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Three-dimensional (3D) tumor models are gaining traction in the research community given their capacity to
mimic aspects of the tumor microenvironment absent in monolayer systems. In particular, the ability to spa-
tiotemporally control cell placement within ex vivo 3D systems has enabled the study of tumor-stroma inter-
actions. Furthermore, by regulating biomechanical stimuli, one can reveal how biophysical cues affect stromal
cell phenotype and how their phenotype impacts tumor drug sensitivity. Both tumor architecture and shear force
have profound effects on Ewing sarcoma (ES) cell behavior and are known to elicit ligand-mediated activa-
tion of the insulin-like growth factor-1 receptor (IGF-1R), thereby mediating resistance of ES cells to IGF-1R
inhibitors. Here, we demonstrate that these same biophysical cues—modeled by coculturing ES cells and
mesenchymal stem cells (MSCs) in 3D scaffolds within a flow perfusion bioreactor—activate interleukin-6 and
transcription factor Stat3. Critically, an active Stat3 pathway drastically alters the equilibrium of IGF-1R-
targeted ligands (IGF-1) and antagonists (IGFBP-3) secreted by MSCs. To elucidate how this might promote ES
tumor growth under physiological shear-stress conditions, ES cells and MSCs were co-cultured by using a flow
perfusion bioreactor at varying ratios that simulate a wide range of native MSC abundance. Our results indicate
that ES cells and MSCs stimulate each other’s growth. Co-targeting IGF-1R and Stat3 enhanced antineoplastic
activity over monotherapy treatment. Although this discovery requires prospective clinical validation in pa-
tients, it reveals the power of employing a more physiological tissue-engineered 3D tumor model to elucidate
how tumor cells co-opt stromal cells to acquire drug resistance.
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resistance

Introduction microenvironment known to contribute to cancer progres-
sion, such as stromal cells, extracellular matrix, and bio-
AN EFFICIENT DRUG discovery pipeline requires a robust  physical stimuli.>”® Compared with 2D culture systems, 3D
preclinical screening program that accurately predicts tumor models can help retain a tumor-like phenotype and
each drug’s antineoplastic clinical activity. The most com- preserve native gene expression,” tumor growth,® and drug
monly used method to screen drug candidates in vitro relies  resistance.® In particular, the collection of non-cancerous
on two-dimensional (2D) culture systems (e.g., petri dishes cells present in the native tumor, commonly referred to as
or tissue culture flasks) that are quick and cost-effective but  tumor stroma, is considered a hallmark of cancer biology
unable to recapitulate the complexity of the tumor micro- due to its fundamental role in cancer progression.

environment." As a result, the drug discovery process is sty- For instance, endothelial cells are recruited to the tumor
mied by preclinical screens that, all too often, fail to predict site on release of proangiogenic signals, whereas cancer-
clinical activity.' associated fibroblasts may develop from the local paren-

To address this issue, three-dimensional (3D) tumor models chyma or from tumor-induced differentiation of circulating
have been developed to emulate specific aspects of the tumor mesenchymal cell precursors.®'®!! These observations, and
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many others, demonstrate that non-malignant elements of
the tumor microenvironment play a central role in disease
progression, and, therefore, may be considered additional
targets for therapeutic interventions.>”

Along this line of research, our laboratory seeks to better
understand how biomechanical stimuli and cell-cell inter-
actions contribute to the phenotype and drug sensitivity of
bone tumors—more specifically, Ewing sarcoma (ES), an
often-fatal bone tumor with a predilection for adolescents
and young adults.'>'> We previously reported that cultur-
ing ES cells on 3D electrospun poly(e-caprolactone) (PCL)
scaffolds resulted in a more in vivo-like cell phenotype
compared with 2D cultures with respect to the insulin-like
growth factor-1 receptor (IGF-1R) pathwagy, a key mediator
of tumor progression and drug resistance.

Subsequently, we demonstrated that the implementation
of flow perfusion bioreactors in this 3D model provided
cells with mechanical stimuli usually experienced within the
bone microenvironment, resulting in enhanced autocrine
IGF-1 secretion and altered sensitivity to therapeutic anti-
bodies against IGF-1R.°

Though integration of shear forces and tissue-engineered
scaffolds clearly improves the fidelity of our model with
respect to IGF-1R signaling, this model does not include
other elements within the ES niche that can affect the IGF-1
signaling pathway, such as cancer-associated fibroblasts,
vasculature, and connective tissue. > 14 In particular, cells
of mesodermal origin—such as mesenchymal stem cells
(MSCs)—are known to upregulate IGF-1 expression when
mechanically stimulated.'>'¢ MSCs also secrete high levels of
interleukin-6 (IL-6), a cytokine commonly found in the ES
microenvironment that activates the signal transducer and ac-
tivator of transcription-3 (Stat3).l7’19

IL-6/Stat3 signaling pathway has been shown to protect
ES cells from apoptosis and to promote cell dissemination
via activation of the Stat3 signaling pathway.'”'® This in-
terplay between IGF-1/IGF-1R and IL-6/Stat3 pathways has
been further emphasized by other in vivo investigations,
where enhanced Stat3 signaling was observed in ES tumors
exhibiting resistance to the IGF-1R blockade.?**' For these
reasons, culturing ES cells and MSCs under flow perfusion
might improve our understanding of the ES-MSC crosstalk
occurring under mechanical stimulation, with emphasis on
the role of IGF-1/IGF-1R and IL-6/Stat3 pathways on ES
malignancy and stroma-induced drug resistance.

The aim of the current work was to investigate the effects
of MSC presence and flow perfusion on 3D cultures of ES.
We hypothesized that MSCs would bolster cell proliferation
and affect the phenotype and drug sensitivity of ES cells, via
the IGF-1/IGF-1R pathway, but only when physiological
levels of shear force were applied in a flow perfusion bio-
reactor. Further, we postulated that drug response would
depend on the ES:MSC ratio selected, which was used as a
surrogate to describe the wide range of tumor/stroma ratios
occurring among different patients as well as within a single
patient depending on ES stage and progression.

Finally, we hypothesized that MSC-driven IL-6 secretion
would influence drug response against the IGF-1R blockade in
ES cells, thus providing an explanation for the role of meso-
dermal stroma in ES-acquired drug resistance. Evaluation of
stroma-mediated activation of IGF-1R and Stat3 pathway has
broad implications not only for ES but also for all those

malignancies, such as lung cancer, glioma, and osteosarcoma,
in which high levels of IL-6 affect tumor progression.*>>*

Materials and Methods
Experimental design

At the beginning of the experiment, ES cells and MSCs
were lifted from culture flasks, mixed according to five
different ES:MSC ratios (1:0, 9:1, 1:1, 1:9, and 0:1, re-
spectively), and seeded onto electrospun PCL scaffolds. The
total number of cells/scaffold was kept constant among
groups (250,000 cells/scaffold) and was based on previous
studies.® Cell-seeded scaffolds were cultured in static con-
ditions (S) or in a flow perfusion bioreactor (B) and exposed
to either complete alpha minimal essential medium («MEM)
or complete MEM medium containing a monoclonal anti-
body against IGF-1R at a concentration of 100 pg/mL (IGR-
1Ri: IGF-1R inhibition; MK-0646; Merck & Co, North
Wales, PA). Samples were collected after 10 days, analyzed
for cell proliferation, protein expression, cytokine produc-
tion, and drug response, and imaged via immunofluores-
cence microscopy.

In an additional study, scaffolds were cultured under flow
perfusion conditions and evaluated for their sensitivity against
a Stat3 inhibitor (Stat3i). Cells were exposed to complete
medium as a control, a single agent IGF-1Ri, a single agent
Stat3i, and a combination of both the IGF-1Ri and Stat3i. For
the Stat31, we used small-molecule WP1722 at a concentration
of 1.1 uM.?' Samples were collected after 10 days and ana-
lyzed for cell proliferation and drug response. In all the drug-
treated groups, cells were first cultured for 3 days in complete
oMEM medium followed by 7 days of exposure to medium
containing IGF-1Ri and/or Stat3i, similar to previous studies.®8

Scaffold preparation and characterization

Nonwoven poly(g-caprolactone) (PCL; Sigma-Aldrich,
St. Louis, MO) mats with an average fiber diameter of
10 pm (10.6 = 1.5 um, n=90) were fabricated as in previous
studies.®® In brief, PCL was dissolved in a 5:1 chloroform:
methanol mixture at a 16% w/w concentration. The resulting
solution was pumped at 21 mL/h through a blunt 18G needle
in a horizontal electrospinning setup.® The gauge was ex-
posed to 25kV, and a grounded collecting plate was posi-
tioned normally to the gauge at a distance of 40cm. Mats
were electrospun to a thickness of ~1.00+0.2mm and
imaged by scanning electron microscopy (FEI Quanta 400
Environmental, FEI, Hillsboro, OR) to measure fiber di-
ameter. Scaffolds of 8 mm diameter were die-punched by
using dermal biopsy punches and, subsequently, press-fitted
into custom-made scaffold holders, the design of which is
shown in Supplementary Figure S1 (Supplementary Data are
available online at www.liebertpub.com/tea). Ethylene ox-
ide was then used to sterilize both the scaffolds and the
scaffold holders (Anderson Sterilizers, Haw River, NC),
followed by soaking in a progressive ethanol series (100% to
25% v/v), rinsing three times in phosphate-buffered saline
(Gibco, Carlsbad, CA), and, lastly, incubation overnight in
complete oMEM medium (Corning Cellgro, Manassas, VA)
supplemented with 20% fetal bovine serum (FBS) and anti-
biotics (100 pg/mL streptomycin and 100 IU/mL penicillin;
Gibco, Carlsbad, CA).
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Cell culture and bioreactor setup

The human ES cell line TC71 stably expressing green
fluorescent protein reporter was available from the repos-
itory of sarcoma cell lines at our institution (MDACC).
Cell identity was confirmed via short-tandem repeats fin-
gerprinting according to the manufacturer’s instructions
(AmpFISTR Identifiler kit; Applied Biosystems, Carlsbad,
CA) and was compared with the Integrated Molecular
Authentication database (CLIMA) version 0.1.200808 (http://
bioinformatics.istge.it/clima/) and with available ATCC
fingerprints (ATCC.org).>>*® ES cells were cultured in
complete RPMI 1640 medium (Corning Cellgro, Manassas,
VA) supplemented with 10% FBS (Gemini Bio-Products,
West Sacramento, CA) and antibiotics. Primary bone
marrow-derived human MSCs from healthy donors were
provided by Dr. Ian McNiece (Stem Cell Department; The
University of Texas MD Anderson Cancer Center) by fol-
lowing an approved protocol at The University of Texas MD
Anderson Cancer Center, genetic testing, and culture in
oMEM medium (Corning Cellgro, Manassas, VA) supple-
mented with 20% FBS and antibiotics (100 pg/mL strepto-
mycin and 100 IU/mL penicillin; Gibco, Carlsbad, CA). At
the beginning of the experiment, both cell types were lifted
with 0.05% trypsin-EDTA (Gibco, Carlsbad, CA), counted
by using a hemocytometer, and mixed according to five
different ES:MSC ratios (1:0, 9:1, 1:1, 1:9, and 0:1, re-
spectively). Each scaffold was seeded with 250,000 cells,
according to the experimental design previously shown.
Scaffolds were incubated overnight to facilitate cell adhe-
sion, on which three scaffolds (n=3) were harvested to
evaluate cell seeding efficiency (Supplementary Fig. S2).
Scaffolds under static conditions (S) were then moved to 24-
well ultra-low attachment plates with 2.5mL of complete
oMEM medium. Scaffolds cultured under flow perfusion
condition were left in the scaffold holder (Supplementary
Fig. S1) and transferred into a flow perfusion bioreactor
(B), which was previously described.”” Each bioreactor
unit contained six scaffolds sustained with 50 mL of com-
plete «MEM medium. In all experimental groups, samples
were maintained in a heat-jacketed incubator at 37°C and
5% CO, (HeraCell 150i; ThermoScientific, Waltham, MA)
for the duration of the study, and half of the medium was
replaced daily.

DNA quantification and drug testing

Samples for DNA quantification (n=5) were immersed in
distilled water, subjected to three cycles of freeze/thawing
(10 min in liquid N»/10 min in 37°C water bath), and finally
sonicated for 10 min to guarantee complete extraction of the
DNA from the scaffold. The concentration of double-
stranded DNA was quantified with the Quant-iT PicoGreen
dsDNA assay kit (Invitrogen, Eugene, OR). Following the
manufacturer’s instructions, the cell lysate, the dye solution,
and the buffer were mixed in a flat-bottom 96-well plate in
triplicate, and the resulting fluorescence was measured
(FLx800 Fluorescence Microplate Reader; BioTek Instru-
ments, Winooski, VT). DNA concentration was determined
by using a A-DNA standard curve. The same protocol was
also used to quantify cell response to IGF-1Ri and/or Stat3i,
where the DNA amount indicated variations in the total
number of cells present in the scaffold.
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Western blotting

After 10 days of culture, samples were collected (n=3),
and proteins were extracted via incubation on ice by using a
lysis buffer (1% v/v Triton X-100, S0mM Hepes, pH 7.4,
150 mM NaCl, 100 mM NaF, 1.5mM MgCl,, 1 mM EGTA,
1mM Na;VO,4, 10mM NayP,0,, 10% v/v glycerol) con-
taining a fresh mixture of protease and phosphatase inhibitors
(Roche Applied Science, Indianapolis, IN). The protein
concentration was measured by using a Micro BCA protein
assay kit (Thermo Fisher, Waltham, MA), and protein lysates
were stored at —80°C until they were analyzed. Proteins were
resolved by SDS-polyacrylamide gel electrophoresis and
transferred to PVDF membranes. The membranes were
blocked by using 5% w/v milk and hybridized with differ-
ent primary antibodies against markers of the IGF-1R/
mammalian target of rapamycin (mTOR) and of the Stat3
signaling pathways: total insulin-like growth factor-1 receptor
B (IGF-1Rp), phosphorylated IGF-1R (pIGF-1R), mTOR,
Signal transducer and activator of transcription-3 (Stat3),
and phosphorylated Stat3 (pStat3).!”'®%' Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) served as the loading
control. Signals were captured by using horseradish peroxidase-
conjugated secondary anti-rabbit (or anti-mouse) IgG anti-
bodies and visualized by using SuperSignal West Dura
chemiluminescent substrate (Thermo Fisher, Waltham, MA).
All primary and secondary antibodies were purchased from
Cell Signaling Technology (Danvers, MA) except for pIGF-
1R, which was provided by Abcam (Cambridge, MA). The
levels of immunoreactive proteins were determined by using
chemiluminescent Hyperfilm ECL and quantified by using
an ImageQuant TL computing densitometer (GE Healthcare,
Piscataway, NJ).

Immunofluorescence microscopy

Constructs at day 10 were fixed in 10% neutral buffered
formalin (Fisher Scientific, Pittsburgh, PA) overnight at
room temperature, followed by dehydration in an ethanol
gradient series (70% to 100%). Samples were then embed-
ded in Histoprep freezing medium (Fisher Scientific, Pitts-
burgh, PA) and sectioned with a cryostat (Leica CM1850UV;
Leica Biosystems Nussloch GmbH, Germany). Cells were
stained for nuclei (DAPI) and mouse antibodies against
pStat3 (Cell Signaling Technology, Danvers, MA) and IGF-
1Ra (Santa Cruz Biotechnology, Santa Cruz, CA). Alexa
Fluor 680 antimouse (Thermo Fisher, Waltham, MA) was
used as secondary antibody. Samples were then imaged with
a Nikon A1-RSI confocal microscope, and images were
analyzed by using NIS Elements C imaging software (Nikon
Instruments, Melville, NY).

Enzyme-linked immunosorbent assay

Conditioned medium from each group of cells was col-
lected after 10 days to quantify the concentration of IGF-1,
IL-6, insulin-like growth factor binding protein-3 (IGFBP-
3), stromal cell-derived factor-1 (SDF-1), and tumor ne-
crosis factor-oo (TNF-a) by using an ELISA kit (DuoSet;
R&D Systems, Minneapolis, MN). Due to different volumes
of medium and the different number of scaffolds present in
static and flow perfusion bioreactor conditions, compari-
sons between groups were made considering the amount of
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soluble ligand/scaffold as in previous studies.®?' For each
ligand, the optical density was measured in triplicate with a
microplate reader (DTX880; Beckman Coulter), and com-
pared with a standard curve provided in the ELISA kit,
according to the vendor’s protocol.

Statistical analysis

Where applicable, data are expressed as mean * standard
deviation. Statistical analysis was performed by using a two-
factor analysis of variance (ANOVA) test followed by Tu-
key’s Honestly Significant Difference post hoc test. For all
analyses, differences were considered significant where
p<0.05.

Results

MSCs in co-culture with ES cells and under flow
perfusion altered cellular growth and abrogated
IGF-1Ri efficacy

We initially determined the effect of physiological levels
of shear force, regulated by controlling the flow perfusion
rate, on cell proliferation by using DNA quantification. Flow
perfusion conditions led to significantly faster proliferation
rates for all co-culture ratios investigated when compared
with static conditions (Fig. 1A). The transition from static to
flow perfusion conditions led to a threefold increase in cell
content in homotypic ES cultures compared with a smaller,
but still statistically significant, 1.5-fold increase in homo-
typic MSC cultures (ES:MSC ratios of 1:0 and 0:1, respec-
tively). This reflects the slower growth kinetics of MSCs
compared with ES. Cell content within the ES:MSC co-
culture groups decreased with the ES:MSC ratio in both
static and flow perfusion conditions. Scanning electron mi-
croscopy images show that cells formed aggregates on the
scaffold, suggesting that ES cells and MSCs were not seg-
regated in the co-culture groups (Supplementary Fig. S3).

Cells exposed to an IGF-1R inhibitor (IGF-1Ri) were
cultured for 3 days in complete medium, followed by 7 days
of IGF-1Ri-containing medium. In isolation, homotypic
flow perfusion culture of ES cells or MSCs (ES:MSC ratios
of 1:0 and 0:1, respectively) responded to the IGF-1R block-
ade with a significant decrease in cell content in IGF-1Ri-
treated groups compared with control groups (Fig. 1B).
Under the same flow perfusion conditions, this effect dissi-
pated with ES:MSC co-culture, and cells acquired resistance
to the IGF-1Ri regardless of the ES:MSC ratio selected. In
agreement with our previous investigations,® cells cultured
under static conditions were insensitive to the IGF-1Ri action
(Supplementary Fig. S4). In addition, neither flow perfusion
nor drug testing appeared to have a detrimental effect on cell
morphology (Supplementary Fig. S3).

ES:MSC co-cultures present different regulation
of IGF-1R signaling pathway

To determine how MSCs abrogated IGF-1Ri action under
flow perfusion conditions, we profiled cells for biomarkers
and cytokines involved in the IGF-1/IGF-1R signaling cas-
cade. Flow-derived shear stress induced IGF-1 secretion in
all experimental groups compared with static conditions
(Fig. 2A). Interestingly, flow-mediated IGF-1 upregulation
was more robust in MSCs than in ES cells, with a 20-fold
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FIG. 1. MSCs in coculture with ES cells and under flow

perfusion altered cellular growth and abrogated IGF-1Ri
efficacy. (A) DNA content after 10 days of culture for the
five different ES:MSC ratios examined (1:0, 9:1, 1:1, 1:9,
and 0:1) cultured in static or flow perfusion conditions (S or
B, respectively). (B) Drug response to the IGF-1Ri for the
five different ES:MSC ratios (1:0, 9:1, 1:1, 1:9, and 0:1)
cultured under flow perfusion conditions and untreated (B)
or treated with the IGF-1Ri (B IGF-1Ri). In both panels,
error bars represent the standard deviation for n=5 samples
and *p<0.05. ES, Ewing sarcoma; IGF-IR, insulin-like
growth factor-1 receptor; IGF-1Ri, IGF-1R inhibitor; MSCs,
mesenchymal stem cells.

increase in IGF-1 levels compared with a smaller 6-fold
increase, respectively (Fig. 2A). Consistent with these ob-
servations, IGF-1 levels in co-culture groups amplified with
increasing MSC fraction. A similar trend was observed for
IGFBP-3, a soluble factor that can complex with IGF-1 and
prevents its binding with IGF-1R. IGFBP-3 was primarily
expressed by MSCs and stimulated under flow perfusion
conditions to levels similar to those of IGF-1 (Fig. 2B). Con-
versely, IGFBP-3 expression levels in homotypic ES cultures
were an order of magnitude lower than respective IGF-1
levels and were minimally affected by flow perfusion. Si-
milar to IGF-1, IGFBP-3 levels amplified with a decreasing
ES:MSC ratio for all experimental conditions. To account
for any adsorption of IGF-1 on the constructs, ELISA
analysis of cell-seeded scaffolds showed negligible amounts
of IGF-1 within the constructs compared with soluble IGF-1
(Supplementary Fig. S5A).

To elucidate how these ligands influenced cell pheno-
type and drug response under flow perfusion conditions, we
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FIG. 2. ES:MSC cocultures present different regulation of IGF-1R signaling pathway. Protein expression within the IGF-
1/IGF-1R pathway for the five different ES:MSC ratios examined (1:0, 9:1, 1:1, 1:9, and 0:1) cultured in static or flow
perfusion conditions (S or B, respectively). Quantification of IGF-1 (A) and IGFBP-3 (B) ligands was evaluated via ELISA,
whereas biomarkers IGF-1R (C) and mTOR (D) were analyzed via western blotting. In (A, B), ligand amount is normalized
per scaffold, whereas in (C, D), signal density is normalized to GAPDH content. The error bars represent the standard
deviation for n=3 samples, *statistical difference among ES:MSC ratios and “statistical difference between static and flow
perfusion conditions within each ES:MSC ratio (**p <0.05). Representative staining for ES:MSC coculture groups 1:0 (E)
and 0:1 (F) under flow perfusion conditions. Cells were stained for nuclei (blue) and for IGF-1R expression (red). ES cells
were also transfected with the GFP reporter (green), and scale bar represents 15 um in all images. GFP, green fluorescent

protein; IGFBP-3, insulin-like growth factor binding protein-3; mTOR, mammalian target of rapamycin.

assessed IGF-1R-related oncoproteins of proven importance
in ES survival by western blotting (see Supplementary
Fig. S6 for further details). ES cells express higher levels of
IGF-IR and mTOR than MSCs, and these patterns were
unchanged by the use of flow perfusion conditions (Fig. 2C,
D). Although IGF-1R expression increased in co-culture
groups that had higher ES:MSC ratios, the levels of phos-
phorylated/activated IGF-1R (pIGF-1R) did not depend on
the ES:MSC ratio investigated (Supplementary Fig. S7A).
These findings were confirmed by immunofluorescent mi-
croscopy, where positive staining for IGF-1R qualitatively
correlated with a higher ES:MSC ratio (Fig. 2E, F). Ex-
pression of mTOR, a downstream molecule of IGF-1R,
mirrors the trends observed for IGF-1R (Fig. 2D). Specifi-
cally, mTOR expression levels closely matched ES:MSC
ratios, whereas homotypic MSC cultures displayed the
lowest levels for this protein (Fig. 2D).

IL-6 secretion is promoted in ES:MSC co-cultures
and triggers Stat3 pathway activation

Studies have shown that IL-6 is significantly expressed in
the ES microenvironment, and it is primarily secreted by
local stroma.'”'® Considering that IL-6/Stat3 signaling is a
ubiquitous mechanism that cancer cells use to circumvent
drug targeting against specific kinases, such as IGF-1R, we
also profiled cells for biomarkers and cytokines along the

IL-6/Stat3 pathway (see Supplementary Figs. S7 and S8 for
further details). An ELISA assay indicated that flow perfu-
sion promoted IL-6 secretion for all ES:MSC ratios except
for homotypic ES cultures, which displayed the lowest
levels for this ligand (Fig. 3A). IL-6 secretion was maxi-
mized in ES:MSC co-culture groups compared with either
ES or MSC homotypic cultures. Strikingly, as few as 10%
ES cells in the co-culture (ES:MSC ratio of 1:9) induced a
2.2-fold increase in IL-6 level compared with MSC homo-
typic cultures (Fig. 3A). Similar to IGF-1, a negligible amount
of IL-6 was still present within the scaffold (Supplementary
Fig. S5B).

Stat3 is a key target of IL-6, and we performed western
blotting to analyze this transcription factor. Although total
Stat3 expression remained constant among all the experimental
groups according to western blotting analyses (Supplementary
Figs. S7 and S8), the active form of Stat3 (pStat3) exhibits a
trend that mirrors that of IL-6 (Fig. 3B). This phenomenon
occurred in both static and flow perfusion conditions, where
a bell-shaped curve is observed with a maximum expression
of pStat3 for the 1:1 and the 1:9 ES:MSC co-culture groups
(Fig. 3B). Immunofluorescent staining for pStat3 supports
these data (Fig. 3C and Supplementary Fig. S9).

Although bone marrow-derived MSCs predominantly
secrete IL-6, we assessed conditioned media for other cy-
tokines that might have affected cell phenotype and drug
response. Among them, interleukin-4 (IL-4), interleukin-10
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FIG. 3. IL-6 secretion is promoted in ES:MSC cocultures and triggers Stat3 pathway activation. Protein expression within
the IL-6/Stat3 pathway for the five different ES:MSC ratios examined (1:0, 9:1, 1:1, 1:9, and 0:1) cultured in static or flow
perfusion conditions (S or B, respectively). (A) Quantification of IL-6 ligand was evaluated via ELISA, whereas (B) pStat3
was analyzed via western blotting. IL-6 amount is normalized per scaffold, whereas pStat3 signal density is normalized to
GAPDH content. The error bars represent the standard deviation for n=3 samples, *statistical difference among ES:MSC
ratios and “statistical difference between static and flow perfusion conditions within each ES:MSC ratio (&’*p <0.05). (O
Representative staining for ES:MSC coculture group 1:1 under flow perfusion conditions. Cells were stained for nuclei
(blue) and for pStat3 expression (red). ES cells were also transfected with the GFP reporter (green), and scale bar represents
15 pm in all images. IL-6, interleukin-6.

(IL-10), and transforming growth factor-f were undetectable to Stat3i action, as evidenced by the similar cell content be-
(data not shown). TNF-o and stromal cell-derived factor-1 tween control group and single agent Stat3i and between
(SDF-1) were present in small amounts (<0.5ng/scaffold) groups IGF-1Ri and IGF-1Ri+Stat3i (Fig. 4). Conversely,
equivalent to basal levels present in cell-free complete me- MSC cultures responded to Stat3i, which showed a greater

dium (Supplementary Fig. S5). inhibitory effect than IGF-1Ri. The combination of the two

drugs had no additive effect on MSC growth inhibition, as
Resistance to IGF-1R blockade in ES:MSC co-cultures witnessed by the comparable cell content in homotypic MSC
under flow perfusion is overcome by dual IGF-1R/Stat3 cultures treated with either Stat3i or IGF-1Ri+Stat3i groups.
inhibition Despite the close homology between ES and MSCs, which

) o ) share a mesenchymal lineage, our data provide compelling
To determine whether IL-6/Stat3 activation contributed to  evidence of their unique sensitivity to IGF-1R- and Stat3-

IGFI-Ri resistance, we assessed whether WP1722 (a Stat3  (argeted therapies. These cell type-specific differences in drug
inhibitor) synergized with IGF-1Ri in ES:MSC co-cultures  gepsitivity help to explain why the overall effects of drug
maintained under flow perfusion. Cells were cultured in  (rearment observed in ES:MSC co-cultures can be diametri-
complete medium for 3 days and then exposed for 7 days to  ¢4j1y opposed to the effects observed in homotypic ES cultures
single agent IGF-1Ri, single agent Stat3i, or an IGF-1Ri/  (Fjg 4) Cell growth was further inhibited by a combination of
Stat3i combination. Homotypic ES cultures were insensitive  |GF-|Rj and Stat3i (group IGF-1Ri+Stat3i), thus indicating a

concerted effect of these two drugs in inhibiting cell prolifer-

14 ation in ES:MSC co-cultures (Fig. 4).
. octrl
_ 12 1 5 mIGF-1Ri
2101 |, O Stat3i Discussion
£ 87 . BEFARES The challenges of accurately assessing tumor biology and
% 6 - evaluating drug-targeted therapies for cancer treatment rely
5 41 ] on accurate modeling of tumor physiology. However, it is
3 ; recognized that this requirement is poorly addressed and
o 24 ’-L'J'I_ "'__l_ '—,.Il validated by conventional screening systems such as 2D
0 ; ' . r"*- ’ ==y monolayer cultures, which fail to recapitulate the basic 3D
1:0 9:1 1:1 1:9 0:1 tumor architecture, or by xenograft animal models that, by
ES:MSC Ratio definition, lack human proteins.l’3

. . The dearth of accurate preclinical models bolstered the
flfl(t;u.ret un%zil%tir\:vce etrofulsg)l:l-li;zo?/le(;z]g?r?g bm (liauSalNI[é(l; flg; development of 3D tissue-engineered models, which pro-
Stat3 inhibition. DNK content after 10 days o%] culture for the vide greater e;xpenmental C°‘}E6° 1 over culture conditions
five different ES:MSC ratios examined (1:0, 9:1, 1:1, 1:9, and and m1cr9env1r0nmenta1 cues. TowarFl that end, our lab
0:1) cultured under flow perfusion conditions in complete has previously presented a tissue-engineered ES tumor
medium (Ctrl), or treated with IGF-IR inhibitor (IGF-1Ri), Model that makes use of 3D electrospun PCL scaffolds in
Stat3 inhibitor (Stat3i), and a combination of both IGF-1R concert with a flow perfusion bioreactor.”” Although the
and Stat3 inhibitor (IGF-1Ri+Stat3i). Error bars represent the  scaffold mimics important microarchitectural cues, the use
standard deviation for n=5 samples and *p <0.05. of flow perfusion provides essential biomechanical stimuli
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that exist in the native bone microenvironment. ES cells
responded to flow-derived shear stress by increasing IGF-1
secretion and exhibited a shear stress-dependent drug re-
sponse against IGF-1R, a central player in ES progression
and the object of numerous preclinical trials.®

In addition to shear stress-mediated effects, the IGF-1R
cascade and ES phenotype can be impacted by local stromal
cells.*!”!® In the bone tumor microenvironment, stroma is
primarily composed of cells embedded with the bone mar-
row (e.g., MSCs), except for later stages in which vascula-
ture is essential for tumor extravasation and metastasis.'®
Because stromal composition evolves spatially and tempo-
rally as ES tumors progress, we investigated five different
ES:MSC ratios (Fig. 1) that model a wide range of tumor
presentations, from a stroma-rich tumor in its early devel-
opment (low ES:MSC ratio) to more advanced-stage ES
nodules enriched in homogenous malignant cells (i.e., high
ES:MSC ratio). Our tissue-engineered model lends itself to
this endeavor and highlights likely MSC-dependent re-
sponses that cannot reliably be assessed in situ in conven-
tional animal models. The use of flow perfusion promoted
cell proliferation to a greater extent in groups with higher
ES:MSC ratios due to the faster growth kinetics of ES cells
compared with MSCs. At the same time, cell content de-
creased in an ES:MSC ratio-dependent fashion in both static
and flow perfusion conditions, demonstrating that the pro-
liferation of ES cells was unaffected by the presence of
MSCs, and vice versa.

The abundance of stromal cells originating from the me-
soderm (e.g., MSCs, fibroblasts, and osteoblasts) in a me-
chanically stimulated environment such as the ES tumor
niche is particularly relevant, as mesoderm-derived cells
upregulate IGF-1 secretion when exposed to biomechanical
forces.'>'® This mechanism is mirrored in our model, where
MSCs displayed a remarkable upregulation of IGF-1 ligand
when cultured under flow perfusion (Fig. 2). Enhanced IGF-
1 secretion was followed by an upregulation of IGFBP-3
secretion, a compensatory measure commonly observed in
physiological conditions.”® Yet, ES cells showed an IGF-1/
IGFBP-3 ratio drastically skewed toward IGF-1, highlight-
ing how this balance is deregulated in ES cells as part of
their malignant transformation.?®

As IGF-1R activation is ligand dependent, we expected
that the high IGF-1 state induced by flow perfusion in all
culture groups would sensitize ES cells to IGF-1R blockade
(IGF-1Ri). Strikingly, the introduction of as few as 10%
MSCs in the system (i.e., ES:MSC group 9:1) was sufficient
to induce resistance to IGF-1Ri, despite retained sensitivity
by ES cells and MSCs in homotypic culture (Fig. 1). The
distinctive response to IGF-1Ri among the experimental
groups cannot be ascribed, however, to the different regu-
lation of IGF-1R signaling in co-culture groups compared
with homotypic cultures, as, for example, homotypic MSC
cultures and the ES:MSC co-culture group 1:9 respond
differently to IGF-1Ri despite the analogous regulation of
IGF-1R signaling (Fig. 2). Accordingly, resistance to the
IGF-1R blockade emerges through mechanisms collateral to
the IGF-1/IGF-1R pathways that may be considered in the
design of new therapeutic regimens for ES patients.

Among the possible mechanisms of resistance that stem
from heterotypic ES:MSC interactions, we explored Stat3-
mediated signaling, which is critically important in ES cell
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FIG. 5. Summary mechanism. Both cells become sensi-
tive to the IGF-1Ri in the transition from static (A) to flow
perfusion conditions (B) due to the shear stress-mediated
upregulation of IGF-1. Mechanosensitive promotion of IL-6
secretion also results in acquired sensitivity to Stat3i in
MSCs. (C) On co-culturing, sensitivity to IGF-1Ri is lost,
because tumor cells coerce MSCs into secreting higher
levels of IL-6, and ES proliferation relies on IL-6/Stat3
signaling rather than IGF-1/IGF-1R signaling cascade. ES-
acquired drug resistance to IGF-1R blockade is overcome
only in the presence of Stat3i. (D) On a macroscopic level,
IGF-1Ri will have minimal impact on solid ES tumors,
Stat3i will primarily target local stroma, and significant
shrinkage of tumor growth will likely occur only on dual
targeting of IGF-1Ri+Stat3i.
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survival and whose activation is mediated primarily by the
high levels of IL-6 present in the native ES microenviron-
ment.'”'® Since MSCs retained a high degree of IL-6 pro-
duction in our 3D model (Fig. 3), they appear to adequately
mimic the IL-6 mediated ES-stroma crosstalk present in
the native bone tumor niche. Interestingly, IL-6 secretion
was further promoted under flow perfusion conditions,
which supports the notion that integrin-mediated mechan-
otransduction can promote IL-6 secretion via kappa beta
kinase/nuclear factor-kB (IKK/NF-kB) activation.?*3° Even
more interesting was the super-additive release of IL-6 ob-
served in ES:MSC co-culture groups (Fig. 3). Tumor-driven
exploitation of the surrounding microenvironment has been
observed already in previous work, where glioma cells co-
erced MSCs into secreting significantly higher amounts of
IL-6.>* Our tissue-engineered model captured this aspect
and, therefore, can be leveraged to assess in vitro how tumor
exploitation of surrounding stroma occurs in vivo.

In our 3D tissue-engineered model, enhanced activation
of Stat3 was a direct consequence of the higher levels of
circulating IL-6 measured in ES:MSC co-culture groups,
and this mechanism emerged not coincidentally in the same
groups that showed resistance to IGF-1R blockade (Figs. 1
and 3). These results mirror our previous findings in a xe-
nograft model, where acquired drug resistance to IGF-1Ri
in ES tumors correlated with enhanced Stat3 signaling.?'!
Collectively, these data provide a compelling argument for
dual targeting of IGF-1R/Stat3, a strategy already estab-
lished in colorectal cancer.*> Accordingly, resistance to
IGF-1Ri was overcome in ES:MSC co-cultures in the pres-
ence of Stat3i, which, on the contrary, had no efficacy in
homotypic ES cultures (Figs. 4 and 5).

In evaluating the importance of the ES stroma in drug
sensitivity, this study reiterated the necessity of a highly
controlled 3D model to perform a physiologically relevant
investigation on ES-stroma interactions. Studying different
ES:MSC ratios in our flow perfusion-based tumor model
allowed us to understand how cell signaling evolves during
ES progression, depending on the extent of the connective
stroma present in the bone tumor niche. Previous in vivo
studies already underlined the possible role of IL-6/Stat3 in
ES tumorigenesis,'”'® but only within a tissue-engineered
model could we clearly understand how ES (1) co-opts local
stroma into producing IL-6 and (2) switches to Stat3 sig-
naling on blocking the canonical IGF-1R pathway (Fig. 5).

This aspect is particularly relevant, as the interplay be-
tween IGF-1R and Stat3 pathway emerges in many other
malignancies, such as ovarian cancer, lung cancer, and co-
lorectal cancer.?**** Though our research detailed the in-
tricate interrelationship between ES and MSCs, we strongly
suspect that other stromal and/or tumor-associated immune
cells may also play a role in IL-6/Stat3 signaling. As just
one example, several recent immunotherapy trials have
shown that chimeric antigen receptor T-cells can elicit a
dramatic cytokine storm mediated by release of IL-6 and
other cytokines.** Our data would suggest that this profound
release of IL-6, and perhaps other cytokines, could alter
tumor phenotype. Accordingly, the proposed tumor model
could have far-reaching applicability and could improve our
understanding of Stat3-mediated drug resistance in both
non-sarcomatous malignancies and different stromal cells
that are unique to those tumor types. We envision that future

preclinical studies evaluating combination therapies that
target the archetypal IGF-1R signaling pathway, as well as
the compensatory Stat3 signaling cascade, will increase our
chances of treating cancer patients who harbor tumors that
are resistant to the IGF-1R blockade.

While developing our current model, a key finding is that
flow perfusion conditions are crucial not only in establishing
a more in vivo-like ES cell phenotype® but also in provid-
ing MSCs with the appropriate biomechanical cues that are
characteristic of the bone tumor niche (Fig. 5). Traditional
2D cell culture systems underestimate how biophysical
cues, such as microarchitecture and biomechanical stimuli,
affect the stromal cell phenotype, which, in turn, is indis-
pensable for an accurate in vitro description of tumor-stroma
interactions.” We contend, therefore, that for ES as well as
for other malignancies, 3D modeling should prioritize the
recapitulation of biophysical cues (e.g., microarchitectural,
mechanical) as a necessary prerequisite before one can ad-
equately study how non-malignant cells contribute to tumor
viability.

Conclusions

In this research, we investigated the simultaneous pres-
ence of flow perfusion and MSCs on ES phenotype and drug
sensitivity. Our study focused on targeted therapies against
the IGF-1/IGF-1R pathway, a central player in ES tumori-
genesis, and the IL-6/Stat3 pathway, a signaling pathway
heavily involved in acquired drug resistance not only in ES
but also in several other malignancies.

The proposed tissue-engineered tumor model mirrored
distinctive mechanisms observed in vivo, such as ES exploi-
tation of the tumor microenvironment and stroma-mediated
acquired drug resistance to biologically targeted therapeu-
tics. Although these aspects are usually convoluted during
in vivo testing, the use of a 3D tumor model enabled the
detection of tumor- and/or stroma-specific mechanisms within
a controlled environment. Furthermore, the culture condi-
tions and the tumor/stroma ratios can be adjusted to deter-
mine tumor response to biologically targeted therapeutics at
different stages of disease progression, in contrast to time-
consuming animal experiments, where tumorigenesis occurs
over a much longer timescale.

Although we primarily focused on the combined role of
mechanical stimulation and stroma on ES phenotype and
sensitivity, this research highlights how cells extracted from
their niche, devoid of biomechanical cues, are unable to
reliably model true cell—cell interaction as it exists in the
tumor niche. An accurate assessment of tumor-stroma in-
teractions can occur only if both cell types exhibit a phys-
iologically relevant phenotype that, in turn, is dependent
on the accurate recapitulation of microenvironmental cues
such as microarchitecture and biomechanical stimuli. Con-
sequently, we believe that the introduction of non-tumor
cells is secondary to the description of biophysical cues
when developing a tumor model.

The present study has improved our understanding of
ES-stroma cross-talk in a mechanically stimulated system,
but further investigations are required to elucidate the ex-
act interplay between ES and stromal cells and the role of
stroma- and/or tumor-derived extracellular matrix within
this context. Ultimately, the investigation of heterotypic
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tumor-stroma cell signaling within our 3D tumor model is
expected to: (1) advance our understanding of the interplay
among different cellular and environmental cues, (2) assess
the relevance of each of these aspects on tumor progression
and drug resistance, and (3) develop therapeutic interventions
that target both tumor cells and the local microenvironment.
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