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ABSTRACT OF THE DISSERTATION 

 

Brain-Mimetic Hydrogel Platform  

for Investigation of Glioblastoma Drug Resistance 

 

by 

 

Weikun Xiao 

Doctor of Philosophy in Bioengineering 

University of California, Los Angeles, 2019 

Professor Stephanie Kristin Seidlits, Chair 

 

Glioblastoma (GBM) is the most lethal and malignant cancer originating from the central 

nervous system. Even with intense treatment involving surgery and radio-

chemotherapy, median survival after prognosis remains within 12 months, as GBM 

constantly develops resistance to common therapies. Many novel therapies developed 

for GBM have shown promising results in in-vitro studies, but unfortunately failed in 

actual clinical practices, partially because traditional model systems failed to 

recapitulate the microenvironment surrounding GBM tumors. Therefore, we posit that 

unique brain extracellular matrix (ECM) facilitates therapeutic resistance in GBM. To 

study this problem, we investigated ECM deposition in GBM patient samples and 

fabricated brain-mimetic, orthogonally tunable hydrogel system in which to culture 

patient-derived GBM cells in 3-dimensional manner. To validate our novel ex-vivo 

culture system, genomic sequencing and gene expression profiling were performed for 

comparison with traditional in-vitro culture and animal xenograft models. At the same 
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time, cell viability, proliferation and markers for cancer stem cell were assessed. Our 

model system was used to study the therapeutic response of GBM cells to commonly 

used therapeutics and to investigate resistance mechanisms. We found GBM cells 

displayed drug response kinetics comparable to in-vivo xenograft models. We also 

found novel molecular mechanisms describing how unique brain matrix facilitates 

therapeutic resistance through corresponding receptors in our 3D culture models. By 

utilizing novel engineered platforms to study drug resistance, we are able to uncover 

mechanisms that could not be observed through traditional methods. 
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Chapter 1 

Introduction and Background 

Glioblastoma  

Glioblastoma (GBM) is the most lethal and malignant cancer originating from central 

nervous system (CNS)1. GBM is also referred as World Health Organization (WHO) 

grade IV glioma, the most aggressive form1,2. Unfortunately, median survival after 

diagnosis without therapy has remained within 6 months3. GBM constantly develops 

resistance to commonly used therapies, and the tumor’s diffusive nature makes 

localized surgical procedures a mere method to delay the disease progress, as the 

tumors infiltration throughout the brain cannot be removed completely1.  

From gross level, GBM shows areas of necrosis and hemorrhage1,2. Microscopically, 

GBM migrates through brain parenchyma, spreads below the pial margin, surrounds 

neurons and vessels, and invades through white matter tracts and along vessels and 

other Scherer’s structures1. Morphological pathology diagnosis of GBM involves diffuse 

infiltration, nuclear atypia, increased proliferation, necrotic cores, and microvascular 

proliferation1,2. All these complex characters formed the phenotypic and microscopic 

aspects of “multiforme” in GBM. 

Origin of glioblastoma was traditionally believed to be from astrocyte, as GBM was 

classified as grade IV astrocytoma1,2. More recently, origin of GBM was just proposed 

potentially from glial progenitor cells4. Currently, others have proposed theories 
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indicating oligo progenitor cells (OPC) and neural stem cells (NPC, expressing nestin 

and SOX2) could be origin cells as well4–6.  

Typical treatments for newly diagnosed GBM involve intensive surgical resection, 

radiotherapy and chemotherapy using temozolomide. Unfortunately, even with the 

intensive therapies described above, median survival of GBM patients remained within 

12-15 months1,2,5. 

Genetic subtypes and heterogeneity in GBM 

Using The Cancer Genome Atlas (TCGA) network, researchers have found GBM 

frequently bear amplified genes such as epidermal growth factor receptor (EGFR), 

homozygous deleted genes such as CDKN2A/B, and mutated genes such as tumor 

suppressor p53 (TP53)7. Majorly altered signaling pathways in GBM have been 

identified as receptor tyrosine kinase (RTK)-Ras-phosphoinositide 3-kinase (PI3K) 

pathway, retinoblastoma suppressor (RB) pathway, and TP53 pathway7. The alterations 

of these pathways significantly drive tumor progression, proliferation and survival7. 

Around 18 years ago, researchers used combined activation of Ras and Akt in NPCs to 

successfully induced GBM formation in mice4. TCGA Network has also been used to 

classify GBM into proneural, classical, or mesenchymal subtypes based on their 

abnormalities in platelet-derived growth factor alpha (PDGFA), epidermal growth factor 

receptor (EGFR), and neurofibromatosis 1 (NF1) genes respectively, in which the 

mesenchymal subtype gives worst prognosis outcome, and interestingly, overall survival 

of patients bearing proneural subtype is not affected regardless of intensity of 

treatment5.  
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Intratumoral heterogeneity contributes to genetic aspects of GBM. Existence of stem 

cells in GBM, or glioma stem cells (GSCs) was identified around 2004 when portions of 

GBM cells were isolated as CD133 positive, and those cells with tumor initiating 

capabilities were able to initiate a xenograft implantation in SCID-NOD mouse8. Besides 

CD133, other GSC markers like CD44, Nestin, Olig2 and SOX2 were identified in 

subsequent studies as CD133 markers might not be necessary markers for GSCs6. 

GSCs have capacity for of self-renewal and differentiation into different cell types to 

generate different cell populations9. Therefore, GSCs are key drivers that generate 

heterogeneity in GBM and believed to play key roles in therapeutic resistance in GBM, 

which will be described in later chapters. Recently, single-cell RNA sequencing 

technology revealed that a single solid GBM tumor contains different cell populations 

representing all categories of GBM subtypes10. More recently, anatomical heterogeneity 

of GBM was also identified through complicated genetic characterization of GBM tumors 

isolated from same patients but from different locations within the brains11.  

Microenvironment of Glioblastoma 

Originating in the brain, GBM tumors closely interact with the unique microenvironment 

isolated behind the blood-brain barrier (BBB) that is distinct from that in peripheral 

tissues12. Interestingly, GBM rarely metastasizes outside of the brain, indicating a 

preference for the brain microenvironment13. The extracellular matrix (ECM) of the brain 

comprises around 20% of the brain14. The ECM of brain contains few fibrous proteins 

but high amounts of proteoglycans (PGs), glycosaminoglycans (GAGs), and 

glycoproteins12,14. Besides ECM, cell-cell interactions, tissue mechanics, and soluble 

factors (cytokines, growth factors, gases) also play various roles in microenvironment in 
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GBM. All these microenvironmental cues present a complex landscape which is altered 

in the presence of GBM tumors to support tumor invasion and treatment 

resistance15(Figure 1.1, Figure 1.2).  
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Figure 1.1 

 

Figure 1.1. GBM microenvironment at the tissue scale. HA, glycosaminoglycans, 
proteoglycans and proteins in the ECM relay mechanical and biochemical cues to tumor 
cells. An increase in interstitial pressure in the tumors also contributes to the 
mechanical microenvironment. GBM tumors are made up of a heterogeneous mixture of 
cells with different phenotypes, including stem-like cells. Other tumor-supportive cells in 
the microenvironment include those in the perivascular niche (endothelial cells and 
pericytes), astrocytes and immune cells (microglia/macrophages and T cells). The figure 
is adapted from Xiao et al16.   
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Figure 1.2 

 

Figure 1.2. Microenvironmental features at the level of single GBM cells. Adhesion to 
ECM proteins through integrins relay biochemical and mechanical cues through the 
actin cytoskeleton and intracellular signaling pathways, including Rho-GTPase. CD44 
and CD168, mediate interactions with HA in the surrounding ECM. Growth factor 
binding activates receptors, including tyrosine kinases that upregulate oncogenic MAPK 
and PI3K/AKT pathways. Growth factor receptors, HA receptors and integrins interact 
through membrane-associated adapter proteins to amplify oncogenic pathways through 
feedback loops. Membrane-bound MMPs anchor to CD44 to facilitate ECM degradation 
and cell invasion. Cell–cell interactions occur directly through gap or cadherin mediated 
adherens junctions (juxtracrine interactions) and indirectly through secreted soluble 
factors (paracrine interactions). Together, GBM cells integrate these 
microenvironmental cues, resulting in upregulation of genes promoting survival, 
proliferation and treatment resistance. The figure is adapted from Xiao et al16.   
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Hyaluronic acid (HA) is negatively charged, nonsulfated, and unbranched GAG. HA 

contains repeating unit of D-glucuronic acid and N-acetyl-D-glucosamine monomers, 

which is highly abundant in the brain12,14. In normal brain, high-molecular-weight (HMW) 

HA larger than 106 Da, can act as the organizational center of the ECM. HA can interact 

with proteins and PGs through small adapter/linker proteins such as HA binding proteins 

(HABPs)17. This network of interaction can create a hydrogel-like mesh17. HA is 

frequently upregulated in GBM tumors, and elevated HA around GBM tumor is reported 

to facilitate progression, invasion, proliferation and resistance to therapeutics in 

GBM12,14,18–22. Catabolic and anabolic enzymes of HA like HA synthase and 

hyaluronidase, respectively, and other cell surface HA receptors are also observed to 

be overexpressed in GBM and to contribute to hyper aggression in GBM23–25. Notably, 

HA interacts with GBM cells through CD44 and CD168 in which signaling pathways of 

PI3K-Akt and MAPK-ERK are upregulated, resulting in increased apoptosis resistance 

and migratory capacity18,26,27. So far, the complex mechanisms driving HA-mediated 

drug resistance are not fully understood, but various studies have proved that HA-CD44 

interactions are essential to protect the GBM cells from drug induced apoptosis18,20,22,28.  

Besides HA, ECM proteins are abundant around GBM. Cell attachment to ECM proteins 

is most commonly mediated by integrin receptors, which undergo heterodimerization of 

α and β subunit upon binding to Arginine-Glycine-Aspartate (RGD) motif on ECM 

molecules27,29,30. Many integrins, like β1, β3, β5, and αV, are over-expressed by GBM 

cells31–33. Increased deposition of many ECM proteins, including vitronectin, fibronectin, 

tenascin-C, and type IV collagen (a basement membrane component concentrated near 

blood vessels), has been documented, and this elevated presence directly correlates 
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with poor prognosis and invasion31,33. For example, GBM cell migration along 

microvasculature is potentially facilitated through interactions between integrin α3β1 type 

IV collagen or laminin34,35. 

Elevated glycoproteins, chondroitin sulfate (CS), and heparan sulfate (HS) 

proteoglycans (PGs) were also observed around GBM tumors14,36. These glycosylated 

proteins facilitate a wide range of functions from cell migration to tumor growth36.  For 

example, HS is able to sequester growth factors including EGF, PDGF-A, and 

transforming growth factor β (TGF-β) to facilitate the activation of the oncogenic tyrosine 

kinase receptors36–38. Versican, an HSPG, interacts with TGF- β to promote tumor 

migration36. Usually, PGs function through cooperative interaction with other ECM 

proteins. For example, GBM cleaves the CSPG brevican and the cleaved segments 

associate with fibronectin to further promote GBM invasion39. So far, only few studies 

focused on functional effects of PGs in GBM progress36. In fact, it’s likely that complex 

interactions among PGs, GAGs, and many other ECM proteins together dictate GBM 

physiology. 

Bioactive soluble factors are abundant in GBM microenvironment. Over-expressions of 

TGF-β, TGF-α, EGF, VEGF, and tumor necrosis factor α (TNF-α) can promote survival 

and proliferation of GBM cells40,41. Therefore, therapies against TGF, EGF, and VEGF 

have all been evaluated in clinical trials.  Among those soluble factors, EGF and PDGF 

interactions with GBM draw interest to the field. More than 50% and 11% of GBM tumor 

bear amplification/mutation of the EGFR and PDGFR, respectively42. Interactions 

between PDGF-A and its corresponding receptors trigger an autocrine loop that 

promotes GBM proliferation and survival42. EGFR activation through EGF can 



9 
 

upregulate oncogenic pathways like Pi3K-Akt and MAPK to significantly promote tumor 

progression40,43,44. Pharmacological inhibition of EGFR through small molecules often 

resulted in failure, as a switch of tyrosine kinase dependency from EGFR to PDGFR 

was observed in in laboratory research42. Similar cooperative effects have been 

observed as EGF and TGF participate in an autocrine loop, resulting in amplified EGFR 

signaling and promoted GBM invasion40,43,44. At the same time, EGFR and PDGFR can 

also interact with ECM receptors to promote tumor progression. For example, CD44 

was observed to associate with EGFR to augment MAPK-ERK and PI3k-Akt 

activation27,45. Besides growth factors, disordered profiles of inflammatory cytokines in 

GBM microenvironment contributes to tumor progression. TGF-β can indirectly promote 

GBM growth by stimulating the production of PDGF, intensify angiogenesis by 

upregulating VEGF, and increase GBM invasion by enhancing matrix-metalloprotease 

(MMP) expression41,46–49. In the aspect immunomodulation, TGF-β inhibits cytotoxic T 

cell-mediated tumor clearance and promote infiltrative anti-inflammatory, M2-type 

macrophage infiltration to the tumor area, which can further promote tumor growth49,50. 

On the other hand, TNF-α can activate a toll-like receptor 4 (TLR4) dependent pathways 

to elevate Akt and HIF-1α expression in GBM51. Moreover, TNF-α mediates 

enhancement of tumor angiogenesis through increasing the production of VEGF and 

FGF-252. 

Besides HMW HA mentioned previously, low-molecular-weight (LMW) HA acts as 

important soluble factors in GBM microenvironment21. LMW HA can activate TLRs on 

immune cells to induce proinflammatory events53. As an example, LMW HA interacts 

with TLR4 in macrophages to elevate TNF-α21,54. In GBM, LMW-HA can be generated 
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by catalytical cleavage through hyaluronidase expressed by the tumor cells55. Although 

some researches showed a clear correlation of HA degradation and tumor metastasis at 

lymph node in breast cancer, the link in GBM remains unclear56.  

Besides degradation of HA, degradation of other adhesive ECMs can be mediated by 

ECM-degrading enzymes expressed by GBM. ECM degradation paves the way for 

GBM invasion and angiogenesis57,58. In GBMs, MMP-2 and MMP-9 overexpression has 

been correlated with poor prognosis59,60. Substrates of MMP-2 includes several brain 

ECM proteins like collagen, fibronectin, laminin, osteonectin, and vitronectin57. MMP-2 

also has a strong affinity towards type IV collagen57. It’s been reported that inhibition of 

MMP-2 or MMP-9 could decrease glioma invasion and proliferation in experimental 

models32,59. Besides direct degradation abilities, MMP-2 has also been found to co-

localizes with integrin αvβ3 to enhance cell migration near blood vessels61. Cooperation 

between CD44 and MMP-9 has also been observed to increase HA matrix degradation 

62. Besides MMPs and hyaluronidases, plasminogen activators and a dis-integrin and 

metalloproteinase (ADAM) proteins on GBM cell surface have been observed to 

degrade ECM45. These ECM degradation enzymes were linked to higher tumor invasion 

and increased angiogenesis62,63.  

As in other physiological systems, throughout the brain, cells sense and respond to 

micron-scale gradients of mechanical rigidity in 3D environment64. Several cell surface 

receptors including integrins, G-protein-coupled receptors (GPCR), stretch-activated ion 

channels and CD44 are known to transduce mechanical signals29,30,65,66. A number of 

studies have confirmed integrins transduce mechanical signals through Rho-family 

GTPases, focal adhesion kinase (FAK)-Pi3k-Akt, and ERK/MAPK pathways, as the 



11 
 

individual pathways are known to be upregulated in migrating cells, and these receptors 

are anchored to the actin cytoskeleton29,30,66,67. Upon sensing the mechanical stimuli, 

the receptors trigger release of actin-bound transcriptional factors and directly couple to 

the nuclear membrane68. Tumors were also reported to change their surrounding 

microenvironment in mechanical stiffness. For example, in GBM, an integrin-mediated 

positive feedback loop was identified, where migrating cells stiffen their surrounding 

matrix, in turn increasing their own cell motility29,30. Many researchers have pointed out 

that GBM tumor tissues are stiffer than healthy brain. In one study, compressive moduli 

of xenografted GBM tumors were reported to be 20-times stiffer than normal mouse 

brain69. In clinical cases, researchers used ultrasound-based shear wave elastography 

and found GBM tumors have around twice the Young’s moduli of surrounding normal 

brain tissue70.  

The local interstitial fluid pressure rises as the GBM grows71,72. Cerebral spinal fluid is 

reported to accumulate in GBM tumor, resulting in a sharp gradient of increased 

interstitial pressure between the tumor and healthy tissue71,73. Researches have 

reported that increased interstitial fluid pressure would transduce similar mechanical 

signal that influences GBM progression in a way similar to ECM stiffening74. The 

abnormal deposition of ECM may contribute to increased uptake and sequestration of 

fluid ion which results in increased interstitial fluid pressure12,36,62. Recently, some 

studies confirmed the role of increased interstitial pressure in increased GBM growth 

and invasion via C-X-C motif chemokine ligand 12 (CXCL12)-CXCR4 and HA-CD44 

interactions75. 
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Intercellular interactions between GBM cells (homo-cellular) or between GBM cells and 

other cells in the brain (hetero-cellular) have important roles in GBM pathology. Direct 

homocellular interactions through gap junction (connexin-43) was reported to protect 

GBM cells from temozolomide-induced apoptosis76. Cadherins also mediate homotypic 

interactions between GBM cells16. However, reports on the functions of cadherins in the 

GBM have been conflicting. While some found that GBM cells lacking N-cadherin-based 

adherens junctions have higher invasive potential77,78, other researchers found GBM 

upregulates N-cadherins, which does not affect the degree of invasion79. More recent 

studies indicated that N-cadherin-based interactions may activate the canonical Wnt 

pathway which promotes GBM invasion and therapeutic resistance80. Homotypical 

interactions through connexin-46 are essential for self-renewal and maintenance of 

GSC81,82. N-cadherin can also increase GSC invasion through cooperation with integrin 

α683. 

Neovascularization is one of the hallmarks of cancer. Formation of vessels satisfies high 

nutritional and oxygen demands84. GBM tumor can utilize several mechanisms including 

angiogenesis through sprouting of new vessels, vascular co-option through tumor 

hijacking of normal vessels, and vascular mimicry through formation of vessels-like 

structures by tumor cells84. Just like other tumors, GBM tumor overexpresses VEGF, 

which can recruit pericytes and endothelial cells that leads to formation of new 

vessels40,49. GBM cells also directly interacts with pericytes to modify contractile activity 

of pericytes through Cdc42 and actin-based extensions. More interestingly, GBM cells 

have been reported to trans-differentiate into endothelial cells or pericytes to create new 

vessels85,86. 
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Vessels in GBM pathology not only provide nutrition and oxygen, but also help maintain 

GSC capabilities including induction of tumor initiation and therapeutic resistance87–89. 

Studies have confirmed GSCs can interact with the surfaces of existing blood vessels to 

facilitate their invasion in the brain parenchyma90. Laminin-α2 is abundantly embedded 

in the perivascular area, integrin α5 on GBM is reported to interact with laminin-α2 to 

activate downstream cascades that is important for GSC maintenance and 

proliferation91,92. Since GBM grows extremely fast, insufficient delivery of oxygen can 

create hypoxic niche93. This hypoxic gradient can induce GBM far from blood vessels to 

upregulate transcriptional activities of hypoxia induced factor (HIF) which subsequently 

induces expression of Oct4, Sox2, LOX and CXCR453,94. All these proteins are 

responsible for GSC maintenance and invasion. At the same time, VEGF and PDGF-B 

are also downstream targets of HIF, which supports angiogenesis to counter the oxygen 

insufficiency and promotes GBM growth95.  

Blood brain barrier (BBB) strictly separates circulation of blood from the brain, through 

which the permeability is highly selective. In GBM however, the BBB is compromised or 

“leaky”90. Some studies indicate GBM can secret soluble factors to disrupt BBB or 

directly displaces astrocyte from the vascular surface35. Accumulation of these leaky 

sites contribute to increased interstitial fluid pressure as well72. In a co-culture system 

which includes GBM and astrocyte, researchers found GBM and astrocytes mutually 

promote survival. Astrocytes are more prone to inflammatory phenotypes, and they can 

express several factors that facilitate GSC invasion96,97. 

In the immune-microenvironment of GBM, microglia in normal CNS acts as 

macrophage-like immune cells. In GBM tumors, monocyte-derived macrophages can 
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cross the leaky BBB98. Microglia and macrophageassociate with GBM to provide an 

immunosuppressive environment that facilitates GBM progression98. Recruitment of 

microglia and macrophages is mediated by tumor-expressed CXCL1299. In turn, TGF-β 

and MMPs can be produced by reactive microglia, promoting GBM cell invasion and 

proliferation63,100.  

Together, various components in the microenvironment surrounding GBM work closely 

to affect GBM progressions. Therefore, in vitro and in vivo methods to culture GBM are 

crucial to determining the outcome of experiments and scientific conclusions. 

Currently used experimental models to GBM 

Several in vitro and in vivo models are currently used to study GBM physiology and 

evaluate the therapeutic efficacy of potential clinical strategies. The advantages and 

disadvantages across different culture methods are listed in Figure 1.3.  
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Figure 1.3 

 

Figure 1.3. Advancements in experimental models of glioblastoma tumors. (A) 2D 
monolayer cultures on protein-coated plastic or glass. (B) Suspension culture of patient-
derived neurospheres (top) and 2D culture on biomimetic materials (bottom). (C) 
Orthotopic transplantation of patient-derived cells into mice (top) and 3D culture of 
glioblastoma cells in biomaterial microenvironments (bottom). The figure is adapted 
from Xiao et al16. 

 

  



16 
 

2D culture models 

To study GBM physiology, researchers have used 2D monolayer cultures of cells that 

were derived clonally from tumors isolated from patients since 1960s101. Among 

numbers of GBM lines, U87MG has been very widely used to collect data for scientific 

conclusions102. Although extensive data were collected using these lines, it’s hard to 

interpret their clinical relevance given occurrence of mutations and phenotypic drift 

generated since the isolation of the original cells, and apparently inadequate 

representation of the heterogeneity seen in clinical cases of GBM.  

Serum-based, usually fetal bovine serum, monolayer cultures have been widely used to 

evaluate effects of various agents on GBM cells. Serums isolated from animals usually 

contain various ECM proteins and soluble factors that aid in cell adhesion to culture 

substrate (usually polyethylene plastic dishes) and promote proliferation of the cultured 

cells. Unfortunately, GBM cell cultures reliant on serum-containing medium have many 

disadvantages. Serum induces selection of cells with specific characteristics which 

eliminates the heterogeneity of subsequent passages103. Significant phenotypic and 

genetic changes can be observed in cultured cells103,104. At last, serums used in the 

experiment are usually from animals like bovine, which suffers greatly from batch to 

batch differences, affecting reproducibility105. These effects may partially explain why 

many treatments that are successful in vitro but fail in clinical models are. 

Substrates for monolayer cultures can be coated with ECM proteins to facilitate cell 

adhesion and serve the purpose of studying specific ECM-cell interactions in GBM. 

However, adsorption to glass or plastic substrates causes denaturation of the coated 
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protein, making the in vivo relevance of experimental results difficult to discern, as 

native structural integrity of the protein is destroyed. Moreover, addition of single ECM 

protein does not capture all components in the ECM microenvironment. To solve this 

problem, Matrigel has been very widely used as a “mixture” of ECM proteins. Basic 

components of Matrigel were derived from the basement membrane of Englbreth-Holm-

Swarm mouse sarcomas, which roughly contain 60% laminin, 30% type IV collagen and 

8% entactin, along with several small molecule growth factors like EGF, TGF-β and 

PDGF, whose roles in the ECM were introduced in previous sections. However, Matrigel 

was not originally designed to mimic brain ECM, and the mixture was more relevant to 

matrix environment of peripheral cancers. Therefore, it does not accurately reflect GBM 

matrix microenvironment, and apparently all relative components are non-customizable, 

which poses difficultly in studying individual effect of single ECM component. At last, 

Matrigel also suffers from lot-to-lot variability, and derivation from non-human sources 

are also major concerns16.  

Gliomasphere (GS) suspensions 

Recently, development of methods for GBM cell isolation and culture that can generate 

data with better relevance to clinical outcomes103,106. In order to maintain GSC-like and 

patient-specific behaviors, tumor cells are carefully dissociated from freshly isolated 

patient biopsies and cultured in suspension as clonally dividing GS in serum-free, 

animal free (xeno-free) medium that is supplemented with EGF and bFGF-2103. It has 

been reported that GS cultures derived from human GBM tumors better preserve the 

genotypic, phenotypic and some in vivo characteristics of the original patient103. 

Additionally, GS cultures provide a semi-3D environment in which the GBM cells can 
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deposit ECM to create their own unique microenvironment107. To date, GS cultures 

have enabled many significant findings, including characterizing the GSC 

microenvironmental niches and mechanisms of some treatment resistance in a clinically 

relevant aspect108. 

Despite improvement over monolayer culture, GS cultures do not adequately capture all 

aspects of GBM tumors. On one hand, GS culture is highly enriched with GSC, while 

heterogeneity aspect of the tumor is harmed as the population with low self-renewal 

capabilities are lost81,103,109. On the other hand, GS formation is in fact an in vitro 

phenomenon. In contrast, GSCs in vivo typically reside in a perivascular niche where 

they experience a different microenvironment that is absent in the GS suspension 

culture87. 

It is notable to mention one study where researchers generated a 3D GBM organoids 

that reached several millimeters in diameter (much larger than typical GS which are on 

the order of around 150µm). As a result, hypoxic gradients were present in the 

organoid, inducing significant phenotypic differences in cells located in the periphery or 

at the core of the “bulk tumor”. Heterogeneity of GBM is conserved in this model when 

researchers observed the GBM cells at “core” displayed stronger radiation resistance. 

It’s more promising that orthotopically transplanted organoids in mice displayed some 

histological features better resembling clinical GBM tumors than did GS-cultured cells. 

However, disadvantages of the organoid are also obvious: organoids culture takes 

months to form large spheres, and long term culture may cause more genetic mutations 

that deviate from original patient biopsy.110 
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In vivo animal models 

Animal models provide better opportunities to take more microenvironmental influences 

into account than in vitro models. For example, animal models provide GBM interactions 

with stromal cells, vasculature, and the immune system, each of which significantly 

contributes to GBM physiology. Therefore, in vivo animal models have provided the 

most clinically relevant experimental results to date. Mouse models of GBM are 

commonly used in orthotopic xenograft of patient derived GBM gliomaspheres, 

syngenetic transplants of mouse GBM cells, and genetically engineering mouse models 

(GEM). 104 

Orthotopic xenografts of patient-derived GBM GS into immunodeficient mice have been 

regarded as standard model for human GBM, particularly for evaluating the efficacy of 

potential therapies103,104. Recapitulation of the invasive phenotype, histopathological 

features and genetic markers of the original patients are among the major achievements 

of intracranial implantation of patient-derived gliomaspheres103,107. However, 

disadvantages such as loss of heterogeneity and phenotypic/genetic drift over long 

periods of culture also apply to the orthotopic xenografts. Meanwhile, immune-deficient 

mice cannot provide adaptive immune response104. As a result, important 

immunological events such as interactions between T cells and GBM tumors are 

absent111. 

In order to preserve patient specific genomic aberrations that result in distinct 

therapeutic responses, in the spirit of personalized medicine, researchers have recently 

developed “AVATAR” models of GBM patients, which involve direct orthotropic injection 
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of fresh tumor cells from patients into NOD-SCID mice (mice with homozygous for the 

severe combined immune deficiency spontaneous mutation of Prkdcscid) within 12h of 

tissue dissection112,113. This method eliminates the ex-vivo procedure that involves the 

generation of passages in gliomasphere culture conditions. Studies have confirmed 

AVATAR mice model can maintain genomic characteristics, subtype profile and 

histopathology of parental GBM better than patient derived gliomaspheres. More 

promisingly, GBM formation and invasion in AVATAR mice were observed to directly 

correlate with patient outcomes. Potentially, AVATAR models may enable identification 

of patient-specific biomarkers and important genomic alterations that will more 

accurately predict clinical prognosis and treatment response. Despite significantly 

improved fidelity of AVATAR models to both clinical and scientific outcome, the immune 

system of NOD-SCID mice is compromised, and other microenvironment factors in 

mouse model are still very different from those in human system, as described in the 

previous paragraphs.112,113 

Syngeneic transplantation of mouse GBM cells into species-matched mice allows 

preservation of the interactions between GBM and the immunesystem104,111. For 

example, mouse models based on C57/B16 mice served as “gold standard” for studying 

immune cell-tumor interactions and therapeutic vaccines111,114. In recent years, several 

successful cases have shown strong potential of using immunotherapy to treat cancer, 

and at the same time some immunotherapy strategies have been investigated in clinical 

trials115. However, it is obvious that a better model is urgently needed to replace the 

syngeneic transplantation with a model replace human physiology.  
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Implantation of purified and “mature” GBM cells into animals cannot allow researchers 

to investigate how a tumor has initiated and developed. To solve this problem, GEM 

model have been developed in which the role of specific gene mutations in tumor 

initiation and progression can be investigated116,117. Moreover, targeted gene 

manipulations through mutations, silencing and overexpression can be performed with 

temporal control. GEM models also utilize immunocompetent mice, providing sufficient 

environment to study immune events that are involved in tumor initiation. Nevertheless, 

the GEM model is still a non-human model, and extensive understanding of roles of 

many cancer genes is needed to make GEM model a faithful model for human 

cancer116,117. Additionally, a major disadvantage of GEM model is the inability to control 

tumor and the timing of tumor initiation. As a result, reproducibility is harmed.  

Bioengineered platforms to model GBM 

Although mouse models enable the study of GBM inside an environment of living host, 

the financial cost, time, reproducibility and complexity of performing in vivo experiments 

pose strong drawbacks. While in vitro culture systems have solved the above issues, 

traditional in vitro systems often fail to deliver clinically relevant results, because of the 

absence of a proper microenvironment. Therefore, researchers have been actively 

developing advanced culture systems to accurately mimic the physical and biochemical 

aspects of the native GBM microenvironment at ex vivo level. 

The majority of the biomimetic culture platforms developed to date involve hydrogel 

biomaterials that exhibit tissue-like water content and mechanical properties and 
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support culture of cells in 3D manner. These platforms can be fabricated through ECM 

derived biomolecules.  

Adherent 2D culture models 

In an engineered 2D culture system, cells are cultured on the materials exhibiting 

stiffness closer to that of native brain and/or modified with ECM biomolecules using 

methods that provide better control and preservation of their native state other than 

simple adsorption. Polyacrylamide based hydrogels were used in many studies, in 

which the materials can be readily modified to present varying mechanical properties, 

topographical structures and bioactive molecules118–122. Generally, the GBM oncology 

field believes that cells residing in or near GBM tumors experience stronger mechanical 

forces due to increased interstitial fluid pressure or stiffening of ECM as described 

above72,118. To investigate the effects of these mechanical cues, researchers have 

cultured GBM cells on 2D substrates made with silicone rubber, polyacrylamide, or HA 

along with varied mechanical properties. It has been reported that more rigid substrates 

increased GBM cell migration, actin stress fiber formation and focal adhesion 

maturation119. Some studies have reported stiffened substrates increased migration 

capabilities and proliferation for some cells118,121,123,124. However, conflicting data were 

reported in different studies. The inconsistencies might be raised from lack of 

orthogonal control to keep biochemical composition unchanged while modulating the 

stiffness. It is worth noticing the participation of CD44 in mechano-sensing. Studies 

have shown CD44 mediates the increased migration speed in GBM cells cultured in 

stiffer substrate30. Another study indicated physical topography and confinement of cells 

facilitate a response that is similar to substrate mechanics120. In detail, culture of 
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immortalized GBM cell lines in confined, micron scale channels or on substrates with 

aligned nano-fibers significantly increased GBM cell polarity and migration speed125,126. 

The result above was further confirmed with U373mg cells when the researchers 

decoupled the engineering environment stiffness and confinement. They found that 

more confined chamber alone could increase migration speed regardless of 

stiffness125,126. 

Chemical modifications can be applied to non-bioactive 2D substrates such as 

polyacrylamide and poly-ethylene glycol (PEG) to add bioactive ECM derived peptides 

or whole protein that can interact with the GBM cells without being denatured as the 

methods of conjugation are not mere adsorption. Meanwhile, biomaterials conjugated 

with various bioactive molecules can be used better to mimic the complex in vivo 

environment. In particular, HA-based hydrogels with covalently attached peptides or 

proteins were used to investigate the interaction between CD44 and integrin on GBM 

cell behaviors30,118,127,128. Increasing in GBM migration speed was seen when HA was 

incorporated into the 2D substrates in U87mg and U373mg cells128. ECM can also be 

attached to substrates fabricated from core-shell nanofibers which provide control of 

mechanics and topography. “Core” part in the nano-fibers controls substrate stiffness, 

and the “shell” can be coated with biochemical molecules. In one example, nanofibers 

with poly-caprolactone cores were modified with collagen, HA or Matrigel shells to 

achieve an orthogonal control125. In the system above, motility of patient derived GBM 

cells OSU-2 on HA shell nanofibers was slower than those with shells containing 

integrin-binding sites.  

3D culture models 
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Compared to 2D cultures, 3D constructs can provide more physiologically relevant 

features. For example, the punctate focal adhesions that are “common” observation in 

2D cultures are not even seen in 3D cultures or whole tissue30,118,121,129,130. Moreover, 

3D culture can stimulate pore-size dependent events like nutritional diffusion and GBM 

invasion into the ECM123,128. Microenvironmental landscape directly influences diffusion 

of nutrients, metabolic waste and oxygen in 3D stage. In the aspect for GBM, cells 

experience hypoxic conditions that further increase malignant properties130. Therefore, it 

is not surprising that 3D culture systems better preserve features of hypoxia-induced 

metabolism, treatment response and GSC phenotype131–133. At the same time, GBM 

invasion is also affected by the ability of cells to navigate through pores, degrade and 

remodel the scaffold134,135. Encapsulation of GBM cells within a 3D hydrogel 

microenvironment through using the highly biocompatible crosslinking chemistries is 

very common. Given that cell-cell and cell-ECM interactions in GBM are highly complex, 

ex vivo culture platforms in which individual aspects of the microenvironment can be 

isolated experimentally, which allow researchers to “tease apart” these entangled 

effects in a simplified context. The old ways to fabricate 3D scaffolds from microporous, 

solid plastics, such as poly(lactide-coglycolide) and solid plastics, these materials 

require that cells be seeded top and enter scaffolds either passively by gravity or 

actively by migrations88,132. In contrast, hydrogels are more relevant to the native brain 

microenvironment in water content and mechanical properties. Hydrogels are preferred 

material to study GBM physiology because they can be formed using gentle and 

aqueous chemistries to encapsulate live cells to ensure viability. Hydrogels can also 

provide long term insoluble cues from native ECM components through bioconjugation, 
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and apparently hydrogel allows observation of 3D cell migration and matrix remodeling. 

At last, optical transparency of the hydrogel culture allows facile imaging of live cells 

living in 3D culture system.133 

Hydrogels can be formed by covalent or physical (mono-covalent) crosslinking of 

hydrophilic polymer chains into insoluble networks using a variety of chemical methods. 

Functional groups with complementary moiety or initiation activators are required in 

covalent crosslinking of hydrogel. Condensation, Michael-type addition and Diels Alder 

reactions are commonly used to fabricate hydrogels for 3D cell culture, because these 

crosslinking reactions can proceed readily under physiological conditions. Producing 

water as a by-product, biocompatible hydrogels are often formed via condensation 

reactions between amines and carboxylic acid136,137. Many other biocompatible 

hydrogels are crosslinked via Michael addition in which a thiol and acrylate/vinyl sulfone 

readily react to form thioester linkages128,133,138.  

Photochemistry has been widely popular in 3D culture fabrication since the reaction 

would not occur until exposure to light with specific wavelength, so photochemistry 

allows precise spatial and temporal controls. When modeling GBM, photochemical 

patterning has been attractive strategy for creating microenvironment with gradient 

features. Often, hydrogels are crosslinked through chain-growth polymerization of 

acrylates131,139. More recently, researchers favored thiol-ene photoreaction (formation of 

linkage between thiol and norbornene groups) over other methods140,141. The thiol-ene 

reactions proceed by step-growth polymerization, which produces hydrogels with more 

defined networks and fewer defects than those produced by chain-growth 

polymerization142. UV activated radical initiator, Irgacure 2959 has been commonly used 
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for fabrication of biocompatible hydrogels due to its water solubility and biocompatibility. 

Alternatives to Irgacure 2959 include phenyl-2,4,6-trimethylbenzoylphosphinate, with 

higher water solubility and more efficient photoactivation than Irgacure 2959143. 

Besides condensation reaction and photochemistry, which form permanent covalent 

linages, noncovalent crosslinks are typically formed via temperature or pH-induced 

segregation of polymer regions based on hydrophobicity or ionic interactions. Usually, 

resultant hydrogels are often weaker than those formed by covalent crosslinks, but 

noncovalent gelation methods are usually more biocompatible due to mild reactions 

involved in hydrogel formation144. Noncovalently crosslinked hydrogels commonly used 

for 3D culture include laminin-I based Matrigel and type I collagen, which forms 

hydrogel at physiological temperature138,145. Another popular use of noncovalent 

hydrogel is through alginate solution, which undergoes gelation only at presence of 

calcium ions146.  

Influences of stiffness in 3D culture 

As introduced in previous sections, GBM behavior is regulated by mechanical properties 

of the surrounding microenvironment. To investigate this effect ex vivo, researchers 

have worked to control the mechanical properties of 3D scaffolds (Figure 1.4). In 

general, mechanical strength of hydrogel scaffolds increases with increased backbone 

polymer content or crosslinking density. In gel formation methods involving Michael type 

addition reaction, changing the molar ratio of thiol/vinyl sulfone groups can be used to 

alter the density of crosslinks and thus the mechanical properties. In photo-crosslinked 

hydrogel, by increasing the number of reactive groups, light exposure time or initiator 
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concentration will yield higher mechanical moduli. In a similar manner, increasing the 

calcium concentration will result in stiffer alginate-based hydrogels.  

Figure 1.4 

 

Figure 1.4 

Controlling biochemical and physical properties in 3D hydrogel biomaterials. Mechanical 
properties can be tuned by (A) altering crosslink density or (B) base polymer 
concentration, both of which affect hydrogel pore size and diffusion of soluble factors 
through scaffolds. (C) Incorporation of degradable polymers, such as matrix 
metalloprotease or hyaluronidase-susceptible sites, facilitates cell migration and 
degrades scaffolds over time. The figure is adapted from Xiao et al16. 
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In contrast to 2D cultures, GBM cells cultured in 3D matrices displayed higher migration 

speed with decreased scaffold stiffness123,128,144. Interestingly, conflicting conclusions 

have been reported on how mechanical environment affects MMP expression. As an 

example, U87mg GBM cells cultured in HA-based hydrogels with higher stiffness both 

increased and decreased MMP-9 secretion in different studies131,141. For proliferation, 

discrepancies on mechanical influences are reported in 2D and 3D constructs123,139,141. 

Many of these discrepancies could be caused by inability to decouple the effects of 

mechanical features from other biochemical aspects in extracellular matrix cues. 

Bioactive molecules such as HA and collagen can be used as based hydrogel to affect 

both biochemical and mechanical parameters. To decouple the biochemical and 

mechanical properties, researchers can change initiator concentration instead of 

polymer concentration. It is worth noting that changes in stiffness will cause drastic 

changes in pore size of the polymer, which can greatly affect GBM migration physically, 

a possible reason for discrepancies generated in previous studies. 

Biochemical interactions in 3D culture 

In order to mimic the biochemical composition of the native brain and GBM tumor 

microenvironment, 3D hydrogel scaffolds have been fabricated from a variety of ECM 

derived biopolymers, including chitosan, HA, chondroitin sulfate polysaccharides and 

collagen/gelatin proteins122,131,136,139,141,145,147. As the ECM in the CNS contains high 

amounts of GAGs and very few fibrous proteins such as collagen I, many researchers 

have been using hydrogels with HA backbones to mimic native brain16. In these 

hydrogels, GBM cells increased migration speed with increased amounts of HA and/or 

chondroitin sulfate GAGs128,134,137. In addition, high HA content is reported to decrease 
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GBM proliferation and increase the expression of genes associated with tumor 

progressions, including HA synthase, hyaluronidase, MMPs, VEGF, and HIF1131,139,145. 

At last, cultures of multiple patient-derived GBM lines in 3D HA hydrogels better induce 

resistance to radiation and chemotherapy, which is also observed in clinical cases133. 

Facilitation of cell adhesion can be enabled through using gelatin that contains sites for 

integrin attachment131,139. Increased gelatin concentration in HA-based hydrogels 

upregulated MMP-9, VEGF, HIF1 and fibronectin expression, and downregulation of 

MMP-2 by U87mg was cells131,139. Collagen I based hydrogel can form spontaneous 

hydrogel through fibrillogenesis, requiring no functional chemical modification16. Hybrid 

scaffolds of HA and collagen I have also been used to investigate the effects of HA on 

migration of a few patient derived GBM gliomasphere lines138,145. As an example, 

interpenetrating networks-where hydrogels of collagen I hydrogels were infused with 

thiol modified HA, in which disulfide bond would enable self-crosslinking. These 

hydrogels were used to evaluate effects of HA content and found that adhesion and 

migration speed of GBM cells degreased with higher HA concentration138. In contrast, a 

newer study found that addition of HA to collagen I hydrogels facilitates GBM cell 

invasion/migration145. Although high molecular weight HA (>250kDa) was used in both 

studies, the backbone HA in the latter study was not modified or crosslinked chemically 

but used as simple coating to collagen I fibers. Collagen I is not typically present in the 

brain, hydrogels fabricated through this method better resemble to peripheral tissues 

than brain14. Moreover, hydrogel bond dependent 3D structure can be disrupted through 

chemical modification of carboxylic group on the glucuronic acid on HA backbone148. 

Since the 3D structure of HMW HA is at least partially responsible for its ability to induce 
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cell responses different from LMW HA does, it is highly likely that the high degree of 

modification used in the former study altered biochemical function of HA138,149. The latter 

study reported that expression of CD44 and CD168 was increased with higher HA 

content, implying that HA receptor interactions were enhanced. At last, the latter study 

cultured GBM cells as spherical aggregation instead of dissociated single cells. The 

“microtissues” are more reflective of the native GBM microenvironment because it 

permits direct cell-cell contacts and collective migration of cells from a core tumor138,148. 

Biocompatible PEG and alginate hydrogels have been used as blank substrate, and 

active biomolecules are added to them140,141,146,150. Proteins and peptides containing 

cysteine can be added to those polymers through Michael-type addition132,151. Using this 

method, controlled quantity of molecules and crosslinking density can be added with 

precision151. Multi-arm, branched PEG macromers can yield more defined networks 

than linear PEGs, as the integrity of 3D structure does not rely on polymer 

entanglement151. In photochemistry, for example, acrylate-modified biomolecules can be 

mixed into PEG-acrylate solutions prior to photoinitiation that completes hydrogel 

formation143,147. Besides whole proteins like fibronectin, ECM-derived adhesive 

peptides, such as those containing the ubiquitous integrin binding RGD sequence, are 

commonly used30,127,128,140,141,150. Although integrin binding peptides may not have the 

comprehensive effects of their full-length counterparts, they can pinpoint effects of 

matrix interactions with specific subsets of integrin. Moreover, it is generally easier to 

control their functional presentation within hydrogel matrices. Incorporation of RGD 

peptides would increase GBM cell adhesion128. Conjugation of RGD into alginate 

hydrogel has been shown to protect GBM cells from toxin induced apoptosis150. Other 
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ECM derived adhesive peptides such as elastin could increase invasion and the 

production of MMP-2 and MMP-12 in multiple GBM lines136. Small protein factors such 

as growth factors and other cytokines can be incorporated into scaffold 

microenvironments through simple diffusion of solubilized factors, direct chemical 

conjugation or non-covalent tethering to the hydrogel matrix. Interestingly, addition of 

soluble EGF to 3D collagen hydrogel cultures could increase migration of U87mg131,139, 

while opposite effect was seen in 2D cultures with collagen substrates152. In the native 

ECM, noncovalent interactions of diffusible growth factors with heparins can create a 

bioactive concentration gradient of cytokines40. Hydrogel scaffolds have been modified 

with heparin to mimic this phenomenon in engineered culture environments153. 

Cell-cell interactions in 3D culture 

In order to investigate the interactions of GBM cells with other cell types, which are 

present in the in vivo microenvironment, including astrocytes, microglia/macro- phages 

and endothelial cells – researchers have worked to develop coculture models to study 

the effects of both paracrine signaling and direct cell–cell contacts. While several 

previous studies have studied the effects of cell-produced factors of nontumor cells on 

GBM cells cultured on 2D substrates using conditioned media, these experiments are 

unfortunately unable to provide information about crosstalk between cell types. To solve 

these problems researchers have been using Transwell and Boyden chamber assays to 

investigate crosstalk through paracrine signaling but cannot easily determine effects of 

direct cell-cell interactions or those with secondary structures, such as blood vessels, an 

important component in BBB96,154,155. In the native GBM microenvironment, cells interact 

with each other in 3D through direct contacts and diffusing paracrine factors, and 
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therefore a 3D model is necessary to recapitulate these interactions. To study the 

angiogenic effects of GBM cells, a transformed endothelial cell line (HUVEC) was 

cultured on dextran beads first and then embedded into a 3D fibrin hydrogel scaffold156. 

Culture of transformed GBM lines on the surface of HUVEC-embedded, fibrin hydrogels 

increased angiogenesis156. However, obviously, this method did not allow for direct 

contact of GBM and endothelial cells in three dimensions. A more recent study used 

coculture of transformed GBM lines with an immortalized astrocyte line within 3D 

spheroids to show how the presence of astrocytes protected GBM cells from 

temozolomide-mediated apoptosis157. Segall and coworkers have developed a method 

for 3D coculture of GBM and microglia/macrophage immortalized lines, where cell 

mixtures are embedded into a Matrigel scaffold through which both effects of paracrine 

and juxtracrine interactions on GBM cell invasion can be investigated158. However, no 

studies on patient-derived cell lines have been used so far with co-culture system. One 

challenge to developing cocultures with patient-derived lines is that serum, a necessary 

compound to support co-cultured cell type like HUVEC, cannot be used without altering 

GBM cell phenotype103. Moreover, co-cultures with immune cells and astrocytes can 

also be difficult to interpret, as culture conditions may promote inflammatory phenotypes 

that are not reflective of their GBM-associated counterparts in vivo159. Therefore, 

identification of co-culture medium that can maintain GSC signatures and survival of 

both cell types remains challenge. As an alternative to true cocultures, synthetic 

peptides that mimic juxtracrine receptors, such as N-cadherin, are incorporated into 

biomaterials159. Despite the fact that this method cannot be used to characterize 

dynamic crosstalk between live cells, it provides a simpler method to investigate the 



33 
 

isolated effects of cell–cell contacts. More recently, ‘Organ-on-chip’ astrocyte–

endothelial cell cocultures that model the in vivo BBB may also be promising novel 

model to study the interactions of GBM tumors with vasculature structures160,161. 

Brief introduction of known intracellular mechanisms of GBM drug resistance  

In previous section, how microenvironment facilitates therapeutic response is briefly 

introduced. While our understanding to microenvironment-mediated resistance is 

shallow, numerous studies have focused on how GBM utilizes intracellular mechanisms 

to avoid being eliminated by therapeutics. Generally, drug resistance is categorized as 

either acquired or intrinsic162. Acquired drug resistance occurs after a tumor responded 

to the treatment initially, and intrinsic resistance refers to a tumor shows no respond to 

the therapy at the onset of the treatment162. Obviously for GBM, intrinsic and acquired 

resistances share common foundations.  

Drug efflux mechanisms 

First important mechanism is the active efflux of a broad range of anticancer drugs 

through cellular membrane by multi drug resistance proteins162–165. The efflux proteins 

can transport the drugs in ATP-independent or dependent manners163. The ATP-

dependent proteins consist of ATP-binding cassette (ABC) transporter family, which 

includes p-glycoproteins and breast cancer resistant protein (BCRP)164. Overexpression 

of P-gp, the protein encoded by gene MDR1, is mostly considered as cause of 

anticancer drug resistance20. For example, actions of P-gp in conjunction of Bcrp1 are 

considered partially responsible for erlotinib resistance162. P-gp also attributes to 

chemoresistance of doxorubicin and vincristine164. Besides overexpression of efflux 
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pumps on GBM cells, another important contributor of efflux transporter mediated 

mechanism is the BBB163. Since long time ago, the BBB is considered as diffusion 

barrier that impedes the influx of most compounds from the blood to the brain163. Tight 

junctions between the endothelial cells of the brain capillaries offer low permeability163. 

Therefore, there is negligible level of paracellular transport of substance under 

physiological conditions. As a result, only passive diffusion, receptor mediated 

transcytosis or action of passive carrier system can uptake the drug that treats GBM163. 

Moreover, researchers found abundant expression of ABC family proteins such as P-gp 

and MRP that actively efflux drugs and limit accumulation of the drugs as described in 

above texts163. Therefore, the BBB remain as critical role in preventing drugs from 

penetrating into the brain system. 

Damage repair 

Most commonly used chemotherapies act through damaging the DNA of GBM cells like 

TMZ. TMZ is an alkylating agent whose action is to add methyl group at O6 position of 

DNA166. In most cases of GBM, failure of DNA repair will initiate apoptosis program in 

the cells. However, O6-methylgranine methyl transferase (MGMT) in GBM can actively 

remove the DNA adduct caused by alkylating agent, resulting in treatment 

resistance162,166.  As a result, methylation of the MGMT promoter has been extensively 

studied as predictor for treatment outcome162,166. Therefore, mRNA expression and 

histological analysis would be valuable prognostic markers for GBM patient.  

While induction of apoptosis is the ultimate goal of alkylating agent. Loss of DNA 

mismatch repair (MMR) has been proved to be another cause of alkylating agent 
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resistance167. Loss of MMR can cause the drug resistance directly by impairing the 

ability of the cell to detect DNA damage and activate apoptosis, and at the same time 

the rate of mutation is increased. Resistance to variety of drugs including procarbazine, 

TMZ, busulfan, cisplatin and carboplatin162,166. Therefore, it is challenging to assess the 

clinical significance of the presence of deficient cells in tumors and to discover drugs 

that retain activity against MMR deficient cells. 

Glioma stem cells 

As introduced in previous sections, intratumoral heterogeneity of GBM involves large 

population of GSCs that promote therapeutic resistance. In summary, these GSC 

populations are identified to express high levels of ABC transporters such as P-gp and 

ABCG2 which contributes to effective efflux of drugs168,169. GSCs also share common 

properties with normal stem cells, such as extended propagation and self-renewal 

capabilities that promote long lifespan and ability to differentiate into other tumor cell 

types which may effectively survive from certain kinds of therapies and later contributes 

to tumor recurrence169,170. This clonal evolution paradigm is most accepted theory for 

GBM recurrence when only the responsive populations got eliminated by certain 

drugs165. 

Alternate receptor dependency in targeted therapies 

More than 50% of GBM bear EGFR amplification which drives many aspects of GBM 

progression171,172. Showing promising success in breast and lung cancer, EGFR 

targeting drugs like erlotinib were considered promising therapies for GBM173,174. 

Unfortunately, failure of erlotinib was shown in experiments and clinically175. Several 
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mechanisms were discovered to indicate the intracellular mechanisms of resistance lay 

at multiple level. In genetic aspect, Nathanson et al. proved amplified EGFR genes play 

“hide and seek” with the treatment, as the tumor does not express/depend on EGFR 

signaling172. At expression level, GBM was shown to switch receptor dependency from 

EGFR to PDGFR in the presence of erlotinib176. Finally, at signaling level, mutation/loss 

of PTEN directly relieves the regulatory “brake” of downstream signaling of EGFR 

activation, rendering complete drug resistance against erlotinib175. All these 

mechanisms show plasticity and versatility of strategies utilized by GBM, making single 

target therapy ineffective against GBM. 

Resistance to Apoptosis 

While induction of apoptosis is the major goal of nearly all GBM therapies, GBM has 

several abilities to prevent initiation of apoptosis. B cell lymphoma-2 (Bcl-2) is 

commonly discussed anti-apoptotic protein that is highly expressed in treatment 

resistant GBM cancers177. Overexpression of Bcl-2 and Bcl-XL are observed in most 

GBM cells177. Around 20 years ago, the truncated version of EGFR (EGFRvIII, 

expressed by more than half of GBM bearing EGFR mutation) was proved to inhibit 

DNA damaging induced apoptosis through elevation of Bcl-Xl expression177,178. Bcl 

family pro-survival and anti-apoptotic signaling also includes PI3k-Akt, Stat3/5 and 

MAPK/ERK1/2 pathways, where all these pathways maybe activated through 

microenvironment as described above165. 

Brief Conclusion 
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In GBM, a highly complex and sophisticated extracellular system dynamically affects 

equally complex internal cellular decisions in therapeutic response. Therefore, solving 

the mysteries of how ECM renders therapeutic resistance requires a translational 

culture system that can systemically investigate effects of ECM to GBM. In the next 

chapters, investigation of GBM extracellular system in clinical and in-vivo systems and 

construction of brain-mimetic HA-based system with orthogonal tunability will be 

described in detail. 
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Chapter 2 

Characterization of GBM matrix microenvironment 

My research has focused on GBM extracellular matrix, especially adhesion proteins that 

contains “RGD” motif and matrix hyaluronan. This chapter describes investigation of the 

presence of fibronectin, vitronectin, laminin and hyaluronic acid histologically in both 

patient and animal models. Each of these ECM components likely plays a role in 

progression in GBM and other types of cancer12,16. Previous research has indicated that 

fibronectin, vitronectin and laminin, which contain RGD motifs, interact with integrin 

receptors on GBM to activate multiple pathways that promote tumor 

progression14,91,179,180. The purpose of these experiments was to immuno-histologically 

visualize ECM deposition of these proteins and macromolecules along with 

corresponding receptors CD44 and integrins in GBM patients and xenograft animal 

models. These results provide crucial information for establishing engineered 

microenvironment in the next chapters. 

Materials and methods: 

Both patient samples and in vivo (mouse xenograft with patient-derived GBM cells) 

experimental samples were used in the investigation. Clinical samples were generously 

provided by Dr. William Yong from Brain Tumor Tissue Resource (BTTR) in UCLA. 

Regular GBM samples were collected from clinical biopsy samples. Tissue micro array 

(TMA) samples prepared from 39 GBM patients and 19 lower grade CNS cancer 

samples (grade I-III astrocytoma, grade I-III oligodendroglioma, meningioma and 

pituitary gland cancer) were provided. All samples were paraffin-embedded and 
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sectioned at 5µm thickness. Mouse xenograft samples were provided by Nathanson lab 

at UCLA. All studies were approved by the UCLA Institutional Animal Care and Use 

Committee (IACUC). For intracranial xenografts, GBM cells (GBM39, a GBM cell line 

derived from a patient, in this chapter) with constitutive expression of Gaussia 

Luciferase were injected into the right striatum of female nod-SCID-mice. Tumor burden 

was monitored through bioluminescence bi-weekly via IVIS 200 instrument imaging. 

Mice were euthanized when moribund (loss of 20%-30% body weight from tumor 

implantation in addition to symptoms such as neurological defects, paralysis, 

hydrocephalus and hunching. In subcutaneous xenograft experiments, 1E6 cells/100µL 

were injected into subcutaneously into the right dorsal flank of mice. Animals were 

euthanized once subcutaneous tumors grew large enough to impede movement. All 

extracted tissues were embedded in paraffin and sectioned at 5µm. 

All prepared slides were deparaffined in 100% xylene for 5 minutes followed by a 5-step 

alcohol gradient (100% ethanol to de-ionized water). Later, antigen retrieval was 

performed in citrate buffer pH 6 at 98oC for 20 mins followed by 10 mins pepsin 

treatment at 37oC. All samples were washed in washing buffer (tris buffered saline 

(TBS) and 0.1% tween-20 added for non-receptor staining) 3 times for 3 mins each 

followed by 1hr blocking in 5% normal goat serum and 1% bovine serum albumin in 

washing buffer. All slides were then incubated with primary antibodies (or biotinylated 

HA binding protein (HABP)) overnight at 4oC. The next day, primary antibodies were 

washed away and samples were incubated with corresponding secondary antibodies or 

Vectastain ABC kit and 3,3’-diaminobenzidine (DAB) substrate were used after 3 

washes after primary antibody incubation. All sections were rinsed in tap water and 
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performed with dehydration through alcohol gradients. At last, all slides were mounted 

in toluene mounting solution with cover glass. All images were taken with Zeiss Axio-

Observer using Zen software. 

Staining results: 

First, we observed strong positive DAB staining of various ECM components in patient 

biopsy samples (Figure 2.1). Except for laminin, staining of the targets distributed 

throughout ECM and the tumor cells. In the case of laminin, expression was mostly 

seen in micro-vessels, as laminin is the major component of vessels14. Abundant 

expression of CD44 and Integrin beta 1 was seen in the tumor area in all cases. 

Interestingly, integrin beta 3 was not observed in tumor area, even though numbers of 

reports indicated overexpression of integrin beta 3 and its implication in tumor 

progression in GBM32.  

Second, to investigate how the 4 ECM components changes with tumor progression, we 

assessed the TMA array staining semi-quantitatively using a scoring system as 

described previously181.  As expected HA, laminin and vitronectin expression scoring in 

GBM was significantly higher than lower grade CNS cancer samples. Interestingly all 

types of cancer had fibronectin (Figure 2.2). 

Thirdly, knowing the presence and possible implications of the ECM molecules, we 

assessed the expression of the ECM molecules in intracranial/subcutaneous xenograft 

models in which patient-derived GBM cells (GBM39) were implanted. In orthotopic 

xenograft model, fibronectin, laminin and vitronectin were deposited in the extracellular 

regions and expressed inside the tumor cells (Figure 2.3). However, in the case of 
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subcutaneously implanted tumors, we mainly observed staining located inside the 

cytoplasm (only tumor areas were preserved for intracranial cases) (Figure 2.4). HA 

presence was seen surrounding and within intracranially xenografted tumors. In 

contrast, in the case of subcutaneously implanted GBM 39, HA deposition was only 

found within tumors, and not surrounding tissue (Figure 2.3, Figure 2.4). 
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Figure 2.1. ECM molecules and receptors are abundantly present in the GBM clinical 

samples. Representative images of immune-staining of various ECM targets of 

clinical GBM samples (brown, positive stain; dark blue, hematoxylin). Scale bar= 

100µm. 

Figure 2.1 
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Figure 2.2 

Figure 2.2. Some ECM components are significantly more expressed in GBM than 

other CNS cancers. A) Semi-quantitative scoring of IHC staining of TMA array 

samples from 34 GBM patients and 19 patients with lower grade CNS tumor. p value 

was calculated through Mann-Whitney U test. B) Representative images of IHC 

staining TMA slides. Brown, positive stain; dark blue, hematoxylin. Scale bar= 

100µm. 
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Figure 2.3 

 

  
Figure 2.3. Representative ECM staining on intracranially implanted GBM39 

samples.  Brown, positive stain; dark blue, hematoxylin. Scale bar= 100µm. 
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Figure 2.4 

  

Figure 2.4. Representative ECM staining on subcutaneously implanted GBM39 

samples.  Brown, positive stain; dark blue, hematoxylin. Scale bar= 100µm. 
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Discussion and implications: 

Our small-scale study confirmed several things. First of all, we confirmed that our 

selected set of ECM molecules are expressed at tumor locations. From the quantitative 

TMA analysis, the results indicated HA and the adhesive ECM proteins may contribute 

to tumor progression and worse prognosis outcome, consistent with previous 

studies91,179,180, and these ECM proteins will potentially facilitates GBM progression. 

From the animal experiment, we found mouse brain provided a relatively ideal 

microenvironment for implanted cells, as presence of the ECM molecules could be 

observed around the tumor areas, indicating that trafficking mechanisms involving the 

cargo proteins are fully functional182. However, subcutaneously implanted GBM cells 

only “internally” expressed the adhesive ECM proteins, indicating lack of transportation 

mechanism to “deposit” the molecules to surrounding matrix. More interestingly, brain 

could provide matrix HA that is considered high molecular weight compared to low 

molecular weight HA fragments expressed by tumor itself 21,183. More specifically, high 

molecular weight HA (500–1,000 kDa), which is found in abundance in native brain, 

suppresses the immune response, but 200 kDa HA stimulates cytokine production184. 

High molecular weight HA has also been reported to activate receptor tyrosine kinases 

(RTKs) more efficiently than HA with lower molecular weight chains185. Although some 

HA was detected in subcutaneously implanted GBM tumors, it is thought that tumors 

contain high amounts of low molecular weight of HA, which contribute to tumor growth 

and angiogenesis21. 

Together, the results above indicate that it is necessary to look for a specialized 

experimental model to include HA and adhesive molecules which could interact with 
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CD44 and integrins respectively. Moreover, it would be more interesting to compare 

GBM drug response between intracranially and subcutaneously implanted GBM cells, 

as the striking difference in ECM deposition pattern was observed. 
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Chapter 3 

Construction of brain-mimetic hydrogel culture system 

Based on knowledge that the specific set of ECM proteins like HA should be included in 

a new experimental model from previous chapters, we constructed a brain-mimetic, HA-

based hydrogel 3D culture system that allows for independent control of HA 

concentration, mimetic adhesive peptide attachment and stiffness. In this chapter, 

method of material preparation, hydrogel fabrication and cell encapsulation for 3D 

culture will be introduced. Characterization of physical parameters including diffusion 

coefficient and Young’s modulus will be presented. Validation of platform including 

viability and proliferation of encapsulated, patient-derived GBM cells will be shown. At 

last, immunostaining showing deposition of ECM inside hydrogel environment will be 

demonstrated. 

Fabrication of HA-based hydrogel 

The first step of hydrogel fabrication involves functionalization of carboxylate groups of 

HA polymer chain with thiol groups. To thiolate the carboxylate groups, sodium 

hyaluronate (HA, 700 kDa, LifeCore Biomedical, Chaska MN USA) was dissolved to 10 

mg/mL in distilled, deionized water (diH2O) until fully dissolved in around 2hrs. Here, the 

molar ratios are reported with respect to HA carboxyl groups. 1-ethyl-3-[3-

dimethylaminopropyl] carbodiimide (EDC) was dissolved in diH2O and immediately 

added to HA solution at the appropriate molar ratio (0.25 EDC:HA). N-

hydroxysuccinimide (NHS) was then added to the HA solution (0.13 NHS:HA) in the 

similar way. Reaction solution was stirred at room temperature for 45 minutes while the 
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pH was maintained at 5.5. Cystamine dihydrochloride (Sigma-Aldrich, St. Louis, MO 

USA) was added (0.25 cystamine:HA), and the pH was adjusted to 6.25, and the 

reaction continued at room temperature overnight. Next day, dithiothreitol (DTT, Sigma-

Aldrich) at pH 8.5 in diH2O was added in excess (4x greater than amount of cystamine) 

and the solution stirred for at least 1 hour to cleave cystamine disulfides and yield 

thiolated HA. The reaction was quenched by change the pH of the reaction mixture to 4. 

The product was dialyzed against diH2O (adjusted to pH 4 with 1M NaCl) for 3 days 

(MWCO 14 kDa). Purified HA-thiol was filtered through a 0.22 µm vacuum driven filter, 

lyophilized, and stored at -20°C in desiccated chamber. HA thiolation was confirmed 

using H+-NMR spectroscopy and an Ellman’s assay for free thiols as described 

previously186. 

ECM adhesive peptide was obtained from GenScript (Piscataway, NJ USA) with 

customized sequence NH2-GCGYGRGDSP-COOH. To prepare solutions prior gelation, 

RGD peptide or free L-cysteine (Sigma-Aldrich) was dissolved in PBS at 2.8 mM and 

was mixed with 20 kDa, 4-arm PEG-maleimide (Laysan Bio, Inc. Arab AL USA) for 15 

minutes at room temperature at final concentration of 280 µM. The modified PEG-mal 

solution was used to mix with dissociated GBM cells at a concentration of 1,000k/ mL. 

Thiolated HA was dissolved at 13.3 mg/ml in 20 mM HEPES buffer (pH 10), and the pH 

was adjusted to 6.8. A total of 40µL of the HA-thiol solution was mixed at a 3:1 volume 

ratio with 5 mg/ml or 40 mg/ml 20 kDa, 4-arm PEG-thiol (Laysan Bio). PEG-maleimide 

was then added in equal volume and hydrogels (80 µL per gel) were formed in silicone 

rubber molds (Grace BioLabs, Bend, OR, USA). 

Physical characterization of hydrogel: 
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Mechanical characterization: Linear compressive modulus of hydrogels was tested at 

room temperature using an Instron 5564 material testing device attached to a 2.5 N load 

cell (Instron, Norwood, MA USA). Each hydrogel sample was compressed at a constant 

strain rate of 1 mm/min to at least 40% strain. BlueHill 2 software version 2.2.348 was 

used to acquire the data. Compressive testing was performed in at least quintuplicate per 

treatment group. Data were analyzed with Matlab software version R2015a 8.5.0.197613 

(Mathworks, Natick, MA USA) to calculate Young's modulus from the linear portion of the 

slope of each stress-strain curve using the formula: 

E(Pa) = σ/ε 

where stress σ = force/surface area, and strain ε = ΔL/Lo (probe displacement of the 

hydrogel/the original height of the hydrogel). 

Diffusion through hydrogels: Hydrogels were incubated with solution of 1 mg/ml dextran-

fluorescein isothiocyanate (FITC) (20 kDa, 70kDa, and 150kDa) in phosphate-buffered 

saline at pH 7.4 for 3 days at 37 °C. After this period hydrogels were placed in PBS and 

100 µl of the sample solutions was collected every 30 min for the duration of 4 hours. A 

final sample was collected at 24th hr. Fluorescence intensity (excitation at 490nm and 

emission at 525 nm) of each sample was read using plate reader (Biorad Synergy II, 

Hercules, CA USA) and then correlated to fluorescein concentration using a standard 

curve constructed by using known fluorescein concentrations.  

 
Mt

Minf
= 2 [
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πx2
]
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Effective diffusion coefficients (De) were calculated using Fick`s diffusion law, Where Mt 

is the mass of solute at time t, Minf is mass of the solute in solution, De is the diffusion 

coefficient, t is time and x is the depth of the hydrogel as previously described187. 

Validation of cell behaviors: 

GBM cell culture: Primary GBM cell lines GBM39, HK301, GBM6 and HK423 were 

used. HK301 and HK423 cells were generously provided by Dr. Harley Kornblum at 

UCLA. HK301 and HK423 lines were collected in April 2010 and October 2013, 

respectively, with strict adherence to UCLA Institutional Review Board protocol 10-

000655188. GBM39 and GBM6 was collected in span of 1999–2006106. HK301 and 

HK423 cells were used between passages 15 and 25. GBM39 cells were used at fewer 

than 15 passages. All cell lines were authenticated previously by short-tandem repeat 

analysis 189. Cell cultures routinely tested negative for mycoplasma contamination (Life 

Technologies, C7028). Cells (50,000/mL) were cultured in DMEM/F12 with 1xG21 

(Gemini Bio), 1% penicillin/streptomycin (1x), 50 ng/ml EGF (Peprotech), 20 ng/mL 

FGF-2 (Peprotech), and 25 µg/mL heparin (Sigma-Aldrich). When gliomaspheres 

reached around 200 µm in diameter, they were dissociated into single cells in 1mL of 

TrypLE Express and filtered through 70-µm cell strainer. For hydrogel cultures, 

dissociated cells were resuspended in peptide-modified PEG-maleimide at 1 million 

cells/mL prior to mixing the HA-thiol/PEG-thiol to initiate crosslinking. The medium was 

replaced 4 days later. 

Proliferation assay: Hydrogel cultures with encapsulated cells were placed in 1mL of 

Tryple Express at 37 °C for 5 min, then reaction was quenched with 4 mL of PBS 
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containing 1% BSA. The cell suspension solution was slowly passed through 20 G 

needle 10 times and then a 70 µm cell strainer to obtain single cells for flow cytometry. 

Gliomasphere culture was treated similar but not with 20G needle to disrupt the 

aggregations. 10µM of EdU (Abcam, Cambridge UK) was added to culture medium for 

2.5 hours at 37 °C before cell extraction. Extracted single cells were fixed in 4% PFA for 

15 min., then washed with 3 ml of 1% BSA in PBS. Fixed cells were permeabilized in 

0.1% saponin and 1%BSA in PBS for 15 min., followed by incubation with 100 mM 

sodium ascorbate, 2 mM CuSO4 and 1 µM Alexa Fluor 647 conjugated with azide (Life 

Technologies) in PBS for 30 min. at room temperature. Finally, cells were washed with 

3mL of 0.1% saponin and 1%BSA in PBS and resuspended in 500µL of the washing 

buffer. Data were collected using Fortessa LSRII flow cytometer (BD Biosciences, 

Franklin Lakes, NJ USA) with proper and uniformed single cell gating methods. 

Examination of cell viability: 24 hours after encapsulation, hydrogel cultures were 

soaked in prepared live/dead assay solution (Life Technologies L3224) for 30 mins at 

room temperature. Hydrogel cultures were then placed on rectangular coverglasses and 

imaged using Leica SP5 confocal microscopy. 

Cryopreservation of hydrogel cultures for ECM staining: Hydrogel GBM cultures were 

fixed in 4% paraformlaldehyde (PFA) overnight at 4 °C. The next day, 4% PFA was 

replaced by 5% (w/v) sucrose in PBS 1 hr, followed by three 30 min. washes with 20% 

sucrose in PBS sufficient to immerse the whole gel, and finally 20% sucrose in PBS 

overnight. Hydrogels were embedded in 20% sucrose in O.C.T. at 4 °C for at least3 hrs. 

Frozen blocks were Cryo-sectioned at 18 µm by UCLA Tissue Pathology Core Laboratory 

(TPCL). Gliomasphere cultures were fixed and sectioned for staining in the same manner. 
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For hydrogel samples preserved in paraffin, paraffin embedded samples were sectioned 

at 10µm by UCLA TPCL. 

RNA extraction and sequencing: Total RNA of hydrogel cultured cells and gliomaspheres 

were extracted using RNeasy extraction kit (Qiagen) following manufacture suggested 

protocol. Total RNA sample was sequenced by UCLA Technology Center for Genomics 

& Bioinformatics (TCGB) core facility. Libraries for RNA-Seq were prepared with Nugen 

Universal Plus Kit. The workflow consisted of mRNA enrichment, cDNA generation, and 

end repair to generate blunt ends, A-tailing, adaptor ligation and PCR amplification. 

Different adaptors were used for multiplexing samples in one lane. The data was 

sequenced on Illumina HiSeq 3000 for a pair-end 150bp run. Data quality check was done 

on Illumina SAV. Demultiplexing was performed with Illumina Bcl2fastq2 v 2.17 program. 

The reads were mapped to the latest UCSC transcript set using Bowtie2 version 2.1.0190 

and the gene expression level was estimated using RSEM v1.2.15191.  TMM (trimmed 

mean of M-values) was used to normalize the gene expression. Gene Set Enrichment 

Analysis (GSEA) 3.0 was used to analyze the normalized TMM values from the gene 

expression profile RSEM data performed on GS024 and GS025. All signals were 

analyzed based on gene sets from h.all.v6.2 symbols and HuGene 2.0 chip set from broad 

institute. Gel and xenograft conditions were compared to gliomasphere conditions. The 

GeneSet permutation was selected as the method for calculation of statistical values to 

evaluate the significance of GeneSet enrichment between culture conditions. 

Gel fabrication and characterization results: 
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High molecular weight (HMW) HA (~700 kDa), which induces CD44 clustering to 

achieve distinct biological effects from its low molecular weight counterparts184, was 

used to best mimic the native brain ECM. HA was modified with thiol groups to enable 

crosslinking via maleimide groups on polyethylene glycol (PEG) macromers. Thiol 

groups were conjugated to approximately 5% of HA disaccharides through modification 

of carboxylates on N-glucuronic acid (Figure 3.1). Using the fabrication methods 

described above (Figure 3.2), hydrogels encapsulating single GBM cells can be formed 

rapidly within seconds (Figure 3.3).  

Hydrogel mechanical properties were also selected to best mimic native brain, which 

exhibits a linear compressive modulus around 1 kPa and a shear elastic modulus 

around 200 Pa as previously described159,192,193. The concentration of HA was altered 

independently of stiffness by substituting bioinert/biocompatible PEG-thiol for HA-thiol to 

maintain a constant total polymer content and molar ratio of thiols to maleimide groups 

for crosslinking (Figure 3.2). Figure 3.4 demonstrates that increasing total PEG 

concentration from 0.5% (w/v) to 1% (w/v) yields hydrogels that are twice as stiff—

around 1 kPa and 2 kPa linear compressive moduli, respectively—while keeping HA 

concentration constant at around 0.5% (w/v). In addition, HA concentration was lowered 

to 0.1% (w/v) while maintaining a linear compressive modulus of 1 kPa (981Pa).  
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Figure 3.1 

  

Figure 3.1. Successfully thiolated HA probed by proton-NMR. Representative proton-
NMR spectrum of thiolation, indicating that approximately 5% of glucuronic acid 
groups on HA have been modified with a thiol. 
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Figure 3.2 

 

  
Figure 3.2. Fabrication of HA based hydrogel. Schematic of hydrogel encapsulation 
of GBM cells for 3D culture. Cysteine-bearing peptides were first conjugated to PEG 
maleimide. Single GBM cells were resuspended in PEG maleimide-peptide before 
mixing with PEG thiol and 5% thiolated HA. Molar ratio of thiol to maleimide was 
maintained at approximately 1.1 to 1. 
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Figure 3.3 

 

 

  

Figure 3.3. Example photograph images of fabricated 80 µL gels in 12-well plates. 
After crosslinking, hydrogels were swollen in cell culture medium. 
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Figure 3.4 

 

  
Figure 3.4 Linear compressive moduli of hydrogels indicate orthogonal tunability of 
hydrogel system. Percentages indicate weight to volume ratios (w/v). Error bars, 
SEM (n=3, average from 3 independent repeats). Statistics: one-way ANOVA with 
Tukey test for multiple comparisons was performed (***, p<0.001). 
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As higher compressive moduli were achieved by increasing total polymer content, there 

remained a possibility that diffusion of key molecules, such as erlotinib and growth 

factors, would vary between softer and stiffer hydrogels, resulting in unequal 

drug/biochemical penetration. To evaluate this possibility, diffusion of fluorescent dye-

labeled dextrans of varying molecular weights through hydrogels was quantified (Figure 

3.5). For 20 kDa and 70 kDa dextrans, effective speed to diffuse through the 1 kPa and 

2 kPa hydrogels were statistically equivalent. For all hydrogel formulations, diffusive 

equilibrium (i.e., Mt/Minf reaching 1) was reached by around 7 hours for 20 kDa and 

around 11 hours for 70 kDa dextrans. An upper size limit was found at 150 kDa, which 

did not diffuse into any of the hydrogels (data not shown). This result indicates that the 

hydrodynamic radius of 150 kDa dextran is larger than the hydrogel mesh size. Our 

results confirm that availability and penetration of nutrients, FGF-2 and EGF (<15 kDa), 

and erlotinib (around 300 Da), was equivalent for all hydrogel cultures investigated. 

To verify maintenance of viability and proliferation of hydrogel encapsulated GBBM 

cells, a live/dead assay performed 24 hours after cell encapsulation confirmed that the 

majority of cells remained viable in all hydrogel conditions (Figure 3.6). Using an EDU-

based assay to quantify numbers of actively proliferating cells, we found that 

approximately 20% more HK301 cells entered S-phase within a 2.5 hours period when 

cultured in 3D than when cultured as gliomaspheres (P < 0.05; Figure 3.7). We also 

confirmed that variations in HA content or compressive modulus had no significant 

effects on cell proliferation. 
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Figure 3.5 

 

Figure 3.5. Diffusion coefficients of different hydrogel formulations are same. Left panel, 
effective diffusion coefficients (cm2/s) for 20 kDa and 70 kDa dextrans, respectively, 
through 3 different hydrogels. Statistics: Two-way ANOVA with Tukey test for multiple 
comparisons was performed (***, P < 0.001). Error bars, SEM (n= 3). Right panel, 
diffusion over time of dextran through HA hydrogels. Mt/Minf is defined as the ratio of 
dextran released at a specific time (Mt) to the total amount of dextran released at infinite 
time (Minf). Mt/Minf is plotted against the square root of time (s1/2) so that the slope 
indicates diffusion rate. HA percentage indicates volume to weight percentage (w/v). ns, 
nonsignificant. 
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Figure 3.6 

 

Figure 3.6. High viability of encapsulated GBM cells. A) Representative confocal 
microscopy images showing live (green) and dead (red) cells 24 hours after hydrogel 
encapsulation of HK301 cells. Scale bar, 100 µm. Quantification of the percentage of 
viable cells (HK301) 24 hours after encapsulation is shown on the lower right. Error bar, 
SEM (n=3). One-way ANOVA with Tukey multiplicity test was performed. NS, 
nonsignificant. B) Representative confocal microscopy images showing live (green) and 
dead (red) cells 24 hours after hydrogel encapsulation of GBM39 and HK423 cells. 
Scale bar, 100 µm. Arrows indicate dead cells. 
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Figure 3.7 

 

Figure 3.7. High proliferation rate in encapsulated GBM cells. Left panel, representative 
results of proliferation rate measured using flow cytometry. GBM cells (HK301) were 
incubated with 1 µM EdU (5-ethynyl-2′-deoxyuridine) for 2.5 h on the fourth day after 
encapsulation or passaging. A click-reaction was used to conjugate fluorescent dye to 
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incorporated EdU. Right panel, summarized data of proliferation of HK301 cells. N=3. 
Statistics: one-way ANOVA with Tukey test for multiple comparisons was performed (*, 
P < 0.05). 
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To make direct observation of the biochemical effect of hydrogel to encapsulated GBM 

cells, we surprisingly found GBM cells displayed invasive morphology only in high HA 

content (0.5% w/v HA) hydrogel incorporated with RGD mimetic peptide (Figure 3.8A). 

This result indicated possible cooperative effect of HA and adhesive ECM molecules to 

mediate GBM cell morphologies. Effect of RGD incorporation was further confirmed 

when cells abolished invasive morphology upon addition of cilengitide to the culture 

medium to competitively replace the engagement between integrin and RGD segment 

incorporated in nonsoluble phase of the hydrogel, which transduce a force equivalent to 

stiffness of the hydrogel through integrin binding (Figure 3.8B).  

We then performed immunostaining of HA receptor CD44. The result indicated culture 

in hydrogels with high HA (0.5% w/v) induced higher CD44 expression compared with 

culture in hydrogels with low HA (0.1% w/v) or gliomaspheres (Figure 3.9). These 

results are consistent with murine xenograft results, which will be discussed in future 

chapters. In a long-term culture (2.5 weeks) experiment with 3 cell lines, we found 

differential “intra-tumoral” expression of CD44 in hydrogel (0.5% w/v HA) cultured 

samples (Figure 3.10). The result indicated hydrogel culture may restore a 

heterogeneity stage to cells in a tumor bulk.  
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Figure 3.8 

 

Figure 3.8. HA content and RGD incorporation cooperatively influence morphology of 
encapsulated GBM cells. A) Representative phase contrast images of hydrogel-cultured 
cells 8 days after encapsulation. Percentage indicates weight volume (w/v). B) 
Representative phase contrast images of 0.5% (w/v) HA hydrogel-cultured cells under 
varying conditions for 8 days after encapsulation. Yellow arrows indicate cells with an 
invasive morphology, and white arrows indicate cells with spherical morphology. cRGD 
group was treated with 50µM cilengitide 24hr prior to imaging. Scale bars= 200µm. 
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Figure 3.9 

 

Figure 3.9. Expression of CD44 is ECM dependent in encapsulated HK301. 
Representative images of immunofluorescence staining for CD44 (red) in cryosectioned 
hydrogel and gliomasphere cultures of HK301 cells. Scale bar, 100 µm. HA percentage 
indicates volume to weight percentage (% w/v). 
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Figure 3.10  

 

Figure 3.10. Intratumoral differential expression of CD44 is observed in HA hydrogel 
cultured samples. Representative images of immunofluorescence staining for CD44 
(red) in cryosectioned hydrogel cultures of HK301, GBM6 and GBM39 cells 2.5 weeks 
after encapsulation. Scale bar, 100 µm. 
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A more exciting features of hydrogel 3D culture is that the tumor cells can change their 

surrounding matrix microenvironment. Therefore, deposition of ECM was investigated. 

We found GBM cells were able to express and deposit various ECM proteins relating to 

GBM progression as introduced in previous chapters through both DAB and 

fluorescence-based staining (Figure 3.11, Figure 3.12, Figure 3.13). In a closer look to 

different cell lines, we also found differential intratumoral expression of ECM proteins 

(Figure 3.12, Figure 3.13), as some ECM proteins were preferentially located at edge 

or core of the “tumor bulks” instead of a uniform distribution, which further implied 

possibility of heterogeneity restored by hydrogel culture. At last, orthogonal tuning of 

hydrogel by RGD incorporation also resulted in increased expression of ECM proteins 

such as vitronectin (Figure 3.14). This result indicates GBM cells may alter ECM 

expression in different matrix environments. 

All these results suggested possible alterations of global gene expressions caused by 

ECM components in our 3D hydrogel. Therefore, RNA sequencing quantifying global 

gene expression was performed. In comparison among intracranial xenograft, 

gliomasphere and hydrogel cultures, we performed a principal component analysis that 

captures more than 95% variation between samples (Figure 3.15) and found that 

gliomasphere culture caused significant expression drift. However, hydrogel culture 

restored some features of xenograft that were lost in gliomaspheres. While several ECM 

related genes were revealed in differential expression analysis (Figure 3.16 left panel), 

many gene sets related to cellular fate such as hypoxia induced events, TNF and 

epithelial mesenchymal transition (EMT) are more enriched in xenograft/hydrogel 

culture when compared to gliomasphere cultures (Figure 3.16 right panel). 
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Figure 3.11 

 

Figure 3.11. Deposition of ECM proteins in encapsulated GBM6. Representative DAB 
staining images of 0.5% (w/v) HA cultured GBM6 cells (2 weeks after encapsulation) 
embedded in paraffin. Arrows indicates deposition of ECM proteins (brown) in 
extracellular regions. Scale bar, 100µm.  
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Figure 3.12 

 

Figure 3.12. Deposition of ECM proteins in encapsulated HK301 cells. Representative 
images of immunofluorescence staining for ECM proteins (green or red) in 
cryosectioned hydrogel cultures of HK301 cells (2 months after encapsulation). Scale 
bar, 100 µm. 
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Figure 3.13 

 

Figure 3.13. Differential expression and deposition of ECM proteins in encapsulated 
HK301, GBM39 and GBM6 cells. Representative images of immunofluorescence 
staining for ECM proteins (green) in cryosectioned hydrogel cultures of GBM cells (2.5 
weeks after encapsulation). Scale bar, 100 µm. 
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Figure 3.14 

 

Figure 3.14. Differential expression and deposition of vitronectin in encapsulated HK423 
cells. Representative images of immunofluorescence staining for vitronectin (red) in 
HK423 cultured in cryosectioned hydrogels incorporated with cysteine or RGD peptide 
for 8 days. Scale bar, 100 µm. 
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Figure 3.15 

 

Figure 3.15. Hydrogel culture restores gene expression pattern similar to those in 
xenograft cultures. PCA analysis of RNA sequencing data. Principal Component Analysis 
(PCA) plot was constructed based on individual samples gene expression profiles.  
Numbers in x and y axis show percentage of variation accounted in the graphical 
representation. 
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Figure 3.16 
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Figure 3.16. GSEA comparison of encapsulated cells and gliomasphere. On the left 
panels, for selected representative gene sets (Hypoxia, TNF-nfkb and epithelial 
mesenchymcal transition (EMT)) in GS024 cell line, enrichment plots are shown for the 
comparison between the conditions (Gel+Xenograft vs. Gliomasphere). The horizontal 
bar in graded color from red (left) to blue (right) represents the GeneList ranked from 
high expression in the subset indicated on the left to high expression in the subset 
indicated on the right. Equivalent expression between subsets is reached at the red to 
blue border. The vertical black lines represent the projection onto the ranked GeneList 
of the individual genes of the gene sets. The curve in green corresponds to the 
calculation of the enrichment score (ES) that reflected correlation of the genes with the 
phenotype. The bold horizontal line indicates the 0 value for the ES. The more the 
green ES curve is shifted to the upper left of the graph, the more the GeneSet is 
enriched in the red subset. On the left panels, representative individual genes from 
leading edge analysis that are more enriched in Gel+Xenograft compared to 
gliomaspheres are shown as heat map. 
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Discussion: 

In this chapter, we constructed a novel hydrogel platform with several key features. 

First, HA was minimally modified (only around 5% of disaccharides contain a thiol 

substitution) to maintain the native ability of high molecular weight HA to interact with 

CD44 receptors. In contrast, other methods often modify up to 70% of HA disaccharides 

as described in previous chapters. Second, while previous methods have relied on HA 

polysaccharides with molecular weights at or below 200 kDa, we incorporated HAwith a 

range of high molecular weights from 500–750 kDa. In previous study, this size 

difference has significant effects on HA bioactivity184,185 as described in previous 

chapters. Third, the biomaterial platforms reported here achieved effective decoupling of 

HA content, stiffness, availability of integrin binding sites and diffusion (Figure 3.2-3.5). 

Previously reported methods for HA hydrogel fabrication typically increased hydrogel 

stiffness by increasing HA concentration, and thus total polymer content including 

bioactive components123,159. Another common method substitutes gelatin to vary HA 

concentration without altering total polymer content; however, gelatin is not considered 

biologically inactive material since it contains RGD sites194,195. In our system orthogonal 

control of these variables enabled systematic investigation of how individual features 

interact to affect cell morphology. 

Encapsulated GBM cells maintained high viability and high proliferation (Figure 3.6-

3.7). This feature allowed the ex vivo model to carry out culture-based experiments as 

fast as traditional culture methods. Moreover, stimulated expression of HA receptor 

through HA content further indicated our engineered matrix microenvironment could 

help GBM cells retain a native state. Deposition of other ECM proteins is cell line and 
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matrix content dependent (Figure 3.11-3.14). From this point, we suspected matrix 

environment may affected global gene expression and eventually cell fate. Finally, 

RNAseq experiment provided comprehensive analysis of how hydrogel environment 

resembles a correct native microenvironment that is seen in mouse brain (Figure 3.15-

3.16). In GBM, EMT transition can be seen as “pro-neural to mesenchymal (PMT) 

transitions. Mesenchymal GBM cells are reported to be more aggressive and resistant 

to radiations. in experiments196. Therefore, xenograft and hydrogel cultures potentially 

brought GBM cells into a more original state. All these results are exciting and provide 

basis for further investigations using this model.  

In next chapter, we will introduce using of this model in actual drug response and 

resistance mechanistic investigation. 
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Chapter 4 

Investigation of resistance to EGFR inhibition in GBM mediated by matrix features 

Brief introduction: 

Glioblastoma (GBM) tumors exhibit potentially actionable genetic alterations against 

which targeted therapies have been effective in treatment of other cancers. However, 

these therapies have largely failed in GBM patients42,197. A notable example is EGFR 

kinase inhibitors, which display poor clinical efficacy despite overexpression and/or 

mutation of EGFR in >50% of GBM42.  

In addressing this issue, preclinical models may be limited by the inability to accurately 

replicate pathophysiological interactions of GBM cells with unique aspects of the brain 

extracellular matrix (ECM), which is relatively enriched in hyaluronic acid (HA) and 

flexible, as described in previous chapters. In the last chapter, we have presented a 

brain-mimetic biomaterial ECM platform for 3D culturing of patient-derived GBM cells, 

with improved pathophysiological properties as an experimental model.  

We investigated GBM resistance to EGFR inhibition experimentally using the novel 

experimental model system we have constructed. Compared to orthotopic xenograft 

assays, the novel biomaterial cultures we developed better preserved the physiology 

and kinetics of acquired resistance to the EGFR inhibition than gliomasphere cultures. 

Orthogonal modulation of both HA content and mechanical properties of biomaterial 

scaffolds was required to achieve this result. Overall, our findings show how specific 

interactions between GBM cell receptors and scaffold components contribute 

significantly to resistance to the cytotoxic effects of EGFR inhibition.  
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Additional information on materials and methods:  

Hydrogel fabrication, immunostaining, xenograft modeling and cell culture procedures 

were described in Chapter 2 and Chapter 3.  

Drug treatment for animal experiment: Erlotinib (50 or 75 mg/kg, Cayman Chemicals, Ann 

Arbor, MI USA) was administered through oral gavage. Tissues from mice used for 

survival studies were extracted, paraffin-embedded, sectioned (5 µm) and analyzed using 

immunohistochemistry.  

Drug treatment for cell culture experiment: Encapsulated single cells were cultured in 

hydrogels for 1 week before treatment. Gliomasphere cultures were treated right after 

dissociation, as previously described172. Erlotinib was re-constituted as a 10 mM stock 

solution in dimethylsulfoxide (DMSO). Erlotinib was then diluted to 1 µM in culture medium. 

DMSO alone was used as a vehicle (i.e., negative control). Cyclo-RGD (cilengitide, 

Millipore Sigma) was dissolved in PBS as 10 mM stock then dissolved in media as 50 µM. 

Culture medium and drug were replenished every third day.  

Quantification of apoptosis: Cryopreserved hydrogel blocks were prepared and stained in 

parallel for each experimental repeat (n=3 individual repeats) using an antibody against 

cleaved poly ADP polymerase (c-PARP) and Hoechst 33342 as a nuclear counterstain. 

At least four images from randomly chosen locations per section were taken from least 2 

different sections. Data were analyzed using ImageProPlus software. The area fraction 

of c-PARP+ to Hoescht+ was defined as percentage of apoptotic cells. Only cells with 

nuclear co-localization of both c-PARP and Hoescht 33342 were considered to be 

apoptotic.  
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Western blotting: Hydrogels (80 µL) were incubated for 20 min in 110 µL RIPA buffer and 

protease/phosphatase inhibitor (Sigma-Aldrich) on ice. Samples were passed through 

20G needle 20 times to mechanically dissociate cultures, then incubated on ice for 30 

min. during which time they were vortexed to mix every 5 min. For gliomasphere cultures, 

cells were pelleted down at 500xg for 5 min and resuspended in 100 µL RIPA buffer and 

protease/phosphatase inhibitor solution, then mixture was incubated on ice for 20 minutes, 

during which time they were vortexed to mix every 5 min. Lysate was centrifuged at 

17,000xg for 20 min at 4 °C, then aliquoted and stored at -80 °C until assayed. Total 

protein concentration was determined by BCA protein assay. Lysate was denatured in 

Laemmli loading buffer (BioRad) at 95 °C for 5 mins. After proper dilution with 1x Laemmli 

loading buffer prepared with complete RIPA buffer, equal mass and volume of sample 

was loaded to 4-20% Bis-Tris gel, and gel electrophoresis was conducted in SDS-MOPS 

running buffer at 165 V for 90 min. Transfer was conducted in 1x Nupage transfer buffer 

at 20 V for 1.5 hours onto a PVDF membrane that was presoaked in 100% methanol for 

5 mins. The membrane was blocked in 5% bovine serum albumin (BSA) in 20 mM Tris 

0.9% NaCl and 0.1% Tween-20 (TBST) for 1 hour. Primary antibodies were applied to 

membrane with 1:1000 dilution solution that is enough to cover the whole membrane at 

4 °C overnight with gentle shaking. The next day, the membrane was washed 3 times in 

TBST and incubated with secondary antibodies at dilution of 1:5000 in blocking solution. 

Finally, the membrane was washed 3 times in TBST, incubated in Clarity ECL substrate 

(Biorad), and imaged (MyECL imager) without overexposing the target bands. Primary 

antibodies against phospho-AKT (pThr308, clone D25E6, Cell Signaling Technologies 

13038, Danvers, MA USA), phospho-ERK (p42/p44, pThr202/pThr204, Cell Signaling 
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Technologies, 4370S), phospho-zyxin (pSer142/pSer143, Cell Signaling Technologies 

8467S), phospho-FAK (pTyr397, clone D20B1, Cell Signaling Technologies 8556P), total 

FAK (Cell Signaling Technologies 3285S), GAPDH (GA1R, ThermoFisher MA4-15738) 

and CD168 (ThermoFisher PA5-32309) (dilution 1:1000) were used. Horse-radish 

peroxidase (HRP)-conjugated secondary antibodies against mouse and rabbit were used 

(dilution 1:5000). Images of blots were analyzed using ImageJ (NIH). Integrated intensity 

of target bands above background threshold were measured and normalized to signal of 

loading control (GAPDH). 

Results: 

Brain microenvironment facilitates resistance to EGFR inhibition 

To investigate how the unique brain microenvironment influences physiology and 

treatment response of xenografted tumors, we transplanted patient-derived GBM cells at 

either intracranial or subcutaneous (dorsal flank) sites in nude mice. Once tumors were 

established, mice were treated with either erlotinib or vehicle (DMSO). Orthotopic 

transplants of both primary GBM cell lines (GBM39, HK301) responded poorly to erlotinib 

(Figure 4.1, 4.2) despite its effectiveness in gliomasphere cultures (Figure 4.3). Erlotinib 

treatment suppressed growth of intracranially xenografted GBM39 tumors for only 10 

days, after which time the tumors failed to respond (Figure 4.1). In mice with 

orthotopically implanted HK301 tumors, erlotinib had no detectable effect on tumor growth 

or survival (Figure 4.1). In contrast, erlotinib treatment inhibited growth of subcutaneously 

xenografted GBM39 tumors for more than 200 days before tumors exhibited acquired 

resistance (Figure 4.1). Tumors of HK301 cells could be established at orthotopic, but 
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not subcutaneous, transplantation site, further indicating that the subcutaneous tissue 

microenvironment may not be amenable to GBM tumor growth. 

In order to investigate relationship between implanted cells and microenvironment in the 

context of matrix HA and EGFR, expression of phosphorylated EGFR (p-EGFR) and 

CD44 remained high in intracranial xenografts regardless of treatment (Figure 4.4). 

However, minimal expression was observed in subcutaneous xenografts (Figure 4.5). 

Furthermore, after erlotinib treatment, CD44 and p-EGFR expression were nearly 

undetectable (Figure 4.5). Based on these results, we posited that the ubiquitous 

abundance of HA in the brain ECM, as reported in previous chapters, might contribute to 

faster acquisition of resistance to EGFR inhibition. This hypothesis was further supported 

by the observation that CD44 and p-EGFR were often co-expressed by GBM cells 

(Figure 4.4-4.6). 
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Figure 4.1 

 

Figure 4.1. Glioblastoma xenografts acquire resistance to erlotinib at intracranial sites 
with faster kinetics than at subcutaneous sites. Top left, bioluminescence imaging of 
orthotopic xenografts of GBM39 cells (normalized to day 0 before treatment with 
50mg/kg erlotinib). Error bars represent standard deviation (n=3). Top right, volume of 
subcutaneously xenografted tumors of GBM39 cells (normalized to day 0 before 
treatment with 50mg/kg erlotinib). Error bars represent standard deviation (n=4). Lower 
left, bioluminescence imaging of orthotopic xenografts of HK301 cells (normalized to 
day 0 before treatment with 75mg/kg erlotinib). Error bars represent standard deviation 
(n=4). 
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Figure 4.2 

 

Figure 4.2. Erlotinib treatment does not affect survival of mouse bearing orthotopic 
xenograft GBM tumor. Kaplan-Meier survival plots of mice with patient-derived 
xenografts, HK301 xenografts treated with 75mg/kg erlotinib (n=8), and GBM39 
xenografts treated with 50mg/kg erlotinib (n=7). Log-Rank (Mantel-Cox) test was used 
to compare survival curves. “ns.” represents non-significance. 
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Figure 4.3 

 

Figure 4.3. GBM cells cultured in gliomasphere samples are highly susceptible to 
erlotinib treatment. Numbers of cells 3 days after treatment with1µM erlotinib or vehicle 
(DMSO).  Error bars represent standard deviation (n=3). 
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Figure 4.4 

 

Figure 4.4. CD44 expression colocalizes with activated EGFR in intracranially planted 
GBM39 treated with erlotinib. On left, representative images of immunofluorescence 
staining for CD44 (red), p-EGFR (Tyr1068) (green) and Hoechst 33342 (blue) of 
intracranial and subcutaneous xenografts of GBM39 cells. Arrows indicate cells 
expressing both p-EGFR and CD44. On right, H&E images of adjacent sections from the 
same tissues. Scale bars = 200 μm. 
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Figure 4.5 

 

Figure 4.5. CD44 expression colocalizes with activated EGFR in intracranially or 
subcutaneously planted GBM39 without treatment. Representative images of 
immunofluorescence staining for CD44 and p-EGFR in murine xenografts of vehicle-
treated xenografts of GBM39 cells. 
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Figure 4.6 

 

Figure 4.6. CD44 expression colocalizes with activated EGFR in intracranially planted 
HK301. Representative images of immunofluorescence staining for CD44 and p-EGFR 
in murine xenografts of intracranial xenografts of HK301 cells. CD44 (red), p-EGFR 
(green), and Hoechst 33342 (blue). Scale bars = 100 µm. 
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GBM cells in brain-mimetic hydrogels rapidly acquire drug resistance  

Using the ex vivo, brain-mimetic culture model developed in the previous chapter, we 

investigated effects of erlotinib treatment on GBM cells cultured in hydrogels or 

gliomaspheres. To characterize the cytotoxic effects of erlotinib, numbers of cells positive 

for nuclear cleaved poly ADP polymerase (c-PARP) were counted (Figure 4.7). By the 

6th day of treatment, GBM cells cultured within hydrogels displayed levels of apoptosis 

indistinguishable from non-treated controls (Figure 4.7). Gliomasphere cultures had 

significantly more apoptotic cells when treated with erlotinib (Figure 4.7). In contrast to 

gliomasphere cultures, after 12 days of treatment GBM cells cultured within hydrogels 

also had acquired resistance to the cytostatic effects of erlotinib (Figure 4.8). 

While HK423 cells express only wtEGFR and not the truncated and constitutively activate 

mutant, EGFRvIII, HK301 cells express both wtEGFR and EGFRvIII and GBM39 cells 

express only EGFRvIII198. Although erlotinib-treated HK301 cells cultured in 

gliomaspheres or hydrogels upregulated total expression of wtEGFR (Figure 4.9, 4.10), 

only in hydrogel cultures was p-EGFRvIII increased. Likewise for HK423 cells, erlotinib 

treatment induced higher total wt-EGFR levels in hydrogel and gliomasphere. While 

erlotinib treatment did attenuate p-wtEGFR in HK423 cells cultured in hydrogels or 

gliomaspheres, this effect was only partial in hydrogel cultures. As with HK301 cells, 

GBM39 cells cultured in HA hydrogels increased p-EGFRvIII (Figure 4.9, 4.10). While 

erlotinib treatment reduced p-EGFRvIII, levels remained higher than treated 

gliomaspheres. In all three cell lines when treated, p-EGFR levels were always 

significantly higher when cultured in HA hydrogel than gliomasphere cultures (Figure 4.9, 

4.10). 
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Downstream pathways of EGFR include PI3K-AKT and MAPK-ERK, both of which many 

studies have reported maintain survival and growth potential of GBM tumors197. Thus, we 

characterized the effects of erlotinib treatment on phosphorylation of AKT and ERK1/2 

(Figure 4.9, 4.11). For all three cell lines, culture in HA hydrogels increased p-AKT levels 

compared to gliomaspheres. While p-AKT levels were not altered significantly in erlotinib-

treated gliomaspheres, p-AKT levels significantly increased in hydrogel-cultured HK301 

and HK423 cells (Figure 4.9, 4.11). In HK301 gliomaspheres, erlotinib treatment 

significantly decreased p-ERK levels. Although not statistically significant, a similar trend 

was observed for HK423 and GBM39 gliomaspheres (Figure 4.9, 4.11). In all hydrogel 

cultures, erlotinib treatment had no significant effects on p-ERK and p-ERK levels were 

significantly higher than in erlotinib-treated gliomaspheres (Figure 4.9, 4.11).  
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Figure 4.7 

 

Figure 4.7. GBM cells in 3D, HA hydrogel cultures acquire cytotoxic resistance to 
erlotinib. Left panel, representative images of immunofluorescence staining of c-PARP 
in HK301 cells after 6 days of erlotinib treatment. Scale bar = 200 μm. Right panel, 
quantification of apoptotic cells (c-PARP+) after 6 days of erlotinib treatment. Error bars 
indicate S.E.M. (n=3). Students’ t-tests were performed (*p < 0.05, **p < 0.01). 
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Figure 4.8 

 

Figure 4.8. GBM cells in 3D, HA hydrogel cultures acquire cytostatic resistance to 
erlotinib. Proliferation rate of cells (EdU incorporation over 2.5 hours) after 12 days of 
erlotinib treatment. Erlotinib-treated samples were normalized to non-treated samples 
for each condition.  Students’ t-test was performed (**p < 0.01). Error bars indicate 
S.E.M. (n=3). 
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Figure 4.9 

 

Figure 4.9. 3D HA hydrogel cultured GBM cells maintain oncogenic signaling 
downstream of EGFR despite of erlotinib treatment. Representative Western blot 
images of 72 hours after erlotinib treatment. HA percentage indicates volume to weight 
(% w/v). 
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Figure 4.10 

 

Figure 4.10. 3D HA hydrogel cultured GBM cells maintain oncogenic signaling 
downstream of EGFR despite of erlotinib treatment. Quantification (integrated intensity 
signals) of phospho-EGFR for Western blots. Error bars represent standard deviation 
from independent repeats (HK301 (n=5), HK423 (n=4), and GBM39 (n=3)). One-way 
ANOVA and Tukeys’s multiple comparison test were used (*p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001). 
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Figure 4.11 

 

Figure 4.11. 3D HA hydrogel cultured GBM cells maintain oncogenic signaling 
downstream of EGFR despite of erlotinib treatment. Quantification (integrated intensity 
signals) of phospho-AKT and phosphor-ERK1/2 for Western blots. Error bars represent 
standard deviation from independent repeats (HK301 (n=5), HK423 (n=4), and GBM39 
(n=3)). One-way ANOVA and Tukeys’s multiple comparison test were used (*p<0.05, 
**p<0.01, ***p<0.001, ****p<0.0001). 
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Biomaterials to quantify effects of ECM cues on drug resistance 

Figures 4.1-4.11 suggest that CD44 expression and HA content support the ability of 

GBM cells to gain erlotinib resistance. Others have reported that the mechanical 

microenvironment contributes to GBM tumor progression30,192. Unlike gliomaspheres, 

biomaterial platforms also provide a defined, 3D mechanical environment to cultured cells. 

Thus, we explored the cooperative influence of hydrogel compressive modulus and HA 

content on acquisition of resistance to EGFR inhibition via erlotinib. Importantly, 

mechanical modulus was varied independently of HA concentration, so that the individual 

and combined contributions of each were experimentally decoupled.  

Patient-derived GBM cells (HK301) were cultured in HA hydrogels to characterize the 

independent effects of HA concentration and compressive modulus on response to 

erlotinib. Total numbers of cells were tracked using bioluminescence imaging of live 

cultures transduced to constitutively express firefly luciferase. Results demonstrate that 

cells cultured in 3D hydrogels with a higher HA concentration (0.5% w/v) and lower 

compressive modulus (1 kPa) gained resistance to erlotinib by the 9th day of treatment 

(Figure 4.12). By the 15th day of treatment, there were more total cells in erlotinib-treated 

than untreated cultures, indicating that erlotinib-resistant cells proliferate faster. GBM 

cells cultured in hydrogels with high HA content (0.5% w/v), but with a stiffer modulus (2 

kPa), also acquired some resistance to erlotinib; however, not until the 12th day of 

treatment. In addition, cell numbers in treated cultures remained only ~50% of those in 

non-treated cultures after 15 days. Finally, GBM cells cultured in soft hydrogels (1 kPa) 

with a low HA concentration (0.1% w/v) did not acquire erlotinib resistance within 15 days. 

Instead their response was comparable to that of gliomasphere cultures, with 
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bioluminescence signals close to background on the 15th day of treatment. Furthermore, 

minimal HA was observed in cultured gliomaspheres (Figure 4.12). Together, these 

results indicate that high HA content was required for acquisition of resistance.  

Cytotoxic and cytostatic effects of erlotinib treatment on GBM cells cultured in hydrogels 

were evaluated. Erlotinib-treated cells cultured in soft hydrogels (1 kPa) with high HA 

content (0.5% w/v) proliferated significantly faster than their untreated controls at the 3- 

and 6-day time points (Figure 4.13). This increase in proliferation correlated to the 

increased total numbers of viable cells observed by the 12th day of treatment (Figure 

4.12). Erlotinib treatment also induced a slight increase in cell proliferation on the 3rd day 

in other hydrogel conditions (Figure 4.13). While proliferation had decreased by the 6th 

day of treatment in all conditions, it remained elevated in 3D hydrogel cultures compared 

to gliomaspheres. Finally, only GBM cells cultured in soft, high HA hydrogels had escaped 

the cytotoxic effects of erlotinib on the 6th day of treatment (Figure 4.14). Notably, the 

kinetics of resistance acquisition to erlotinib of GBM cells cultured in soft, high HA 

hydrogels (Figure 4.12-4.14) were comparable to those observed in patient-matched 

orthotopic xenografts in mice (Figure 4.1). For all cell lines evaluated, culture in hydrogels 

with high HA (0.5% w/v) induced increased CD44 expression compared to culture in 

hydrogels with low HA (0.1% w/v) or gliomaspheres (Figure 4.15, 4.16). These findings 

agree with our in vivo results, where murine xenografts robustly express CD44 when 

seeded in the HA-rich brain, but not at subcutaneous sites. 

To further investigate the role of CD44, we used shRNA lentivirus to knockdown CD44 

expression (Figure 4.17) and repeated erlotinib-treatment experiments. Lack of CD44 

mitigated both cytotoxic and cytostatic resistance to erlotinib (Figure 4.18-4.20). Despite 
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restoration of erlotinib efficacy for the first 6 days of treatment, even cells lacking CD44 

expression gained resistance to the cytostatic effects of erlotinib by the 12th day of 

treatment (Figure 4.20). Although CD44 is a major receptor for HA, other HA receptors, 

such as CD168, may act to compensate for lost CD44 activity and facilitate delayed 

acquisition of erlotinib resistance. In soft, high HA hydrogel cultures, we observed a 

unique pattern of CD168 expression around the edges of cell masses resembling that of 

CD44 (Figure 4.21). In low HA hydrogels, CD168 expression was confined to the nucleus, 

where it participates in formation of mitotic spindles199.  
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Figure 4.12 

 

Figure 4.12. HA content and modulus contribute to kinetics of acquisition of erlotinib 
resistance. Chemiluminescent signal measured 2 hrs after addition of D-luciferin (1 mM). 
Signals of erlotinib-treated HK301 cells were normalized to non-treated samples and 
signal before treatment (day 0) for each condition. Two-way ANOVA (culture condition, 
time) with Šidák’s test for multiple comparisons of hydrogel condition against 
gliomasphere culture were performed. Error bars show standard deviation (n=3). *p < 
0.05, **p < 0.01, ****p < 0.0001. 
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Figure 4.13 

 

Figure 4.13. HA content and modulus contribute to kinetics of acquisition of erlotinib 
resistance. Proliferation rate of HK301 cells (EdU incorporation over 2.5 hours) during 
erlotinib treatment. Erlotinib-treated samples were normalized to non-treated samples 
for each condition. Error bars indicate S.E.M. (n=3). Two-way ANOVA (culture 
condition, time) with Šidák’s test for multiple comparisons of hydrogel condition against 
gliomasphere culture were performed. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 
0.0001. 
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Figure 4.14 

 

Figure 4.14. HA content and modulus contribute to kinetics of acquisition of erlotinib 
resistance. Percentage of apoptotic cells (c-PARP+ HK301 cells) after 6 days of erlotinib 
treatment. Error bars indicate S.E.M. (n=3) One-way ANOVA with Tukey’s test for 
multiple comparisons was performed. **p < 0.01. 
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Figure 4.15 

 

Figure 4.15. CD44 and activated EGFR co-localize in high HA content hydrogel cultured 
HK301. Representative images of immunofluorescence staining for CD44 (red), p-
EGFR (green), and Hoechst 33342 (blue) in hydrogel cultures in which HK301 cells 
were cultured 0.5% or 0.1% (w/v) HA, 1 kPa hydrogels 6 days after treatment. Arrows 
indicate overlapping staining for CD44 and p-EGFR.  
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Figure 4.16 

 

Figure 4.16. CD44 and activated EGFR co-localize in high HA content hydrogel cultured 

HK423. Representative images of immunofluorescence staining for CD44 (red), p-

EGFR (green), and Hoechst 33342 (blue) in hydrogel cultures in which HK423 cells 

were cultured 0.5% or 0.1% (w/v) HA, 1 kPa hydrogels 6 days after treatment. Arrows 

indicate overlapping staining for CD44 and p-EGFR.   
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Figure 4.17 

 

Figure 4.17. Successful knockdown of CD44 in HK301 cells. Representative images of 
immunofluorescence staining for CD44 (red) and Hoechst 33342 (blue) in hydrogel 
cultured HK301. 
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Figure 4.18 

 

Figure 4.18. CD44 mediates cytotoxic resistance through HA content in hydrogel 
microenvironment. Percentage of apoptotic cells (c-PARP+ HK301 cells) after 6 days of 
erlotinib treatment. Error bars indicate S.E.M. (n=3) One-way ANOVA with Tukey’s test 
for multiple comparisons was performed. *p < 0.05. 
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Figure 4.19 

 

Figure 4.19. Hydrogel conditions and receptor knockdown affect apoptotic efficacy of 
erlotinib on HK301 cells. Representative images of immunofluorescence staining for c-
PARP (red) and Hoechst 33342 (blue) after 6 days of erlotinib treatment. Scale bars = 
200 µm. 
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Figure 4.20 

 

Figure 4.20. CD44 mediates cytostatic resistance through HA content in hydrogel 
microenvironment. Proliferation rate of HK301 cells (EdU incorporation over 2.5 hours) 
during erlotinib treatment. Erlotinib-treated samples were normalized to non-treated 
samples for each condition. Error bars indicate S.E.M. (n=3). Two-way ANOVA (cell 
type, time) with Šidák’s test for multiple comparisons were performed. HA percentage 
indicates volume to weight percentage (% w/v). ****p < 0.0001. 
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Figure 4.21 

 

Figure 4.21. CD168 is upregulated by HA content in hydrogel. Representative images of 
immunofluorescence staining for CD168 (red) on HK301 cells cultured in either 0.5% 
(w/v) or 0.1% (w/v) HA hydrogels. Samples were collected from vehicle group at day 6 
after initiation of drug treatment. Scale bars = 100 µm. Arrows indicate localization of 
staining (surrounding the sphere or in nuclei). 
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RGD and HA cooperate to evade erlotinib-induced apoptosis  

Like CD44, integrins can relay both biochemical and mechanical cues through activation 

of FAK-PI3K-AKT and MAPK-ERK pathways – all previously implicated as mediators of 

resistance to treatment in GBM30,192,200. To investigate cooperative interactions with HA-

bound CD44, the ubiquitous integrin-binding sequence RGD was incorporated into 

hydrogel platforms as described in previous chapters. First, incorporation of RGD 

peptides into in soft hydrogels (1 kPa) with high HA content (0.5% w/v) facilitated GBM 

cell spreading out of spheroidal masses into the surrounding hydrogel as described in 

previous chapter. Next, we investigated how RGD incorporation into hydrogels affected 

cytotoxic effects of erlotinib treatment. On the 3rd day of treatment, GBM cells cultured in 

high HA (0.5% w/v) hydrogels with RGD provided significant protection against erlotinib-

induced apoptosis compared to those in high HA hydrogels without RGD or low HA (0.1% 

w/v) hydrogels with RGD (Figure 4.22). These results imply that engagement of integrin 

and HA receptors cooperate to amplify resistance to EGFR inhibition. 

To investigate downstream effects of integrin engagement, we investigated 

phosphorylation of zyxin and FAK – prominent signaling proteins associated with integrin 

activation. When cultured in high HA hydrogels containing RGD, GBM cells upregulated 

p-zyxin (Figure 4.23). This result is not unexpected given the role of zyxin in integrin-

mediated cell spreading and migration in 3D culture201 and the invasive morphology of 

cells cultured in 3D hydrogels. However, erlotinib treatment did not affect p-zyxin levels 

in HK301 or HK423 cells (Figure 4.23, 4.24).  
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Integrin activation of FAK is thought to facilitate cancer cell resistance to drug-induced 

apoptosis31. Levels of p-FAK were similar in untreated cultures in HA hydrogels with or 

without RGD. However, when cultured in hydrogels containing RGD, erlotinib treatment 

increased p-FAK activity (Figure 4.23). To further confirm that apoptotic resistance was 

mediated by cell-RGD interactions, cyclo-RGD was used as an inhibitor202. Addition of 

cyclo-RGD effectively reversed cell spreading, as reported in previous chapter, and 

reduced p-zyxin (Figure 4.24). When treated with erlotinib and cyclo-RGD, p-FAK levels 

were comparable to non-treated cells (Figure 4.24). Moreover, this combined treatment 

reversed the ability of RGD to rescue cells from erlotinib-induced apoptosis (Figure 4.25).  
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Figure 4.22 

 

Figure 4.22. Interactions of integrins and CD44 with the scaffold protect glioblastoma 
cells from erlotinib-induced apoptosis (HK301 cells). Percentage of apoptotic cells (c-
PARP+) after 3 days of erlotinib treatment. Error bars indicate S.E.M. (n=3). Two-way 
ANOVA (hydrogel condition, treatment) with Šidák’s test for multiple comparisons were 
performed (***p < 0.001). 
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Figure 4.23 

 

Figure 4.23. Integrin-matrix RGD interaction protects erlotinib induced apoptosis 
through FAK and Zyxin signaling. Right panel, representative Western blot images 6 
days after erlotinib treatment. HK301 was encapsulated in different gel types. Left 
panels, normalized integrated intensity signals of phospho-FAK, total-FAK and 
phospho-zyxin. Error bars represent standard deviation across individual experimental 
repeats (n=4).   
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Figure 4.24 

 

Figure 4.24. Integrin-matrix RGD interaction protects erlotinib induced apoptosis 
through FAK and Zyxin signaling. Left panels, representative Western blot image 
(HK301 and HK423 cells after 6 days of treatment). Right bar graphs, normalized 
integrated intensity signals of phospho-FAK and phospho-zyxin. Error bar represents 
standard deviation across individual experimental repeats (n=4 for HK301 n=3 for 
HK423). Error bars represent standard deviation from individual experimental repeats. 
One-way ANOVA and Tukeys’s multiple comparison test were used. *p<0.05, **p<0.01, 
***p<0.001, ****p<0.0001. 
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Figure 4.25 

 

Figure 4.25. Cyclo-RGD treatment reverted integrin-matrix RGD interaction mediated 
cytotoxic resistance to erlotinib. Percentage of apoptotic cells (c-PARP+) 3 days after 
cyclo-RGD treatment. Error bars indicate S.E.M. (n=3). One-way Anova with Tukey’s 
test for multiple comparisons were performed (*p < 0.05, **p < 0.01). HA percentage 
indicates volume to weight (% w/v). “E” - 1µM erlotinib, “ER” - 1µM erlotinib and 50 µM 
cyclo-RGD, “R” - 50 µM cyclo-RGD, “V” - vehicle (DMSO or PBS). 
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Figure 4.26  

 

Figure 4.26. Integrin-matrix RGD interaction protects erlotinib induced apoptosis. 
Representative images of immunofluorescence staining for c-PARP (red) after 3 days of 
treatment with erlotinib and/or cyclo-RGD (or vehicle). HA percentage indicates volume 
to weight percentage (% w/v). Nuclear counterstain (Hoechst 33342) in blue.  
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Discussion 

Therapeutic resistance plays a critical role in GBM lethality. However, preclinical studies 

have inadequately accounted for the influence of the unique properties of brain tissue. 

Our data demonstrate that GBM tumors xenografted at non-CNS anatomical sites, which 

contain less HA in their ECM, acquire resistance to RTK inhibition on a significantly longer 

time scale (Fig. 4.1). Orthogonal tuning of biomaterial features revealed that an HA-rich, 

mechanically soft culture environment is required for GBM cells to acquire resistance to 

RTK inhibition (Fig. 4.12-4.14). Furthermore, 3D cultures of patient-derived GBM cells in 

biomaterials with defined HA content and mechanical properties rapidly developed 

resistance to erlotinib in a manner consistent with patient-matched mouse xenografts 

(Figure 4.1, 4.12) and clinical reports203. Specifically, in both orthotopic animal and high 

HA hydrogel experimental settings, GBM cells acquired erlotinib resistance between 9 

and 12 days of treatment. Taken together, results demonstrate the utility of these 

biomaterial cultures as ex vivo models of GBM that better recapitulate the brain 

microenvironment than standard culture methods yet are easier, more affordable, less 

time consuming (days versus weeks to establish tumors) and provide a more controlled 

experimental context than animal models.  

For all primary GBM cell lines evaluated, changes in cytotoxic and cytostatic effects of 

erlotinib over time were consistent with acquisition of resistance – where despite an initial 

inhibition of p-EGFR, treatment reduced apoptosis while increasing proliferation (Figure 

4.12-4.14). 3D culture in HA-rich hydrogels alone increased p-AKT, while erlotinib 

treatment further upregulated p-AKT levels (Figure 4.9-4.11). This finding indicates that 
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GBM cells resistant to EGFR inhibition may be more aggressive – a possible explanation 

of increased proliferation in HK301 after treatment in high HA hydrogel (Figure 4.12, 4.13).  

As described in previous chapters, we implemented several key improvements over 

previously reported HA-based biomaterials for 3D cell culture30,123,128,141,194,195 that 

enabled development of culture platforms representing a compelling new preclinical 

model for studying mechanisms of drug resistance in brain cancers. The majority of 

previous studies of GBM in 3D biomaterial models have explored only immortalized cells 

lines, such as U87 cells, which likely have significant phenotypic deviations from primary, 

patient-isolated GBM cells103. Although logistically more challenging, primary GBM cells 

– as used here – are more likely to yield clinically translatable findings. Moreover, 

compatibility of an ex vivo experimental platform with primary GBM cells isolated from 

multiple patients will facilitate future application to personalized medicine. 

The lack of CD44 expression in hydrogel cultures with lower HA content (Figure 4.15, 

4.16) indicates HA may induce upregulation of CD44 receptors that can then respond to 

mechanical cues. Previous studies have shown that mechanical cues are transduced 

through the PI3K-AKT pathway, despite EGFR inhibition27. This may explain why EGFR 

resistance is more pronounced in GBM cultures with comparable HA levels and CD44 

expression, but different mechanical moduli. As knockdown of CD44 restored the 

cytostatic and cytotoxic effects of erlotinib, we are confident that HA-CD44 interactions 

contributed to acquisition of erlotinib resistance (Figure 4.18, 4.20). However, cytostatic 

effects were lost over time – implying that GBM cells eventually acquired resistance 

through a CD44-independent mechanism. The observation that the CD168 receptor was 

highly expressed at the cell membrane in these cultures (Figure 4.17) suggests that 
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CD168-HA interactions may compensate for the loss of CD44 to permit acquisition of 

erlotinib resistance. 

Our results are in agreement with previous reports that HA-bound CD44 facilitates 

activation of wtEGFR, and thus resistance to EGFR inhibition27,43,185 (Figure 4.12-4.14). 

The observations that areas of CD44 and p-EGFR expression overlap in GBM cells 

cultured in HA-rich hydrogels (Figure 4.15, 4.16) and tumors xenografted in HA-rich brain 

(Figure 4.4, 4.5) indicate that HA-bound CD44 may increase activation of EGFR through 

physical interactions at the cell membrane and facilitate resistance to EGFR inhibition. 

This has been previously reported to occur in orthotopic xenografts and clinical 

samples27,43. CD44 may also effect activation of EGFRvIII, a common variant in clinical 

tumors associated with resistance to EGFR inhibition and worse patient outcomes42,172,204. 

Notably, RGD peptides acted synergistically with HA in hydrogels to induce cell spreading 

and protect GBM cells from erlotinib-induced apoptosis (Figure 4.22). These results imply 

that a combination therapy of integrin, CD44 and EGFR inhibition may have clinical 

potential.  

Given the complexity of GBM tumors in vivo – including powerful cooperative 

mechanisms and the presence of confounding variables such as the blood-brain barrier 

– it has been challenging to isolate the contributions of individual ECM features using 

animal models. On the other hand, standard in vitro culture methods do not account for 

key features of the brain ECM that are crucial to preserving tumor physiology and 

obtaining experimental results with clinical relevance. Here, we describe biomaterial 

platforms that recapitulate the brain microenvironment to produce ex vivo cultures of 

primary GBM cell lines with unique genetic and phenotypic profiles that are physiologically 
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representative of clinical tumors. Specifically, mechanisms and kinetics of acquisition of 

resistance to EGFR inhibition were preserved in biomaterial, but not in standard 

gliomasphere cultures. Compared to animal models, these biomaterial scaffolds provide 

researchers with a platform in which to perform highly controlled experiments faster, 

cheaper and more reproducibly. In addition, scaffolds are optically transparent – 

permitting imaging of 3D cultures – and compatible with standard techniques for tissue 

processing – including sectioning and histological staining. The ability to independently 

vary individual parameters within the ECM enables characterization of how multiple ECM 

cues act together to facilitate acquisition of treatment resistance and amplify aggressive 

characteristics. Here, this function was used to demonstrate how mechanical modulus, 

HA content and RGD peptides mediate acquisition of resistance to RTK inhibition through 

cooperative interactions among HA, CD44, integrins and EGFR. In conclusion, these 

biomimetic scaffolds with orthogonal control over ECM parameters provide a unique tool 

for researchers to better understand how the complex microenvironment in GBM tumors 

fuels treatment resistance and cancer progression. 
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Chapter 5 

Investigation of resistance to chemotherapies in GBM mediated by matrix features 

Brief introduction: 

The alkylating chemotherapy temozolomide (TMZ) is routinely used as an adjuvant 

chemotherapy following surgical resection of tumors and post-surgery radiotherapy. 

TMZ is administered systemically in cycles for 6 or more cycles; for example, a typical 

patient is given the drug for 5 continuous days followed by no treatment for the 

remaining days of a 28-day cycle 205. Although less common than TMZ treatment, 

biodegradable wafers, which continuously deliver the alkylating chemotherapy agent 

carmustine (also known as BCNU), have been used widely for treatment as well. These 

GliadelTM wafers are implanted locally at the tumor site at the same time as surgical 

resection206. Unfortunately, even with treatment the median survival of GBM patients is 

only 12-15 months207. 

Alkylating chemotherapies, including TMZ and carmustine, work by adding methyl 

groups to the O-6 position of guanine207,208, creating DNA lesions to induce 

apoptosis209. A known mechanism of resistance in GBM involves expression of O6 - 

methylguanine-DNA methyltransferase (MGMT), which can actively repair drug-induced 

DNA lesions210. As such, methylation of the MGMT promoter is recognized as an 

important molecular indicator of chemo-sensitivity208,211. However, more recent analyses 

of clinical data found that the MGMT methylation status prolonged median survival of 

patients treated with TMZ by only 2 months and had no effect on clinical outcome for 



121 
 

patients treated with carmustine 205,212,213. Thus, it is likely that mechanisms other than 

MGMT promoter activity contribute substantially to treatment resistance.  

ECM engagement with either integrin or CD44 receptors has been reported to activate 

Src protein-tyrosine kinase (Src) in 214–216. In sarcoma and ovarian cancer, Src has been 

observed as a modulator of treatment sensitivity, where its inhibition promoted 

chemotherapy-induced apoptosis217,218. In GBM, a number of studies have found 

correlations between Src hyper-activation and tumorigenesis, invasion and progression 

214,215,218,219. However, these previous studies were largely focused on elucidating the 

role of Src in GBM invasion and how Src activation may influence treatment response in 

GBM remains largely unknown.  

Here, we employed hydrogel biomaterials that surround 3D cultured, patient-derived 

GBM cells with a bioengineered matrix composed of HA and integrin-binding sites 

based on the “RGD” adhesive tripeptide. As the mechanical microenvironment can also 

have profound effects on tumor cells220,221, hydrogel matrices were designed to 

approximate the mechanical properties of native brain. Previously, we demonstrated 

that patient-derived GBM cells cultured in these tunable, 3D culture matrices better 

approximated responses to therapeutic inhibition of epidermal growth factor receptor 

(EGFR) observed in patient-matched, orthotopic xenografts than did patient-matched 

GS cultures 198. Here, we used these hydrogel cultures to demonstrate that CD44-HA 

and integrin-RGD interactions act together to drive chemotherapy resistance. 

Furthermore, we have identified Src activation as a key signaling event mediating both 

chemotherapy resistance and invasive morphology. Finally, we demonstrate that ECM 
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components act to protect GBM cells from chemotherapy-induced apoptosis through 

downstream, Src-mediated inhibition of BCL-2 family pro-apoptotic factors. 

Results: 

High HA scaffolds facilitate chemotherapy resistance 

We employed a 12-day treatment protocol where cells were exposed to two treatment 

cycles — 3 days with drug followed by 3 days without — to approximate treatment 

cycles used for TMZ chemotherapy in clinical practice205 (Figure 5.1). Drug response 

was observed in patient-derived GBM cells cultured in 3D hydrogels fabricated with 

either high (0.5% w/v) or low (0.1% w/v) HA content, as previously described198. After 

12 days in culture HK301 cells formed spheroid aggregates with similar morphologies in 

both scaffold conditions without treatment (vehicle control) and high HA scaffolds wither 

treatment (TMZ or carmustine) (Figure 5.2). In contrast, cell aggregates were clearly 

smaller in low HA scaffolds with treatment. Growth kinetics of scaffold cultures tracked 

over time through bioluminescence imaging of a constitutively overexpressing luciferase 

reporter confirmed that HK301 cells in high HA hydrogels had grown significantly more 

than those in other conditions, starting at day 6 of the treatment scheme (Figure 5.3). 

No obvious differences in cell morphology or aggregation were observed with scaffold 

type or treatment for GBM6 cells (data not shown). Growth kinetics of GBM6 cultures 

were also highly variable over the first 9 days of treatment (Figure 5.4). However, 

quantification of the bioluminescence signal from treated cultures, normalized to that 

from untreated, at the end of the treatment on day 12 confirmed that both HK301 and 
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GBM6 cells cultured in high HA hydrogels were less responsive to alkylating 

chemotherapies than those cultured in low HA content hydrogels or as GS (Figure 5.5).  

In clinical cases, a cycle of TMZ chemotherapy is typically defined as 5 days of 

treatment followed 23 days of not treatment, or “rest”207.  During this “rest” period, 

tumors have the opportunity to recover, adapt and/or grow. Here, we applied 3 days of 

treatment followed by 3 days of “rest”. During the first “rest” period (days 3-6), tumor cell 

cultures appeared to switch to a state that was less responsive to treatment with either 

TMZ or carmustine and average growth rates were more similar to untreated controls 

(Figure 5.3).  
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Figure 5.1 

 

Figure 5.1. Schematic of 12-day chemotherapy treatment regimen consisting of 2 cycles 
of 3 days of treatment followed by 3 days of “rest”. Drug treatments included 
carmustine, temozolomide (TMZ), or vehicle (ethanol for carmustine, DMSO for TMZ). 
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Figure 5.2 

 

Figure 5.2. Representative phase contrast image of HK301 cells cultured in 3D 
scaffolds with low (0.1% w/v) or high (0.5% w/v) hyaluronic acid (HA) after the 12-day 
drug treatment. Scale bars = 200 µm. 
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Figure 5.3 

 

Figure 5.3. Bioluminescence measurements of HK301 cells over 12 days of treatment. 
Within each condition, treated samples were normalized to vehicle controls at each time 
point, then to signal before treatment (day 0). Two-way ANOVA (culture condition, time) 
was performed. Error bars show standard deviations (n=3). 
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Figure 5.4 

 

Figure 5.4. Representative luciferase bio-luminescence signals of treated GBM6 cells 
were normalized to non-treated samples and then the signal before treatment (day 0) 
for each condition. Two-way ANOVA (culture condition, time) was performed. Error bars 
show standard deviations (n=3). **p<0.01, ***p<0.001. 
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Figure 5.5 

 

Figure 5.5. Bioluminescence signal in treated cultures of HK301 and GBM6 cells 
normalized to vehicle controls at the end of the 12-day chemotherapy regimen (n=3). 
One-way ANOVA followed by Tukey’s multiple comparison tests were performed. Error 
bars show standard deviations. *p<0.5, **p<0.01, ***p<0.001, ****p<0.0001, “ns” 
represents non-significance. 
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Matrix HA interacts with CD44 to protect against chemotherapy-induced 

apoptosis  

To investigate the mechanism by which the HA-rich hydrogel scaffolds create a 

microenvironment that facilitates drug resistance, we first tested whether culture in 

hydrogels prevented DNA damage from exposure to chemotherapy agents. Using an 

EdU-based assay, we found that carmustine treatment reduced DNA incorporation (i.e., 

proliferation rate) in both high HA hydrogel and GS cultures as measured on the 3rd day 

of carmustine treatment (Figure 5.6, Figure 5.7). TMZ treatment had a similar cytostatic 

effect on cultures in high HA (Figure 5.8). When GS were treatment with either drug, 

too few cells remained to perform reliable measurements of EdU incorporation via flow 

cytometry (data not shown). Although carmustine treatment attenuated cell proliferation 

in both hydrogel scaffold and GS cultures, proliferation in GS was essentially halted 

while some proliferation persisted in hydrogel cultures, prompting further investigation.  

Alkylating agents induce cell cycle arrest, eventually leading programmed cell death, or 

apoptosis222. Thus, we suspected hydrogel-cultured cells may have gained resistance to 

the cytostatic effects of carmustine via reduced cytotoxicity. As predicted, when treated 

with carmustine, relative expression of cleaved poly ADP ribose polymerase (cl-PARP), 

a marker for late-stage apoptosis, in HK301 cells was higher in GS than in high HA 

hydrogel cultures (Figure 5.9). This exact comparison could not be make with GBM6 

cells, as too many cells died with treatment to make it possible to collect lysate for 

Western blotting. By comparing cl-PARP expression in high and low HA hydrogel 

cultures of HK301 cells, we further confirmed that increased HA content led to a 

reduction in apoptosis (i.e., cl-PARP expression) in response to treatment (Figure 

5.10). To evaluate the contribution of the CD44 receptor to anti-apoptotic protection 
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provided by the HA matrix, we repeated experiments with GBM cells transduced with 

shRNA to knockdown CD44 expression. Treatment-induced apoptosis increased 

significantly with the CD44 knockdown (Figure 5.11). No treatment (vehicle) controls 

confirmed that the CD44 knockdown alone was not sufficient to induce cl-PARP 

expression.  

  



131 
 

Figure 5.6 

 

Figure 5.6. Representative plots of flow cytometry analysis showing EdU+ GBM6 cells 
(EdU incorporation by cells undergoing division during a 2.5 hr incubation) after 3 days 
of carmustine treatment (100 µM). 
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Figure 5.7 

 

Figure 5.7. Representative flow cytometry graph showing proliferation rate of HK301 
cells (EdU incorporation over 2.5 hrs) 3 days after 50µM carmustine or vehicle 
treatment. 
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Figure 5.8 

 

Figure 5.8. Representative flow cytometry graphs showing proliferation rate of HK301 
and GBM6 cells (EdU incorporation over 2.5 hrs) 3 days after 500µM temozolomide or 
vehicle treatment. 
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Figure 5.9 

 

Figure 5.9. Representative Western blots showing cl-PARP expression in HK301 cells 
cultured in high HA (0.5% w/v) matrices or as gliomaspheres (GS) after 3 days of 
carmustine (50µM) or TMZ (500µM) treatment. 
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Figure 5.10 

 

Figure 5.10. Top panel: Representative Western blots showing cl-PARP expression in 
GBM6 cells cultured in matrices with low (0.1 w/v) or high (0.5% w/v) HA after 3 days of 
treatment with carmustine (Carm., 100 µM), temozolomide (TMZ, 500 µM), or vehicle. 
Bottom panel: Densitometry analysis of Western blots, cl-PARP normalized to GAPDH, 
across independent repeats (n=3). Error bars show standard deviations. A student’s t 
test was used to compare cl-PARP expression within each treatment arm. *p<0.5, 
**p<0.01, ***p<0.001, ****p<0.0001, “ns” represents non-significance. 
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Figure 5.11 

 

Figure 5.11. Upper panel: Representative Western blots showing cl-PARP expression in 
GBM6 cells (wildtype and shRNA knockdown of CD44) cultured in high HA matrices 
after 3 days of treatment with carmustine (Carm., 100 µM), temozolomide (TMZ, 500 
µM), or vehicle. Lower panel: Densitometry analysis of Western blots, cl-PARP 
normalized to GAPDH, across independent repeats (n=3). Error bars show standard 
deviations. A student’s t test was used to compare cl-PARP expression within each 
treatment arm. *p<0.5, **p<0.01, ***p<0.001, ****p<0.0001, “ns” represents non-
significance. 
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The RGD motif and HA synergistically protect against treatment-induced 

apoptosis  

The integrin-binding RGD motif is found in many ECM proteins, and cell adhesion 

through RGD has been reported to promote survival and invasion in multiple cancers179. 

Our hydrogel system enables incorporation of ECM-mimetic peptides containing RGD to 

recapitulate cell-ECM interactions through which biochemical and biomechanical cues 

may be transduced 198,223. After GBM cell encapsulation into RGD-incorporated 

hydrogels, the majority of cells displayed an invasive morphology resembling a 

multicellular, or collective, migration mode (Figure 5.12). In contrast, cells remained as 

spheroid aggregates when cultured in hydrogels lacking the RGD motif. When treated 

with TMZ or carmustine, incorporation of RGD provided additional protection against 

apoptosis, significantly reducing cl-PARP expression over that in high HA scaffolds 

without RGD (Figure 5.13). To further evaluate the role of immobilized RGD in hydrogel 

matrices, we treated cells with both an alkylating chemotherapy and cilengitide, or 

cyclo-RGD. Cilengitide was developed as a targeted therapy for GBM which acts 

through selective disruption of integrin αV interaction with RGD-containing ECM 

proteins202. In HA-rich hydrogels with immobilized RGD peptides, addition of cilengitide 

competitively abolished the any invasive morphology (Figure 5.14). While cilengitide 

alone did not significantly affect apoptosis, it had a synergistic action when combined 

with chemotherapy agents, where cl-PARP expression increased by at least 2 times 

(Figure 5.15). These results demonstrate how both HA and RGD motifs in the 

microenvironment can protect GBM cells from chemotherapy-induced apoptosis.  
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Figure 5.12 

 

Figure 5.12. Representative phase contrast images of HK301 cells cultured for 8 days in 
hydrogels with high HA (0.5% w/v) and either adhesive peptides bearing the RGD motif 
or non-adhesive cysteines (“CYS”) as a negative control. Arrows indicate cells 
displaying invasive morphologies. Scale bars = 200 µm. 
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Figure 5.13 

 

Figure 5.13. Upper panel: Representative Western blots showing cl-PARP expression in 
HK301 cells, cultured in high HA matrices containing RGD (or CYS control) peptides, 
after 3 days of treatment with carmustine (Carm., 50 µM), temozolomide (TMZ, 500 
µM), or vehicle. Lower panel: Densitometry analysis of Western blots, cl-PARP 
normalized to GAPDH, across independent repeats (n=3). Error bars show standard 
deviations. A student’s t-test was used to compare cl-PARP expression within each 
treatment arm. *p<0.5, **p<0.01, ***p<0.001, ****p<0.0001, “ns” represents non-
significance. 
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Figure 5.14 

 

Figure 5.14. Representative phase contrast images of HK301 cells cultured in 3D 
hydrogel matrices with high HA and RGD after 4 days after cilengitide treatment (50 
µM). Cells were cultured for 8 days in hydrogels before starting cilengitide treatment. 
Arrows indicate cells displaying invasive morphologies. Scale bars = 200 µm. 
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Figure 5.15 

 

Figure 5.15. Upper panel: Representative Western blots showing cl-PARP expression in 
GBM6 cells cultured in 3D hydrogel matrices with high HA and RGD after 3 days of 
treatment with carmustine (Carm., 100 µM), temozolomide (TMZ, 500 µM), or vehicle. 
Cilengitide treatment (50 µM) was started 4 days before beginning chemotherapy 
treatment. Lower panel: Densitometry analysis of Western blots, cl-PARP normalized to 
GAPDH, across independent repeats (n=3). Two-way ANOVA (cilengitide, 
chemotherapy) was performed. pint= 0.03 for HK301 and pint=0.005 for GBM6. Error 
bars show standard deviations. A student’s t-test was used to compare cl-PARP 
expression within each treatment arm. *p<0.5, **p<0.01, ***p<0.001, ****p<0.0001, “ns” 
represents non-significance. 
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Presence of HA and RGD in hydrogel matrices induce co-expression of CD44 and 

integrin αV expression in 3D-cultured GBM cells  

The RGD motif is reported to be a ligand for integrin αV, which undergoes hetero-

dimerization with β integrin subunits upon binding33,202. Given that incorporation of RGD 

peptides into high HA hydrogels significantly enhanced chemotherapy resistance and 

that this effect was abolished by cilengitide treatment, we posited that integrin αV, 

whose binding to RGD is selectively disrupted by cilengitide202, and CD44 may act 

together to facilitate drug resistance. Immunostaining results indicated that GBM cells 

cultured within HA hydrogels bearing RGD co-expressed CD44 and Integrin αV within 

close proximity (within 0.42 µm, the effective resolution of images captured) in cell 

membranes — indicating possible clustering of receptors through binding to the 

available ECM (Figure 5.16). Moreover, omission of HA from hydrogels or treatment of 

cultures with cilengitide abolished co-expression of CD44 and Integrin αV (Figure 5.16). 

Together, these results indicate that direct interactions between CD44 and integrin αV 

may mediate chemotherapy resistance observed in HA-RGD hydrogel cultures. 
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Figure 5.16 

 

Figure 5.16. Representative fluorescence images of immunostaining for CD44 (red) and 
integrin αV (green) of GBM6 and HK301 cells cultured in high HA matrices containing 
RGD (or CYS control) peptide for 8 days. Nuclei were counterstained with Hoescht 
33342 (blue). Primary antibody was omitted for negative control images. Arrows indicate 
areas of CD44 and integrin αV co-expression (yellow). Cells were cultured 8 days 



144 
 

before cilengitide treatment (50 µM), which continued for 3 days. Scale bars = 200 µm 
(20 µm for magnified insets of areas shown by white boxes). 

Integrin αV and CD44 mediate chemotherapy resistance and invasive morphology 

in 3D matrices  

Next, we used lentiviral vectors encoding shRNA against CD44 or integrin αV to further 

investigate effects of their engagement on GBM cells. Interestingly, knockdown of either 

CD44 or integrin αV eliminated all invasive characteristics of HK301 cells (Figure 5.17). 

To investigate how integrin αV affects chemotherapy-induced apoptosis, we compared 

cl-PARP expression between wildtype and integrin αV knockdown cells cultured in 

hydrogels with identical formulations. We found increased cl-PARP expression with 

integrin αV knockdown with carmustine treatment (Figure 5.18). While not statistically 

significant, a similar trend was observed with TMZ treatment. Through bioluminescence 

tracking of GBM cell growth in live cultures, the critical role of integrin αV in ECM-

mediated chemotherapy resistance was confirmed (Figure 5.19).  
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Figure 5.17 

 

Figure 5.17. Representative phase contrast images of HK301 cells (wildtype and 
shRNA knockdowns of CD44 and/or integrin αV (ITGAV)) cultured for 8 days in 
hydrogels with high HA and RGD. Arrows indicate cells displaying invasive 
morphologies. Areas indicated by white boxes in the top row of images are shown at 
higher magnification in the bottom row. Scale bars = 200 µm. 
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Figure 5.18 

 

Figure 5.18. Left panel: Representative Western blots showing cl-PARP expression in 
HK301 cells (wildtype and shRNA knockdown of ITGAV) cultured in hydrogels with high 
HA and RGD after 3 days of treatment with with carmustine (Carm., 50 µM), 
temozolomide (TMZ, 500 µM), or vehicle. Right panel: Densitometry analysis of 
Western blots, cl-PARP normalized to GAPDH, across independent repeats (n=3). A 
student’s t test was performed to compare cl-PARP expression within each treatment 
arm. Error bars show standard deviations. 
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Figure 5.19 

 

Figure 5.19. Left panel: Representative bioluminescence signal overlaid with a 
photograph of HK301 cultures on the 12th day 12 of chemotherapy treatment regimen. 
Red circles indicate locations of hydrogel cultures with the well plate. Right panel: 
Bioluminescence signal in treated cultures of HK301 cells normalized to vehicle controls 
at the end of the 12-day chemotherapy regimen (n=3). One-way ANOVA with Tukey’s 
multiple comparison tests was performed. Error bars show standard deviations. 
****p<0.0001. 
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HA-CD44 and RGD-integrin αV interactions act together to promote 

chemotherapy resistance through Src signaling  

In many cancers, including GBM, Src activation is mediated by integrin binding to ECM 

ligands and can facilitate tumor cell invasion218,224,225. In addition, CD44-mediated 

activation of Src has been reported in colon and ovarian cancers 216,226. Moreover, in 

GBM patients, Src has been identified as a downstream effector of EGFR signaling 

pathways, whose activation directly contributes to chemotherapy resistance225,227. Thus, 

we investigated whether CD44 and integrin αV downstream Src activation in GBM cells 

cultured in high HA hydrogels with RGD. With shRNA knockdown of either CD44 or 

integrin αV, Src phosphorylation was significantly reduced (Figure 5.20A). Next, we 

confirmed that disruption of integrin-RGD binding via cilengitide treatment reduced Src 

activation (Figure 5.20B).  Finally, we verified that RGD and HA were both required to 

maximize Src phosphorylation within GBM cells in 3D culture in our engineered 

matrices (Figure 5.20C, D).  

Based on these results, we postulated that suppression of Src inhibition via dasatinib219 

could sensitize GBM cells to treatment, even in the presence of resistance-promoting 

matrix cues. First, we observed that dasatinib treatment abolished the invasive 

morphology of GBM cells (Figure 5.21). Next, we found that while dasatinib alone does 

not induce apoptosis, dual treatment with an alkylating chemotherapy had a synergistic 

effect induced significantly more apoptosis (assessed by expression of cl-PARP) than 

treatment with either TMZ or carmustine alone (Figure 5.22). Consistent with these 

findings, dasatinib alone had no effects on culture growth (measured by 
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bioluminescence imaging) while combination therapies resulted in a synergistic 

reduction in cell growth of ≥ 50% (Figure 5.23).  
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Figure 5.20 

 

Figure 5.20. Representative Western blots showing Src phosphorylation in GBM cells 
(HK301, GBM6, GS024, GS025 lines). For A, C and D, cell lysates were collected after 
8 days in 3D culture. For B, cilengitide (50 µM) treatment was started on day 8 of culture 
and cell lysates were collected after 3 days of treatment. Densitometry analysis showing 
the ratio of p-SRC to t-SRC is indicated within each panel. 
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Figure 5.21 

 

Figure 5.21. Representative phase contrast images of HK301 cells cultured in hydrogel 
matrices with high HA (0.5% v/w) and RGD for 4 days, then treated for 4 days with 
dasatinib (100 nM) or vehicle (DMSO). Arrows show cells displaying invasive 
morphologies. Scale bars = 200 µm. 
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Figure 5.22 

 

Figure 5.22. Upper panel: Representative Western blots showing Src phosphorylation 
and cl-PARP expression in GBM6 after 3 days of treatment with carmustine (Carm., 100 
µM), temozolomide (TMZ, 500 µM), or vehicle. Dasatinib (100 nM) or vehicle (DMSO) 
was added 4 days before the start chemotherapy treatment. Lower panel: Densitometry 
analysis of Western blots, cl-PARP normalized to GAPDH, across independent repeats 
(n=3). Student’s t test was performed to compare cl-PARP expression within each 
treatment arm. Error bars show standard deviations. Two-way ANOVA (dasatinib, 
chemotherapy) was performed. pint= 0.003 for HK301 and pint=0.0002 for GBM6.   
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Figure 5.23 

 

Figure 5.23. Left panel: Representative bioluminescence signal overlaid with a 
photograph of HK301 cultures on the 12th day 12 of chemotherapy treatment regimen. 
Red circles indicate locations of hydrogel cultures with the well plate. Right panel: 
Bioluminescence signal in treated cultures of HK301 cells normalized to vehicle controls 
at the end of the 12-day chemotherapy regimen (n=3). Two-way ANOVA (dasatinib, 
chemotherapy) was performed. pint= 0.03.  Error bars show standard deviations. *p<0.5, 
**p<0.01, ***p<0.001, ****p<0.0001, “ns” represents non-significance. 
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HA and RGD interactions protect GBM cells from treatment-induced apoptosis 

through suppression of pro-apoptotic members of the BCL-2 family  

Src activation has been reported to regulate activities of BCL-2 family proteins, which 

direct caspase-mediated cleavage of PARP and eventually cause apoptosis228–230. To 

investigate the role of Src activation in GBM chemotherapy resistance, we examined 

expression of BCL-2 family pro-apoptotic factors, including P53-upregulated modulator 

of apoptosis (PUMA), BCL-2-associated X protein (BAX) and BCL-2 homologous 

antagonist killer (BAK), in all conditions. When treated with either alkylating 

chemotherapy, HK301 cells increased expression of PUMA, BAX, and BAK over vehicle 

controls (Figure 5.24A, B). Dual treatment with either dasatinib or cilengitide further 

increased this effect, while treatment with dasatinib or cilengitide alone did not alter the 

expression of any pro-apoptotic factors assayed (Figure 5.24A, B). In the case of 

GBM6 cells, treatment with either dasatinib or cilengitide alone elevated PUMA 

expression, while treatment with either alkylating chemotherapy decreased expression 

of all three pro-apoptotic factors (Figure 5.25). Notably, co-treatment with cilengitide or 

dasatinib rescued the expression of these pro-apoptotic factors.  

Next, we evaluated the connection between upstream engagement of CD44 and 

integrin αV receptors by the hydrogel matrix and downstream expression of BCL-2 

family pro-apoptotic factors in the presence of treatment. Chemotherapy treatment in 

cells with CD44 or integrin αV knockdown induced increased expression of pro-

apoptotic factors (Figure 5.26 A-D). Even without treatment (i.e., vehicle), knockdown 

of either CD44 or integrin αV elevated expression of the pro-apoptotic factors in GBM6 

cells; however, only a slight increase in expression of BAX and BAK occurred in HK301 
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cells (Figure 5.26 A,B). Last, we evaluated whether high HA content and RGD peptide 

were both required to suppress elevation of PUMA, BAX, and BAK expression with TMZ 

or carmustine treatment. In HK301 and GBM6 cells, the relative expressions of the pro-

apoptotic factors when treated with either chemotherapy were consistent with CD44 and 

integrin αV knockdown results, where low HA or a lack of RGD binding sites in the 

matrix resulted in increased expression of pro-apoptotic factors (Figure 5.26B, Figure 

5.27 A-C). Together, results demonstrate that cell-matrix interactions co-activated 

downstream Src to suppress of expression BCL-2 family pro-apoptotic factors and 

augment chemotherapy resistance.  
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Figure 5.24 

 

Figure 5.24. Representative Western blots showing expression of BCL-2 family factors, 
PUMA, BAK and BAX in co-treatment conditions in HK301. 
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Figure 5.25 

 

Figure 5.25. Representative Western blots showing expression of BCL-2 family factors, 
PUMA, BAK and BAX in co-treatment conditions in GBM6. 
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Figure 5.26 

 

Figure 5.26. Representative Western blots showing expression of BCL-2 family factors, 
PUMA, BAK and BAX in different knockdown conditions in A, B) HK301 and C, D) 
GBM6. 
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Figure 5.27 

 

Figure 5.27. Representative Western blots showing expression of BCL-2 family factors, 
PUMA, BAK and BAX in different hydrogel conditions in A) HK301 and B,C) GBM6. 
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Discussion: 

The extreme propensity of GBM to develop therapeutic resistance, where nearly 100% 

of tumor stop responding and recur, is a critical area of study1,211. While molecular 

mechanisms leading to treatment insensitivity and resistance, such as MGMT 

methylation, have been widely investigated and despite a growing body of evidence 

suggesting a major role for ECM in resistance180,231,232, few studies have directly 

evaluated the effects of ECM in the microenvironment on tumor cells. Of studies that 

have explored this area, the majority have relied on adsorbing purified ECM 

biomolecules onto hard, 2D surfaces, such as glass or tissue-culture plastic231, or have 

added ECM components that do not readily adsorb, such as HA, directly to culture 

medium in a non-physiological, soluble form216.  However, these methods fail to 

recapitulate key aspects of the tumor ECM, which is a soft, HA-rich, microporous 

scaffold in which cells are embedded in three dimensions. Recent studies have 

demonstrated that bioengineered, 3D culture systems, designed to mimic the native 

brain tumor ECM, can be used to study the therapeutic response of GBM cells ex vivo 

in a context that yields resistant phenotypes more similar to those observed in vivo than 

can be achieved using traditional, 2D cultures132,133,147,233–235. While the focus of the 

majority of previous studies has been to demonstrate feasibility and potential utility of 

such 3D culture platforms, here we have applied a bioengineered culture platform to 

elucidate detailed mechanisms of ECM-mediated treatment resistance in patient-

derived GBM cells.  

Here, we used a tunable, bioengineered culture platform 1) to demonstrate that the 3D 

microenvironment provided by the ECM facilitates acquisition of drug resistance in GBM 
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and 2) to elucidate mechanisms underlying this phenomenon. Through parallel 

experiments where either HA was removed from the extracellular milieu or CD44 

expression was knocked down, results demonstrate that HA-CD44 interactions promote 

cytostatic and cytotoxic resistance to treatment with carmustine or TMZ. In particular, 

resistance was robust compared to patient-matched gliomasphere cultures, which we 

have previously shown do not express high levels of HA198, underscoring the critical 

contributions of the local ECM microenvironment to GBM cell biology. Moreover, our 

results indicate that HA may promote GBM cell survival during treatment, allowing cells 

to recover during periods of “rest” from treatment, similar to a typical chemotherapy 

cycle in a clinical setting. Specifically, scaffolds with high HA content protected GBM 

cells from chemotherapy-induced apoptosis. HA may have a similar protective effect in 

clinical GBM, where increased HA expression positively correlates with tumor 

aggression 16,22,  

Furthermore, we incorporated the integrin-binding, RGD tripeptide into HA hydrogel 

scaffolds to mimic interactions between cells and ECM proteins, many of which have 

been implicated in GBM aggression (e.g., collagen236, fibronectin237, and vitronectin180) 

and contain the RGD motif through which they can interact with integrin receptors179. An 

important design feature of the hydrogel scaffolds used here is that HA and RGD 

content can be varied independently of culture dimensionality, mechanical properties, 

and diffusivity235. Given that both integrin and CD44 receptors are mechano-

responsive220,221 and that mechanical properties of the 3D microenvironment have 

strong effects on treatment resistance in GBM198,238, hydrogel mechanical properties 

were kept constant around 150 Pa (shear elastic modulus). Previously, we 
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demonstrated that HA-rich hydrogels with this modulus maximized the ability of GBM 

cells to acquire resistance to targeted EGFR inhibition198. The differential effects of RGD 

when immobilized to insoluble hydrogel scaffolds, compared to when added as soluble 

cyclo-RGD (i.e., cilengitide), also provided evidence of force transduction from the 

matrix. Specifically, while immobilized RGD promoted resistance and an invasive 

morphology, these effects were reversed by addition of soluble RGD. 

Consistent with our previous findings198, increasing HA content in bioengineered 

matrices correlated with GBM cell upregulation in expression of the HA receptor CD44. 

Here, we demonstrate that engagement of CD44 and/or integrin αV induces 

downstream Src phosphorylation. In turn, activated Src suppressed expression of the 

BCL-2 family of pro-apoptotic factors in response to chemotherapies. When treated with 

alkylating chemotherapies — which function by damaging the DNA of rapidly dividing 

cells, such as cancer cells, to activate downstream apoptosis — this effect was more 

pronounced. Previous studies have reported that depressed apoptotic signaling in 

cancer cells may allow the cell to stay alive during an “intermediate” period over which 

they acquire resistance to treatment through other mechanisms, including repair of 

alkylated DNA through DNA mismatch repair (MMR) complexes and upregulation of 

drug efflux pumps such as p-glycoprotein211. Notably, we report the novel finding that 

ECM engagement protects GBM cells from chemotherapy-induced apoptosis through 

inhibition of PUMA, a critical pro-apoptotic signaling factor downstream of the P53 

signaling pathway. This result suggests that treatment with a p53 activator, such as 

nutlin189, in combination with alkylating chemotherapies may counteract the pro-survival 

actions of the tumor ECM.  
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Here, we found that addition of RGD to HA matrices reduced chemotherapy-induced 

apoptosis by around 50%  — consistent with previous findings in glioma and lung 

cancer models180,232. Furthermore, dual treatment of either chemotherapy with 

cilengitide, to disrupt integrin-RGD binding, resulted in around three-fold increase in cl-

PARP expression over chemotherapy alone. We posit two potential explanations for 

these findings. First, it is likely that GBM cells deposited additional integrin-binding ECM 

proteins during the culture period and that cilengitide treatment inhibited these 

interactions as well as those with hydrogel-immobilized RGD, resulting in higher level of 

apoptosis. Second, disruption of integrin-RGD interactions may have interfered with 

chemo-protection provided by CD44-HA interactions, indicating the possibility of 

cooperative effects of CD44 and integrin αV signaling.  

Observations of co-expression and systematic knockdowns of CD44 and integrin αV 

provided additional evidence that engagement of these two receptors within a 3D matrix 

acts coorperatively to protect GBM cells from drug-induced apoptosis. These results are 

in agreement with previous reports indicating that CD44 and integrins can physically 

interact at the cell membrane226,239. Furthermore, our results demonstrate that 

engagement of CD44 and integrin αV receptors amplified downstream activation of Src 

to suppress treatment-induced apoptosis. Previously, Src activation has been linked to 

integrin activation and invasive morphology216,218,224, as well as survival and 

chemotherapy resistance217,240, in various cancer types . However, to the best of our 

knowledge, this is the first report demonstrating a direct connection between 

interactions of CD44 and integrins with the 3D ECM leading to Src activation and 

downstream phenotypic changes in GBM cells. Our previous study demonstrated that 
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HA and RGD present in 3D culture matrices could promote development of resistance 

to inhibition of using targeted treatments198. In this study, we revealed how the same 

matrix microenvironment intensifies Src activation, which others have reported to 

mediate resistance to EGFR inhibition via lapatinib in breast cancer241. Thus, we 

suspect that GBM may also be escape EGFR inhibition through matrix-mediated 

activation of Src. 

While a previous phase II clinical trial (NCT00813943) found that addition of the integrin 

inhibitor cilengitide to radio- and chemotherapy improved median overall survival 

improved to 16.3 months from 13.4 months, the phase III trial did not find any improved 

outcomes (NCT00689221) 167,242. Given our results showing the contribution of the non-

integrin CD44 receptor to chemotherapy resistance, addition of therapies targeting the 

downstream signaling molecules of matrix-mediated resistance, such as Src, may be 

more beneficial. Although previous work has identified Src inhibition via dasatinib as a 

possibly effective monotherapy for treatment of GBM using standard, 2D cell culture 

experimental set-up219, phase I/II clinical trials evaluating dasatinib for treatment of 

recurrent GBM found that dasatinib monotherapy produced worse outcomes than 

standard therapy (NCT00423735)243. This result is consistent with our finding in 3D 

hydrogel cultures, where the response of GBM cells to dasatinib treatment alone was 

equivalent to vehicle controls, indicating that our novel hydrogel platform may be a 

better tool for in vitro, pre-clinical screening evaluation of therapeutic strategies than 2D 

culture methods. While dasatinib was not effective as a monotherapy, our results do 

indicate that dual treatment with dasatinib and chemotherapy may be effective. There 

has been one phase II clinical study that investigated the use of dasatinib treatment 
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after the conclusion of more routine radiation and chemotherapy (TMZ) treatment in 

newly diagnosed GBM patients (NCT00869401). However, this study did not find any 

benefits of adding dasatinib over routine therapy alone. Our results indicate that 

dasatinib may only be effective if given in conjunction with, or even prior to, TMZ to 

inhibit Src activation and promote apoptosis. Alternatively, it is also possible that 

inefficient penetration of dasatinib into patient tumors caused the trial failure244.  

In conclusion, we report the use of a bioengineered, 3D culture platform to elucidate 

mechanisms underlying ECM-mediated chemotherapy resistance in patient-derived 

GBM cells. Results demonstrate how matrix engagement of CD44 and integrin αV 

augments downstream Src activation, causing depression of BCL-2 family pro-apoptotic 

factors. This finding provides a strong rationale for investigating the efficacy of 

simultaneous treatment with dasatinib and TMZ in future studies. 
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Chapter 6 

Conclusions and future development 

As a summary of my dissertation research, we have successfully constructed hyaluronic 

acid-based brain mimetic hydrogel system to study GBM drug response and 

mechanisms of drug resistance in the matrix microenvironmental aspect. At the same 

time, we successfully adapted and deployed multiple molecular biology techniques to 

our novel culture system. However, our system faces certain limitations, and further 

improvements are expected, which leads to two primary directions for future 

development of our culture system. 

Currently, our platforms require culture of hydrogel in 12-well plate, and our hydrogel 

size is set at 80µL to ensure enough sample for subsequent experiments. As a result, 

we cannot make more than 50 gels per round of experiment, which limits the number of 

conditions that can be tested at once. Therefore, automated and smaller gel formation 

procedures are desired for real high-throughput drug screening system.  

In addition, when hydrogel cultures are initiated, single cells are distributed evenly in the 

hydrogel, which resembles the scenario when GBM cells are present everywhere in the 

brain. However, this is not realistic as the tumor should be in fact developing from one 

area and infiltratively invade other “brain” regions. Therefore, we are currently 

developing a new “fusion” gel system that allows GBM cells grow/develop from a 

defined area and invade into “native brain”. The fusion gel formation consists of multi-

step radical-initiated polymerization. Basically, a mixture of thiolated hyaluronic acid, 4-

arm-20kDa PEG-norbornene, 4-arm-20kDa PEG-thiol and lithium phenyl-2,4,6-
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trimethylbenzoylphosphinate (LAP) (w/v) 0.025% was mixed with GBM cells in HEPES 

buffer. The gel precursor was exposed to ultra violet (UV, 365nm) for 15 seconds to 

form the first gel. Later, the formed gel was placed inside a larger customized PDMS 

mold, and the vacant area was filled with gel precursor solution that contains no cells. At 

last, the whole sample was exposed to another round of 15 seconds UV to form a fusion 

gel, in which the “cell side” and empty gel side can be distinguished very clearly (Figure 

6.1). The fusion gel has many potential applications such as precise measurement of 

invasion in 3D culture. Researchers would be able to separate invading cells and non-

invading cells under certain conditions such as drug treatment. For example, 

therapeutic induced tumor invasion can be seen through fusion gel system after 

temozolomide or erlotinib treatment (Figure 6.2). Moreover, influences of 

mechanobiology on GBM invasion can be studied by making one side of the gel stiff 

and another side of the gel soft, and a preference of a soft microenvironment can be 

visualized (Figure 6.3).  

In general, our hydrogel-based 3D culture platform has immense potential to expand the 

applications into many more areas in biomedical research. We believe 3D culture 

platforms are necessary to advance the discovery through in vitro methods and 

hopefully these novel platforms can one day replace the currently commonly used 

culture platforms.  
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Figure 6.1 

 

Figure 6.1. Schematic representation of the fusion gel system after gel formation. The 

hydrogel solution consisted of HEPES buffered 0.5%(w/v) HA, 250µM cysteine, 

0.09%(w/v) thiolated PEG and 0.36%(w/v) PEG-norbornene plus 0.025%(w/v) LAP in 

HEPES buffer. The seeding concentration was 1million HK301 cells/mL of gel solution. 

The empty gel side was labeled with FITC. Therefore, the border can be distinguished 

throughout the experiment.    
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Figure 6.2 

 

Figure 6.2 Schematic representation of the fusion gel system after drug treatment for 15 

days. The hydrogel solution consisted of HEPES buffered 0.5%(w/v) HA, 250µM 

cysteine, 0.09%(w/v) thiolated PEG and 0.36%(w/v) PEG-norbornene plus 0.025%(w/v) 

LAP in HEPES buffer. The seeding concentration was 1million HK301 cells/mL of gel 

solution. The borderline of cell-non cell side was labeled with solid green line.  
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Figure 6.3 

 

Figure 6.3 Phase contrast image of the encapsulated cells in fusion gel system after 15 

days of culture. The soft hydrogel solution consisted of HEPES buffered 0.5%(w/v) HA, 

250µM cysteine, 0.09%(w/v) thiolated PEG and 0.36%(w/v) PEG-norbornene plus 

0.025%(w/v) LAP in HEPES buffer, and the stiff gel solution had increased thiolated 

PEG (0.87%(w/v)) and PEG-norborene (0.82%(w/v)) concentrations. The seeding 

concentration was 1million HK423 cells/mL of gel solution. The borderline of cell-non 

cell side was labeled with solid green line. The phase contrast image was obtained 4 

days after encapsulation. 
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