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Abstract

Among gynecologic malignancies, ovarian cancer (OC) has the poorest survival rate, and its clinical management remains
challenging due to the high rate of recurrence and chemoresistance. Improving survival for these patients is critical,
although this requires the ability to translate preclinical studies to actual patient care: bench to bedside and back.
Our objective was to develop a preclinical model that accurately represents tumor biology and its microenvironment.
We utilized SKOV-3, OVCAR-8, and CS-99 cell lines to show that this model was suitable for in vitro assessment of
cell proliferation. We tested OC cells independently and in co-culture with cancer associated fibroblasts (CAFs) or
immune cells. Additionally, we used patient-derived ovarian carcinoma and carcinosarcoma samples to show that the
system maintains the histologic morphology of the primary tissue after 7 days. Moreover, we tested the response to
chemotherapy using both cell lines and patient-derived tumor specimens and confirmed that cell death was significantly
higher in the treated group compared to the vehicle group. Finally, we immune profiled the 3-D model containing patient
tissue after several days in the bioreactor system and revealed that the immune populations are still present. Our data
suggest that this model is a suitable preclinical model to aid in research that will ultimately impact the treatment of
patients with gynecologic cancer.
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Introduction rate <45%.* Ovarian carcinosarcoma (OCS), also known
as malignant mixed mesodermal tumor or malignant mixed

Approximately 90,000 women are diagnosed with a  yrenerian tumor (MMMT), is a rare and aggressive

gynecologic malignancy each year in the United States and
roughly one third will experience disease-related mortal-
ity.! Gynecologic malignancies develop in the female
reproductive system in areas including the cervix, ovary,
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subtype of OC. These tumors harbor both epithelial and
mesenchymal cellular components making them difficult
to treat.> Both HGSOC and OCS have a high rate of dis-
case recurrence that develops from chemoresistance.
Approximately 23% of patients have recurring disease
within 6 months of ending chemotherapy treatment and
about 60% relapse after 6 months.® The development of
preclinical models that recapitulate the patient’s tumor
microenvironment (TME) could allow for testing and
identification of durable and personalized therapeutic
interventions to translate into improved outcomes for these
patients.

Current preclinical models for drug development con-
sist of two-dimensional (2-D) and three-dimensional
(3-D)/spheroid or organoid cultures, and murine models.’
While these systems provide valuable information, they
have not been successful in accurately predicting the effi-
cacy of therapies in the clinic. The limited translational
potential of these models can be partially attributed to their
inability to adequately mimic the patient TME. The tradi-
tional, 2-D in vitro models create an artificial environment
that fails to replicate tumor dimensionality and an appro-
priate TME due to the lack of stromal components such as
cancer associated fibroblasts (CAFs), extracellular matrix
(ECM), and immune cells.® As a result, many studies have
attempted to optimize 3-D models.>"> 3-D spheroid or
organoid models allow for the inclusion of additional cel-
lular components, such as fibroblasts or immune cells, that
may or may not be embedded in an ECM in order to create
an assay model which allows for more relevant physiologi-
cal structure of the cells'>'*!1¢1% and 3D interactions
between these cell types in vivo.??! These models can be
created through spontaneous aggregation of cells in vitro
or seeding of these cells on a substrate representing a
tumor ECM.?>?3 Even though the 3-D spheroid and orga-
noid models allow for the co-culture of primary tumor and
microenvironment cell types, these models still lack nutri-
ent gradients, biomechanical regulation, microvascular
supply, and the complete dimensionality of a TME. They
also do not include the hydrodynamic pressure and forces
that are present in human ovarian cancer tumors due to
blood flow throughout the tumor and the presence of
ascites around the ovaries. In an attempt to overcome the
limitations of the 2-D and 3-D models, in vivo murine
models have been widely used in preclinical studies.
However, studies have shown significant differences in
drug metabolism between mice and humans which high-
lights one of the many pitfalls of this preclinical model.?*

Previously, a 3-D microvascularized perfused bioreac-
tor system was developed as a preclinical model for breast
cancer.>%” This model is unique from current 3-D models
in that it includes more human cellular components such as
cancer-associated fibroblasts and PBMCs, a tumor micro-
environment with the appropriate ECM components, and a
tumor volume that is 1cm on its longest dimension which

is the approximate size of a human tumor biopsy sample,
allowing for accurate drug diffusion into the volume to
accurately predict a human cancer response. By providing
perfused microchannels that penetrate the 3-D matrix
where cancer cells are embedded, the system overcomes
diffusion limitations. In addition, the system can be cus-
tomized to provide a more realistic TME with the addition
of different cell types and stromal components. Overall,
this 3-D perfused bioreactor provides a more accurate
model of the human disease and an innovative preclinical
model for personalized medicine. By using this system, we
aim to develop EOC and OCS pre-clinical models that
more closely mimic patient tumor biology to better predict
clinical response of candidate therapies that can be trans-
lated to improve patient outcomes.

Results

Perfusion of media in bioreactor significantly
increased SKOV-3 proliferation compared to
solid and non-perfused systems

To determine the most efficacious system to promote EOC
cell proliferation, we assessed SKOV-3 cell proliferation
in solid, non-perfused, and perfused bioreactor systems
(Figure 1(a) and (b)). After 7 days of culture, SKOV-3 cell
density (nucleated cells/um?) was significantly higher
(»<0.001; FC=3) in the perfused bioreactor compared to
the solid and non-perfused systems (Figure 1(c) and (d)).
Additionally, to test whether media perfusion had an effect
on SKOV-3 biology we performed immunohistochemical
(IHC) staining for PAX-8, which is used as a marker for
EOC and also known to be positive on carcinomas of
Miillerian origin.?$?° SKOV-3 cells cultured for 7 days in
the perfused bioreactor were positive for PAX-8 and com-
parable to patient histology (Figure 1(e)). The perfused
bioreactor demonstrated enhanced EOC proliferation
while maintaining original patient histologic morphology.

Luciferase tagged-SKOV-3 and -OVCAR-8
cells proliferated over 7 days in the perfused
bioreactor system, both independently and in
co-culture with CAFs

We performed bioluminescence imaging (BLI) of /ucif-
erase-tagged-SKOV-3 and -OVCAR-8 (/uc-SKOV-3 and
-OVCAR-8) cells over the course of 7days (day 0, 3, and
7) in perfused bioreactors as an independent way to objec-
tively measure cell proliferation. We found that region of
interest (ROI) radiance (Total Flux (photons/s)) from BLI
matched the photomicrographs of hematoxylin and eosin-
stained (H&E-stained) sections that showed an increase in
cellularity over time (Supplemental Figure 1A). Cell den-
sity significantly increased (luc-SKOV-3, p<<0.0001;
FC=8; luc-OVCAR-8, p<0.0001; FC=14) over 7days,
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Figure |. Perfusion of media in bioreactor significantly increased SKOV-3 proliferation compared to solid and non-perfused
systems. (a) Schematic representation of the three different systems imposed on SKOV-3 cells; in all of them, the same cell
concentration and matrix composition was used. (b) Schematic representation of perfused bioreactor with the flow loop consisting
of pump, bioreactor, and media reservoir. (c) Cell density (nucleated cells/um?) significantly increased in the perfused bioreactor
after 7 days compared to the solid and the non-perfused systems. (d) Photomicrographs (200X) showed higher cellularity in the
perfused bioreactor after 7 days, correlating with the cell density. (¢) Photomicrographs (200X) of PAX8 immunostaining showed
that the tumor cells are not modified in the perfusion bioreactor. Solid N=3, non-perfused N=3, perfused N=6 (**p<0.0001).

which significantly correlated with an increase in ROI
radiance  (luc-SKOV-3, p<0.05, R>=0.969; luc-
OVCAR-8, p<0.05, R?=0.995) from BLI (Supplemental
Figure 1B).

Next, we co-cultured both cell lines with CAFs, IHFOT-
208 cells, at a 2:1 ratio (OC cells: CAFs). In agreement
with our previous findings, there was increased ROI radi-
ance from BLI over time and these results matched the
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H&E-stained sections showing increased cellularity over
time (Figure 2(a)). In addition, cell density significantly
increased  (luc-SKOV-3, p<<0.001; [luc-OVCAR-8,
»<0.001) over 7days and significantly correlated with
ROI radiance (luc-SKOV-3, p<<0.001, R*=0.996; luc-
OVCAR-8, p <0.001, R>=0.997) from BLI (Figure 2(b)).
Furthermore, the cell density of [luc-SKOV-3 and
-OVCAR-8 cells at day 7 was higher in perfused bioreac-
tors with CAFs (Figure 2(b); 19.08 and 20.75, respec-
tively) compared to those without (Supplemental Figure
1B; 8.36 and 15.50, respectively). We compared H&E-
stained sections of SKOV-3:CAFs tissue to tissue from a
OC patient after 7days in the perfused bioreactor and
found notable similarities in histologic morphology includ-
ing increased cellularity, cell shape, and spheroid forma-
tion (Figure 2(c)). These results (Figure 2) show that the
culture of EOC cells independently or in co-culture had
increased cell proliferation after 7 days in the perfused bio-
reactor. Additionally, the perfused bioreactor allowed for
monitoring of cell proliferation over time using BLI, high-
lighting non-invasive applications of this model.

Patient-derived tumor specimens successfully
maintained their histologic morphology,
immune profiles, and viability after 7 days in
the perfused bioreactor system

Tumor core biopsies from patients with confirmed OC
diagnoses (Figure 3(a)) were collected under an IRB-
approved protocol and cultured in perfused bioreactors
for 7days. Histological examination showed that tumor
samples maintained their histologic morphology, via
H&E stain, after 7 days in the perfused bioreactor (Figure
3(b)). Ki-67 (Figure 3(c)) and cleaved-caspase 3 (Figure
3(d)) expression were not significantly altered after 7 days
of culture in the perfused bioreactor. In order to determine
total cell death, a lactate dehydrogenase (LDH) assay was
performed on the circulating media collected at the time
of media change (day 3) and at the end of the experiment
(day 7). LDH is released from cells that have structural
damage via breakdown of their plasma membrane; there-
fore, when the cells die, LDH is released into the circulat-
ing media serving as a metabolic indicator of cell death.
We found no significant difference in LDH levels over-
time (Figure 3(e)), confirming there was not an increase
in cell death during culture in the perfused bioreactor sys-
tem. These results suggest that patient-derived tumor
samples maintain their cell viability with no increase in
apoptosis in the perfused bioreactor.

Fresh patient tissue is a limiting factor in translational
research, and methods that allow for the use of archival
(frozen) patient samples are in great need. To test whether
the perfused bioreactor could be used as a method to study
archival patient samples, we embedded two thawed patient

specimens from our frozen tissue bio-repository into per-
fused bioreactors. We found that the patient sample that
had been frozen for <1 year had improved histologic mor-
phology, via H&E stain, compared to the sample that had
been frozen >1year (Supplemental Figure 2A). In addi-
tion, Ki-67 expression was present in the patient sample
that was frozen for <1 year, however, there was no signifi-
cant change in Ki-67 expression over time (Supplemental
Figure 2B). These results suggest that the perfused biore-
actor is a suitable model to house both fresh and <1 year
old archival patient-derived tumor specimens for further
evaluation, introducing a novel personalized medicine
method with the potential to test the efficacy of therapeutic
agents.

With the rise of research on immune responses in can-
cer, we wanted to profile the immune landscape in patient-
derived specimens in the perfused bioreactor. IHC staining
of markers for general immune cells (CD457; Figure 4(a)),
T cells (CD3"; Figure 4(b)), CD8" cells (CD8*; Figure
4(c)), CD4™" cells (CD4™; Figure 4(d)), and regulatory T
cells (FoxP3*; Figure 4(e)) revealed that the immune
markers of interest were present at day 0 and there was no
significant difference (p > 0.05) in their expression after
7 days in the perfused bioreactor. These results highlight
that the patient-derived tumor samples maintain their
immunologic profile in the perfused bioreactor for 7 days
(CD457, 0.085 vs 0.086; CD3*, 0.066 vs 0.072; CD8",
0.038 vs 0.035; CD4", 0.091 vs 0.085; FoxP3*, 0.031 vs
0.035). The fact that this system can keep patient tissue
viable and maintain not only its intrinsic histological struc-
ture but also the immune components present in the TME,
represents a major advantage for testing new therapeutics
for OC, specifically immunotherapies.

Investigation of cell line and patient-derived
sample tumor-intrinsic and immune responses
to chemotherapy using the perfused bioreactor

Patients diagnosed with OC will typically receive chemo-
therapy before (neoadjuvant) or after (adjuvant) debulking
surgery, and this regimen consists of a platinum- and taxol-
based drug combination.’* We wanted to investigate the
sustainability of the perfused bioreactor in studying OC
response to chemotherapy. First, we seeded /uc-OVCAR-8
cells in co-culture with CAFs, as previously described,
into the perfused bioreactor on day 0. After 5days of cul-
ture, the circulating media was changed to media contain-
ing cisplatin (50 uM) or paclitaxel (35 uM) (Supplemental
Figure 3A). We found a reduction in cellularity
(Supplemental Figure 3B) and a significant decrease
(»<<0.0001) in cell density (Supplemental Figure 3C) in
response to treatments. This correlated to a significant
decrease (p <0.0001) in radiance from BLI in response to
treatments (Supplemental Figure 3D and E).
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Figure 2. Co-culture of Juc-SKOV-3 and -OVCAR-8 in the perfused bioreactor system with CAFs showed cell proliferation that

is morphologically similar to patient tissue. (a) Bioluminescence imaging (BLI) and photomicrographs of H&E-stained histological
sections (200X) showed increased signal and cellularity of luc-SKOV-3 and -OVCAR-8 cells in co-culture with IHFOT-208 (CAFs)
over time. (b) SKOV-3:CAFs and OVCAR-8:CAFs cell density (nucleated cells/um?) showed a significant increase at day 7 versus
day 0 and graphical representation of region of interest (ROI) from BLI over time was significantly higher on day 7 versus day 0. ROI
positively correlated with cell density (R2=0.996 and R2=0.997 respectively). (c) Histology sections of co-cultured luc-SKOV-3 and
CAFs in the perfused bioreactor were morphologically similar to patient-derived tumor samples. N=3, *¥¥p <0.0001, *p < 0.05.
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Figure 3. Patient-derived tumor specimens were successfully maintained and viable after 7 days in the perfusion bioreactor system.
(a) Table of patient demographics. (b) Photomicrographs of H&E-stained histological sections (200X) showed that the tumors in
the perfused bioreactors had a comparable histologic morphology with the original tumors after 7 days in the perfused bioreactor.
IHC staining and Optical Density (OD) quantification showed that (c) Ki-67 and (d) cleaved-caspase 3 were present in the patient-
derived bioreactor tumors but their expression did not change significantly over time. (e) Lactate dehydrogenase (LDH) analysis
from the circulating media on day 3 and 7 showed no significant difference.

Next, we embedded OC patient-derived tumor samples
into perfused bioreactors and treated with cisplatin and
paclitaxel (chemotherapy) as previously described (Figure

(Figure 5(d)) significantly decreased (p<<0.05) and
cleaved-caspase 3 (Figure 5(e)) significantly increased
(» <0.05) in response to chemotherapy. Lastly, we found a

5(a) and (b)). Histological examination of patient-derived
tumor samples showed that after 5days of chemotherapy,
cellularity decreased (Figure 5(c)). Additionally, Ki-67

significant increase (p <0.05) in LDH in the circulating
media of chemotherapy-treated bioreactors compared to
controls (Figure 5(f)).
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Figure 4. The immune profile of patient-derived tumors were intact after 7 days in the perfusion bioreactor system.
Photomicrographs of IHC-stained histological sections (200X) and OD quantifications showed that the immune markers (a) CD45,
(b) CD3, (c) CD8, (d) CD4, and (e) FoxP3 were present on the patient derived tumors cultured in the bioreactor for 7 days, but

there was no significant change in their expression over time.

The effect of neoadjuvant chemotherapy (NACT) on
tumor-infiltrating lymphocytes has been widely studied,
and studies have shown that the density of tumor-infiltrat-
ing T cells increases after NACT.3! Next, we wanted to
profile the T cell landscape in the patient-derived speci-
mens that we previously treated with chemotherapy. IHC
staining of markers CD4 (Figure 6(a)), CD8 (Figure 6(b)),
FoxP3 (regulatory T cell marker, Figure 6(c)), and

granzyme B (cytolytic T cell marker, Figure 6(d)) were
performed. We found a slight increase in CD4* cells
(Figure 6(a)), and a significant increase (p < 0.05) in CD8*
cells (Figure 6(b)) in response to chemotherapy. In
addition, FoxP3 expression was significantly elevated
(»<0.01) in response to chemotherapy (Figure 6(c)), but
this elevation in expression was only found in
chemotherapy-resistant patient-derived samples (Figure
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Figure 5. The perfused bioreactor system successfully supports therapeutic interventions using chemotherapy in patient-derived
tumor samples. (a) Table of patient demographics. (b) Schematic of the experimental timeline. (c) Photomicrographs of H&E-stained
histological sections (200X). IHC staining and OD quantification showed that (d) Ki-67 expression significantly decreased while (e)
cleaved-caspase 3 significantly increased in response to chemotherapy (chemo) in the patient-derived treated tumors housed in

the perfused bioreactor. (f) LDH analysis from the circulating media showed a significant difference between the control and the
treated bioreactors. *p < 0.05.

5(a)—samples 6, 7, and 8). However, there was no signifi- ~ The bioreactor system is a suitable preclinical

cant difference in granzyme B expression in response to model to study carcinosarcoma
chemotherapy (Figure 6(d)). These data demonstrate the

validity of the perfused bioreactor to study patient immune To investigate whether the perfused bioreactor was also a
response to treatment, which is crucial given the surge in suitable model for other gynecologic malignancies, we
data highlighting the role of immune response in driving assessed the effect of Wnt modulator (DKN-01) on cell
therapeutic efficacy. proliferation of an OCS cell line (CS-99) independently or
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Figure 6. Chemotherapy treatment in the perfusion bioreactor system increased cytotoxic and regulatory T cells.
Photomicrographs of IHC-stained histological sections (200X) and OD quantifications for immune markers (a) CD4, (b) CD8,
(c) FoxP3, and (d) granzyme B showed that chemo treatment significantly increased the levels of CD8" and FoxP3* cells with no
significant change in CD4" or granzyme B™ cells in patient-derived tumors in the perfused bioreactors. *p < 0.05. ** < 0.01.

in co-culture CAFs and/or peripheral blood mononuclear
cells (PBMCs) (Supplemental Figure 4A). The results
showed that over the course of 7 days in the perfused bio-
reactor CS-99 cells alone, CS-99 cells in co-culture with
PBMCs, as well as CS-99 cells in co-culture with
CAFs + PBMCs had increased cellularity and cell prolif-
eration. However, treatment with DKN-01 (5 pg/mL) for
3 days decreased cellularity (Supplemental Figure 4B-D)
and significantly decreased (p<<0.0001) cell density
(Supplemental Figure 4G) compared to the control. Lastly,
we tested the effects of DKN-01 on a patient-derived OCS
tumor core (Supplemental Figure 4F), and similar results
were observed (Supplemental Figure 4G). The co-culture

experiment with CS-99 + CAFs + PBMCs compared to
CS99 cells alone brings a new layer of complexity and
accuracy when recreating the TME in vitro. Overall, these
results suggest that the perfused bioreactor is a suitable
preclinical model to study the effects of therapeutic inter-
ventions on multiple gynecological malignancies includ-
ing EOC and OCS.

Discussion

Clinical management of OC is challenging due to the high
rate of recurrence and the development of chemoresist-
ance. Unfortunately, the development and/or identification
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of more durable therapeutic options has been an ineffec-
tive process,’>** and one of the reasons that might contrib-
ute is the lack of preclinical models that accurately reflect
a patient’s TME. Currently, preclinical models for drug
development rely on 2-D or 3-D cultures and murine mod-
els.” Some of these models lack the complexity of cell-cell
or cell-matrix interactions, tumor biomechanics, vascular
architecture, and/or equivalent drug metabolism.

Here, we evaluated the perfused bioreactor for in vitro
mono- and co-cultures as well as ex vivo cultures of
patient-derived tumor samples. Unlike other 3-D models,
the perfused bioreactor has a 3-D volume with vessel-like
microchannels that allows the media to perfuse, and this
perfusion significantly enhanced OC cell density com-
pared to the solid and non-perfused systems. Moreover,
the perfused bioreactor allows for non-invasive monitori-
zation of cell proliferation using ROI radiance from BLI,
which provides an extra advantage since minimal manipu-
lation of the system is required. Furthermore, we found
that the addition of CAFs and/or PBMCs increased EOC
and OCS cell density compared to EOC or OCS cell cul-
ture alone, highlighting this platform as a means to study
tailored co-cultures.

Importantly, the perfused bioreactor maintained patient
tumor histology and cell viability without an increase in
cell death in normal conditions. We also found that archi-
val patient samples that had been frozen for <1 year could
be studied in this system and had acceptable morphology
and proliferation markers present. However, there was no
increase in cell proliferation over time with these samples,
suggesting that the addition of a cell type known to enhance
proliferation (e.g. PBMCs) and/or an enrichment of the
media with growth factors could be used to increase prolif-
eration for these sample types in perfused bioreactor.

We also observed that the immune landscape of patient
tumors was maintained throughout 7 days of culture in per-
fused bioreactors, highlighting a preclinical model that
could be used to test immunotherapy options in OC. Our
future directions include profiling the immune landscape
of archival patient specimens to study their immune
response to therapies, which would promote the applica-
bility of this model in OC pre-clinical studies.

To provide further evidence that the perfused bioreactor
could be used as a preclinical model, we evaluated the effi-
cacy of the system to support therapeutic interventions
using chemotherapeutic agents (cisplatin and paclitaxel),
both in EOC cells lines and in patient-derived tumor cores.
The treated tissue surrogates showed a significant decrease
in cell viability with an increase in apoptosis. Also, we
found that there was a significant increase in CD8™ cells in
chemotherapy-treated bioreactors compared to the control,
corresponding with previous studies.>'** Expression of
cytolytic T cell marker, granzyme B, did not change in
response to chemotherapy. Conversely, we found a signifi-
cant increase in regulatory T cell marker, FoxP3, in
response to chemotherapy but this was only observed in

chemotherapy-resistant patient samples. These results sug-
gest that the perfused bioreactor can be used to study
immune response to therapies, which sets the foundation
for using this model to study immunotherapy approaches.
However, a limitation of this study is that we only profiled
immune cells based on presence/absence and not full func-
tionality. In the future, we will profile additional immune
subpopulations and characterize their functional state in
the perfused bioreactor.

Additionally, it is well understood that 7days is not a
long enough time period for a preclinical model to be used
to test novel cancer drugs. The current system is not robust
enough to handle prolonged perfusion without leaks or
contamination. To alleviate this issue, advancements have
been made to the bioreactor system. A 3-D printed bioreac-
tor that holds the same volume of a tumor model and is one
compact piece is in development. This new revision has
fewer connections thus fewer opportunities for leaks or
contamination of the tumor model. The ability to run these
bioreactors for 14 days, 21days, or even longer will be
imperative before we will be able to move forward with
this technology as a new drug development assay.

In summary, the perfused bioreactor system is suitable
for (1) mono- and co-cultures of OC cells with CAFs and/
or PBMCs, (2) fresh patient, and (3) <I-year archival OC
patient-derived tumor samples. The utilization of archival
samples in this system is important especially because
fresh tissue is not always available.

Conclusion

This study aimed to investigate a novel 3-D perfused bio-
reactor as a preclinical model to study EOC and OCS biol-
ogy and response to therapies. The main advantage of the
system is that it can be customized to more accurately rep-
resent the patient TME by co-culturing different cell types
and maintaining the immune landscape in patient-derived
samples. The perfusion of media showed an increase in
SKOV-3, OVCAR-8, and CS-99 cellularity and cell den-
sity, and this was enhanced when co-cultured with CAFs
and/or PBMCs. Additionally, we demonstrated that the
perfused bioreactor maintained viable tumor cores for
7days and that histologic morphology and immune pro-
files were maintained. Significantly, treatment of the can-
cer cells or the patient-derived tumor cores with chemo- or
targeted therapies resulted in increased cell death and
CD8™ cells, providing evidence that this model is an opti-
mal preclinical model to study immune responses that uti-
lize patient tissue rather than a syngeneic cell model.

Materials and methods

Cell culture

The luciferase-tagged SKOV-3 ovarian cancer cell line
and the CAFs cell line Human ovarian cancer fibroblast
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IHFOT-208 were provided by Dr. Michael Birrer
(University of Arkansas). The OVCAR-8 cell line was
provided by Dr. Geeta Mehta (University of Michigan).
The OVCAR-8 cell line was tagged with luciferase using
retroviral infection with Firefly Luciferase Lentivirus
Puromycin (Amsbio, MA). Luciferase-tagged SKOV-3
and OVAR-8 cells were cultured in RPMI 1640 1X
medium, 10% FBS (Gibco; Waltham, MA), and 1% peni-
cillin/streptomycin (ThermoFisher Scientific; Waltham,
MA) supplements. IHFOT-208 cells were cultured with
DMEM (Gibco, Waltham, MA) 1X with 4.5 g/L glucose,
L-glutamine, and sodium pyruvate also supplemented with
10% FBS and 1% penicillin/streptomycin. The CS99 cell
line was provided by Gloria Huang (Yale School of
Medicine) and was cultured with DMEM (Gibco, Waltham,
MA) 1X with 4.5g/L glucose, L-glutamine, and sodium
pyruvate also supplemented with 10% FBS and 1% peni-
cillin/streptomycin. PBMCs were purchased from Stem
Cell technologies and were stored in liquid nitrogen until
they were used in co-culture with the cancer cells.

Tissue collection

Tumor tissue from patients with a confirmed cancer diag-
nosis was collected under an IRB approved protocol (IRB-
131007005) at the University of Alabama at Birmingham.
Patients were consented before surgery with a written
informed consent. After collection, tumors were cut,
weighed, and measured to ensure each tumor core placed
in the bioreactor had the same weight and size. Tumors
cores were either placed in the bioreactor or stored at
—80°C in frozen media (9:1 FBS:DMSO). When tumors
were thawed, cores were placed in complete media that
was previously warmed until the tumor cores were com-
pletely thawed and then were placed in the bioreactor with
the surrounding matrix.

Bioreactor preparation

Luciferase-tagged SKOV-3, OVCAR-8, or CS-99
(5.25 X 10%total cells/100uL ECM) with or without
IHFOT-208 (2:1 cancer cell to fibroblast ratio) and/or
PBMC (1.5 X 109 cells) were mixed into an ECM contain-
ing 90% bovine collagen type [ (Advanced
Biomatrix) + 10% basement membrane (growth factor
reduced Matrigel (BM), Corning) and injected into a poly-
dimethylsiloxane (PDMS) bioreactor (Figure 1(b)).
Collagen I is used because it is abundantly found in the
ovarian cancer ECM?*338 and the Matrigel is added to sta-
bilize the collagen and act as a basement membrane.
Alternatively, ovarian tumor tissue cores (approximately
0.250g) were placed into the PDMS bioreactor and an
ECM containing the above mentioned components was
injected around the tumor core. In both cases, the ECM
volume was perforated by two stainless steel wires and the
bioreactor was placed in the incubator (37°C, 5% CO,) for

polymerization. Next, the wires were removed, revealing
two channels in the ECM/cell mixture. The bioreactors
were connected to a micro-peristaltic pump and a media
reservoir via peroxide cured silicone tubing (Cole Parmer),
as previously described,?®?’ and continuously perfused
with 15mL medium (RPMI 1640 1X medium, 10% FBS,
1% penicillin/streptomycin, and 1% Gentamicin) for
3—7days while incubated (37°C, 5% CO,), with medium
changed every 3 days.

Solid, non-perfused, and perfused systems
preparation

In the three different scenarios (Figure 1(a)), the same
number of SKOV-3 cells (5.25 X 103total cells/100 uL
ECM) and the same matrix composition as described
before (90% Collagen Type 1 and 10% Matrigel) was
used. In the solid system, the matrix containing the cells
was injected in a 48 well plate, allowed to polymerize,
and media was added on top of the matrix. In the non-
perfused system, the matrix containing the cells was
injected in a PDMS scaffold, allowed to polymerize, and
was placed in a culture plate with media covering the
channels, but the media remained static, without flow. In
the perfused condition (bioreactor), the matrix containing
the cells was injected into a PDMS scaffold, allowed to
polymerize, and was connected to the pump-flow system
(Figure 1(b)).

IVIS imaging

An IVIS Lumina III imaging system was used for non-
invasive bioluminescence imaging (BLI) of the bioreac-
tors. The bioreactors were disconnected from the flow
loop and BLI signal of luciferase positive cells was imaged
following injection of 1mL d-luciferin (XenoLight
D-Luciferin Potassium Salt, Perkin Elmer, 5pg/mL).
Identical square regions of interest (ROI) were drawn to
measure BLI signals and determine ROI size.

Histologic processing and
immunohistochemistry

Following growth, the bioreactor matrix was fixed with
neutral buffered formalin, processed to paraffin, and histo-
logical sections were prepared. Sections were stained with
hematoxylin and eosin (H&E) to evaluate cellular mor-
phology and cell density (number of cells per cross-sec-
tional area). For immunohistochemical staining, serial
sections 5 um thick were cut from the formalin fixed, par-
affin embedded tissue blocks and floated onto gelatin
coated charged glass slides (Super-Frost Plus, Fisher
Scientific, Pittsburgh, PA), and dried overnight at 60°C.
All sections for immunohistochemistry were dewaxed and
stained on the automated immunostainers including Leica
BOND, Leica BOND Rx, or Roche Ventana.



12

Journal of Tissue Engineering

The markers of interest include: anti-PAX-8 (1:100,
biocare clone BC12), anti-Ki-67 (1:100, ab15580), anti-
CD3, mouse monoclonal, cat#PA0122 (Ready-to-Use),
Leica, stained with Leica BOND autostainer (antigen
retrieval with ER2 solution, 20min); anti-CD4, mouse
monoclonal, cat#PA0427 (Ready-to-Use), Leica, stained
with Leica BOND autostainer (antigen retrieval with ER2
solution, 20min); anti-CD45, mouse monoclonal,
cat#PA0042 (Ready-to-Use), Leica, stained with Leica
BOND autostainer (antigen retrieval with ER2 solution,
Smin); anti-CDS8, rabbit monoclonal, cat#790-4460
(Ready-to-Use), Roche, stained with Roche Ventana auto-
stainer (antigen retrieval with CC1 solution, 64 min); anti-
granzyme B, rabbit polyclonal, cat#790-4283
(Ready-to-Use), Roche, stained with Roche Ventana auto-
stainer (antigen retrieval with CC1 solution, 64 min); anti-
Foxp3, mouse monoclonal [236A/E7], cat#ab20034
(1:200), Abcam, stained with Leica BOND Rx autostainer
(antigen retrieval with ER1 solution, 10 min); anti-Cleaved
Caspase-s, rabbit monoclonal [Asp175] (D3E9), cat#9579
(1:150), Cell Signaling, stained with Leica BOND Rx
autostainer (antigen retrieval with ER1 solution, 10 min).
The detection system from Leica or Roche was applied to
the staining of the antibodies on their corresponding auto-
mated THC strainers.

Cell density

Nucleated cells from the H&E-stained sections were
counted across the tissue cross-section and the area (u m?)
was measured both using Image J software. The cell den-
sity was calculated using the number of nucleated cells/
area (u m?).

Chemotherapy treatment

Paclitaxel (Hospira, Inc.) and/or cisplatin (APP Fresenius
Kabi USA) were diluted in 15mL of media (RPMI 1640
1X medium, 10% FBS, 1% penicillin/streptomycin, and
1% Gentamicin) to a 35 or 50 uM concentration for pacli-
taxel and cisplatin respectively (five times the IC50 found
in 2D culture of OVCAR-8). DKN-01 (Leap Therapeutics)
was also diluted un 15 mL of media to a 25 pL/mL concen-
tration. The medium containing the therapeutic agents was
added in the media reservoir and the peristaltic pump
allowed for perfusion through the bioreactors.

Lactate dehydrogenase and cytotoxicity
measurement

Lactate dehydrogenase (LDH) is a cytosolic enzyme pre-
sent in many different cell types and is a well-defined and
reliable indicator of cytotoxicity. Damage to the plasma
membrane releases LDH into the surrounding cell culture
media. The extracellular LDH in the condition media can

be quantified spectrophotometrically and is an indicator of
cellular cytotoxicity.

LDH measurement in the condition media from the
flow loop was collected 3 days post-treatment. Invitrogen™
CyQUANT™ LDH Cytotoxicity Assay was used, as
directed, to measure the free LDH level in the circulating
media in response to treatment or to measure the viability
of the tumor cores over time (day 3 and day 7).

Statistical analysis

Each in vitro experiment was performed at least in tripli-
cate and results were expressed as mean * standard error
of the mean (SEM) from a representative experiment. All
data were assessed for normality using Shapiro-Wilk test,
and since normality was met, parametric analyses were
used to detect differences between control and experimen-
tal groups. *p < 0.05 was considered to be statistically sig-
nificant. Two-way ANOVA was used on cell density and
ROI from BLI when more than one variable was analyzed
(i.e. day 0, 3, 7 or control, cisplatin and paclitaxel).
Unpaired #-test was used for cell density, ROI from BLI,
LDH, or OD quantification when just two variables were
studied (day 0 vs day 7, control vs chemotherapy). All sta-
tistical analyses were performed using GraphPad Prism
5.01 (GraphPad; La Jolla, CA).
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