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Abstract

Brain tumors are one of the deadliest types of cancer. Furthermore, brain
metastasis, which is when cancer cells infiltrate into the brain, greatly increases
the fatality rate. Advances in the field of neuro-oncology have unveiled
previously unappreciated molecular characterizations and diverse therapeutic
approaches to treat brain tumors. Despite these advances, methods assessing
targets in preclinical and clinical studies are still very limited. Although many
components of the brain tumor microenvironment such as dynamic fluid flow
and a unique extracellular matrix have been studied and shown to contribute to
the development of cancer, the mechanisms of these components have not been
clearly unveiled. To tackle this problem, organ-on-a-chip technology has the
capabilities to reconstruct the physiology of complex microenvironments as
well as recreate their mechanisms. Previous studies have employed the
technique to recapitulate the brain tumor microenvironment. However,
biological components required for the physiological reconstruction of the brain
tumor microenvironment were absent in the platforms. By using organ-on-a-
chip technology, we developed a microfluidic platform that can recapitulate the
key structure, function, and dynamic microenvironment of the human brain
tumor microenvironment, including dynamic fluid flow, an engineered
extracellular matrix, and complex cellular components such as
microvasculature and an immune system. The goal of this thesis dissertation is
to conduct anti-cancer drug screening using our physiologically relevant brain
tumor organ-on-a-chip, allowing for efficient administration of tumor

treatment to brain tumor patients.

Keyword : Organ—-on-a—chip; Brain tumors; Microfluidics; Tissue engineering;
Microfabrication
Student Number : 2016-27744
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SUMMARY

Brain tumors account for nearly 90% of all central nervous system (CNS) tumors and
are one of the deadliest types of cancer. Furthermore, brain metastasis, which is when
cancer cells infiltrate into the brain, greatly increases the fatality rate and makes the
cancer harder to treat. Advances in neuro-oncology have unveiled previously
unexplored features in molecular signals and various therapeutic strategies for brain
tumor treatment. Despite these advances, methods assessing targets in preclinical and
clinical studies are still very limited. Although many components of the brain tumor
microenvironment such as dynamic fluid flow and a unique extracellular matrix have
been studied and shown to contribute to the development of cancer, the mechanisms of
these components have not been clearly unveiled. To tackle this problem, organ-on-a-
chip technology has the capabilities to reconstruct the physiology of complex three-
dimensional microenvironments as well as recreate their mechanisms. The technique
has been applied to previous studies to recreate the brain tumor microenvironment.
However, biological components required for the physiological reconstruction of the
brain tumor microenvironment were absent in the platforms. By using organ-on-a-chip
technology, we developed a microfluidic platform that can mimic the critical
architecture, function, and dynamic microenvironment of the human brain tumor
microenvironment, including dynamic fluid flow, an engineered extracellular matrix,
and complex cellular components such as microvasculature and an immune system.
The goal of this thesis dissertation is to conduct anti-cancer drug screening using our
physiologically relevant brain tumor organ-on-a-chip, allowing for efficient

administration of tumor treatment to brain tumor patients.

Xiv 7]



CHAPTER 1. INTRODUCTION

1.1 Background

1.1.1 Brain tumor microenvironment

Primary brain and central nervous system (CNS) tumors represent a substantial
cause of morality and morbidity worldwide and are among the most lethal cancers [1, 2].
Particularly, pediatric brain tumors are the most common solid childhood tumors and the
leading cause of childhood cancer-related death [3]. Cancer cells in other organs also
migrate into the human brain, called brain metastasis, where tumor metastasis cause
approximately 90% of cancer-associated death, and brain metastases occur in 15 — 20% of
adults and 5 — 10% of children with malignancies [4, 5]. The vascular systems in the brain
tumor microenvironment play an important role since the perivascular niche (PVN) is
deeply related to prognosis and serves as a tumor-initiating cells’ reservoir, while the
vasculature provides the route for the metastasis (Figure 1) [6]. Among the various brain
vascular systems, the capillaries in the choroid plexus (ChP) with its epithelium
occasionally serve as the path for cancer cells infiltration toward cerebrospinal fluid (CSF)
where the circulating cancer cells advance into the brain metastasis, called leptomeningeal
metastasis (LM) [7]. Likewise, the brain tumor microenvironment consists of numerous
affecting factors and complex mechanisms in its progression. However, the
pathophysiology of the brain tumor microenvironment should be unveiled more for a better

understanding and drug development.
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1.1.2 Physical traits in brain tumor microenvironment

Recently, the physics of cancer, which significantly affects cancer pathophysiology
and its treatment, has been gaining attention (Figure 2) [8]. Extracellular matrix (ECM) is
one of the key determinants of these physical properties. The ECM can vary solid stresses,
stiffness, and geometry of the microenvironment [9-11]. The brain consists of distinctive
ECM components including laminin, which can contribute to specialized physical features
affecting its physiology [12-18]. In addition to the ECM, brain-specific biofluid such as
CSF can influence fluid pressure in the brain microenvironment, which affects cancer
development in the brain [19]. The flow dynamic also plays a critical role in tumor
pathophysiology, affecting treatment response as well as tumor progression. [20, 21].
Despite the importance of the relationship between physical traits and oncology, a number

of aspects of the relation are still unexplored.
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1.1.3 In vitro models of the human brain tumor microenvironment

Many research groups have contributed to the development of 3D preclinical cancer
in vitro drug screening models and the study of oncology [23]. Specifically, organoids,
which are self-organizing 3D in vitro models to recapitulate certain organs using stem cell
technology, are commonly utilized in cancer research [24]. Though these organotypic
models have enabled recapitulating many crucial pathophysiological factors and in vivo-
like drug responses, they have not been able to recreate dynamic stimulation and 3D
complex architecture of organs with crucial parts such as vasculature and an immune
system [25, 26]. To date, organ-on-a-chip technology has enabled the reconstruction of the
complex physiology including tumor microenvironments [27-30]. Organ-on-a-chip models
enable the application of dynamic flow and the construction of complex multilayered 3D

structures using microfluidic technology [31]. Many preclinical brain tumor models
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reconstitute the brain tumor microenvironment by taking advantages of this innovative
technology, especially to mimic brain tumor-vasculature pathophysiology. Several
microfluidic platforms have been developed for the investigation of tumor migration in the
brain barrier system, which recapitulate brain metastasis by constructing brain endothelial
barriers with tumor migration while subjected to dynamic flow (Figure 3a, b) [32, 33].
However, these models lack brain-specific ECM components and an immune system. Yi
et al. developed a glioblastoma-on-a-chip using a 3D printed microfluidic platform by
utilizing decellularized ECM and conducted drug screening (Figure 3c) [34]. Though this
model reconstructed glioblastoma-vasculature structure with brain-specific ECM, dynamic
flow and immune constituents were not recapitulated. Other research groups reconstructed
the interaction between brain tumor stem cells and vasculature using microfluidic devices
(Figure 3d, e) [35, 36]. The behaviors of brain tumor stem cells were deeply examined
through the platforms, but these models failed to recreate the brain-specific ECM, fluidic
stimulation, and immune reactions of the brain tumor microenvironment. Likewise, though
various 3D in vitro models recapitulating the brain tumor microenvironment have
elucidated unrevealed neuro-oncology and drug mechanisms, many challenges in

mimicking the pathophysiology still remain.
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Figure 3. Brain tumor-vasculature interaction recapitulated in microfluidic
platforms. (a) A blood-brain barrier model to mimic brain metastasis with dynamic
flow [32]. (b) An artificial intelligence-based analysis platform to investigate brain
metastasis [33]. (c) A bioprinted glioblastoma-on-a-chip for chemotherapy testing
[34]. (d) A microfluidic device to mimic glioma stem cells-vascular interactions [35].
(e) A glioblastoma-microvasculature-on-a-chip [36].

1.1.4 Understanding therapeutics and immune system for brain tumor / metastasis

Advances in neuro-oncology have allowed various types of therapeutic methods to
target specific mechanisms such as immune reactions and receptors of cancer cells in the

brain microenvironment have been widely developed [37-39]. However, more studies on
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the resistance mechanisms to the targeting drugs are still needed to treat the brain tumor
microenvironment. One of the reasons a lack of understanding of this resistance mechanism
exists is the lack of preclinical models to reconstitute physiological relevance. For instance,
the perivasulcar niche (PVN) functions as a cancer stem cell (CSC) reservoir which creates
cytotoxic drug resistance, but few preclinical brain cancer tools have recreated the
characteristics of this component [40, 41]. Moreover, few robust in vitro preclinical
models faithfully recapitulate the brain tumor microenvironment with an immune system,
and this lack of an immune microenvironment leads to the inability to examine the response

of cancer cells to immunotherapy [42].

1.1.5 Needs for physiologically relevant in vitro human brain models for the

understanding of neuro-oncology

Few preclinical in vitro tools recapitulating the brain tumor microenvironment
recreate specific microarchitecture and characteristics of the human brain. The lack of this
biomechanical control including fluid shear stress and solid mechanical forces is
increasingly recognized as a limitation to constructing physiologically relevant in vitro
models [25, 26]. For instance, to recapitulate the human ChP, not only does the distinct
multi-layered structure with capillaries need to be recreated, epithelium integration, brain-
specific ECM composition, and dynamic stimulation exposure by CSF flow, also need to
be taken into consideration [43]. Due to the difficulty in reconstituting the physiology, it
has been challenging to developing a powerful preclinical tool enabling the investigation
of pathophysiology and the therapy testing in human ChP. In previous cases, the disparities
in drug response between the human ChP and preclinical tools led to clinical trial failures

[44]. For example, the use of BIA 10-2472, which is a fatty acid amide hydrolase inhibitor



used to treat chronic pain and multiple sclerosis, was halted during phase 1 clinical trials
due to fatal neurotoxicity related to the response in the ChP [45-47]. There have been
attempts with pervious preclinical in vitro models that addressed these limitations [48, 49].
Recently, Pellegrini et al. developed a ChP organoid that recapitulated blood-CSF barrier
(B-CSF-B) properties and functioned to successfully produce CSF (Figure 4a) [48].
Furthermore, they were able to reproduce an in vivo-like drug response in the ChP
organoids similar to those from clinical trials. However, though the organoid model was
able to recreate these critical characteristics of the ChP barrier, it lacked a vascular system
as well as an immune microenvironment which are crucial to its physiology. Also, tumor
modelling was absent in this organoid model. Moreover, the group did not recreate in vivo-
like CSF dynamic stimulation, which is a main component of ChP physiology. Another
group reconstructed a neurovascular unit under the CSF effect using organ-on-a-chip
technology, through which the group was able to successfully reconstruct the complex 3D
structure and introduce breast cancer cells to recreate a brain tumor microenvironment
(Figure 4b) [49]. This neurovascular-unit-on-a-chip represented BBB contact with brain
parenchyma and was used for stroke modeling and stem cell therapy testing. However,
although this microfluidic model included a CSF channel, it was not able to fully represent
ChP and CSF dynamics. Few in vitro models have been developed that can investigate ChP
physiology while under CSF flow dynamics, which is required for a better understanding
of ChP physiology [50]. The recapitulation of a brain tumor microenvironment with this

specialized tissue is necessary for the development of drugs targeting this system.
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Figure 4. Human ChP in vitro preclinical models. A neurovascular-unit-on-a-chip to
reconstruct the human ChP for disease modeling [49].

1.2 Research Objectives

The lack of reliable preclinical models that recapitulate the brain tumor
microenvironment is one of the primary reasons drug development for primary brain tumor
treatment and brain metastases have such high failure rates. Therefore, the need for
accurate brain tumor microenvironmental models is rapidly growing to study unexplored
neuro-oncology. To enable the development of physiologically relevant preclinical tools,
several crucial features of the brain tumor microenvironment need to be recreated: dynamic
fluid flow, brain-specific ECM, and complex cellular components such as
microvasculature and an immune system. Currently, no preclinical in vitro models allow
for high-throughput drug screening or recapitulate these essential traits of the brain tumor
microenvironment.
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The main goal of this work is to develop human brain tumor/metastasis in vitro
models, which recapitulate critical physiological factors in the brain tumor
microenvironment. One of the platforms, a microvascularized pediatric brain tumor-on-a-
chip, utilizes engineered ECM and an integrated microvascular system to enhance its
physiological relevance and capabilities as a drug screening platform. The second platform,
a human ChP-on-a-chip, contains several more features in its design that increased its
physiological relevance. Firstly, the physical design of the microfluidic device enables the
construction of a multi-layered capillaries — epithelium complex representative of the ChP.
Furthermore, the ChP is cultured in an engineered brain-specific ECM and is also subjected
to in vivo-like CSF flow within the device. Finally, drug response and immune reaction can
be modelled using the microfluidic chip by recreating breast cancer metastasis into the ChP
system. All in all, these models to recapitulate the human brain microenvironment can be
powerful tools through which the pathophysiology and drug response can be reliably

predicted.



1.3 Thesis Outline

To accomplish the main objectives, the study is proceeded with the following aims:

Aim 1;

Aim 2:

Aim 3;

Fabricate a microfluidic platform for brain modeling

Design a microfluidic platform to reconstruct the human ChP
Establish design rules for the microfluidic liquid patterning of the platform

Validate and characterize the device as a co-culture system

Engineer physical features of the brain microenvironment

Engineer a brain-specific  ECM for an in vivo-like brain tumor
microenvironment

Recreate in vivo-like CSF flow in the brain microenvironment

Validate the physiological relevance of the human ChP / brain tumor

microenvironment

Recreate a brain tumor microenvironment for drug screening

Recapitulate tumor metastasis in the ChP model
Conduct anti-cancer drug testing using the microfluidic model

Reconstruct tumor — immune interactions in the ChP model
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CHAPTER 2. MICROVASCULARIZED PEDIATRIC BRAIN
TUMOR-ON-A-CHIP  FOR  HIGH-THROUGHPUT DRUG

SCREENING

2.1 Introduction

Pediatric brain tumors are the most common solid childhood tumors and the
leading cause of childhood cancer-related death [3]. Advances in neuro-oncology have
unveiled previously unexplored features in molecular signals and various therapeutic
strategies for brain tumor treatment [51-53]. Despite these advances, functional
assessments of targets in preclinical and clinical studies are still limited. Specifically,
though a number of brain tumor compositions including perivascular niche (PVN) and
cancer stem cells (CSCs) have been considered to considerably contribute to the
development of cancer and the key target to treat brain cancer, the mechanism has not been
clearly unveiled [6, 54, 55]. Although the regimens to treat adult brain tumors are often
applied to pediatric brain tumors treatment, the approach is ineffective due to the key
biological differences between tumors in adults and children [56]. Furthermore, aggressive
therapies for pediatric brain tumor treatment often lead to poor quality of life. The lack of
preclinical models that can reliably investigate the mechanisms of pediatric brain tumors
hinders the precise clinical translation of therapeutics [57]. Although animal preclinical
models for pediatric brain tumors have been developed, there are many limitations due to
the species differences [58, 59]. Diverse types of pediatric brain tumor in vitro models,
such as cell lines [60] and tumorspheres [61], have been developed, but no models
recapitulate three-dimensional human pediatric brain tumor microenvironment consisting

|
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of the critical components: microvascular system, CSCs, and surrounding stromal cells
[62]. To overcome these challenges, the development of clinically applicable pediatric

brain tumor models is required, which reconstitute its complex physiology [63].

To date, organ-on-a-chip technology has contributed to reconstructing the complex
physiology of the three-dimensional tumor microenvironment [27]. Previous studies
employed the technique to recapitulate chemotaxis of medulloblastoma cells, a common
type of childhood brain tumor [64, 65]. Nevertheless, physiologically related components
in the pediatric brain tumor microenvironment including microvasculatures, other stromal
cells, CSCs, and extracellular matrix (ECM) required for the recapitulation were absent in
the platforms. The adjustment of ECM and nutrients for in vitro culture has been required
to co-culture each essential component of the specific microenvironment with its
physiological relevance. In previous studies, microvasculature cultured in a 3D
microfluidic system was generally constructed in fibrin gel [66, 67]. Fibrin allows
endothelial cells to proliferate and configure a microvascular network [68]. However, this
hydrogel is inappropriate for tumor microenvironment culture due to the lack of ECM
components such as laminin to support perivascular cells [12-14] and because of its quick
degradation which makes long-term cell culture difficult [69]. Particularly, HBMECs
contract during fibrin clotting and lysis, which leads to failure in the vascular organization
[70]. To address this limitation of fibrin, ECM engineering utilizing fibrin with other
hydrogels has been suggested [71, 72]. While the construction of 3D self-assembled
microvascular networks in Matrigel is difficult, Matrigel incorporates factors including
laminin that contribute to the physiological relevance of the brain tumor microenvironment

that allows for CSC differentiation [14] and stabilize the vascular architecture [73, 74]. To
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take advantage of both hydrogels, mixing of the different ECM compositions has been
employed [75, 76]. Moreover, this strategy to mix fibrin with other factors has been known
to stabilize vascularization by controlling scaffold degradation [69]. A previous study
showed that a fibrin-Matrigel mixture induced promoted neurite extension, enhanced
neuron proliferation, and elongated angiogenic sprouts of HBMECs [75]. However, this
study did not demonstrate the physiological relevance of other brain stromal cells such as
astrocytes or pathophysiological application like brain tumors in the adjusted ECM
microenvironment. Moreover, this previous study employed polydimethylsiloxane
(PDMS) to fabricate the platforms, which is inappropriate for drug testing due to small

particle absorption and has a low throughput [77, 78].

Beyond engineering ECM for microvasculature construction, hydrogel was
adjusted to accommodate the function and morphology of brain tumor composing cells
such as astrocytes [79], stem cells [76], and brain cancer cells [80]. In the case of astrocytes,
the brain microenvironment preserves in vivo-like physiological characteristics of
astrocytes such as downregulated glial fibrillary acidic protein (GFAP) expression during
a quiescent state, which requires supporting ECM components [81-83]. Matrigel has been
applied to stem cell and organoid culture since it is known to contain ECM components
including laminin to derive stem cells differentiation and maintain their function [84-88].
For instance, Shravanthi Rajasekar et al. constructed vascularized colorectal organoids by
taking advantage of Matrigel for organoid culture and fibrin for vasculature culture [76].
Normally, cancer cells demonstrate increased invasiveness through their branched
morphology with extended filopodial actin [89]. In particular, medulloblastoma cells, one

of the pediatric brain tumors derived from neuronal precursor cells, demonstrate
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morphological and functional similarity to the origin, showing ramified structure during
their differentiation [89-91]. Furthermore, cancer cells remodel those ECM factors during
tumor progression, enabling them for invasion by allowing navigational extension of
filopodial actin [92]. Likewise, it is critical to enhance physiological relevance by

engineering ECM compositions to recapitulate pediatric brain tumors in vitro.

Here we present a recapitulated microvascularized pediatric brain tumor system in
a microfluidic chip with engineered ECM and patient pediatric brain tumor tissues. The
adjustment of ECM using fibrin and Matrigel, whose components support stem cell
differentiation and brain stromal cells growth [86], allow for the improvement of
physiological relevance: astrocytes with a low level of GFAP expression, CSCs in patient
tumor tissues with frequent cystic expansion, and pediatric cancer cells in more in vivo-
like ramified morphology. When patient pediatric brain tumor tissues were
microvascularized in the engineered culture environment, they demonstrated their features,
respectively, where the characteristics of each microvasculature considerably affect the
therapeutic approach [93, 94]. For instance, it has been known that the human meningioma
patient tissue demonstrates higher microvascular density than the density of low-grade
astrocytoma tissue [95]. As one of the common properties, blood vessels in brain tumors
are known to demonstrate more downregulated junction protein expression including VE-
cadherin than normal vasculature [96-98]. The microvasculature co-cultured with
childhood meningioma and low-grade astrocytoma patient tissues showed decreased
transmembrane junction proteins compared to normal brain microvasculature, while a
higher microvascular network density in meningioma compared to that in astrocytoma was

observed in the adjusted microenvironment. Microvascularization in this pediatric brain
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tumor-friendly microenvironment using primary human brain microvascular endothelial
cells (pHBMEC) enabled ex vivo on-chip patient tissue microvascularization with the

expression of the in vivo-like characteristics.

CSCs are tumor-originating cells with self-renewing and differentiating abilities
in brain tumor tissues, which contribute to chemoresistance and recurrence [40, 41].
CD133, one of the most reliable and typical CSCs markers as a transmembrane
glycoprotein, has been known to inhibit apoptosis leading to chemoresistance [99, 100].
For instance, evasion of cytotoxicity in CD133-positive CSCs was investigated during a
typical brain tumor chemotherapy treatment, TMZ. [101, 102]. TMZ-resistance may be
induced by highly upregulated methylguanine-DNA methyltransferase (MGMT) levels
derived by CD133-positive CSCs, which neutralizes genotoxicity by TMZ in a suicidal
process restoring DNA integrity by direct repair [102]. The CSCs are preferentially
distributed in the PVN and closely interact with the vascular area, where the CD133-
positive cells are localized at the niche, and the CD133 expression can be acquired from
tight interaction between cancer cells and the vascular region [103, 104]. The localization
of the marker has been known to be induced by factors secreted by the endothelial cells in
the PVN that preserve the brain CSC reservoir [103]. We demonstrated the upregulated
chemoresistance marker CD133 and the resistance to the typical chemotherapeutics TMZ

in the reconstituted PVN of patient astrocytoma tissues in our platform.

Our model reconstructs microvascularized pediatric brain solid tumors with
physiological relevance and may contribute to efficient drug screening and a better

understanding of the pathology and physiology of pediatric brain tumors.
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2.2 Results and Discussions

2.2.1 Adjustment of ECM to reconstruct brain microvasculature

Our human microvascularized brain pediatric brain tumor-on-a-chip recapitulates
childhood brain tumor microenvironments in the adjusted ECM, allowing physiological
relevance in the engineered microfluidic culture condition (Figure 5). In this study, we
employed a microfluidic chip previously designed for high-throughput drug screening to
develop the in vitro pediatric brain tumor model (Supporting information, Figure S1) [105].
This model incorporates microvasculature, which is critical in pediatric neuro-oncology
due to its relationship with the perivascular niche (PVN) [106]. To reconstruct human brain
microvasculature, which can orchestrate with functional stromal cells in pediatric brain
tumors, we adjusted the culture condition of the microenvironment: media and ECM. We
utilized the media cocktail previously modulated for the key brain cellular culture including
brain microvascular endothelial cells, pericytes, and astrocytes to build the
microvasculature [107]. To validate the culture of pediatric brain cancer cells in a media
cocktail for the co-culture system, we conducted viability tests for typical medulloblastoma
cell lines: DAOY and D556 (Supporting information, Figure S2). We demonstrated that
both medulloblastoma cell lines are viable in the media cocktail. The viability assay for the
medium selection showed significantly lower viability of D556 than DAQY in the serum-
deficient culture, astrocyte medium, and pericyte medium (Supporting information, Figure
S2). This can present the physiological feature that a mutant p53 contributes to the

suppression of apoptosis in serum-starved medium while p53-wild type tumor has no
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suppression of cell death in the serum-deficient condition, where DAQY is a p53-mutant

cell line, and D556 is a p53-wild type cell line [63, 108].

Beyond adjusting the medium components, ECM was engineered using fibrin
conventionally utilized for vasculature culture and Matrigel containing the essential ECM
components required for constructing the brain microvasculature, where the approach to
mix fibrin with other components can increase stability in vascularization by controlling

scaffold degradation [16, 69].
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Figure 5. Engineered microenvironment to construct microvascularized pediatric
brain tumor environment. Schematic description of reconstructed pediatric brain
tumor microenvironment in the microfluidic platform consisting of patient pediatric
brain tumor tissues by adjusting microenvironmental components. Representative
confocal images of DAPI (blue), aSMA (red), and GFAP (green) of 1 mm JPA
(Juvenile pilocytic astrocytoma) patient tissue extracted through tissue biopsy (Scale
bar: 400pm) (right-bottom). Photograph of the microfluidic device to culture
pediatric tumor microenvironment (left-bottom).
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We investigated the engineered ECM for the co-culture system, F+M (fibrin :
Matrigel = 2 mg/ml : 2 mg/ml), comparing with each gel component. The architecture of
each ECM condition presented that F+M incorporates each structural feature of both
hydrogels: fibrillar fibrin and sponge-like Matrigel (Supporting information, Figure S3). In
addition, the F+M was most stiff compared to each fibrin (2 mg/ml) and Matrigel (2 mg/ml)
by showing the highest storage modulus, which might provide the stable matrix to embed
the cells (Supporting information, Figure S4). We cultured pHBMECS in the microfluidic
chip to construct brain microvasculature in each culture condition for four days (Supporting
information, Figure S5). We cultured the brain microvasculature in each ECM condition:
fibrin, F+M, and Matrigel. In addition, the microvasculature was cultured in endothelial

cell medium and the adjusted co-culture medium, respectively.
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Figure 6. Hydrogel engineering to enhance the physiological relevance of brain
microvasculature. (a) Immunostaining of CD31 expression of microvasculature
cultured in fibrin, F+M (1:1 mixture of fibrin and Matrigel), and Matrigel
respectively, when the media cocktail was supplied to the microvasculature (CD31,
red; DAPI, blue) (Scale bar: 200 pm). (b) Branching index extracted by quantifying
the number of junctions of CD31 expressing microvascular network, when cultured
in each engineered condition (n =5 for each condition). (c) A microvascular structure
cultured in F+M mixture and E+G cocktail (CD31, red; DAPI, blue (Scale bar:
200pm). Yellow arrows indicate the lumen structure of the microvasculature. d
Confocal microscopy images of adherens junction VE-Cadherin (green) and tight
junction ZO-1 (magenta) when cultured in F+M mixture and E+G media cocktail
(Scale bar: 50 pm).
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The microvascular network built in F+M showed a significantly increased
branching index than those cultured in other ECM conditions (Figure 6a, b, Supporting
information, Figure S6, 7). The confocal images of the microvascular network constructed
in F+M using the media mixture showed the presence of lumen structure as well as the
expression of junction proteins such as VE-cadherin and ZO-1 (Figure 6¢, d). These results
suggest that the brain microvasculature with the highly interconnected network can be built
in the adjusted culture condition, F+M with the media cocktail. Here we have shown that
the engineered microenvironment utilizing fibrin-Matrigel mixture and co-culture media
cocktail allowed for the highly branched brain microvasculature with junction proteins

expression.

2.2.2 ECM engineering for in vivo-like culture of pediatric brain tumor tissues and its

stromal cells

Not only is the microvasculature critical to recapitulating the childhood brain
tumor microenvironment, perivascular components such as astrocytes, CSCs, and tumor
cells are also crucial for the reconstruction. Specifically, pediatric brain tumor tissue
incorporates CSCs that contribute to anti-cancer drug resistance by driving tumor growth
and recurrence, which is essential to investigate pediatric brain tumor progression [109].
Nevertheless, it has been challenging to construct microfluidic culture conditions to
preserve the physiological and morphological properties of the perivascular composition
as well as microvasculature in developing in vitro pediatric brain tumor models [62, 110].
To overcome the limitations, we investigated the physiological relevance of astrocytes,
CSCs in patient pediatric brain tumor tissues, and pediatric brain cancer cells by analyzing

their morphology or specific protein expression.
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When the astrocytes were cultured in each ECM condition in the microfluidic
platform, they demonstrated significantly downregulated GFAP expression in F+M and
Matrigel culture condition compared to fibrin culture condition (Figure 7a, b). To validate
the CSCs growth, we quantified the rounded cystic expansion in the pediatric brain tumor
tissues, which can be the morphological response of the stem cell differentiation by
presenting the colony formation [88]. Juvenile pilocytic astrocytoma (JPA) patient tissues
were applied to the ex vivo culture in the microfluidic platform. The samples for the chip
loading were prepared by biopsy punching or collagenase dissociating the extracted tissues
from surgical resection, as shown in Supporting information, Figure S8. The expression of
nestin, the neuronal stem cell marker, indicates that the patient tissue consists of stem cells
(Supporting information, Figure S9). Other cellular components were observed via
immunostaining of the several proteins expressed in biopsy punched JPA patient tissues:

CDa31, a platelet-endothelial cell adhesion molecule, a-Smooth muscle actin (a-SMA), a

marker for an activated fibrogenic cellular subset, and GFAP (Figure 5). We quantified the
frequency of cyst construction derived from stem cell differentiation in the dissociated
patient tissues when cultured in each ECM (Figure 8a, b). Colony formation efficiency was
significantly higher when the ECM consisted of Matrigel than fibrin in the absence of

Matrigel (Figure 8b).
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Figure 7. GFAP expression of astrocytes cultured in fibrin, fibrin and Matrigel
mixture, and Matrigel. (e) Representative confocal images of DAPI (blue) and GFAP
(red) of astrocytes (Scale bar: 50pm). (f) Normalized GFAP expression of astrocytes
(n =13 for each condition).

In the case of pediatric brain tumor cell culture, D556 and DAOY, the
medulloblastoma cell lines, exhibited remarkably branched morphology when cultured in
F+M and Matrigel relative to fibrin by showing significantly decreased cell body size and
increased process length and degree of branching (Figure 8c-e). Furthermore, when the
structure of D556 was compared to that of DAQY in the F+M culture condition, D556
demonstrated a significantly lower degree of branching and process length than DAOY
(Supporting information, Figure S10). These findings suggest that the ECM components
in Matrigel might contribute to the stabilization of astrocytes and stem cell differentiation
in pediatric brain tumor tissues, which can be related to the physiological relevance in anti-
cancer drug resistance induced by stem cell behavior. Moreover, these results suggest
pediatric brain tumor cells express their morphological features by showing ramified
structure close to neuronal cellular shape when cultured in the ECM consisting of Matrigel,

which also can present their metastatic features.

Here we have shown that the engineered microenvironment utilizing fibrin-
Matrigel mixture and co-culture media cocktail allowed for the downregulated the GFAP

expression of astrocytes, cystic expansion of CSCs in patient pediatric brain tumor tissues,
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and the ramification of pediatric brain tumor cells. In detail, the downregulated GFAP
expression in astrocytes indicates their in vivo-like stable state in the culture condition [81-
83]. In addition, cystic expansion in the patient pediatric brain tumor tissues characterized
the CSCs differentiation in the microenvironment [88]. Furthermore, the ramified
morphology of medulloblastoma cells, DAOY and D556, presents physiological relevant
characteristics when cultured in the adjusted microenvironment [89-91]. More filopodial
extension presented from D556 than the one shown in DAQY indicates that D556, group3
subtype medulloblastoma cell line, is more metastatic than DAOY, SHH subtype
medulloblastoma, which is one of the behavioral properties of each medulloblastoma
subtype [60, 89, 92]. We suggested that the in vivo-like features of astrocytes, pediatric

brain cancer cells, and pediatric brain tumor tissues were shown in the engineered ECM.
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Figure 8. Hydrogel engineering to enhance the physiological relevance of
microvascularized pediatric brain tumors. (a) Representative brightfield images of
JPA patient tissue aggregates extracted through collagenase 1V digestion cultured in
fibrin, fibrin and Matrigel mixture, and Matrigel. (Scale bar: 100pm). (b)
Quantification of the colony formation efficiency of the patient tissue aggregates
cultured in fibrin, fibrin and Matrigel mixture, and Matrigel (n = 5 for each
condition). (c) Representative confocal images of DAPI (blue) and CellMask
membrane stain (red) of D556 and DAQY cell line, respectively. d, e Quantification
of cell body size (n = 8 for each condition), process length (n = 14-63 for each
condition), degree of branching (n = 8 for each condition) of (d) D556 and (¢) DAOY
cell line. (*p < 0.05, **p<0.01 ***p<0.001 and ****p<0.0001 by student t-test. Data
represent mean + s.d.)
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2.2.3 Microvascularized Patient Pediatric Brain Tumor Tissues in the Microfluidic Chip

The validation conducted in the previous sections in the microengineered platform
enabled the reconstruction of microvascularized pediatric brain solid tumors. By
employing the approach, we demonstrated that our microvascularized patient pediatric
brain tumor tissue-on-a-chip represents the typical pathophysiological characteristics in
each type of brain tumor vasculature. To recapitulate the microvascularized pediatric brain
tumor, 1 mm biopsy punched pediatric brain tissues were cultured with the HBMECs in
the engineered culture condition as shown in Supporting information, Figure S11. The
microvessel density was significantly higher when the microvasculature was cultured with
the meningioma patient tissue than when the microvessels were cultured with the grade |
astrocytoma sample (Figure 9a-d, Supporting information, Figure S12). Furthermore, we
performed a quantitative analysis of the VE-cadherin expression on the microvasculature
that was significantly downregulated on the microvasculature cultured with the pediatric
brain tumor tissues of both types compared to the normal brain microvasculature cultured
without tumor tissues (Figure 10a, b, Supporting information, Figure S13). These results
suggest that childhood brain tumors might induce the phenotypic change of the brain
vasculature such as the structure and junction protein expression, which was reconstituted

in our engineered microenvironment.

In this platform, the microvasculature co-cultured with patient pediatric brain tumor
tissues demonstrated downregulated VE-cadherin expression and lower microvascular
density in astrocytoma microvasculature than the medulloblastoma one. Interestingly, the
astrocytoma tissues in PVN showed increased CD133 and decreased viability when
exposed to a typical chemotherapeutics called TMZ, compared to the one absent with the

]
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PVN. The validation of physiological relevance for each constituent contributed to the
well-constructed microvascularization with the patient pediatric brain tumor tissues in our
platform. Specifically, human microvasculature in the meningioma patient brain presented
higher microvascular density than the low-grade astrocytoma patient, which is also
recapitulated in our model [95]. Also, the decreased VE-cadherin expression in the co-
culture microvasculature with patient pediatric brain tumor tissues indicated the in vivo-

like feature in the tumor vasculature [96-98].
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Figure 9. Microvascularized patient pediatric brain tumor tissues in the engineered
microenvironment using the microfluidic chip. (a) Representative confocal images of
microvascularized meningioma tissues, respectively (Scale bar: 100 pm). DAPI on
patient tumor tissues (blue), nestin (green), CD31 (red), and CD133 (gray) of
microvasculature-tumor tissues contact region. b, ¢ Representative confocal images
of microvascularized astrocytoma and meningioma tissues, respectively (Scale bar:
100 pm). (b) DAPI on patient tumor tissues (blue), nestin (green), CD31 (red), and
CD133 (gray) of microvasculature-tumor tissues contact region and (c) DAPI (blue)
and CD31 (red) of microvasculature region. (d) Blood vessel area in ROI of
microvasculature cultured with each pediatric brain tumor tissue (n = 7 for each
condition, ***p<0.001 by student t-test. Data represent mean + s.d.).
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Figure 10. VE-cadherin expression on brain microvasculature cultured without
tumor tissues, with astrocytoma, and with meningioma tissues. (a) Representative
confocal images of DAPI (blue) and VE-cadherin (gray) expressed on each brain
microvasculature (Scale bar: 100 pm). Yellow lines on the images represent the region
used for the plot profile analysis. (b) Quantification of mean fluorescence intensity of
VE-cadherin expression (n = 6 for each condition, *p < 0.05, **p<0.01 by student t-
test. Data represent mean + s.d.).

2.2.4 Expression of a Prognostic Marker and Chemoresistance of Pediatric Brain Tumor

Tissues in PVN

We co-cultured the patient astrocytoma tissues dissociated using collagenase IV with
the endothelial cells in our developed culture system to investigate the regional CD133
expression on the brain tumor aggregated in the PVN (Supporting information, Figure
S14). In the platform, the patient astrocytoma tissue aggregates highly expressed CD133
when surrounded by the microvasculature, while the dissociated tissues without the
endothelial cover showed significantly lower CD133 expression (Figure 11a-c). Beyond
investigating the upregulated CD133 expression on the perivascular region in the platform,
we compared the chemotherapeutic response in the microvascularized astrocytoma tissue
to avascular one. We conducted the viability assay after applying 250 uM TMZ to the co-
culture system of the biopsy-punched patient astrocytoma tissue and the endothelial cells

and only astrocytoma tissue-embedded platform, respectively, for the comparison
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(Supporting information, Figure S15). The concentration of TMZ was chosen according to
the therapeutic window indicated in the previous in vitro studies [34, 111-113]. When TMZ
was applied to the co-culture microenvironment of the microvascularized astrocytoma
tissue, there was no significant change in the viability of the astrocytoma-loaded section
compared to the one in the absence of TMZ application (Figure 11d). On the other hand,
the viability was significantly decreased when TMZ was treated on the avascular culture
condition of the astrocytoma tissue compared to the one without TMZ treatment (Figure
11d). These results revealed that our microfluidic model allowed for the recapitulation of
the chemoresistant perivascular pediatric brain tumor with its chemoresistance marker
expression, which indicates the physiological relevance in the pediatric brain tumor

microenvironment.

Beyond reconstituting the properties in the microvasculature of pediatric brain
tumors, we also recapitulated the features expressed on the tumor tissue in PVN. It has
been known that CSCs with CD133 expression are distributed on the brain tumor tissues
in PVN [99, 100, 103, 104], and are closely involved with chemoresistance [101, 102],
where our model reconstituted the essential characteristics. Overall, our findings have
highlighted that our microfluidic model can recapitulate the physiological relevance in the
pediatric brain tumor microenvironment, which can provide drug screening results of

human pediatric brain tumor therapeutic.
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Figure 11. CD133 expression and chemoresistance in microvascularized astrocytoma
tissues in the engineered microenvironment using the microfluidic chip. a, b
Representative confocal images of DAPI (blue), nestin (green), CD31 (red), and
CD133 (gray). (a) microvascularized astrocytoma tissues. (b) astrocytoma tissue in
the non-PVN and PVN (perivascular niche) region, respectively. (c) CD133 expression
on astrocytoma tissues in the non-PVN and PVN regions, respectively. (n = 6 for each
condition) (d) Quantification of the viability assay for tumor tissue cultured in TMZ-
treated and non-treated condition, respectively (n = 3 for each condition)

2.3 Conclusions

In this work, we developed an in vitro model of microvascularized pediatric brain
tumors, which recapitulates the key physiological relevant features of pediatric brain
tumors. Our model also allows for ex vivo culture of patient pediatric brain tumor tissues
with their microvascularization for increasing physiological relevance including the anti-
cancer drug resistance marker and the drug response. We believe that our human pediatric
brain tumor model could contribute to the development of childhood brain tumor
therapeutics as well as pediatric neuro-oncology in particular for the physiology related to

the microvasculature.

2.4 Materials and Methods



Fabrication of the microfluidic plastic platform. Injection molding using polystyrene
(PS) was conducted at R&D Factory (South Korea). The mold consisting of aluminum
alloy was manufactured through machining with post-polishing. The injection was
proceeded with the 130 tons clamping force, the 55-bar maximum pressure for the
injection, the 15-sec cycle duration, and the 220 °C temperature in nozzles. The injection-
molded plastic body was interated with the adhesive film.

Preparing and patterning hydrogel. For the conversion of surface properties from
hydrophobic to hydrophilic, the surface of the chips was exposed to oxygen plasma through
a plasma etching tool (Harrick Plasma, Ithaca, NY, USA) for 5 min. The microchannel was
patterned with hydrogel. Before filling the microchannel, 40 uLL mixture of cells and 2 mg
mL ! bovine fibrinogen solution (Sigma, USA) with 0.8 uL of 0.5 U mL* bovine thrombin
(Sigma, USA), 2 mg mL™* bovine fibrinogen solution (Sigma, USA) and 2 mg mL™
Matrigel (Corning, USA) with 0.8 uL of 0.5 U mL* bovine thrombin (Sigma, USA), and
2 mg mL™* Matrigel (Corning, USA), respectively, was prepared. The mixture was
introduced into the microchannel by injecting it through the central hole. The cocktail
media supplemented with 50 ng mL™ vascular endothelial growth factor (VEGF;
Peprotech), 20 ng mL™* fibroblast growth factor (FGF; Gibco), 20 ng mL™* epidermal
growth factor (EGF; Peprotech) was prepared. After waiting for 20 min for the mixture in
the microchannel to cross-link in an incubator at 37 °C in 5% COg, likewise, 200 puL of the
medium was loaded in each reservoir after 3 min for cross-linking. The medium was daily
changed.

Pediatric brain tumor tissue extraction. Tumor tissues were collected according to Chil

dren’s Healthcare of Atlanta-approved protocols. Informed consent was obtained from all
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patients.

Cell preparation. Primary human brain microvascular endothelial cells (HBMEC;
Sciencell; #1000) at passage 4-5 were cultured in endothelial cell medium (Sciencell, San
Diego, CA, USA) on dish covered with 50 pg mL ™ fibronectin (Sigma-Aldrich). Between
passage 3 and 5, human brain vascular pericytes (HBVP; Sciencell; #1200) and human
astrocytes (HA; Sciencell; #1800) were maintained on 1mg mL™ poly-L-lysine (PLL,
Sigma-Aldrich) covered dish and maintained in astrocyte and pericyte medium,
respectively (Sciencell). The cells were cultured in an incubator at 37 °C in 5% CO, for 3
days. D556 and DAQY cells were received from the ATCC and maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM) including 10% fetal bovine serum (HyClone, USA)
and 1% penicillin—streptomycin (Gibco, USA).

Rheological property measurement. The mechanical properties of gels were extracted
by measuring them with rotational rheometer (TA instrument Ltd., DHR-1, Delaware,
USA) including a 25 mm diameter parallel plate with a gap height of 1 mm. Each gel was
loaded on the plate for the measurement: fibrin (2 mg/mL), F+M, and Matrigel (2 mg/mL).
The modulus values including storage modulus (G') and loss modulus (G”) were extracted
under 1 rad/s sweeping at 25 °C.

Hydrogel samples for scanning electron microscopy (SEM) imaging. In the case of
fibrin gel samples, PBS (Gibco)-based 2 mg mL™ bovine fibrinogen (Sigma) was mixed
with 0.15 U mL* aprotinin (Sigma). To prepare for the Fibrin and Matrigel mixture, 2 mg
mL™ fibrinogen solution and 2 mg mL™* Matrigel (Corning) in PBS and aprotinin were
mixed. Matrigel was diluted to 2 mg/ml in PBS.

Sample preparation and SEM imaging. The hydrogel samples were rinsed through PBS,
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and fixed with a 2% glutaraldehyde solution for 2 h. The fixed samples were rinsed with
0.05 M sodium cacodylate buffer for 10 min, and the process was conducted twice. After
exposing the samples to 1% osmium tetroxide for 1 h at 4 °C, the samples were sequentially
exposed to a series in ethanol solutions of 30%, 50%, 70%, 80%, 90%, 100% (x 3) for 10
min, respectively. The samples were then dried through a critical point dryer (Leica EM
CP300, Germany). The dried samples were coated with platinum with a sputter and
investigated with FE-SEM (S-5000, Hitachi).

Immunocytochemistry. The immunofluorescence imaging was performed to visualize
cell-specific marker expression. The cell membrane was stained with CellMask deep red
(Invitrogen) and the samples for the cell membrane staining were fixed with 4% (w/v)
paraformaldehyde (PFA, USA) in PBS (Gibco, USA) for 10 min. The samples except for
the cell membrane staining were fixed with 4% (w/v) PFA in PBS for 15 min at RT,
followed by permeabilization in 0.1% Triton X-100 (Sigma-Aldrich) for 15 min. The
samples were then treated with 3% bovine serum albumin (BSA; Sigma-Aldrich) for 1 h.
The following antibodies were used for immunocytochemistry: AlexaFluor 594 conjugated
mouse anti-CD31 (1:200; BiolLegend), Alexa Fluor 647 conjugated anti-mouse VE-
cadherin (1:200; BioLegend), goat anti-ZO-1 (1:200; Abcam), mouse anti-GFAP (1:200;
Invitrogen, USA), AlexaFluor 488 conjugated rabbit anti-a-SMA (1:200; Abcam),
AlexaFluor 488 conjugated mouse anti-Nestin (1:200; Invitrogen), rabbit anti-CD133
(2:200; Invitrogen), 4,6-diamino-2-phenylindole (DAPI; 1:1000; Invitrogen). Then
samples were treated with secondary antibodies: chicken anti-mouse AlexaFluor 594
(1:200; Invitrogen), donkey anti-goat AlexaFluor 633 (1:200; Invitrogen), and donkey anti-

rabbit AlexaFluor 647 (1:200; Abcam)) for overnight at 4 °C for the target visualization.
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Immunofluorescence imaging was conducted using a confocal microscope (LSM 700, Carl
Zeiss, Germany).

Viability testing. The live/dead viability test was proceeded with calcein AM and ethidium
homodimer-1 for media composition testing and TMZ response testing, respectively. In the
media composition testing, D556 and DAQY cells were seeded at 8 x 103 cell/ well in 96-
well plate for 48 hours in 200 uL of each media composition: D (DMEM containing 10%
FBS and 1% penicillin-streptomycin), E (Endothelial cell medium), A (Astrocyte
medium), P (Pericyte medium), M (Microglia medium; Sciencell), E + G (E:A:M =
1:1:1:1), and E + P + G (E:P:A:M = 1:1:1:1). Visualization of live/dead signals were
conduected using a confocal microscope (LSM 700, Carl Zeiss, Germany). The viability
of the astrocytoma tissue was quantified by imaging the signals through the hole where the
1 mm tissue was loaded.

Statistical image analysis. The analysis of confocal images of each target visualization
was conducted by Fiji (http://fiji.sc.), open access software. Z-projected images converted
from 3D confocal images were cropped for the regions of interest. To analyze the
morphology of D556 and DAQY cells, the boundaries of cells were obtained through Fiji
from the projected images with maximal intensity projection. In the case of measuring VE-
cadherin intensity, the mean intensity values were extracted by dividing the measured
intensities with the average intensity of a cell-free background in each part, while the plot
profile analysis was applied to measure the cross-sectional intensity of VE-cadherin
expression. The images for the area measurement are converted to binary images masked
with same threshold. Finally, the area of the visualized targets including microvascular

density, CD133 and GFAP expression was quantified using Fiji and branching index was

31



quantified through Angiotool (National Cancer Institute) [114]. All statistical analyses
were proceeded with unpaired Student's t-test to investigate statistical comparisons. The
thresholds for p value indicating statistical significance were represented in the graph as

*p < 0.05; **p < 0.01; ***p < 0.005; ****p < 0.001.

2.5 Supplementary Information
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Figure S 1. Photograph and schematic description of the microfluidic device to culture
pediatric tumor microenvironment.
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Figure S 2. A live/dead assay using calcein-AM/ethidium homodimer labeling of (a)
D556 and (b) DAQY cells (n =5 for each condition)
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Figure S 3. SEM images of fibrin, F+M (1:1 mixture of fibrin and Matrigel), and
Matrigel (Scale bar: 5 pm).
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Figure S 4. The storage and loss modulus of fibrin, F+M (1:1 mixture of fibrin and
Matrigel), and Matrigel respectively.
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Figure S 5. lllustration of the experimental process to culture brain microvasculature
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Figure S 6. Immunostaining of CD31 expression of microvasculature cultured in
fibrin, F+M (1:1 mixture of fibrin and Matrigel), and Matrigel respectively, when
endothelial medium was supplied to the microvasculature (CD31, red; DAPI, blue)
(Scale bar: 200 pm).
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Figure S 7. Branching index extracted by quantifying the number of junctions of
CD31 expressing microvascular network, when cultured in the endothelial medium
(n =5 for each condition, *p < 0.05, **p<0.01, and ***p<0.001 by student t-test. Data
represent mean + s.d.).
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Figure S 8. Schematic description of the process to prepare for fresh patient samples

retrieved through surgical resection. (i) Biopsy punch and (ii) collagenase IV
digestion.
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Figure S 9. Representative confocal images of DAPI (blue), CD31 (red), and nestin
(green) of 1. mm JPA (juvenile pilocytic astrocytoma) patient tissue extracted through
tissue biopsy (Scale bar: 400um).
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Figure S 10. Quantification of cell body size, process length, and degree of branching
of D556 and DAOQY cell line. (a) Cell body size of D556 and DAOY cell line cultured
in F+M. (n = 8 for each condition) (b) Process length of D556 and DAQOY cell line
cultured in F+M. (n = 14-63 for each condition) (c) Degree of branching of D556 and
DAQY cell line cultured in F+M. (n = 8 for each condition, *p < 0.05 , **p<0.01
***p<0.001 and ****p<0.0001 by student t-test. Data represent mean + s.d.)
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Figure S 11. The experimental process to culture microvascularized pediatric brain
tumor tissues (1 mm) in fibrin and Matrigel mixture with the adjusted media cocktail.
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Figure S 12. Schematic description of microvascular density of the microvasculature

cultured with astrocytoma and meningioma tissue, respectively.
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Figure S 13. Plot profile of signal intensity of VE-cadherin expression of each brain
microvasculature on the yellow line in the representative confocal images of DAPI
(blue) and VE-cadherin (gray) expressed on each brain microvasculature (Scale bar:
100 pm).
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Figure S 14. lllustration of the experimental process to culture microvascularized
patient astrocytoma tissues (<100 pm) in fibrin and Matrigel mixture with the
adjusted media cocktail.
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Figure S 15. Schematic description of experimental process to culture
microvascularized patient astrocytoma tissues (1 mm) in fibrin and Matrigel mixture
with the adjusted media cocktail, and investigate the response of the
microvascularized tissues after temozolomide 250 nM treatment.
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CHAPTER 3. BRAIN METASTASIS MODELLED IN A HUMAN
CHOROID PLEXUS-ON-A-CHIP  WITH IN VIVO-LIKE
CEREBROSPINAL FLUID DYNAMICS AND FUNCTIONAL

CAPILLARIES - EPITHELIUM COMPLEX

3.1 Introduction

The human brain choroid plexus (ChP) is a highly organized secretory tissue with a
complex vascular system and epithelial layers in the ventricles of the brain [115, 116]. The
ChP is the body’s principal source of cerebrospinal fluid (CSF) and also functions as a
barrier separating the blood from CSF, called the blood-CSF barrier (B-CSF-B) [117]. CSF
plays a key role in providing buoyant physical protection for the brain as well as facilitating
the development of the epithelia-endothelial convolute by circulating through the cerebral
aqueduct [118, 119]. The movement of CSF through the body is pulsatile in nature which
is driven primarily by the cardiac cycle [120-122]. Under this unique dynamic stimulation,
the ChP exhibits a specialized structure wherein epithelial cells joined by tight junctions
form an outer epithelial layer that surrounds fenestrated capillaries with low tight junction
protein expression [115, 123]. Another feature of the ChP is that its vasculature is unlike
that of the blood-brain barrier (BBB), where critical factors such as basement membrane
laminins and other stromal cells including pericytes contribute to upregulated tight
junctions [124-126]. A lack of disease models for this structure has made drug testing for
the ChP very difficult. Drugs targeting human meningeal diseases have failed in animal
models due to disparities between human and animal [47, 127, 128]. 2D cell culture of ChP

demonstrates limited translation due to a lack of complexity and 3D tissue structure [50].

|
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The location of the ChP, deep within the brain, as well as its specialized features have made
studies of its physiology difficult. A further understanding of the central nervous system
(CNS) barriers including the BBB and ChP system is essential for therapeutic development

[129].

To address the limitations of conventional preclinical models, several in vitro models
to recapitulate the complexity and specialized structure of the ChP have been developed.
Recently, Pellegrini et al. developed a ChP organoid that recapitulated the B-CSF-B
properties and functioned to successfully produce CSF [48]. Furthermore, they were able
to reproduce an in vivo-like drug response in the ChP organoids similar to those from
clinical trials. However, though the organoid model was able to recreate the critical
characteristics of the ChP barrier, it lacked a vascular system and immune
microenvironment which are crucial in its physiology. Moreover, the group did not recreate
the in vivo-like CSF dynamic stimulation, which is a main component of ChP physiology.
Another group reconstructed a neurovascular unit under the CSF effect using organ-on-a-
chip technology, through which the group was able to successfully reconstruct the complex
3D structure [49]. This neurovascular-unit-on-a-chip represented BBB contact with brain
parenchyma and CSF channels and was applied to stroke modeling and stem cell therapies
testing. However, although this microfluidic model included a CSF channel, it was able to
fully represent the ChP and CSF dynamics. Few in vitro models have been developed that
can investigate the ChP physiology while under CSF flow dynamics, which is required for

a better understanding of ChP physiology [50].

In this study, we developed a human ChP-on-a-chip as a model for leptomeningeal
metastasis. This platform utilizes open microfluidic patterning to enable the simple

|
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construction of a complex multilayer consisting of a ChP vascular network — epithelial
layer. The extracellular matrix (ECM) was engineered using laminin to reconstitute the
brain ECM, which exhibits enhanced tight junction expressions such as occludin and
interactions with brain stromal cells including pericytes [15-17]. Also, the ChP
reconstructed in this platform was subjected to dynamic flow physiologically reminiscent
of in vivo CSF flow. The pulsatile CSF flow was reproduced using a rocking system, and
the fluid dynamics was analyzed via image processing and computer simulation to recreate
a flow as close as possible to human CSF dynamics. The analysis confirmed the unique
oscillatory to and fro motion similar to that of the CSF with an in vivo-like flow rate and
frequency. In our platform, we demonstrated high neurovasculature tight junction
expression when the vessels co-cultured with pericytes in the engineered ECM, as expected
of brain ECM. However, once dynamic CSF fluid flow was introduced to the system, the
tight junction expression of the neurovasculature was significantly downregulated. Even
though the vascular system was engineered to induce high tight junction expression, the
addition of dynamic flow resulted in low tight junction expression of the neurovasculature
which is characteristic of ChP capillaries. Moreover, epithelial cells lining the vasculature
exhibited ciliogenesis as well as an increased cellular coverage area with an increased tight
junction expression when subjected to recapitulated CSF flow. Enzymatic analysis of the
established co-culture system exposed to dynamic flow was conducted, through which
calcium and glucose levels were obtained that are indicative of CSF-like levels. To verify
the capabilities of our human ChP-on-a-chip as a drug screening platform, we tested a
typical intrathecal therapy used to treat metastasized breast cancer cells in the brain using

this model [130-132]. Breast cancer cells are one of the most common tumors to migrate
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to the CNS, and the incidence rate of leptomeningeal metastasis (LM) occurring in breast
cancer is presented to be approximately 5% [133]. Since tumor cells require an adequate
blood supply to grow and develop a lesion after brain metastasis, they can often spread into
ChP capillaries [134, 135]. This process and mechanism is still poorly understood due to a
lack of valid in vitro ChP -mimetic models. Trastuzumab, an anti- human epidermal growth
factor receptor 2 (HER2) targeting drug, is typically used to treat the disseminated breast
cancer cells as a form of an intrathecal therapy [135, 136]. With our microfluidic chip with
a reconstituted ChP under in vivo-like CSF flow, we presented physiologically relevant
drug responses from breast cancer cells when affected by trastuzumab. Within our
platform, we also recapitulated the motility and cytotoxic effects of macrophages, which
are the most prevalent ChP immune cells. Our human ChP-on-a-chip with recapitulated
CSF dynamics can serve as a powerful tool for better understanding of human ChP
pathophysiology including the immune system and therapeutics development to treat

cancers related to LM.

3.2 Results and Discussions

3.2.1 Human ChP model with in vivo-like physical traits

Our microengineered human ChP model reconstitutes a complex multilayer structure
with ChP capillaries and epithelium, which enables drug testing and immune reaction
analysis of breast cancer cells spread into the ChP system (Figure 12). An in vivo-like CSF
dynamic flow and engineered brain-specific ECM was integrated to recapitulate ChP

physiology (Figure 12).
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Figure 12. Engineered human choroid plexus (ChP)-on-a-chip to reconstitute ChP
physiology under CSF flow. Schematic description of the 3D microfluidic chip to
recapitulate the human ChP in the brain and tumor microenvironment in the ChP by
engineering in vivo-like cerebrospinal fluid (CSF) flow dynamics and extracellular
matrix (ECM).

The microfluidic platform consists of one central channel, two microchannels for gel
loading, two side channels, and four media reservoirs (Figure 13a, b, Supporting
information, Figure S16). The central channel of the platform mimics the ChP vascular
system, and the microchannels for gel loading function as an ECM barrier to separate the
capillaries and epithelial cell layer. Two flow channels provide routes to inject ChP
epithelial cells for the formation of an epithelium layer, and the channels also function as

the pathway for in vivo-like CSF flow. The side channels serve as a lane for patterning cells
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such as endothelial cells to create a perfusable vascular network or macrophages for other

assays. The sequence of microchannel patterning is indicated in Figure 13c.

The dimensions of the central channel and the geometry of the microposts were
established by design rules meant to avoid hydrogel constriction, which can lead to bubble
formation on the sides of the central channel (Supporting information, Figure S17). These
design rules allowed successful micropatterning of multi-microchannels without any
bubble traps. We confirm that our device with ChP-relevant architecture allowed the

successful recapitulation of human in vivo ChP and its physiological features.

Figure 13. Engineered human choroid plexus (ChP)-on-a-chip. (a) Photograph of the
6-well plate formatted microfluidic platform to recreate the human ChP. (b)
Photograph of the bottom of the human ChP-on-a-chip, where the flow channels and
the side channels are patterned with red dye and blue dye, respectively. (c) Sequential
steps for the microfluidic patterning; (i) Fill the central channel with a hydrogel
mixed with the cell suspension by fluid patterning. (ii) Fill and withdraw a blank
hydrogel through an injection hole of the flow channel to make the hydrogel remain
only underneath the sides of the central channel as a blank ECM zone to separate the
flow channels and central channels. And wait for polymerization. (iii) Fill the flow
channels and the side channels with cell suspension or media.
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Figure 14. Fluid dynamics analysis via image processing to recapitulate CSF
circulation in the microfluidic platform. Each reservoir of flow channels of in the
human ChP-on-a-chip CSF flow area was filled with 150 pL media. The device was
loaded on the rocking system and the rocking motion of the chip was recorded as a
video clip. The video clip was separated into frames and the color masking was
applied to each frame. The contour detecting process enabled the quantification of
the altering volume of the media in each well. The quantification allowed for the
continuous measurement of flow rates as time flows. The measured values are plotted
into the time-flow rate graphs. The plots provide the values to conduct the
computational simulation to investigate shear stress applied to the channels during
the flow. The in vivo-like CSF dynamic can be selected by comparing the calculated
values with the in vivo CSF flow parameters.

3.2.2 CSF fluid flow analysis

The pulsatile flow of the CSF in the ventricles of the brain is predominantly induced
by cardiac motion [120-122]. The stroke volume of this distinctive CSF movement in the
cerebral aqueduct ranged from 30 — 50 pL [137-140], where the volumetric value serves
as a measure for flow since the net volume of fluid pulsating back and forth [141, 142].
Peak flow rate, frequency. Peak flow rate, another typical MRI-derived amplitude measure,
ranged from 50 — 150 pL s [143]. Another key value measured in CSF circulation is
frequency, where the range varied from 0.008 Hz to the respiration rate which can be high
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as 0.7 Hz [144, 145]. To measure the parameters of CSF flow, we developed a real-time
flow measuring system where the dynamic flow within a microfluidic platform was
analyzed using image processing technology (Figure 14). Our image processing system
utilized color masking and contour detecting steps for real-time volume tracking while
calculating total volume error for reliable data extraction. We extracted 30 time-flow rate
plots where the frequency and tilting angle of the rocking system was varied (frequency:
0.1-0.85Hz, angle: 5 15°) (Figure 15). Among the flow rate graphs, the flow conditions
of 0.7 Hz frequency and 5° tilting angle recreated dynamic flow values most similar to
those of in vivo CSF flow. Using this rocking setup, the flow in the microfluidic device
showed 26.4 L of stroke volume, 57 uL s of peak flow rate, and 0.67 Hz of frequency,
which were within the range of normal human CSF flow information. Computational
simulations of fluid dynamics within the microfluidic channel revealed how the shear stress
was applied to the center channel (Supporting information, Figure S18). Our image
processing system for analyzing dynamic fluid flow served as a strong tool to recapitulate

in vivo CSF dynamics in the microfluidic platform.
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Figure 15. Flow rate analysis through image processing and time-flow rate plots of
each flow condition.

3.2.3 Recapitulation of the ChP capillary system

ChP capillaries are highly vascularized and fenestrated in nature with low tight junction
expression [115, 123, 146]. Other neurovascular units show high tight junction expression,
which results from brain-specific ECM components including laminin and interaction with
surrounding stromal cells such as pericytes. On the other hand, ChP capillaries exhibit low
tight junction expression even though they reside in a similar ECM and cellular

microenvironment. In a previous study, one-directional mild shear stress induced enhanced
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tight junction expression, while pulsatile fluid flow derived decreased tight junction
expression [147]. Due to these factors, we hypothesized that the CSF’s dynamic flow was
the source of the unique characteristics of the ChP capillaries. Occludin, one of the typical
tight junction proteins, was used to verify the different levels of tight junction expression
when the microvascular network was modified with laminin and when it was subjected to
dynamic in vivo-like flow (Figure 16a, b). RT-gPCR data of occludin quantification
showed significantly upregulated occludin expression in vasculature cultured in the
modified ECM without in vivo-like CSF flow, while the expression of occludin was
significantly decreased in the adjusted ECM with in vivo-like CSF flow. Additionally, the

microvascular density of the vascular network cultured in each condition was quantified.
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Figure 16. In vivo-like choroid plexus capillaries in the engineered microenvironment
to reconstruct the human ChP. (a) Confocal images of immunostained nuclei (blue),
CD31 (red), and occludin (magenta) expressed on the microvessels cultured in each
condition. (scale bar: 50 um) (b) RT-gPCR results of occludin expressed in 2D
cultured HBMECs and HBVPs, and 3D cell cultured HBMECs and HBVPs in each
cell culture condition (-laminin, +laminin, static, and dynamic). (c) Microvascular
density of microvessels cultured in each culture condition. (d) Representative confocal
image of nuclei (blue), aSMA (green), CD31 (red) expressed on the in vivo-like ChP
capillaries. (scale bar: 100 um) (e) Beads flow in the perfusable microvessels cultured
in the engineered microenvironment (blood vessels, yellow; 0.2 um microbeads, red).
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The microvasculature cultured in the engineered ECM with dynamic flow exhibited the
greatest microvascular density compared to microvessels cultured in other conditions.
(Figure 16c) In addition, the microvasculature created in the engineered ECM showed a
lumenized structure and perfusable network (Figure 16d, e). These results suggest that our
microvasculature cultured in the brain-specific ECM with in vivo-like CSF dynamic flow

is physiologically relevant to the ChP capillaries.
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Figure 17. In vivo-like choroid plexus epithelium as a blood-CSF barrier (B-CSF-B)
(a) Immunostaining of f-actin (green), FoxJ1 (red), RSPH9 (yellow) expressed on
human choroid plexus epithelial cells (HCPEpIC) cultured in the ChP epithelium-on-
a-chip in each culture condition. (scale bar: 50 um) b-d Quantification of (b) the
coverage of the HCPEpIC, (c) FoxJ1 expression density, and (d) RSPH9 expression
density among the total epithelium area.

50 =2



a I -Laminin H + Laminin ‘ b

Static Dynamic Static Dynamic ‘

Figure 18. In vivo-like choroid plexus epithelium tight junction expression. (a)
Confocal images and (b) gRT-PCR results of nuclei (blue) and claudin-1 (magenta)
expressed on the epithelium by varying ECM and flow conditions. (lam: laminin)
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3.2.4 Reconstruction of the ChP epithelium and its function

The ChP consists of a lining of epithelial tissue known as the B-CSF-B, which separates
the CSF from the vascular system and regulates molecular exchange by complex
architectural features including high tight junction expression [43, 148]. In particular,
claudin-1 is one of the typical tight junction proteins that is highly expressed in the B-CSF-
B [149-151]. This specialized epithelial barrier plays a critical role in the secretion of CSF,
where the cilia built on the epithelium layer helps regulate CSF production [152, 153].
Cilia formation can be affected by the CSF dynamic flow and is indicated by several
markers including FoxJ1 and RSPH9 [118, 154]. This fluidic production is related to the
epithelial regulation of transporting ions and water between the blood and the ventricles,
which indicates the process is associated with capillaries-epithelium complex [155].
Through this procedure, CSF is generated with distinctive molecular components such as
lower calcium and glucose levels relative to the plasma is generated[156]. We presented
the characteristics of the ChP epithelial layers and recreated their function in our

microengineered ChP culture condition. To determine the response of the epithelial layers
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in each culture condition, we developed the ChP epithelium-on-a-chip, which reconstructs
the flow channels and reservoirs of the human ChP-on-a-chip while allowing culture of the
ChP epithelium in a horizontal direction (Supporting information, Figure S19). The
epithelial cells in the ChP epithelium-on-a-chip were subjected to the same fluid dynamic
conditions as the ones in the human ChP epithelium-on-a-chip according to the
computational simulation (Supporting information, Figure S18). The ChP epithelium-on-
a-chip allowed for the horizontal patterning of the epithelial cells through gel patterning
below the flow channels, which was enabled by the local plasma treatment method
established for this chip development. When the HCPEpiCs patterned on the gel layers
were cultured in the device for 48h in each condition, the condition with adjusted ECM
under in vivo-like CSF flow exhibited the highest coverage and ciliogenesis markers, FoxJ1
and RSPH9 (Figure 17). Moreover, this same condition showed the highest claudin-1
expression compared to others in different microenvironments (Figure 18a, b). To examine
whether the ChP capillaries-epithelium complex functioned as the CSF source under
dynamic flow, we conducted enzymatic assays to measure the concentration of calcium
and glucose released to the serum-free media extracted from the microfluidic chip when
exposed to each flow condition. When the tissue was cultured in dynamic conditions, the
calcium and glucose levels were significantly lower than the ones from the static condition,
which had a lower concentration of calcium and glucose in CSF than the other biofluid,
plasma (Figure 19). We concluded that the ChP epithelium as well as the ChP capillaries
were recapitulated in the engineered ECM under in vivo-like CSF dynamic flow, where the
released molecules in the ChP capillaries-epithelium complex cultured in the

microengineered condition presented physiologically relevant levels with CSF.
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Figure 19. Quantification of calcium (left) and glucose (right) concentrations in the
serum-free media extracted in static and dynamic culture conditions, respectively.
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Figure 20. Drug responses to the intrathecal therapy in the human ChP-on-a-chip. (a)
Illustration of physiologically relevant drug response of each breast cancer cell line,
SKBR3 and MCF7, when applied to an anti-HER2 drug, trastuzumab. b, ¢ (b)
Confocal images and (c) quantification of the viability of MCF7 and SKBR3 cells
(green), respectively, when applied to trastuzumab in each flow condition. (con:
control, tras: trastuzumab) (blood vessels, red; dead signals, blue) (scale bar: 50 um)

3.2.5 Drug response and immune reaction in ChP tumor microenvironment

Breast cancer, lung cancer, and melanoma are the most common cancers to spread to
the leptomeninges, where 12 — 35% of breast cancer causes the solid tumor-related LM
[157, 158]. In particular, human epidermal growth factor receptor 2 (HER2)-positive breast
cancer cells are more likely to progress brain metastasis [159, 160]. This process is linked

to the cancer cells spread in the ChP, since cancer cells pass through the ChP to infiltrate
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the CSF where the metastatic cells may circulate freely and lead to LM [7]. One of the
typical therapeutic methods to treat breast cancer cells metastasized to the brain is an anti-
HER2 drug called trastuzumab, which is intrathecally administered to target HER2-
positive breast cancer cells disseminated in the brain [130, 161, 162]. Though this type of
tumor metastasis into the ChP is relatively rare compared to other methods of brain
metastases, a better understanding of the pathophysiology is required for its treatment. To
obtain a better understanding of oncology, anti-cancer drug response as well as tumor-
immune reaction should be unveiled. To verify the utility of the human ChP-on-a-chip as
a drug testing and immuno-oncology screening platform, we reconstructed a breast cancer
invasion into the ChP, where intrathecal therapy was tested on the brain metastasis
treatment and macrophages in the ChP were applied to investigate the tumor-immune

reaction.

Two groups of the ChP model for the dispersed breast cancer were constructed to
compare the responses to trastuzumab treatment: the HER2-negative cell line, MCF7, and
the HER2-overexpressing cell line, SKBR3. We expected that the cytotoxic effect would
be higher in SKBR3 than MCF7 when the ChP with breast cancer cells were treated with
trastuzumab (Figure 20a). The trastuzumab was delivered through the flow channels, which
mimicked the intrathecal therapeutic method to inject the drug via the CSF. When the anti-
HER2 drug was applied to each breast cancer-spread ChP model under in vivo-like CSF
flow, the cell death rate was significantly upregulated when SKBR3 cells were exposed to
the anti-HER2 drug whereas MCF7 cells showed no significant change in viability under

the drug treatment (Figure 20b, c). On the other hand, no significant change in cytotoxic
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effect in both MCF7 and SKBR3 cells was shown when trastuzumab was applied to the

models under static conditions (Figure 20c).
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Figure 22. Motility of macrophages by the immune reaction with breast cancer cells
in the human ChP-on-a-chip. (a) Trajectory plot of the macrophage migration under
static and dynamic conditions, respectively. (b) Confocal images of intra and
extravasating macrophages under dynamic flow in the human ChP-on-a-chip. The
yellow arrow indicates the intra and extravasating macrophage. (scale bar: 50 pm)

Immunosuppressive molecules are highly expressed on the surface of circulating tumor
cells (CTCs) [163]. In particular, CD47 allows tumor cells to escape immune surveillance

and avoid phagocytosis by macrophages [164]. In our ChP model, CD47 expression levels



were possibly upregulated in tumor cells due to fluid shear stress, which could explain why
the percentage of macrophage-mediated killing of tumor cells was much less when
dynamic CSF flow was applied (Figure 21, 23a, b). Adhesion molecules in human
endothelial cells that are involved in transmigration could also be selectively regulated by
a physiologically relevant range of biomechanical forces [165, 166], and this could lead to
higher chances of monocyte/macrophage transendothelial migration and infiltration in our
model (Figure 21, 22). Beyond observing the movement of the macrophages, we also
recapitulated the behavior of cancer cells spread through the CSF under static and dynamic

conditions in our model (Figure 23).

Tumor-associated macrophages (TAMs) are generally described as M2-like
macrophages and play a significant role in tumor progression and invasion. The molecular
profile of breast cancer cell lines shows that TAMSs with high levels of CD163 are mostly
observed in HER2-positive and basal-like breast cancer [167]. Although the relationship
between HER2-enriched status in breast cancer and macrophage polarization remains
unclear, SKBR3 cells produce major cytokines such as colony-stimulating factor-1 (CSF-
1) that promote macrophage polarization toward the M2 phenotype [168, 169]. M2-like
TAMs are highly correlated with poor prognosis of breast cancer because they can induce
tumor cell growth, invasion, and metastasis [170]. In this model, we observed the
distinctive antitumor activity of polarized macrophages under the dynamic flow condition,
where macrophages often failed to eliminate tumor cells in close contact (Figure 24).
Whether those macrophages that interacted with tumor cells resembled TAMs needs
further discussion with subsequent analysis of protein expression levels. As an emerging

therapeutic strategy for breast cancer, a HER2-targeted monoclonal antibody in
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combination with a blockade of CD47 enhances antibody-mediated phagocytosis, and
inhibits M2 macrophage recruitment with a CSF-1R targeting agent [171]. This implies
that there is a close relationship between HER2-enriched cells or breast cancer stages and

TAMSs, but this has not been fully elucidated yet.

Various factors such as the shear stress on cancer cells and endothelial cells in the TME
influence cellular phenotypes [172-174]. HER2, one of the key cellular phenotypes, is
known to activate a mechanism of invasion and motility involving macrophages related to
inhibiting apoptosis [175-177]. Another main phenotypic feature that affects the immune
response is the secretion of CSF-1, which can increase metastatic potential by regulating
infiltration and promoting macrophage motility [178-180]. Along with the physiological
features in the TME, the anticancer efficacy in vivo can be improved through the synergetic

effect of introducing both trastuzumab and macrophages into the system [181].

In order to analyze the expression of factors related to the drug mechanism and immune
reaction and investigate the enhanced drug response under the immune microenvironment,
we examined HER2 expression from SKBR3 cells and CSF-1 secreted by the TME and
conducted anti-HER?2 therapy by introducing macrophages in each flow condition. HER2
was highly enhanced on SKBR3 cells under the dynamic condition when co-cultured with
the ChP capillaries (Figure 25). Also, CSF-1 secretion was significantly higher when the
ChP TME was cultured under dynamic conditions (Figure 26). When trastuzumab, anti-
HER2, and macrophages were applied to SKBR3 cells in the ChP chip, cytotoxic effects
were highest under the dynamic condition compared to those in the static condition (Figure

27).
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In summary, we recapitulated the physiological relevance of the unique immune system
of the ChP, in which macrophages are the largest population during infection and cancer
progression. The ChP model with dynamic CSF flow closely mimics macrophage-
mediated antitumor activity against HER2-enriched breast cancer cells and the possible
conversion of resident macrophages into TAMSs. This platform offers a more in vivo-like

environment to understand immune-tumor cell interactions in the TME and represent

human drug responses.
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Figure 23. Behavior of cancer cells spread through the CSF region in each flow
condition. (scale bar: 100 pm)
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Figure 24. Cytotoxic effects of macrophages derived by immune reaction with breast
cancer cells in the human ChP-on-a-chip. (a) Confocal images and (b) quantification
of macrophage — breast cancer cytotoxic response in static and dynamic condition,
respectively. (scale bar: 50 um)
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Figure 26. Quantification of CSF-1 concentrations in the serum-free media extracted
in static and dynamic culture conditions, respectively.
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3.3 Conclusions

In this research, we developed a human ChP-on-a-chip, which recapitulates the
human capillaries-epithelium complex in the ChP system through the following processes.
The physical design of the microfluidic device allowed for the construction of a multi-
layered capillaries — epithelium complex of the ChP, and the engineered ECM with brain-
specific components recreated a more accurate brain microenvironment. Furthermore, in
vivo-like CSF flow was recreated using dynamic fluid flow and was applied to the
microfluidic platform to recapitulate the ChP dynamic microenvironment. After
successfully recapitulating the human ChP, breast cancer cells were spread in the ChP and
drug targeting the cancer cells were tested. Moreover, the immune reaction between
macrophages and the breast cancer cells in the ChP was reconstituted and investigated
using the platform. In conclusion, this human ChP model to recapitulate the human brain
microenvironment can provide a powerful tool in which the pathophysiology and drug

response can be reliably studied.

3.4 Materials and Methods

Device design and fabrication. In this study, we designed our prototype using
SolidWorks (Dassault Systemes), a solid modeling computer-aided design (CAD)
software. The device was then fabricated using a DLP 3D printer (Figure 4, 3D Systems).
MED-AMB 10 (3D Systems), a rigid bio-compatible resin, was used as a resin. The
fabricated device was washed with isopropanol and exposed to UV for 60 min. Single-

sided PSA (Pressure Sensitive Adhesive) film (1S-00820, IS Solution, Korea) was bonded
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to the bottom of the device as PSA film is biocompatible and transparent similar to glass.
Cell preparation Primary human brain microvascular endothelial cells (HBMEC; Cell
systems; # ACBRI 376) at passage 4-5 were cultured in endothelial cell medium
(Sciencell, San Diego, CA, USA) on dish covered with 50 pg mL™ fibronectin (Sigma-
Aldrich). Between passage 3 and 5, human brain vascular pericytes (HBVP; Sciencell,
#1200) were maintained on 1mg mL™* poly-L-lysine (PLL, Sigma-Aldrich) covered dish
in pericyte medium, respectively (Sciencell). Human choroid plexus epithelial cells
(HCPEpIC; Sciencell; #1310) at passage 3 were maintained in epithelial cell medium
(Sciencell; #4101) on flasks coated with 1 mg mL poly-L-lysine (PLL, Sigma-Aldrich).
The cells were maintained in an incubator at 37 °C in 5% CO; for 3 days. SKBR3 and
MCF7 cells were obtained from Korean cell line bank (Korea) and maintained in
Dulbecco’s Modified Eagle’s Medium (DMEM) including 10% fetal bovine serum
(HyClone, USA) and 1% penicillin—streptomycin (Gibco, USA). A human leukemia
monocytic cell line, THP-1 cells were maintained in Roswell Park Memorial Institute
Medium-1640 (RPMI-1640) supplemented with 10% fetal bovine serum, 1% penicillin-
streptomycin, and 0.05 nM 2-Mercaptoethanol. The culture medium was changed every 2-
3 days, and the cells were resuspended at a density of 0.3 x 10° cells mL™* for every media
change. THP-1 cells were then seeded in 6-well plates at a density of 1 x 10° cells/well and
treated with 100 nM phorbol 12-myristate 13-acetate (PMA). After 48 h, only adherent
cells were collected using 0.25% Trypsin-EDTA to be used for the tumor cell killing assay.
Construction of the human ChP chip system. Prior to filling the microchannels, the 3D
printed chips were exposed to oxygen plasma using a plasma exposure tool (Femto

Science, Korea) at 70 W for 1 min to convert the hydrophobic surface to hydrophilic. 50
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uL mixture of suspension with 8 x 10° cells mL™* of HBMECs and HBVPs (HBMECs :
HBVPs = 4:1, volume ratio), 2.5 mg mL™* bovine fibrinogen solution (Sigma, USA), and
0.1 mg mL ! laminin from human placenta (Sigma, USA) with 1 pL of 1 U mL™ bovine
thrombin (Sigma, USA) was prepared. The 1.8 uL of mixture was introduced into each
central microchannel by injecting it through the central hole. After waiting for 10 min for
the mixture cross-linking at room temperature, the ECM with high concentration bovine
fibrinogen solution (10 mg mL™?) was introduced in the flow channels through the holes
and aspirated to make the solution remain in the lower channels right next to the central
channel, where the fibrin gel serves as a barrier between capillaries and epithelium. The
endothelial cell medium supplemented with vascular endothelial growth factor (VEGF;
Peprotech; 50 ng mL™), fibroblast growth factor (FGF; Gibco; 20 ng mL™), epidermal
growth factor (EGF; Peprotech; 20 ng mL™) was prepared, and 200 pL of the medium was
loaded in reservoirs after 10 min for cross-linking at room temperature. The endothelial
cells were patterned to form perfusable blood vessels by injecting 10 uL suspension with
5 x 106 cells mL™* HBMECs and HBVPs (HBMECs:HBVPs = 4:1, volume ratio) in the
side channels and tilting the device by 90 degrees for 30 min in an incubator at 37 °C in
5% CO. for the cell adherence on the gel surface in the central channels. After 6 days
culturing the HBMECs and HBVPs in an incubator at 37 °C in 5% CO-, 20 uL suspension
with 5 x 106 cells mL™ HCPEpiCs was loaded in each flow channel and the chip was tilted
by 90 degrees for 30min in an incubator at 37 °C in 5% CO> to allow the cells to adhere on
the gel surface in the lower channels of the flow channels to construct the ChP epithelium.
The cocktail medium was daily changed. After 24 h to stabilize the epithelium, each

reservoir of the flow channels was filled with 150 pL of the serum-free medium and the in
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vivo-like CSF flow was applied to the microfluidic chip by loading the platform on the
rocker and culturing the system for 24 h in the incubator.

Construction of the ChP epithelium-on-a-chip system. Prior to filling the
microchannels, the 3D printed chips were exposed to oxygen plasma treatment through a
plasma etching tool (Femto Science, Korea) (70 W for 20 sec) for the conversion of surface
property from hydrophobic to hydrophilic, and were adhered to the 3D printed chips. 50
uL mixture of 2.5 mg mL™* bovine fibrinogen solution (Sigma, USA), and 0.1 mg mL*
laminin from human placenta (Sigma, USA) with 1 pL of 1 U mL™ bovine thrombin
(Sigma, USA) was prepared. The 15 pL of mixture was injected into the bottom
microchannels through the injection holes. After waiting for 10 min for the mixture to
cross-link at room temperature, 20 uL suspension with 5 x 10° cells mL™* HCPEpiCs was
loaded in each top channel and the chip was filled with the media after 30min in an
incubator at 37 °C in 5% COz to allow the cells to adhere on the gel surface in the bottom
channels to construct the ChP epithelium. The medium was daily changed. After 24 h to
stabilize the epithelium, each reservoir was filled with 150 pL of the serum-free medium
and the in vivo-like CSF flow was applied to the microfluidic chip by loading the platform
on the rocker and culturing the system for 24 h in an incubator at 37 °C in 5% CO..
Construction of the tumor microenvironment in human ChP chip system. Prior to
filling the microchannels, the 3D printed chips were exposed to oxygen plasma treatment
through a plasma etching tool (Femto Science, Korea) (70 W for 1 min) for the conversion
of surface property from hydrophobic to hydrophilic. Before injecting cells in the
microfluidic chip, SKBR3 and MCF7 cells were labeled with CellTraceTM CFSE (1:1000;

Invitrogen, USA). 50 pL mixture of suspension with 8 x 10° cells mL™* of HBMECs,
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HBVPs, cancer cells (HBMECs:HBVPs:cancer cells = 8:2:1 volume ratio), 2.5 mg mL™
bovine fibrinogen solution (Sigma, USA), and laminin from human placenta (Sigma, USA;
0.1 mg mL™) with 1 uL of 1 U mL*bovine thrombin (Sigma, USA) was prepared. The
1.8 uL of mixture was loaded into each central microchannel by introducing it through the
central hole. After waiting for 10 min for the mixture to cross-link at room temperature,
the ECM with high concentration bovine fibrinogen solution (10 mg mL ™) was introduced
in the flow channels through the holes and aspirated to make the solution remain in the
lower channels right next to the central channel, where the fibrin gel serves as a barrier
between capillaries and epithelium. 200 uL of the medium was loaded in reservoirs after
10 min for cross-linking at room temperature. The endothelial cells were patterned to form
perfusable blood vessels by injecting 10 pL suspension with 5 x 10 cells mL™* HBMECs
and HBVPs (HBMECs:HBVPs = 4:1, volume ratio) in the side channels and tilting the
device by 90 degrees for 30 min in an incubator at 37 °C in 5% CO; to allow the cells to
adhere on the gel surface in the central channels. After 4 days culturing the cells in an
incubator at 37 °C in 5% CO;, 20 uL suspension with 5 x 108 cells mL™* HCPEpiCs was
loaded in each flow channel and the chip was tilted by 90 degrees for 30min in an incubator
at 37 °C in 5% CO> to allow the cells to adhere on the gel surface in the lower channels of
the flow channels to construct the ChP epithelium. After 24 h to stabilize the epithelium,
each reservoir of the flow channels was filled with 150 pL of the serum-free medium and
the in vivo-like CSF flow was applied to the microfluidic chip by loading the platform on
the rocker and culturing the system for 24 h in an incubator at 37 °C in 5% CO..

Image processing. An image pre-processing and an analyzing algorithm was developed

by Python (3.7.0) and the OpenCV library. The live video taking the rocking motion of the
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microfluidic platform was captured in 60 frame rate camera and each video was taken for
20 — 25 secs. Around 1200 — 1500 images were obtained from the video. The platform was
filled with magenta-colored media (DMEM) for enabling the identification and segregation
of media in the images to create the mask. A color mask (HSV threshold (56,52,0)) was
implemented as image pre-processing filter for all frames. Only the area of media filled in
the two media reservoirs filtered by the mask was isolated from images. To distinguish and
measure the media area, we developed the image analysis algorithm for real-time volume
tracking and OpenCV-based contour detecting. The integrative system developed by
Python was conjugated to detect and quantify media area. Continuous measurements from
whole frames were converted into flow rate by calculating the difference in area between
two reservoirs and total volume error for verifying that the measurements were reliable.
Finally, we plotted a time-flow rate graph for each condition.

Computational fluid dynamics. COMSOL software (COMSOL Multiphysics 5.5) was
used to evaluate the channel wall and interior shear stress under a varying flowrate
condition. A rectangular channel was modeled with dimension of 2.3 mm length x 1 mm
width x 2 mm height and a fluid using the properties of water was flowed inside the inlet.
The simulation estimated the velocity fields U inside the mesh solving the Navier-Stokes
equation with continuity assuming no-slip boundary conditions in stationary mode. Finally,
the shear stress was obtained considering the shear rate calculated as dU/dz multiplied by
the dynamic viscosity of the fluid p.The flowrate data was imported in COMSOL from a
spreadsheet using a piecewise cubic interpolation. The varying flowrate condition was
fixed at the inlet and the other port was set as an open boundary without any normal stress.

We used the laminar flow considering the Reynolds number calculated to be inferior to 100

66



as a reasonable assumption. Other assumptions considered are a Newtonian behavior of the
fluid in this case water dynamic viscosity and the presence of gravity.

Real-time gRT-PCR. The samples were exposed to TRIzol reagent (Invitrogen, USA) to
collect total RNA. The isolated RNA, after quantification in Epoch Microplate
Spectrometer (Agilent Technologies, USA), was reverse transcribed with TOPscript™
cDNA Synthesis Kit (Enzynomics, Republic of Korea). Later, g°PCR was conducted using
primers obtained from prior publications (Table 1) and SYBR Green TOPreal™ qPCR 2X
PreMIX (Enzynomics, Republic of Korea) in Quantstudio 3 Real-Time PCR instrument
(Applied Biosystems, USA). Both cDNA synthesis and gPCR were conducted referring to
the instructions of company. The relative expression level of each target gene was
quantified through the comparative 2722CT method. GAPDH was taken as the reference

gene.

Table 1. Primers used for qRT-PCR

Genes Forward sequence Reverse sequence

GAPDH CGCTGAGTACGTCGTGGAGT AGAGGGGGCAGAGATGATG

Occludin  CGGCAATGAAACAAAAGGCAG GGCTATGGTTATGGCTATGGCTAC

Claudin-1 GTCTTTGACTCCTTGCTGAATCTG CACCTCATCGTCTTCCAAGCAC

Media glucose and calcium quantification. The supernatants were extracted and frozen
at -80°C and they were thawed before used. Glucose, and calcium levels in the medium

were quantified using enzymatic assay kits (EIAGLUC from ThermoFisher Scientific for
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glucose, and MAKO022 from Sigma for calcium detection. The assays were conducted
following the manufacturer’s instructions.

Drug preparation. Trastuzumab (Selleckchem) was diluted into 10 pg mL™* with the
serum-free endothelial cell medium and applied to the flow channel reservoirs. The
concentration was fixed according to the publication presenting the in vitro inhibitory
trastuzumab level.[182]

Live imaging and live/dead assay. Macrophages were labeled with Far Red (1:1000;
Invitrogen, USA), prior to live-cell imaging. Blood vessels were stained with fluorescein-
conjugated Ulex Europaeus Agglutinin 1 (1:2000; Vector, USA), and SYTOXTM Blue
(1:1000; Invitrogen, USA) was added to the culture medium immediately before imaging
to label dead cells. Macrophages at a density of 4 x 10° cells mL™* were attached to both
sides of the central channel by tilting the device and incubated for at least 30 min. The
motility and cytotoxic activities of macrophages were then monitored for 16 h with a Nikon
Eclipse Ti2-E inverted microscope under 5% CO- at 37 °C.

Immunocytochemistry. The immunofluorescence imaging was performed to examine the
marker expression from specific cells. The samples were fixed with 4% (w/v) PFA in PBS
(Gibco, USA) for 15 min at RT, followed by permeabilization in 0.1% Triton X-100
(Sigma-Aldrich) for 15 min. The samples were then treated with 3% BSA (Sigma-Aldrich)
for 40 min. The following antibodies were applied to immunostaining: AlexaFluor 594
conjugated mouse anti-CD31 (1:200; BioLegend), : AlexaFluor 647 conjugated mouse
anti-CD31 (1:200; BioLegend), AlexaFluor 488 conjugated mouse anti-a-SMA (1:200;
R&D systems), AlexaFluor 594 conjugated mouse anti-occludin (1:200; Invitrogen),

mouse anti-FoxJ1 (1:200, Invitrogen), rabbit anti-RSPH9 (1:200, Sigma), and Hoechst
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33342 (1:1,000; Invitrogen). Also, Alexa Fluor 488 Phalloidin was used to stain f-actin.
They were all treated for 2 days at 4°C. The samples were treated with the following
secondary antibodies: goat anti-rabbit AlexaFluor 647 (1:200; Invitrogen) and goat anti-
mouse AlexaFluor 594 (1:200; Invitrogen) for overnight at 4 °C for the target visualization.
The stained samples were investigated using a Ti2-Eclipse inverted microscope with NIS
elements software (Nikon, Japan).

Statistical analysis. The analysis of confocal images of each target visualization was
conducted by Fiji (http://fiji.sc.), open access software. Z-projected images converted from
3D confocal images were cropped for the regions of interest. The images for the area
measurement are converted to binary images masked with same threshold. The area of the
visualized targets including microvascular density, epithelial cells coverage, and cilia
formation was measured using Fiji directly. To quantify cell viability based on the z-
projection confocal images, the number of cancer cells and dead cells were quantified by
using a Fiji plugin, Cell Counter. The macrophage movement was tracked using
Chemotaxis and Migration Tool (https://ibidi.com/). All statistical analyses were
proceeded with unpaired Student's t-test to investigate statistical comparisons. The p value
thresholds for statistical significance were set and represented in the graph as *p < 0.05;

**p < 0.01; ***p < 0.005; ****p < 0.001.
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3.5 Supplementary Information
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Figure S 18. Computer simulation for shear stress distribution in the microfluidic

flow channel.
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CHAPTER 4. CONCLUSIONS

4.1 Concluding Remarks

In this thesis, | have demonstrated two microfluidic platforms to recapitulate brain
tumor microenvironments including primary brain tumors as well as brain metastasis.
Microengineering technologies were used to recreate dynamic fluid flow, brain-specific
ECM, and complex cellular architecture which played a key role in creating these devices.
A microvascularized pediatric brain tumor-on-a-chip was developed by reconstituting a
brain-specific ECM and co-culturing patient-derived pediatric brain tumor tissues with a
microvascular network to improve its physiological relevance. This model presented the
physiological relevance of microvasculature-brain tumor interaction and drug resistance.
Next, using advanced engineering technologies, a human ChP-on-a-chip was developed.
The device was designed to enable the construction of a complex capillaries — epithelium
ChP system by establishing several design rules for microfluidic patterning. ECM
engineering was applied to further recapitulate brain-specific ECM in this model.
Furthermore, in vivo-like CSF flow was recreated by inducing dynamic flow using a rocker
system. This physiologically relevant human ChP model allowed for the recapitulation of
brain metastasis of breast cancer cells and investigating anti-cancer drug response and

immune reaction in the brain tumor microenvironment of the ChP.

In summary, these microfluidic models to recapitulate the brain tumor
microenvironment including various physical features can serve as a reliable tool for

translational research in neuro-oncology.
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4.2 Challenges and Future Work

4.2.1 Disease modelling by adjusting the dynamic flow

Our human ChP-on-a-chip recapitulated normal CSF flow dynamics based on data
from healthy groups. Many neurological disorders such as hydrocephalus, idiopathic
intracranial hypertension, traumatic brain injury, and ischaemic stroke are known to disrupt
CSF circulation, and a significant disruption in the dynamic condition can provide life-
threatening causes [183]. Since our human ChP-on-a-chip enables varying the parameters
of flow dynamics, disrupted CSF flow can be recreated in our platform. The recapitulated
pathophysiological CSF flow through these flow adjustments can contribute to disease

modelling of various neurological diseases.

4.2.2 Hydrogel engineering

In our microvascularized pediatric brain tumor-on-a-chip, Matrigel was used to
engineer ECM since the gel contains many brain-specific ECM components. However,
Matrigel consists of undefined molecules where the uncertainty might cause imprecise
results in the experiment. Thus, to overcome this limitation, laminin, one of the essential
components of brain-specific ECM, was utilized to engineer ECM in the development of
our human ChP-on-a-chip. Though the inclusion of laminin as a defined component to
modify the ECM reduced the uncertainty of the results, there are more critical brain ECM
components to be included to improve the physiological relevance of the brain
microenvironment [18]. Engineering ECM for more characterization to reconstruct the

brain-specific matrix may overcome these challenges.
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4.2.3 Investigation of cellular behaviors on the epithelium

The current human ChP model recapitulated breast cancer cells spread in the
capillaries of the ChP. For the further investigation of the disseminated cancer cells, the
movement of the cells from the capillaries to the CSF through the epithelium can be
observed using this model. This examination will contribute to a better understanding of

the brain metastasis mechanism by circulating tumor cells in the CSF flow.

4.2.4 High-throughput drug screening

The standardized well plate format of microfluidic platfrom can allow for high-
throughput drug screening [67, 184]. Also, though the current human ChP-on-a-chip is
fabricated using 3D printing method, injection molding can be done to facilitate mass

production of the device, which can allow for high-throughput testing.
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APPENDIX A. FABRICATION OF THE HUMAN CHP-ON-A-CHIP

A.1 Experimental procedure to develop the human ChP-on-a-chip

i

< >

@ Human brain microvascular endothelial cells (HBMEC)

<& Human brain vascular pericytes (HBVP)
/#” Human choroid plexus epithelial cells (HCPEpiC)

Engineered ECM
[ High-concentration ECM
Media

Serum-free media

n Top view

HBMECs and HBVPs (HBMECs

Bottom view

Day 0

Cross Section B-B'

: HBVPs = 4:1, volume ratio), bovine fibrinogen solution (2.5 mg mL™"), and
laminin from human placenta (0.1 mg mL™") with bovine thrombin (1 U mL~') was prepared. The 1.8 pL of mixture
was introduced into each central microchannel by injecting it through the central hole.
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n Top view Bottom view Day 0

Cross Section B-B'

After allowing 10 min for the patterned mixture to cross-link at room temperature, the ECM with high concentration
bovine fibrinogen solution (10 mg mL™") was introduced in the flow channels through the holes and aspirated to

make the solution remain in the lower channels right next to the central channel, where the gel serves as a barrier
between capillaries and epithelium.

Top view Bottom view Day 0

(JO)

€Coky

€9

The endothelial cell medium supplemented with VEGF (50 ng mL~"), FGF (20 ng mL™"), EGF (20 ng mL ") was
prepared, and 200 pL of the medium was loaded in reservoirs after 10 min for cross-linking at room temperature

Cross Section B-B'
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n Top view Bottom view Day 1

0D

Cross Section A-A'

gaonags
annoan

The endothelial cells were patterned to form perfusable blood vessels by injecting 10 pL suspension with HBMECs
and HBVPs (HBMECs:HBVPs = 4:1, volume ratio) in the side channels and tilting the device by 90 degrees for 30

min in an incubator at 37 °C in 5% CO, to allow the cells to adhere on the gel surface in the central channels.

B Top view Bottom view Day 7

Cross Section B-B'

After 6 days culturing the HBMECs and HBVPs in an incubator at 37 °C in 5% CO,, 20 pL suspension with
HCPEpICs was loaded in each flow channel and the chip was tilted by 90 degrees for 30 min in an incubator at

37 °Cin 5% CO, to allow the cells to adhere on the gel surface to construct the ChP epithelium.
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n Top view Bottom view
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culturing the system for 24 h in an incubator at 37 °C in 5% CO,.

Day 8

Cross Section B-B'

After 24 h to stabilize the epithelium, each reservoir of the flow channels was filled with 150 pL of the serum-free
medium and the in vivo-like CSF flow was applied to the microfluidic chip by loading the platform on the rocker and
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A.2 Experimental procedure to construct the tumor microenvironment in the human ChP-

on-a-chip

@ Human brain microvascular endothelial cells (HBMEC) I
4 4.@"' V‘.%‘\

<& Human brain vascular pericytes (HBVP)
(#” Human choroid plexus epithelial cells (HCPEpIiC)

{33 Breast cancer cells

W@ Macrophages
Engineered ECM

[:] High-concentration ECM

Media

Serum-free media

n Top view Bottom view Day 0

Cross Section B-B'

HBMECs, HBVPs, cancer cells (HBMECs : HBVPs:cancer cells = 8:2:1, volume ratio), bovine fibrinogen solution
(2.5 mg mL™"), and laminin from human placenta (0.1 mg mL"') with bovine thrombin (1 U mL™") was prepared. The
1.8 pL of mixture was introduced into each central microchannel by injecting it through the central hole.
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n Top view Bottom view Day 0

Cross Section B-B'

After allowing 10 min for the patterned mixture to cross-link at room temperature, the ECM with high concentration
bovine fibrinogen solution (10 mg mL™") was introduced in the flow channels through the holes and aspirated to

make the solution remain in the lower channels right next to the central channel, where the gel serves as a barrier
between capillaries and epithelium.

Top view Bottom view Day 0

(JO)

€Coky

€9

The endothelial cell medium supplemented with VEGF (50 ng mL~"), FGF (20 ng mL™"), EGF (20 ng mL ") was
prepared, and 200 pL of the medium was loaded in reservoirs after 10 min for cross-linking at room temperature

Cross Section B-B'
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n Top view Bottom view Day 1
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Cross Section A-A'
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The endothelial cells were patterned to form perfusable blood vessels by injecting 10 uL suspension with HBMECs
and HBVPs (HBMECs:HBVPs = 4:1, volume ratio) in the side channels and tilting the device by 90 degrees for 30
min in an incubator at 37 °C in 5% CO, to allow the cells to adhere on the gel surface in the central channels.

B Top view Bottom view Day 5

Cross Section B-B'

After 4 days culturing the HBMECs and HBVPs in an incubator at 37 °C in 5% CO,, 20 pL suspension with
HCPEpICs was loaded in each flow channel and the chip was tilted by 90 degrees for 30 min in an incubator at

37 °Cin 5% CO, to allow the cells to adhere on the gel surface to construct the ChP epithelium.

81 i A2



Top view

ey

e )

€9

Bottom view

Day 6

Cross Section B-B'

After 24 h to stabilize the epithelium, each reservoir of the flow channels was filled with 150 pL of the serum-free
medium and the in vivo-like CSF flow was applied to the microfluidic chip by loading the platform on the rocker and
culturing the system for 24 h in an incubator at 37 °C in 5% CO.,.

|

Day 7 culture completed

In the tumor-immune assay
Top view

L)
(©

Bottom view

Day 7

Cross Section A-A'

Macrophages at a density of 4 x 10° cells mL™" were attached to both side channels by tilting the device and
incubated for at least 30 min.
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