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ABSTRACT OF THE DISSERTATION

Matrix Mimetic Hydrogels for High Throughput Screening

by

Jesse Liang
Doctor of Philosophy in Bioengineering
University of California, Los Angeles, 2022

Professor Stephanie Kristin Seidlits, Chair

Cell-matrix interactions mediate complex physiological processes through biochemical,
mechanical, and geometrical cues, influencing pathological changes and therapeutic responses.
Accounting for matrix effects earlier in the drug development pipeline is expected to increase the
likelihood of clinical success of novel therapeutics. Biomaterial-based strategies recapitulating
specific tissue microenvironments in 3D cell culture exist but integrating these with the 2D
culture methods primarily used for drug screening has been challenging. The development of
methods which can incorporate the flexibility and utility of biomaterials will improve therapeutic
development for diseases like Glioblastoma (GBM). Whose unique physiological characteristics
have rendered traditional therapies ineffective for treatment. First, | adapt previous hydrogel-
based technologies to be compatible with high-throughput (HT) drug screening platforms.

Second, I further improve upon the underlying technique by developing a system capable of HT



screening of 3-dimensional cultures and demonstrate a proof-of concept personalized medicine
type application. Third, | developed techniques to quantify and characterize the diffusivity of
solutes into hydrogels to understand how physical pore size of hydrogels may affect penetration
of therapeutics to encapsulated cells. Altogether, this work demonstrated the utility of including
hydrogel-based technologies in screening platforms for drug development and the establishment

of fundamental techniques to characterize the effectiveness of future therapeutics for GBM.
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Chapter 1. Introduction to Glioblastoma

Glioblastoma (GBM) is the most common and uniformly lethal brain tumor, the overall survival
newly diagnosed patients ranges from 13 — 19 months with the five year overall survival (OS)
estimated at 6.8%.%2 The current survival rate is the result of an innovation in GBM management
reported in 2005 and involves the maximal safe resection of the primary tumor, followed by
radiotherapy and temozolomide.? The lack of advancement of therapies in the intervening years
from 2005 until the present has not been for lack of effort. According to the NIH clinical trial
website of the 1720 studies associated with the query “glioblastoma” none have been approved
for marketing.* The overwhelming lethality of GBM in the face of state-of-the-art therapies is
well known and is often attributed to its unique and complex biology.®> Three features of GBM
which contribute to these outcomes are its diffuse infiltrative nature (blunting the effectiveness
of resection procedures), the chemoresistance of its cancer stem cell (CSC) population, and the
cold or immunosuppressive tumor microenvironment (TME) of GBM.

1.1. GBM Therapeutics

Current standard of care for GBM includes resection of the primary tumor, followed by
radiotherapy and temozolomide (TMZ).2 During resection of the primary tumor advances in
technologies which help discriminate the border of the tumor have significantly improved the
outcomes of patients.® Beyond the removal of the primary tumor, radiotherapy regimens have
also been used to help ablate the growth of residual tumor cells. Often, a chemotherapeutic
regimen consisting of an alkylating agent such as TMZ is taken as well, and additional clinical

trials are underway investigating the potential for other targeted therapeutics.’



TMZ is a small molecule alkylating agent which act by methylation of purine bases of DNA
forming O6-methylguanine residues throughout the target DNA. 8Upon oral administration,
TMZ is readily absorbed and is broken down under physiological pH to monomethyl triazene
which further reacts to form methyldiazomium cation which can form the O6-Meg lesions. If not
repaired by cellular machinery, these modified guanines will incorrectly base pair and trigger the
DNA mismatch repair enzyme, halting DNA synthesis and eventual apoptosis in an ATR-CHK1-
dependent manner.® This mechanism of cytotoxicity depends on the absence of methylguanine-
DNA methyltransferase (MGMT) enzyme which can reverse the alkylation by TMZ.
Accordingly, methylation of the MGMT promoter is associated with better survival outcomes for
patients.'® Unfortunately, TMZ resistance inevitably emerges in GBM through a combination of
natural resistance to apoptosis and intratumoral heterogeneity with a subset of cells eventually
emerging that are ultimately resistant to TMZ treatment.!

As TMZ is commonly utilized as a general approach, other strategies to target GBM specifically
through targeted inhibition of critical GBM pathways have also been tested in the clinic.'?
Molecular characterization of GBM has been the focus of many groups, including The Cancer
Genome Atlas (TCGA_ which has broadly categorized GBM into a proneural, classical and
mesenchymal subtypes through transcriptomic and genomic characterization of hundreds of
patient samples.***° Follow up work by other groups has revealed additional epigenetic
signatures.'®'’ Nonetheless, these efforts to molecularly classify GBM have helped identify
several targets that are highly upregulated in GBM and represent candidates whose disruption

may promote targeted destruction of GBM. Unfortunately, trials to exploit specific targets with



clinical success have been largely unsuccessful. We will examine two of these cases to
understand why predicted efficacy of these compounds was incorrect.

1.2. Case study 1: Erlotinib, targeted EGFR inhibitor

In theory, targeted disruption of crucial processes of tumor proliferation should result in specific
ablation of tumor function and promote patient health. In many cancers including GBM,
epidermal growth factor receptor (EGFR) is highly mutated and upregulated and becomes a
central receptor whose activity helps promote tumor cell proliferation.'3!® Targeted disruption of
EGFR would thus provide a simple manner by which one can specifically target cancer-cell
specific machinery to ablate cancer growth while leaving other cellular functions predominantly
intact. Indeed, this strategy has been used to great success in other cancers such as breast cancer
and melanoma where erlotinib as a targeted therapeutic was successful.'®

In the case of GBM, however, treatment with erlotinib was found to be a disappointing failure,
with clinical trials demonstrating little to no effect on reduction of tumor burden by treatment
with erlotinib.?° A postmortem analysis of this therapeutic revealed that while EGFR is indeed a
major player in GBM physiology several other cellular mechanisms precluded the efficacy of
erlotinib in targeting GBM. These factors include penetration of the drug across the blood brain
barrier, efflux pump receptors, as well as constitutively active EGFR isoforms which preclude
the effectiveness of erlotinib.?*?2 Additionally, cellular heterogeneity within GBM tumors,
wherein differential expression of EGFR, and dependence, preclude the effectiveness of targeted
strategies like EGFR.?*?* Furthermore, in cells which are reliant on GBM synergistic signaling
through the physical microenvironment provides routes for GBM to escape targeted knockdown

of EGFR. ° As a result, future successful therapies including targeted inhibition must be
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combined with additional therapeutics to prevent the acquisition of drug resistance through
escape pathways.

Following surgical and radiological methods to remove and weaken the tumor, GBM therapies
then turn to the utilization of drugs and biologics to control the residual tumor cells. The general
strategy of drugs, erlotinib and cilengitide, and biologics, monoclonal antibodies to
overexpressed tumor protein (e.g., EGFR), is the targeted disruption of internal cellular processes
which either diminish the viability of the tumor or its invasiveness, and in the case of antibody-
based therapies initiate antibody-mediated cytotoxicity.

1.3. Case Study 2: Cilengitide, targeted integrin inhibitor

Beyond drug resistance, another critical biological behavior of GBM contributing to its overtly
lethal profile is its diffuse migratory nature. Individual cells can migrate as far as 200 um from
the bulk tumor and commonly can be seen to be migrating via white matter tracts or even blood
vessels.2>Another successful tool in the clinic for treatment of other cancers with migratory
and/or metastatic behaviors was the drug cilengitide, a cyclic RGD peptide which targets to the
extracellular matrix (ECM) binding motif of integrins thereby discouraging integrin mediated
mobility of tumor cells.?® Again, cyclo-RGD ended as a disappointing failure in the clinic with
no significant survival gains by the patient.?” One explanation for these disappointing results is
the ECM composition in the brain, which features predominantly a sugar-based network with
very little if any fibrous collagen and other proteins.?® Furthermore, the sugar-based network
containing a relatively high abundance of hyaluronic acid (HA) has gained significant traction,
representing an axis for signaling by both physical and biochemical means to regulate and

promote many of the aggressive behaviors of GBM.2%32
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In two case studies, we note that the in vitro studies suggesting critical roles for EGFR signaling
and integrin based signaling in the progression of GBM was not incorrect.>*=" Rather, the
effectiveness of targeting these players was greatly diminished by effects provided by HA rich
matrix. Indeed, the role of HA in both the progression of and biology of GBM has been the
matter of focus for many years. 3 For these reasons, we will now primarily consider the effects
of HA in GBM biology.

Hyaluronic acid (HA) is a nonsulfated glycosylated aminoglycan that forms the structural basis
of central nervous system (CNS) ECM.3%4% HA is known to induce cellular signaling through
binding to its main extracellular receptor CD44 as well as its other known binding receptor
CD168.* Beyond signaling through its primary receptor, HA has been shown to dimerize with
other extracellular receptors including integrins, EGFR, Toll like receptors, as well as others*4,
Following binding and clustering of these extracellular receptors intracellularly HA based signals
through signaling cascades, MAPK, and PI3K, as well as through cytoskeletal components
through proteins such as Ezrin.**’

HA extracellular concentration is regulated through the coordinated activity of HA synthases and
hyaluronidases, such that cell responses to HA can be binned in either a high molecular weight,
or low molecular weight mode.*® The cleavage of HA from high molecular weight to low
molecular weight is accomplished by hyaluronidase enzymes, which can be localized either
intracellularly or extracellularly.*® Besides hyaluronidases, HA molecular weight is also

controlled by factors in the microenvironment including oxidative activity mediated by
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macrophages, microglia, and astrocytes.>®! Particularly in inflammatory environments, HA is
known to be degraded and potentiate the inflammatory response as identified in several
neurological disorders, including multiple sclerosis, traumatic brain injury, and spinal cord
injury.>2%3 This is in contrast to normal tissue where intact high HA molecular weight is believed
to play important roles in maintaining an anti-inflammatory microenvironment.>*

In GBM specific contexts, HA has been shown to participate in various signaling pathways to
promote both migration and drug resistance. 2%325°°° These studies were done by leveraging
biomaterial approaches to recapitulate aspects of the GBM TME through HA-based
hydrogels.?®* As noted from the above case studies, presentation of the ECM cues via hydrogels
can serve as effective surrogates for ex vivo modelling of GBM tumors. This dissertation focuses
on the development of methodologies to adapt these biomaterials for use in therapeutic
development.

In chapter 2, | demonstrate how tissue engineering principles were used to develop an HA-
hydrogel based platform to improve drug screening of GBM through increasing the throughput
of hydrogel generation. In chapter 3, | extend these methods to three-dimensional formats and
demonstrate a proof-of-concept matrix screening approach on patient derived GBM cells. Finally
in chapter 4, | demonstrate how matrix properties affect diffusivity and partitioning of solutes
and discuss the implication of those studies on emerging GBM therapeutics.
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Chapter 2. Imaging Based Screening Approaches Reveal Biomimetic Peptide

Effects on GBM Drug Resistance

2.1. Introduction

Glioblastoma (GBM) is the most common and highly lethal cancer to arise from central nervous
system tissue with an estimated survival rate of 6.8 % of patients five years post diagnosis from
the period of 2014-2018.! Poor patient outcomes occur despite an aggressive treatment regimen
of maximal safe surgical resection of the primary tumor and concomitant radiotherapy and
chemotherapy (Stupp Protocol). 2 The failure of this treatment regimen can be attributed to two
widely known attributes of GBM. First, its diffuse invasion into surrounding brain tissue, makes
complete resection, despite advances in methods to illuminate the tumor border, impossible.®
Secondly, the cancer stem cell (CSC) compartment of the GBM tumor demonstrates strong
chemotherapeutic resistance and is also known to demonstrate increased aggressiveness when
exposed to radiotherapy.* The lack of effective treatment strategies draws attention to the dire
need to develop novel effective therapeutics.

Many different modalities of GBM therapeutics are in development, including small molecule
drugs, biologics, immunotherapies, cell, and gene therapies, as well as medical devices.® The
current standard of radiotherapy and adjuvant temozolomide (TMZ) falls under the realm of
small molecule drugs and we will focus on that classification of drug as the regulatory and
manufacturing pathways for these molecules is the most well developed.®

In standard drug screening workflows, 2D cultured GBM cells, such as U87, are exposed to
compound libraries numbering in the tens of thousands and screened for effects at the population

level. These processes have been finely honed for speed and reproducibility, including built-in

14



statistical measures of success, allowing for the identification of promising compounds to be
taken further down the drug development pipeline.” One critique of these standard methods has
been the lack of tumor microenvironment namely the blood-brain barrier (BBB) and physical
ECM creates an artificial environment with weaknesses in the cultured cells that is not
representative of the parent tumor. In recent years, an increased focus on GBM biology has
revealed GBM’s dependence on its local tumor microenvironment (TME) to be a major driver of
its biological characteristics. GBMs interaction with the physical extracellular matrix (ECM) has
been linked to its resistance to treatment by temozolomide.>® The GBM TME features an
abundance of hyaluronic acid which via its cellular receptors (CD44, CD168) has been
implicated in mediating acquisition of drug resistance to TMZ. °

A recent innovation in drug screening assays has been the usage of gliomaspheres which are
three dimensional aggregate cultures which synthesize their own ECM and are believed to be
more physiologically relevant.'® Despite these advances we and others have shown that further
recapitulation of aspects of the native TME, such as provision of an hyaluronic acid (HA) based
matriX, is able to grant in vitro cultures of GBM cells increased resistance to therapeutics that
would previously have been predicted to be effective against GBM.*16

Unfortunately, the addition of these HA based matrices comes at the cost of throughput thereby
slowing adoption of these methods into traditional drug screening platforms. A major barrier to
adoption of these technologies lies in the fact that the protocols for fabrication of these novel
matrices are not compatible with high-throughput screening workflows.!’ Indeed, this lack of
compatibility is evident when one considers that many of these approaches were not designed

with the throughput of traditional drug screening libraries in mind. Furthermore, the flexibility of
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hydrogel-based technologies also presents a challenge to end users as the selection of the
‘optimal’ characteristics of the hydrogel system is non-trivial.*® Thus, in addition to methods to
manufacture hydrogels in high throughput, methods which enable the rational selection of
relevant features, hydrogel stiffness, composition, ligand presentation, is also necessary.®
Another weakness of the traditional methodology for drug screening is the population-level
readout typically performed to assess efficacy.?® The recent boom in single-cell biology
spearheaded by methods such as single cell RNA sequencing has revealed the extent of
heterogeneity within a GBM tumor.?* Thus, with the capability to screen at single cell resolution
are expected to yield the greatest insight into GBM biology. Indeed, it is suspected that by
increasing the resolution of screening to that of single cells is expected to yield highly valuable
information of vulnerabilities of subpopulations within the bulk populations.??

Intratumoral heterogeneity represents a significant barrier to therapeutic development as the rich
diversity of cell and cellular subtypes may mitigate effectiveness of therapeutics.*?* Developing
methods which allow for the quantification of cellular response at the single-cell level will lead
to characterization of this heterogeneity and, subsequently, improved therapeutic development.
In this chapter I will discuss my efforts to advance GBM drug screening by developing methods
by adapting previously developed HA based hydrogel technology into a high throughput (HT)
compatible format. Furthermore, we also develop the capacity to perform matrix screening and
an example workflow to select an ‘optimized’ matrix condition which maximizes drug resistance
for a given cell type. We enable these features while simultaneously expanding the resolution of
measurements by adopting an imaging-based readout in anticipation of the importance of single

cell readouts. In our previous studies, we demonstrated how the provision of a HA-rich hydrogel
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environment granted GBM cultures increased resistance to TMZ in an SRC dependent
manner.?42°> We report our efforts to adapt our tissue-engineered, ECM-GBM interface to a
format compatible with traditional drug screening methods. Our platform leverages the strength
of tissue engineering approaches to modulate cellular function and combines it with the speed
and precision of high-throughput workflows. Increased throughput and deposition of cell-laden
hydrogel samples is accomplished through a microfluidic chip liquid handler the Mantis
(Formulatrix). While daily imaging to capture the number of cells (Nuclear reporter protein) and
their cell cycle state (FastFUCCI) was accomplished using a high content well-plate imager the
ImageExpress XL. Analysis of data is performed using CellProfiler an open source python based
image analysis software thereby expanding the utility of these approaches to others. 26 While we
do not fully explore the capability of single cell phenotypic screening in our experiments, our
workflow details the methods and considerations one must take in designing an experiment of
this scale.

2.2. Materials and Methods

Preparation of hydrogel precursor solutions

Hydrogel precursor solutions were prepared as described previously.?” In brief, thiolated
hyaluronic acid (4-6% modification of carboxylic group, HA-SH) was dissolved in 20 mM
HEPES-HBSS at 12.5 mg/mL (1.25 weight percent) along with 4-arm thiol terminated
polyethylene glycol (PEG-SH) at a concentration to contribute the same number of thiol groups
as HA-SH henceforth referred to as solution 1. Solution 2 was prepared by dissolving 4-Arm
vinyl sulfone terminated PEG (PEG-VS) at a concentration such that a molar ratio of 1 SH:1.2

V'S would be achieved by mixing solution 1 and solution 2 at a 1:1 ratio. Peptides from derived
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from various peptides known to be upregulated in the GBM TME were added either alone or as
pairs to achieve a final concentration of peptide of 270 uM in 20mM HEPES-HBSS.?®

Mantis Dispensing Procedures

Gel solution, with and without cells, was loaded via pipette tip into low volume mantis chips and
dispensed into various multiwell plates (96, 384, 1536). To assess dispensing precision 500 nl of
PBS were dispensed into the center of each well using the manufacturers engineering drawing of
well plates for reference. For hydrogel deposition, gel solution was dispensed after mixing and
modifying dispense parameters to account for the increased viscosity of the gel solution.
Crosslinking of dispensed polymer was accomplished by placing the plate inside an incubator
(37 degrees Celsius) for 15 minutes then removed and media was added to each well.
Verification of gel placement and visualization of encapsulated cells was performed with a bench
top transillumination microscope.

Microscopy based Imaging Workflows

Cultures were imaged approximately every 24 hours using an ImageXpress XL at 37 degrees C
and 5% CO2. Imaging was done on a 10X objective on transmitted light, FITC, Cy3, and Cy5
channels using the autofocus program within the imaging software. Custom fields of view were
defined such that the entire droplet was captured via imaging. The autofocus algorithm was set to
identify the bottom of the plate (via IR laser) and then displace the thickness of the bottom of the
well plate.

Cell Culture

Patient derived GBM cultures (GS122 and GS304) were maintained in DMEM/F12 with Heparin

(25 mg/mL), FGF2 (20 ng/mL), EGF 2 (50 ng/mL), Gem21 (b27 substitute) and normoicin (1x).
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Media was refreshed for suspension cultures every 3 days until spheres reached a size of ~ 150
pm at which point they were passaged.’* GBM Cell line U87 was maintained in DMEM
supplemented with 10% fetal bovine serum and 1% antibiotic and antimycotic.

Cell passaging of spheroid was performed by incubation with accutase followed by manual
pipetting to achieve a single cell suspension. Cells were passaged every 5- 7 days depending on
cell line.

Lentiviral infection of GBM lines

Following passage, GBM lines were plated onto laminin coated wells and allowed to attach for
24 hours. Viral particles, for both FASTFUCCI and IRFP, were added at a ratio of 1 transducing
unit per cell such that on average 2 transducing units, 1 FASTFUCCI and 1 IRFP, were added to
each cell.

Temporal Cell Cycle monitoring

Deposited cultures were imaged every 24 hours in the same location over a period of 14 days
with an imageexpress XL. All images were taken at 10X on 4 different filter sets brightfield,
GFP, Cy3, and Cy?7. Individual channel images were fed into a cell profiler pipeline to extract
the numbers of nuclei along with their cell cycle state.

Drug Challenge

3 days after dispensing, cultures were challenged with Temozolomide (TMZ) in DMSO at
500uM in a 3 days on 3 days off format via half media changes at the start of each cycle. ** Co-
treatment with SRC inhibitor Dasatinib was performed by including Dasatinib at 100 nM in
TMZ treated conditions. A Dasatinib only treatment was also obtained to verify marginal effects

on cells.
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Cellprofiler pipeline/segmentation

To determine the parameters for nuclei segmentation manual counts across several wells
spanning the different conditions were used as a ground truth. Sweeps were performed across the
varying parameter values for the functions in cell profiler until the automated quantification
came within 10 percent of the manual counts. To assess generalizability, a separate set of images
was quantified by the same pipeline and shown to come within the same parameters as above.
Statistical Analysis

Strictly standardized mean differences (SSMD) is a robust statistical measure of how likely a
given treatment/condition performs in reference to a control and is commonly used in high
throughput screening.?® We use SSMD to rank the effect of various combinations of peptides to
promote proliferation and drug resistance in a matrix screen of various peptides from proteins
known to be upregulated in the GBM TME. 28

2.3. Results

High-Throughput deposition of Hyaluronic Acid based Hydrogel in multiwell plates

To assess the feasibility of miniaturizing and adapting our HA-based technology to a multi-well
plate platform we assessed the accuracy with which liquid handlers could dispense droplets of
precursor solution into well plates using a liquid handler Mantis formulatrix. The Mantis is a
microfluidic based liquid handler with low dead volumes, and a modular design with up to 6
independent cartridges for solution dispensing, making it ideal for our proof-of-concept studies.
The high reaction speed of the thiol-malemide Michael like addition resulted in gelation of our
polymer solutions upon mixing, thus we switched to a vinyl sulfone (VS) chemistry instead of

the Michael addition chemistry utilized in our earlier studies (Figure 1A).:® The lower reaction
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speed of the thiol — VS Michael like addition allowed for the mixing of our two precursor
solutions prior to dispensing in the Mantis.*® Additionally, the VS chemistry allowed us to retain
the ability to selectively display various GBM ECM derived peptides (Table 1) in a
combinatorial manner.

We assessed the precision with which the Mantis was capable of depositing solution into multi
well plates of sizes 96, 384, and 1536 wells. While the spacing of 1536 well plates were too tight
to accommodate our experiments, the 96 and 384 well plate spacing was amenable to dispensing
(Figure 1B/C). Initial tests with water droplets suggested excellent accuracy however, the
increased viscosity of polymeric solutions required tuning of dispense settings. Specifically, the
diaphragm pressure and vacuum for dispensing, and the timing interval of dispense were
adjusted to increase accuracy of dispensed droplets. These alterations of parameters to allow for
dispensing of polymeric solutions however increased the variability of misspots in 384 well
plates due to static effects or wetting of the droplet to the walls of 384 well plates rendering
significant portions of the plate unusable in an uncontrollable manner (Figure 1D). Deposition
into 96 well plates were extremely consistent with no misspots and was the format of choice for
the rest of the studies. Thus, 96 well plates were used for the rest of the study.

We benchmarked the deposition of HA-based hydrogels by comparing the time it took to prepare
an equal number of gels (96) with our legacy methods. Including the 15-minute crosslinking
time, deposition of gels following mixing of the 2 solutions took less than 20 minutes. For legacy
methods, the process to complete the protocol as detailed in our previous publications could take

up to two hours to complete. Additionally, the amount of hydrogel used in this new process is
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approximately 160 times, further demonstrating cost savings and increase in throughput

necessary for drug screening experiments.

Protein

Vitronectin

Tenascin — C

Integrin-binding

sialoprotein

Osteopontin

Fibronectin

Integrin-Binding Peptides

KGGPQVTRGDVFTMP

RSTDLPGLKAATHYTITIRGV

GGGNGEPRGDTYRAY

TVDVPDGRGDSLAYG

GCGYGRGDSPG

Peptide- Overexpressed

Specific ECM Receptors

Integrins

av, B3 av, al, av, a3,

05, p1 ob, a6, a7 09,
B1,B3, B4, B5,

av 8, CD44

av, B1, B3,

B5

av, ab, 1,

B3, B5, p8

Table 2-1: Adhesive peptides derived from ECM in GBM Tumors, corresponding integrin
receptors and pathologically overexpressed receptors in GBM
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Figure 2-1: High Throughput Deposition of hydrogel into multiwell plates.
1A: Workflow overview. 1B: Verification of droplet dispense fidelity into 384 well plates. 1C:

Verification of droplet dispense fidelity into 96 well plates. 1D: Example misspot (left) and

proper spot (right)
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Developing Methods for Longitudinal Imaging Based Studies

After validating the protocols for high throughput deposition of HA based hydrogels into a
multiwell plate format, we then developed protocols for daily imaging of HA-gel augmented
cultures. Standard drug screening is typically performed on the order of 24-48 hours following
plating of compounds for 2D cultures. However, the kinetics of GBM drug resistance occurs on a
longer time span ranging from weeks to months.2 We utilized the capability of the Mantis to
dispense 500 nanoliter volumes to seed a small portion of the well with cell laden cultures. This
small initial seeding density allowed us to conduct our studies over a period of 15 days similar to
our previous model. ** In addition, we increased the resolution of our cell number
characterization by leveraging the capabilities of the ImageXpress to perform daily imaging.
This increase in sampling frequency garnered us higher resolution in resolving how our GBM
cultures responded dynamically to a drug challenge. The protracted nature of our study also
limited our ability to utilize exogenous stains for cell tracking, due to marker associated
cytotoxicity as well as dilution effects. As TMZ is known to mediate its cytotoxicity through cell
cycle arrest at the G2/M checkpoint we wanted required a reporter which tracked cell cycle state
over the course of our study.®! Additionally, accurate cell quantification is optimally achieved
through the usage of nuclear localized dyes. To satisfy these requirements, we utilized an all in
one variant of the fluorescence ubiquitination-based cell cycle indicator (FUCCI) reporter to

track cell cycle and a histone 2b fusion protein to label the nuclei of our cultures.®
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We assessed the feasibility of performing these long studies with 2 patient derived GBM cell
lines (GS122 and GS304) as well as the transformed GBM cell line U87, commonly used for
drug screening. Following lentiviral co-transduction of the two plasmids cells were expanded for
two passages and then passaged for deposition into well plates. Lentivirally transduced cells
expressed all proteins throughout the 15 days and proliferated in media verifying the
cytocompatibility of our method (Figure 2A). To capture cell growth as a function of time
images from each day over the entirety of area containing hydrogel droplets were quantified by
cell profiler. Tuning of hyperparameters for the various modules used in cellProfiler to detect
individual nuclei was done by manually counting a subset of images and identifying the
combination of parameters which performed optimally (Figure 2B). Quantification of cell
number over time in media conditions for both GS and gel augmented cultures also revealed an

increase in cells undergoing cell cycling. (Figure 2C).
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Figure 2-2: Validation of imaging workflow and guantification analyses.
2A: GS304 cells proliferate when deposited either as gel laden cultures or as single cell

suspension over 15 days. Solid line = average of all wells 2B: Example of Cellprofiler pipeline
for automated image analysis and segmentation of individual nuclei for counting of absolute cell
number and cells in various stages of cell cycle. 2C: GS304 cells increase in the number of cells

cycling over the course of the 15-day assay when cultured in media.
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Evaluation of miniaturized HA gel platform to recapitulate drug resistance acquisition in
GBM cultures

To qualify the utility of our method in a drug screening application we sought to replicate results
we obtained from a previous report wherein patient derived GBM cell lines demonstrated
resistance to alkylating agent temozolomide in a SRC dependent manner. In our previous report,
we utilized a 3D culture platform in which the entire culture was surrounded by the HA matrix in
a 3D format. As we observed robust spheroid formation in HA augmented cultures, we
hypothesized that mechanisms like what we identified in our previous study would be at play in
these cultures as well.**>?” Towards that end we sought to evaluate if our miniaturized HA
platform could provide the same benefits towards drug resistance as our previous culture model,
but with the throughput of traditional 2D screening models. Unfortunately, we found that the
GS122 line was more fragile than the GS304 line and did not tolerate cotransduction with our
two lentiviruses. Thus, we were only able to assess how the provision of a hyaluronic acid-based
matrix would affect GS304s under the context of a drug challenge with TMZ at 500 uM
compared to gliomasphere conditions. Additionally, patient derived GBM cell lines GS122 and
GS304 exhibited a large reduction in the expression of the G2/M indicator of FASTFUCCI
which reached undetectable levels in the cells. Thus, for the purpose of quantifying cell cycling
only nuclei in the G1 phase, red, were quantified.

Notably, provision of an HA based matrix resulted in a higher proportion of cells in G1 phase,
each well was normalized to their day 1 values, following our 15-day study than the GS
condition (Figure 3A/B). Additionally, we validated the capacity for treatment with dasatinib to

selectively abolish resistance to TMZ granted by hydrogel cultures as the TMZ and dasatinib
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dual treatment condition saw a reduction in this metric. In contrast, Dasatinib alone did not
induce significant cell death, although total proliferation was attenuated in comparison to the
vehicle treated condition (data not shown). These results demonstrate that we were successful in
our efforts to miniaturize our hydrogel technology to a high-throughput compatible format while
retaining HA mediated drug resistance to TMZ. Furthermore, the increased throughput of our

methods mean that scaling to testing multiple compounds in combination are now possible.
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Figure 2-3: SRC inhibitor (Dasatinib) abolishes drug resistance acquisition.

Quantification of proportion of cells in G1/S phases increased over the assay period in gel
augmented cultures when treated with TMZ compared to GS conditions. Addition of Dasatinib
was found to abolish this effect in the gel conditions but had no discernable effects in the GS

conditions.
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Matrix Screen with U87 cells

Due to the fragility of the patient derived lines, we utilized the transformed GBM U87 cell line in
a proof-of-concept matrix screen. As the U87 cell line has also been widely used in the literature
we felt that this proof-of-concept study would be of the most utility to the greater GBM research
community as access to patient derived cell lines is typically difficult for research labs outside
large hospital institutions.?® We first evaluated the ability of different peptides derived from
proteins known to be upregulated in the GBM TME to affect proliferation of GBM U87. In
contrast to patient derived cell lines, the U87 cell line exhibited a much faster doubling time.
Thus, we evaluated the effect of peptide presentation on cell proliferation by comparing the
number of cells quantified at day 4 relative to day 1 of our experiments when cultured in media.
We tested all peptides individually as well as pairwise combinations versus the gliomasphere
control. Given the number of conditions we assessed the performance of these various matricies
by strictly standardized mean differences (SSMD) and Fold-Change metrics.?® In high-
throughput screens, however, variation can mask the actual effect.

We simultaneously plotted SSMD and fold change on the y and x axes respectively and
identified that the highest performing conditions were Vitronectin and Osteopontin, Vitronectin
and Tenascin C, and Tenascin C and OP combinations having SSMD values greater than 2 as
well as fold changes greater than 1. These cut offs were chosen according to literature values.?®
According to these metrics most of our tested conditions fail to adequately distinguish
themselves from the control group of gliomasphere. Surprisingly, although each of these
conditions demonstrated a higher rate of proliferation compared to gliomasphere only the

Tenascin C and Osteopontin condition demonstrated any survival benefit in the context of a
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TMZ challenge as assessed by a CCK8 assay at then end of the 15 day experiment. Additionally,
although the Tenascin C and Osteopontin condition demonstrated resistance to TMZ in the U87s
all matrix cultures were found to have lower cell numbers at the end of the two week assay when

treated with dasitinib as was found in the study with GS304.
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2.4. Discussion

In this report we detail our efforts to adapt our HA based hydrogel technology to a format that is
compatible with high throughput workflows such as drug screening. This was accomplished by
adapting technologies such as automated liquid handlers to dispense viscous polymeric solutions
while designing imaging workflows for daily sequential imaging as well as automated image
analysis to handle the increase in acquired data points. In comparison to our previous methods,
we demonstrated an increase in manufacturability on both times spent performing experiments
(up to 6-fold increase in speed) as well as significant reductions in reagent usage (up to 160-
fold). These reductions in cost and labor make it more commercially feasible for entities to
utilize matrix augmented cultures in their drug screens. In addition, we also demonstrated the
capacity to leverage this increase in throughput to perform matrix screening to identify a matrix
composition for drug resistance studies.

In the context of other approaches utilized for drug screening of GBM our approach provides the
capacity for single cell resolution as well as longitudinal readouts. "**-% In its current form we
did not leverage the full potential of these features of our data set, however the utility of these
data points is part of a planned collaboration with data driven modeling experts. Furthermore,
future experiments will expand upon the high content capabilities of the ImageXpress
microscope to provide an even denser data set which can be used to identify novel phenotypes
displayed by these cells. Indeed, towards this goal, we have also developed an additional assay
method to investigate cytoskeletal dynamics using an actin binding peptide. 3’Given the

propensity of GBM to diffusively migrate throughout the brain parenchyma utilization of this
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screening array approach may help identify therapeutics which target these migratory behaviors.
38,39

Limitations of this study include the fact that we were unable to utilize both patient derived cell
lines due to cytotoxicity of the transduction behavior. Given these limitations, alternate methods
of labeling the cells for automated image analysis will be required. Advancements in label free
methods for cell segmentation may help in this regard.*® Another limiting factor of the presented
methods was the limited culture area of 2D surfaces as shown by the tendency for U87 cultures
to overgrow the well plate. Methods to scale this work to three dimensions will require
automated liquid handlers capable of dispensing larger volumes, while also developing imaging
modalities that can handle the increase in sample thickness.

All in all, the presented work here demonstrates the methods and workflow for adaptation of
traditionally artisanal hydrogel fabrication workflows to a high throughput compatible format.
These advancements will help efforts to identify novel therapeutics for the treatment of GBM as
well as the development of precision medicine therapies by identifying patient specific optimized
matrix conditions for evaluation of drug resistance.
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Chapter 3. Hydrogel Arrays Enable Increased Throughput for Screening

Effects of Matrix Components and Therapeutics in 3D Tumor Models

3.1. AUTHORS AND AFFILIATIONS:
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Yackly!, Michael Bick?, Ze Zhong Wang?, Chia-Chun Chen?, Grigor Varuzhanyan?, Robert
Damoiseaux’, Stephanie K. Seidlits'*

tUniversity of California Los Angeles, CA, United States

3.2. SUMMARY:

The present protocol describes an experimental platform to assess the effects of mechanical and
biochemical cues on chemotherapeutic responses of patient-derived glioblastoma cells in 3D
matrix-mimetic cultures using a custom-made UV illumination device facilitating high-

throughput photocrosslinking of hydrogels with tunable mechanical features.

3.3. ABSTRACT:

Cell-matrix interactions mediate complex physiological processes through biochemical,
mechanical, and geometrical cues, influencing pathological changes and therapeutic responses.
Accounting for matrix effects earlier in the drug development pipeline is expected to increase the
likelihood of clinical success of novel therapeutics. Biomaterial-based strategies recapitulating
specific tissue microenvironments in 3D cell culture exist but integrating these with the 2D

culture methods primarily used for drug screening has been challenging. Thus, the protocol
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presented here details the development of methods for 3D culture within miniaturized
biomaterial matrices in a multi-well plate format to facilitate integration with existing drug
screening pipelines and conventional assays for cell viability. Since the matrix features critical
for preserving clinically relevant phenotypes in cultured cells are expected to be highly tissue-
and disease-specific, combinatorial screening of matrix parameters will be necessary to identify
appropriate conditions for specific applications. The methods described here use a miniaturized
culture format to assess cancer cell responses to orthogonal variation of matrix mechanics and
ligand presentation. Specifically, this study demonstrates the use of this platform to investigate
the effects of matrix parameters on the responses of patient-derived glioblastoma (GBM) cells to
chemotherapy.

3.4. INTRODUCTION:

The expected cost of developing a new drug has steadily risen over the past decade, with over $1
billion in current estimates®. Part of this expense is the high failure rate of drugs entering clinical
trials. Approximately 12% of drug candidates ultimately earn approval from the United States
(US) Food & Drug Administration (FDA) in 2019. Many drugs fail in Phase | due to
unanticipated toxicity?, while others that pass safety trials may fail due to a lack of efficacy®.
This attrition due to non-efficacy can partly be explained by the fact that cancer models used
during drug development are notoriously non-predictive of clinical efficacy®.

Functional disparities between in vitro and in vivo models may be attributed to removing cancer
cells from their native microenvironment, including non-tumor cells and the physical ECM®®.
Commonly, research groups use commercially available culture matrices, such as Matrigel (a

proteinaceous basement membrane matrix) derived from mouse sarcomas to provide cultured
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tumor cells with a 3D matrix microenvironment. Compared to 2D culture, 3D culture in
membrane matrix has improved the clinical relevance of in vitro results’®. However, culture
biomaterials from decellularized tissues, including the membrane matrix, typically exhibit batch-
to-batch variability that may compromise reproducibility®. Furthermore, matrices derived from
tumors with different tissue origins from those studied may not provide the appropriate
physiological cues'®. Finally, cancers with high degrees of intratumoral heterogeneity have
microenvironmental features that vary on a submicron-size scale and which the membrane
matrix cannot be tuned to recapitulatet?.

Glioblastoma (GBM), a uniformly lethal brain tumor with a median survival time of
approximately 15 months, is a cancer for which treatment development has been particularly
difficult'?3, The current standard of care for GBM consists of primary tumor resection, followed
by radiotherapy, and then chemotherapy using temozolomide (TMZ)*. Yet, more than half of
clinical GBM tumors exhibit treatment resistance through various mechanisms®®>’. Predicting
the efficacy of a treatment regimen for an individual patient is extremely difficult. Standard
preclinical models used to predict individual outcomes consist of patient-derived tumor cells
xenografted orthotopically into immunocompromised mice. While patient-derived xenografts
can recapitulate many aspects of clinical GBM tumors and are valuable for preclinical models*,
they are inherently expensive, low throughput, time-consuming, and involve ethical concerns®®.
Cultures of patient-derived cells, on 2D plastic surfaces or as spheroids, mostly avoid these
issues. However, despite preserving patient-specific genetic aberrations in these cultures, clinical
translation of in vitro results has been poor representations of both in vivo models and original

patient tumors?. Previously, we, and others, have shown that GBM cells cultured in a 3D ECM
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that mimics the mechanical and biochemical properties of brain tissue can preserve drug
resistance phenotypes'®?:-23,

Interactions between hyaluronic acid (HA), a polysaccharide abundant in the brain ECM and
overexpressed in GBM tumors, and its CD44 receptor modulate the acquisition of drug
resistance in vitro?1?42’, For example, the inclusion of HA within soft, 3D cultures increased the
ability of patient-derived GBM cells to acquire therapeutic resistance. This mechano-
responsivity was dependent on HA binding to CD44 receptors on GBM cells?. Additionally,
integrin binding to RGD-bearing peptides, incorporated into 3D culture matrices, amplified
CD44-mediated chemoresistance in a stiffness-dependent manner?!. Beyond HA, the expression
of several ECM proteins, many containing RGD regions, vary between normal brain and GBM
tumors?. For example, one study reported that 28 distinct ECM proteins were upregulated in
GBM tumors?. Within this complex tumor matrix microenvironment, cancer cells integrate
mechanical and biochemical cues to yield a particular resistance phenotype, which depends on
relatively small differences (e.g., less than an order of magnitude) in Young's modulus or density
of integrin-binding peptides?®-=°,

The present protocol characterizes how tumor cells interpret unique combinations of matrix cues
and identify complex, patient-specific matrix microenvironments that promote treatment
resistance (Figure 1A). A photochemical method for generating miniaturized, precisely tuned
matrices for 3D culture provides a large, orthogonal variable space. A custom-built array of
LEDs, run by a microcontroller, was incorporated to photocrosslink hydrogels within a 384-well
plate format to increase automation and reproducibility. Exposure intensity was varied across

well to alter micro-mechanical properties of resulting hydrogels, as assessed using atomic force
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microscopy (AFM). While this manuscript does not focus on constructing the illumination array
itself, a circuit diagram (Figure 1B) and parts list (Table of Materials) are provided as aids for
device reproduction.

This report demonstrates the rapid generation of an array of GBM cells cultured in unique, 3D
microenvironments in which Young's modulus (four levels across a single order of magnitude)
and integrin-binding peptide content (derived from four different ECM proteins) were varied
orthogonally. The approach was then used to investigate the relative contributions of hydrogel
mechanics and ECM-specific integrin engagement on the viability and proliferation of patient-

derived GBM cells as they acquire resistance to temozolomide (TMZ) chemotherapy.
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Figure 3-1: Cartoon depiction of the protocol.
(A) Cartoon depiction of the process for 3D culture generation and monitoring. (1) HA-based

hydrogel solutions are prepared. (2) Hydrogel solutions are then crosslinked with variable
intensity through LEDs controlled by an Arduino microcontroller. (3) Resulting hydrogel
mechanics are assessed by AFM to verify the difference in gel mechanics. (4) Solutions
matching the formulation from Step 1 are then used to encapsulate patient-derived GBM cells
and treated with the drug. (5) Following 7 days, cell viability is read out via CCK8 colorimetric
assay. (B) Circuit diagram for custom LED illumination array used in this protocol. The

individual components are listed in the Table of Materials.
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3.5. PROTOCOL:

Patient-derived GBM cell lines (GS122 and GS304) were provided by Professor David Nathanson
(our collaborator), who developed these lines under a protocol approved by the UCLA
Institutional Review Board (IRB# 10-000655). Cells were provided de-identified so that the cell
lines could not be linked back to the individual patients.

1. Preparation of hydrogel solution

1.1.  Prepare HEPES-buffered solution by dissolving HEPES powder at 20 mM in Hank's
balanced salt solution (HBSS). Adjust pH to 7 following full solvation.

1.2.  Inthe HEPES-buffered solution, dissolve thiolated HA (700 kDa nominal molecular weight,
see Table of Materials), prepared following the previous report3?!, so that 6%—8% of carboxylic
acid residues on each glucuronic acid are modified with a thiol, at a concentration of 10 mg/mL
in buffer solution.

NOTE: An amber vial is recommended to prevent thiol oxidation by ambient light.

1.2.1. Stir using a magnetic stir plate (<1,000 rpm) at room temperature until fully dissolved,
typically around 45 min.

1.3.  While HA is dissolving, prepare separate solutions of (1) 100 mg/mL of 8-arm-PEG-
Norbornene (20 kDa), (2) 100 mg/mL of 4-arm-PEG-Thiol (20 kDa), (3) 4 mM of cysteine or
cysteine-containing peptide (e.g., GCGYGRGDSPG), and (4) 4 mg/mL of LAP in microcentrifuge
tubes (see Table of Materials).

1.3.1. Prepare each of these four solutions in the HEPES-buffered solution prepared in step 1.1.
Vortex the solutions to ensure full dissolution of each reagent prior to performing step 4.
NOTE: If testing multiple different peptides, each must contain a cysteine or other source of thiol

moiety for this conjugation chemistry.

1.3.2. Prepare solutions (4 mM available thiol) of all peptides to be tethered within a single
hydrogel at this point.
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NOTE: Peptide sequences and ECM proteins from which they were derived and used in this study
are listed in Table 1. N-acetyl cysteine (see Table of Materials), to which cells do not bind, can
be substituted for a bioactive, thiol-containing peptide to titrate the concentration of an adhesive
peptide or act as a negative control3?,

1.4. Mix the individual solutions of HA, PEG-Norbornene, PEG-thiol, and cysteine/thiol-
containing peptides (see Table of Materials) to achieve the final concentrations for the final
hydrogel matrices listed in Table 2. Stir (<1,000 rpm) on a magnetic stir plate for at least 30 min
to mix fully.

NOTE: HA solutions are highly viscous and best handled using a positive displacement pipette
(see Table of Materials). If a positive displacement pipette is unavailable, viscous solutions can

also be dispensed with a standard micropipette by slowly pipetting using wide-orifice tips.

2. lllumination and photocrosslinking of hydrogels via an LED array
CAUTION: Wear UV protective eyewear and cover the illumination field with UV-absorbing

material.

NOTE: The LED array described in this protocol consists of six sets of eight LEDs placed in
series, as illustrated by the provided circuit diagram (Figure 1A). Each set of LEDs can be
independently powered, which allows for up to six different irradiances per run. Supplementary

File 1 contains screenshots corresponding to the following directions for further guidance.

2.1. Download the lllumination Device.zip file from the Supplementary Coding Files. This
directory contains the following files: Arduino.zip (Supplementary Coding File 1), Drivers.zip
(Supplementary Coding File 2), GUl.zip (Supplementary Coding File 3), and Holder.zip
(Supplementary Coding File 4).
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NOTE: 3D Print the top and bottom portions for holding the circuit board in place (see
Supplementary Coding Files for details).

2.2. Download and install the microcontroller software (see Table of Materials).

2.3. Download and install the GUI software (see Table of Materials). Refer to Supplementary
File 1 for software operating instructions.

2.4.  Open Processing and install the controlIP5 library via clicking on Sketch > Import Library
> Add Library. Then, search for controllP5 in libraries and click on Install. Perform this for the
very first time.

2.5.  Power the illumination device (see Table of Materials) using the 36 Volt power supply
and connect it to a PC using a micro-USB cable.

NOTE: Some devices will not install drivers automatically for various Arduino nano boards. One
set of drivers is provided in the device zip file.

2.6.  Open the Arduino.ino file, located in the Adruino.zip folder, using Arduino IDE.

2.7. Compile the Arduino.ino file by clicking on the Checkmark button. Upload the compiled
code by clicking on the Arrow button.

2.8. Open the GUI.pde file, located in the GUI.zip folder, using Processing.

2.9. Click on Run in the processing program to launch the graphical user interface for
controlling the illumination device.

2.10. In the graphical user interface window, click on Intensity for the column containing
hydrogel precursor solution to be crosslinked and input the desired intensity. Click on the Time
box and input desired time. For the solution provided in Table 2, this will be 15 s.

NOTE: End-users need to calibrate digital intensity values to irradiance using a radiometer.
Examples of typical intensities are provided in Figure 2A.

2.11. Align the samples with the illumination device (Figure 2B) with every other LED in a single
column of the silicone molds (see Table of Materials) or 384-well plate. Click on Finish to begin
illumination. Repeat this process as necessary for illumination of multiple slides or other wells of
a 384-well plate.
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NOTE: The holder is designed such that the 384-well plate sits flush with one corner of the inner

chamber during illumination.

2.11.1. Following illumination, when placed in one corner, move the well plate to the next corner
and repeat. To illuminate wells on the other half of the plate, lift the plate out of the holder and
rotate 180°.

2.12. Generate hydrogels with varying mechanics for mechanical characterization following the
steps below.

2.12.1. Clean the glass slides and silicone molds using tape to remove debris. Adhere the silicone
molds to the glass slide, press down to ensure a good seal, and displace any air bubbles.

2.12.2. Pipette 80 pL of hydrogel precursor solution, as prepared in step 1.4, into each silicone
mold on the glass slide.

2.12.3. Place the glass slide onto the illumination device aligned with every other LED in a single
column. Expose the hydrogel precursors to UV light for 15 s, as described in step 2, to
photocrosslink.

2.12.4. Once illumination has stopped, retrieve the slides, and loosen the gels from the molds by
tracing the inner circumference of the mold with a fine tip (10 uL pipette tip, 30 G needle, etc.).
Remove silicone molds with tweezers/forceps.

2.12.5. Move crosslinked hydrogels into individual wells of a 12-well plate by wetting a spatula
and gently pushing them off the glass slide. Fill each well with 2 mL of DPBS (see Table of
Materials) prior to adding the hydrogel. Swell the gels in DPBS solution for at least 12 h (typically

overnight) at room temperature (for the next day's mechanical characterization).

3. Atomic Force Microscopy (AFM) measurements

3.1.  Turnon the atomic force microscope (AFM) according to the manufacturer's instructions
(see Table of Materials). This protocol provides brief instructions for using the instrument and
the related software.

3.2. Install the AFM probe (see Table of Materials).
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NOTE: For the present study, a triangular silicon nitride cantilever with a nominal spring constant
of 0.01 N/m was modified with a spherical 2.5 um silicon dioxide particle.

3.3.  Following installation, align the laser to the apex of the triangular probe, and then adjust
mirror and laser deflection to maximize signal sum (typically between 1.5-2.2 Volts).

3.4. Immerse the probe in DPBS and wait for up to 15 min to obtain thermal equilibrium. Click
on the Calibration button and select Contact-Dependent calibration. Click on the Collect Thermal
Tuning button, and following data collection, select the peak around 3 kHz for calibration.

NOTE: Slight adjustment of the mirror and laser deflectors may be necessary following immersion
into a liquid due to refractive index changes.

3.5. Approach the surface of a Petri dish (plastic) by setting the Approach Parameters to
Constant Velocity, a target height of 7.5 um, and an approach speed of 15 um/s. Enable Baseline
Measurement Per Run for Approach so that the approach runs continuously and does not stop
early due to drift in the deflector.

3.6. Upon approach, set acquisition parameters for force mapping to 4 nN turnarounds, 2 um
indentation distance, 1 pum/s velocity, and 0 s contact time. Press the Start button to begin
collecting a force curve on the plastic surface (e.g., a well plate).

3.7. Returnto the calibration window and select the portion of the force curve corresponding
to contact and indentation of the plastic. Accept the calculated sensitivity and stiffness values for
the probe to complete calibration.

3.8. Following calibration, raise the AFM probe and place the hydrogel sample for
interrogation. Approach hydrogel following the settings provided in step 5.

NOTE: During the approach procedure toward the hydrogel surface, the unit may mistakenly
trigger the approached state. To verify the actual approach, obtain a force curve as in step 4.6.
Repeat the approach procedure if the resulting curve does not show contact and resulting

indentation.
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3.9.  When the surface approach is successful, switch to the Force Mapping mode and set
acquisition parameters to a map of 8 x 8 size with 40 um length per axis. Obtain force maps in
various regions to assess the uniformity of stiffness measurements.

3.9.1. Interpret force curves using the software program JPK SPM Data Processing through a
Hertz/Sneddon model fit (Equations 1 and 2, see Table 3 for the definition of all the variables)
with the spherical geometry selected3?-34,

—aRS] Equation 1%

§ = ZpBs*a Equation 232
2 Rs—a
4, Setting up and drug treatment of 3D, matrix-embedded cultures

4.1.  Prepare desired cells as a single cell solution.

NOTE: Different cell types may require different passaging methods. A typical protocol for
passaging a suspension culture of GBM spheroids from a T-75 flask is reported in reference3..

4.2. Collect GBM spheroids (roughly 150 um in diameter) from a T-75 flask suspension culture
into a 15 mL conical tube. Rinse the culture flask with 5 mL of DPBS to remove any residual cells
and media and add this volume to the conical tube.

4.3. Centrifuge the conical tube containing cells at 200 x g for 5 min at room temperature.
Following centrifugation, remove the supernatant with a 5 mL serological pipette, taking care not
to disturb the cell pellet, and resuspend in 5 mL of DPBS.

4.4. Centrifuge at 200 x g for 5 min at room temperature to wash cells. Aspirate the
supernatant with a 5 mL serological pipette, taking care not to disturb the cell pellet, and then
resuspend cells in 2 mL of cell dissociation reagent (see Table of Materials).

4,5. Incubate at room temperature for 10—15 min. Add 3 mL of complete medium (see Table
of Materials) and gently pipette 3-5 times to break down the spheroids to a single cell
suspension3,
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4.6. Centrifuge the single-cell suspension at 400 x g (single-cell suspensions may be spun
faster for pellet formation) for 5 min to pellet cells at room temperature. Aspirate the
supernatant with a 5 mL serological pipette, taking care not to disturb the cell pellet. Resuspend
cells in 1 mL of complete medium.

NOTE: If the cells remain in clumps, rather than as single cells in suspension, following passaging,
cells can be passed through a 40 um cell strainer to achieve a single cell suspension.

4.7. Remove a portion of the cells for counting using a hemocytometer. Dilute this portion
two-fold with trypan blue, which permeates cells with compromised viability. Count only the live,
colorless cells. Typically, a T-75 seeded at 800,000 cells per flask yields 2—3 million cells after a
week in culture.

4.8. Determine the number of cells necessary for encapsulation. Transfer a volume of media
containing the total number of cells needed into a sterile 1.7 mL microcentrifuge tube. Spin down
at 400 x g for 5 min at room temperature.

NOTE: For example, a minimum of 2.5 million cells resuspended in 1 mL of gel volume is needed
to encapsulate cells at 2.5 million cells/mL. A gel volume of 1 mL allows users to dispense 100 gel
drops, where each gel drop is of 10 puL volume. Preparing an extra ~20% volume of cells
suspended in hydrogel solution is recommended to account for loss during pipette transfer. Thus,
one would prepare 3 million cells and 1.2 mL of hydrogel precursor solution in this example. A
minimum density of 500 thousand cells/mL is recommended.

4.9. Aspirate the supernatant with a micropipette, taking care not to disturb the cell pellet.
Resuspend the cell pellet in the hydrogel precursor solution, as prepared in step 1.4, mixing well
by pipetting up and down with a 1,000 pL micropipette 4-5 times.

4.10. Load the cells into a repeat pipettor (see Table of Materials) set to dispense 10 uL. To
avoid bubbles and uneven dispensing, prime the repeat pipettor by dispensing an additional 1-2
times into a waste container.

4.11. In each well of a 384-well plate, dispense 10 pL of cells suspended in hydrogel solution
from the repeat pipettor. Using the LED array, illuminate each well containing cells (step 2) for
15 s with intensities (example results in Figure 2A utilized intensities of 1.14, 1.55, 2.15, 2.74
mW/cm?) to achieve the desired mechanical properties.

NOTE: It is suggested to start with five replicates per experimental condition and scale up or down
depending on the desired throughput and variance of the endpoint assay.
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4.12. Add 40 pL of complete media to each well containing the cells. Add 50 pL of DPBS to non-
experimental, dry wells surrounding the gels to minimize losses due to evaporation.

4.13. For GBM cells, add 40 pL of the media-containing drug (e.g., TMZ, see Table of Materials)

to achieve the final desired concentration (10 uM-100 uM in dimethylsulfoxide (DMSO) or
vehicle (DMSO), accordingly, starting 3 days after encapsulation.

5. CCK8 proliferation assay

5.1. Add 10 uL of CCK8 reagent (see Table of Materials) to each well containing the cells.

NOTE: If performing this assay for the first time, include negative control wells such as media only
or cell-free hydrogel in media.

5.2.  Incubate for 1-4 h according to the manufacturer's instructions.

NOTE: This time may vary as a function of cell type and density, and thus incubation times need
to be tested for each application so that absorbance values fall within a linear range, a
requirement for applying Beer's Law?°.

5.3. Read absorbances at 450 nm for all wells following incubation.

5.4.  Calculate the average absorbance at 450 nm obtained in step 3 for the vehicle condition
for each group. Divide each drug-treated well by the average of the vehicle control per group.

5.5.  Calculate confidence intervals by generating bootstrap distributions (N = 10,000) through
the percentile method3®.

NOTE: Generally, one may utilize 95% confidence intervals and interpret conditions whose
confidence intervals do not cross over 1 to be significant and warrant further investigation.
Setting confidence intervals to 95% is congruent with setting a significance cutoff of p = 0.05. For
the data shown in the results, there is utility in distinguishing conditions that either promote or
inhibit matrix-mediated drug resistance, requiring a two-side analysis.
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Figure 3-2: Hydrogels fabricated with varying stiffness using tunable LEDs to modify irradiance.
(A) Violin plots show the calculated Young's Modulus from force curves generated by AFM

across three surface regions, spanning 40 um x 40 um, of individual hydrogels. Young's modulus
of each hydrogel is shown as a function of UV irradiance during photocrosslinking. Horizontal
white lines indicate the median for each experimental group. (B) LED array with spacing
matching the pitch of multi-well plates (384-wells). (C) Heat map showing the regional variation
of Young's modulus (mean = 0.8 kPa) for a typical gel crosslinked by exposure to 1.55 mW/cm?2
for 15 s. (D) Heat map showing regional variation of Young's modulus (mean = 8 kPa) for a
typical gel crosslinked upon exposure to 2.74 mW/cmz2 for 15 s. (E) Histogram illustrating the

range of Young's modulus measurements across the surface of hydrogels shown in C and D.
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3.6. REPRESENTATIVE RESULTS:

AFM measurements confirmed precise control of hydrogel mechanics as a function of UV
irradiance (mW/cm?) during photo-crosslinking using a custom-built, Arduino-controlled LED
array (Figure 2A). The hydrogel formulation used in this protocol can be found in Table 2. The
spacing of the LEDs on the provided template matches the spacing for every other well of a 384-
well plate, allowing for the formation of gels inside the plate (Figure 2B). AFM interrogation of
micron-scale regions at the surfaces of single hydrogels showed that hydrogels with softer
average Young's moduli also had smaller ranges of moduli than stiffer hydrogels (Figure 2C-E).

Cell seeding densities that maximize viability should be determined empirically for each cell type.
This study demonstrates that 3D cultures of GS122 cells seeded at densities of 2,500,000 cells/mL
exhibited substantially higher viabilities when assessed after 7 days in culture compared to those
seeded at densities of 500,000 cells/mL (Figure 3A). Furthermore, GS122 and GS304 cells were
used as models for culturing patient-derived GBM cells to investigate the dependence of
chemotherapy response on the stiffness and biochemical composition of the matrix
microenvironment (Figure 3B-D). Cell viability was assessed through the CCK8 assay after
treatment with TMZ for 4 days leading to a total culture time of 7 days by scaling OD4so
measurement by a corresponding vehicle control and generating 95% confidence intervals by
bootstrapping (N = 10,000) with the percentile method3®. With these distributions, conditions in
which confidence intervals did not overlap with a value of 1 (dashed line) were considered
significant. Compared to more commonly used statistical methods such as t-tests or ANOVA,

estimation of confidence intervals, using bootstrapping to estimate distributions that would be
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present for larger sample sizes, is preferred for screening assays whose goal is to identify a
smaller subset of conditions for further investigation. One additional benefit of this method is
that conditions with a smaller spread in a confidence interval can be prioritized over other
conditions with a similar mean value but a higher spread in the confidence interval. This study
indicated that GS122 cells gained survival benefits from microenvironmental interactions (Figure
3B). This survival benefit was significant in the 0.8, 1, and 4 kPa conditions but not in the 8 kPa
condition for GS122 cells. GS304 cells were insensitive to both stiffness and TMZ treatment.
The effect of the biochemical composition of the matrix microenvironment was then examined
by varying the inclusion of ECM-derived, integrin-binding peptides (Table 1) known to be
upregulated in the GBM tumor microenvironment at two stiffnesses, 0.8 kPa, and 8 kPa. Again,
GS304 cells received no significant survival benefit from matrix inclusion and were insensitive
to TMZ. However, GS122 cells showed survival gains in the 8 kPa condition when osteopontin-
derived peptides were included in the matrix, while the incorporation of integrin-binding
sialoprotein (IBSP)- or tenascin-C-derived peptides provided minimal survival benefits, such as
culture in matrices with the general RGD peptide (Figure 3C). In contrast, no peptides conferred
survival gains in the 0.8 kPa culture condition (Figure 3D). Together, the results suggest
intrinsic differences in both matrix and drug responses between the two patient-derived cell lines

evaluated.
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Figure 3-3: Orthogonal presentation of stiffness and integrin-binding peptide reveals intrinsic
biological differences between GBM cell lines.
(A) Typical absorbance values for GS122 cells encapsulated in a 10 pL hydrogel at a density of

500,000 or 2,500,00 cells per mL. (B) Drug response data for GS122 and GS304 cell lines are
visualized by normalizing the OD450 value of the drug-treated wells (N = 5) by the average of
the vehicle-treated wells (N = 5). Viability in the context of drug treatment was observed to vary
nonlinearly for hydrogel stiffness, demonstrating variation between cell lines. (C,D) Drug
response data for GS122 and GS304 cell lines when the type of integrin-binding peptide was
included and matrix stiffness was varied orthogonally. All error bars represent the 95%
confidence intervals obtained from bootstrapping each condition by N = 10,000. The dashed line
(y-axis = 1) corresponds to the case where OD450 for the treatment conditions equals the
vehicle. All experimental values were obtained after seven days in culture; TMZ was added three

days after initial encapsulation for drug studies.
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3D hydrogel cultures can be visualized using standard light microscopy to assess how cell
morphology and invasive behaviors are affected by culture conditions in a cell-line-dependent
manner (Figure 4). Both GS122 and GS304 cells spread when cultured in soft or stiff hydrogel
matrices, including RGD-containing peptides (Figure 4A). While peptides affected cell
spreading, the ability of a cell to spread did not necessarily predict the ability of the culture to
acquire TMZ resistance. For example, GS122 cells show a similar lack of spreading in both 0.8
and 8 kPa with osteopontin; however, GS122 only showed enhanced resistance to TMZ in the 8
kPa condition (Figure 4B). Finally, this miniaturized, 3D culture platform can be used to culture
human cells from other tumor types, including viable organoids of terminally differentiated,

neuroendocrine prostate cancer cells (Figure 4C).
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Figure 3-4: Morphological differences between cells encapsulated in different HA-based hydrogel
environments.

(A) Phase-contrast images of GS122 and GS304, when cultured in a hydrogel (0.8 and 8 kPa),

ve)

GS122

GS304

displayed an RGD motif. White arrows indicate cells with spread morphologies. (B) Phase

images of GS122 and GS304, when cultured in a hydrogel (0.8 and 8kPa), displayed a peptide
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derived from osteopontin. White arrows indicate cells with spread morphologies. Black arrows
indicate cells with rounded morphologies. After seven days in culture, images were taken, and
TMZ was added three days after initial encapsulation. (C) Phase image of a terminally

differentiated neuroendocrine prostate organoid. Scale bars = 200 um (for A,B); 100 um (for C).

Protein Peptide Sequence

RGD GCGYGRGDSPG

Tenascin-C GCGYGRSTDLPGLKAATHYTITIRGV
Integrin-binding sialoprotein (IBSP) GCGYGGGGNGEPRGDTYRAY
Osteopontin GCGYGTVDVPDGRGDSLAYG

Table 3-1: ECM proteins and derived peptide sequences.

Reagent Initial Concentration Volume (uL) Final Concentration
HA-SH Solution 10 mg/mL 2300 5mg/mL

PEG-SH 100 mg/mL 503 Varies per experiment
PEG-Norbornene 100 mg/mL 443 Varies per experiment
Peptide 4 uM 288 .250 uM

LAP 4 mg/mL 288 .25 mg/mL
HEPES-HBSS N/A 798

Table 3-2: Typical final formulation components for hydrogel.
Variable Parameter

Force

Young’s Modulus

Poissons’s Ratio

Indentation (vertical tip position)

Radius of contact circle

O < M M

R Radius of Sphere

Table 3-3: Variables and corresponding parameters for AFM calculations.
3.7. DISCUSSION:

The current work presents methods to generate 3D, miniaturized cultures within HA-based while
simultaneously altering matrix stiffness and peptides available for integrin engagement. This
technique enables the systematic study of how matrix parameters affect cellular phenotypes (e.g.,
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the viability of cancer cells exposed to chemotherapy) with increased throughput. Previous
approaches, including that presented herein, have tuned hydrogel stiffness by varying the percent
total polymer in the final formulation, where stiffer hydrogels have a higher polymer content?*31,
However, this approach necessitates preparing a unique hydrogel formulation for each stiffness
desired, a process that intrinsically lowers throughput. Here, hydrogel stiffness is tuned by
varying UV irradiance during crosslinking so that hydrogels of multiple stiffnesses can be
obtained from a single precursor solution. Future practitioners who may not have the opportunity
to construct the custom illuminator described here can easily substitute a commercially available
UV spot-curing device and adjust illumination as different sectors of a well plate are cured. The
downside to using a commercial spot-curing device is decreased throughput compared to the
custom illuminator. A limitation of the current methods is that unique solutions must still be
prepared for each peptide condition. Similar methods have been used previously by other groups
to produce stiffness-gradient-containing hydrogels®’*8. However, this study demonstrates how
photocrosslinking can enable the miniaturization of experimental samples and reduce the
complexity of experimental setups. Overall, these improvements will allow researchers to
increase experimental throughput when conducting 3D cultures in matrix-mimetic biomaterials

and have utility across several fields in biomedical science beyond neuro-oncology.

The representative results demonstrate how this technique can be used to set up miniaturized, 3D
cultures of patient-derived GBM cells in defined matrices, in which available integrin-binding
peptides and stiffnesses are varied, within a standard 384-well plate appropriate for several

standard assays. This method presents representative results to screen how matrix parameters
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affect responses to TMZ chemotherapy in GBM cells derived from two unique patients, denoted
as GS122 and GS304 cells. Of the two patient-derived cell lines evaluated here, the response of
GS122 cells to TMZ treatment was sensitive to the matrix microenvironment, while that of
GS304 cells was insensitive. Regarding matrix stiffness, GS122 cells cultured in 3D hydrogels
with a 4 kPa micro-compressive modulus maximized TMZ resistance, under which condition
treated cells increased in number more than untreated cells over a 7-day experimental course.
Mechanical properties had larger effects on TMZ resistance than the integrin-binding peptides
included. Thus, it is expected that the impact of varying peptide concentrations, alone and in
combination, will enable the discovery of matrix conditions promoting drug resistance in the
future. The insensitivity of GS304 cells to their surrounding matrix may indicate that the matrix
is more influential on cells, like GS122 cells, that are originally sensitive to TMZ yet acquire
resistance during treatment. In contrast, the extent to which matrix cues affect cells that are

already treatment-resistant at the beginning of the experiment is unclear, as with GS304 cells.

Results from this study deviated somewhat from previously reported results. The softest HA-
based hydrogels evaluated (1 kPa bulk Young's modulus, mimicking the stiffness of native brain)
promoted maximal TMZ resistance GBM cells derived from four tumors from different patients
than that evaluated here?l. There are several possible reasons for this discrepancy. First, an
expanded range of hydrogel stiffnesses was interrogated in the current study, which compared
hydrogels across a range of 0.8 kPa to 8 kPa micro-compressive moduli, while previous studies
compared only hydrogels with 1 kPa and 2 kPa Young's moduli. Additionally, in the previous

studies, mechanical characterization was done at the bulk scale using linear mechanical
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compression to estimate Young's modulus, whereas, in this study, AFM was used to measure a
micro-compressive modulus. For researchers seeking to implement the methods present here
who do not require micro-scale mechanics measurements, bulk scale moduli, using rheometry or
linear mechanical testing, are perfectly acceptable substitutes for AFM. Notably, micro-
mechanical analyses revealed the heterogeneous moduli across the surface of a single gel.
Comparable AFM measurements on the hydrogels formulated in previous studies have not been
made, but it is expected that the variance of stiffnesses presented within a single hydrogel to
have been greater than those in the current study. Hydrogels in the previous studies were
generated using a Michael-type addition crosslinking reliant on kinetic mixing at 37 degrees
C102124 In contrast, photocrosslinking permits thorough mixing of hydrogel precursors prior to
light exposure, which improves homogeneity within the 3D hydrogel and, in turn, reduces the
variability of cell responses. Finally, GBM tumors exhibit notoriously heterogeneous and
unpredictable behavior®® and, thus, it is reasonable to expect that cells derived from individual
tumors would likewise have unique properties. This lack of consistency across patient samples
motivates the need for a high-throughput platform for elucidating patient-specific tumor

characteristics.

Common pitfalls when performing the miniaturized hydrogel photocrosslinking procedure
include incomplete mixing of hydrogel precursors, resulting in poor reproducibility, and
spontaneous gelation of the HA solution while mixing. These issues can be mitigated by stirring
the HA-thiol for a minimum of 45 min and the complete precursor solution for at least an

additional 30 min while closely monitoring the pH of hydrogel precursor solutions to ensure it
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remains below 7 to prevent thiol oxidation and formation of disulfide to crosslinks. In contrast to
crosslinking methods using a kinetic Michael-type addition mechanism%2, the
photocrosslinking method used in this protocol lowers the probability of spontaneous gelation
when all reagents are combined?*. Quality control checkpoints are highly recommended, such as
measuring HA thiolation percentage3! and making extra hydrogels for parallel mechanical testing
to each batch of 3D cultures. Finally, seeding densities for 3D encapsulation in hydrogels need to
be identified for each cell type or line used. Generally, the results show that a minimum
concentration of 1 million cells/mL is sufficient for the 3D culture of most cells, which form
spheroids, including patient-derived GBM cells, human embryonic stem cells (H9), and human-
induced pluripotent stem cells (data not shown). The inclusion of ROCK inhibitor treatment prior

to encapsulation (step 4.1) when using particularly sensitive cells is also recommended®.

In the context of developing new treatment approaches for GBM, the protocol presented here
provides methods for functionally screening drug responses of patient-derived GBM cells within
a physiologically relevant microenvironment. A rich repository of genetic, epigenetic, and
clinical mMRNA expression data for GBM (and other cancers) is publicly available thanks to the
efforts of The Cancer Genome Atlas (TCGA) and others®®. Used in conjunction with these large
datasets, it is expected that data generated from functional screens of miniaturized, 3D cultures
can reveal new correlations, improving the prediction of clinical outcomes in individual patients.
For example, subpopulations of patient tumors may be identified for which some treatment, for
example, matrix-disrupting compounds such as cilengitide, may improve clinical outcomes®. In

addition to drug response, this culture platform enables assessments of tumor cell invasion using
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well-plate compatible, high-content imagers. The flexibility of this platform to incorporate many
different peptides, alone or in combination, while orthogonally varying stiffnesses may help

identify matrix features driving GBM tumor aggression.

Beyond GBM, these methods can be adapted to investigate the effects of matrix parameters on
other cell types in the context of other diseases, tissue development, and normal tissue function.
In the future, it will be straightforward to increase the throughput of these methods further, as
they have been specifically designed to be performed in the context of multi-well plates to
facilitate adoption into existing workflows for drug discovery by utilizing commercially
available automated liquid handlers and high-content imagers. Facile integration with existing
infrastructure and increased automation, which decreases the technical skills required to produce
and maintain cell-laden, 3D hydrogel cultures, will significantly lower barriers to adopting this
method. While the work here specifically presents cultures within HA-based hydrogels, it is
expected that this method can be easily translated to other commonly used photocrosslinkable
materials for 3D cell culture, such as methacrylated gelatin, and that the methods reported here

will provide a helpful guideline for additional applications.
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Chapter 4. Investigating solute diffusivity in hyaluronic acid-based hydrogels

4.1. Introduction

Cellular models started as 2D cultures on glass which allowed for the culture and growth of cells
in real time and allowing for the characterization of cells. In comparison to the 2D cultures
commonly present in lab, the in vivo environment features an extra level of dimensionality and
other effects associated with having an extracellular matrix.> Models which extend into the third
dimension correspondingly increase the complexity of the system and require additional
characterization to aid in the interpretation of biological phenomenon.

In the works reported in this dissertation Chapter 3 covered the fabrication of 3D hyaluronic acid
(HA) based hydrogels for the culture of patient derived glioblastoma (GBM) cultures. In that
chapter, we utilized atomic force microscopy (AFM) to provide a relevant cell scale
characterization of the local elasticity of hydrogel.

The high resolution afforded by AFM enabled us to assess the heterogeneity in hydrogel
architecture of our HA based hydrogel which was anticipated given the stochastic nature of
photo crosslinking employed. Indeed, techniques utilizing probes embedded throughout hydrogel
matrices have revealed stunning levels of heterogeneity in local polymer network architecture.’
Given the cellular scale on the order of microns, additional methods which can characterize
hydrogel environments at the micron scale will be helpful in identifying the mechanisms by
which cellular activities are influenced by their local environment.

In a cellular context, diffusion of growth factors, nutrients, oxygen, waste, and larger molecules
such as extracellular vesicles are known to greatly affect cellular activity.* Thus, understanding

how components of the physical microenvironment affect the transport of these factors is of great
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interest for both biological and pharmacological means. For example, the capacity of the blood
brain barrier to selectively filter based on size and charge places a restriction on the chemical
nature of therapeutics that can be effectively delivered to the CNS .° The inability to achieve
penetration to the CNS has been a barrier to therapeutic development for GBM.

Hydrogels as being comprised of largely water and formed by the crosslinking of polymer
networks provide a useful model for studying hindered solute diffusion.® The diffusion of
molecules in a hydrogel environment is known to be affected by the physical properties of
hydrogels eg. stiffness. Like in vivo reports, gradients of growth factors and other signaling
molecules have been shown to affect the biology of encapsulated cells in several reports.”®
Additionally, hydrogels are a popular vehicle for drug delivery applications and has accumulated
a rich literature of reports on methods to characterize and utilize hydrogels to study diffusion.®®
Beyond these application, the emergence of extracellular vesicles as a major player in cell-cell
communication as well as reports characterizing their activity as a function of size there is a
greater need to have means to quantify the effect of porosity of hydrogel constructs on mass
transport.t’1°

The methods to validate the predicted mesh size of hydrogels have generally been limited by the
fact that the most direct measurements of mesh size, electron microscopy, requires the
dehydration of samples and thereby characterize them outside of physiologically relevant
environments.?° Thus, indirect techniques which measure effective diffusivity of molecules in
hydrated systems have been developed.*?* More precise methods may utilize nuclear magnetic
resonance to directly probe the hydrated portions of the network and typically require more

advanced setup and expertise to interpret.?> A more accessible technique is Fluorescence
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Recovery after Photobleaching (FRAP), which estimates the diffusivity of a fluorescently tagged
molecule through measuring the time it takes for a cylindrical photobleached region to return to a
steady state level of fluorescence. This technique can be performed with several preparations of
fractionated fluorescently labeled dextran molecules to determine a “molecular weight cutoff” for
which diffusivity of the labeled molecules decreases, and the hydrodynamic radii of those
species can be used as a rough estimate of the mesh size of the hydrogel.?*?* Commercial
preparations of these molecules are commonly characterized by either their weight average
Molecular weight (Mw) or number average molecular weight (Mn) as well as their polydispersity
index (Mw / Mp).

In previous publications, we utilized FRAP and other diffusivity measurement techniques to
characterize our hydrogels.?>’ However, unlike previous reports and methodologies, we were
unable to determine molecular weight cutoffs as our higher My, FITC-dextrans would always
diffuse into our gels.® To address these inconsistencies in our FRAP data, we utilized SEC-
MALS and DLS to determine the largest species capable of diffusing into a hydrogel as well as
the distribution of species present in the hydrogel. The methods described in this chapter will
prove helpful to individuals who are interested better understanding the effect of hydrogel
network architecture on mass transport.

4.2. Materials and Methods

Fabrication of hydrogels

Photogels were prepared as described previously (chapter 2), in brief crosslinking densities of
hyaluronic acid hydrogels were varied by altering the total polymer content of 4-arm thiol

terminated PEG while maintaining a 1:1.2 molar ratio of thiol moieties to norbornene moieties.
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Total thiol concentration for formulations tested in this manuscript were used as described
previously.?® Hydrogels were crosslinked by exposure to 365 nm wavelength at 4.2 mW/cm? for
15 seconds. Final hydrogel stiffnesses used in this study were of 100 Pa, 250 Pa, 300 Pa, 700 Pa,
and 1000 Pa storage modulus.

Infiltration and exfiltration of differently sized FITC dextrans

FITC labeled dextrans of various molecular weight averages (70 kDa, 150 kDa, 250 kDa,500
kDa) were infused into 80 puL HA based hydrogels by swelling HA-hydrogels with a 1 mg/mL
solution of FITC-dextran in PBS overnight at room temperature. The next day, loading of FITC-
Dextrans into gels was visually confirmed by inspecting individual gels. FITC-Dextrans were
exfiltrated from gels by placing them back into 100 pL of PBS for overnight extraction at room
temperature. The next day exfiltrate solutions were isolated from each gel.

Size exclusion chromatography multi angle light scattering

Exfiltrates from HA based hydrogels infused with 70 kDa and 150 kDa FITC-Dextran were
filtered with a .22 um syringe filter. These solutions were then injected into a wyatt sec column
with feature size 5 um and 300 angstroms. Following fractionation, sample entered a wyatt
minidawn multi angle light scattering system and an attached optilab rEX. A maximum flow rate
of .1mL/min? was specified. Sample buffer consisted of PBS while storage buffer was composed
of ultra-pure water. Both solutions were sterile filtered with a .22 um filter and degassed under
vacuum. An aktapure machine was used to control flow rates and sample injection. 70 kDa and
150 kDa FITC dextran at 20 mg/mL was used for reference runs. BSA standard was prepared at
5 mg/mL and filtered with a .22 um filter to remove clumps. All data analysis was performed

with Astra 6.

78



Flouresence Recovery after Photobleaching

Following incubation with 150 kDa or 500 kDa weight average fluorescein isothiocyanate-
dextran (FITC-D) diluted to 1 mg/mL in PBS overnight at 37 degrees C. Infused hydrogels were
interrogated by the 488 laser line on an SP5 laser scanning confocal microscope (Leica) for
image acquisition and photobleachingbleaching. Images were recorded prior to photobleach (5
frames) and after photobleach (1000 frames) at 10% laser power. For photobleaching, a 30 um
diameter ROI was photobleached by exposure to 100% laser power for 20 seconds. Resulting
fluorescence recovery graphs were plotted and tq determined by calculating the time it took for
flouresence to recover to its half maximum. Effective diffusivity coefficients(De) were calculated
using a simplified Fick’s law.?°

Dynamic light scattering

Exfiltrates from hydrogels infused with 70 kDa and 250 kDa were sterile filtered with .22 pm
filters and loaded into low volume cuvettes. Distributions of exfiltrates or 5 mg/mL reference
solutions were determined by photon correlation spectroscopy using a zetasier nano. A PBS
dispersant was used and material R1 set at 1.48. Measurements were carried out at 25 degrees
Celsius with a light-scattering detection angle of 173 degrees. Measurement position was set at 3
mm and attenuator setting was set using the automated algorithm built into the machine.
Frequency and undersize curves were generated using Number PSD analysis. For centrifugation
fractionation a 50 kDA molecular weight cut off (MWCO) column was used to filter the 70 KDA
and 250 kDA reference solutions. The proportion of the solutions which passed through the
column are referred to as the ‘small’ fraction while the portion that failed to travel through the

column was resolubilized with PBS and referred to as the ‘large’ fraction.
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4.3. Results

Fluorescence Recovery after Photobleaching of HA based hydrogels overestimates effective
diffusivity constants at high molecular weights

Our study was prompted by observations we had in examining high molecular weight FITC-
dextran diffusion through HA-based hydrogels using FRAP. As porosity of hydrogels are
intrinsically tied to the stiffness of HA-based hydrogels, we used FITC-dextrans as models for
the diffusion of molecules of similar size scale. Strangely, we found that contrary to our intuition
that effective diffusivity of 150 kDa FITC-dextran was lower than the diffusivity of larger 500
kDa FITC-dextran (Figure 1A). Closer inspection of our recovery curves (Figures 1B and 1C)
revealed that although the half time recovery constant of the two curves was indeed similar, and
thus yielded equal diffusivity constants. However, the relative fluorescent intensities of the
hydrogel region between the two curves revealed a partitioning effect wherein the concentration
of higher molecular weight FITC-Dextran was lower in the hydrogel region. This ‘partitioning’
effect has been described previously in other reports confirming our suspicions that our diffusion
coefficient discrepancies were not a unique problem and in fact were frequently a nuisance as
they restricted calculation of diffusivity coefficients.>>*! We hypothesized that the driving force
behind this partitioning effect was the inability of higher molecular weight FITC-dextran species
to diffuse into our HA hydrogel matrix and that characterization of the fraction of FITC-dextran
species that were capable of diffusing into the hydrogel would indirectly provide measurements

of the largest pore size in the hydrogel matrix.
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Figure 4-1: FRAP measurement reveal partitioning effect of dextrans in hydrogels
1A: Calculated Diffusion coefficients from FRAP experiments using hydrogels of storage

moduli 100, 300 and 700 Pa. Error bars represent standard deviation taken from 6 pooled
measurements of 2 hydrogels.

1B: Representative FRAP recovery curve from a 300 Pa storage modulus gel and 150 kDa FITC-
Dextran. Note the difference in relative intensity between PBS (orange) and hydrogel (blue).

1C: Representative FRAP recovery curve from a 300 Pa storage modulus gel and 500 kDA
FITC-Dextran. Note the difference in relative intensity between PBS (orange) and hydrogel
(blue).

Size exclusion chromatography — Multi-angle Light Scattering (SEC-MALYS) reveal
stiffness dependent molecular weight cut offs for HA based hydrogels

To test our hypothesis that our discordant observations were due to differences between the
molecular weights of FITC-dextran molecules present inside the hydrogel and the nominal
weight of the FITC- dextran preparations we needed to interrogate the fraction of FITC-Dextran
species inside the hydrogel. To isolate the fraction of interest, we infused the hydrogels with
FITC-dextran as we would routinely do for a FRAP measurement. The following day, we
replaced the FITC-dextran infusion solution with fresh PBS and incubated overnight to allow the
infiltrated FITC-dextran species to reestablish equilibrium by diffusion out of the gel. The
surrounding solution could then be easily collected and analyzed (Figure 2A). SEC-MALS is
commonly used to characterize the sizes of FITC-dextran solutions that are commercially
available.3> We used this technique to now probe the FITC-Dextran solutions that present inside
the gel using the strategy discussed above. We verified correct calibration of our system

including the SEC column, injection handler, and MALS components by measuring the
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molecular weights of defined BSA preparations. SEC-MALS measurements utilize several
assumptions regarding the geometry of the analyte as well as empirical measurements of the
refractive index increment, and scatter intensity to calculate the size of an analyte that were
obtained from a literature search.3>-3°

We observed classic monomeric, dimer, trimers of BSA with the correct weights indicating our
machine was properly operating.®® In contrast to monodisperse samples, two reference FITC-
dextran solutions appear as a broad spectrum of differing molecular weights.*® Lower molecular
weight FITC-dextrans were used in this portion of the study to avoid potential issues with
clogging of the size exclusion column compared to our previous FRAP experiments
(Communication to the authors by core facility personnel). To our surprise the distributions of
FITC-dextran were more disperse than reported by the manufacturer with a PDI of 1.2 for the
150 kDA FITC Dextran and a PDI of 2 for the 70 KDA FITC-dextran (Figure 2B). Having
validated the capacity for the SEC-MALS measurement to quantify the sizes of FITC-dextrans in
solution we then applied this technique to the exfiltrate of different stiffness HA hydrogels. We
examined the FITC-dextran exfiltrate of hydrogels 100 Pa storage modulus and 700 Pa storage
modulus after infusion with FITC-dextran of size 150 kDa. (Figures 2C and 2D) We made rough
estimates of 350 kDa and 200 kDa as size cut-offs for the 100 and 700 Pa storage modulus gels,
respectively. As our measurements approached the noise floor of the system, due to low
concentrations of FITC-Dextran in the exfiltrate, instability in molecular weight size was
apparent (Figure 2D). Nevertheless, these observations support our hypothesis that the

partitioning effect observed in FRAP was due to size exclusion effects.
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Figure 4-2: Size exclusion chromatography measurements identify dextran sizes in hydrogels
2A: Cartoon schematic of SEC-MALS measurement

2B: Validation of proper calibration of SEC-MALS machine by characterization of 20 mg/mL
standards of FITC-Dextran and BSA

2C: Release profiles from 150 Pa Gels. Black line represents the reference population from
figure 2A. Red, green, and blue samples represent three independent samples of 150 Pa storage
modulus gels.

2D: Representative release profiles from ~1000 Pa storage modulus gel. Noisy measurements in
the scatter, as well as refractive index increment channel lower confidence in predicted
molecular weight cut off.

Interrogation of FITC-Dextran infiltrate by dynamic light scattering reveals shifts in
molecular weight distributions of

Our results with SEC-MALS supported our hypothesis that differing distributions of molecular
weights of FITC-dextrans can emerge due to the hydrogel acting as a molecular sieve and that
this property is a consequence of the stiffness and network structure of the hydrogel. While our
previous measurements elucidated the upper bound of particle sizes that can diffuse into the
hydrogels, of more consequence to bulk measurements like FRAP is the underlying distribution
of particles. An alternative approach to measurement of nanoparticles is dynamic light scattering
(DLS), which in contrast to multi angle light scattering measures the scatter from a sample at one
angle. This technique enables one to characterize the underlying distribution of particles as a
function of their relative sizes by performing correlation analyses on speckle patterns.®’

We investigated how stiffness of our hydrogel construct would affect the infiltration of FITC-

dextran through DLS measurements. Using the same scheme depicted in Figure 2A we
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characterized the eluate of FITC-dextrans which diffused out of the gel solutions using a low
molecular weight FITC-dextran (70 kDa) and a high molecular weight FITC-dextran (250 kDa).
Our previous of the 70 kDa FITC-Dextran with SEC-MALS suggested that very few if any
particles were of a size greater than 200 kDa so we hypothesized that increasing the stiffness of
our gels up to our stiffest formulations (1000 Pa) would have minimal effects on the distribution
of FITC-dextrans capable of diffusing into the gel. Indeed, we found that there were minimal, if
any, discernable effects on the size distribution of FITC-dextran particles in this group (Figure
3A). The appearance of a tail in the below 4 nm radius regime is possibly due to the combined
effects of dilution from infiltration and exfiltration of the FITC-dextran into the hydrogel as well
as removal of larger particles which can mask the presence of smaller particles.® We then
examined the effect of hydrogel stiffness of gels with storage modulation on the softer spectrum
of gels made and infiltrated in 250 kDa FITC-dextran. Although we did not have reference SEC-
MALS characterization of this species we inferred based off the size distribution found in the
150 kDa FITC-dextran species that a significant portion of the FITC-dextrans would lie above
the estimated 350 kDa molecular weight cut off. Indeed, all gels of stiffness 100 Pa, 250 Pa and
300 Pa demonstrated similar undersize curve profiles that differed drastically from the reference
sample with 50 percent by number of particles appearing under 6 nm in diameter for gel
exfiltrate samples while <5% of particles appearing for the reference sample. Given the
propensity for higher molecular weight analytes to affect scatter signal more intensely in these
measurements, it is possible that the movement of these presence of these smaller molecules are

hidden by the larger particles (DLS citation).
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Figure 4-3: Dynamic light scattering measurements reveal distribution of particles diffusing into
hydrogels.
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3A: Frequency curve of the following samples. Black reference 70 kDa FITC-Dextran sample.
Blue 350 Pa storage modulus gel, green 700 Pa storage modulus gel, red 1000 Pa storage
modulus gel. Each sample is the average of three independent hydrogel infiltrates.

3B: Cumulative distribution function (Undersize Curve) of the following samples. Black:
Reference 250 kDa FITC-Dextran. Blue: 150 Pa Storage Modulus. Green 250 Pa Storage
Modulus. Red 350 Pa Storage modulus.

Molecular sieve nature of HA-based hydrogels confirmed by comparison to commercially

available centrifuge fractionation columns

Taken together, this characterization of the FITC-dextran infiltrate suggests that the partitioning
effect observed is due to hydrogels acting as a molecular sieve, thereby excluding FITC-Dextran
molecules of larger sizes. We confirmed the molecular sieve nature of our hydrogels by
comparing the distribution of FITC-dextran molecules capable of diffusing into our hydrogels
with the distributions of FITC-dextrans emerging from fractionation using commercially
available centrifugation columns with a nominal molecular weight cut off-of 50 kDa. As the 50
kDa MWCO was much lower than the average particle size in the 250 kDa FITC-dextran we saw
that the number of particles appearing under 6 nm in diameter in the fractionated samples

was even greater than the fraction appearing in the 150 Pa hydrogel condition (Figure 4A). While
the general shape of the FITC-dextran populations from hydrogel and centrifuge column
processed samples were similar, the wider distribution and longer tail found in the hydrogel
sample is likely due to greater heterogeneity in the polymer network of our hydrogel. In contrast,

when the 70 kDa FITC-dextran is fractionated by the 50 kDa centrifugation column a clear
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separation is observed between the fractionated portions and the reference sample. Indeed, in this
case because the distribution of the FITC-dextran reference (70 kDa) lies below the expected cut
off value of the hydrogel we observe that the higher molecular weight tail of the hydrogel species
matches that of the reference sample and differs from the fractionated sample. The appearance of

a low molecular weight tail is once again presumably due to dilution effects.
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Figure 4-4: Hydrogels behave similarly to centrifuge fractionation columns.

4A: Combined frequency and undersize curves of Blue: Reference 250 kDa FITC dextran Red:
Small fraction from 50 kDa MWCO centrifuge column, Green: 150 Pa storage modulus

hydrogel.
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4B: Frequency curve of Black: Reference 70 kDa FITC-Dextran, Red 1000 Pa hydrogel storage
modulus hydrogel, Green: Small fraction from 50 kDa MWCO centrifuge column, Blue: Large

fraction from 50 kDa MWCO centrifuge column.

4.4, Discussion

In this work we provide evidence suggesting that the partition effect noted to occur when
performing FRAP experiments with FITC-dextrans is due to a size exclusion effect exhibited by
hydrogels. The resulting characterization efforts consequently provide the methodology to
estimate a molecular weight cut off metric using SEC-MALS and characterize the effect of this
MWCO on FITC-Dextran diffusion by comparing the resulting distributions to distributions
fractionated using commercially available fractionation columns.

Limitations in sample diluteness introduce a degree of uncertainty in the determination of an
“absolute” molecular weight cut off size for the hydrogels tested but provide estimations that
may be useful. On the other hand, as noted in figures 4B and 3A dilution effects by the
infiltration and exfiltration steps may help elucidate the contribution of smaller molecular weight
species that are normally masked by larger molecular weight analytes.

In this study, FITC-Dextrans were used in the context of a negatively charged hydrogel
(hyaluronic acid) which introduces electrostatic interactions that will affect both partitioning and
diffusion. Indeed, in certain hydrogel applications electrostatic interactions are utilized to limit
the diffusion of smaller species.!! An exciting avenue to further develop this technique would be
to further examine the effects of electrostatic contributions to the partitioning of species by

increasing the valency of charge as well as the size of the charged compound. There are also
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potential applications to study the diffusion of species into hydrogels under fluidic pressure as in
a tissue chip format.>® The methods developed herein may find applicability in research in those
fields.

In the translational space, extracellular vesicles have gained prominence as a potential
therapeutic as well as biomarker for a variety of diseases.'® The results of this work suggest that
the hydrogels may serve as viable surrogates to characterize the local deposition of enrichment of
extracellular vesicles in the native microenvironment of a variety of pathologies and
physiological processes.* Indeed, reports have emerged detailing the enrichment of specific
subtypes of extracellular vesicles with the tumor stroma.'® Furthermore, development of novel
technologies enabling the characterization of secretions at the single cell level have reached a
critical point and may usher in an era of secretome biology.*! In that context, the methodology
explored in this paper will be useful to future generations which seek to understand and isolate
the effects of matrix properties on the cellular secretome.
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Chapter 5. Conclusion

The overwhelming lethality of Glioblastoma (GBM) has spurred many efforts to develop novel
therapies to improve patient outcomes. The large number of failed clinical trials for targeted and
mechanism specific therapies urge the development of better preclinical models which can more
faithfully recapitulate GBM tumor biology. Previous work has revealed the capacity for
hyaluronic acid which is upregulated in the GBM tumor microenvironment (TME) to provide
crucial signaling and pathway activation which increase the drug resistance and ultimate lethality
of GBM. These signaling pathways are conserved in ex vivo models of GBM as demonstrated
through studies utilizing patient derived GBM cells cultured in HA-based hydrogels. In most
formulations, the manufacture of these cell-laden hydrogel constructs is artisanal in nature and
require considerable skill and finesse to fabricate which has limited their inherent utilization in
high throughput assays.

The objective of this dissertation has been the development of methods to adapt hydrogel
augmented cultures to high-throughput screening assays. This was demonstrated and reduced to
practice in both 2- and 3-dimensional formats. Additionally, for greater physiological relevance
phenotypic screening approaches have been developed to accommodate more biologically
complex readouts such as cytoskeletal remodeling, cell cycling and spheroid formation assays in
chapters 2 and 3. Future directions for this portion of the dissertation would be partnering with
entities in possession of chemical libraries and performing compound screens to identify novel
therapeutics for further development. Beyond exploring the effects of compounds or drugs on the

phenotypes of GBM cultures, this dissertation explores methods for the screening of physical
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matrix components. Indeed, the rich diversity of extracellular matrix (ECM) proteins and other
macromolecules in the GBM TME also varies considerably between patients.

Thus, applications for personalized medicine to empirically identify patient-derived cell line-
specific responses to therapeutics were further explored in chapter 3. As discussed in chapter 3,
the interpatient heterogeneity displayed by GBM is staggering and it is likely that the relative
inefficacy of modern treatments for GBM stem from a failure of tailor-made therapies. A critical
strategy moving forward in GBM therapies will be leveraging technologies that can provide
insight and predictions of patient-specific responses. As such, the methods described in chapter 3
will undoubtedly prove useful to help relate microenvironment features to drug resistance.
Indeed, advancements in spatial sequencing will allow for increased correlation of gene
expression to ECM features in patient tumors, enabling the identification of drug resistant
subpopulations in patient tumors. Furthermore, improvements in the proteomics space
Specifically in the mass spectrometry and artificial intelligence technologies will simultaneously
aid in the profiling of ECM composition of patient tumors. The molecular and proteomic
signatures obtained by these methods can be incorporated into the hydrogel-based screening
platform for next generation patient-specific profiling.

Over the past 10 years a boom in the development of immunotherapeutic modalities for GBM
has occurred with applications of oncolytic virotherapy, chimeric antigen receptor (CAR), and
checkpoint blockers seeing testing in clinical trials.** In particular CAR-T cell therapies have
seen encouraging results in liquid tumors, but progress in solid tumors, like GBM, has been
discouragingly slow.? This lack of progress has often been attributed to the immunosuppressive

microenvironment of “cold” tumors as well and the physical tumor stroma, which inhibit
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penetration of these therapeutics to target cells. Novel methods to characterize hydrogel
environments based on solute penetration were described in chapter 4 of this dissertation. This
was done systematically by using tissue engineering principles to modulate the physical
characteristics of hydrogels. The measurements described in chapter 4 suggest that successful
deployment of an immunotherapeutic to target GBM tumors will require strategies to overcome
the potential barrier presented by the tumor stroma. All in all, the work in this dissertation seeks
to improve the process of developing therapeutics for GBM by leveraging tissue engineering
principles to develop preclinical models that more faithfully recapitulate GBM in vitro thereby
allowing for more rigorous testing of potential therapeutics.
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