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ABSTRACT OF THE THESIS

HA Concentration-Dependent Invasion of Patient-Derived Gliomaspheres in 3D Hydrogels
by
Gevick Safarians
Master of Science in Bioengineering
University of California, Los Angeles, 2022
Professor, Stephanie K. Seidlits, Co-Chair

Professor, Wentai Liu, Co-Chair

Glioblastoma (GBM) is the most common and lethal primary central nervous system (CNS)
tumor with a median survival of 12 — 15 months post-diagnosis. GBM aggression is, in part, due
to high invasion of tumor cells into the CNS parenchyma which leads to therapeutic evasion as
well as tumor recurrence. Mechanochemical cues within the GBM tumor microenvironment
create environments conducive for cell survival and migration. Bioengineered in vitro systems
which mimic features of the peritumoral niche can recapitulate in vivo GBM tumor cell behavior
ex vivo. Thus, we developed three-dimensional (3D), hyaluronan (HA)-based hydrogels of varied
HA concentrations and similar poroelastic properties corresponding to the peritumoral
environment. Patient-derived spheroids encapsulated in our 3D hydrogels each displayed unique
degrees and morphologies of invasion independent of conventional GBM molecular
classification. We discovered strengths of cytoskeletal engagement, mediated by ezrin-radixin-
moesin (ERM) complex, determined the propensity for cellular invasion, while cluster of
differentiation 44 (CD44) expression densities determined the amounts of invasion. Furthermore,

blocking the HA binding domain of receptor for hyaluronan-mediated motility (RHAMM)
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resulted in increased invasion, suggesting further studies on the roles of extracellular RHAMM

are critical for further understanding how HA within the TME affects GBM cell invasion.
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CHAPTER 1: INTRODUCTION

Current State of Glioblastoma Treatment and Care

Disease Epidemiology

Glioblastoma (GBM), previously known as Glioblastoma Multiforme, is the most
common, lethal, and aggressive form of all primary central nervous system (CNS) cancers with a
reported prevalence of 9.23 cases per 100,000 population in the United States and a median age of
diagnosis of approximately 65 years.!> Without medical treatment and only palliative care,
individuals may only survive 4 — 6 months post-diagnosis.!*-> With aggressive treatment, survival
is still exceedingly uncommon with median survival among treated cases being 12 — 15 months
and only 5.8% of patients surviving beyond 5 years post-diagnosis.®’

No well-established risk factors for GBM have been identified beyond exposure to ionizing
radiation and genetic predisposition.!® The lack of appropriate biomarkers indicating vulnerability
or resistance to therapies contributes to an incidence of 3.2 cases per 100,000 population in the
United States and an increasing incidence in the geriatrics aged 75 — 84 at 15.24 cases per 100,000
population.®!? Differentials in diagnosis and outcome based on sex, race/ethnicity, and region are
apparent. Specifically, males are more likely to be diagnosed with GBM than females, non-
Hispanic whites have generally the highest incidence rates among all other racial/ethnic groups,
and North America, Australia, and Northern/Western Europe possess the highest incidence rates
globally.!:!112
GBM is a terminal illness detrimental to both patient and caregiver quality of life. Rare,

long-term survivors, similar to their terminally affected counterparts, are often burdened with

prolonged neurological and social deficits in addition to general physiological or psychological



difficulties.!”> The work provided in this thesis aligns with ongoing efforts to develop
mechanochemically tunable, biomimetic in vitro models to characterize GBM phenotypes and
response to therapeutics in a patient-specific manner.

Diagnostics and Classification

Clinically, GBM patients initially present with a single or combination of general
neurological disturbances that may be gradual (e.g. headaches, intracranial pressure) or sudden
(e.g. epilepsy, motor deficits) in onset.!* Given the non-specificity of clinical indications,
computed tomography (CT) is initially deployed to consider the presence of a solid, intracranial
tumor mass to rule out non-tumoral differential diagnoses (e.g. epilepsy, encephalitis). Upon
discovery, contrast-enhanced magnetic resonance imaging (MRI) further reveals potentially
malignant features of the identified tumor mass.!> For GBM masses specifically, T2-fluid-
attenuated inversion recovery (FLAIR) MRI often presents intra-tumoral hypo-enhancement
indicative of pseudopalisading necrosis, peri-tumoral hyperintensity indicative of edema, and non-
uniform development and compression on neighboring, non-neoplastic tissues.!> However, formal
diagnosis of GBM does not occur until exclusion of further differential diagnoses of lower-grade
CNS tumors (e.g. anaplastic astrocytoma, oligodendroglioma, ependymoma) by histopathological
characterization of the resected tumor mass.!%17

Early efforts in differentiating GBM from other CNS cancers used DNA microarray
technologies for transcriptomic profiling. Sallinen et al. (2000) identified more than 200 gene
expression alterations in GBM.!® In a comparative analysis, Rickman ef al. (2001) identified 360
genes differentially expressed in GBM compared to lower grade astrocytomas.!”® Utilizing
differentially expressed genes across GBM patient samples, Phillips et al. (2006) designated

classifications of GBM as being proneural, proliferative, or mesenchymal.?° Proneural subtypes



had the best prognosis and had neuronal gene signatures, such as NCAM, while mesenchymal
subtypes had upregulated markers associated with angiogenesis and invasion. Beyond differential
gene expression, a key hallmark of GBM is genetic alterations including copy number changes,
chromosomal deletions, and somatic gene amplifications or mutations. Most commonly, TP53,
TERT promoter, or IDH1 gene mutations, PDGFRA or EGFR gene amplifications, and PTEN
gene deletions can result in distinct GBM tumor phenotypes. Moreover, certain patients may
genotypically present with gains in chromosomes 19 and 20 or 1p/19q chromosomal co-deletions,
further adding to intertumoral heterogeneity prevalent in GBM cases.?!

In 2008, the Cancer Genome Atlas (TCGA) was initially introduced as a database for
GBM, lung squamous carcinoma, and ovarian serous adenocarcinoma cancers.?? This joint effort
to store and make genomic data freely available on a per-patient basis has motivated further efforts
in GBM molecular characterization and more recent establishment of online databases for GBM-
specific data, such as the Chinese Glioma Genome Atlas (CGGA) and Ivy Glioblastoma Atlas
Project. Building upon previous work by Phillips e al. (2006), Verhaak et al. (2010) performed
consensus clustering on TCGA patient genotype data and identified four GBM subtypes:
proneural, mesenchymal, neural, and classical.?} In recent years, efforts in transcriptomic and RNA
profiling of GBM has led to a diversity of cell type categorizations for GBM cells. For example,
Bhaduri ef al. (2020) performed clustering of GBM cells according to signatures of mature or
stem/progenitor CNS cell states, while Garofano er al. (2021) classified certain GBM cells
according to metabolic activity (i.e. glycolysis or oxidative phosphorylation).?*2

In 2021, the World Health Organization (WHO) defined GBM as a grade IV astrocytoma,
the highest grade of glioma.?® Even with the addition of novel GBM subclassifications, the WHO

has not changed its clinical guidelines on GBM classification since 2016.%7 Specifically, the WHO



classifies GBM according to isocitrate dehydrogenase 1 (IDH) mutation status as IDH mutant,
IDH wildtype, or not otherwise specified. IDH mutant tumors typically contain R132H point
mutations and comprise approximately 10% of all primary GBM cases and 80% of all recurrent
GBM cases. IDH wildtype tumors are considered more lethal and have a later age of onset
compared to mutant tumors. Both primary and recurrent IDH mutant tumors have higher instances
of TP53 and ATRX gene mutations.?” Interestingly, proneural GBM heavily consists of IDH and
TP53 mutations and is, correspondingly, the least aggressive subtype of GBM identified by
Verhaak et al. (2010). Yet, many IDH mutant cell lines used in culture have been classified as not
only proneural, but also mesenchymal and classical. Thus, classifications by WHO and
independent investigators are not absolutely correlative.

Therapeutic Developments

In 2005, Stupp et al. published a clinical trial building upon the previously established
standard of care for GBM, which included maximal resection followed by courses of radiotherapy.
Results demonstrated that groups having undergone resection and radiotherapy with concomitant
administration of the temozolomide (TMZ) exhibited a median survival of 14.6 months compared
to just 12.1 months survival by those not having received the chemotherapeutic.® TMZ is a
lipophilic agent that alkylates DNA nucleotides to induce cellular apoptosis. Carmustine
(intravenous or in implanted Gliadel™ wafers) and lomustine (oral) belong to a similar class of
clinically approved alkylating agents that could be included in adjunction to the Stupp protocol
especially in cases of advanced progression or recurrence.?® Generally, such small molecule
therapeutics are disadvantageous compared to their more modern, peptide- and immune-based
counterparts for a variety of reasons including the lack of GBM cell specificity, poor penetrability

or drug efflux at the blood-brain barrier (BBB), and the onset of antagonizing processes by cells



to the drug’s mechanisms of action, such as O(6)-methylguanine-DNA methyltransferase
expression reversing DNA methylation by TMZ.?° Yet, resistance is not limited to small molecule
inhibitors. For example, FDA-approved Bevacizumab is a monoclonal antibody therapy which
binds free vascular endothelial growth factor (VEGF) to reduce peritumoral angiogenesis.
However, GBM cell networks can surmount such treatment efforts by transdifferentiating into
endothelial-like cells which fuse with peritumoral vasculature to continue circulation within the
tumor mass.>*3? Anti-angiogenic therapies may even potentiate GBM transdifferentiation to
endothelial-like phenotypes.>*

Immunotherapeutics may offer GBM-targeted therapies with limited interaction with
healthy tissue. Chimeric antigen receptor (CAR) T cells have emerged as a means of re-educating
autologous CD4+ and CD8+ T cells to initiate immune response upon binding specific cell-surface
proteins.> While no CAR T cells have successfully passed Phase III clinical trials, those developed
against EGFRVIII, HER2, and IL13Ra2 have generally exhibited promising amounts of tumor
regression in several pre- or early-phase clinical studies.>>>7 GBM is characterized as a “cold”
tumor, meaning tumors contain lower immune cell infiltration and activity at the tumor site relative
to other neoplasms, which may explain the failure of monoclonal antibody administration against
CTLA-4 and PD-1 in GBM compared to melanoma or non-small cell lung cancer.’®3° Yet,
vaccines to boost immune system recognition, infiltration, and clearance of GBM cells, which
may, in turn, augment the effects of CAR T cells and/or antibodies.*® Still, approximately 40-50%
of GBM tumor mass consists of tumor associated macrophages (TAMs), which display high

40-42

heterogeneity and play a critical role in GBM aggression. Further characterization of TAMs

could lead to the development of improved immunotherapeutics.*’



Peptide drugs combine the advantages of small molecule drugs and immunotherapeutics,
given their ability to interact with both intracellular and extracellular targets with high biological
specificity.*** Yet, inherent disadvantages of peptidic therapies include high rates of hydrolysis
or proteolytic degradation when administered systemically as well as poor membrane permeability
if not properly modified through, for example, poly-ethylene glycol (PEG) functionalization. 344
Peptide drugs developed against GBM primarily serve to inhibit protein function or protein-
substrate interaction as part of a larger signaling cascade. For example, Chlorotoxin is a peptide
derived from scorpion venom that both reduces chloride channel activation and matrix
metalloproteinase-2 (MMP-2) activity — both critical elements for GBM invasion.* Although
peptides and immunotherapeutics are generally GBM-specific, the challenges of poor BBB
penetrability combined with immunosuppressive signaling and antigen-loss by GBM cells impede
clinical translation of existing therapeutic candidates.

Tumor treating fields (TTFs) are the latest development to be added to the list of effective,
FDA-approved therapeutics for GBM, which include TMZ, carmustine, lomustine, bevacizumab.
In a phase III clinical trial published in 2017, Stupp et al. demonstrated an increased median
survival time in patients treated with temozolomide and TTFs in combination (20.9 months) versus
temozolomide alone (16.0 months).*® The clinical repertoire of treatments against GBM is
evidently limited compared to the disease heterogeneity elaborated upon in the previous section

titled “Diagnostics and Classification”. Developments of novel in vitro drug screening and cancer

classification paradigms may accelerate the quantity of clinically approved therapeutics.

Interdependency of GBM Invasion and the Peri-Tumoral Microenvironment

Histopathological Profiling of GBM Invasion in Brain




GBM malignancy can in part be attributed to aggressive cell invasion, or migration, from
the tumor periphery into surrounding parenchyma. Migrating cells exhibit a high likelihood of
evading systemically or intratumorally administered therapeutics and initiating tumorigenesis at

d.#7*% In GBM, extraneural metastases

novel regions within the brain or, less commonly, spinal cor
are more rare, occurring in less than two percent of GBM cases.*” Rather, cells preferentially
migrate along defined structures within the CNS, denoted as the secondary structures of Scherer.>
Tumorigenesis conventionally occurs within white matter regions of the CNS, characterized as
“highways” for GBM migration. Cells may spread to subpial surfaces and cortical tissues, where
further differentiation may ensue.*’->* Recurrent tumors and adjacent lesions typically occur within
a 2 — 3 cm locus of the primary tumor edges, a region that usually presents as a hyperintensity on
T2-FLAIR MRI.'® This surrounding region is associated with high levels of edema and cellular
infiltration attributed, in part, to ongoing angiogenesis and the presence of local vasculature which

drive the degree and directionality of cellular invasion.!>+

Microenvironment-Driven Invasion

GBM invasion is a function of integrated chemical, mechanical, and electrical cues present
within the peritumoral parenchyma. The local microenvironment around cells near the tumor
periphery are nonuniform given their exposure to varying regions of CNS tissues along the tumor
circumference.*” Beyond the expression of glioblastoma stem cell (GSC) marker CD133, GBM
edge cells from single patient samples display molecular properties matching both mesenchymal
and proneural classifications, likely as an outcome of native microenvironmental cues.’! Molecular
profiling and lineage tracing of patient lines suggest GBM cell networks have highly dynamic
transcriptional states that follow both hierarchical (directional) and plastic (stochastic) patterns of

52,53

organization through time. Exponential models and reaction-diffusion models typically used



to model bulk GBM spreading fail to account for the multitude of ECM-cell, cell-cell, and ECM-
ECM interactions which effect GBM cell transcriptional states during not only migration, but also
proliferation, senescence, and quiescence.>*> Mapping the effects of specific microenvironmental
cues on GBM patient line phenotypes will lead to the development of more informed
computational models to not only elucidate invasive phenotypes, but also perform drug screening,
GBM characterization, and transitional forecasting of future cell states in the event of recurrent
tumors.

Soluble factors secreted by both GBM and non-GBM cells along with direct cell-cell
contacts act in tandem to promote cellular invasion.*’ GBM-mediated immunosuppression is
essential to its infiltration of local tissue.® Suppression of local T cells, monocytes, and
macrophages occurs via GBM cell secretion of prostaglandin E>, TGF-b, and PD-L1-expressing
extracellular vesicles among other factors.>® TGF-b expression by tumor-associated macrophages
(TAMs) further facilitates MMP-9-mediated invasion by GBM cells, which is likely augmented
by further TGF-b and MMP-9 expression by local reactive microglia.’’>® The presence of TGF-
beta GBM-secreted TNF-alpha may induce a pro-inflammatory phenotype by local TAMs and
astrocytes.’® Angiogenesis adds an additional layer of complexity to the positive-feedback network
between GBM, immune, and glial cells. VEGF secretion by GBM cells promotes local
angiogenesis. The innate leakiness of the angiogenic and vasculogenic processes combined with
the presence of VEGF, IL-6, and IL-1f facilitates the recruitment of TAMs as well as their pro-
inflammatory transition.”” Chemokines are another type of soluble factor actively secreted by
GBM and non-GBM cells. CXCL12 is produced by endothelial cells, microglia, and TAMs and
induces GBM cell chemotaxis.®®%! CXCR4 is abundantly expressed by GBM cells along the tumor

periphery. CXCL12 binding of CXCR4 elicits activation of the pro-migratory PI3K/AKT,



JAK/STAT, and ERK signaling networks within the peripheral cells.®> Homocellular interactions
between heterogeneous GBM cell types are also critical to invasive behaviors. Orthotopic
xenografts of both core and peripheral tumor cells in mice yielded greater tumorigenesis and
invasion than xenografts of peripheral cells alone, indicating cell-cell contacts or signaling
between core and edge cells intensifies GBM’s invasive capacity.>!

The CNS extracellular matrix (ECM), comprising approximately 20% of the total brain
volume, is composed of various proteoglycans, glycoproteins, glycosaminoglycans of varying
molecular weights, chemical configurations, and concentrations.®*** GBM cells synthesize ECM
molecules found in healthy brain and perivascular parenchyma, and a balance of local matrix
deposition and degradation facilitates motility. Proteoglycans and glycosaminoglycans of heparan
sulfate (HS), dermatan sulfate (DS), and chondroitin sulfate (CS) are commonly upregulated in
GBM tissues and interact with local growth factors to drive GBM migration.®

Compared to lower grade CNS cancers, GBM tissue exhibits elevated concentrations of
certain glycoproteins, such as vitronectin and laminin.%® The presence of the arginylglycylaspartic
acid (RGD) motif in glycoproteins, such as tenascin-c (TNC), fibronectin (FN), laminin (LN), type
IV collagen (CN), and vitronectin (VN), enables GBM cell adhesion to local matrix via RGD-
recognizing integrin receptors composed of heterodimerized alpha and beta subunits.%” Integrins
o2 — Os, Oy, P1, B3, and Bs subunits are typically overexpressed in GBM versus normal tissues.®
o Ps integrin binding FN or VN are the most well-studied integrin-ECM interactions responsible
for GBM invasion. a3f1 association with type IV CN is particularly critical to GBM cell
perivascular migration.%® Integrin receptors exhibit preferential binding to ECM proteins based on
specific amino acids motifs present. For example, aybs binds both VN and FN while aybs binds

only VN.® Moreover, protein-integrin interactions dictate GBM cell spreading morphologies. In



the case of TNC, culture of U251-MG glioma cells on TNC resulted in shorter processes and
poorer spreading than cell seeded on FN.”” Moreover, TNC-integrin interactions have been
implicated in driving more mesenchymal-like GBM cell states.”! Specifically in mesenchymal
GBM cells, integrin signaling in GBM is associated with increased production of matrix
metalloproteinase (MMP) and a disintegrin and metalloproteinase (ADAM).*” Furthermore,
integrin association with receptor tyrosine kinases (RTKs) likely amplify pro-invasive intracellular
programs.’? Interestingly under hypoxic conditions, U87-MG GBM cells gain motility and
FAK/SRC signaling upon VN binding to integrin B3/EGFRVIII complexes.” The presence of
soluble factors may also spur pro-invasive matrix production, as in the case of IL-33-induced TN-
C secretion by GBM cells.”

The physical structure of matrix, which includes topography, porosity, and viscoelasticity,
also determines GBM cell adhesion and motility. Topographical guidance cues improve the
potential for glioma cell dispersion. Several in vitro studies have reported improved cell adhesion
and motility on aligned nanofibrous scaffolds versus randomly structured scaffolds.”>’¢ Durotaxis,
the phenomenon by which cells demonstrate motile preference towards stiffer or softer
environments, is observable across cells and is critical to tissue organization during development.
Porosity and shear pressure are variables of matrix stiffness and are regarded as deterministic
features driving cell motility.””

Individual GBM patient lines exhibit unique mechanical thresholds for invasion. For
instance, Grundy et al. reported patient line-dependent invasion by gliomaspheres grown on
polyacrylamide hydrogels of varying elasticity moduli (0.2, 1.0, 8.0, and 50 kPa). The cellular
invasion rate for patient lines JK2 and PR1 significantly increased from 0.2 to 1.0 kPa, while no

differences were apparent for WK1, SJH1, and RN1. Moreover, cells derived from different
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patients each presented a unique profile of invasion and spreading across stiffness levels.”
Additionally, Marhuenda et al. demonstrated peak invasion by gliomaspheres seeded atop 3D-ex-
polyacrylonitrile nanofiber scaffolds at 166 kPa stiffness in the range of 3, 166, 542, and 1260 kPa
scaffolds.” Together, the findings by Grundy et al. and Marhuenda et al. suggest an optimal
microenvironment stiffness is required to elicit cellular invasion in a patient line-dependent
manner.

Models and Mechanisms of GBM Cell Migration

Cellular migration can be regarded as a mechanistically complex optimization problem
such that excessive or suboptimal ECM-receptor and/or receptor-cytoskeletal engagement could
stall directional cellular movement. Specifically, the complexity is a result of the myriad of
protein-protein interactions and associated signaling required for migration mechanotransduction.
Early work by Goodman et al. (1989) described a biphasic, or parabolic, relationship between
laminin concentration and skeletal myoblast motility.® Subsequently, DiMilla et al. (1991)
mathematically defined the biphasic relationship as the viscoelastic-solid (VS) model for tissue
cells, building upon the general VS model by Schmid-Schonbein et al. (1981).%! Briefly, a cell is
compartmentalized into segments of size L/6, where L is the length of a cell. Each cell body
compartment consists of Hookean springs (elasticity) and dashpots (viscosity) in parallel with a
contractile element which is displaced according to the net contractile forces generated by
adhesions at the lamellipodal (leading) and uropodal (trailing) ends of the cell.®? The motor-clutch
model, proposed by Chan and Odde (2008), is the latest adaptation of the VS model and has
iteratively been refined since its initial publication.’? In this model, springs labeled molecular
clutches represent intracellular anchoring events of transmembrane receptors, such as integrin, to

filamentous actin (F-actin) by anchoring/adapter proteins, such as ankyrin or the ezrin-radixin-
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moesin complex (ERM). Motility can then be modeled as a function of retrograde force (pulling
towards the soma) transmitted by myosin “motors” and anterograde force (pulling towards ECM)
transmitted by the engagement of molecular “clutches” with extracellular substrates. Echoing work
by Marhuenda et al. (2021) and Grundy et al. (2017), Bangasser et al. (2017) found optimal UG251
cell migration to occur on polyacrylamide gels with a Young’s modulus of 100 kPa over the range
of 0.05 — 200 kPa. Reducing the engagement of motors and clutches following the administration
of blebbistatin and cyclic RGD (CRGD), respectively, reduced the optimal stiffness for motility
and cell spreading. The combined administration of inhibitors resulted in greater (lesser) cell
motility in environments of low (high) stiffness indicating optimal mechanics for ECM-driven
invasion in single GBM cells are tunable according to their engagement of myosin motors and
integrin clutches.®*

The motor-clutch model is applicable to simulating both single and collective cell
migration, the latter of which requires cell-cell interactions in addition to cell-ECM adhesions.3
8 Collectively migrating cells may present morphologically as sheets, tubes, clusters, or strands,
each with unique elements of adherens junction signaling and shear stress sensation which
ultimately determine migratory polarity and velocity.®” Moreover, cells within clusters are often
distinguishable as leaders (migration front) or followers (migration rear), each with their own
distinct molecular signaling profiles and specialized roles in organized migration.’” While
collective migration is an attribute of numerous cancers, its occurrence in GBM remains
controversial and may be a phenomenon exclusively to in vitro spheroid cultures.3%-%°

Proteomic profiling of GBM cells has revealed the PI3K/AKT, MAPK/ERK,
RhoA/ROCK, and/or JAK/STAT3 signaling axes primarily regulate both invasion and

47,91-93

proliferation. However, the “Go or Grow” hypothesis suggests GBM cell programs for

12



proliferation and migration cannot occur simultaneously in single cells — of note, this has not been
described for collectively migrating cells.”* Multivariate modeling approaches have been deployed
to elucidate which ECM features, in conjunction with key proteomic initiators and regulators,
independently drive migration or proliferation. Agent-based and continuum in silico models are
commonly deployed to simulate single and collective cell invasion, respectively.” Building on the
cell-ECM adhesions present in the motor-clutch model of cell invasion, novel in silico models
include variables such as local oxygen saturation, angiogenesis, cellular metabolic activity, and
cell-cell adhesions.>>® Frieboes et al. (2006) modeled morphological and spatial distributions of
collectively migrating GBM cells using reaction-diffusion equations quantifying angiogenesis,
matrix degradation, and tumor cell density.”” Martinez-Gonzalez et al. (2012) mathematically
modeled the migration patterns of hypoxic and normoxic glioma cells present within
pseudopalisading regions of GBM.?® One model even identified the dichotomy of proliferation and
migration was not apparent in environments with high concentrations of growth factors.”
Complementary in vitro studies validate the phenomenologically realistic outcomes of in silico
models. “Chain-like” and “disc-like” invasion patterns observed in ECM gel-encapsulated U87-
MG tumorspheres were mathematically modeled according to concentrations of nutrients and cell-
secreted chemotactic signals in the culture media.”® As such, combined in silico and in vitro
methods offer new modes of characterizing GBM invasion.

Infiltrating cells are conventionally classified as mesenchymal or ameboid based on
apparent morphological and molecular profiles.!® Mesenchymal GBM cells have an elongated
morphology coupled with high levels of cell-ECM interactions which typically entail balanced
action of matrix degradation proteins, such as MMPs and ADAMSs, and matrix deposition.!?1102 In

an ameboid state, GBM cells exhibit a rounded morphology and predominantly RhoA-ROCK axis
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signaling.”®!%! Moreover, their reduced cell-ECM interactions are substituted with mechanisms to
regulate cell volume via hydrostatic pressure changes. In fact, migrating GBM cells reduce their
volume by 30%. The hydrodynamic model of GBM ameboid invasion explains ionic efflux and
influx by Na-K-ClI co-transporter channels (NKCCs) contributes to cell volume regulation by

101103 Thjs, in turn, allows

creating hypo- and hypertonic intracellular environments, respectively.
GBM cells to maneuver local matrix as well as initiate EGFR-mediated invasion signaling.'°! A
further complication to the development of therapeutic directed towards either ameboid or
mesenchymal GBM cells is that migrating cells may transition between mesenchymal and ameboid
states as a result of exogenous, pharmacological intervention or endogenous, environment-induced
transdifferentiation.'” Administration of Racl inhibitor, NSC23766, to U87-MG cells
encapsulated in 3D hydrogels resulted in an ameboid-to-mesenchymal transition (AMT) of

migration. !0

Conversely, administration of pan-MMP inhibitor, Ilomistat, resulted in
mesenchymal-to-ameboid transition (MAT) by U251 and T98G cells.!*® Moreover, MAT could,
in part, explain the low efficacy of Cilengitide given when GBM cells transitioned to ameboid-
like invasion have lesser reliance on ECM engagements through integrins. With sufficient
disruption of cell-cell adhesions, collectively migrating cells may also switch into an ameboid,
single cell migratory phenotype. While such collective-to-ameboid transition (CAT) has been
described in breast and head and neck squamous cell cancers, it has not been described in GBM. !

Epithelial-to-mesenchymal transition (EMT) is the acquisition of migratory capacity by
originally stationary cancer cells. EMT and its converse, mesenchymal-to-epithelial transition
(MET), are cell differentiation paradigms apparent in various epithelial cancers including prostatic,

hepatic, and pancreatic.!®® Whether similar transitions arise in GBM, a non-epithelial cancer,

remains unclear.!”-!12 Rather, a proneural-to-mesenchymal transition (PMT) may explain gained
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motility by GBM cells along the peritumoral edge. While the core mechanisms of PMT are
undetermined, transitioned cells present upregulated expression of vimentin, N-cadherin, YKL-
40, hepatocyte growth factor receptor, and cluster of differentiation receptor 44 (CD44).'!? Various
reports have suggested that radio- and chemo-therapy may induce PMT, causing originally
proneural tumors to assume a mesenchymal phenotype upon recurrence.!!'>!!'* While many
investigators have characterized the influence of specific matrix components on proneural and
mesenchymal GBM cell motility in isolation, there is virtually no work investigating ECM-
induced PMT. However, work by Renner ef al. (2016) suggests a similar EMT-like shift may occur
in GSCs via the FN-asf; integrin binding axis.!!> Specifically, this transition was termed a glial-
to-mesenchymal, echoing the aforementioned characterization of radial glial-like GSCs cells by

Bhaudri et al. (2020).24115

Hyaluronic Acid-Mediated GBM Invasion

Role of Hyaluronic Acid in GBM Invasion

Hyaluronic acid (HA), or hyaluronan, is a negatively charged glycosaminoglycan of
repeating D-glucuronic acid and N-acetyl-D-glucosamine disaccharide subunits and presents from
oligomeric to high-molecular-weight (HMW) forms in the CNS.!'6-!18 Typically, HA is integral
to key physiological processes including neural stem/progenitor cell growth and differentiation,
leukocyte trafficking, wound healing, and tissue organization.!'6:11%120 Within the CNS, HMW HA
creates an immobilized, 3D network with which soluble proteins, membranous proteoglycans, and
linker proteins may interact to drive cellular behavior.!!6!'” Low-molecular weight and oligomeric
forms are also present as soluble components in the ECM; however, how HA chain size contributes

to GBM progression remains unknown. In the 1970s, two seminal papers introduced HA’s
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potentially malignant in GBM. In 1970, Dorfman and Ho successfully identified and isolated
mucopolysaccharides, including HA, chondroitin sulfate, and heparan sulfate, in glioma cell
cultures.!'?! Subsequently, in 1978, Glimelius ef al. reported greater HA production in cultures of
glioma cells compared to healthy cells and provided the first discussion of its potential role in
GBM malignancy.'?? Today, HA is recognized as a key regulator of GBM cell proliferation,
invasion, survival, and therapeutic resistance through its interaction with receptors including CD44
and CD168 (also known as the Receptor for Hyaluronan Mediated Motility (RHAMM), LYVE-1,
or HMMR 1) and potentially other HA binding proteins.!!¢!!8 Histopathological and transcriptomic
characterizations of resected tumors have indicated HA along with its synthases and degradation
enzymes positively correlate with glioma aggression and lethality in patients.!!8:123-127
Consequently, HA synthesis inhibitors, such as 4-MU, and oligomeric competitive binding
inhibitors have been proposed therapeutics to HA-driven malignancy.!'?®!?° Unfortunately, it is
poorly understood how HA-CD44 and HA-RHAMM interactions affect migration, thus,
diminishing the translational likelihood of in vitro developments.!'® No clinically approved
therapeutics targeting the HA signaling exist for GBM. Although several nanoparticle systems are

in development for targeting GBM tumors by binding HA.!30-132

HA-CD44 Interactions

CD44 is a glycosylated transmembrane receptor with functional significance in neural and

133 or leukocyte trafficking.!** In

immune tissues with processes such as dendritic spine plasticity
its standard conformation, the CD44 receptor is comprised of a ten exon sequence coding an
extracellular ligand binding domain, transmembrane region, and cytoplasmic tail. Nine exons

coding extracellular domains can be additionally inserted, forming variant subtypes of CD44.

CD44 activity has been linked to cellular resistance phenotypes across cancers, including breast,
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lung, and colon carcinoma. Similar to HA, CD44 expression in GBM patient tumor samples
positively correlates with glioma grade.!*>13% Interestingly, Wei ef al. (2010) reported that in the
cohort with the highest grade glioma, additional CD44 expression beyond the median expression
value resulted in diminished tumor aggression and greater patient survivability likelihood.!#%!4! Tn
light of this finding, Klank et al. (2017) investigated the effects CD44 status on tumor invasiveness
in NrasG12V/SV40LgT glioma mouse models and identified a concave-up, biphasic relationship
between CD44 expression and single cell motility in resected tumors. Specifically, cell motility
was similar in CD44 knock-out mice (low CD44) and mice producing CD44 in excess (high
CD44); however, migration in both cases was significantly reduced compared to wildtype mice
(intermediate CD44). Survivability and CD44 expression collected from both mice and TCGA-
derived human GBM datasets also following a biphasic trend.!#! Thus, the motor-clutch hypothesis
explaining integrin-mediated GBM cell motility [may also be applicable to CD44-mediated
migration. 348>

Inhibition or complete knock out of CD44 would not inform its applicability to the motor-
clutch model given the heterotypic nature of its activity. Extracellularly, CD44 also binds ligands
other than HA, such as osteopontin and chondroitin sulfate, and associates with peri-membranous
proteases or other glycoproteins.!?*!4? Specifically, CD44 may cluster with RTKSs, integrins, or
other local CD44 receptors for enhanced cell signaling and matrix adhesions, while MMPs and
ADAMs can conversely cleave and solubilize the ectodomain of CD44, consequently disrupting
matrix adhesions.!*? Moreover, the FAK or Src binding interactions with the intracellular domain
(ICD) of CD44 may initiate Rho-, ERK1/2-, or AK T-associated signaling.!?* The ICD also forms
cytoskeletal adhesions via anchoring proteins, such as the ezrin-radixin-moesin complex (ERM)

or ankyrin, 43144
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The ERM Domain

Given ERM is a molecular clutch mediating the engagement of CD44 and filamentous
actin (F-actin), directly targeting ERM could reduce migration driven by HA-CD44 interactions.!#*
Serially inhibiting ERM activity could inform how reductions in the clutch protein’s activity, and
thus cellular membrane-to-cytoskeletal adhesions, could modulate cellular migration. Bulut et al.
(2012) introduced a small molecular inhibitor directly targeting ERM, NSC668394, which
inhibited the invasion of both osteosarcoma cells in vitro and embryonic zebrafish cells in vivo.'%
Since then, many have studied ERM-associated mechanotransduction and signaling in
osteosarcoma and non-cancerous cell types, such as endothelial cells.!*¢-15! While increased ERM

2 only two studies have

expression has generally correlated with higher GBM malignancy,!
systematically evaluated the consequences of directly modulating ERM activity in GBM cells,
both utilizing clonal lines. Qin et al. (2014) mitigated radixin expression using RNA interference
and found reduced tumor growth in RNA silenced, orthotopically implanted GBM cells.!>?
However, their study performed a global shutdown of radixin RNA translation, without
considering the apparent dose-dependent effects when inhibiting molecular clutch proteins, such
as integrins. Zhu et al. (2013) considered dose-dependent effects, finding inhibition of moesin-
CD44 binding with CD44pep and radixin-CD44 binding with DX-52-1 resulted in stark reductions

134 Generally, greater inhibition

in gliomasphere sizes and GBM cell proliferation in culture.
resulted in lesser proliferation. However, it is important to note that neither Quin et al. (2014) nor
Zhu et al. (2013) utilized 3D culture methods. The concave-up, biphasic relationship of CD44
activity and migration, as reported by Klank et al. (2017) who used 3D brain slice cultures, was

not apparent by modulating CD44-moesin or CD44-radixin binding interactions.'*! To date, there

are no studies regarding the relationship of the HA-CD44-ERM-Actin axis and GBM cellular

18



invasion using 3D culture methods and patient-derived cell lines, which could provide more
translational findings, as elaborated on in future sections.

HA-RHAMM Interactions

RHAMM expression is correlated with greater GBM malignancy and is a key factor in
driving tumorigenesis and inflammatory diseases, like osteoarthritis or lung fibrosis.!??
Extracellularly, RHAMM binds HA with its BX7B amino acid motif. Lacking a transmembrane
domain, it is typically anchored to the membrane via glycosyl-phosphatidylinositol moieties.'??
Moreover, RHAMM may indirectly participate in ERK- and SRC-associated signaling through
interactions with local CD44 and RTKs.!16:123

Unlike CD44, RHAMM mechanisms and functions pertaining to GBM invasion have not
been well characterized; however, it is known RHAMM typically localizes in perimembranous
and perinuclear domains of cells in general and is involved in mediating cellular migration and
mitosis.'?*»!? In the first study of HA-RHAMM interactions, Akiyama et al. (2001) reported
RHAMM of 85 kDa and 58 kDa isotypes are ubiquitously expressed across glioma cell lines and
soluble peptides inhibited migration on HA-coated surfaces.!>® Pibuel et al. (2021) most recently
studied HA-RHAMM interactions in GBM by performing wound closure assays using GBM cells
on 2D, HA-coated surfaces. Anti-CD44 and anti-RHAMM antibodies acted in similar fashion,
reducing cellular migration and hence wound closure.!?

Anti-RHAMM antibodies and peptides are both potential therapeutics options for GBM;
however, both have associated risks given the poorly studied nature of HA-RHAMM
interactions.!!¢ Importantly, we found no studies on HA-RHAMM interaction in GBM that used
3D culture or in vivo methods. RHAMM-mimetic peptides that bind HA, like P15-1, mimic the

structural and chemical properties of RHAMM and have been used to interrogate the relationships
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of HA-RHAMM binding and cell phenotypes.'?*13%157 However, RHAMM-mimetic peptides like
P15-1 disrupt not only HA-RHAMM but also HA-CD44 cellular binding events, which may
introduce confound outcomes when studying the nature of GBM phenotypes given the typically
high expressions of both CD44 and RHAMM. Esguerra et al. (2015) developed high affinity, HA-
mimetic peptides which uniquely bind RHAMM. Using a TRITC-collagen degradation assay, the
investigators found peptide 14a with amino acid sequence ‘FTEAESNMNDLYV’ reduced the
invasion of PC3MLN4 prostate cancer cells by approximately 80%.'°® The peptide would serve as

a valuable candidate to specifically study the role of extracellular RHAMM in GBM biology.

In Vitro Modeling of HA-Mediated GBM Invasion

While in vivo studies of GBM typically involving murine models are most representative
of the nascent CNS microenvironment, they are expensive, lengthy, and laborious in nature;
moreover, experimentally decoupling the effects of the various physical, chemical, and electrical
cues present within the tumor niche becomes impractical in vivo.!>*1% Thus, in vitro systems with
tunable, physiologically relevant physical and chemical features have been deployed to study
GBM invasion in a biomimetic manner."”® In general, bioengineered systems are more
representative of in vivo cell behavior compared conventional cell culture methods using non-
coated plastic or glass surfaces.!>*-192 Such bioengineered systems may be two-dimensional (2D),
cells are interfaced with surfaces, or three-dimensional (3D), cells are encapsulated in scaffolds,
and have been applied to study the dynamics of single cell and gliomasphere invasion.!® Studies
utilizing HA-incorporated 2D and 3D models to specifically investigate or report GBM invasion

are limited.

2D Systems
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To study HA-driven motility using a 2D system approach, GBM cells may be seeded atop
surfaces pre-laden with HA. As one of the earliest studies, Akiyama et al. (2001) seeded clonal
GBM cell lines in wells coated with 1 mg/mL HA and allowed to spread over the course of 7-days.
While the addition of anti-CD44 antibodies did not hinder cell migration, peptides directed towards
RHAMM reduced cellular invasion across multiple clonal lines, thus, informing RHAMM as a
critical target for reducing GBM invasion.'>> A more recent study by Erickson et al. (2019)
deployed a composite of HA with chitosan-polycaprolactone (C-PCL) polyblend nanofibers to
study the invasion of U87-MG cells. Cells seeded on 0.50% HA-C-PCL surfaces exhibited the
greatest displacement and migratory rate compared to 0.10% HA-C-PCL and uncoated polystyrene
plates. Given the inclusion of PCL, this model could be deployed in the future to study effects of
conductance on GBM spread while incorporating HA and chitosan - potentially informing TTFs’
mechanisms of action.

Besides coating plates, HA-modified Boyden chambers to perform transwell assays are
utilized as an additional form of 2D study. Early studies identified incorporation of HA into a
Matrigel coating on the bottom of a transwell facilitated invasion of GBM cells at a greater rate
through micropores.!%%!64 Fascinatingly, Rao et al. (1993) added concentrations of HA ranging

from 0 to 1000 pg/mL and identified the greatest percentage of invading cells occurred at 200

pg/mL. This is the first-known identification of a potential biphasic relationship between HA

concentration and GBM cell invasion.!¢3

Kim and Kumar 2014 later performed a transwell assay
having coated wells with 2 mg/mL of HMW HA. HA functionalized with RGD-containing

peptides yielded greater cell invasion compared to HA alone, indicating RGD-integrins

interactions are synergistic to HA-CD44 or HA-RHAMM interactions in promoting migration.'®>
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Overall, invasive phenotypes in GBM starkly vary when seeded on uncoated surfaces
versus HA-coated surfaces. For example, while U§7-MG invasion was greater than other clonal
lines using a scratch wound assay, U343-MG had higher when cultured on HA-based hydrogels.!%
Moreover, U118-MG cells seeded on chitosan-HA hydrogels expressed elevated levels of TWIST,
MMP-2, and MMP-9 mRNA, CD44 and Nestin protein, and overall invasion.'®” Thus, HA affects
GBM cell invasive phenotypes and should be incorporated in bioengineered systems to study
invasion.
3D Systems

Given tumor cells navigate a 3D environment within CNS tissues, engineering 3D systems
can better recapitulate the chemical, fluidic, and physical features of the nascent tumor
microenvironment (TME) compared to 2D systems.!>® Hermida et al. (2019) found U87-MG cells
encapsulated in bioprinted matrices consisting of RGD-alginate, HA, and collagen I demonstrated

greater resistance to chemotherapeutics compared to 2D monolayer culture.!®®

Complementarily,
Xiao et al. (2018) reported patient-derived GSs encapsulated in hydrogels with 0.50% (w/v) HA
exhibited greater resistance to the RTK inhibitor erlotinib compared to gliomasphere (GS) culture
in media alone.'® Beyond drug resistant phenotypes, cell-matrix adhesion phenotypes vary
between 2D and 3D systems. For example, focal adhesions presented by cells in 2D systems are
not present when cells are encapsulated in 3D scaffolds.!”%!"!

The initial 3D systems used to evaluate GBM invasion in vitro occurred between 1970-
1980 included excised fragments of animal tissues, such as chick heart fragments or smooth muscle
cells. Notable is the study of de Ridder et al. (1987) which documented the infiltration of human

clonal line gliomaspheres into chick heart fragments.!”? Soon, such cultures would be replaced by

Matrigel, a matrix scaffold derived from Engelbreth-Holm-Swarm mouse sarcoma cells. Matrigel
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contains an abundance of glycoproteins (e.g. laminin, collagen) and glycosaminoglycans (e.g.
chondroitin sulfate) present within most tumorigenic environments.!’*!* And while it has been
used as a 3D system to study GBM cell migration, it has two major disadvantages. First, given it
originates from sarcoma tissues, it lacks key components specific to the GBM TME like HMW
HA. Second, the pre-existing matrix components of Matrigel cannot be readily removed or
substituted, making mechanochemical modifications difficult.!”

3D HA Hydrogels

Chemically defined hydrogels address Matrigel’s shortcomings as they are an aqueous
scaffold that may be mechanochemically tuned to resemble the native CNS and GBM pericellular
environment. Hydrogels are networks of hydrophilic polymers (e.g. HA) covalently or non-
covalently cross-linked.!” HA-containing, or HA-based, hydrogels have most commonly been
utilized to study GBM motility. Most HA-based hydrogels follow thioester bond formation
chemistry by covalently crosslinking thiolated HA with other moieties functionalized with
maleimide or acrylate,6:16%:176-178

Ananthanarayanan et al. (2011) pioneered the use of HA-based hydrogels to study GBM
mechanobiology. They encapsulated clonal GBM line spheroids in scaffolds of methacrylate
functionalized HA and thiolated RGD motif-containing peptides (RGD) using a DL-dithiothreitol
crosslinker. All cell lines displayed greater invasiveness in 3 weight percent (wt%) HA matrices
of softer 150 Pa elasticity than 5 wt% HA matrices of stiffer 5 kPa elasticity. However, the
morphologies and degrees of invasiveness varied between individual cell lines.!”” Rao et al. (2013)

developed composite hydrogels consisting of collagen IV and HA. With increasing concentrations

of HA in the range of 0 — 2 wt%, single cell migration velocity decreased.!”®
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The aforementioned studies and the majority of studies investigating HA concentration-
dependent GBM invasion in hydrogels utilize scaffolds of varying diffusivity or poroelasticity.
Tuning the mechanical characteristics of hydrogels to be equal across varying concentrations of
HA is critical to determine whether changes in chemical concentration, alone, drive changes in
cell behavior, given that local tissue mechanics heavily influence cell phenotypes. For example,
using HA-RGD hydrogels based on maleimide-thiol chemistry, Xiao ef al. (2018) demonstrated
patient-derived GBM cells acquired resistance to erlotinib treatment at slower rates when
encapsulated in 0.50% (w/v) HA hydrogels of 2 kPa than 1 kPa compressive moduli.'®® Moreover,
Wang et al. (2021) demonstrated greater storage moduli of HA-RGD hydrogels, based on thiol-
ene photo-click chemistry, resulted in lesser GS invasion and greater resistance to TMZ. Notably,
hydrogels utilizing thiol-ene photo click chemistry reactions are more favorable than thiol-
maleimide and thiol-acrylate reactions given their faster reaction rates and more stable network
conformations. '8¢

CD44-mediated adhesions are critical for migration of GBM cells interfaced with HA-
RGD scaffolds. Kim and Kumar (2014) detailed the nuances of HA-CD44 and RGD-Integrin
interactions driving GBM single cell migration when seed on top of hydrogel surfaces. While
migration speed steadily increased with increasing concentrations of RGD peptides (5 — 100 uM)
in the hydrogels, this effect was abrogated following the RNAi knockdown of CD44. Moreover,
lamellipodia densities were significantly less in HA-only hydrogels compared to HA-RGD
hydrogels, indicating both HA and RGD interactions were necessary for the formation of stable
adhesions and cellular migration.'®>!8! In a 3D culture study by Wolf et al. (2020), single cells
extended “microtentacles” and form adhesions via CD44 at a far slower rate than cells interfaced

in 2D with the HA-RGD hydrogels. Moreover, the leading edge of microtubules were observed to
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be enriched with actin and myosin cytoskeletons, indicative of active motor-clutch dynamics.!'#?
The IQGAP1/CLIP170 complex was targeted via CRISPR/Cas9-mediated knock out of IQGAP1
given the complex participated in anchoring CD44, actin, and microtubules. Knockout resulted in
fewer cells with microtentacles of >10 um length and greater blebbing along the edge of single
cells. Spreading still occurred on hydrogel surfaces, but cells exhibited an ameboid-like, circular
morphology during migration.'®? The nature of inhibiting IQGAP1/CLIP170 complex activity was
not further explored in 3D invasion; however, the same HA and RGD interactions driving 2D
migration are also critical for 3D invasion. Xiao et al. (2020) encapsulated patient-derived
gliomaspheres (GSs) in 0.50% (w/v) HA hydrogels based on maleimide-thiol chemistry and
similar poroelastic properties. Cell-ECM adhesions within the HA-RGD matrices were critical for
CD44 and integrin aV colocalization throughout GSs. Moreover, lentiviral knockdowns of CD44
and integrin oV resulted in greater cell death and loss of invasive phenotypes by GSs typically

expressed in wildtype conditions. '8!

25



CHAPTER 2: MOTIVATION

Hyaluronic acid (HA) hydrogels are mechano-chemically tunable, biomimetic, in vitro models
with which glioblastoma (GBM) phenotypes and response to therapeutics can be characterized in
a patient-specific manner. Studies of HA concentration-dependent GBM invasion generally
evaluate migration phenotypes in the range of 1% - 5% (w/v) HA. Previous works by Pedron et
al. have consistently demonstrated minute changes in HA concentration within the range of 0%—
1% (w/v) HA has substantial effects on gene expression profiles of pro-migratory factors.!83-183
Yet, no studies have morphologically characterized potential variations in GBM migratory
phenotypes within the minute, 0%—1% (w/v) HA range which is also more representative of
physiological concentrations of HA found in mammalian brain.'#¢-!%” Furthermore, to better mimic
cell-cell interactions between GBM cells, we will encapsulate gliomaspheres (GS) of our patient-
derived lines and defined cell densities within the hydrogels. Similar to past findings, we
hypothesize increased HA concentration will spur greater GS invasion into matrix. However, we
remain curious whether the certain lines may display biphasic relationship between HA

concentration and motility given findings by Pedron et al. (2013) and Klank et al. (2017).!41:183
Given a more thorough understanding of how HA receptors function to promote migration
is needed to develop novel therapeutics against invasion, we will evaluate potential variations in
cell interaction with surrounding matrix through cluster of differentiation 44 (CD44) and receptor
for hyaluronan mediated motility (RHAMM). Specifically, we will investigate potential
differences in HA receptor expression between patient lines and HA concentration conditions. We
will further block HA-RHAMM binding using the peptide developed by Esguerra et al. (2015) to
investigate effects on GBM migration in a 3D environment. We look to build upon 2D system

studies of RHAMM biology in GBM, such as those by Akiyama et al. (2001) and Pibuel et al.
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(2021), by blocking HA-RHAMM binding in cells encapsulated in our 3D hydrogels. To
specifically block extracellular HA-RHAMM interactions, we will use the peptide developed by
Esguerra et al. (2015). Moreover, our system will include 3D cell-cell and cell-matrix interactions,
more representative of in vivo conditions. Thus, we hope our findings better inform the effects of
extracellular RHAMM inhibition in vivo.

While CD44 biology has been more thoroughly interrogated compared to RHAMM, its
multifaceted nature of driving cellular phenotypes requires a more nuanced understanding of its
mechanisms of driving GBM motility, such as through cytoskeletal engagement, kinase signaling,
or extracellular cleavage. By seeding GBM cells on HA-RGD hydrogels, Kim and Kumar (2014)
found CD44 could be a mechanosensitive signaling receptor given changes in hydrogel stiffnesses.
Klank et al. (2017) later demonstrated that excess CD44 expression in a single GBM cell line
resulted in less aggressive tumors in vivo and lesser invasion in brain slice cultures compared to
cells with wildtype (intermediate) levels of CD44 expression. These findings further implicate
CD44 as a mechanotransduction receptor that is not only sensitive to local tissue mechanics, but
also matrix interactions. To further explore CD44’s potential as a mechanosensitive receptor in the
context of varied HA concentration, we will target the ezrin-radixin-moesin complex (ERM), an
anchoring protein bindings CD44 to filamentous actin, using the small molecule inhibitor
developed by Bulut et al. (2012). By administering varying concentrations of inhibitor to GSs
encapsulated in environments with varying concentrations of HA, we seek to better understand
how varying the strengths of receptor-cytoskeleton bindings, or molecular clutches, can affect cell
motility in the context of potentially varied HA-receptor interactions.

Previous investigators have not successfully controlled for mechanical properties across

hydrogels of varied HA content, introducing confounding variables in the studies of HA
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concentration effects on GBM invasion. Fabricating HA hydrogels using our thiol-ene photo-click
chemistry-based formulation offers the ability to control for HA content and mechanics
independently given the addition of 4-arm thiolated polyethylene-glycol macromolecules.
Moreover, by encapsulating GSs within hydrogels, we can study GBM cell invasiveness in the
presence of both 3D cell-ECM and cell-cell interactions.

We hope our findings provide greater motivation to study GBM biology using highly
tunable, 3D biomimetic systems as described. Beyond studying GBM biology, our hydrogel
technology has clinical applicability as a theranostic tool, as elaborated on by Liang et al. (in
publication). In a broader context, the system presented in our studies can be expanded to both
study or diagnose patient-derived GBM cell phenotypes over a range of peptide types or
concentrations, HA molecular weights and concentrations, as well as storage moduli representative
of corresponding GBM microenvironment features. Moreover, various therapeutics may be
screened for efficacy against individual patient cells encapsulated in the diversity of

mechanochemical contexts.
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CHAPTER 3: METHODS

HA Thiolation and Hydrogel Fabrication

Approximately 4.5-6% of D-glucuronic acid carboxylic acid groups in the repeating
hyaluronic acid (HA) disaccharide chain (Mw = 700kDa, LifeCore Biomedical) was thiolated via
carbodiimide chemistry (N-hydroxysuccinimide (NHS); 1-ethyl-3-[3-dimethylaminpropyl]
(EDC)), and reaction with cysteamine (Sigma-Aldrich) to yield HA-SH. Following reduction with
Dithiothreitol (DTT) and subsequent dialysis for purification, proton nuclear magnetic resonance
spectroscopy and an Ellman’s Test were conducted to verify HA-SH thiolation percentage.

Prior to gelation, compounds were buffered in  4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES; Fischer BioReagents) with Hank’s Buffer Salt Solution
(HBSS; Sigma-Aldrich) to yield the following solution densities: 10 mg/mL HA-SH; 100 mg/mL
thiol-terminated 4-arm polyethylene glycol (PEG-SH, Mw = 20kDa, Laysan Bio); 100 mg/mL 8-
arm polyethylene glycol norbornene (PEG-Norb; Mw = 20kDa, Laysan Bio); 4mM thiolated RGD
peptide (RGD-SH, ‘GCGYGRGDSPG’; GenScript); 1-3 mg/mL Lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP; Sigma-Aldrich). Prepared gel solutions contained 0.25% w/v
LAP, 0.25 mM RGD-SH, and either 0.10, 0.25, 0.50, or 0.75 percent weight per volume (w/v) of
HA-SH.

The crosslink factor was empirically determined to provide sufficient crosslinking and
avoid the thiol-ene click chemistry termination reaction series to ensue. The remainder of the
formulation consisted of HEPES:HBSS, which was added to achieve a desired volume. 30 mL of
finalized gel solutions were added to 30 mm? cylindrical slots in silicone molds. These solutions

were then exposed to 3.95 — 4.05 mW/cm?magnitude of 365 nm UV radiation for 15 seconds to
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initiate gelation. Gel products were removed from molds and maintained in phosphate buffered
saline (PBS, Dulbecco’s PBS) until characterization.
Hydrogel Characterization

Mechanical Property Testing

Hydrogel storage moduli (G”) were measured using a discovery hybrid rheometer-2 (DHR-
2, TA Instruments) at 37 °C. Frequency sweeps were performed under 1% constant strain in the
range of 0.1 to 1.0 Hz. Storage modulus of each sample was calculated as the average value of the
linear region of the storage curve from the frequency sweep plot. For statistical analysis, 3 separate
measurements were taken in which 5 samples from each condition were measured.

Mass-Swelling Ratio

Fabricated hydrogels without cells were weighed using a scale (Weighti1) and
subsequently incubated in 1X PBS at 37°C and 5% CO». After 24 hours, the weight of each
hydrogel was again recorded (Weighti>). The formula below was used to calculate the mass
swelling ratio per hydrogel.

Weight ; ,

Mass Swelling Ratio = Weight,,

Diffusion Modeling

For diffusion measurements, we used fluorescence recovery after photo-bleaching (FRAP).
Hydrogels were incubated with fluorescein isothiocyanate-dextran (FITC-Dextran) solution (0.33
mg/ml in PBS) overnight. Five pre-bleach images were taken at 10% power of 488 laser under a
SP5 laser scanning confocal microscope (Leica). In order to bleach, 30 pm region of hydrogels
were exposed to a 488 laser (600 um pinhole) for 20 seconds. 1000 frame of images were taken as
post bleached images. tq values (time for half recover) were calculated from fluorescence recovery
graphs. Diffusion coefficients (De) were calculated using simplified Fick’s law!88:
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Patient-Derived GBM Cell Culture

GS54, HK177, HK217, and HK408 were the patient-derived GBM lines used in this study.
Patient line GS54 (passages 14 — 18) and lines HK177 (passages 15 — 17), HK217 (passages 11 —
22), and HK408 (passages 15 — 24) were generously provided by Dr. David Nathanson (UCLA,
GS54) and Dr. Harley Kornblum (UCLA, HK lines), respectively. While all patient lines were
sphere-forming, HK217, HK177, and GS54 were in suspension while HK408 was adhesive. All
GBM cells were cultured in T-75 flasks with complete media which consisted of DMEM/F12 with
L-glutamine and 15mM HEPES in 1X Gem21, 0.2% Normocin, 20 ng/mL human fibroblast
growth factor-basic (hFGF-2), 50 ng/mL human epidermal growth factor (hEGF), and 25 mg/mL
heparin. Both 2D and 3D cultures were incubated in 5% CO; and 37°C throughout the course of
all experiments.

For passaging, cells were centrifuged at 400g for 5 minutes and resuspended in 1 X TrypLE
(Life Technologies) for no longer than 5 minutes. Following the addition of 4 mL of complete
media, cells were again centrifuged at 400g for 5 minutes. As final steps, cells were reconstituted
in 1 mL media, filtered using a 40 mm cell strainer, and manually counted by use of a
hemocytometer. A 100,000 cells/mL cell seeding density for culturing was maintained following
each passage.
Gliomasphere (GS) Culture and 3D Encapsulation

Following passaging, single GBM cells were seeded (600,000 cells/well) into individual
wells of a 24-well AggreWell™ plate pre-coated with 5% Pluronic in 1X PBS solution.
Centrifugation (300 g for 3 minutes) and incubation (5% CO> and 37°C) followed. After 18 hours,

GSs were prepared for suspension culture or 3D encapsulation within hydrogels.
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For suspension culture, GSs were harvested using a p1000 pipette and resuspended them
in 10 mL media over the course of experiments. For 3D encapsulation, GSs were similarly
harvested and resuspended in prepared gel solutions (0.10% — 0.75% w/v) (see “HA Thiolation
and Hydrogel Fabrication” in Methods). Gelation of mixed gel and GS solutions ensued as
previously described in the methods and yielded the 3D hydrogels containing the patient-derived
GBM spheroids.

Microscopy and Quantification of Invasion

Phase contrast images were obtained using the Zeiss Axio-Observer microscope and Zen
software, and image analysis was performed using the ImagelJ software. GS invasion was
quantified by shape factor, a ratio of a GS’s area to its squared perimeter, and migration length,
the maximum protrusion radius from a GS’s periphery. Perimeter and area values were obtained

by manually tracing GSs, and shape factor was calculated using the following formula:

4mA

Shape Factor = EYh

Cryopreservation, Inmunostaining, and Confocal Imaging

Hydrogels underwent fixation in 4% paraformaldehyde (PFA) in 1X PBS solution for 1
hour at room temperature. Then followed sequential incubations in solutions of 5% and 20%
sucrose in 1X PBS for 1 hour time periods. After leaving the hydrogels in 20% sucrose solutions
overnight at 4°C, hydrogels were embedded in 20% sucrose in preservation molds containing 1X
Optimal Cutting Temperature (OCT) compound for 3 hours at 4°C and flash frozen in 2-
methylbutane. Frozen hydrogels were cut into 12 mm sections using the Leica Cryostat.

Sections were fixed in 4% PFA in 1X PBS solution for 12 minutes before being
subsequently washed using 0.10% tween-20 in 1X tris-buffered saline (TBS-T) and blocked with

4% bovine serum albumin (BSA) in 1X TBS-T for 1 hour in room temperature. Then, sections
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were incubated at 4°C overnight with primary antibodies for CD44 (1:400, Cell Signaling
Technology), RHAMM (1:400, Novus Biologicals), Ezrin (1:200 Cell Signaling Technology), Ki-
67 (1:100, Invitrogen), and cleaved PARP (CI-PARP, 1:400, Cell Signaling Technology) or
biotinylated HA binding protein (HABP; EMD Millipore) diluted in blocking solution according
to the provided manufacturer’s recommendations (Table 1). The next day, samples were incubated
in Hoechst 33342 and appropriate secondary antibody solutions with limited light exposure for 1
hour. Following a final wash, slides were mounted using coverslips with applied Fluoromount G
(Southern Biotech, Birmingham, AL, USA).

Confocal laser scanning microscopy was performed at the Advanced Light
Microscopy/Spectroscopy Laboratory and the Leica Microsystems Center of Excellence at the
California NanoSystems Institute at UCLA with funding support from NIH Shared
Instrumentation Grant S10D025017 and NSF Major Research Instrumentation grant CHE-

0722519.

Table 3.1: Primary antibody and protein dilutions and reference.

Primary Dilution Catalog Number
CD44 1:400 37259T
RHAMM 1:400 NBP1-76538
Ezrin 1:200 31458

Ki-67 1:100 PA5-16785
CI-PARP 1:400 56258

HABP 1:100 385911-50UG
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Cell Extraction from Hydrogels and EdU Proliferation Assay

Cultured and encapsulated spheres were incubated in a 1:1000 dilution of EdU solution
(Cayman Chemical Company 20518) for 4 hours. Following a wash in PBS, hydrogel samples
were broken down using a 10 mL syringe with a 20G needle and passed through a 40 mm filter
into collection tubes. Cultured samples were not broken down using a 20G needle to avoid
mechanically induced stress and were rather incubated in TrypLE solution for 5 minutes,
resuspended in media, and passed through a 40 mm filter. All samples were subsequently
centrifuged (400g for 5 minutes), resuspended in 4% PFA in 1X PBS, and stored in 4°C overnight.

The following day, samples were centrifuged (400g for 5 minutes) and washed in 1% BSA
in 1X PBS. Cells were permeabilized for 15 minutes in permeabilization buffer (0.1% Saponin
and 1% BSA in 1X PBS). Staining solution was prepared (Table 3) and added to the cells
undergoing the permeabilization reaction. After 30 minutes of incubation without light in room
temperature, samples were washed twice and ultimately resuspended in permeabilization buffer.
Flow cytometry data was collected using the Guava easyCyte™ Flow Cytometer and analyzed
using FlowJo™ software.
Cell Viability Quantification

Encapsulated GSs were incubated at 37°C and 5% CO; for 15 minutes in LIVE/DEAD
working reagent prepared by diluting 2 mM Ethidium homodimer-1 (1:500) and 4 mM Calcein
AM solution (1:2000) stock solutions in 1 X PBS. Spheres were imaged and three separate counters
quantified the presence of live or dead cells in images provided.
Tissue Microarray (TMA) HA Staining and Scoring

TMAs were prepared by clinically isolated tissue biopsy samples from 39 GBM and 19

lower-grade CNS cancer (grade I-1II astrocytoma, grade I-III oligodendroglioma, pituitary gland
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cancer, and meningioma) patients, prepared and provided by Dr. William Yong and the UCLA
Brain Tumor Tissue Resource. Paraffin-embedded slides of 5 mm thickness were de-paraffined
using 100% xylene and a 5-step reduction in alcohol presentation from 100% ethanol to deionized
water. Samples were washed (0.1% Tween in 1X TBS), blocked (5% normal goat serum and 1%
BSA in washing solution), and incubated with biotinylated HA binding peptide (HABP) overnight
at 4°C. The following day, samples were washed and incubated using Vectastain ABC kit reagents
and 3,3’-diaminobenzidine (DAB) substrate. Samples were mounted onto slides using a toluene
solution. Images were taken using the Zen Axio-Observer microscope and images were semi-
quantitatively scored according to a previously described method. !’
Statistics

All statistics were performed using GraphPad Prism software. Kolmogorov-Smirnov test
was performed to assess normality of data. For parametric data, a Student’s T-test and one- or two-
way Analysis of Variance (ANOVA) was performed to assess significance between two and
multiple data sets, respectively, followed by post-hoc Tukey’s multiple comparisons test. In the
case of non-parametric data, a Kruskal-Wallis ANOVA was used to assess significant differences
between any data sets followed by post-hoc Dunn’s multiple comparisons test. Modes of
significance were reported as follows: ns, non-significant; *, p < 0.05; **, p <0.01; *** p <0.001;

w8k 1) < 0.0001.
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CHAPTER 4: RESULTS

Greater HA Deposition in Higher Grade Gliomas

HA deposition is a key feature in GBM pathophysiology. To assess potential differences
in HA deposition in clinical brain tumors, we performed tissue microarray (TMA) staining for HA
in GBM (N = 34) and lower-grade CNS (N = 19) tumor samples. Representative images of tissue
samples are shown, with darker brown coloration being indicative of greater HA abundance within
samples (Figure 4.1A). On average, HA concentration was elevated in GBM tissues relative to
lower grade CNS cancers (p = 0.008) (Figure 4.1.B). Notably, the spatial distribution of HA in the
samples was nonuniform, containing regions with relatively high (darker brown) and low (lighter
brown) HA concentrations (Figure 4.1.C). Even following orthotopic implantation in mice, HK408
cells demonstrated greater HA deposition especially along the tumor edge, where high rates of
invasion occur (Figure 4.1.D). Matching the phenotype described in patient samples, HA

concentration in xenografts also was heterogeneous along the tumor edge (Figure 4.1.E).
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p = 0.00804

® Glioblastoma (N = 34)
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Figure 4.1: HA importance in GBM pathophysiology. A) Representative image of IHC staining of
TMA slides. Brown, positive stain; dark blue, hematoxylin. Scale bar = 100 um. B) 34 GBM and
19 lower-grade CNS cancer TMA stainings semi-quantitatively scored. Mann-Whitney U Test was
used to assess significance. C) Staining of patient-resected tumor sample. Blue square = area of
high HA concentration. Yellow square = area of low HA concentration. Scale bar = 100 um. D)
HA (yellow) staining images of HK408 xenograft. Scale bar = 200 um E) HA (yellow) staining
images of HK408 xenograft. Scale bar = 100 pum.

37



Fabrication of HA Concentration-Tunable, Biocompatible Hydrogels

To investigate the effects of varying HA concentration on GBM phenotypes, we
encapsulated GSs in mechanochemically tunable, 3D hydrogels, as previously described in Liang
et al. (in publication). Specifically, we fabricated HA hydrogels with 0.10%, 0.25%, 0.50%, and
0.75% weight per volume (w/v) HA. All hydrogels contained 0.025% (w/v) of RGD peptides,
were exposed to equal intensities and durations of UV radiation during gelation and had similar
mechanical properties. Swelling characterization was performed by incubating priorly weighed
hydrogels in Dulbecco’s phosphate buffered saline (D-PBS) for 24 hours. The ratio of the final to
initial mass, or mass swelling ratio, gradually increased with increasing HA concentrations in the
hydrogels (Figure 4.2.A). Given that the total polymer content was constant between hydrogels,
this result demonstrates that hydrogel hygroscopy was associated with its HA content. Moreover,
hydrogels had similar storage moduli of 115.1 £ 14.2 (G’) Pa, 116.3 £ 19.0 (G’) Pa, 116.3 £20.3
(G’) Pa, 124.4 + 16.3 (G’) Pa for the 0.10% - 0.75% (w/v) HA conditions, respectively (Figure
4.2.B). Low storage moduli were used to mimic the mechanical integrity of healthy brain tissue
interfaced with the GBM peritumoral environment. The associated porosity across hydrogels was
also similar. Using fluorescence recovery after photobleaching (FRAP), we noted the effective
diffusion rates of 20 kDa and 70 kDa FITC-Dextran polymers were equivalent to that of PBS and
between 0.10% - 0.75% (w/v) hydrogels (Figure 4.2.C). As such, moieties up to 70 kDa in size,
which includes the important media components (EGF and FGF) and the later-used small molecule

inhibitor, can freely diffuse throughout the gel.
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Figure 4.2: Hydrogel characterization. A) Mass swelling ratios of individual hydrogels following
fabrication. B) Storage moduli of hydrogels of varied HA concentrations show no significant
differences. C) Diffusion rates of 20 kDa and 70 kDa FITC-Dextran polymers are similar across
hydrogel conditions and match that of PBS controls.
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Given GSs better capture cell-cell adhesions and interactions normally present within
nascent tumors compared to 2D monolayer culture, we formed GSs of controlled sphere size using
AggreWell™ plates and encapsulated them in our hydrogels. The viability of GSs patient lines at
experimental endpoints remained high over the course of our studies (Figure 4.3.A). To quantify
the numbers of apoptotic cells within GSs, we performed immunostaining for cleaved PARP (Cl-
PARP). GSs of both patient lines exhibited low apoptosis in hydrogels. Specifically, HK408 GSs
in 0.10%, 0.25%, 0.5%, and 0.75% (w/v) HA hydrogels had 6 = 2%, 3 + 2%, 3 + 1%, and 3 £ 1%
apoptotic cells, respectively, while GS054 GSs had 2 + 1%, 2 + 1%, 2 + 1%, and 2 + 1% apoptotic
cells, respectively (Figure 4.3.B). Additionally, we performed immunostaining for proliferation
marker Ki-67, which we found was heavily expressed by most cells within GSs across hydrogels
(Figure 4.3.C). Notably, HK408 GS in 0.10% (w/v) HA hydrogel had observably fewer
proliferative cells than in suspension-cultured GSs in 0.25% - 0.75% (w/v) HA hydrogels. An EdU
assay was next used to investigate potential differences S and G2 phase cell cycle activity in the
HK408 line. Confirming our Ki-67 stainings, HK408 GSs in the low HA environment had
significantly fewer cells in S & G2 phases of proliferation than GSs in higher HA environments
(p = 0.0001 [0.25% (w/Vv)]; p = 0.0062 [0.50% (w/Vv)]; p = 0.0011 [0.75% (W/Vv)]). Interestingly,
GSs in 0.25%-0.75% (w/v) HA hydrogels had similar percentages of cells in S and G2 phase

(Figure 4.3.D).
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Figure 4.3: Characterization of GSs in 3D culture conditions. A) LIVE/DEAD staining and
subsequent quantification was performed to assess cell viability following 6 days in culture for
HK408 and GS054 gliomaspheres. B) Quantification of CI-PARP positive cells in HK408 and
GS054 GS sections following 6 days in culture. C) Representative images of Ki-67 staining of
HK408 and GS054 GS sections following 6 days in culture. Red = Ki-67; Blue = Hoechst 33342.
Scale bar = 50 um. D) EdU proliferation assay performed at day 6 for HK408 GSs in hydrogel and
media culture. ** p <0.01; *** p <0.001; **** p <0.0001.
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Determining Optimal HA Concentration for Invasion in Patient Lines

At the endpoint, GSs in 3D culture displayed diverse morphologies dependent on both the
patient line as well as hydrogel HA concentration. Interestingly, the migration morphologies were
independent of the patient’s GBM classification as proneural (HK408, HK217) or mesenchymal
(GS054, HK177). While HK217 and GS054 GSs displayed mainly thinner, single cell protrusions
extending into matrix, the periphery of HK408 and HK177 GSs heavily displayed thicker,
multicellular protrusions indicative of collective migration (Figure 4.4.A; Figure 4.5.A). Still,
instances of single and collective cell migration were noted in all patient lines. Uniquely, GS054
spheroids encapsulated in 0.75% (w/v) HA hydrogels adopted polarized, crescent-like shapes,
which did not resemble the invasive phenotypes observed in 0.10%—0.50% (w/v) HA hydrogel
cultures or for other cell lines. In accordance with previous work by Xiao et al. (2020), both HA
and RGD peptide interactions were necessary for elongated cell migration phenotypes depicted
across conditions. '8!

Migratory activity of GSs across hydrogels was quantified over the course of six days for
HK408, HK177, and GS054, and nine days for HK217. Migration length quantified the maximum
Euclidian displacement by a single cell or multicellular protrusion from the sphere periphery into
matrix, while shape factor quantified the circularity of spheroids as a scaled ratio of area to squared
circumference and approximated the overall protrusion density per GS. In general, GSs across
patient lines exhibited greater cell migration in 0.25%—0.75% (w/v) HA hydrogels compared to
0.10% (w/v) HA. Yet, any significant variations of GS invasiveness in hydrogels with 0.25% (w/v)
HA were patient-line dependent. Interestingly, HA concentrations for peak, or optimal,

invasiveness were apparent for the HK408 and HK177 patient lines in >0.25% (w/v) HA

hydrogels. For HK408, differences in shape factor were nonsignificant in >0.25% (w/v) HA
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hydrogels (Figure 4.4.B). However, the median migration length of GSs in 0.75% (w/v) HA
hydrogels was significantly less than those in 0.50% (w/v) HA (p = 0.0343) and approximate to
the median migration length in 0.25% (w/v) HA hydrogels (p = 0.8633) (Figure 4.4.C). The median
shape factor for HK177 GSs was lower in hydrogels with 0.25% (w/v) % HA compared to 0.50%
(w/v) (p = 0.0013) and 0.75% (w/v) (p < 0.0001) HA hydrogels, while differences migration
lengths between these conditions were non-significant (Figure. 4.5.B; Figure. 4.5.C). Thus, even
though the median protrusion density of spheres was relatively similar in conditions of >0.25%
(w/v) HA, the concentration of 0.50% (w/v) HA was optimal for cellular displacement from the
sphere periphery in HK408 GSs. In contrast, 0.25% (w/v) HA was optimal for HK177 GS
protrusion density, while HA concentrations >0.25% (w/v) did not influence maximal cellular
displacement. No HA concentration was identified within the 0.25%—0.75% (w/v) HA range as a
maximum of migratory activity for GS054 and HK217. Specifically, both the median shape factor
and migration lengths of GS054 GSs were the greatest in 0.75% (w/v) HA hydrogels, with no
significant differences in 0.25% and 0.50% (w/v) HA conditions (Figure 4.4.D; Figure 4.4.E). No
significant differences in HK217 GS motility were apparent across >0.25% (w/v) HA hydrogels

(Figure 4.5.D; Figure 4.5.E).
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Figure 4.4: A) Representative images of HK408 and GS054 GSs following 6 days in culture. Scale
bar = 100 um. B) Shape factor quantification of HK408 GSs from days 1 — 6. C) Migration lengths
of HK408 GSs at the end of sixth day in culture. D) Shape factor quantification of GS054 GSs
from days 1 — 6. E) Migration lengths of GS054 GSs at the end of sixth day in culture. *, p <0.05;

*** p<0.001; **** p<0.0001.
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Figure 4.5: A) Representative images of HK217 and HK177 GSs following 6 days in culture. Scale
bar = 100 um. B) Shape factor quantification of HK217 GSs from days 1 — 6. C) Migration lengths
of HK217 GSs at the end of sixth day in culture. D) Shape factor quantification of HK177 GSs
from days 1 — 6. E) Migration lengths of HK177 GSs at the end of sixth day in culture. *, p <0.05;
*¥* p<0.01; ¥*** p<0.0001.
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Greater Cellular CD44 Expression in More Invasive GSs

Next, we investigated the roles of the HA receptors CD44 and RHAMM in determining
the invasive profiles of GSs across HA conditions. To avoid potential errors introduced while
dissociating the CD44 and RHAMM from the HA matrix, we did not perform absolute protein
quantification between conditions using methods such as Western Blot or Flow Cytometry.
Instead, we completed immunofluorescent staining of GSs at experimental endpoints to evaluate
potential differences in the spatial distribution of HA receptors CD44 and RHAMM. HK408 and
GS054 GSs both exhibited similar patterns of CD44 and RHAMM protein expression such that
CD44 was localized to membranous and pericellular regions while RHAMM was primarily
localized within the cytoplasmic and nuclear domains of cells. However, HK408 GSs expressed
greater densities of CD44 per cell compared to GS054 GSs which had intermittent CD44
expression at lower densities along cell membranes. Yet, for both lines, CD44 was presumed to be
the main receptor mediating cell-ECM interactions given its location at the cell membrane.
Interestingly, no variations in HA receptor expression were obvious between migratory and
stationary regions of the GS peripheries within each HA condition (Figure 4.6; Figure 4.7). In
addition, the spatial patterns of expression for CD44 and RHAMM in HK408 GSs within 3D
hydrogels were very similar to those observed in HK408 xenografts (Figure 4.8.A). Insets provided
of stained cells reveal the HK408 cells are extending microtentacles as reported by Wolf et al.
(2020) and may be performing mechanosensation of local microenvironment via CD44 (Figure

4.8.B).1%2
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Figure 4.6: Representative images of HK408 GSs stained for CD44 and RHAMM following 6

days of culture. Scale bar = 10 um.
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Figure 4.7: Representative images of GS054 GSs stained for CD44 and RHAMM following 6 days
of culture. Scale bar = 10 pm.
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Figure 4.8: Representative images of HK408 xenografts stained for CD44, RHAMM, and Ezrin.
A) Image of HK408 cells stained for CD44 (green) and RHAMM (red). Scale bar = 25 um. B)
Insets of HK408 cells stained for CD44 (green) and RHAMM (red). Scale bar = 10 um. C) Image
of HK408 cells stained for CD44 (green) and Ezrin (red). Scale bar =25 um. D) Insets of HK408
cells stained for CD44 (green) and Ezrin (red). Scale bar = 10 um. Arrows designate regions of
relatively higher overlap between CD44 and Ezrin in migrating and mechanosensing cells. High
levels of collective migration also notable.
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CD44-ERM-Actin Engagement Determines GS Propensity to Invade

Given no clear instances of CD44-mediated mechanosensation in the xenografts, we next
investigated potential variations in receptor-cytoskeleton engagement. Specifically, we performed
immunofluorescent staining for CD44 and the ezrin subunit of ERM. Within HK408 xenografts,
instances of CD44 and ezrin colocalization seemed high especially towards the peripheral regions
of the tumor mass, where we also identified higher concentrations of HA. Moreover, the cells
along the tumor periphery are migratory given their phenotype, complementing our findings of
higher HA concentrations causing higher migration in our hydrogels (Figure 4.8.C). At punctuate
points along the cell membrane, high degrees of overlap between CD44 and ezrin occurred,
suggesting CD44-mediated mechanosensation could be the result of ERM-mediated cytoskeletal
anchoring (Figure 4.8.D). We next performed immunostaining of our hydrogel samples to
investigate whether relatively minute differentials in HA concentrations could contribute to
variations in CD44 and ezrin colocalization at the cell membrane. The Pearson correlation
coefficient (r) metric was used to assess degrees of CD44 and ERM overlap, or colocalization, in
100X magnification confocal microscopy images. Remarkably, CD44-ERM colocalization of
HK408 gliomaspheres in 0.10% (w/v) HA hydrogels was significantly lower than 0.25% (w/v)
HA (p < 0.0001), 0.50% (w/v) HA (p = 0.0158), and 0.75% (w/v) HA (p = 0.0009) hydrogels,
while no differences in colocalization were apparent for GS054 GSs across 0.10%—0.75% (w/v)
HA hydrogels (Figure 4.9.A; Figure 4.9.B; Figure 4.10.B). Interestingly, CD44-E<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>