured in
one of two side channels (Figure 4.4A). Compared to the normal fibroblasts, the CAFs not
only invaded the central channel containing collagen type-1 and migrated toward the cancer
cell containing channel (Figure 4.4B), but also significantly expressed both a-SMA (Figure
4.4C) and PD-L1 (Figure 4.4D), indicating a trans-differentiation of normal fibroblasts into

CAF.
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Figure 4.4. Migration of CAFs. (A). the schematic design of experiments in a
microfluidic device by culturing CAFs in one of side channels while the MDA-MB-231
cells are cultured in opposite channel. The central channel is filled by collagen type-I as a

standard ECM. (B). immunofluorescence image of migrating CAFs toward opposite
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channel where invasive breast cancer cells are seeded. The CAFs highly expressed both a-
SMA (green) and PD-L1 (red) in comparison with NF. (Scale bar: 100um). (C, D).
Quantitative analysis of mean fluorescent intensity (MFI) of a-SMA and PD-L1 expression
in CAFs and NF. (n=3) (P < 0.005).

The phenotypic transformation from an epithelial- to mesenchymal-like, is a significant step
in invasion and metastasis of carcinoma cells, which can be induced through the tumour
stromal cells, particularly CAF cells. To assess the effects of cytokines derived from CAFs
on the phenotypic switch of carcinoma cells, we cultured MCF7 cells known as an epithelial-
like breast carcinoma with CAF-CM for 72 hours, followed by a shape descriptor analysis.
As depicted in Figure 5, in line with a microscopic observation (Figure 4.5A), increase in
aspect ratio and reduction of circularity level indicated phenotypic switch of carcinoma cells
from epithelial to a mesenchymal-like phenotype acquiring invasive phenotype induced by
CAF-CM (Figure 4.5B, C. P < 0.001). These results are in line with previous observations
showing that CAF cells directly or indirectly able to reprogram cancer cells toward induction

of an aggressive TME.

A CTRL Figure 4.5. Phenotypic
transformation of MCF7 cells
cultured with CAF-CM. (A).
Microscopic image of MCF7 cells
cultured with CAF-CM (right) and
conventional culture medium (left),

showing a phenotype switch in group of
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in transformed cells. (n=3).
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4.3.3 CAFs induce expression of PD-L1 on PD-L1 low cancer cells

To determine whether CAFs cells able to induce expression of PD-L1 on breast cancer cells,
we generated tumour aggregate from MCF7 cells; a PD-L1 negative breast cancer cell [22]
and cultured with CAF condition medium (CAF-CM) in a microfluidic device for 72 hours
(Figure 4.6A). The generated aggregates mixed with collagen type I as standard ECM and
were loaded in the central channel of the device followed by filling the side channels with
standard cell culture medium (control) or CAF-CM (Figure 4.6A). Interestingly, CAF-CM
significantly increased expression of both PD-L1 and VIM at the protein level in MCF7
aggregates (Figure 6B-D). Notably, we observed low expression of PD-L1 and VIM in the
control group. We previously reported [22] effects of ECM and tumour cell aggregation on
the expression of PD-L1 and VIM; here, we show that CAF-CM also induced the expression
of these genes. These data suggest that cytokines released from CAF cells play an immune

suppression role through the induction of PD-L1 expression.

4.3.4 Pirfenidone reduces invasion and migration capacity of CAF and cancer
cells

To assess the inhibitory effects of PFD on invasion and migration capacity of both breast
cancer cells and CAFs, first, we cultured CAF cells at the highest confluence in a serum-free
medium with PFD (100uM) for 48 hours (CAF-CM/+PFD), followed by culturing MCF7
cells with this generated condition medium. MCF7 cells cultured with CAF-CM+PFD
showed a significant increase in circularity level and a slight reduction in aspect ratio and

cell area (Figure 4.7A-D) as compared to untreated conditioned medium (Figure 4.7A
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middle), indicating that treating CAFs with PFD may inhibit invasive properties of cancer
cells induced by CAFs. To show migratory inhibition effects of PFD, we performed co-
culture assay of CAFs and invasive breast cancer cell line MDA-MB-231 in the presence
(+PFD) or absence (-PFD) of PFD (100uM) in a 3D cell culture microfluidic device for 72
hours (Figure 4.7E). Figure 7E shows a snapshot image of migration of cells through the
collagen type-1 toward the opposite channel in three different time-points. We found that
PFD reduced migration of the cells in a time-dependent manner, where after 48 hours, a
significant reduction in migration distance of both cells was observed. The maximum

inhibition recorded after 72 hours of treating cells with PFD. (Figure 4.7E, 4.7F).

. . .
DAPI
CAF-CM

Figure 4.6. Culturing MCF7-derived MCA with CAF-CM. (A). Immunofluorescent
image of MCA cultured with either CAF-CM or conventional culture medium (DMEM)
and expression of VIM (red), PD-L1 (green), and nucleus (blue) in these group of cells.
(Scale bar: 100um) (B, C). Quantitative analysis of mean fluorescent intensity (MFI) of
PD-L1 (B) and VIM (C) in MCAs. CAF-CM significantly induced expression of PD-L1.
(n=3) (P <0.005).
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Figure 4.7. Effects of PFD on phenotype transformation and migration of cells. (A).
representative image of cells cultured with CAF-CM included with and without PFD for
72 hours. (B-D). Quantitative analysis of morphometric parameters; cell area (B),
circularity level (C), and aspect ratio (D) of cells cultured in conventional DMEM and
CAF-CM including with or without PFD. (E). A snapshot of co-culture microfluidic device
contained CAF cells and breast carcinoma cells cultured with serum free medium included
with or without PFD. The central channel is filled with collagen type-I as ECM. (scale bar:
200pm). (F). Quantitative analysis of migration distance (um) of both CAF cells and breast
carcinoma cells cultured in microfluidic device.

4.3.5 Pirfenidone reduces expression of PD-L1 on CAF cells by targeting
various cytokines

We next assessed the expression level of PD-L1 protein on CAF cells treated with PFD.
Interestingly, we observed that in comparison with non-treatment samples, PFD treatment
not only reduced the level of s-SMA in CAFs but also significantly decreased level of PD-

L1 at protein level (Figure 4.8A, 4.8B).
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To better understand the PFD effects, we assess the expression and secretion of various
cytokines in both treated- and non-PFD treated groups (Figure 4.9). We found that PFD
significantly dropped the secretion of TNF-beta and CCL17 in CAF cells in comparison with
the non-treated group (CAF-CM-PFD) (Figure 4.9A, B, E). Besides, levels of other
cytokines, including OSM, CSF, IL6, IL8, and CXCI1 were reduced following treatment with
PFD. Additionally, the PPI network analysis showed a positive association between PFD
targeted cytokines and PD-L1, particularly IL6, CCL17, and CXCLI1 (Fig 4.91). Taken
together, these data suggest that PFD can reduce both invasion and immune suppression

capacity of cancer cells in TME by targeting various cytokines in CAF cells.
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Figure 4.8. Effects of PFD on expression of PD-L1 in CAFs. (A). Immunofluorescent
image of CAFs cultured and treated with or without PFD in microfluidic device and stained
with a-SMA (green), PD-L1 (red), and nucleus (blue) (scale bar: 200um). (B).
quantification of mean fluorescent intensity (MFI) of PD-L1 expression in both un-treated
and treated CAFs with PFD. (n=3) (P < 0.005).
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Figure 4.9. Cytokine profiling of CAF-CM. (A). The picture of cytokine array results
performed for CAF-CM before and after treatment with PFD. The top left and bottom right
dots are negative and positive control of array respectively. (B-H). The mean pixel density
analysis results of differentially released cytokines TNF-$ (B) (P < 0.005), OSM (C), CSF
(D), CCL17 (E), IL6 (F), IL8 (G), and CXCL1 (H) from CAF treated with (CAF-
CM/+PFD) and without (CAF-CM/-PFD) PFD (n=3). (I). Protein-protein interaction
network and correlation analysis between differentially released cytokines and PD-L1.

4.4 Discussion

Within the tumour stromal milieu, CAFs are the most prominent cell type and are known to

be critical contributors to tumour progression, metastasis and drug resistance against a broad

spectrum of therapies including immunotherapy [2]. CAF directed therapy designed to either

eliminate them or potentially reprogram them back to their normal resting phenotype is

showing some promise. For example, a recent study on pancreatic adenocarcinoma has

demonstrated that targeting vitamin-D receptor (VDR) by calcipotriol in stromal cells can
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reprogram pancreatic cell-derived CAFs, resulting in higher intra-tumoural penetration of

gemcitabine, tumour shrinkage and improved patient survival[23].

Although numerous studies highlighted various therapeutic agents to target CAFs in different
cancers| 15,16,24,25]; its effects on the reduction of immune suppression potential of CAFs
in breast carcinoma remained to show [26]. Herein, for the first time, we show that targeting
CAFs with PFD can retard immunosuppressive capacity of CAFs and consequently its PD-
L1 expression stimulation on breast carcinoma cells through production blockage of various
cytokines including CCL17, CXCL1, TNF-B, IL6, and IL8 in CAFs. Additionally, through
the using microfluidic co-culture platform [27-29], we demonstrated that treatment of CAF
cells with PFD not only reduce expression of a-SMA in CAF cells but also decrease migration

potential of CAFs and breast carcinoma cells in a time-dependent manner.

A large number of studies highlighted the critical role of these factors in the interaction of
the tumour-stromal cell toward the induction of an immune-suppressive TME [5]. Studies on
genome and proteome analysis of CAFs showed that CAFs exhibit particular
immunomodulatory secretome including but not limited to these factors to reshape TME
toward tumour progression and potentially regulate the innate immune suppression in several
ways [30-34]. The CCL17 was reported as a key element in the re-education of monocytes
and generation of tumour-associated macrophages that expressed IDO and PD-L1 [35].
Additionally, it has been shown that production and secretion of CCL17 within TME through
the CAFs trigger recruitment of Myeloid-derived suppressor cells (MDSCs) and Treg cells to
TME promoting an immunosuppressive TME in various cancers[36—39]. Furthermore,

Omland and colleagues [40] reported that CXCL12 and CCL17 secreted from resident CAFs
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within Cutaneous basal cell carcinoma TME increase tumour progression and
immunosuppression.

The immune-modulation role of inflammatory cytokines has been evident extensively. A
large amount of in-vitro and in-vivo studies documented that secretion of IL-6 and IL-8 by
CAFs positively regulate expression of PD-1/PD-L1 axis in TME, in which targeting these
interleukins may reverse immune resistance[34,41-43]. In this regard, Tsukamoto and
colleagues [41] found that combinatorial targeting of IL6 and PD-L1 not only improves
infiltration of IFNy-producing CD4+ T cells in tumour tissues but also enhance expression
of T-cells attracting related chemokines in TME. Consistence with these results, we show
that CAF-CM significantly increased immunosuppression capacity of breast carcinoma cells
through the expression of PD-L1, in which cytokine profiling and PPI network analysis
depicted a positive association between secretion of IL6, IL8, CCL17, and CXCL1 with PD-
L1. In addition to these data and line with previous studies [44], we also show that CAFs able
to stimulate phenotype switch in carcinoma cells from a non-invasive to an invasive
phenotype in which increased expression of vimentin in non-invasive carcinoma cells by
CAFs can trigger EMT program and invasiveness. Additionally, we demonstrated that
treatment CAFs cells with PFD decreased migration potential of both CAFs and breast
carcinoma cells modelled in a microfluidic device. Similar observations were reported
previously for migratory inhibition effect of PFD on both cancer cells and CAFs in pancreatic
cancer [ 18] and breast cancer [45]. For instance, Ren and colleagues demonstrated that CAF-
CM significantly induces expression of HOTAIR and consequently promote EMT program
in invasive breast cancer in which targeting CAFs with PFD blocks TGF-B1/HOTAIR axis

and decrease migration potential of MDA-MB-231 cells [45].
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Taken together, at an in-vitro stage, these data suggest that targeting CAFs with PFD may
reduce both metastasis and immune-suppressive capacity of CAFs in TME. Additionally, the
potential application of PFD to deplete secretion of the various cancer-promoting cytokines
and chemokines expressed in different sub-types of BC (Figure 2C) (Figure 9) suggesting the
potential of applying PFD in combination with current treatment regimens particularly
immunotherapy. Further studies focused on complex models of TME, including genetically
engineered mouse model (GEMM) included with immune systems elements are required to
approve the potential application of PFD on improving immunotherapy and chemotherapy

efficacy.
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Chapter 5

The Role of Tumour-Associated Mesenchymal-Stem
Cells in Regulation of Tumour Immunity
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Summary:

Following study CAFs in previous chapter, in this chapter, I studied another angle of tumour
microenvironment; tumour-associated mesenchymal stem cells (TAMSCs). This chapter
demonstrates that mesenchymal-stem cells as a potent immune-modulator regulate immune-
suppression in breast cancer and induce the expression of immune-checkpoints mainly PD-
L1. Moreover, this chapter highlights targeting these cells using Pirfenidone reduce the
expression of immune-suppressive and cancer-promoting cytokines. The results of this
chapter have been published*.

* Aboulkheyr Es, Hamidreza, Bahareh Bigdeli, Sareh Zhand, Amir R. Aref, Jean P. Thiery,
and Majid E. Warkiani. "Mesenchymal stem cells induce PD-L1 expression through the
secretion of CCLS in breast cancer cells." Journal of Cellular Physiology 236, no. 5 (2021):
3918-3928.
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5.1 Introduction

Although in recent years, immunotherapy has become a breakthrough in cancer therapy
and clinical trials with antibodies to PD-1/PD-L1 checkpoint inhibitors have shown
unprecedented responses in numerous solid tumours; however, few tumour types have
shown weak response to this class of immunotherapy including breast cancer, bladder
cancer, pancreatic cancer, and colon cancer [284, 326].

The tumour microenvironment (TME), especially its cellular components, are now known
to interfere with the response to immune checkpoint inhibitors [1, 68]. Mesenchymal stem
cells (MSCs) with multiple differentiation potentials and immune-modulating functions
are one of the essential cell components of the TME [54]. It has been shown that MSCs
colonising tumours and developing into tumour associated MSCs (TA-MSCs) and cancer-
associated fibroblasts (CAFs) [55, 56] have recently emerged as therapeutic targets [57,
58]. Besides, in response to paracrine signals from growing tumours in the TME, TA-MSCs
continuously rewire the TME, facilitating tumour growth, metastasis, and modifying the
response to various anticancer treatments including immunotherapy [67, 327].

The bidirectional interactions between MSCs and cancer cells can result in the production of
various growth factors, chemokines, and cytokines, facilitating cell migration, survival,
proliferation, and organisation of cancer cells [54]. Moreover, MSCs have been extensively
reported to possess immunosuppressive properties via the modulation of immune cells
within both the innate and adaptive systems. Recently, numerous studies highlighted the
immunosuppressive potential of MSCs in TME employing induction of PD-1 and PD-L1
expression on T-cells and tumour cells, respectively [328-332]. In the context of breast

cancer, besides the activation of PD-1 on T cells, the expression of PD-L1 on tumour cells
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facilitates immune resistance to immunotherapy.

The role of CAFs cells in acquired resistance of cancer cells to a wide range of anticancer
therapeutics including immunotherapy has been demonstrated in previous studies in breast
cancers [9]; however, whether MSCs with immunomodulatory properties able to generate
an immunosuppressive TME through induction of PD-L1 expression on breast cancer cells
remained to be shown. This study aimed to investigate whether MSC regulates the PD-L1
expression in breast cancer cells and explore the specific molecular mechanism. Our
results evidenced the expression of PD-L1 on PD-L1 low expressing breast cancer cells

by MSC cells.

5.2 Materials and Methods

5.2.1 Cell culture

Human adipose derived mesenchymal stem cells (AD-MSCs, Regeneus. Australia) were
maintained in a-modified minimum essential medium (a-MEM) (Thermo Fisher Scientific,
USA) supplemented with 10% (v/v) fetal bovine serum (FBS) (Thermo Fisher Scientific,
USA) and 1% pen/strep in a humidified atmosphere of 5% CO; at 37°C. Human breast
adenocarcinoma MCF7 cells were cultured in Dulbecco's modified Eagle's medium (DMEM)
(Thermo Fisher Scientific, USA) supplemented with 10% (v/v) FBS and 100 U penicillin/ml
and 100ug streptomycin/ml in the same mentioned condition. The culture medium was
changed two to three times per week, and subculture was performed by digestion with 0.25%
trypsin/0.02 % EDTA when the cells were nearly confluent. AD-MSCs cells from passages

2-5 was used for the experiments.
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5.2.2 Preparation of conditioned medium

AD-MSCs were cultured at a density of 10,000 cells/cm? in a-MEM medium supplemented
with 10% FBS until they reached 90% confluence. Then, the cells were washed three times
with PBS and the culture media were replaced with serum-free DMEM and were incubated
for an additional 48 h. The concentrated supernatant was collected by centrifuging
(Eppendorf, Hauppauge, NY, USA) at 1200 RPM for 5 min at room temperature, filtered
through 0.45um filters, and designated as MSC-conditioned medium (MSC-CM). The MSC-

CM was then stored at -70°C until use.

5.2.3 Microfluidic device design and cell culture

The microfluidic tissue culture devices used in this study are purchased from AIM Biotech
Company (Singapore). The devices consist of 2 media channels running parallel to and
located on either side of an extended central region containing the extracellular gel matrix
like collagen type-I named gel channel. Then, 200 pl collagen gel solution (2.5mg/ml) at pH
7.4 was prepared on ice with 20ul 10x PBS was mixed with 4ul NaOH (0.5N), 129.2ul
collagen type-I (Corning, Cat# 354236.), 10ul freshly trypsinised and dissociated MCF7
targets at 50x10° cells/ml (for 2D studies) or 10ul cell suspension medium with 50100
tumour spheroids (for 3D studies), and 22.9ul cell culture water. The collagen gel solution
containing single MCF7 cells or cell clusters designated multicellular aggregates was then
injected into the dedicated gel region of the device and kept in the cell culture incubator at
37°C and 5% CO; for 40 minutes to allow gel polymerisation via thermal cross-linking.

Devices with gel only (no embedded cells, control) were prepared similarly by adding
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collagen gel solution containing 20ul 10xPBS, 4ul NaOH(0.5N), 129.2ul collagen type-I,
and 42.8ul of deionised water. Immediately after gel polymerisation, the two side channels

filled with 120ul of DMEM and MSC-CM.

5.2.4 Culturing single and multi-cellular aggregate (MCA) in the microfluidic
device

In order to obtain multi-cellular aggregates with the appropriate size for 3D studies, MCF7
cells were trypsinised and resuspended as individual cells at 100,000 cells/ml in DMEM and
cultured for 3 consecutive days onto a 100mm ultra-low attachment dish (Corning).
Aggregates were collected and filtered in two consecutive filtration steps: (a) 40um filtration,
in order to exclude all the cell aggregates smaller than 40pum, and (b) 100um filtration, in
order to exclude all aggregates larger than 100pm in diameter, and centrifuged by 250xg for
5 min to separate them from the supernatant. For 2D studies, cells were harvested with
Trypsin/EDTA and centrifuged at 200xg for 5 min. Cells were resuspended in growth
medium and mixed with collagen type-I solution for a final concentration of 6x10° cells/ml
total collagen solution. The single cells and aggregates were then mixed with the collagen

solution in order to inject to gel channel of AIM Biotech devices [281, 333].

5.2.5 Immunofluorescent staining

Cell culture media was removed from the devices, and samples in the microfluidic devices
were washed with PBS followed by fixation of samples with 4% paraformaldehyde (PFA)

Sigma-Aldrich, Cat# 158127) for 15 min at room temperature. Next, 0.1% Triton-X(Sigma-
g Y g
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Aldrich, Cat# X100) was added and incubated for 10 min before blocking by BSA 1% for
2h. Finally, the samples were stained with E-cadherin (1:200, Biolegend, Cat# 324104),
Vimentin (1:200, Biolegend, Cat# 677804), N-Cadherin (1:200, Biolegend, Cat# 350816),
and PD-L1 (1:200, Abcam, Cat# ab214958). The mean fluorescent intensity of obtained
images was analyzed using Cell-Sense software (Olympus, Japan). To cell morphology
analysis, the MCF7 cells stained with calcein-AM (Sigma-Aldrich, Cat# 17783) according
to the provided protocol. The cell area, circularity and aspect ratio were analyzed by ImageJ

software.

5.2.6 Cytokine array

The MSC-conditioned media was analyzed using the Human Cytokine Antibody Array
(Abcam, Cat# ab133997) according to the manufacturer's instructions. Briefly, The MSC-
conditioned medium was collected by centrifugation and then hybridized to the array
membrane overnight at 4°C. A 1 X biotin-conjugated anti-cytokines second antibody was
used after washing membrane, and cytokines were detected by pipetting HRP-conjugated

streptavidin on membrane. The captured signals were quantifies using ImageJ software.

5.2.7 Statistical analysis

The results of quantitative experiments were analyzed as mean + SD. The statistical
analysis was performed with the Student t-test. *p-value< 0.05 was considered as a
statistically significant and ****p-value< 0.005 was considered as an extremely
significant. Microscopic images are representative images from three independent

experiments. The mean fluorescent intensity was analyzed using ImagelJ software.
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5.3 Results
5.3.1 MSC in various stages of breast cancer and its correlation with immune
suppression

Figure 5.1 illustrates the workflow of this study, initiating with in-silico data analysis of
MSC related markers across a large cohort of breast cancer patients, followed by co-
culturing an epithelial-like/low expressing PD-L1 breast cancer cell line with MSC-CM
in a microfluidic device and assessment of released cytokine through the cytokine
profiling. To investigate the association between the presence of the MSC cells in TME
and stimulation of immune suppression, we analyzed gene expression of three MSC
markers Endoglin (CD105), NT5E (CD73), and THY 1 (CD90) among 1826 breast cancer

patients registered in METABRIC cohorts (Figure 5.2).
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Figure 5.1. Schematic workflow of the study. It was initiated by an in-silico analysis of
MSC related gene expression across 1826 breast cancer patients from METABRIC cohorts.
The gene expression and clinical information of patients were downloaded from
cBioportal. The genomic analysis was performed using different Bio-conductor packages
under R software. Next, the MCF7 cells as single cells and multi-cellular aggregate (MCA)
were cultured with MSC-CM in a 3D culture microfluidic device followed by microscopic
data analysis. Finally, cell migration, invasion, immunosuppression capacity, and secreted
cytokines of the cancer cells and MSC cells are assessed by means of microscopy analysis
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and cytokine profiling.

According to the PAMS50 subtype classification method provided in this cohort, we
clustered patients in five groups namely Basal (n=209), Claudin-low (n=218), Luminal-A
(n=700), Luminal-B (n=475), and HER2 (n=224) (Figure 5.2A). We observed a high
expression of NTSE, ENG, THY 1 among patients diagnosed as invasive ductal carcinoma
(IDC) type, and in claudin-low subtypes (Figure 5.2A, 5.2B). Moreover, in the claudin-
low subtype, tumour samples with the negative status of ER/PR and HER2 showed the
highest expression of ENG and NT5SE compared to other groups of tumours with at least
one positive status in ER/PR or HER2 (Figure 5.2B), while the expression of THY 1 mostly

observed in ER+/HER2- low-proliferative tumour cells (Supplementary Figure 1).

We next analyzed the expression of the PD-L1. As depicted in Figure 2C and in line with
previous studies [9, 284, 334], tumours with triple-negative status showed a significantly
high level of PD-L1 expression in comparison with other subtypes (Figure 5.2C). The
Pearson correlation coefficient and protein-protein interaction analysis between MSC
related genes and PD-L1 resulted in the identification of a positive association between
THY1, ENG and NT5E with PD-L1 (CD274) (Figure 5.2D. Supplementary Figure 2).
Together, these data suggest a positive association between MSC related genes and
induction of an immune suppression TME through the regulation of PD-L1 expression on

cancer cells.
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Figure 5.2. Expression of MSC related genes and its correlation with PD-L1. (A) onco-
print and showing frequency of MSC-related genes ENG, THY 1, and NTSE and PD-L1
across different types and subtypes of breast cancer from METABRIC cohort. (B) Detailed
expression frequency of MSC-related genes in five different types of breast cancer. The
high expression of the ENG, NTSE, and THY1 was identifies in Claudin-low types. (C)
Expression of PD-L1 in different sub-types of breast cancer. Patients with triple-negative
status showed a significant highest expression level of PD-L1 compared to the other sub-
types. (* p<0.05, **** p<0.005) (D) protein-protein interaction analysis between MSC-
related genes and PD-L1.
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5.3.2 MSC induces breast cancer cell proliferation and invasion behavior

To assess the influence of the MSC cells on the behavior of breast cancer cells, we cultured
a differentiated ER+ and low PD-LI1 carcinoma cell line known as MCF7 with MSC
derived condition media (Method section) to assess its potential for inducing PD-L1 in the
presence of MSC-CM. A significant increase in cell population observed when MCF7 cells

cultured in MSC-CM for 72 hours in comparison to the control group (Figure 5.3A, 5.3B).
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Figure 5.3. Effects of MSC-CM on proliferation and invasion behavior of cancer cells.
(A, B) Influence of MSC-CM on proliferation rate of MCF7 cells after 72 hours (P <
0.005). (C, D) Morphology switch of MCF7 cells cultured with MSC-CM. Besides
microscopy observation (C), the assessment of circularity, aspect ratio, and cell area

showed a phenotype changes on MCF7 cells from an epithelial-like to mesenchymal-like
toward an invasion behavior (D) (P<0.005).
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As morphology is closely linked to cell migratory behavior [335], we analyzed the
morphology of cancer cells by assessing the circularity and aspect ratio of MCF7 cells that
cultured with MSC-CM. Interestingly, in constant with microscopic observations (Figure
5.3C), we found a significant increase in aspect ratio, and a reduction in circularity level
those group of cells cultured with MSC-CM, indicating morphology changes toward the
acquisition of aggressive behavior (Figure 5.3D). To investigate the influence of MSC
cells on the stimulation of invasive behavior in cancer cells, we cultured MCF7 cells as
single cells in a microfluidic device with or without MSC-CM and assessed the expression
of EMT related markers (Figure 5.4A). Immuno-labeling showed a significantly elevated
expression of mesenchymal markers N-cad and Vim, while the level of epithelial marker
E-Cad reduced after 72 hours culture of cells with MSC-CM (Figure 5.4A, 5.4B). In
constant with previous observations, these data indicate EMT-promoting effects of MSC-

CM.

A Figure 5.4. EMT induction
' effects of MSC-CM on
MCF7 cells. (A) The
immunofluorescent images of
expression of EMT-related
marker vimentin (Red) and
reduction  of  E-cadherin
(Green) at protein level (Scale
bar:100pm). (B).
Quantification results of mean
fluorescent intensity
measurement of Vim, N-Cad,
and E-Cad (p<0.05).
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5.3.3 MSC induce expression of PD-L1 on low PD-L1 breast cancer cells

Numerous studies highlighted an immunosuppressive role of TME during disease
progression in which the infiltration of immune cells and the function of cytotoxic T-cells
are limited by tumour cells and tumour stromal cells through the expression of PD-L1. We
next asked whether MSC as an immune modulator has the potential to induce an immune-
suppression through the expression of PD-L1 at the early stage of the disease. In this
regard, we cultured MCA derived from MCF7 cells (an epithelial and low PD-L1
expressing cell line) with or without MSC-CM. Figure 5.5A exhibits the
immunofluorescent analysis of PD-L1 and Vim expression in MCAs cultured in MSC-CM
for 72 hours, demonstrating a significantly elevated level of Vim (Figure 5.5B).
Interestingly, an increase in expression of PD-L1 was observed in MSC-CM treated group
compared to the control group, although a low expression of PD-L1 was observed in this
group (Figure 5.5C). We previously showed that the formation of MCA could stimulate

the expression of numerous stemness related genes, including CD44 [144].

The protein-protein interaction analysis of stemness marker CD44 and EMT related
markers Vim, E-cad, N-cad, and ZEB1 with PD-L1 (CD274), showed a positive
association between ZEB1, E-Cad, and CD44 with PD-L1, where expression of ZEB1 and
CD44 may induce the level of PD-L1 (Figure 5.5D). Together, these data suggest that
MSC-CM able to stimulate expression of PD-L1 through the regulation of EMT and

stemness related genes in a positive manner.
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Figure 5.5. MSC-CM induces expression of the PD-L1. (A-C) The microscopy images
(A) and quantitative analysis of expression of both Vim (B) and PD-L1(C) in MCF7-MCA
cultured with MSC-CM and stained in microfluidic device (Scale bar: 100um. p<0.05).
(D) Protein-protein interaction analysis of EMT- and stemness-related markers with PD-
L1, showing positive association between CD44, ZEB1, and CDH1 with PD-L1.

3.3.4 Cytokine expression

Our co-culture experiments showed that MSC-CM stimulates the expression of PD-L1 on
breast cancer cells. To better characterize a potential inducer, we analyzed the MSC-CM

using a cytokine array. Among 42 screened cytokines, a high level of several inflammatory
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cytokines, including CCL2, CCLS5, CXCLS, IL-6, IL-8, and GRO-a was identified from
MSC-CM (Figure 5.6A). The correlation analysis between identified cytokines and PD-
L1 showed a positive association between IL6, CCL2, CCL5, and CXCLS5 with PD-

L1(CD274) (Figure 5.6B. Supplementary Figure 3).

We next sought to determine how targeting these cytokines may reduce the expression of
PD-L1. In this regard, we treated MSC cells with Pirfenidone (PFD)(100uM), a well-
known cytokine inhibitor for 48 hours and generated condition medium from these cells
(MSC-CM+PFD) followed by assessing expression of PD-L1 on MCA cells cultured with
this conditioned medium. Interestingly, we found that the expression of PD-L1
significantly decreased after replacing MSC-CM with MSC-CM+PFD on MCA cells
(Figure 5.6C, 5.6D). To better identify suppressed cytokines, we screened released
cytokines form MSC cells treated with PFD. Remarkably, we found a significant reduction
in expression and release of CCL5 in the MSC-CM+PFD group in comparison with non-
treated samples (MSC-CM) (Figure 5.6E, 5.6F). Moreover, the production of CCL2,
angiogenin (ANG), IL-6, and CXCLS5 was also reduced in treated MSC cells with PFD
(Figure 5.6G). To show prevalence and correlation of targeted cytokines by PFD with
immune suppression at clinical setting, we analyzed a large cohort of breast cancer and
classified samples into two groups of PD-L1 positive and negative. Interestingly, we found
significant high expression of ANG, CCL2, CXCLS5, IL6, and IL8 in samples with a PD-
L1 positive status in comparison with PD-L1 negative samples (Figure 5.7A-G). These
data indicate that reducing or depletion of these immune-suppressive cytokines through
targeting tumour stromal cells might restore immunotherapy sensitivity in breast

carcinoma.
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Collectively, these data suggest the immune-suppression regulatory role of MSC cells
within TME through the stimulation of PD-L1 on cancer cells by releasing various

inflammatory-related cytokines, particularly CCLS5.
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Figure 5.6. Cytokine expression profiling of MSC-CM and MSC-CM+PFD. (A)
Cytokine profile of MSC-CM. The highly expressed cytokines labeled in red. (B).
Correlation network analysis of expressed cytokines with PD-L1. (C). Immuno-
fluorescence image of PD-L1 expression in cancer cells cultured with MSC-CM+PFD in
comparison with MSC-CM. (Scale bar: 100um) (D). Quantitative and statistical analysis
of expression of PD-L1 based on the mean-fluorescent intensity (p<0.05). (E). Cytokine
profiling of the CM derived from MSC cells treated with PFD for 48 hours. The suppressed
or decreased cytokines highlighted in red. (F, G). Significant reduction in expression of
CCL5 (F) and other cytokines (G) after treatment of MSC cells with PFD (p < 0.005).
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Figure 5.7. The expression profile comparison of identified cytokines between PD-L1-
negative and PD-L1 negative samples. (A) The oncoprint plot illustrate expression
profile of identified cytokines across 1904 breast cancer samples grouped into PD-L1-
positive (n=873) and PD-L1-negative (n=1031). (B-G) The statistical analysis of
expression of ANG (B), CCL2 (C), CCLS5 (D), CXCLS (E), IL6 (F), and IL8 (G) between
PD-L1-negative and -positive samples. (p < 0.0001).
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5.4 Discussion

It is well established that the expression of PD-L1 plays an essential role in cancer cell-
mediated immune response to immunotherapy. The expression of PD-L1 has been found
in 5-40% tumour cells [238, 336], helping tumour cells to escape from immune killer cells
[296]. Herein, we showed that MSC cells as an immune modulator able to stimulate the
expression of PD-L1 in cancer cells with the low expression profile of PD-L1. The cellular
expression of PD-L1 could be affected by cellular components of TME, particularly
tumour stromal cells [2, 9, 68]. The influence of tumour stromal cells in the regulation of
hallmarks of cancer has been highlighted in various studies [1, 2, 59, 337]. Among tumour
stromal cells, MSCs, known as TA-MSCs, have shown direct and indirect effects on each
step of tumour progression, metastasis and drug resistance in various solid tumours[16,

54,61, 67, 327].

In the context of immune suppression capacity of tumour stromal cells, a large number of
studies pointed out to the critical role of CAFs in the induction of an immune-tumour
microenvironment through the regulation of the immune checkpoints particularly PD-L1
in both themselves and cancer cells in-vitro and in-vivo [9, 39, 338]. Considering the
immune-suppression function of MSCs within TME, studies demonstrated that MSCs
express not only PD-L1 and PD-L2 but also mediate expression of these proteins on
immune compartments of TME including T cells [330], macrophages [338], dendritic
cells [339] and cancer cells [329, 332]. However, the role of MSCs as an immune

modulator in the expression of PD-L1 in breast cancer cells remained to be explored [54].
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For better understanding effects of MSCs in the expression of PD-L1 in breast cancer cells,
through the analysis of three MSCs-related markers ENG, THY 1, and NTS5E across 1826
breast cancer samples from METABRIC cohort, we highlighted a positive association
between expression of MSC-related markers and expression of PD-L1 in different sub-
types of breast cancer. A similar gene signature have been used to identification of TA -
MSC cells across high-grade glioma samples from TCGA [340] and in patient's tumour
specimens [341], in which a negative correlation between expression of MSC signature

and patient survival was reported.

The expression pattern of immune-checkpoint proteins particularly PD-L1 and its
association with EMT program and stemness feature of breast cancer have been discovered
through both in-silico and in-vivo studies, in which tumour stromal cells including CAFs
play a pivotal role to rewiring TME toward the acquisition of an immune-suppressive TME
[342, 343]. In line with these findings, through correlation and protein-protein interaction
analysis between MSC related genes and PD-L1, we observed a positive association
between NTSE, ENG and THY1 with PD-L1, suggesting that besides CAFs, MSCs may
play a critical role in the regulation of PD-L1 in TME of breast cancer [331]. In support
of these data, in a pre-clinical study on primary and metastatic prostate cancer, Krueger at
al. identified MSC cells in prostate cancer TME wusing an opal multiplex
immunofluorescence assay based on NTSE, THY1, and ENG [332]. Interestingly, they
found that infiltrating MSC cells suppress T-cell proliferation and upregulate expression
of PD-L1 and PD-L2 on their cell surface, indicating that depletion of MSC cells from
TME not only induce immunologic recognition but also can eliminate prostate cancer cells

by cytotoxic T-cells.
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The phenotypic transformation, such as epithelial to mesenchymal transition, is identified
as a critical factor in both stimulations of metastasis behavior and induction of immune
suppression within TME. It has been shown that tumour stromal cells can regulate
phenotype switch in cancer cells toward the acquisition of invasive phenotype by releasing
various cytokines and chemokines in TME [344]. Many studies documented the effects of
CAF cells on morphology changes of various types of cancer cells [22, 345-347].
Comparable results observed when we cultured an epithelial-like, non-invasive breast
cancer cells with MSC-CM. Our results also indicated that MSC-CM is able to stimulate
phenotypic switch in cells toward the acquisition of invasive behavior and immune-
suppressive capacity [344], through the induction of EMT-related genes specially
vimentin. [295]. These data indicate that released cytokines and chemokines in the
conditioned medium of MSCs may mediate the expression of PD-L1 in PD-L1-low
expressing cancer cells. Our cytokine profiling analysis against 42 different cytokines
highlighted the presence of an elevated level of various cancer-promoting and immuno-
modulator related cytokines in MSC-CM, including CCL5, CCL2, IL6, IL8, and CXCLS5.
In line with these observations, in a syngeneic model of colon adenocarcinoma, O'Malley
et al. highlighted stromal cell-mediated immune suppression and tumour-promoting
effects of mesenchymal stem cells through the expression and secretion of numerous

cytokines [329].

In a study on xenograft and orthotopic mouse models of pancreatic ductal adenocarcinoma
(PDAC), it have been shown that cancer Forkhead box protein 3 (C-FOXP3) augment
immune evasion of PDAC by recruiting Treg cells into PDAC through the upregulation of

CCLS5 in which in turn, C-FOXP3 directly bound to the promoter region of PD-LI1 in
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pancreatic cancer cells [348]. They concluded that combined blockade of PD-L.1 and CCL-
5 axis may provide an effective therapy for patients with high level of C-FOXP3. A similar
observation was reported in colorectal cancer patient suggesting that CCL5 may provide

a potential therapeutic target for the combined PD-1-immunotherapy of CRC [349].

Collectively, these data suggest that targeting these cytokines particularly CCL5 may
impede invasiveness and immune-suppressive characteristics of cancer cells. In this
regard, the recent approval of pirfenidone (PFD) for the treatment of idiopathic pulmonary
fibrosis relies on targeting various cytokines. As a proof-of-concept, we showed that
treatment of MSCs with cytokine inhibitor PFD significantly reduce expression and
secretion of various cytokines especially CCL5 and CCL2 and consequently decrease in
the level of PD-L1 in breast cancer cells. Although, understanding the underlying
mechanism behind the effects of PFD in reversion of tumour immunity and increase
sensitivity of tumour cells to immunotherapy remained to be investigated; however, we
showed that targeting tumour stromal cells using PFD indirectly reduce expression of PD-
L1 through the targeting key immune-related cytokines and may use as alternative
approach for in cancer immunotherapy in a combination manner. Collectively, these
results support a crucial role of tumour stromal cells in mediating and regulation of an
immune suppression microenvironment through the secretion of various cytokines and

rewiring TME.
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Chapter 6

Targeting Epithelial-Mesenchymal Transition and
Tumour Spheroid formation in Breast Carcinoma
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Summary:

Following previous chapter highlighting the potential of targeting CAFs and TAMs in
reduction of immune-suppressive capacity of TME and cancer cells, in this chapter, I studied
the targeting tumor initiation or spheroid formation and also invasion by reducing stem-ness
capacity of cancer cells and also EMT regulated by CAFs in triple-negative breast cancer.
This chapter show the potential of pirfenidone discovered in chapter 3 on inhibition of these
features on TME. The results of this chapter has been published*.

* Es, Hamidreza Aboulkheyr, Thomas R. Cox, Ehsan Sarafraz-Yazdi, Jean Paul Thiery, and
Majid Ebrahimi Warkiani. "Pirfenidone Reduces Epithelial-Mesenchymal Transition and
Spheroid Formation in Breast Carcinoma through Targeting Cancer-Associated Fibroblasts
(CAFs)." Cancers 13, no. 20 (2021): 5118.
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6.1 Introduction

The cellular components of the tumour microenvironment (TME) in promoting invasiveness
and stemness features of carcinoma cells are well characterized [350, 351]. Among them,
cancer-associated fibroblast (CAFs), a major component of TME, play a key role in the
regulation of tumour progression, metastasis and acquisition of stemness in carcinoma cells
through the induction of various processes, including epithelial-to-mesenchymal transition
(EMT) [16, 352]. CAFs modulate various key factors within the TME and rewire the TME
toward an aggressive ecosystem. This is achieved by the secretion of various cancer-
promoting chemokines and cytokines, which activate tumour growth, and trigger cancer
invasion, and immune escape [22, 23, 353]. Besides, CAFs remodel the extracellular matrix
leading to an increased stiffness which modify the phenotype in carcinoma cells [287, 354].
Various studies highlighted the role of CAFs-induced Yes-activated protein(YAP1), a major
regulator of cell plasticity, stemness, drug resistance, and metastasis in carcinoma cells [287,
355]. Given the crucial role of CAFs within the TME, targeting these cells might be a
promising therapeutic approach to reduce invasiveness and stemness of carcinoma cells
regulated by YAPI [356]. The recent approval of pirfenidone (PFD) for the treatment of
idiopathic pulmonary fibrosis relies on targeting activated fibroblast, and their secretory
functions. Numerous recent studies demonstrated the therapeutic potential of PFD as a
combination treatment modality with chemotherapy, targeted therapy and immunotherapy in
various cancers through the depletion of cytokines [357-360]. Herein, we hypothesized that
targeting CAFs with PFD should reduce EMT and stemness by blocking the secretion of

cytokines and the expression of YAP1 in breast carcinoma cells.
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6.2 Materials and Methods

6.2.1 In-Silico Data Analysis

The TCGA-breast cancer genomic information and clinical data were downloaded from the

cBioportal data portal (https://www.cbioportal.org/) [361] and analyzed under Bioconductor

tools in R-Software (version 3.8). A detailed description of used packages and related scripts
to gene expression and mutation analysis is available at

https://bioconductor.org/packages/release/bioc/vignettes/maftools/inst/doc/maftools.html.

The stromal index was calculated based on the ESTIMATE scoring method [293]. The EMT
score in this study was calculated according to our previous study [295]. Protein-protein-

interaction analysis was performed with STRING [362, 363].

6.2.2 Cell lines and Media

Human breast adenocarcinoma cells MCF7 (ATCC, Cat# HTB-22, USA) and MDA-MB-231
(ATCC, Cat# HTB-26, USA) were cultured in Dulbecco's modified Eagle's medium
(DMEM) (Thermo Fisher Scientific, USA) supplemented with 10% (v/v) FBS and 100 U
penicillin/ml and 100ug streptomycin/ml. The breast cancer-derived CAFs (Garvan Institute
of Medical Science, Australia) were cultured in DMEM supplemented with 1% (V/V)
Insulin-Transferrin-Selenium (ITS) (Thermo Fisher Scientific, USA), 2% FBS (Thermo

Fisher Scientific, USA) and 1% penicillin/streptomycin (Sigma-Aldrich) in 37°C.
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6.2.3 Spheroid Formation

To obtain human tumour spheroids with stemness feature, the MCF7 cells were trypsinised
and suspended as individual cells at 100,000 cells/ml in Mammo-Cult Human Medium Kit
(STEMCELL Technology, Cat# 05620) included with Hydrocortisone (STEMCELL
Technology, Cat# 07925) and Heparin solution (STEMCELL Technology, Cat# 07980) and
cultured for 14 consecutive days onto a 100mm ultra-low attachment dish (Corning). To use
the appropriate size of spheroids in the microfluidic device, the generated spheroids were
collected and filtered in two consecutive filtration steps: (a) 40um filtration, in order to
exclude all the spheroids smaller than 40pm, and (b) 100um filtration, in order to exclude all
aggregates larger than 100um in diameter and centrifuged by 250xg for 5 min to separate
them from the supernatant. Spheroids were suspended in a serum-free medium and mixed

with collagen Type-I solution on ice for loading in microfluidic devices [364].

6.2.4 Preparation of CAFs Condition Medium

CAFs were cultured at a density of 10,000 cells/cm2 in DMEM medium supplemented with
1% (V/V) ITS and 1% (V/V) penicillin/streptomycin until they reached 90% confluence.
Then, cells were washed with PBS, and the culture media were replaced with serum and ITS-
free DMEM followed by incubation for an additional 48 hrs. The concentrated supernatant
was collected by centrifuging (Eppendorf, Hauppauge, NY, USA) at 1200 RPM for 5 min at
room temperature, filtered through 0.45um filters, and designated as CAFs-conditioned

medium (CAF-CM). The conditioned medium was then stored at -80°C until use.
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6.2.5 Microfluidic Device Design and Cell Culture

The microfluidic tissue culture devices used in this study are purchased from AIM Biotech
Company (Singapore). The devices consist of 2 media channels running parallel to and
located on either side of an extended central region containing the 3D extracellular matrix.
200pl collagen gel solution (2.5mg/ml) at pH 7.4 was prepared on ice. Typically, 20ul 10X
PBS was mixed with 4pul NaOH (0.5N), 129.2ul collagen Type-I (Corning, Cat# 354236.),
10ul of cell suspension medium with 1000-2000 tumour spheroids, and 22.9ul cell culture
grade deionized water. The collagen gel solution containing tumour spheroids was then
injected into the dedicated gel region of the device and kept in the cell culture incubator at
37°C and 5% CO2 for 40 minutes to allow gel polymerization via thermal cross-linking.
After polymerization, the two side channels filled with 120ul stemness medium or CAF-
conditioned medium (CM), with or without PFD, by adding 70ul in one port and another
50ul into the opposite connected port of a media channel. This approach prevents shear stress

on gel channel following loading medium.

For migration and co-culture study, devices with gel only (no embedded cells) were prepared
similarly by adding a collagen gel solution containing 20ul 10xPBS, 4ul NaOH(0.5N),
129.2ul  collagen Type-I, and 42.8ul of deionized water. Immediately after gel
polymerization, the two side channels were filled with MDA-MB-231 (one side channel) and
CAFs (opposite side channel) at the concentration of 10,000 cells for each cell line. Finally,
120ul of the serum-free cell culture medium with or without PFD was added to the both side
channels to feed the cells. In both experiments, the devices were kept in the incubator with

the standard condition for four days.
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6.2.6 Cytokine Profiling Assays on Treated samples

The culture medium of devices treated with PFD was analyzed using the Human Cytokine
Antibody Array (Abcam, Cat# ab133997) according to the manufacturer's instructions.
Briefly, the culture medium was collected from microfluidic devices, concentrated by
centrifugation, and then hybridized to the array membrane overnight at 4°C. After washing
the membrane, a 1X biotin-conjugated anti-cytokine secondary antibody was used, and
cytokines were detected by adding HRP-conjugated streptavidin on the membrane. The

captured signals were quantified using ImagelJ software.

6.2.7 Immunofluorescence Staining and Imaging Analysis

Cell culture media was removed from the devices, and samples in the microfluidic devices
were first rinsed in 1X PBS by adding 70ul of PBS into one port and another 50ul into the
opposite connected port of a media channel. Then the cells were fixed with 4%
paraformaldehyde (PFA) (Sigma-Aldrich, St. Louis, MO, USA) for 15 min at room
temperature. Next, 0.1% Triton-X 100 (Sigma-Aldrich, St. Louis, MO, USA) was added, and
the device was incubated for 10 min before blocking by BSA 1% (Sigma-Aldrich cat no:
AS5611) for two hours, followed by staining of cells for a-SMA (1:100, Abcam, Cat#
ab197240.), Vimentin (1:200, Biolegend Cat# 677804.), YAP1(1:200, Abcam, Cat#
ab205270), CD44 (1:200, Abcam, Cat# ab194988) and CDHI1 (1:200, Biolegend Cat#
324104). The images' mean fluorescent intensity (MFI) was analysed using Cell-Sense

software (Olympus, Japan).
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6.2.8 Statistical Analysis

The results of quantitative experiments were analyzed as mean £ SEM. The statistical
analysis was performed with the Student t-test. *p-value< 0.05 was considered as a
statistically significant and ****p-value< 0.0001 was considered as an extremely significant.

Microscopic images are representative images from three independent experiments.

6.3 Results

6.3.1 The Association of Tumour Stromal Content with the Expression of

YAP1 and Metastasis Feature

To the understanding association of YAP1 with classical stemness and EMT markers, we
comprehensively analyzed the gene and protein expression levels of YAP1 across 1084 breast
cancers from the TCGA cohorts. To show the association between the expression of YAP/
and stromal content of TME, especially CAFs, we divided samples into two groups of the
high-stromal index (HSI) and low-stromal index (LSI) according to the ESTIMATE score of
samples (Figure 6.1). We observed a significantly high expression of YAP/ in samples with
HSI scores compared to the LSI group (Figure 6.1A, B, C) at both transcriptome and protein
levels. To study the association between YAPI with EMT related features, we annotated HSI
and LSI samples based on their EMT scores, namely high-EMT score (H-EMT) and low-
EMT score (L-EMT) and measured expression of YAP1 across these groups at protein level

(Figure 6.1C, D). Interestingly, we found that most of the samples with the HSI score include

145



an H-EMT score sample compared to the LSI group.

Moreover, HSI samples represented the high expression of YAP1 at the protein level (Figure
6.1C). To better understand the association between YAP1 and EMT, we analyzed the
correlation coefficient between YAP! and classical EMT genes VIM and CDH1 plus stemness
marker CD44 and immune checkpoint protein PD-LI. We found a positive association
between YAPI and VIM, CD44, and PD-L1, while YAPI negatively correlated with CDH1

(Figure 6.1D).

Following these findings, we analyzed metastatic stages of individual samples across HSI
and LSI groups and the prevalence of YAP1 expression. As depicted in Figure 6.1E, in
comparison with the LSI group, most of the samples with the high expression of YAP1 at the
protein level and a MX or M1 metastatic stage were enriched in the HIS group, indicating a
positive correlation between stromal content, expression of YAP1 and high metastatic stage
(Figure 6.1E). Taken together, these data highlight the positive association of high tumour

stromal content of TME with the expression of YAP1 and induction of EMT and metastasis.
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Figure 6.1. Genomic analysis of the TCGA breast cancer cohort. (A) The oncoprint
plot illustrates the expression of YAP1 in two groups of samples annotated based on the
stromal score signature. (B) Comparing the expression of YAPI between samples with
high-stromal index (HSI) and low-stromal index (LSI) indicating that samples with HSI
expressed a high level of YAPI. (C) A High EMT status is enriched in samples with the
HSI status and high level of YAP1 at the protein level. (D) Correlation coefficient analysis
between the expression of YAP/ and classical EMT markers VIM, CDH1, stemness marker
CD44 and immunosuppressive marker PD-LI. The results show a negative association
between YAPI and CDHI and a positive correlation with CD44, VIM, and PD-LI. (E)
Association between the protein expression of YAP1 and metastatic stages in samples with
HSI and LSI score, showing enrichment of an adverse stage of metastasis in samples with
high YAP1 expression and HSI score.

6.3.2 Association of YAP1 with EMT and Stemness Markers

To better demonstrate of association between YAP1 and EMT, we classified samples into two
groups of YAP1-high and YAP1-low based on its gene expression level. The oncoprint

analysis illustrated enrichment high expression of EMT and stemness related genes in
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samples with high expression of YAP1 (Figure 6.2A). in line with this observation, the gene-
set enrichment analysis (GSEA) of YAP1-low and —high samples resulted in the enrichment
of hallmark of EMT in YAP1-high samples in comparison with YAP1-low (Figure 6.2B) in
which the expression of classical EMT markers VIM and ZEB1 were significantly higher
across YAPI1-higher samples (Figure 6.2C, 6.2D). In contrast, CDH1 expression was
enriched in the YAPIl-low group (Figure 6.2E). Additionally, samples with the high
expression of YAP1 represented a significant expression of stemness marker CD44 compared

to the YAP1 low expressing samples (Figure 6.2F).
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Figure 6.2. In-Silico data analysis between samples expressing high and low levels of
YAPI. (A) The oncoprint plot depicts the high expression of EMT- and stemness-related
genes in samples with YAPI-high status at the transcriptome level. (B) The gene-set
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enrichment analysis (GSEA) shows the enrichment of hallmarks of EMT in samples with
a high level of YAPI. (C-F) The comparison between high and low YAP! groups in terms
of VIM expression (C), ZEBI (D), CDHI (E), and CD44 (F). *** P<(0.0002, ****
P<0.0001 using student T-test.

6.3.3 CAFs Induce Spheroid Formation

To understand whether CAFs can induce and stimulate spheroid formation, we generated a
concentrated condition medium from CAFs (CAF-CM) and co-cultured MCF7 cells in well-
plate and microfluidic devices in 50:50 (V/V) ratio of CAF-CM and stemness induction
medium for seven days. We found that the number and the diameter of generated spheroids
were significantly increased when the cells were co-cultured with CAF-CM (Figure 6.3A-
C), while integrated density properties of spheroids were reduced after seven days in
comparison with the monoculture group (Figure 6.3D). The assessment of the epithelial
marker E-cadherin showed that CAF-CM significantly reduced expression of this gene,
suggesting that CAF-CM may induce migration of cells in spheroids (Figure 6.3E, 6.3H).
Moreover, we found a significant expression on YAP1 (figure 6.3F, 6.3H) and CD44 in
spheroids co-cultured with CAF-CM compared to the monoculture samples (Figure 6.3G,
6.3H). These data indicate an invasion and stemness induction role of CAF cells through the

secretion of cytokines.
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Figure 6.3. CAFs induces spheroid formation with increased diameter and expression
of YAP1. (A) Bright-filed snapshot image of the formation of spheroids in well-plate (left)
and microfluidic device (right) co-culture with or without CAF-CM. The micrographs
show an increase in the number and size of generated spheroids on both platforms in the
presence of CAF-CM. (B) The CAF-CM significantly increased the formation of spheroids
per 1000 cells in comparison with monoculture. (C) In comparison with monoculture, co-
culturing cancer cells with CAF-CM significantly increased the size of generated
spheroids. (D) The integrated density in spheroids co-cultured with CAF-CM was lower
than in monoculture, indicating the stimulation of cell invasion from spheroids in the ECM
channel. (E-G) The immunofluorescence staining of the EMT marker ECAD (E) and
stemness marker CD44 (F) indicates that CAF-CM stimulates EMT and stemness. Co-
culturing with CAF-CM increased the expression of YAPI in generated spheroids (Scale
bar: 100um). (H) The quantitative analysis of mean-fluorescence intensity in ECAD,
YAP1, and CD44 resulted in a significant reduction in expression of ECAD and an increase
in CD44 and YAPI1 in the co-culture group to the monoculture. *P<0.05, **P<0.002,
*#%p<(0.0002 using student T-test.
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6.3.4 Pirfenidone Reduces the Migration of CAFs and Carcinoma Cells

The role of tumour stromal cells, particularly CAFs, in the induction of migration in
carcinoma cells has been shown previously [365]. To study the potential of PFD in reducing
invasive properties of carcinoma cells, we first co-cultured MCF7 carcinoma cells known as
low-vimentin expressors with CAF-CM for 48 hours and then treated cells with a low
concentration of PFD (40uM) for 72 hours (Figure 6.4A). In comparison with the control
group, we observed a significant reduction in vimentin expression in spheroids treated with
PFD (Figure 6.4A). Following these results, we assessed the effects of PFD on the migration
of carcinoma cells and CAFs. To this aim we co-cultured CAFs and MDA-MB-231 as
representative of aggressive breast cancer in the 3D microfluidic device and treated cells with
40uM of PFD for 72 hours, followed by measuring cell migration distance in control and
PFD-treated cells (Figure 6.4B). Figure 4C presents a snapshot of the 3D device including
migration of CAFs and MDA-MB-231 through the ECM channel in three different time
points. In PFD treated samples, we loaded serum-free culture medium containing (40uM)
PFD following seeding cells in the device. Interestingly, we found that the presence of PFD
in the culture medium significantly reduced the migration of MDA-MB-231 cells (Figure
6.4E) after 48 and 72 hours. In the case of CAFs, although migration inhibitory of PFD did
not reach statistical significance, we observed a reduction in migration of CAFs through the
ECM after 72 hours compared to the control group. These data highlight the potential of PFD

to reduce the invasion and migration capacity of carcinoma cells and CAFs.

151



* %

CTRL

=
=

I8
e

+PFD

Mean flurescent intensity

CTRL +PFD

D E

24 hrs

(micro-meter)

Migration Distance
(micro-meter)
=
=4

48 hrs

"
Migration Distance

~ T T
2 4 12 24 48 72
CTRL 1 +PFD B CTRL [T1 +PFD

72 hrs

Figure 6.4. Assessing the migration and invasion inhibitory effects of PFD on MDA -
MB-231 carcinoma cells and CAFs. (A) Tumour spheroids derived from MDA-MB-231
shows a significant reduction in the expression of EMT marker VIM (scale bar: 100um).
(B) The schematic image of invasion and migration assay performed in the 3D microfluidic
device in which MDA-MB-231 and CAFs are injected in side channels. The migration of
cells was monitored for three days after seeding. (C) A representative bright-field image
of migration of CAFs and MDA-MB-231 in the presence and absence of PFD highlight
that PFD significantly suppressed the migration of both cells during 72 hours. (scale bar:
200um) (D, E) The quantitative analysis of migration distance for CAFs (D) and MDA-
MB-231 cells (E) indicated that although PFD did not significantly suppress the migration
of CAFs after 72 hours, however, in comparison with the control group, a reduction was
observed. In the case of MDA-MB-231 cells, PFD significantly suppressed the invasion
and migration of these cells after 48 and 72 hours. ** P< 0.002 using Student T-test,
*#+%P<0.0002 Using ANOVA.
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6.3.5 Pirfenidone Reduces YAP1 and CD44 Expression in Spheroids by
Targeting Key Cytokines

The cytokine production inhibitory role of PFD has been shown in various studies [360, 364].
Targeting cancer progression-promoting cytokines using PFD may reduce stemness and
immune suppression promoted by CAFs. To study the effect of PFD on the expression of
stemness marker CD44 and of YAP1, we first cultured MCF7 cells with CAF-CM for 72
hours and then generated spheroids that include both MCF7 and CAFs in a ratio of 2:1 and
cultured them into the 3D device. The generated spheroids were treated with stemness
medium containing 40uM PFD for 72 hours before performing imaging and cytokine
profiling. Interestingly, we found that PFD not only significantly reduced the expression of
YAP1 (Figure 6.5A) and CD44 (Figure 6.5C) but also the level of a-SMA was decreased
after treatment, indicating a reduction in CAFs activity in spheroids (Figure 6.5A, B). To
better understand the inhibitory effects of PFD, we collected culture medium from 3D
microfluidic devices from both groups after 72 hours and performed a cytokine profiling
array against 42 cancer-promoting cytokines (Figure 6.5C). A significant reduction was
observed in the secretion of various cytokines after treatment with PFD, including ILS,

CCL17, TNF-B, and CCL2 (Figure 6.5D).
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Figure 6.5. PFD reduces CAFs activity and expression of CD44 and YAP1 through
the blockade of key cytokine secretion. (A) The immunofluorescence staining shows a
significant decrease in protein expression of YAP1 and a-SMA following treatment with
PFD (scale bar: 100um). (B) Besides a-SMA, PFD also reduced the expression of CD44
in spheroids that include CAFs (scale bar: 100um). (C) The picture of cytokine profiling
performed on culture medium retrieved from PFD-treated and non-treated spheroids in
devices. The array shows the depletion of numerous cytokines in treated samples. (D) The
quantitative analysis of the mean-pixel density analysis of cytokine membranes using
ImagelJ software, shows a significant depletion of IL6, IL8, CCL17, TNF-B. *P<0.05,
*#p<0.002, ***P<0.0002, using Student T-test (A, B) and ANOVA(D).

Moreover, we observed a slight decrease in the level of CXCL1, IL6, CSF, OSM, PDGF, and
VEGTF in treated samples as compared to the control group (Figure 6.5D). The protein-protein
interaction analysis between classical EMT genes, stemness, and PFD targeted cytokines
revealed associations between YAP1 and CD44 with VIM, CDH1, and AXL and IL8 (Figure
6.6A, B). To better understand the association between identified cytokines with EMT and

YAP1, we analyzed expression of these cytokines in samples with high and low expression
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of YAP1 from TCGA breast cancer cohort. As illustrated in Figure 6.6C, a significant
expression of IL8 and CCL2 was enriched in samples with high YAP1 level. Besides, high
expression of CCL17 and TNF-f3 was also observed in this group of samples in comparison
with YAPI-low samples, although these expression differences did not rich statistical

significance (Figure 6.6C).

Following these findings, we analyzed EMT scores across 1084 samples from TCGA and
classified samples into EMT-high and -low scores and assessed the expression of identified
cytokines. Interestingly, we found the significant enrichment of targeted cytokines in samples
with a high EMT score compared to the low-EMT score samples, indicating a positive
association between expression of targeted cytokines and EMT in breast cancer (Figure
6.6D). These results indicate that PFD might reduce the stemness and invasion capacity of
the carcinoma cells through targeting cytokine production in CAF that regulate EMT, which

in turn can stimulate YAP1-associated stemness.
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Figure 6.6. The association between targeted cytokines with EMT and YAP1. (A) The
graphical image of the network between related genes, showing an association between
EMT, stemness and YAP1. (B) Scoring results between nodes in the PPI network. (C)
Comparison between the expression of four identified cytokines in samples with high- and
low expression of YAP1 in breast cancer indicating enrichment of these cytokines in YAP1-
high samples. (D) Key cytokines are enriched in samples with high EMT score. *P<0.05,
**p<0.002, ***P<0.0002, using Student T-test.
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6.4 Discussion

The role of tumour stromal cells, particularly cancer-associated fibroblasts (CAFs), in
promoting carcinoma progression is well understood [16, 354]. Numerous studies
highlighted that CAFs could induce stemness features in carcinoma cells through the
secretion of various cytokines and remodeling ECM toward developing a high stiffness of
ECM which in turn stimulates phenotypic changes including EMT and induces the
expression of related stemness genes [354, 366-369]. Targeting CAFs to either suppress
their activity or reprogram them into an inactive state showed some promising effects [9].
Inhibiting carcinoma progression-promoting cytokines released from CAFs may be an

efficacious therapeutic strategy for cancer treatment [370-372].

Recently, various clinical and preclinical studies demonstrated the potential application of
PFD as a combination therapy with chemotherapy and radiotherapy in various types of
cancers, including lung and pancreatic carcinoma [358, 372]. However, few studies showed
PFD application in suppressing invasive properties, particularly EMT, and reduction of
carcinoma-stemness through the targeting of key cytokines and genes that regulate ECM
synthesis and remodeling [373-375]. As a proof-of-concept study, we hypothesized that
PFD could reduce CAF-induced EMT and consequently EMT-regulated stemness in breast

carcinoma cells by depletion of key cytokines.

Using a comprehensive in-silico data analysis on the breast cancer cohort from TCGA, we
showed the enrichment of high-level YAP1 expression in samples with the highest stromal
score. Moreover, we illustrated that samples with high stromal scores exhibit a high score

of EMT and invasive properties. A positive association between high level of YAP1 and
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EMT-related markers and stemness genes at both transcriptomic and protein levels was
observed [376, 377]. In line with these findings, several studies demonstrated that YAP1 is
a mediator of EMT and stemness in numerous types of carcinomas, including breast cancer

[377-380].

Tumour stromal cells, particularly CAFs, are among the main modulator of EMT and
stemness [381] through the induction of YAP1 and secretion of various cytokines. The
strategy based on targeting these proteins directly or indirectly by targeting CAFs might be
a promising approach to the treatment of advanced carcinoma [371, 374]. In this study,
using a 3D microfluidic model of invasion and migration, we demonstrated that CAFs
promote spheroid formation and the migration capacity of carcinoma cells [360], possibly
through the secretion of cancer-promoting cytokines that play a haptotactic or chemotactic
role for carcinoma cells [382]. Following treatment with PFD, we found that PFD
significantly reduced the migration of an invasive type of breast cancer cells and CAFs and
significantly decreased the expression of EMT marker vimentin, stemness marker CD44,
and YAPI1 in breast cancer spheroids co-cultured with CAFs at the protein level [376].
Similar observations were reported previously for the migratory inhibition effect of PFD on

both carcinoma cells and CAFs in pancreatic cancer [358] and breast cancer [383].

Recent single-cell analysis studies revealed that a sub-population of CAFs called
inflammatory CAFs express IL6 and TNF-a/f [384]. The co-culture of colon tumour
organoids with this population of CAFs resulted in the upregulation of vimentin and ZEB1
in tumour cells [384]. Moreover, CAF-derived cytokines significantly induce the expression

of HOTAIR, which in return promotes the EMT program in metastatic breast cancers [383].
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This study also showed that targeting CAFs with PFD blocks the TGF-B1/HOTAIR axis and
decreases the migration potential of MDA-MB-231 cells. In addition to these findings, we
found that the level of a-SMA decreased after treatment with PFD, indicating that PFD can
reduce CAFs activity [9]. In line with these observations, numerous in-vitro studies
highlighted the inactivity of CAFs after treatment with PFD [360, 364]. Using cytokine
profiling, we demonstrated that PFD significantly depleted the secretion of cancer- and
invasion-promoting cytokines, particularly IL8, CCL17 and TNF-B. Many studies
highlighted the critical role of these factors in the interaction of the carcinoma—stromal cell
and ECM deposition toward the induction of an invasive TME and activation of EMT and

stemness [22, 23, 385, 386].

It has been shown that the secretion of IL8 by CAFs known as EMT and stemness modulator
[387] and tumour-associated mesenchymal stem cells (TA-MSCs) not only induced the
migration of carcinoma cells but also up-regulate immune-suppression in carcinoma cells
through the expression of PD-L1. The treatment of TAMs with PFD reduced expression of
PD-L1 and migration of carcinoma cells in in-vitro models [364]. CCL17 was reported as
a key cytokine in the generation of tumour-associated macrophages [388], which stimulates
EMT and stemness [306, 307]. Moreover, it has been shown that the production and
secretion of CCL17 within the TME through the CAFs trigger the recruitment of myeloid-
derived suppressor cells (MDSCs) to the TME, promoting invasion in various cancers [389-
391]. For instance, recently, Omland and colleagues reported that CCL17 secreted from
resident CAFs within cutaneous basal cell carcinoma TME increases tumour progression

and amplifies immune suppression [392].
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Taken together, in line with numerous studies, the results reported in this study highlight the
importance of suppressing CAF-derived cytokines that can induce both EMT and stemness.
This study also emphasizes the need to further explore the cross-talks between carcinoma

cells and other cells of the TME to better control tumour progression.

6.5 Conclusions

Targeting CAFs has a great potential to treat highly aggressive types of cancers, including
breast carcinoma. The recent approval of PFD for the treatment of lung fibrosis relies on
targeting activated fibroblasts and their secretory functions. In this study, using a
microfluidic culture platform, we demonstrated the inhibitory function of PFD on invasion,
EMT and stemness properties of invasive breast cancer cells through the depletion of
cytokines. However, further in-vivo investigation is needed to delineate the potential of PFD
as a treatment modality in combination with current therapeutic agents in the treatment of

metastatic cancers.
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Chapter 7

The role of ECM stiffness in tumour Immunity
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Summary:
This chapter model the effects of matrix stiffness of the TME which is regulated by CAFs in

the induction of the expression of immune checkpoint PD-L1 a major immune-suppressive
proteins in triple-negative breast cancer. This chapter has been published*.

Azadi, Shohreh, Hamidreza Aboulkheyr Es, Sajad Razavi Bazaz, Jean Paul Thiery,

Mohsen Asadnia, and Majid Ebrahimi Warkiani. "Upregulation of PD-L1 expression in
breast cancer cells through the formation of 3D multicellular cancer aggregates under
different chemical and mechanical conditions." Biochimica et Biophysica Acta (BBA)-
Molecular Cell Research 1866, no. 12 (2019): 118526.
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7.1 Introduction

It is broadly understood that the tumor microenvironment (TME) and its interplay with cancer
cells play a crucial role in tumor initiation, progression, metastasis, and drug response [1,2].
A large number of studies highlighted the importance of non-cellular features of TME
including extracellular matrix (ECM) and its stiffness in the induction of metastasis and drug
resistance in various solid tumors [3—6]. The physical and chemical characteristics of TME
can control the behavior and function of cancer cells [1,7,8]. Mechanical characteristics of
TME changes during cancer progression expose tumor cells to different mechanical signals
[9]. Variation of TME stiffness induced by cellular and non-cellular components is
recognized as a pro-tumorigenic factor. Activation of various oncogenic signaling pathways
through the cellular and physical properties of TME has been reported previously, resulting
in enhancing hypoxia, invasiveness, stemness and immune-escaping capability of cancer
cells [13,14].

During the past decade, immunotherapy has witnessed a revolution in cancer therapy with
the development of immune checkpoint inhibitors, monoclonal antibodies against cytotoxic
T lymphocyte antigen 4 (CTLA-4) and programmed cell death protein-1 (PD-1) or their
ligands, including PD-1 ligand 1 (PD-L1). Emerging evidence highlighted roles of TME and
ECM remodeling in regulating the cancer- immunity cycle [15-17]. However, the
contribution of the ECM re- modeling in shaping the immune microenvironment of the tumor
is only beginning to be studied. Mechanical features of TME are increasingly recognized as
crucial factors in immune cell trafficking, activation and immunological synapse formation
[18]. The density of ECM and basement membrane composition are regulated by stromal

matrix components and plays a crucial role in immune cell migration, spatial distribution,
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and activation of immune-escaping features of cancer cells [15,17,19]. Additionally,
numerous growth factors secreted by tumor-supportive cells in TME can enhance the
immune-suppression capability of TME and immune-escaping potential of cancer cells.
Recently several studies highlighted immune-modulatory effects and positive association of
activation of epidermal growth factor receptor (EGFR) signaling with PD-L1 expression in
TME [20,21]. However, the association between matrix stiffness and EGFR on the expression
of PD- L1 has not been elucidated. Cellular aggregates display a variety of features which
could better mimic the tumor microenvironment [22,23]. An increasing number of studies
demonstrated that the formation of tumor spheroids and cell aggregates could modulate
numerous signaling pathways including stemness-related pathways [24-26]. Despite these
studies, it is not yet been established whether the formation of cell aggregates can regulate
the PD-L1 expression. This study was designed to determine whether the chemical and
mechanical features of TME regulate the multicellular cancer aggregate (MCA) formation
ability and PD-L1 expression in human breast cancer cells. Our findings postulated regulation

of PD-L1 expression by EGFR signaling pathway, substrate stiffness, and MCA formation.

7.2 Materials and methods

7.2.1 Cell culture

Cells of the human breast cancer cell lines MCF7 (non-invasive) and MDA-MB-231 (highly-
invasive) were acquired from University of Technology Sydney (UTS), faculty of science.
The cells were maintained in RPMI culture medium (ThermoFisher Scientific, USA)
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containing 10% fetal bovine serum (FBS) (ThermoFisher Scientific, USA) and supplemented
with 1% L-glutamate (Thermo Fisher Scientific, USA) in an atmosphere of 5% CO2 and
95% air at 37 °C. Two breast cancer cells were cultured in five different study groups, two as
chemical groups and three as mechanical groups that referred as non-treated, Cetuximab

(Merk, Germany) treated, stiff, semi soft and soft substrates, respectively.

7.2.2 Substrate preparation and characterization

To examine effect of the substrate stiffness on programmed dead ligand-1 (PDL-I)
expression and spheroid formation ability of cancer cells, Poly dimethylsiloxane (PDMS)
substrates with different stiffness were utilized. These substrates were prepared by mixing
silicone elastomer with the curing agent (Sylgard 184, Dow Corning, USA). Varying the ratio
of elastomer to curing agent allowed us to achieved PDMS substrates with different elastic
modulus with negligible changes in other chemical and physical properties [393, 394]. Here
we fabricated PDMS substrates by mixing silicone elastomer with the curing agent at ratio
of 10:1 and 50:1 and 75:1, to obtain stiff, semi soft and soft substrates, respectively. Then,
the mixture was degassed to expel bubbles and cured for 24 hours at 70°C. To provide
appropriate cell adherence, synthesized substrates were treated via air plasma by a low-
frequency plasma generator (230 V, Harrick Plasma, USA) at 30 W for 3 minutes, sterilized
by UV for 30 minutes which followed by coating with a thin layer of fibronectin (10pg/ml,
Sigma-Aldrich, USA). Finally, the substrates were rinsed with PBS to remove the excess

protein and were immediately employed for cell seeding.
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The substrates elasticity was measured by atomic force microscopy (AFM) indentation
technique using a Nanowizard II atomic force microscope (JPK Instruments, Germany). The
indentation was performed with V-shaped silicon nitride cantilever with a spring constant of
0.046 N/m (HYDRAG6V-200NG, APPNANO, USA), at approach velocity of 3 um/s and
maximum indentation depth of 0.5 um. For each substrate, five random points were chosen
and 20 force-distance curves were collected for each point. Briefly, in this technique a flexible
cantilever with a sharp tip indents the surface. During the indentation, substrate-cantilever
interaction leads to a vertical deflection of the cantilever that is converted to the force and is
recorded against indentation. The resulting force-indentation curve is used to obtain Young’s
modulus according to the modified Hertz model for a quadrilateral pyramid tip (equation 1)

[395].

_ L49Egyptana oo
Fo)= 20-95, 0 ()

Where, F is the force, o is the indentation depth, and a is the half angle of the pyramid tip,
which was set to 17.5°. The Poisson’s ratio of the substrates (vsu) was assumed to be 0.5

considering incompressible material property for PDMS.

7.2.3 Anti-EGFR treatment

To assess the potential correlation between PDL-1 protein expression with EGFR signaling
and spheroid formation ability, EGFR pathway was targeted by Cetuximab (Merk, Germany),
an anti-EGFR antibody. Cetuximab blocks EGFR with binding to the extracellular domain
of EGFR and preventing receptor dimerization [396]. For immunostaining and ELISA, breast
cancer cells were exposed to a culture medium supplemented with 10pg/ml Cetuximab for
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48 hours. For spheroid formation experiments, breast cancer cells were treated with the
mentioned concentration of Cetuximab during the spheroid formation process. The chosen

concentration was below the reported peak plasma concentration of this drug [397].

7.2.4 Evaluation of the PDL-1 expression

The PDL-1 expression of the breast cancer cell lines was analyzed among different chemical

and mechanical groups by immunofluorescences staining and ELISA.

7.2.5 Immunofluorescence staining of PDL-1

For PDL-1 immunostaining experiments, PDMS was spin coated onto the glass slides at 2000
rpm for 30 seconds. Two breast cancer cells were cultured among five study groups. After 24
hours, the cells were fixed and permeabilized for 10 min with chilled 100% Methanol
(SigmaAldrich, USA). This was followed by three times washing with phosphate buffer
saline (PBS) solution (ThermoFisher Scientific, USA) and blocking with 1% bovine serum
albumin (BSA) (ThermoFisher Scientific, USA) in PBS for 60 min. Then, the cells were
incubated with a rabbit monoclonal anti-PDL-1 antibody (dilution 1:100, ab209960, Abcam,
USA) in PBS containing 1% BSA for overnight at 4°C. Finally, the samples were washed and
further incubated with 4,6-diamino-2-phenylindole (DAPI) (dilution 1:1000, D9542;
SigmaAldrich, USA) for 5 min at room temperature. An inverted Fluorescence Microscope

(OLYMPUS IX71, USA) was utilized to capture the immunofluorescence images.
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7.2.6 PDL-1 ELISA assay

PDL-1 concentration was assessed among chemical and mechanical treated groups of two
cell lines using quantitative enzyme-linked immunosorbent assay (ELISA) kit (ab214565,
Abcam, USA). ELISA assay was performed according to the manufacturer’s instruction. First
cells were seeded at the concentration of 10° cells/ml on three PDMS substrates. The same
number of cells were cultured in non-treated and Cetuximab treated groups. After 48 hours,
the samples were extracted from the adherent cells and prepared according to the
manufacturer’s protocol. Briefly, the samples were added to the appropriate wells and
incubated with the capture and detecor antibodies for lhour at room temperature, then
washed with the washing buffer that followed by incubation with 3,3°,5,5’-
Tetramethylbenzidine (TMB) development solution and the stop solution. Finally, optical
density (OD) was recorded at 450 nm, immediately after adding the stop solution. Eight
standard samples with the pre-determined PDL-1 concentration were used to obtain a
standard curve (data not shown). The standard curve was created by plotting the absorbance
value for each standard concentration against the target protein concentration. This curve was
fitted and employed to determine the concentration of PDL-1 protein in the samples. For each
sample two independent measurements were performed, and all the measurements were

conducted in duplicate for statistical analysis.

7.2.7 Spheroid formation

Tumor spheroids were formed using microwell technique. The 3D SpheroFilm™ microwell
was obtained from Incyto Co. (Korea) with the inner diameter of 300 um, and the well depth

of 300 pm. Each device consisted of 361 silicone elastomer microwells. To prepare the
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microwells for cell culturing, their surface was UV sterilized and pretreated with 100%
ethanol (SigmaAldrich, USA) which repeatedly pipetted to remove the air bubbles from the
wells. Then the wells were washed three times with PBS by repeatedly pipetting and

incubated with cell culture medium overnight [398].

7.2.8 Cell seeding in the microwells

For each cell line, five SpheroFilm devices were used, two devices for non-treated and
Cetuximab treated cells and three devices for stift, semi soft and soft groups. First, breast
cancer cells were cultured on the three mentioned PDMS substrates for 24 hours before
introducing into the micorwells. After removing the medium from the SpheroFilm devices,
total number of 1.4x10° breast cancer cells were distributed over the microwell surfaces of
each group at the concentration of 2x10° cells/ml. After 15 minutes of cell seeding, the
suspending cells were removed by aspiration, and fresh growth media was added. The
medium was changed every day until the end of the spheroid formation assay. For Cetuximab
treated group, the cells were exposed to medium containing Cetuximab at the concentration

of 10 pg/ml.

7.2.9 Isolation of the cancer spheroids from the microwells

After 2 days of culturing in the microwells, breast cancer tumor spheroids were dislodged
by pipetting of growth medium onto the microwells, repeatedly. To isolate spheroids with the

size of above 100 pum, they were pipetted gently and added to the top surface of the cell
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strainer with pore size of 100 um. The strainer was flipped and the growth medium added to
the bottom surface of the strainer to collect the spheroids. Then, the isolated spheroids were

transferred to the appropriate wells or slides for further assessments.

7.2.10 Spheroid characterization

To evaluate spheroid formation ability of breast cancer cells with different expression of
PDL-1, the spheroids were characterized by performing live and dead assay, counting number

and diameter of formed spheroids, assessment of PDL1 expression and spheroid spreading.

7.2.11 Cell viability of spheroids

Cancer spheroids were labeled directly in 48-well plates using Cellstain double staining kit
(Sigma Aldrich, USA) according to the manufacturer’s protocol. The viable cells were
labeled with Calcein-AM which stained the cytoplasm in green. Nuclei of the dead cells were
labeled with propidium iodide in red. The spheroids incubated in the assay solution (5 mL of
PBS containing 10 pL of calcein-AM and 5 pL of propidium iodide) in each well for 15
minutes at 37°C. An inverted Fluorescence Microscope (OLYMPUS IX71, USA) was

utilized to capture live/dead fluorescence images.

7.2.12 Measurement of spheroid number and diameter

Spheroids formed with the breast cancer cells among different groups, were imaged using an
Olympus IX71 inverted microscope. To count the total number of the formed spheroids, the
spheroids suspension reached to the final volume of 4 ml, then 400 pl of the final spheroid

suspension was added to the 48-well plate. The number of spheroids in 400 pl was counted
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and multiplied by 10 to estimate the total number of the spheroids in 4ml. The average
diameter of spheroids was also calculated by measuring the diameter of at least 40 spheroids
in each group. Image] (NIH, Bethesda, MD) was employed for number and diameter
measurements [399]. Most of the spheroids presented a spherical shape. For those had

ellipsoid shape, the longest dimension was measured as diameter.

7.2.13 Immunofluorescence staining of PDL-1

To assess PDL-1 expression of the formed spheroids, isolated spheroids were stained with
anti-PDL-1 antibody. First, the spheroids were fixed with chilled 100% methanol for 10 min
at -20 °C, then centrifuged at speed of 1200 rpm for 5 min to remove methanol. The samples
were washed with PBS followed by blocking with 1% BSA for 1 hour at room temperature.
Then the spheroids were stained with a rabbit monoclonal PDL1 antibody by overnight
incubation at 4°C. Later, the samples were washed three times with PBS to remove the
unbound antibody. Finally, the nuclei were stained with DAPI for 5 minutes and the images

captured using inverted fluorescent microscope (OLYMPUS IX71, USA).

7.2.14 Spheroid spreading

Isolated spheroids were transferred to the 24-well plate and allowed to spread. The spheroids
were monitored under a microscope to observe whether they attached to the surface. After
spheroid attachment, culture media was removed, and the fresh media added for the further
spheroid cultivation and analysis. PDL-1 expression of breast cancer cells in the spread
spheroids was analyzed using immunofluorescence staining of PDL-1 followed with PDL-1

ELISA assay as described before in this paper.
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To measure PDL-1 concentration of the spread spheroids, first, they were dissociated using
trypsin (SigmaAldrich, USA) and the number of cells counted among five study groups of
MCF7 and MDA-MB-231 spread spheroids. Then, the cells of each group were transferred
to a new well at the concentration of 10° cells/ml and incubated for another 24 hours. ELISA

assay was performed according to the manufacturer’s instruction, as mentioned before in this

paper.

7.2.15 Statistic

The results of the quantitative experiments were expressed as mean+SD. Statistical analysis
was performed with Student t-test. “p-value<0.05 was considered as a statistically significant
and ““p-value<0.005 was considered as an extremely significant. Microscopic images are
representative images from three independent experiments. Data shown for spheroid
diameter are the averages from at least 40 spheroids. PDL-1 ELISA assay was conducted in

three separate replicates.

7.3 Results

7.3.1 PDMS substrates elastic modulus

Three PDMS substrates with the different elastic modulus was achieved by controlling the
ratio of polymer to crosslinking agent. The elastic modulus of PDMS substrates with the ratio
of 10:1, 50:1 and 75:1, were measured as 1.51 MPa, 12.38 kPa, and 3.60 kPa, respectively.
These values cover the physiologically relevant elastic modulus of tumor microenvironment
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that are used to examine how substrate rigidity affects biological behavior of cancer cells. As

mentioned, these substrates are referred to as stiff, semi soft and soft, in this paper.

7.3.2 Expression of PDL-1 protein in breast cancer cells

First, we determined the expression of PDL-1 protein in two breast cancer cell lines among
five groups of non-treated, CTX-treated, stiff, semi-soft and soft. Figure 7.1 exhibits
immunofluorescent images of PDL-1 and nucleus of breast cancer cells which demonstrates
that the degree of PDL1 expression varies considerably among study groups of breast cancer
cell lines. Consistent with the findings in the previous literature [400], the considerable
expression of PDL-1 protein was observed in MDA-MB-231 cells (figure 1B) whereas, there
was little expression of PDL-1 protein in MCF7 cells (Figure 7.1A). Application of anti-
EGFR antibody for 24 hours significantly reduced PDL-1 protein level in MDA-MB-231
cells which revealed that PDL1 expression is positively related with the EGFR activity. In
addition, the effect of substrate stiffness on PDL-1 expression was examined. PDL-1
expression of MDA-MB-231 cells was affected not only by chemical treatment but also by
substrate stiffness. The cells on the stiff substrate expressed the most PDL1 among three

PDMS substrates with different rigidity

To confirm the results of PDL-1 staining, ELISA was employed to measure PDL-1
concentration. In agreement with the above reported results of immunostaining, PDL-1
concentration of MCF7 cells was measured below 30 pg/ml for all the study groups (figure
7.6A). The PDL-1 protein concentration of the invasive breast cancer cells was significantly

reduced by EGFR targeting ("p <0.005). Similarly, PDL1 concentration of MDA-MB-231
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cells grown on the soft substrate was significantly lower than those grown on the stiff
substrate ("p<0.005) (figure 7.6A). Above mentioned results suggest that PDL-1 expression

can be mediated by the chemical and mechanical factors.

MCF7
(A) Non-treated CTX-treated Stiff Semi Soft Soft

MDA-MB-231

Figure 7.1. Regulation of PDL-1 expression by EGFR signaling and substrate
stiffening. Representative immunofluorescent images of (A) MCF7 and (B) MDA-MB-
231 cells cultured on non-treated, EGFR treated, stiff, semi soft and soft groups for 24
hours, stained for PDL-1 (red) and nuclei (blue). Images were obtained using a fluorescent
microscopy. Scale bar denotes 50 pm.
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7.3.3 Characterization of the breast cancer spheroids

In this paper, spheroid formation was performed by employing the microwells technique. we
screened the spheroid formation ability of two breast cancer cells in five study groups. For

all groups, single cells were seeded into the microwells and most of the tumor spheroids
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reached above 100 pm after 2 days. The SpheroFilm device and spheroid formation steps of
two breast cancer cells are schematically illustrated in figure 7.2A. Initially, cells were settled
in the bottom of the microwells. After one day, the cells started to attach together and form
cell aggregates. Later, on day 2, they formed denser 3D structures (figure 7.2B). Initially, we
examined cell viability in the cancer spheroids and confirmed that both cell lines displayed
more than 95% viability by Calcein AM staining (figure 7.3A, B) in all groups of study. Due
to the small size of spheroids (less than 300 pm), necrotic core was not observed in any of

the spheroids.

-

MCF7

MDA-MB-231

______________________________________________________

Figure 7.2. Schematic of the SpheroFilm utilized to generate the spheroids and
representative images of the spheroid formation of breast cancer cells. Scale bar is 100
um. (I) Side view of the SpheroFilm contains 361 microwells with the diameter of 300 pm
and the depth of 300 um (II) Breast cancer cells were seeded into the microwells (day 0)
among five study groups of non-treated, CTX-treated, stiff, semi soft and soft (III) The
cancer cells grouped together to formed cell aggregates after 1 day (IV) Later, cellular
aggregates formed tumor spheroids after 2 days (V) Tumor spheroids were isolated from
SpheroFilm and strained with the 100um filter.
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Figure 7.3. Spheroid characterization. (A) live and dead assay exhibits high viability of
3D spheroids of MCF7 and MDA-MB-231 cells among five chemical and mechanical
treated groups. The live cells were stained with Calcein AM (Green) and the dead cells
were stained with PI (Red), as described in materials and methods. Arrows show some of
the dead cells. The images were obtained by fluorescent microscopy with scale bar of 100
um. (B and C) The number and diameter of the formed spheroids of (B) MCF7 and (C)
MDA-MB-231 cells. The number of spheroids has been represented as the mean+SD of
three independent experiments. The mean diameter of spheroids has been represented as
the mean+SD of at least 40 spheroids in each group.

Next, we examined whether EGFR targeting, and substrate stiffening involved in the spheroid
formation. Total number of the formed spheroids and their average diameter have been shown
in figure 7.4 (B and C). we observed the considerable difference in the number and diameter

across the formed spheroids. Although both breast cancer cells successfully formed tumor
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spheroids, MDA-MB-231 cells exhibited more spheroid formation ability by generating
more number of spheroids which were bigger in the size. Our results revealed that Cetuximab
treatment resulted in the alteration of spheroid formation ability of MDA-MB-231 cells.
These cells decreased the spheroid formation ability in terms of number and diameter which
suggest that spheroid formation of cancer cells strongly depends on the EGFR activity
("p<0.005). In contrast, EGFR targeting did not affect spheroid formation of MCF7 cells.
Furthermore, the spheroid formation ability of both cancer cells was altered with the substrate
stiffening. MCF7 and MDA-MB-231 cells cultured on the stiff substrates revealed more
ability for spheroid formation compared with the soft substrates ("p<0.05). Although both
cell lines respond to the substrate stiffness, non-invasive MCF7 cells showed more sensitivity
than invasive MDA-MB-231 cells. The total number of 230+12 and 350+32 spheroids in the
stiff groups of MCF7 and MDA-MB-231 cells decreased to 100£15 and 190+14 spheroids
in the soft groups, respectively. These changes were accompanied with the decrease in the
average diameter of MCF7 spheroids from 200+43 pm to 167+54 um by substrate softening

("p<0.05).

Next, we examined whether PDL-1 is involved in the spheroid formation induced by EGFR
blocking and the substrate stiffening. Figure 7.4 indicates representative immunofluorescent
images of tumor spheroids which reveals that spheroid formation interestingly increased
PDL1 expression of breast cancer cells in the EGFR-dependent and stiffness-dependence
manner. Breast cancer spheroids characterized with the lower expression of PDL-1 in the soft
group compared with the stiff group as well as the Cetuximab-treated group compared with
the non-treated group. These results suggest upregulation of PDL-1 through spheroid

formation which mediated by the chemical and mechanical factors.
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Figure 7.4. Role of the spheroid formation in the PDL-1 expression of breast cancer
cells. Representative bright field and immunofluorescence images of (A) MCF7 and (B)
MDA-MB-231 spheroids in five study groups of non-treated, CTX-treated, stiff, semi soft
and soft, stained for PDL-1 (red) and nuclei (blue). Images were obtained using a
fluorescent microscope and scale bar denotes 50 um.

7.3.4 Assessment of the PDL1 expression in spread breast cancer spheroids

Next, we examined whether spheroid formation affects PDL-1 expression. Since tumor
spheroids are the 3D structures of hundreds of cells, their PDL1 immunostaining would not
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be adequate to confirm the induction of PDL1 expression by spheroid formation. Therefore,
we examined PDL-1 expression of the tumor spheroids after spreading for 24 hours to ensure
about the formation of cancer cell monolayer. Figure 7.5 illustrates spreading of the tumor
spheroids and formation of the monolayer which consisted of those cancer cells that
successfully involved in the tumor spheroid formation. MCF7 cells showed an increased
PDL-1 expression not only in the tumor spheroids but also in the spread spheroids which
demonstrates induction of the PDL1 expression by spheroid formation. Remarkably, MCF7
cells revealed substrate dependent PDL1 expression in the spread spheroids. As found before,
the spread spheroids of MDA-MB-231 cells showed that the expression of PDLI is closely

related with the EGFR activity.

To further confirm the results, PDL-1 staining of the spread spheroids was accompanied with
measuring of PDL-1 concentration using ELISA (figure 7.6B). Among five study groups of
MCF7, we found the highest PDL-1 level in the non-treated group. In agreement with the
data assessed by the immunofluorescent microscopy, MCF7 cells appeared as a PDL-1
positive after spheroid formation. Furthermore, the PDL-1 concentration of spread spheroids
of MCF7 reached to 214428 pg/ml, 153419 pg/ml and 151424 pg/ml in stiff, semi soft and
soft groups, respectively. In contrast, MDA-MB-231 cells did not exhibit a significant change
in the PDL-1 concentration after spheroid formation. In agreement with the previous results,
spread spheroids of MDA-MB-231 cells exhibited noticeable PDL-1 expression which
mediated by EGFR blockade and substrate stiffness, so that Cetuximab treatment caused a

decrease PDL-1 expression in these cells.
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Figure 7.5. PDL-1 expression of spread spheroids of breast cancer cells as a function
of the EGFR activity and the substrate stiffness. Representative bright field and
immunofluorescence images of (A) MCF7 and (B) MDA-MB-231 spheroids in five study
groups which stained for PDL-1 (red) and nuclei (blue). Images were obtained using a
fluorescent microscope. Scale bar represents 100 pm.
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Figure 7.6. Comparison of protein concentration of PDL-1 in the chemical and
mechanical groups, before and after formation of the spheroids. PDL-1 concentration
of two breast cancer cell lines, MCF7 and MDA-MB-231 cells was measured by ELISA
among five study groups of non-treated, Cetuximab treated, stiff, semi soft and soft
substrates (A) before and (B) after spheroid formation. The values are mean = SD of two
independent experiment with duplicate measurements for each. * significantly different
between the groups (p< 0.05) and ** (p< 0.005).

7.4 Discussion

It is well established that the expression of PD-L1 plays a significant role in cancer cell-
mediated immune response. The cellular expression of PD-L1 could be affected with
different chemical and mechanical factors of tumor microenvironment. Hence, identifying
the PD-L1 signaling pathway and effective molecular and cellular events is crucial for the
successful prediction of response to the PD-L1 targeted therapy. In this paper, the effect of
EGFR signaling and substrate stiffness, two important tumor microenvironmental factors, on

the PD-L1 expression of breast cancer cells was investigated. Further, we evaluated how the
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spheroid formation of breast cancer cells could be related to the PD-L1 expression level. It
has been demonstrated that different cancer cell types express a different level of PD-L1 that
could be associated with their invasiveness potential [401]. Kim et al. indicated that
metastatic lung cancer tumor tissues express more level of PD-L1 compared to the primary
tumor [402]. The similar result was observed for breast cancer cells [400, 401]. In this study,
we also confirmed the high PD-L1 expression of invasive MDA-MB-231 cells, while non-
invasive MCF7 cells did not display a considerable level of PD-L1 (p<0.05). Moreover, PD-
L1 level of MDA-MB-231 cells indicated a significant sensitivity to both EGFR treatment
and substrate stiffening. There are several studies which evaluated the effect of substrate
stiffness on the cellular behavior of cancer cells [403, 404]. They reached the conclusion that
cancer cells respond to the substrate rigidity by changing the protein expression,
proliferation, migration and differentiation ability. Most recently, Myazawa et al. probed the
effect of substrate stiffness on the PD-L1 expression of lung cancer cells [405]. They
demonstrated that substrate stiffening enhanced the PD-L1 level via actin-dependent
mechanisms. Here, we investigated such a relationship by culturing breast cancer cells on
stiff, semi-soft and soft PDMS substrates and demonstrated the relation between substrate

mechanics and PD-L1 expression.

The association between EGFR and PD-L1 plays an important role in cancer targeted therapy
and is gaining much more interest in recent years. The studies clarified a positive correlation
between EGFR activity and PD-L1 expression [406, 407]. MDA-MB-231 cells have been
reported for a high level of EGFR which recognize them as a suitable target for anti-EGFR
treatment [408, 409]. EGFR is involved in the modulation of PD-L1 expression through AKT

and STAT3 downstream signaling pathways [410, 411]. Regarding the correlation of these
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two important signaling pathways, much more attention has been paid to the combined
targeting of EGFR and PD-L1 in recent years [407, 412]. Our results indicated that EGFR-
positive MDA-MB-231 cells, expressed a high level of PD-L1, while EGFR-negative MCF7
cells did not show a significant level of PD-L1 which is in good agreement with previously
published papers [400, 401]. Moreover, Cetuximab treatment of MDA-MB-231 cells was
accompanied with a noticeable reduction of PD-L1 which further confirmed the relationship

between PD-L1 expression and EGFR signaling pathway.

There are various factors that could be influential in the PD-L1 expression which among
them stemness factors are not adequately addressed [413, 414]. In this study, by analyzing
data of invasive breast cancers from The Cancer Genome Atlas (TCGA) and protein-protein
interaction, we illustrated a possible correlation between PD-L1, EGFR and stemness-related
genes (Supplementary Fig 1). In line with these results, Malta et al. reported positive
association between Immune microenvironment content, PD-L1 levels and stemness features
in breast cancer (01). Additionally, high expression of PD-L1 in CD44"¢" breast cancer cells

and its role in maintaining stemness factors OCT-4A, Nanog and BMI1 have been reported.

It has been demonstrated that both approaches, substrate stiffness and EGFR activity, which
were used to change the PD-L1 expression could alter stemness factors [415, 416]. Abhold
et al. reported a reduction of mesenchymal markers by EGFR targeting [416] while You at
el. probed an enhancement of stemness markers by substrate stiffening [415]. Regarding
these studies, it can be concluded that both EGFR signaling and substrate stiffening could
modulate the PD-L1 expression through the mediation of stemness markers. Stemness
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markers could be affected by different mechanisms among them the spheroid formation of

cancer cells plays an important role [417].

Therefore, cancer spheroids were formed to investigate how spheroid formation could alter
the PD-L1 expression of breast cancer cells. The results indicated the successful formation
of breast cancer spheroids in both cell lines among five study groups. However, noticeable
differences were observed in the spheroid formation ability of breast cancer cells in terms of
spheroid diameter and number. The effect of substrate stiffness on the various cellular
behaviors has been investigated, while there is not any report addressing the effect of
substrate stiffening on the spheroid formation. As far as we know, for the first time, we
indicated that cancer cells derived from the stiff substrate had more ability to form tumor
spheroids. Furthermore, the spheroid formation was influenced not only with the substrate
stiffness but also with the EGFR activity. Cetuximab-treated MCF7 and MDA-MB-231 cells
indicated a decrease of 23% and 50% in the number of formed spheroids compared to non-
treated cells, respectively. The average diameter of formed spheroids also decreased from the
stiff to the soft substrate. Moreover, analyzing the number and diameter of formed MDA-
MB-231 spheroids revealed that the spheroid formation ability of breast cancer cells

positively correlated with the PD-L1 expression level.

The assessment of PD-L1 level by immunostaining as well as ELISA indicated that firstly,
cancer spheroids derived from the stiff substrate showed the higher level of PD-L1 among
three PDMS substrates, secondly, EGFR targeting decreased the PD-L1 level not only in the
cancer cell monolayer but also in the formed spheroids, and thirdly, the spheroid formation

considerably enhanced the PD-L1 expression level of MCF7 cells. This result demonstrated
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the association between the spheroid formation and PD-L1 expression. Chen et al. reported
that spheroid formation led to overexpression of stemness-related genes [417]. Furthermore,
as discussed before, stemness markers also correlate to the PD-L1 expression. Hence, there
is a triple interaction between stemness markers with the PD-L1 expression and spheroid
formation. Taken together, our results suggest that the formation of spheroids could modulate

PD-L1 expression of MCF7 cells through the mediation of stemness markers.

Molecular targeted therapy (e.g., EGFR and Her2 inhibitors) and immunotherapy (e.g.,
PD1/PDLI inhibitors) are two of the most important approaches in the cancer treatment.
Unlike molecular targeted therapy, the prediction of response to immunotherapy has more
challenges. Although, the PDL-1 expression is widely used as a predictive biomarker to
immunotherapy, to date, many immunotherapy treatments have demonstrated a low efficacy
in the most of patients [418]. Our results indicate that even for PD-L1-negative cancer cells
such as MCF7, the PD-L1 expression could alter by different cellular and molecular
mechanisms, and in such a situation different treatment approach should be considered.
Therefore, successful predication of response to immunotherapy, specifically PDL-1
targeting, requires much more experiments in the 2D and 3D microenvironment, under
various chemical and mechanical conditions. Moreover, the correlation between EGFR and
PD-L1 supports the approach of combination therapy as a more effective strategy to modulate

cancer cell- immune cell interactions.

In summary, we revealed that PD-L1, as an important biomarker of immunotherapy, is
modulates by both substrate stiffness and EGFR activity. Further, we demonstrated that the

PD-L1 expression level associates with the formation of cancer spheroids. So, even for those
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cancer cells with a low level of PD-L1, the possible changes in the cancer cell- immune cell
interaction should be considered. Overall, to achieve a successful predication of response to
immunotherapy, different influential chemical and mechanical factors should be examined.
The evidence from this study has gone some way toward enhancing our understanding of
factors which modulate the PD-L1 expression. Our findings suggest a triple interaction
between the spheroid formation, PD-L1 expression, and stemness markers which are
involved in the cancer progression. Despite this, we believe our work is a starting point and
further experiments are required to determine exactly how spheroid formation affects PD-L1

expression.
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Chapter 8

Generation of vascularized Tumour Organoids
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Statement on COVID-19 impact on the completion of this chapter

This chapter provide a new and novel protocol to generation of vascularized tumor organoids
in microfluidic device. The spread of Covid-19 and initiation of series of intensive
restrictions and lockdowns on state extremely affected the completion of this chapter of
thesis. Methodologically, the generation of vasculature and maintaining organoids require a
daily basis laboratory work. This issue was affected by monthly lockdowns. Moreover,
purchasing required materials particularly cell culture reagents for organoid formation and
vasculogenesis faced with a log-term delay due to national and international border closure.
Additionally, limitations in daily laboratory working hour (2 hours) and campus lockdowns
for using core facilities significantly hindered performing experiments and data gatherings
for this chapter. However, regardless of these limitations, we successfully generated
microvasculature and pre-vascular organoids partially using an adapted method. We also
highlighted remaining steps to completion of this work in post-pandemic context and its
implication in future of cancer research.
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8.1 Introduction

Various tumour organoids have been developed to the model tumour microenvironment
(TME) [419-421]. However, lack of vasculature, tumour stromal cells and importantly,
immune cells in these models limited the application of tumour organoids in the study of
tumour-immune microenvironment and interaction of cancer cell-stromal cells and immune
cells in a dynamic and real-time fashion [422]. Recently, few studies highlighted the potential
of co-culturing immune cells and tumour-derived organoids in the study of tumour-reactive
T cells and immune therapy response in colon and lung adenocarcinoma [423-426]. Due to
the nature of organoid formation from tumour tissues, the majority of immune cells and
tumour stromal cells are eliminated during the process of organoid generation. More
importantly, the lack of microvasculature in these model systems significantly challenges the
study of immune cells infiltration and screen of therapeutics agent target vasculature in TME
[427]. Thus, developing a reliable model of TME which include all molecular and cellular
properties of TME remain to be developed. To overcome these limitations, microfluidic
technology offers a potential platform to generate and incorporation all cellular components
of TME in a low-cost, physiology relevant and reliable fashion. This platform enables the
study of cell-cell communication analysis of TME in a real-time and single cells manner.
Additionally, the generation of perfusable microvasculature in a device coupled with
organoids offers a potentiate platform for studying immune cells infiltration in
physiologically relevant. In this chapter, we aimed to develop an advanced model of TME
by cooperating tumour organoids, tumour stromal cells, and immune cells in a 3D

vascularized microfluidic device.
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8.2 Methods and Materials

Figure 6.1 illustrate the workflow of developing an advanced model of TME.

CD8+ T cells
Tumour  Thrombin «. 3
organoids
& » 4
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Figure 8.1. Schematic of workflow for the generation of tumour microenvironment in
vascularized device equipped with tumour spheroids/organoids, cancer-associated
fibroblasts, and T-cells. The generated tumour organoids will be mixed with the defined
concentration of thrombin and then add to the mixtured of endothelial cells and CAFs. The
final mixure will be loaded in the central channel of device and feed with the a mixture of
organoid medium and vascular medium for 15 days.

8.2.1 Cell culture and organoids formation

To generate cell-line derived breast cancer organoids, the MCF7 cells were cultured using
MammoCult medium for 10 days in an ultra-low attached flask. The generated mamo-sphere
were harvested using 250 x g centrifugation for 2 minutes. The plate of cells containing
spheroids were transferred to the collagen-gel solution with a concentration of 2.5 mg/ml on
ice. A 100ul drop of this suspension was placed in the centre of a well in a 24-well suspension

culture plate and allowed to polymerize for 30 min at 37 °C. Finally, 700ul of breast cancer
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organoid culture medium (DMEM/F12 supplemented with R-Spondin-1, Neuregulin-1,
FGF7, FGF10, EGF, Noggin, A83-01, Y27632, B27, N-Acetylcysteine, Nicotinamide,
Glutamax, HEPES, and penicillin/streptomycin) [428] was then placed over the droplet and

incubated for 2-4 weeks.

8.2.2 Culturing microvasculature in device

Human umbilical vein endothelial cells, HUVECs (Lonza, Cat. no. CC-2519) were cultured
in vascular medium (EGM2-MV BulletKit) (Lonza, Cat. no. CC-3202). NHLF human Lung
Fibroblasts (Lonza, Cat. no. CC-2512) were cultured in fibroblast growth supportive medium
(Lonza, Cat. no. CC-3132). The culture medium was replaced every 2 days, and all

experiments were performed before reaching 15 passages.

Microvascular networks (MVN) were created by detaching HUVEC and NHLF cells from
cell culture flasks and resuspending them in a cold vascular medium with 2 U/ml thrombin
from bovine plasma (Millipore Sigma, #T7326). The two cell types were combined with cell
densities of 12 x 10%/ml HUVECs and 2 x 10%ml hLFB. Cell suspensions were mixed 1:1
volume ratio with 6 mg/ml fibrinogen (Millipore Sigma, #341573) and gently injected into
microfluidic devices. After allowing several minutes of fibrin polymerization (15-30 min) in
a 37-C incubator, warm vascular medium (EGM2-MV) was added to both side channels and

refreshed each day of culture. MVN self-assembled over several days, refreshing media daily.

8.2.3 Generation of vascularized tumour spheroids

To generate the pre-vascular organoids, MVN were co-cultured with tumour organoids. To

maintain the same conditions used in each individual protocol, cell densities of 24 x 10%/ml
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HUVECs and 4 x 10%ml hLFB were mixed 1:1 volume ratio with 6 mg/ml fibrinogen. This
cell-gel suspension was mixed 1:1 with collagen-mamo-sphere mixture previously generated
by resuspending organoids in 125 mL of collagen hydrogel, resulting in the same final cell
density as MVNs or organoids alone. After loading this solution in the central channel of the
device, the flanking channels filled with 1:1 ratio of organoid medium and EGM2-MV and

devices were incubated for at least 10 days.

8.2.4 Immunofluorescence and Confocal Imaging

Mature microvascular networks and pre-vascular organoids were rinsed with warm PBS
followed by 2% paraformaldehyde to the media channels and left at room temperature. After
15 min of fixation, devices were rinsed twice with PBS, and blocking solution (Blocking-
Aid, thermo-fisher) was added. Devices were incubated for 1 hour at room temperature (RT),
washed with PBS, and stained with primary antibodies: CD31 (Abcam, ab215912), KRT-
8/18 (Abcam, ab206091), VE-Cadherin (Abcam, ab225442), and incubated at RT for another
1 hour. Prior to imaging, the primary antibodies were removed from the device and replaced

with DAPI for nucleus staining.

8.2.5 Statistical analysis

The microvasculature features and the expression of VE-Cadherin were analysed using Fiji

software. The statistical analysis was performed using Graph-Pad Prism (version 9.1).

192



8.3 Results

8.3.1 Microvasculature in device

To generate 3D microvasculature in the device, we assessed various conditions in terms of
the ratio of endothelial and fibroblast cells and thrombin/fibrinogen gel concentration to
identify appropriate cell density and ECM composition. Clear differences were observed in
the morphology of vascular networks for different conditions (Figure 8.2A, B). Since each
condition gave rise to different settings, we assess various features to identify the appropriate
setting. A high inter-connected form of endothelial cells was found in setting-03, in which
the ratio of HUVEC/Fibroblasts was 5:1. The differences in the size of the microvasculature
network were quantified by measuring the present area that HUVECs occupied in the device.
This value varied from 59.1 £ 3.6 for setting-01, 51.6 + 9.8 for setting-02, and 84.3 £ 5.4 for
setting03. We further compared networks by quantifying them through different metrics,
including the number and the length of branches. While setting-01 had 105 + 15, setting-03
showed a nearly 2.0-fold increase (182.6 + 5.8) in the number of branches (Figure 8.2B). The
length of all branches was also measured, resulting in a high average branch length of 147 +
3.2 um for devices cultured by setting-03 in comparison with other settings. Finally, we
measured the expression of the VE-Cadherin in networks by quantifying mean-fluorescent
intensity. As we expected, the setting-03 microfluidic devices showed a nearly 5.0-fold
increase in the expression of this protein (Figure 8.2B). Overall, these results demonstrated

setting-03 as an appropriate condition for generating a mature microvasculature in the device.
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Figure 8.2. Generation of 3D microvasculature in a microfluidic device. (A) Comparing
various settings on the formation of vasculature in the device (Methods and Materials). The
representative images show the expression of VE-cadherin in the formed microvasculatures.
(B) the assessment of various features of microvasculature between different settings. The
analyzed features suggest setting-03 as appropirate condition for generating
microvasculature in the device based on the number of branches, vessel area, and VE-
cadherin expression.
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8.3.2 Generation of vascularized organoids

The lack of micro-vasculature in organoids has been highlighted as one of the main
drawbacks of this promising 3D model, which limit the application of tumour organoids to
model vasculature properties of TME and screening of the anti-angiogenic compounds.
Currently, to generate vascularized tumour organoids, two main approaches have been
suggested [427], although the successfulness of this approach remains to be shown. Culturing
pre-vascularized tumour organoids in a vascular bed or co-culturing formed, and mature
tumour organoids directly by endothelial cells are known as inside-out and outside-in
approaches, respectively. To better model vasculature properties of TME, the inside-out
approach allows better mimicking of both vasculogenesis and angiogenesis besides fueling
the core of the tumour organoids through the formation of a pre-vascular area in the tumour
organoids. To use this approach, we tried to generate pre-vascular organoids that are included
with endothelial cells. In this regard, we added and cultured a defined ratio of HUVEC cells
to tumour cells mixture at the seeding step of organoid formation for at least 15 days before
the maturation step of tumour organoid formation (Figure 8.3 A, B). During the first 15 days
of the tumour organoid formation, we found high expression of CD31, a specific marker for
endothelial cells at the core of the tumour organoids stained with cytokeratin-18 as a
maturation marker (Figure 8.3A). Following expanding culture time and using maturation
medium included with vasculature medium (50:50 v/v) under a semi-hypoxic condition, we
found a vasculature like structure in a small part of the organoids (Figure 8.3B). The analysis
of CD31showed the low expression of this protein at the proximal region of the organoids

while they were expressed at the distal site of the organoids.
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KRT18

Figure 8.3. Generation of vascularized tumour organoids. (A) the immuno-fluorescent image
shows the co-culture of cancer cells and endothelial cells after 15 days. The endothelial cells
were localized at the proximal region (core) of tumour organoids stained with CD31(Red).
(B) The representative image of a generated tumour organoid showing microvasculature after
28 days of culture in a semi-hypoxic condition using organoid maturation and EGM2
medium. The endothelial cells and tumour organoids were stained with CD31 (Red) and
maturation marker KRT18 (Green), respectively. The immuno-fluorescent image shows the
formation of microvasculature in a small distal part of the organoids (yellow arrows).

Taken together, these results highlighted the applicability of micro-vasculature formation in
the distal part and surface of the tumour organoids using our developed protocol. However,
long-term maintenance of co-culture of tumour organoids and microvasculature in culture

should be optimized, which requires further effort.
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8.4 Discussion

This chapter aimed to generate a complex TME represented in Figure 6.1 using generated
microvasculature and tumour organoids in a microfluidic device. In the first step, we
developed a fully vascularized microfluidic device. As few research articles used a three-
channel device for vascular formation [429-434] and the presence of variations in used
protocols, we measured different settings in terms of passage numbers and the ratio of
endothelial/fibroblast cells ECM composition. The efficacy of formed vasculature was
measured against four features: number of branches, vessel area, average branch length, and
expression of the endothelial marker. These features have been introduced as a marker of a
mature vasculature in the device [435, 436]. Using these features, we found setting-3 of
vasculature formation as an appropriate condition for generating a vascular bed for tumour

organoids.

The application of tumour organoids for modelling diseases, including cancer, have been
highlighted previously [3, 108, 112]. Recently, the use of tumour organoids to recapitulate a
single feature of cancer and tumour microenvironment (TME) and, more recently, tumour
immune microenvironment (TIME) has been introduced [114, 117, 424]. The genomic
similarity between tumour-derived organoids and parental tumours introduced this model
system for the study of cancer genomics and more recently personalized treatment of cancer
[3]. However, this model is unable to model the main cellular feature of TME and TIME in
terms of tumour stromal cells, vasculature and presence of immune cells and their interaction
in a physiologically relevant fashion. Although few studies demonstrated organoid-like

structures equipped with vasculature [429]; however, the lack of flow and perfusion in these
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models unable the mimicry of TME vasculature in a reliable manner. In recent years, various
efforts have been performed to develop a vascularized organoid using bio-engineering
approaches [120, 283, 427, 437]. It has been shown that stem-cell-derived organoids without
pre-developed microvasculature can be vascularized after transplantation in mice [427, 438].
These data suggest that culturing organoids in an engineered vascular bed might result in
vascularized organoids in-vitro. However, few studies demonstrated a fully vascularized and
perfusable vasculature in organoids using this approach [439, 440]. Taken together, this
evidence suggests that organoid pre-vascularization, even without perfusion, is an essential
part towards a truly perfusable organoid platform in-vitro, especially in the case of tumour-
derived organoids. In this regard, two main approaches have been suggested: co-culturing
organoids and endothelial cells and co-differentiation of mesodermal progenitor cells in the

case of stem cell-derived organoids [427].

Co-culturing organotypic tumour spheroids with endothelial cells is an intuitive way to
develop pre-vascular organoids. We mixed tumour cells with a defined ratio of endothelial
cells and tumour stromal cells and cultured them for 28 days under two different organoid
culture mediums. Measuring the localization of endothelial cells after 15 days showed
accumulation of these cells at the center of organoids, while when we induced a hypoxic-like
condition, not only HUVEC cells moved to the distal sites of tumour organoids, but also few
microvasculature-like structures had been formed. Similar to this approach, Takebe et, al
developed vascularized liver organoids by seeding iPSC derived hepatic endoderm, human
umbilical vein endothelial cells (HUVECs) and human bone marrow mesenchymal stem cells
(MSCs) as stromal cells on Matrigel [441]. Recently, a modified version of this approach has

been implemented to the generation of functional microvasculature networks within normal
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brain organoids [442, 443].

In the case of tumour-organoid vasculature, few numbers of studies demonstrated the
formation of microvasculature network around cancer cell line derived spheroids and/or
aggregate rather than organoids [429]. In these studies, the pre-generated spheroids co-
cultured with endothelial cells in two different channels and allow endothelial cells to migrate
toward spheroids sites and generate a vascular network [ 124, 439, 440]. In another approach,
tumour aggregates can be mixed with endothelial cells and loaded into the central channel of
a microfluidic device which finally results in vascular-like spheroids [435]. However, the
obtained results from these studies showed a lack of a vascular-network coated organoid or
spheroids [427]. Recently, Worsdorfer et al., using a breast cancer cell line (MDA-MB-435)
and co-culturing them with a defined ratio of mesodermal progenitor cells, developed a fully
coated vasculature spheroid [444]. In this study, they highlighted the impact of a hypoxic
condition in the stimulation of vascular formation around spheroids which have been
observed in our results. Additionally, they observed the localization of CD31 positive cells

at the distal regions of spheroids.

Taken together, besides the obtained results from this study and lesson learnt from
developmental normal vascularized organoids, it seems that a feasible strategy to incorporate
functional vasculature within organoids, particularly tumour organoids is to simply enable
this natural process to occur by developing pre-vascular organoids followed by embedding
organoids in an engineered vascular bed in vitro; however, the successfulness of this
methodology requires a careful plan in terms of timing of co-culture, number of endothelial

cells and composition of culture medium.
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Chapter 9

Conclusion and future work
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In this research project, we aimed to develop an advanced model of TME using a 3D
vascularized microfluidic device equipped with tumour organoids, tumour stromal cells and
immune cells. Considering the single feature of TME, we successfully developed a protocol
for long terms culture of tumour spheroids and organoids in a microfluidic device and
modelled biology and cellular feature of tumour stromal cells and vasculature in the device.
Moreover, to show the functionality of these models, we studied and demonstrated for the
first time the suppressive effects of an anti-fibrotic drug known as Pirfenidone on two major
tumour stromal cells activities and tumour immunity in terms of expression of immune
check-point protein PD-L1 and regulated cytokines through the various research articles.
Additionally, using our device, we successfully showed the migration of PD-L1 positive
cancer-associated fibroblasts (CAFs) and suggested that targeting these cells using PFD can
reduce immune-escape capacity. As metastasis is linked to the phenotype transformation of
cancer cells to a mesenchymal state, we modelled this feature of TME using organotypic
spheroids and CAFs. We demonstrated that targeting CAFs can significantly reduce the EMT
capacity of cancer cells and the stemness feature of cancer cells. Finally, we generated a
mature microvasculature network followed by pre-vasculature organoids in our device. We
used various settings and modified previously developed pre-vascular organoid protocols for
stem-cell-derived organoids to generate vascular tumour organoids. However, current
situations and restrictions due to the Covid-19 pandemic significantly affected the completion
of this phase of the project. Thus, these limitations warrant the feature studies to focus on
culturing pre-vascular organoids in a microvasculature bed and load immune cells to model
a complex and reliable TME in a microfluidic device. This model can be used to study cell-

cell communication of TME and the role of the vasculature in tumour development. Also, the
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role of tumour stromal cells and their immune-suppressive capacity can be studied in this
complex system. Moreover, the advantages of microfluidic technology enable the
incorporation of recent state-of-art technologies, including single-cell analysis in a device in
a real-time, cost-effective, and reliable fashion. Thus, the completion of this phase of the
study in the near future can result in the development of a new generation of in-vitro model
of TME suitable for the study of TME and drug discovery at the single-cell level. Moreover,
our model enables the culture of patient-derived organoids and immune cells, highlighting
the application of this platform for personalized cancer treatment, including immunotherapy
which requires feature works to validate this platform. At the end, the completion of this
thesis was faced with various Qutstanding questions, challenges and recommendations
which can be considered as opportunities for future research in this field:

e As tumor stromal cells are a heterogeneous population, what sub-population of CAFs is

main target of PFD?

e How combination of PFD with current immune-checkpoint blockades can improve

immunotherapy response in TNBC?

e The optimum culture condition for developing vascularized organoids remains an
unanswered question in which using single culture medium for supporting both tumour

organoids and vasculature is a major obstacle.

e Developing a complex microfluidic device that includes all immune cells, vasculature

and tumor organoids in a spatially like original tumor remained to be introduced.

e Developing microfluidic culture platforms with the capacity of single-cell analysis can

revolutionize the application of microfluidic in study of TME and drug discovery.
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