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Abstract

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 patients. A notable example is EGFR kinase inhibitors, which display poor
clinical efficacy despite overexpression and/or mutation of EGFR in >50% of GBM. 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. In this study, we present
a brain-mimetic biomaterial ECM platform for 3D culturing of patient-derived GBM cells, with
improved pathophysiological properties as an experimental model. 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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Introduction

Glioblastoma (GBM) is the most common and aggressive cancer originating in the central
nervous system (CNS)(1). High lethality is largely attributed to poor therapeutic response to
current treatments(2). Similar to many peripheral cancers, the epidermal growth factor
receptor (EGFR), a receptor tyrosine kinase (RTK), is overexpressed and/or mutated in more
than 50% of GBM tumors(2). EGFR stimulation activates the PI3K-AKT and MAPK-ERK
pathways to promote progression, invasion, survival, and drug resistance(3). Targeted
inhibition of EGFR has been largely successful in treatment of non-CNS malignancies with
EGFR amplification and/or mutation, including breast cancer and non-small cell lung
carcinoma(4,5). However, EGFR inhibition has been largely ineffective against GBM in
clinical trials(6).

We contend that the unique brain microenvironment substantially contributes to the failure
of targeted EGFR therapies in GBM. In contrast to malignant cancers of peripheral origin,
GBM rarely metastasizes beyond the brain(7), indicating a strong preference for the brain
microenvironment. The long chain polysaccharide hyaluronic acid (HA) is abundant in brain
extracellular matrix (ECM). In GBM, overexpression of HA is associated with many
phenotypic changes associated with cancer progression including initial tumor development,
cancer cell proliferation, invasion, resistance to therapeutic agents and post-treatment
recurrence(8). Likewise, cell surface receptors for HA, including CD44 and CD168 (also
known as HMMR or RHAMM), are often upregulated on GBM cells(9-11) and increased
CD44 expression in clinical tumors is a poor prognostic indicator(12).

Increased deposition of ECM proteins — which interact with integrins through the RGD
sequence — directly correlates with poor GBM prognosis(13-16). Treatment of GBM with
Cilengitide — a cyclic RGD peptide designed to inhibit RGD interactions with integrin a3
— has shown modest success as an adjunct therapy to prevent integrin-mediated protection
from drug-induced apoptosis in clinical trials(17). However, “inside-out” activation of
integrin B, by HA-bound CD44 can bypass direct integrin-ECM interactions to promote
survival of gastrointestinal, breast and ovarian cancer cells(18-20). Mechanical signaling
from the GBM microenvironment, which is stiffer than normal brain, has also been reported
to influence drug resistance(16,21). Integrins, CD44 and RTKs are
mechanoresponsive(15,22-24).

Taken together, previous reports indicate that interactions among various ECM receptors act
to protect cancer cells from drug-induced apoptosis and facilitate resistance. Thus, we posit
that GBM tumors acquire resistance to EGFR inhibition through interactions with the local
ECM, alternatively activating oncogenic pathways through both cooperation with and
compensation for EGFR. However, the influence of the local microenvironment on
therapeutic resistance in GBM has been challenging to study, as currently available
experimental models fail to account for the complex array of ECM components surrounding
GBM tumors and do not adequately reflect clinical outcomes. To address this limitation, we
have developed a novel biomaterial platform for three-dimensional (3D) culture of patient-
derived GBM cells in which HA content, integrin-binding peptide concentration and
compressive modulus can be orthogonally tuned to mimic GBM tumors.
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Using this hydrogel platform, 3D-cultured GBM cells developed rapid resistance to erlotinib
—a small molecule for targeted inhibition of EGFR currently used in clinical treatment of
several cancers(4,5). Unlike patient-matched gliomasphere cultures, biomaterial-cultured
GBM cells maintained expression of ECM receptors and resistance kinetics similar to
orthotopic xenografts in mice. Orthogonal tuning of both HA content and scaffold stiffness
was required to achieve these results — where a soft, HA-rich microenvironment that
mimicked native brain was necessary to protect GBM from cytostatic and cytotoxic effects
of erlotinib treatment. Furthermore, results demonstrate that these effects are at least
partially mediated by HA-CDA44 interactions. Finally, biomaterial cultures demonstrated the
cooperative effects of integrin and CD44 engagement, where inclusion of RGD peptides into
soft, HA-rich hydrogels significantly increased apoptotic resistance to erlotinib treatment. In
future studies, these ex vivo culture platforms can provide 1) a controlled experimental space
in which to quantify the independent and combined effects of individual ECM components
on drug resistance and 2) more accurate predictions of /n7 vivo tumor physiology.

Material and Methods

All reagents and materials were purchased from ThermoFisher Scientific (Waltham, MA
USA), unless otherwise specified. More details on procedures can be found in
supplementary methods.

Mouse xenografts

All studies were approved by the UCLA Office of Animal Rights Oversight. For intracranial
xenografts, GBM39 or HK301 cells with constitutive expression of gaussia luciferase were
injected (2x1075 cells) into the right striatum (2 mm lateral and 1 mm posterior to bregma,
at a depth of 2 mm) of female nod-SCID-gamma mice (6-8 weeks old). Tumor burden was
monitored semi-weekly via bioluminescence imaging using an IVIS 200 instrument. Two
weeks following injection, mice were randomized into two treatment arms — vehicle or
erlotinib. Mice were euthanized when moribund, which was defined by a loss of 25-30%
body weight from start of treatment in addition to symptoms such as neurological defects,
paralysis, hydrocephalus and hunching. For subcutaneous xenograft studies, 1x10°6
cells/100 pL were injected into subcutaneously into the right flank of mice. Treatment was
initiated once tumors had reached 1mm?3 (approximately 2—-3 weeks). Animals were
euthanized once subcutaneous tumors grew large enough to impede movement. Erlotinib (50
or 75 mg/kg, Cayman Chemicals, Ann Arbor, Ml USA) was administered through oral
gavage. Tissues from mice used for survival studies were extracted, paraffin-embedded,
sectioned (5 um) and analyzed using immunochistochemistry.

Hydrogel fabrication

HA (~700 kDa, LifeCore Biomedical, Chaska, MN, USA) disaccharides (~5%) were
modified with thiol groups via the carboxlic acid. RGD peptide (GenScript, Piscataway, NJ
USA) or free cysteine Sigma-Aldrich) were conjugated to approximately 25% of maleimide
groups on 20 kDa, 4-arm PEG-maleimide (Laysan Bio, Inc. Arab AL USA). Hydrogels were
crosslinked via Michael-type Addition by mixing thiolated HA, 20 kDa PEG-thiol (Laysan

Cancer Res. Author manuscript; available in PMC 2019 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Xiao et al. Page 4

Bio) and PEG-maleimide dissolved in HEPES buffer (pH 6.8). Linear compressive testing
was performed using an Instron 5564 material testing device (Instron, Norwood, MA USA).

GBM cell culture

Primary GBM cell lines GBM39, HK301 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 10-000655(25). GBM39 was collected in span of 1999-
2006(26). 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(27). Cell cultures routinely tested negative for mycoplasma
contamination (Life Technologies, C7028). Cells (50,000/mL) were cultured in DMEM/F12
with 1xG21 (Gemini Bio, West Sacramento, CA USA), 1% penicillin/streptomycin, 50
ng/ml EGF (Peprotech, Rocky Hill, NJ USA), 20 ng/ml FGF-2 (Peprotech), and 25 pg/ml
heparin (Sigma Aldrich). When gliomaspheres reached around 200 pm in diameter, they
were dissociated into single cells in 1 mL of TrypLE Express and filtered through 70 um 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. Medium was replaced 4 days later. In some cases, 24 hrs after encapsulation,
hydrogel cultures were soaked in live/dead assay solution (Life Technologies L3224) for 30
min at room temperature. Hydrogel cultures were then placed on coverglass and imaged
using confocal microscopy (Leica SP5, Wetzlar, Germany).

Drug treatment

Encapsulated single cells were cultured in hydrogels for 1 week before treatment.
Gliomasphere cultures were treated right after dissociation, as previously described(28).
Erlotinib was re-constituted as a 10 mM stock solution in dimethylsulfoxide (DMSO).
Erlotinib was then diluted to 1 uM in culture medium. DMSO alone was used as a vehicle
(i.e., negative control). Cyclo-RGD was dissolved in PBS as 10 mM stock then dissolved in
media as 50 uM. 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 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 c-PARP and
Hoescht were considered to be apoptotic.

For detailed procedures of hydrogel fabrication, hydrogel cryopreservation, Lentivirus
preparation and transduction, mechanical characterization, Western blotting,
immunohistochemistry and imaging, and flow cytometry, please refer to Supplementary
Methods.
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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. Orthotopic transplants of both primary
GBM cell lines (GBM39, HK301) responded poorly to erlotinib (Fig. 1A, Fig. SLA-C)
despite its effectiveness in gliomasphere cultures (Fig. S1D). Erlotinib treatment suppressed
growth of intracranially xenografted GBM39 tumors for only 10 days, after which time the
tumors failed to respond (Fig. 1A, FIG. S1C). In mice with orthotopically implanted HK301
tumors, erlotinib had no detectable effect on tumor growth or survival (FIG. S1A, B). In
contrast, erlotinib treatment inhibited growth of subcutaneously xenografted GBM39 tumors
for more than 200 days before tumors exhibited acquired resistance (Fig. 1B). Tumors of
HK301 cells could be established at orthotopic, but not subcutaneous, transplantation site,
further indicating that the subcutaneous tissue microenvironment may not be amenable to
GBM tumor growth.

Immunohistochemistry revealed HA presence surrounding and within intracranially
xenografted tumors (Fig. 1C). In contrast, HA deposition was only found within tumors, and
not surrounding tissue, in subcutaneous xenografts (Fig. 1C). Expression of phosphorylated
EGFR (p-EGFR) and CD44 remained high in intracranial xenografts regardless of treatment
(Fig. 1D, Fig. S2A). However, minimal expression was observed in subcutaneous xenografts
(Fig. S2A). Furthermore, after erlotinib treatment, CD44 and p-EGFR expression were
nearly undetectable (Fig. 1D). Based on these results, we posited that the ubiquitous
abundance of HA in the brain ECM 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 (Fig. 1D, Fig. S2A, B).

Brain-mimetic hydrogels preserve in vivo phenotype of GBM cells

Although it is clear that the brain ECM contributes to characteristic multi-drug resistance in
GBM(8,13,21), specific mechanisms have been difficult to uncover using conventional
methods. To address current experimental limitations, we developed brain-mimetic
biomaterials as 3D culture platforms to maintain the physiology of patient-derived GBM
cells. Hydrogel biomaterials were fabricated so that multiple aspects of the local ECM —
including HA concentration, mechanical properties and integrin-binding peptides — could be
varied independently (Fig. 2A).

Given its potential importance for maintaining CD44 expression and resistance to EGFR
inhibition (Fig. 1), HA was chosen as a base for hydrogel fabrication. High molecular
weight HA (~700 kDa), which induces CD44 clustering to achieve distinct biological effects
from its low molecular weight counterparts(29), 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 ~5% of HA
disaccharides through carboxylates on N-glucuronic acid (Fig. 2B).
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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(16,30,31). The concentration of HA was altered independently of stiffness by substituting
bioinert PEG-thiol for HA-thiol to maintain a constant total polymer content and molar ratio
of thiols to maleimide groups for crosslinking (Fig. 2A). Figure 2C demonstrates that
increasing total PEG concentration from 0.5% (w/v) to 1% (w/v) yields hydrogels that are
twice as stiff — 1 kPa (1173+77 Pa) and 2 kPa (2160+48 Pa) linear compressive moduli,
respectively — while keeping HA concentration constant at 0.5% (w/v). In addition, HA
concentration was lowered to 0.1% (w/v) while maintaining a linear compressive modulus of
1kPa (981+141 Pa). Hereafter, the mechanical properties of these hydrogels are referred to
as 1 kPa or 2 kPa.

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 and skew results. To evaluate this
possibility, diffusion of fluorescent dye-labeled dextrans of varying molecular weights
through hydrogels was quantified (Fig. 2D). For 20 kDa and 70 kDa dextrans, effective
diffusion through the 1 kPa and 2 kPa hydrogels were statistically equivalent. For all
hydrogels formulations, diffusive equilibrium (i.e., M{/Mins) was reached by around 7 hrs for
20 kDa and around 11 hrs for 70 kDa dextrans. An upper size limit was found at 150 kDa,
which did not diffuse into any of the hydrogels. This result indicates that the hydrodynamic
radius of 150 kDa dextran is larger than hydrogel mesh size. Results confirm that availability
of nutrients, FGF-2 and EGF (<15 kDa), and erlotinib (~300 Da), was equivalent for all
hydrogel cultures investigated.

GBM cell lines (HK301, GBM39, HK423), isolated from three individual patients, were
investigated. All three lines were highly susceptible to erlotinib treatment when cultured as
gliomaspheres (Fig. S1D). Gliomaspheres were dissociated into single cells and suspended
in hydrogel precursor solution immediately prior to crosslinking. A live/dead assay
performed 24 hrs after cell encapsulation confirmed that the majority of cells remained
viable in all hydrogel conditions (Fig. 3A, Fig. S3A). Using an EDU-based assay to quantify
numbers of proliferating cells, we found that ~20% more HK301 cells entered S-phase
within a 2.5 hr period when cultured in 3D than when cultured as gliomaspheres (0<0.05)
(Fig. 3B). Variations in HA content or compressive modulus had no significant effects on
cell proliferation.

Basal levels of CD44 were cell line-dependent. For example, CD44 was observed on HK423
cells in all conditions, but was only detectable on HK301 cells when cultured in high HA-
content hydrogels. 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%
wi/v) or gliomaspheres (Fig. 3C, Fig. S4A-C). These findings agree with our /n vivo results,
where murine xenografts robustly express CD44 when seeded in the HA-rich brain, but not
at subcutaneous sites. (Fig. 1D, Fig. S2). Hydrogel modulus had no effects on CD44
expression (Fig. 3C).
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GBM cells in brain-mimetic hydrogels rapidly acquire drug resistance

Effects of erlotinib treatment on GBM cells cultured in hydrogels or gliomaspheres were
investigated. To mimic brain tissue, hydrogels with 0.5% (w/v) HA and 1 kPa compressive
modulus were used(30,32). To characterize the cytotoxic effects of erlotinib, numbers of
cells positive for nuclear cleaved poly ADP polymerase (c-PARP) were counted (Fig. 4A).
By the 6! day of treatment, GBM cells cultured within hydrogels displayed levels of
apoptosis indistinguishable from non-treated controls (Fig. 4B). Gliomasphere cultures had
significantly more apoptotic cells when treated with erlotinib (Fig. 4B). 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 (Fig. 4C). In addition to
erlotinib, acquisition of resistance to EGFR inhibition in hydrogels was observed when cells
were treated with lapatinib (Fig. S5A).

Further investigation confirmed nearly complete inhibition of wild-type EGFR
phosphorylation (p-wtEGFR) in gliomasphere cultures by day 3 of erlotinib treatment (Fig.
5A,B). In contrast, erlotinib only partially inhibited p-wtEGFR in hydrogel-cultured cells.
Furthermore, erlotinib treatment increased total WtEGFR expression in both hydrogel and
gliomasphere cultures (Fig. 5A,B). Given the high rate of cell death in erlotinib-treated, low
HA (0.1% wi/v) hydrogel cultures, we were not able to obtain sufficient protein lysate to
perform Western blots. However, immunostaining demonstrated that higher HA content in
hydrogels corresponded to increased p-EGFR expression in cultured cells (Fig. S4). CD44
expression also increased with HA content and, like xenografted tumors (Fig. 1D, Fig. S2),
generally overlapped areas of p-EGFR expression (Fig. S3).

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 EGFRVIII (Fig. S5B). Although erlotinib-treated HK301 cells cultured in
gliomaspheres or hydrogels upregulated total expression of WtEGFR (Fig. 5A,B), 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 (Fig. 5A,B). While erlotinib treatment reduced p-
EGFRuVIII, 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 (Fig.5A,B).

Downstream pathways of EGFR include PI3K-AKT and MAPK-ERK, both of which many
studies have reported maintain survival and growth potential of GBM tumors(3). Thus, we
characterized the effects of erlotinib treatment on phosphorylation of AKT and ERK1/2
(Fig. 5A,C). 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 (Fig. 5A,C). In HK301 gliomaspheres, erlotinib treatment significantly
decreased p-ERK levels. Although not statistically significant, a similar trend was observed
for HK423 and GBM39 gliomaspheres (Fig. 5A,C). In all hydrogel cultures, erlotinib
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treatment had no significant effects on p-ERK and p-ERK levels were significantly higher
than in erlotinib-treated gliomaspheres (Fig. 5A,C).

Biomaterials to quantify effects of ECM cues on drug resistance

Figures 1-4 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 progression(16,24). 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% wi/v) and lower compressive
modulus (1 kPa) gained resistance to erlotinib by the 9" day of treatment (Fig. 6A). By the
15t 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 12t 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%
wi/v) did not acquire erlotinib resistance within 15 days. Instead their response was
comparable to that of gliomasphere cultures, with bioluminescence signals close to
background on the 15t day of treatment. Furthermore, minimal HA was observed in
cultured gliomaspheres (Fig. S6A). 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% wi/v) proliferated significantly faster than their untreated controls at the 3- and
6-day time points (Fig. 6B). This increase in proliferation correlated to the increased total
numbers of viable cells observed by the 12t day of treatment (Fig. 6A). Erlotinib treatment
also induced a slight increase in cell proliferation on the 3™ day in other hydrogel conditions
(Fig. 6B). While proliferation had decreased by the 6! 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
6t day of treatment (Fig. 6C). Notably, the kinetics of resistance acquisition to erlotinib of
GBM cells cultured in soft, high HA hydrogels (Fig. 6) were comparable to those observed
in patient-matched orthotopic xenografts in mice (Fig. 1A).

To further investigate the role of CD44, we used shRNA lentivirus to knockdown CD44
expression (Fig. S6B) and repeated erlotinib-treatment experiments. Lack of CD44 mitigated
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both cytotoxic and cytostatic resistance to erlotinib (Fig. 6D,E). Despite 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 12" day of treatment (Fig. 6E, Fig.
S7A, B). 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 (Fig. S8A). In low HA
hydrogels, CD168 expression was confined to the nucleus, where it participates in formation
of mitotic spindles(33).

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 GBM(16,23,24). To investigate cooperative interactions with HA-
bound CD44, the ubiquitous integrin-binding sequence RGD was incorporated into hydrogel
platforms (Fig. 2A). First, incorporation of RGD peptides into in soft hydrogels (1 kPa) with
high HA content (0.5% wi/v) facilitated GBM cell spreading out of spheroidal masses into
the surrounding hydrogel (Fig. 7A, Fig. S9A). Next, we investigated how RGD
incorporation into hydrogels affected cytotoxic effects of erlotinib treatment. On the 3 day
of treatment, GBM cells cultured in high HA (0.5% wi/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% wi/v) hydrogels with RGD (Fig. 7B). 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 (Fig. 7C).
This result is not unexpected given the role of zyxin in integrin-mediated cell spreading and
migration in 3D culture(34) and the invasive morphology of cells cultured in 3D hydrogels
(Fig. 7A). However, erlotinib treatment did not affect p-zyxin levels in HK301 or HK423
cells (Fig 7C, Fig. S9B).

Integrin activation of FAK is thought to facilitate cancer cell resistance to drug-induced
apoptosis(15). 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 (Fig. 7C, Fig. S7B). To further confirm that apoptotic resistance
was mediated by cell-RGD interactions, cyclo-RGD was used as an inhibitor(17). Addition
of cyclo-RGD effectively reversed cell spreading (Fig. 7D) and reduced p-zyxin (Fig. 7E,
Fig. S9B). When treated with erlotinib and cyclo-RGD, p-FAK levels were comparable to
non-treated cells (Fig. 7E, Fig. S9B). Moreover, this combined treatment reversed the ability
of RGD to rescue cells from erlotinib-induced apoptosis (Fig. 7F).
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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. Here,
we report a biomaterial platform for 3D culture of primary GBM cells that mimics native
brain tissue. In agreement previous reports, our investigations found that the ECM
surrounding brain tumors is enriched in HA(35). Moreover, 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. 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. 6A).
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 (Fig. 1, Fig. 6, Fig. S1A) and clinical
reports(6). 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 (Fig. 4,5).
3D culture in HA-rich hydrogels alone increased p-AKT, while erlotinib treatment further
upregulated p-AKT levels (Fig. 5A,C). This finding indicates that GBM cells resistant to
EGFR inhibition may be more aggressive — a possible explanation of increased proliferation
in HK301 after treatment in high HA hydrogel (Fig. 5A,C, Fig. 6B). In addition to EGFR
inhibition via the small molecule erlotinib, hydrogel-cultured GBM cells gained resistance
to lapatinib — another RTK inhibitor — providing evidence that culture of primary GBM cells
in 3D brain-mimetic biomaterials represent a clinically relevant method for evaluate drug
response (Fig. S5A).

Here, we implemented several key improvements over previously reported HA-based
biomaterials for 3D cell culture(24,36-40) that enabled development of culture platforms
representing a compelling new preclinical model for studying mechanisms of drug resistance
in brain cancers. First, HA was minimally modified (~5% of disaccharides contain a thiol
substitution) to maintain the native ability of high molecular weight HA to interact with
CDA44 receptors. In contrast, other methods often modify up to 70% of HA disaccharides.

Second, while previous methods have relied on HA polysaccharides with molecular weights
at or below 200 kDa, we incorporated HA with a range of molecular weights from 500-750
kDa. This size difference has significant effects on HA bioactivity(29,41). For example,
while high molecular weight HA (500-1000 kDa), which is found in abundance in native
brain, suppresses the immune system, 200 kDa HA stimulates cytokine production(29).
High molecular weight HA has also been reported to activate RTKs more efficiently than
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smaller HA chains(41). Although some HA is 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 angiogenesis(42).

Third, the biomaterial platforms reported here achieved effective decoupling of HA content,
stiffness, availability of integrin-binding sites and diffusion. Previously reported methods for
HA hydrogel fabrication typically increased hydrogel stiffness by increasing HA
concentration, and thus total polymer content(30,37). Another common method substitutes
gelatin to vary HA concentration without altering total polymer content; however, gelatin
contains RGD sites(39,40). In our system, orthogonal control of these variables enabled
systematic investigation of how individual features interact to facilitate acquisition of
treatment resistance.

Finally, 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 cells(43). 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 (Fig. 3C, Fig. S4)
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 PI3BK-AKT pathway, despite EGFR inhibition(22). 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 (Fig. 6D, E). 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 (Fig. S8A) suggests that 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 inhibition(22,41,44) (Fig. 5A,B, Fig.
S4). The observations that areas of CD44 and p-EGFR expression overlap in GBM cells
cultured in HA-rich hydrogels (Fig. 3C, Fig. S4) and tumors xenografted in HA-rich brain
(Fig. 1D, Fig. S2) 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 samples(22,44).
CD44 may also effect activation of EGFRvIII, a common variant in clinical tumors
associated with resistance to EGFR inhibition and worse patient outcomes(2,28,45).
Notably, RGD peptides acted synergistically with HA in hydrogels to induce cell spreading
and protect GBM cells from erlotinib-induced apoptosis (Fig. 7B). These results imply that a
combination therapy of integrin, CD44 and EGFR inhibition may have clinical potential.
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Given the complexity of GBM tumors /n 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 /n 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 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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Figurel.
Glioblastoma xenografts acquire resistance to erlotinib at intracranial sites with faster

kinetics than at subcutaneous sites. A) 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). B) 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) C) Representative images of immunohistochemical
staining for HA (brown color indicates positive stain and purple color for hematoxylin stain)
of intracranial and subcutaneous xenografts of GBM39 cells. White dashed lines delineate
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tumor and surrounding tissues. Scale bars = 100 pm. Images of negative controls can be
found in Figure S10A. D) On left, representative images of immunofluorescence staining for
CDA44 (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. Images of
negative controls can be found in Figure S10B. Scale bars = 200 pm.
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Figure 2.

Fabrication and characterization of biomaterial platforms. A) 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. B) Representative H:-NMR spectrum of thiolation,
indicating that approximately 5% of HA glucuronic acid groups have been modified with a
thiol. C) Linear compressive moduli of hydrogels. Percentages indicate weight to volume
ratios (w/v). Error bars represent S.E.M. (n=3). One-way ANOVA with Tukey’s test for
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multiple comparisons were performed (***p < 0.001). D) Left panel shows effective
diffusion coefficients (cm?/s) for 20 kDa and 70 kDa dextrans, respectively, through
hydrogels. Two-way ANOVA with Tukey’s test for multiple comparisons were performed
(***p<0.001). Error bars represent S.E.M. (n=3). Right panel shows diffusion over time of
dextran through HA hydrogels. M¢/Miy¢ is defined as the ratio of dextran released at a
specific time (M) to the total amount of dextran released at infinite time (Mjnf). MMy IS
plotted against the square root of time (s/2) so that the slope indicates diffusion rate. HA
percentage indicates volume to weight percentage (% w/v).
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Figure 3.

Characterization of patient-derived GBM cells in 3D hydrogel culture. A) Representative
confocal microscopy images showing live (green) and dead (red) cells 24 hours after
hydrogel encapsulation of HK301 cells. Scale bar = 100 um. Quantification of the
percentage of viable cells (HK301) 24 hours after encapsulation is shown in the lower right
panel. Error bar represents S.E.M. (n=3). One-way ANOVA with Tukey’s multiplicity test
was performed. NS indicates non-significance. B) Proliferation of HK301 cells in hydrogel
and gliomasphere cultures. On the 4" day of culture, encapsulated cells were pulsed with
EdU (1 uM) for 2.5 hours. Cells were removed from hydrogels and percentage of cells that
had proliferated (EdU") assessed using a flow cytometer. One-way ANOVA with Tukey’s
test for multiple comparisons was performed (*p < 0.05). C) Representative images of
immunofluorescence staining for CD44 (red) in cryosectioned hydrogel and gliomasphere
cultures of HK301 cells. Scale bar = 100 um. HA percentage indicates volume to weight
percentage (% wiv).
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Figure 4.

GBM cells in 3D, HA hydrogel cultures acquire cytotoxic and cytostatic resistance to
erlotinib. A) Representative images of immunofluorescence staining of c-PARP in HK301
cells after 6 days of erlotinib treatment. Scale bar = 200 pm. B) 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). C) 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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Figure5.

Signaling analysis for hydrogel- and gliomasphere (GS)-cultured cells. A) Representative
Western blot images of 72 hours after erlotinib treatment. HA percentage indicates volume
to weight (% wi/v). B,C) Quantification (integrated intensity signals) of phospho-EGFR (B),
phospho-AKT (C) and phospho-ERK1/2 (C) 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 was used (*p<0.05, **p<0.01,
**%p<0.001, ****p<0.0001).
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Figure 6.
HA content and modulus contribute to kinetics of acquisition of erlotinib resistance. A)

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
Sidak’s test for multiple comparisons of hydrogel condition against gliomasphere culture
were performed. Error bars show standard deviation (n=3). B) 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
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S.E.M. (n=3). Two-way ANOVA (culture condition, time) with Sidak’s test for multiple
comparisons of hydrogel condition against gliomasphere culture were performed. C, D)
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. Representative images of c-PARP staining can be found in Fig.
S11A. E) 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
Sidak’s test for multiple comparisons were performed. HA percentage indicates volume to
weight percentage (% w/v). *p < 0.05, **p < 0.01, ****p< 0.0001.
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Figure7.
Interactions of integrins and CD44 with the scaffold protect glioblastoma cells from

erlotinib-induced apoptosis (HK301 cells). A) Representative phase contrast images of
hydrogel-cultured cells 8 days after encapsulation. Scale bar = 200 um. B) 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 Sidak’s test for multiple
comparisons were performed (***p < 0.001). C) Right panel, representative Western blot
images 6 days after erlotinib treatment. HK301 was encapsulated in different gel types. Left
panel, Normalized integrated intensity signals of phospho-FAK, total-FAK and phospho-
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zyxin. Error bars represent standard deviation across individual experimental repeats (n=4).
D) Representative phase contrast images 3 days after treatment with cyclo-RGD (50 uM). E)
Right panel, representative Western blot image (HK301 cells after 6 days of treatment). Left
panel, normalized integrated intensity signals of phospho-FAK and phospho-zyxin. Error bar
represents standard deviation across individual experimental repeats (n=4). F) 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 (% wi/v). “E” - 1uM erlotinib,
“ER” - 1uM erlotinib and 50 uM cyclo-RGD, “R” - 50 UM cyclo-RGD, “V” - vehicle
(DMSO or PBS). Representation images of c-PARP staining can be found in Fig. S11B.

Cancer Res. Author manuscript; available in PMC 2019 March 01.



	Abstract
	Introduction
	Material and Methods
	Mouse xenografts
	Hydrogel fabrication
	GBM cell culture
	Drug treatment
	Quantification of apoptosis

	Results
	Brain microenvironment facilitates resistance to EGFR inhibition
	Brain-mimetic hydrogels preserve in vivo phenotype of GBM cells
	GBM cells in brain-mimetic hydrogels rapidly acquire drug resistance
	Biomaterials to quantify effects of ECM cues on drug resistance
	RGD and HA cooperate to evade erlotinib-induced apoptosis

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7

