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Abstract: The traditional xenograft subcutaneous pancreatic cancer model is notorious for
its low incidence of tumor formation, inconsistent results for the chemotherapeutic effects of
drug molecules of interest, and a poor predictive capability for the clinical efficacy of novel
drugs. These drawbacks are attributed to a variety of factors, including inoculation of heteroge-
neous tumor cells from patients with different pathological histories, and use of poorly defined
Matrigel®. In this study, we aimed to tissue-engineer a pancreatic cancer model that could readily
cultivate a pancreatic tumor derived from highly homogenous CD24*CD44" pancreatic cancer
stem cells delivered by a well defined electrospun scaffold of poly(glycolide-co-trimethylene
carbonate) and gelatin. The scaffold supported in vitro tumorigenesis from CD24*CD44* cancer
stem cells for up to 7 days without inducing apoptosis. Moreover, CD24*CD44* cancer stem
cells delivered by the scaffold grew into a native-like mature pancreatic tumor within 8 weeks
in vivo and exhibited accelerated tumorigenesis as well as a higher incidence of tumor formation
than the traditional model. In the scaffold model, we discovered that oxaliplatin-gemcitabine
(OXA-GEM), a chemotherapeutic regimen, induced tumor regression whereas gemcitabine
alone only capped tumor growth. The mechanistic study attributed the superior antitumorigenic
performance of OXA-GEM to its ability to induce apoptosis of CD24*CD44* cancer stem cells.
Compared with the traditional model, the scaffold model demonstrated a higher incidence of
tumor formation and accelerated tumor growth. Use of a tiny population of highly homogenous
CD24+*CD44* cancer stem cells delivered by a well defined scaffold greatly reduces the vari-
ability associated with the traditional model, which uses a heterogeneous tumor cell popula-
tion and poorly defined Matrigel. The scaffold model is a robust platform for investigating the
antitumorigenesis mechanism of novel chemotherapeutic drugs with a special focus on cancer
stem cells.

Keywords: pancreatic cancer, cancer stem cell, electrospun scaffold, gemcitabine,
oxaliplatin

Introduction

Pancreatic carcinoma remains one of deadliest cancers, with the tumor having already
metastasized to other organs at the time of diagnosis in over 80% of patients, depriv-
ing patients of the option to have the tumor surgically removed. Consequently, the
S5-year survival rate for patients with pancreatic carcinoma is less than 5%. It does not
help that the last two decades has yielded only one clinically potent chemotherapeutic
drug, gemcitabine, which can increase the patient’s life for only 6 months by average.'
Despite the enormous effort invested in discovering novel chemotherapeutic drugs,
the majority of molecules that seemed promising in murine models have failed in vari-
ous phases of clinical trials.!'** This disappointing outcome has prompted scientists to
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rethink the direction in which they have been traveling in the
recent decades. A consensus has thus emerged that the murine
tumor model must be improved to increase the efficacy and
reliability of chemotherapeutic drug discovery research.*¢
The traditional subcutaneous tumor model is established
by implanting a freshly resected human tumor mass on the
flank in immunodeficient mice and allowing it to grow to
a sizeable tumor for drug screening. This model gained
wide popularity in the pharmaceutical industry because of
its surgical convenience and low cost for large-scale drug
screening. In contrast, the xenograft orthotopic model is
surgically challenging, while genetically engineered mice
are prohibitively expensive for widespread use in the phar-
maceutical industry.” Therefore, the subcutaneous model
remains a valuable platform for evaluating the efficacy of
novel chemotherapeutic drugs in both academia and in the
pharmaceutical industry.

The traditional subcutaneous pancreatic tumor model
suffers from a number of drawbacks. For example, only a
fraction of mice that undergo subcutaneous implantation will
ultimately grow a sizeable tumor mass within a few weeks.
Moreover, freshly resected human pancreatic tumor is not
readily available and usually needs immediate processing
and implantation, which is cumbersome in experimental
research. Worse still is the fact that pancreatic tumor speci-
mens resected from human patients with different patho-
logical backgrounds jeopardize the reproducibility of results
pertaining to the efficacy of novel chemotherapeutic drugs.
Being aware of these limitations, we have strived to tissue-
engineer a novel subcutaneous pancreatic cancer model by
using a highly homogeneous population of pancreatic cancer
stem cells and a well defined electrospun scaffold. Use of
cancer stem cells gives cancer scientists a large time window
to build a model at their convenience and greatly reduces the
pathological variability of implanted cancer cells associated
with the traditional model.

Previous research has shown that as few as hundreds of
highly tumorigenic cancer stem cells can grow into a size-
able tumor mass in vivo and that these cancer stem cells
can be passaged in vitro without differentiating into various
mature cancer cells.!®'5 Based on previous research, we
used CD24*CD44* cancer stem cells from a resected human
pancreatic tumor specimen to grow pancreatic tumor tissue
in our novel model.!®'"!3 In the traditional cancer model,
delivering a tiny population of cancer stem cells sometimes
requires a supporting matrix, most commonly Matrigel® (BD
Biosciences, Franklin Lakes, NJ, USA) to provide cancer
stem cells with a microenvironment in which to survive

and proliferate after implantation. However, Matrigel is a
poorly defined matrix with noticeable variation in chemical
composition from batch to batch, thus inevitably reducing the
reproducibility of drug screening results. Tissue-engineering
scientists have extensively explored how to build a well
defined scaffold from synthetic polymers and proteins to
promote tissue growth and/or regeneration, which offers a
powerful tool for cancer research.'¢2¢ Consequently, based on
our previous research, we tissue-engineered a highly porous
scaffold by electrospinning poly(glycolide-co-trimethylene
carbonate) (PGA-TMC) and gelatin to provide the implanted
CD24*CD44" cancer stem cells with a favorable and well
defined microenvironment in which to survive and prolif-
erate in vivo,?! which would eliminate the unfathomable
influence exerted by Matrigel. Thereafter, we mechanisti-
cally investigated the increased antitumorigenic effect of an
oxaliplatin-gemcitabine (OXA-GEM) chemotherapeutic regi-
men compared with gemcitabine alone by taking advantage
of this scaffold model.

Materials and methods
Fabrication and morphological

characterization of scaffold

The scaffold was electrospun as previously described.?!
Briefly, PGA-TMC (Advanced Inventory Management,
Mokena, IL, USA) and porcine gelatin A (Sigma-Aldrich, St
Louis, MO, USA) were dissolved in 1,1,1,3,3,3-hexafluoro-2-
propanol (Sigma-Aldrich) to achieve a total concentration of
12% (w/v) and a weight ratio of 5:1. After being loaded into
a 27-gauge needle, the solution was subjected to a voltage
of 30 kV (M826, Gamma High-Voltage Research, Ormond
Beach, FL, USA) for electrospinning. The solution was fed
at a rate of 3 mL per hour with the collector distanced at
25 cm from the needle. After electrospinning, the scaffold was
desiccated in vacuum for at least 24 hours. An electrospun
scaffold sample measuring 1 cm X 1 cm was sputter-coated
with gold, and scanning electron microscopy was used to
capture images for morphological analysis of the fibers.

Collection of CD24"CD44" cancer
stem cells from resected human

pancreatic tumors

Pancreatic tumors were resected from human patients at
Shanghai Changzheng Hospital. The resected tumor tissues
were completely disassociated with scissors and blades in
a sterile environment. The disassociated tissues were then
incubated with ultrapure collagenase IV (Worthington
Biochemicals, Freehold, NJ, USA) in medium 199 (200 units
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of collagenase per mL) at 37°C for 4 hours to obtain a single-
cell suspension. During incubation, the cells were further
agitated with a pipette every 30 minutes. After incubation,
the suspension was filtered through a 40 um nylon mesh,
washed with Hank’s Balanced Salt Solution with 20% fetal
bovine serum, and then rinsed at least three times with Hank’s
Balanced Salt Solution. The CD24*CD44* cancer stem cells
were sorted by fluorescent-activated cell sorting (BD LSRII,
BD Biosciences, San Jose, CA, USA) using antibodies
of antihuman CD24 and antihuman CD44 (Pharmingen,
Franklin Lakes, NJ, USA). The sorting was repeated until
purification reached over 90%. The sorted CD24*CD44*
cancer stem cells were cultured as previous described, and
cells between passages 2 and 4 were used.?” Written informed
consent was obtained from patients prior to resection of the
pancreatic tumor specimens.

In vitro analysis of viability and apoptosis
in CD24'CD44" cancer stem cells

on scaffold

Circular scaffolds (diameter 6 mm) were sterilized in 70%
ethanol for 15 minutes followed by an extensive rinse in ster-
ile phosphate-buffered solution. The CD24*CD44* cancer
stem cells were seeded on the scaffold (1000 cells/scaffold)
and cultured at 37°C and 5% CO, for up to 7 days to allow
tumorigenesis. Viability and apoptosis in the pancreatic
tumor cells were measured using a 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) and Caspase-
Glo® 3/7 assay kit, respectively, as per the manufacturer’s
protocols (Promega, Madison, WI, USA) on days 1 and 7.
CD24*CD44* cancer stem cells cultured in a 96-well tissue
culture plate (1000 cells/well) were used as the control.

Surgical creation of tissue-engineered

subcutaneous (scaffold) model

CD24*CD44" cancer stem cells were seeded on sterilized
scaffolds (diameter 3 mm, 5000 cells/scaffold) and incu-
bated at 37°C and 5% CO, overnight. The cancer stem cell/
scaffold construct was then implanted subdermally on the
flank of each female mouse (BALB/c nu/nu, 4-6 weeks old,
Shanghai Laboratory Animal Co, Shanghai, People’s Repub-
lic of China). In the control group, CD24*CD44" cancer stem
cells were freely injected subdermally on the flank of each
mouse (5000 cells/mouse, traditional model). The mice were
anesthetized by inhalation of vaporized isoflurane during
surgery. All mice were sacrificed at week 8 after surgery. All
the animal studies were approved by Shanghai Changzheng
Hospital.

Measurements of in vivo pancreatic

tumor growth

The tumor site was photographed biweekly and the
volume was calculated as previously described (tumor
volume = [L x W?]/2.28). After sacrifice, the tumor mass
was retrieved and its weight was measured on a toploading
digital balance.

Phenotypic analysis of tumor cells

by immunohistochemistry

After sacrifice, the pancreatic tumor masses retrieved from
the scaffold model were fixed in 10% formalin for 48 hours,
then embedded in paraffin, sliced into 4 um thick sections,
and serially collected on charged glass slides. Carbohydrate
antigen 19-9 (Abcam, Cambridge, MA, USA), epidermal
growth factor (Abcam), and MIB-1 (LifeSpan Biosciences,
Seattle, WA, USA) were used to characterize the phenotype
of the tumor cells using immunohistochemistry staining fol-
lowing the manufacturers’ protocols. A freshly resected human
pancreatic tumor specimen was used as the positive control.

Comparative study of antitumorigenic
effect of OXA-GEM and gemcitabine

in scaffold model

Oxaliplatin and gemcitabine were obtained from Shanghai
Changzheng Hospital. The scaffold model was established as
described above. At week 5 following surgery, the mice were
randomly assigned to an OXA-GEM group, a gemcitabine
group, or a phosphate-buffered solution (control) group.
Oxaliplatin 4 mg/kg was first given to each mouse via intra-
peritoneal injection, followed immediately by gemcitabine
50 mg/kg in the OXA-GEM group. Gemcitabine 50 mg/kg
and sterile phosphate-buffered solution were given by intra-
peritoneal injection to mice in the gemcitabine group and
the control group, respectively. All drugs were administered
weekly for a total of 4 weeks. The dose of each drug was
determined from previous clinical research.” All mice were
sacrificed after 4 weeks of drug administration. Tumor vol-
ume and weight were measured as described above. Retrieved
tumor samples were prepared for flow cytometric analysis of
CD22*CD44* cancer stem cells, again as described above.

Mechanistic study of OXA-GEM
and gemcitabine in pancreatic-derived
CD24*CD44* cancer stem cells

CD247CD44* cancer stem cells were seeded on sterilized
scaffolds (diameter 6 mm, 1000 cells/scaffold) and cultured
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at 37°C and 5% CO, for 5 days without drug administration.
The cells were then cultured in medium supplemented with
OXA-GEM (oxaliplatin 8 nM and gemcitabine 100 nM),
gemcitabine (100 nM), or phosphate-buffered solution for
4 days. MTT and Caspase-Glo® 3/7 assay kits were used to
measure viability and apoptosis of the tumor cells on day 5
(before drug treatment) and day 9 (after drug treatment).

Data analysis

All immunohistochemistry slides were scanned using a
CRi Pannoramic Scan whole slide scanner, and the images
were captured and analyzed using the Pannoramic viewer
(3DHistech, Budapest, Hungary) and ImageJ. FlowJo (Tree
Star Inc, Ashland, OR, USA) was used in the flow cytometric
analysis. The Student’s #-test and analysis of variance with the
Tukey test were used where applicable (o= 0.05). All results
are presented as the mean =+ standard deviation.

Results and discussion
Morphological characterization

of electrospun scaffold

The electrospun scaffold was composed of randomly distrib-
uted nonwoven micro/nanofibers, featuring a highly porous
structure that morphologically mimicked the native extracel-
lular matrix (Figure 1A). The scaffold also showed a highly
homogeneous fiber morphology, with the majority of fibers
having a diameter of 4-6 um (Figure 1B). It should be noted
that each individual fiber in the scaffold was a composite
of PGA-TMC and gelatin. In tissue engineering research,
a scaffold is intended to provide a temporal physical environ-
ment for therapeutic regeneration of tissue. To that end, it is
believed that a functional scaffold should be morphologically
analogous to the native extracellular matrix which supports
adhesion, migration, and proliferation of cells. In addition,

previous research has demonstrated that the functional out-
put of the scaffold could be further enhanced if biological
domains in the native extracellular matrix could be present
in the scaffold.?**>?¢ Meanwhile, the scaffold is expected to
degrade in a coordinated fashion as cells produce their native
extracellular matrix proteins. In the recent decades, scaffolds
constructed from a combination of proteins, polymers, and
inorganic materials (eg, hydroxyapatite) have been extensively
investigated to create a microenvironment that mimics the
native extracellular matrix.*° These engineered scaffolds have
been used to regenerate a great variety of tissues, including
bones, blood vessels, and heart valves. Previous research has
shown that tissue-engineered scaffolds could play a pivotal
role in initiating and regulating therapeutic regeneration of
tissue.!¢-1%2526 For example, biochemical cues like growth fac-
tors incorporated into the scaffold can exert a regulatory effect
on important cellular events, including metastasis of cancer
cells and differentiation of stem cells. Based on previous
research, we used PGA-TMC to confer structural integrity to
the scaffold, so that seeded cells could readily adhere and self-
organize into a functional tissue.?! PGA-TMC is a degradable
synthetic polymer with no cytotoxicity in vivo, and is widely
used for biomedical applications, including surgical sutures
and tissue-engineered scaffolds.!2 To enhance its biological
performance, we incorporated gelatin to facilitate integrin-
mediated cell adhesion. Our previous research confirmed
that the PGA-TMC/gelatin scaffold held promise for tissue
regeneration because it possesses an extracellular matrix-like
microstructure as well as tunable degradation.?!

In vitro tumorigenesis and apoptosis

of CD24*CD44" cancer stem cells

To determine if the scaffold could promote pancreatic tum-
origenesis from CD24*CD44* cancer stem cells, we cultured
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Figure | (A) Scanning electron micrograph of an electrospun scaffold and (B) fiber diameter distribution.
Notes: The micrograph shows a highly porous microstructure analogous to the protein network in a native extracellular matrix. Measurement of fiber diameter showed

that the fibers were highly homogeneous, with most having a diameter of 4-6 um.
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these cells on the scaffold in vitro for up to 7 days and mea-
sured the viability and apoptosis of tumor cells on days 1
and 7. The MTT assay showed no difference with regard to
viability of CD24*CD44" cancer stem cell-derived tumor cells
on the scaffold and on a tissue culture plate on day 1. However,
CD24*CD44* cancer stem cell-derived tumor cells showed
higher viability than their counterparts on the tissue culture
plate on day 7, suggesting that the scaffold promoted a more
favorable biophysical environment for CD24*CD44" cancer
stem cells to grow into a mature pancreatic tumor (Figure 2).
Neither the scaffold nor the tissue culture plate induced the
apoptosis of CD24*CD44" cancer stem cells or tumor cells
derived from them on days 1 and 7 (Figure 3), indicating a
lack of cytotoxic effect from the scaffold materials.

It is long established that the microenvironment has a
profound influence on proliferation of cancer cells.'*2%3 For
example, it was shown that cancer cells cultured in a three-
dimensional matrix had enhanced angiogenesis and greater
resistance to chemotherapeutic drugs than those cultured
in a two-dimensional matrix.’* Therefore, the ability of
CD24*CD44" cancer stem cells to adhere and proliferate read-
ily on the scaffold determines the final success of this tissue-
engineered pancreatic cancer model. Our results confirmed
that CD24*CD44" cancer stem cells cultured on the scaffold
had a stronger proliferative capacity than those cultured on
a tissue culture plate, as evidenced by increased viability on
day 7 without provocation of apoptosis. It must be noted
that CD24*CD44" cancer stem cells might have grown and
differentiated into a heterogeneous population of pancreatic
cancer cells on the scaffold during the 7-day period, because
pancreatic cancer stem cells would start to differentiate after
they adhered to a substrate. Such differentiation is desirable,
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Figure 2 Analysis of viability of CD24*CD44* cancer stem cell-derived pancreatic
tumor cells on the scaffold showing no difference on day .

Notes: However, cells on the scaffold outperformed controls on the tissue culture
plate by day 7, suggesting that the scaffold provided a more favorable microenvironment
than the tissue culture plate for cancer stem cells to grow into pancreatic tumors.
A star denotes a difference between the groups connected by a hanging bar (n = 3).
Abbreviation: TCP, tumor control probability; ns, not significant.
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Figure 3 Analysis of apoptosis in CD24*CD44* cancer stem cell-derived pancreatic
tumor cells on the scaffold.

Notes: Neither the scaffold nor the tissue culture plate caused significant apoptosis,
indicating that the scaffolding materials were not cytotoxic (n = 3). Moreover, no
increase in apoptosis was observed in either group during days | to 7, suggesting
that the degrading scaffold materials were not cytotoxic.

Abbreviation: TCP, tumor control probability; ns, not significant.

given that a fully-fledged pancreatic tumor is wanted, rather
than a large population of CD24*CD44* cancer stem cells.

In vivo tumorigenesis and phenotypic
characterization of pancreatic tumor
originating from CD24*CD44* cancer

stem cells
After being implanted subdermally in mice for § weeks, the
CD24*CD44* cancer stem cell-derived pancreatic tumor
in the scaffold model outgrew its counterpart in the tradi-
tional model by 44.48% in volume and 91.58% in weight
(Figure 4). By week 6 after surgery, the tumor volume in
the scaffold model reached 1156 + 144 mm?, but reached
only 780 = 105 mm? in the traditional model, and this dif-
ference was statistically significant. By week 8, the volume
in the scaffold model increased further to 1478 £ 162 mm?
compared with just 1023 £ 149 mm? in the traditional model.
The tumor weight in the scaffold model and traditional model
was 182 £ 32 mg and 95 £ 27 mg, respectively, by week 8
after surgery. In addition, in the scaffold model group, eight
of ten mice showed growth of a CD24*CD44* cancer stem
cell-derived tumor, representing an 80% success rate, while
the success rate in the traditional model was only 50% (five
of ten). Phenotypic characterization by immunohistochem-
istry showed that CD24*CD44* cancer stem cell-derived
tumor cells in the scaffold model readily expressed pancre-
atic cancer markers, including carbohydrate antigen 19-9,
epidermal growth factor, and MIB-1, confirming that the
scaffold model could reliably cultivate a mature native-like
pancreatic tumor (Figure 5).

One of the technical challenges in cancer research is that
the incidence of tumor formation in a subcutaneous model is
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Figure 4 (A) Volume of tumors originating from implanted CD24*CD44" cancer stem cells and (B) weight of tumors from each group, along with representative photographs

of pancreatic tumors from the scaffold model (C) and the traditional model (D).

Notes: While both models showed steady tumorigenesis through to week 8, the tumor volume in the scaffold model was greater than in the traditional model by week 6,
and this growth pattern continued until week 8. Tumor weight in the scaffold model was also higher than in the traditional model. These results confirm that the scaffold
promoted tumorigenesis, which could be attributed to enhanced survival during implantation. n = 8 in the scaffold model; n =5 in the traditional model.

100 pm

Figure 5 Immunohistochemistry staining of CA-199 (A and B), epidermal growth
factor (C and D) and MIB-1 (E and F).

Notes: The left column shows samples from freshly resected human pancreatic
tumors (positive control) and the right column shows samples from pancreatic
tumors retrieved from mice in the scaffold model. Tumor samples retrieved from
the scaffold model showed expression of all three pancreatic cancer markers,
confirming that tumors derived from CD24'CD44* cancer stem cells were
biologically equivalent to their native counterparts.

low and unpredictable, which could be attributed to several
factors. First of all, previous cancer research has shown that
only a small fraction of a large heterogeneous population
of cancer cells in a tumor is highly tumorigenic, and this is
believed to be the driving force in tumor formation.!!214
In the traditional subcutaneous model, a sizeable resected
human pancreatic tumor mass was implanted and allowed to
grow in vivo for a few weeks. However, the availability of
cancer stem cells in the resected mass varies greatly, leading
to a volatile reliability of this model. Further, a favorable
microenvironment is absent in the subcutaneous space in the
traditional model, depriving the implanted cells of a good
opportunity to adhere and proliferate. Finally, the highly
heterogeneous nature of the tumor mass in the traditional
model greatly compounds interpretation of the variability
observed in chemotherapeutic drug evaluation.

To address these concerns, we hypothesized that we could
engineer a native-like pancreatic tumor from a tiny popula-
tion of highly homogenous and tumorigenic CD24*CD44*
cancer stem cells, which could both increase the likelihood of
tumor formation and yield reliable results in drug evaluation
studies. In the traditional subcutaneous model, Matrigel is
sometimes used when delivering a small population of can-
cer cells. The fact that Matrigel is a poorly defined material
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Figure 6 (A) Volume and (B) weight of tumors in each group.
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Notes: After 2 weeks of drug administration, tumor volumes in the OXA-GEM and gemcitabine groups were both smaller than those in the control group, confirming that
OXA-GEM and gemcitabine could arrest tumorigenesis. However, after 4 weeks of drug administration, the tumor volume in the OXA-GEM group was lower than that
in the gemcitabine group, and the tumor volumes in both groups were significantly smaller than the tumor volume in the control group. Tumor volume in the OXA-GEM
group showed a decrease after 4 weeks of drug administration while tumor volume in the gemcitabine group remained unchanged. Correspondingly, after 4 weeks of drug
administration, tumor weight in the OXA-GEM group was lower than that in the gemcitabine group, with that in the control group lagging behind (n = 8 in the OXA-GEM
group; n =9 in the gemcitabine group; n = 8 in the control group). A star denotes a statistically significant difference between the groups.

Abbreviations: OXA-GEM, oxaliplatin-gemcitabine; GEM, gemcitabine; PBS, phosphate-buffered solution.

introduces unknown factors into the traditional pancreatic
cancer model, and thus impedes identification of the reason
for inconsistent drug efficacy results. In light of these chal-
lenges, a well defined matrix is of great significance. To
boost the survival rate of CD24*CD44" cancer stem cells,
we tissue-engineered an extracellular matrix-like scaffold to
afford a favorable microenvironment in which the cells could
adhere, migrate, and proliferate, without provoking massive
apoptosis. Our results confirmed an increased incidence of
tumor formation and accelerated tumor growth within an
8-week period.
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Figure 7 Viability analysis of CD24"CD44* cancer stem cell-derived pancreatic
tumor cells before and after drug administration.

Notes: No difference was observed between the treatment groups before drug
administration. However, after 4 days of drug treatment, viability in the OXA-GEM
group was lower than in the gemcitabine group, with the control group showing the
highest viability. During the 4-day treatment period, the viability of CD24*CD44*
cancer stem cell-derived pancreatic tumor cells decreased in the OXA-GEM group
but remained unchanged in the gemcitabine group. Viability of CD24*CD44* cancer
stem cell-derived pancreatic tumor cells in the control group increased during the
same time period (n = 3 in each treatment group). A star denotes a statistically
significant difference between groups.

Abbreviations: OXA-GEM, oxaliplatin-gemcitabine; GEM, gemcitabine; PBS,
phosphate-buffered solution; ns, not significant.

Antitumorigenic effects of OXA-GEM
and gemcitabine on pancreatic tumor
derived from CD24*CD44* cancer

stem cells in scaffold model
After establishing that our scaffold model was superior to
the traditional one, we took advantage of this to compare the
antitumorigenic capability of oxaliplatin + gemcitabine, two
prominent chemotherapeutic drugs for pancreatic cancer.
After 2 weeks of drug administration, the tumor volume in
the OXA-GEM and gemcitabine groups was significantly
smaller than that in the control group. The tumor volume by
week 2 after drug administration was 527 + 88 mm?® in the
OXA-GEM group, 503 £ 69 mm?® in the gemcitabine group,
and 731 £ 63 mm? in the control group, with no difference
between the OXA-GEM and gemcitabine groups. However,
by week 4 after drug administration, the mean tumor volume
was 339 = 45 mm?® in the OXA-GEM group, 489 = 61 mm?*
in the gemcitabine group, and 1321 = 142 mm? in the
control group. The mean tumor volume in the OXA-GEM
was significantly smaller than that in the gemcitabine and
control groups by week 4 after drug administration. Also,
the mean tumor volume in the OXA-GEM group decreased
from 592 £ 78 mm?* on week 0 to 339 + 45 mm’® by week 4,
while the gemcitabine group saw no decrease, indicating
that OXA-GEM was a stronger chemotherapeutic regimen
for pancreatic cancer (Figure 6A). After 4 weeks of drug
administration, the mean tumor weight was 52 + 18 mg in
the OXA-GEM group, 102 £ 14 mg in the gemcitabine group,
and 163 £ 23 mg in the control group (Figure 6B).
Gemcitabine has been the gold standard chemotherapeutic
drug in pancreatic cancer for 20 years, but clinical research has
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Figure 8 Analysis of apoptosis in CD24*CD44" cancer stem cell-derived pancreatic tumor cells before (A) and after (B) drug administration.
Notes: No difference was observed between the treatment groups before drug administration. However, after 4 days of drug treatment, the OXA-GEM group suffered the
greatest apoptotic insult, followed by the gemcitabine group. No increase in apoptosis was observed in the control group in this time period (n = 3 in each treatment group).

A star denotes a statistically significant difference between groups.

Abbreviations: OXA-GEM, oxaliplatin-gemcitabine; GEM, gemcitabine; PBS, phosphate-buffered solution.

shown that it can only extend the patient’s life by an average of
roughly 6 months.! The lackluster performance of gemcitabine
prompted cancer scientists to find a better alternative, and a
variety of chemotherapeutic regimens have been explored.'**
Unfortunately, no breakthrough has been made, because the
chemotherapeutic regimens discovered in animal models failed
in various phases of clinical trials. Based on previous cancer
research, we explored in this study whether an OXA-GEM
regimen was superior to gemcitabine alone for pancreatic
cancer. Our results showed that both OXA-GEM and gem-
citabine could arrest tumorigenesis in vivo after 2 weeks, but
only OXA-GEM was able to induce tumor regression after
4 weeks. These results confirm that OXA-GEM was a superior
chemotherapeutic regimen for pancreatic cancer.

Mechanistic study of antitumorigenic
effect of OXA-GEM and gemcitabine

in the scaffold model
After confirming that OXA-GEM was superior, we proceeded
to investigate the underlying mechanism for its increased
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antitumorigenic effect. We hypothesized that OXA-GEM had
a stronger ability to eliminate CD24*CD44* cancer stem cells
in pancreatic tumors, because previous findings suggested
that CD24* and CD44" cells could be resistant to gemcitabine
alone.**3¢ To test our hypothesis, we first investigated whether
OXA-GEM could reduce the viability of CD24*CD44* cancer
stem cells more than gemcitabine alone. Our in vitro results con-
firmed that OXA-GEM reduced the viability of CD24"CD44*
cancer stem cells by 30% compared with gemcitabine alone
within a 4-day period (Figure 7). Correspondingly, after
4 days of drug administration, the in vitro assay showed that
apoptosis was 45% higher in OXA-GEM-treated CD24*CD44*
cancer stem cells than that in cells treated by gemcitabine
alone (Figure 8). In addition, we measured the percentage of
CD24*CD44* cancer stem cells in retrieved pancreatic tumors
after 4 weeks of drug administration. The flow cytometric
analysis showed that the frequency of CD24*CD44" cancer
stem cells was 1.65% £ 0.23% in the OXA-GEM group,
2.35% £ 0.19% in the gemcitabine group, and 2.61% £ 0.28%
in the control group. The frequency of CD24*CD44" cancer
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Figure 9 Frequency of CD24'CD44" cancer stem cells after drug administration. (A) Representative flow cytometric charts of CD24'CD44" cancer stem cells after 4 weeks
of drug administration. (B) Statistical analysis of the frequency of CD24*CD44" cancer stem cells in each treatment group.

Notes: OXA-GEM significantly reduced the CD24°CD44" cancer stem cell population in pancreatic tumor tissue, depriving it of the driving force of tumorigenesis, which
could account for the tumor regression observed in this group. (n = 8 in the OXA-GEM group; n = 9 in the GEM group; n = 8 in the phosphate-buffered solution group).

A star denotes a statistically significant difference between groups.

Abbreviations: OXA-GEM, oxaliplatin-gemcitabine; GEM, gemcitabine; PBS, phosphate-buffered solution.
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stem cells in the OXA-GEM group was significantly lower
than in the other two groups, while no difference was observed
between the gemcitabine and control groups (Figure 9).
Previous cancer research has demonstrated that pancreatic can-
cer stem cells, including CD24* and CD44* cells, can acquire
resistance to gemcitabine during chemotherapy.’” Therefore,
we complemented gemcitabine with oxaliplatin, another potent
chemotherapeutic drug used for colorectal cancer, to boost the
antitumorigenic capacity of CD24*CD44" cancer stem cells in
pancreatic tumors. Our results confirm that addition of oxali-
platin can improve the antitumorigenic effect, which could be
attributed to reduced viability and apoptosis of CD24*CD44*
cancer stem cells. It is noteworthy that OXA-GEM retained
its superior antitumorigenic capacity in CD24*CD44* cancer
stem cells in vivo, while gemcitabine failed to have such an
antitumorigenic effect in these cells.

Conclusion

In this study, we successfully tissue-engineered a subcutane-
ous pancreatic cancer model from a small population of highly
homogeneous and tumorigenic CD24*CD44* cancer stem cells
using a well defined electrospun PGA-TMC/gelatin scaffold.
This model is superior to the traditional subcutaneous model
because it has a higher tumor formation rate and accelerated
tumor growth in vivo, and reduces the biochemical complex-
ity typically associated with commercial Matrigel. Further,
this model is now demonstrated to be a powerful platform for
mechanistic investigation of the antitumorigenic capability of
chemotherapeutic regimens for pancreatic cancer.
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