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model for the study of BTIC maintenance and targeting.

KAbstract: Development of effective novel anti-tumor treatments will require improved in vitro models that incorporate physiologic\
microenvironments and maintain intratumoral heterogeneity, including tumor initiating cells. Brain tumor initiating cells (BTIC) are
a target for cancer therapy, because BTICs are highly tumorigenic and contribute to tumor angiogenesis, invasion, and
therapeutic resistance. Current leading studies rely on BTIC isolation from patient-derived xenografts followed by propagation
as neurospheres. As this process is expensive and time-consuming, we determined whether three-dimensional microtumors
were an alternative in vitro method for modeling tumor growth via BITC maintenance and/or enrichment. Brain tumor cells were
grown as neurospheres or as microtumors produced using the human-derived biomatrix HuBiogel™ and maintained with
physiologically relevant microenvironments. BITC percentages were determined using cell surface marker expression, label
retention, and neurosphere formation capacity. Our data demonstrate that expansion of brain tumor cells as hypoxic and nutrient-
restricted microtumors significantly increased the percentage of both CD133+ and CFSE™" cells. We further demonstrate that
BTIC-marker positive cells isolated from microtumors maintained neurosphere formation capacity in the in vitro limiting dilution
assay and tumorigenic potential in vivo. These data demonstrate that microtumors can be a useful three-dimensional biological

/

INTRODUCTION

Glioblastomas (GBMs) are the most common primary
malignant brain tumor in adults and are uniformly lethal
with a median life expectancy of approximately fourteen
months [1]. Growing evidence demonstrates that tumors,
including GBMs, are hierarchically organized and consist
of a heterogeneous population of cells, in which a small
subpopulation named tumor-initiating cells (TICs), or
alternatively cancer stem cells, has been characterized by
attributes similar to stem cells: self-renewal and differen-
tiation [2—6]. For example, brain TICs (BTICs) form
neurospheres in vitro, a functional phenotype associated
with the self-renewal property of neural stem cells. BTICs
have activation of stem cell related signaling pathways
(such as Notch and Hedgehog) important for neural stem
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cell maintenance. BTICs can also asymmetrically divide
to generate differentiated progeny when stimulated, as
with fetal bovine serum or bone morphogenic proteins.
However, BTICs are distinct from non-neoplastic stem
cells in their altered genome and ability to propagate tumor
growth in immunocompromised mouse models [7-14].
BTICs have been shown to be invasive and resistant to
standard of care irradiation and chemotherapy. Similar
results have been found with TICs isolated from other
solid tumors, such as those of the colon, breast, lung,
prostate, and ovary. These data suggest TICs contribute to
treatment failure and disease progression, making TICs
important targets for novel treatment strategies. New
therapies could include inhibition of TIC growth, promo-
tion of TIC death, or increased differentiation alone or in
combination to increase radio- or chemosensitivity
[15-22].

The tumor-promoting subpopulation makes an attrac-
tive opportunity for targeted drug development and ther-
apies, but reliable methods are needed for TIC
propagation. Growth and analysis of TICs encounters
technical challenges due to their frequently low percen-
tages, tendency to differentiate in culture, and functional
diversity in tumors. Current TIC studies are mostly
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Figure 1. Model for Microtumor Generation. To better emulate primary tumor multicellular growth and biology ex vivo for cost-effective and
accurate clinical endpoint drug screening, Vivo Biosciences developed a novel Microtumor 3D matrix. Microtumors can be generated from
patient-derived xenografts (PDX), including glioblastoma (GBM), the most common primary brain tumor in adults. We tested the hypothesis that
BTICs could be maintained in Microtumors and enriched in physiologically relevant 3D microenvironments. The standard method for TIC

propagation in comparison to HuBiogel™ Microtumors is shown.

performed using neurosphere or matrix-coated monolayer
culture models [23, 24]. However, TIC biomarker selec-
tion for expression and tumorigenic potential enrichment
of TICs is lost with long term culture, and TICs must be
continually derived from xenografts to preserve these
phenotypic properties (Fig. 1) [25]. TIC proliferation,
differentiation, and survival are controlled by a dynamic
interaction between the tumor-stroma signals and the
microenvironment including hypoxia and nutrient gradi-
ents [26-32]. Standard TIC culture systems do not fully
reproduce these in vivo interactions, and a new method-
ology is needed for TIC expansion while preserving
biomarker profiles and phenotypic properties both in vitro
and in vivo. Indeed, there is a movement to provide more
physiologically relevant tumor models in the form of
three-dimensional (3D) tissue culture. One matrix that
provides an advance over standard Engelbreth-Holm-
Swarm (EHS) murine sarcoma based matrices is the Vivo
Bioscience HuBiogel™ matrix. HuBiogel™ is a natural
extracellular matrix obtained from human amnion that is
growth factor free with high percentages of collagen and
laminin (Table 1). We therefore sought to determine

whether HuBiogel™ could promote TIC maintenance in

microtumors with physiologically relevant growth condi-
tions (Fig. 1). With this model, we are able to imbed, grow,
and expand TICs in a reliable and relevant manner,
allowing them to maintain TIC surface biomarkers and
phenotypic properties while providing a growth factor-
inert, human extracellular matrix (ECM) to best mimic the
in vivo environment.

MATERIALS AND METHODS

Cell Lines and Media

All animal studies were carried out in accordance with the
policies set by the UAB Institutional Animal Care and Use
Committee and performed according to their guidelines.
The GBM patient derived xenograft (PDX) D456 used for
this study was obtained from Dr. Darell Bigner (Duke
University). Propagation of PDX was implemented in
athymic nu/nu mice. Complete Neurobasal® medium
(NBM), used for PDX cell culture, was made with Neu-
robasal®-A medium (Gibco, Cat: 10888-022), 2% B-27
Supplement (Gibco, Cat: 12587-010), 10 ng/ml FGF-B
(Invitrogen, Cat: PHG0264), 10 ng/ml EGF (Invitrogen,

Table 1. Characteristics of HuBiogel™

Derivation

Extracellular Matrix Components

Growth Factor Free

Physical State
Benefits Over Engelbreth-Holm-Swarm Derived Gels

Source is Pooled, Pathogen-free Human Amnions Derived under
Good Laboratory Practice and Quality Controlled Conditions
Natural Human Extracellular Matrix
Collagen-1 (38%)
Laminin (22%)
Collagen-1V (20%)
Collagen-1II (7%)
Enactin & Heparan Sulfate Proteoglycan (<3%)
Undetectable Epidermal Growth Factor
Undetectable Fibroblast Growth Factor
Undetectable Transforming Growth Factor
Undetectable Vascular Endothelial Growth Factor
Undetectable Insulin-like Growth Factor
Viscous at 4°C and forms gel at 37°C
Natural Human Extracellular Matrix Scaffold Rather than Mouse
Tumor-derived Basement Membrane Mix

HuBiogel™ is a natural growth factor free extracellular matrix derived from human amnions that can be used to generate Microtumors.
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Cat: PHG0314), 1% L-Glutamine (Corning, Cat: 25-005-
CI), 1% Fungizone (Corning, Cat: 30-003-CF), and 0.1%
Gentamicin (Gibco, Cat: 15750-060). For low glucose
conditions (0.45 g/L glucose), complete NBM was com-
bined with complete NBM minus glucose, using the same
additives as above, including 25 mg/L sodium pyruvate
(Corning, Cat: 25-000-CI).

Patient-Derived Xenograft Harvesting and
Dissociation

Subcutaneous xenografts were dissociated to single cells
using the Worthington Biochemical Papain Dissociation
System according to the manufacturer’s instructions. Cells
were seeded into a non-treated tissue culture flasks and
allowed to form neurospheres for 3—4 days post-dissoci-
ation to initially select for BTICs.

CFSE Labeling

Neurospheres generated from PDX were dissociated into
single cells using Accutase® (Corning, Cat: 25-058-CI) to
prepare for CFSE labeling. 5 mM stock solution carboxy-
fluorescein succinimidyl ester (CFSE) was prepared from
lyophilized CellTrace™ CFSE dye and 18 ul DMSO
(ThermoFisher Scientific, Kit Cat: C34554). For 5 uM
working concentration, 1 pl of CFSE stock solution was
added per 1 ml PBS. Harvested single cells were centri-
fuged (150x g, 8 minutes, room temperature), and super-
nate was removed. Cells were resuspended with 10 ml
working concentration and incubated at 37°C for 20
minutes, protected from light. 50 ml of NBM was added
to the cells, and cells were incubated for 5 minutes to
remove free dye. Cells were pelleted (300x g, 5 minutes,
room temperature), and supernate was aspirated. Cells
were resuspended in complete NBM for microtumor
production or neurosphere formation, as a comparative
control/standard culture condition.

Microtumor Production and Maintenance

Unstained or CFSE-stained single cells were counted with
Trypan blue via the TC10™ automated cell counter (Bio-
Rad Laboratories, Inc.) and precisely mixed with patented
HuBiogel™ human biomatrix (US Patent: 7727750,
2010; Table 1) at a proprietary ratio (Vivo Biosciences,
Inc.). Then, through a proprietary process, microtumors
were generated from the mixture (Day 0) [33]. Each
microtumor contained approximately 10,000 cells in10
pL in volume and 2 mm in diameter. After production,
these free-floating microtumors were placed in 6-well
tissue culture plates in complete NBM medium with
approximately 20 microtumors per well. Cells were incu-
bated at 37°C in 5% CO2. Remaining cells were seeded in
a non-treated tissue culture flask and cultured in complete
NBM and standard conditions for control neurospheres.
On Day 1, 24 hours post-microtumor production, all
microtumors were cultured under control (4.5 g/L glucose,
20% 02), or physiologically relevant conditions (0.45 g/L

glucose, 2% 02). On Day 7, microtumors and neuro-
spheres were collected for dissociation using Accutase or
the Miltenyi Human Tumor Dissociation kit as per the
manufacturer’s instructions when maintenance of cell
surface markers was required.

Flow Cytometry/FACS

Cells were labeled with CD133-APC (Miltenyi) and
exposed to Sytox Blue (viability dye, Thermo Fisher)
according to the manufacturer’s instructions and live
CD133 cells determined via flow cytometry. Unlabeled
cells as well as those incubated with IgG-APC were used
as controls. Cells labeled with CFSE at the time of
microtumor formation were exposed to Sytox Blue and
live CFSEM¢" cells determined via flow cytometry. Unla-
beled cells as well as those immediately labeled with
CFSE were used as controls.

In vitro limiting dilution neurosphere assay

In a 96-well plate, 200 pl of sterile PBS was added to each
outside well to control for evaporation, and 200 pl of NBM
was added to each inner well. After microtumors were
dissociated and cells were sorted, single cells were plated
in limiting dilution down to 1 cell in 50 pl of NBM,
accordingly: row B2-B11, 1 cell per well; row C2-C11, 5
cells per well; row D2-D11, 10 cells per well; row E2-E11,
25 cells per well; row F2-F11, 50 cells per well; and row
G2-Gl11, 100 cells per well. Wells were monitored for
neurospheres at 14 days. The number of wells with spheres
was noted, and this information, along with the total
number of wells and cells plated, was used to complete
Extreme Limiting Dilution Analysis (ELDA; http://bioinf.
wehi.edu.au/software/elda/).

In vivo Tumorigenic Assay

Immediately after isolation via flow cytometry, 1,000
CFSEM&"_sorted cells from dissociated microtumors cul-
tured in low glucose and hypoxia were injected into the
brains of immunocompromised mice (n =4) as in our prior
reports. Mice were monitored for the development of
neurologic signs indicating the presence of a brain tumor
(lethargy, paralysis, seizure), at which time the brain was
harvested, formalin fixed-paraffin embedded, and subse-
quently stained with hematoxylin and eosin.

RESULTS

Maintenance of BTIC Markers in Microtumors and
Enrichment with Micro-environmental Modeling.
Many methods have been used to enrich for BTICs,
including flow cytometry for expression of neural stem
cell surface proteins and dye retention. One of the first and
most well characterized cell surface BTIC markers is the
neural stem cell marker CD133/prominin-1 [8, 9, 26, 34].
One limitation of CD133 as a BTIC marker is that tumor
and cell dissociation methods used prior to flow cytometry
must ensure maintenance of the cell surface protein
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(Fig. 2A). We therefore confirmed that the Miltenyi Tumor
Dissociation kit did allow immediate sorting for CD133
post dissociation, although there may be a decrease in the
percentage of positive cells when enzyme dissociated
neurospheres are compared to neurospheres dissociated
via pipetting alone (Supplemental Fig. 1).

Recent data suggest that CD133 may change during the
cell cycle [35] and there may be both a quiescent/slow
proliferating BTIC subset as well as a more rapidly
proliferating tumor progenitor cell fraction [10]. CFSE is
one label retaining dye that has been successfully used to
identify TICs from several cancers, including GBM
[36-38]. CFSE readily crosses the plasma membrane into
cells where it is converted to a fluorescent form by
esterases and becomes cross-linked to proteins. Since
CFSE is divided equally between daughter cells, cell
division can be followed as a consecutive halving of the
fluorescence intensity through divisions, making it possi-
ble to isolate label retaining (quiescent BTICs) and non-
retaining populations. As CFSE is intracellular, a larger

number of effective dissociation methods that can be
immediately followed by flow cytometry are available
(Fig. 2B). For example, we obtained similar results with
the use of either Accutase or the Miltenyi Tumor Disso-
ciation kit for microtumor dissociation (data not shown).
Based on these data, we used CD133 and the label
retaining dye CFSE to evaluate percentages of BTICs.
Due to the large number of TICs required for testing
drug panels, there is a need for a system that propagates
TICs, including the quiescent/slow proliferating fraction,
in bulk. Neurospheres generated from xenograft-derived
cells grown in serum-free media are a gold standard for
BTIC growth and enrichment, but these models typically
lack physiologic cell-microenvironmental interactions.
We therefore sought to determine how the 3D HuBiogel™
microtumor model compared to the standard neurosphere
model with regard to surface marker expression and CFSE
retention. We believed that HuBiogel-promoted cell-ECM
interactions and complex information exchange in the
context of endogenous oxygen and glucose levels could
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Figure 2. BTIC Marker Assessment in the Microtumor Model. (A) Model of methods for evaluation of BTIC markers in microtumors. (B)
Microtumor propagation increased BTIC markers in comparison to neurospheres. Human GBM cells isolated from a xenograft were passaged for
seven days as neurospheres in standard conditions or as microtumors in low glucose and hypoxia. Histograms of normalization to mode
demonstrate the percent maximum for the cell surface stem cell marker CD133 and label retaining cells as demonstrated with CFSE.
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be important for regulating proliferation and promoting
malignancy [39, 40]. Indeed, our data demonstrated that
microtumors in physiologic microenvironments are sig-
nificantly enriched in BTICs in comparison to neuro-
spheres. The percentage of CD133+ cells or CFSE+
cells, as indicated by the farthest right peaks in the graphs
(representative images Fig. 2A, 2B; Supplemental Fig. 1),
was increased under the microtumor culture conditions.
CFSE was easily observed in microtumors and microtu-
mors could be frozen and thawed with high viability
(Fig. 3A). Our data suggest the potential of this method
for high thru-put screening in future experiments.

Microtumors Maintain Cells with Functional
Characteristics of BTICs

With the knowledge that the 3D microtumor model
successfully maintained cells with BTIC markers, we
sought to confirm that the microtumor-isolated BTICs
also retained the required functional characteristics of
this cellular subset. TICs lack specific or universally
applicable cell surface markers for identification and
isolation: analysis and characterization of TICs can
remain challenging [41]. The most widely accepted
methods therefore rely on detection of specific functional
cellular features, useful for exploring unidentified TIC
subpopulations without the need to rely on markers that
may not be applicable. The sphere formation assay is a
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phenotypic method of determining stemness and has
been successfully used to isolate, expand, and calculate
the frequency of tumor initiating cells in cancers of the
brain, breast, pancreas, bone, central nervous system,
colon, and cervix [42-51]. When GBM cells were grown
and propagated as microtumors, cells isolated from
microtumors did maintain the capacity to form
neurospheres. Figure 3B shows the log fraction of
non-responding samples (wells without neurospheres)
with the number of cells plated per 96 wells. If the line
were vertical (black line), the data would indicate that
every cell plated was a BTIC as each was sufficient to
form a neurosphere. In contrast, if the line were hori-
zontal (grey line), the data would indicate that no cell
plated was a BTIC because no amount of cells was
sufficient to form a neurosphere. We found that approx-
imately 1 in 7 cells in the microtumor model with
physiologic oxygen and glucose were BTICs according
to this in vitro limiting dilution assay. We next sought to
confirm that microtumor propagated cells were tumori-
genic in vivo. We determined that low numbers of
CFSE™e" cells isolated from microtumors and subse-
quently injected into the right lobe of immunocompro-
mised mouse brain produced highly vascular brain
tumors (Fig. 3C—F). Both functional assessments confirm
BTIC maintenance in microtumors. Together, our data
confirm the utility of the 3D HuBiogel™ physiologically
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Figure 3. Functional Assessment of BTICs Isolated from Microtumors. (A) Images of microtumors made from CFSE labeled cells on Day 1
and Day 7. CalceinAM labeled microtumors 7 days after thaw from liquid nitrogen storage for 28 days, demonstrate successful storage and
recovery. (B) Microtumor propagated BTICs maintain neurosphere formation capacity. Human GBM cells isolated from a xenograft were
maintained as microtumors for a total of 7 days in low glucose and hypoxia. Microtumors were dissociated and cells immediately plated in
limiting dilution for the neurosphere formation assay. (C-F) Microtumor propagated BTICs maintain tumorigenic potential in an orthotopic
model. Human GBM cells isolated from a xenograft were maintained as microtumors for a total of 7 days in low glucose and hypoxia.
Microtumors were dissociated, sorted via flow cytometry for CESE expression, and 1000 CFSE"€" cells were immediately injected post-sorting
into the brains of immunocompromised mice. (C) Kaplan Meier survival curve. (D) Even gross evaluation revealed the brains displayed highly
hemorrhagic regions (indicated with arrows) and morphologic displacements characteristic of the presence of GBM. (E, F) Hematoxylin and
eosin staining confirmed the presence of highly vascular and multifocal brain tumors.
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relevant microtumor model for GBM cell propagation
and BTIC maintenance.

DISCUSSION

TICs are a subset of neoplastic cells that are highly
invasive, metastatic, and resistant to standard therapies.
TICs contribute to treatment failure and disease progres-
sion, making them important targets for treatment and an
attractive opportunity for drug development. However,
growth and analysis of TICs in a high through-put system
presents major technical challenges, and reliable methods
are needed for TIC propagation directly from patient
specimens. The presented data demonstrate that the micro-
tumor model with physiologic microenvironments not
only maintains but also enriches BTICs in the context of
GBM in comparison to standard neurosphere culture. Our
findings are in agreement with other recent studies indi-
cating the potential for 3D models to propagate TICs. A
model-engineered 3Dinert hydrogel matrix increased neu-
rosphere formation and expression of TIC markers in
comparison to the traditional neurosphere [52]. BTICs
were also enriched as determined by increased CD133+
expression in a chitosan-alginate scaffold [53].

Our data suggest the physiologically-relevant
HuBiogel™ microtumor model provides opportunities
for TIC-targeted drug screening in a novel, 3D manner
without the limitations of current 3D modeling e.g. spher-
oids and animal-derived Matrigel or synthetic hydrogel
scaffolds. While useful, Matrigel contains intrinsic growth
factors, and not all cell lines form stable spheroids [54, 55].
To combat these issues, the HuBiogel™-based microtu-
mor culture system supports long-term growth and func-
tion of multiple cell types. As HuBiogel™ is extracted
from human amnions and contains no growth factors
(Table 1), the cells cultured within the natural human
matrix maintain their phenotype. With financial and time
costs for growth as patient-derived xenografts in mice
followed by propagation as neurospheres, there is a need
for a solution that solves both issues. We believe that using
the microtumor model, it could be possible to accomplish
direct generation of patient-derived tumor lines in a cost
effective manner without animal usage (Fig. 4). Micro-
tumors can be frozen and recovered, suggesting the poten-

HuBiogel Microtumor

tial for cell stocks to be maintained longer term. However,
the microtumor models have not been characterized with
the same level of genomic/transcriptomic or therapeutic
response profiling already known for PDX models: the
ability of the microtumor model to recapitulate the patient
specimen over long term passages is unknown. Early
passages of PDX models are also available, ensuring
similar cell cultures and xenograft tissues can be available
to multiple labs over extended periods of time: this
resource is not yet available for microtumor models.

Most current anti-cancer treatments target rapidly pro-
liferating cells, often through DNA damage and subse-
quent death of replicating cells. To develop novel
treatments, one must take into consideration the unique
molecular and cellular biology of the more quiescent
tumor cell subset and provide the appropriate in vitro
conditions. This slow proliferating tumor cell subset is
likely to be one component of the BTIC fraction. While
CFSE-retaining cells enriched for tumorigenic potential
can be identified in neurospheres [36], current cell culture
methods, including neurosphere propagation, still do not
optimally model a less proliferative state. Our data suggest
that 3D microtumors utilizing human extracellular matri-
ces may better maintain a less proliferative tumor cell
subset, making the model more ideal for the identification
of treatments targeting cancer through novel mechanisms
not previously exploited. While inhibition of self-renewal
and promotion of differentiation are strategies of interest,
development of drugs that release cells from dormancy to
improve chemo- or radiosensitivity could be considered.
Alternatively, the metabolic state or mitochondrial func-
tion of the less proliferative BTIC fraction could be
targeted. The HuBiogel™ microtumors therefore offer
opportunities not only for CFSE-based drug screening, but
also for improved understanding of the mechanisms driv-
ing a quiescent BTIC state.

Although we have focused on the use of HuBiogel™
microtumors for BTIC maintenance, our results have the
potential to be applicable to TICs from many different
tumor types. The human extracellular matrices present in
HuBiogel™ are found in many solid tumors from which
TICs can be isolated. Furthermore, the microtumors could
be modified to be more tissue specific to support TICs
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Figure 4. Microtumors as a Xenograft Alternative. As traditional patient-derived xenograft propagation has both time and fiscal expenses,
there is a need for more resource-conscious models. Microtumors provide opportunities for the generation of patient derived tumor lines in a cost
effective manner with minimal animal usage and for BTIC targeted drug screening.
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isolated from different tumors. For BTIC propagation for
example, addition of hyaluronic acid could better model
the brain extracellular matrix and may prove beneficial.
Further refinement of the tissue microenvironments, as
through modeling of both ischemia and reperfusion that
occurs during tissue remodeling and tumor growth, could
also generate a more advanced model. However, the most
significant advance would be through incorporation of
non-neoplastic tissue including endothelial and immune
cells to recapitulate cancer as an organ system. GBM
PDXs have the benefit of in vivo interactions between
human tumor cells and mouse microenvironmental cells
including those of the vasculature. Some immune-tumor
cell interactions can also be observed, although this
depends on the nature of the immunocompromised mouse
models. Better in vitro modeling of tumor and vessel and/
or immune cell interactions in vitro with HuBiogel™
microtumors would be a significant advance for cancer
research. We believe 3D microtumors can be one way for
patient derived cancer models to continue to advance in
order for personalized medicine approaches to be based on
screens other than sequencing alone.
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