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Introduction

Abstract. The goal of our study was to determine the susceptibility of different pancreatic cell lines to clinically
applicable photodynamic therapy (PDT). The efficacy of PDT of two different commercially available photosen-
sitizers, verteporfin and sodium porfimer, was compared using a panel of four different pancreatic cancer cell
lines, PANC-1, BxPC-3, CAPAN-2, and MIA PaCa-2, and an immortalized non-neoplastic pancreatic ductal
epithelium cell line, HPNE. The minimum effective concentrations and dose-dependent curves of verteporfin
and sodium porfimer on PANC-1 were determined. Since pancreatic cancer is known to have significant stromal
components, the effect of PDT on stromal cells was also assessed. To mimic tumor-stroma interaction, a co-
culture of primary human fibroblasts or human pancreatic stellate cell (HPSCs) line with PANC-1 was used to
test verteporfin-PDT-mediated cell death of PANC-1. Two cytokines (TNF-a and IL-18) were used for stimulation
of primary fibroblasts (derived from human esophageal biopsies) or HPSCs. The increased expression of
smooth muscle actin (a-SMA) confirmed the activation of fibroblasts or HPSC upon treatment with TNF-a and
IL-1p. Cell death assays showed that both sodium porfimer- and verteporfin-mediated PDT-induced cell death in
a dose-dependent manner. However, verteporfin-PDT treatment had a greater efficiency with 60x lower con-
centration than sodium porfimer-PDT in the PANC-1 incubated with stimulated fibroblasts or HPSC. Moreover,
activation of stromal cells did not affect the treatment of the pancreatic cancer cell lines, suggesting that the
effects of PDT are independent of the inflammatory microenvironment found in this two-dimensional culture
model of cancers. © The Authors. Published by SPIE under a Creative Commons Attribution 4.0 Unported License. Distribution or reproduction
of this work in whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.JBO.24.11.118001]
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treatment of head and neck, bladder, esophageal, and endobron-

Pancreatic cancer is the fourth leading cause of cancer-related
deaths in the United States, with an estimated 43,090 deaths
in 2017.! Pancreatic ductal adenocarcinoma (PDAC) is the most
common form of pancreatic cancer and is notoriously difficult to
treat. Currently, surgical resection is the only potentially curative
treatment available for early stage PDAC patients, and chemo-
therapy and radiation therapy have limited success in lengthen-
ing patients’ survival with later stage disease.” However, more
than half (52%) of patients are diagnosed at advanced stages and
are not eligible for surgical resection, resulting in a 5-year sur-
vival rate of only 3%.' New diagnostic and therapeutic modal-
ities are urgently needed to improve the survival of PDAC
patients beyond the minimal benefit that they receive today.
Photodynamic therapy (PDT)’ is a light-based therapeutic
modality, which has been approved in the US, Japan, China,
Korea, UK, and several other European countries for the
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chial cancers.*> Upon activation with a specific wavelength of
light and depending on the interval between drug administration
and photoradiation, PDT-induced cell death can be mediated by
cellular and vascular modes. An activated photosensitizer gen-
erates highly reactive molecular species and singlet oxygen,
which induce tumor cell death by direct cytotoxicity and indirect
effects, such as microvascular damage, apoptosis, autophagy,
and immune responses.>® Apoptotic [intrinsic (mitochondria-
mediated) and extrinsic (the death receptor—mediated)]6’7 and
necrotic pathways® play a role in PDT-mediated cell death.
Perhaps most importantly, PDT has been reported by various
groups as an adjuvant to chemotherapy to enhance cell death
in vitro and in vivo>>!! with broad-based killing efficiency.
A report by Huang et al.'? suggested that PDT in combination
with chemotherapy overcomes selection pressures of therapy-
resistant clones usually noted in chemotherapeutic modalities
and killed cancer and cancer stem-like cells agnostically.
Clinically, intraluminal PDT has been used to treat superficial
lesions since the effective depth of light penetration is limited to
<10 mm; whereas intratumor light delivery (interstitial PDT) is
used in bulky tumors having a tumor depth >10 mm.'? With the
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development of laser treatment fibers, PDT has been demon-
strated to control lesions of localized pancreatic tumors, and its
safety and efficacy in preclinical and clinical studies have been
reported.®714-16

In this study, we focused on comparing the effect of two pho-
tosensitizers—the first being sodium porfimer (commonly
known as Photofrin), one of the first commercially available
photosensitizers used in head and neck, esophageal, and endo-
bronchial cancer in the past. Previous preclinical studies have
demonstrated that pancreatic cancer cells are sensitive to sodium
porfimer-PDT, and clinical studies have suggested it as a poten-
tial treatment for pancreatic cancer,” cholangiocarcinorna,7 and
intraductal papillary mucinous neoplasm.'” However, sodium
porfimer is clinically difficult to use since it has a long cutaneous
photosensitization duration of at least 4 to 6 weeks.™® The
impact on quality of life limits its usefulness in the treatment
of pancreatic cancer patients.

Verteporfin, the other photosensitizer used in this study, is a
second-generation photosensitizer, with a liposomal formulation
of benzoporphyrin derivative monoacid ring-A. This drug has
already been approved for clinical use for age-related macular
degeneration® and has substantially reduced light sensitivity due
to rapid clearance rates. Data generated from a phase I/II clinical
study in advanced pancreatic cancer patients have shown that
verteporfin-PDT induced tumor necrosis locally and is feasible
and safe for clinical implementation.® The goal in this study was
to compare the effect of verteporfin-mediated PDT with sodium
porfimer-mediated PDT on multiple PDAC cell lines as well as
on benign ductal epithelium. Insight was sought into the effec-
tiveness of both photosensitizers in the treatment of pancreatic
cancer cells in vitro. Therefore, four commonly studied human
pancreatic epithelial/ductal adenocarcinoma cell lines, PANC-1,
CAPAN-2, BxPC-3, and MIA PaCa-2, derived from primary
tumors'® and the benign pancreatic ductal epithelial line,
HPNE, were selected for this study. The selected epithelial/duc-
tal adenocarcinoma cell lines represent the varying grades, his-
tological differentiations, and immune-cytochemical features
associated with pancreatic cancer,'>?” whereas HPNE was cre-
ated from normal human pancreatic ducts and was immortalized
by transduction with a retroviral expression vector containing
the hTERT gene. PANC-1, CAPAN-2, and MIA PaCa, but
not BxPC-3, are characterized by frequent mutations in KRAS
(v-kinase2 Kirsten rat sercoma viral oncogene homolog), TP53,
and CDKN2A (P16 INK4a), contributing to the growth, tumoro-
genic properties, and chemoresistance.’>>* BxPC-3 and
CAPAN-2 cells are both derived from mucin (MUC)-producing
cancers. The aberant expression of various isoforms of MUC
plays a role in the development and progression of pancreatic
cancer.”>?® Finally, various associated cells and extracellular
components surround the pancreatic tumors, forming a complex
network of pro- and antitumor components and confer a protec-
tive effect against chemotherapy and cytotoxicity.”” Activated
fibroblasts and stellate cells expressing a-smooth muscle actin
(a-SMA) are the predominant cells in stroma and produce
extracellular matrix (ECM) products and cytokines, as well
as growth factors associated with desmoplastic reaction. They
are the origin of cancer-associated fibroblasts, promoting
tumor proliferation, progression, invasion, metastasis, and
chemoresistance.””? A few studies have examined the influ-
ence of the stroma on the therapeutic effect of PDT.*® Celli*!
demonstrated that PDT was able to destroy fibroblasts in a
three-dimensional (3-D) co-culture model. In this study, we
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developed an in-vitro co-culture model comprised of pancreatic
cancer cells with activated fibroblasts or human pancreatic stel-
late cells (HPSCs) in cell inserts to illustrate their influence on
PDT to address whether there was a tissue-specific difference
between fibroblasts derived from low-grade esophageal dyspla-
sia and HPSCs from pancreatic origin.

2 Materials and Methods

2.1 Cell Culture

Four human pancreatic cell lines, PANC-1, MIA PaCa-2,
CAPAN-2, and BXPC-3, and one human immortalized pancre-
atic ductal epithelium cell line, HPNE (ATCC, Manassas,
Virginia), were cultured in appropriate media and according
to the recommended guidelines of ATCC.

Dulbecco’s modified Eagle medium (DMEM) with high glu-
cose for PANC-1 and MIA PaCa-2 cell lines, DMEM with low
glucose for the HPNE cell line, and RPMI for the BxPC-3 cell
line, as well as sodium pyruvate, sodium bicarbonate, penicillin-
streptomycin, glucose, and puromycin were obtained from Sigma
(St. Louis, Missouri). PANC-1, MIA PaCa-2, CAPAN-2, and
BXPC-3 were maintained in media supplemented with 10% heat-
activated fetal bovine serum (FBS) (HyClone, Logan, Utah),
0.1% antibiotic solution (v/v), 2.5% horse serum (ATTC,
Manassas, Virginia) for MIA PaCa-2 and 1 mM sodium pyruvate
for MIA PaCa-2 and BXPC-3. CAPAN-2 cells were maintained
in modified McCoy 5A media base (ATCC) supplemented with
10% FBS and 0.1% antibiotic solution (v/v). The normal (also
known as control) pancreatic cells, HPNE, were maintained in
media supplemented with M3 Base F (INCELL, San Antonio,
Texas), 5.5 mM glucose (750 ng/ml), and 10 ng/ml epidermal
growth factor (Millipore, Burlington, Massachusetts).

Cells were grown at 37°C in a humidified incubator with
+5% CO,. Fibroblasts were isolated and grown from primary
human Barrett’s esophagus (BE) biopsy samples. Those cells
were isolated from BE patients with varying degrees of dyspla-
sia undergoing endoscopy. Briefly, the esophageal biopsies were
minced into ~2 mm? fragments and the primary culture was
grown in “Barrets-Plus” media, a modified keratinocyte media
as previously described.*> HPSC were cultured by the method as
previously described.*® Fibroblasts or HPSCs were stimulated
by the addition of 50 ng/ml human TNF-a protein and
10 ng/ml human recombinant IL-1/ protein (both from R&D
systems, Minneapolis, Minnesota) to the media, while the other
unstimulated group continued with media alone for 96 h. After
sufficient numbers of fibroblasts or HPSCs were grown, they
were split into two groups and replated into new dishes. One
group of fibroblasts was stimulated by the addition of human
TNF-a (50 ng/ml) and human recombinant IL-14 (10 ng/ml)
to the media, while the unstimulated group continued with
media alone for 96 h.

2.2 Co-Culture Assay

PANC-1 cells were plated on coverslips in three 12-well plates
for 24 h with ~25,000 cells per well, prior to inserts being
added. The stimulated, nonstimulated fibroblasts and HPSC
were rinsed and plated into two 6 inserts with ~15,000 cells per
insert (Falcon Cell Culture Inserts, Corning, Inc., New York) for
each cell line. Each set of 6 inserts was placed in two plates of
PANC-1 [Fig. 1(b)], while the third plate of PANC-1 contained
no inserts or fibroblasts and was set as a control. All cells were
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Fig. 1 (a) The flowchart showing fibroblasts or HPSCs inserts over PANC-1 plates for verteporfin-PDT.
(b) Picture of 12-well culture insert. (c) Schematic diagram of co-culture of the fibroblasts or HPSCs insert

over PANC-1 cells.

incubated for another 48 h. The inserts were taken out prior to
incubating PANC-1 cells with verteporfin.

2.3 Photosensitizing Agent

Verteporfin (Tocris Bioscience, Bristol, United Kingdom) was
dissolved in DMSO at a 0.5 mg/ml concentration, whereas
sodium porfimer (Frontier Scientific, Logan, Utah) was dis-
solved in sterile 0.1% NaOH at a 5 mg/ml concentration. Both
photosensitizers were reconstituted according to the manufac-
turers’ instruction and stored in brown tubes in the dark in a
4°C refrigerator until use. Immediately prior to PDT experi-
ments, a range of each photosensitizing agent at different con-
centrations was prepared in test media. The test media consisted
of 10% FBS DMEM cell culture media diluted with phosphate-
buffered saline (PBS) in a ratio of 1:10.

2.4 Preliminary Experiments for Optimal
Photodynamic Therapy Dose

A series of preliminary experiments with verteporfin- and
sodium porfimer-mediated PDT in PANC-1 cells were con-
ducted to determine the optimal PDT settings. The light source
used for the experiments was equipped with a medium pressure
xenon lamp of 300 W (Oriel Corp., Stratford, Connecticut, now
Newport Corporation) holding dichroic and bandpass filters to
modulate the range of the spectral output. An internally housed
cooling fan regulated the temperature at the set point (as room
temperature), thus decreasing the thermal effect. According to
our previous study, the peak wavelength of 665 nm was set with
an irradiance of 0.50 W /cm? as measured by volume absorbing
calorimetry, for verteporfin treatment to achieve a light dose of
60 J/cm?. A bandpass filter with a peak at 630 nm was used
for sodium porfimer to achieve equal irradiance and light dose
of 60 J/cm? for both photosensitizers. Light irradiation was
calculated using the Thorlabs Photodiode power sensor with
a 9.5-mm aperture compensated for the responsivity of the sen-
sor over the necessary wavelengths. Sensor linearity is deter-
mined to be 0.5%. The minimum concentrations of sodium
porfimer and verteporfin that could effectively induce complete
cell death in PANC-1 cells were determined. The toxicity study
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was conducted using concentrations of sodium porfimer of
0, 0.10, 0.25, 0.50, 1.00, 2.50, 5.00, and 10.00 ug/ml and
verteporfin of 0, 0.001, 0.0025, 0.005, 0.025, 0.05, and
0.1 pg/ml.

2.5 Cell Lines Cultured with the Photosensitizer

First, each pancreatic cell line (PANC-1, MIA PaCa-2,
CAPAN-2, BxPC-3, and HPNE) was trypsinized and replated
into two 8-well chamber slides (slides A and B) with
~25,000 cells per well. After incubation for 48 h, the cells
in slide A were incubated with test media containing incremen-
tal concentrations of 0, 0.10, 0.25, 0.50, 1.00, 2.50, 5.00, and
10.00 pg/ml sodium porfimer, whereas cells in slide B were
incubated with test media containing incremental concentra-
tions of 0, 0.001, 0.0025, 0.005, 0.025, 0.05, and 0.1 ug/ml
verteporfin. Cells were incubated with these photosensitizers
for 6 h. All cells were washed with PBS twice to remove the
excess photosensitizer and were replaced by the same amount
of test media without photosensitizer followed by photoradia-
tion. Each slide was illuminated for 2 min with the peak wave-
length of 665 and 630 nm and a light dose of 60 J/cm? as
previously described.®> After PDT, test media were removed
and the cells were rinsed once with PBS. All wells were filled
with the respective growth medium described above and incu-
bated for 96 h [Fig. 1(a)].

2.6 Cytotoxicity Assays

SYTOX green and Hoechst 33342 (both from Invitrogen) were
added to the media in each well after a 96-h incubation period as
described earlier.> SYTOX green is a nuclear chromosome fluo-
rescent stain that penetrates dead cells through their compro-
mised cellular membranes. In this solution, dead cells were
labeled with green fluorescence and the rest of the cells were
marked with blue fluorescence staining from Hoechst. Using
a fluorescent Axiovert microscope (Zeiss, Germany), the per-
centage of dead cells was determined as a measure of cytotoxic-
ity. We counted the number of fluorescent SYTOX green
staining cells in a set of 100 Hoechst staining cells. A minimum
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of 300 cells were recorded for each well to determine overall
cytotoxicity.

2.7 Dark- and Light-Dependent Toxicity

To determine the dark toxicity, PANC-1 cells were incubated
with a range of concentrations of the both photosensitizers, then
washing twice with PBS and incubated with photosensitizer-free
fresh medium for 18 and 96 h. For assaying the light-dependent
cytotoxicity, PANC-1 cells in the absence of any photosensitizer
were illuminated as described above and then incubated for
24 h. Calcein AM-ethidium homodimer-based live/dead assay
was performed to determine the cytotoxicity, and live/dead cells
were enumerated using Celigo (Nexelom Inc., Lawrence,
Massachusetts). In the range of concentrations assayed for dark
toxicity of the two photosensitizers, the three highest concentra-
tions, including lethal dose (LD) (100% cell death) were tested
(Fig. S2 in the Supplementary Material). In addition, the temper-
ature of growth media with corresponding photosensitizers was
monitored before and after illumination to record temperature
increment to determine light-dependent cytotoxicity in the
experimental model.

2.8 Immunofluorescence

Before the fibroblasts or HPSCs were put into the inserts, we
prepared two chamber slides (one line for stimulated and one
line for unstimulated) and two centrifuge slides for each cell
type. One slide was incubated overnight, to allow reattachment
of the cells, followed by PBS rinsing and air drying. A repre-
sentative sample of the cells went into the inserts, while the
second slide was grown parallel with the experimental plates.
At the end of the experiment, the membranes from stimulated
and unstimulated inserts with fibroblasts and HPSCs, the
parallel grown fibroblasts and HPSCs chamber slides, and the
air-dried preinsert slide were stained for a-SMA. HPSCs were
also stained for glial fibrillary acidic protein (GFAP). Briefly,
they were fixed in 100% methanol for 10 min at —20°C and
permeabilized with 1% Tween 20 in 0.1% bovine serum albu-
min (BSA)/PBS for 10 min. All slides were blocked with 10%
goat serum in 0.1% BSA/PBS, for 1 h. They were incubated
with mouse anti-a-SMA or anti-GFAP (Abcam, Cambridge,
Massachusetts), followed by goat anti-mouse IgG (a-SMA)
or goat anti-rabbit IgG (GFAP) for 1 h each with the appropri-
ate staining controls. All slides and membranes used coverslip
with ProLong gold containing 4',6-diamidino-2-phenylindole
(DAPI). Stained cells were imaged with an AxioVert micro-
scope (Carl Zeiss), equipped with a digital camera and Axio
Vision software. Myofibroblasts were characterized by
immunofluorescence positivity for a-SMA. We visually veri-
fied that stimulated fibroblasts showed more positive staining
for a-SMA than unstimulated fibroblasts.

2.9 GStatistical Analysis

Parametric data were expressed as means and standard devia-
tions. Paired Student’s #-test and one-way ANOVA (post-hoc
test between groups) were used to analyze parametric data.
The Wilcoxon rank sum test and Kruskal-Wallis test followed
by the Dunn—Bonferroni test for post-hoc comparisons were
used to analyze the nonparametric data. All of the statistical
analyses were performed using SPSS 19.0 software package.
The level of statistical significance was set at P < 0.05.
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3 Results

The cytotoxic effect of photosensitizers in the complete absence
of illumination is referred to as dark toxicity. Overall, no
significant dark cytotoxicity was observed (Fig. S2 in the
Supplementary Material) in either of the photosensitizers. For
verteporfin-PDT, the average cell death (in percentage of total
live + dead) obtained was 7.79% in the untreated control, which
remained relatively unchanged in increased concentrations of
the compound after 18 h of incubation. A similar trend was
observed after 96 h of incubations as well as with a slight
increase in overall dead cell percentage (8.39% for untreated
control). In the sodium porfimer treated group, a small change
in cell death was observed (*P = 0.01) (7.6% for untreated con-
trol versus 6.36% for 10.0 pg/ml), at the highest concentration
only, which was also the LD (100% cell death) for sodium por-
fimer. After 96 h, the cell death was consistent with results
obtained from verteporfin treatment and no significant change
on cell death was observed (Fig. S2 in the Supplementary
Material). Light-dependent toxicity employed by our experi-
mental setup showed that a 2 min (5.06% for 665 nm and
4.56% for 630 nm) or even longer 4 min (5.37% for 665 nm
and 5.55% for 630 nm) exposure did not have any significant
effect of cell death (5.4% in absence of light). Also there was no
increment in temperature of the culture media of the in-vitro
experimental model after 2 min (experimental design) or even
a longer period of time (4 min) (data not shown) suggesting min-
imum or no effect of light-induced cytotoxicity.

The LD (100% lethal dose) of sodium porfimer and verte-
porfin in PANC-1 was determined, and ranges of different
concentrations of these two compounds were tested. At a con-
centration of 10.0 ug/ml (8.48 nmol/ml) or higher of sodium
porfimer and a concentration of 0.10 ug/ml (0.14 nmol/ml) or
higher of verteporfin, nearly 100% cell death was achieved. It
was apparent that verteporfin is much more efficient in induc-
ing cell death. Both photosensitizers demonstrated dose-de-
pendent cytotoxicity. Next, we compared the efficacy and
efficiency of sodium porfimer and verteporfin between all pan-
creatic cell lines and a benign pancreatic epithelial cell line.
Furthermore, we investigated if stimulated fibroblasts or
HPSCs inserts had any effect on treatment of PANC-1 cells
with verteporfin-PDT.

At the highest concentration of 10.0 xg/ml (8.48 nmol/ml),
nearly 100% cell death was achieved by sodium porfimer in all
five pancreatic cell lines. The LD50 (50% lethal dose) of sodium
porfimer showed that HPNE cells were the most sensitive to
sodium porfimer PDT (Table 1), followed by PANC-1,
BxPC-3, MIA PaCa-2, and CAPAN-2 cells. When comparing
the sodium porfimer dosages, HPNE cells were more sensitive
to sodium porfimer PDT than pancreatic cancer cell lines,
whereas there was no significant difference in sensitivity
between the pancreatic cancer cell lines [Fig. 2(a)]. CAPAN-
2 cells were less sensitive than HPNE cells at concentrations
of 0.25, 0.50, and 1.00 pg/ml of sodium porfimer (P = 0.025,
0.013, and 0.002, respectively). MIAPaCa-2 cells were less sen-
sitive than HPNE at concentrations of 0.50 and 1.00 ug/ml of
sodium porfimer (P = 0.013 and 0.002, respectively). BxPC-3
was less effective than HPNE at concentrations of 1.00 and
2.50 ug/ml of sodium porfimer (P = 0.011 and 0.046, respec-
tively). PANC-1 is less sensitive than HPNE at a concentration
of 0.50 ug/ml of sodium porfimer (P = 0.027) [Fig. 2(b)].

At a concentration of 0.10 ug/ml (0.14 nmol/ml) vertepor-
fin-PDT caused almost complete cell death in all five pancreatic
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Table 1 LD50 of pancreatic cell lines of sodium porfimer and verte-
porfin-PDT. After 6 h of incubation with sodium porfimer or verteporfin
followed by photoradiation at a light dose of 60 J/cm? (PDT) for 2 min
and incubation for another 96 h, comparable dead cell rates were
found in pancreatic cell lines. LD50 was counted by SPSS19.0
software.

Photosensitizer

Sodium porfimer

(ug/ml) Verteporfin (ug/ml)
Cell lines LD50 95% ClI LD50 95% Cl
HPNE 0.44 0.32 to 0.58 0.005  0.005 to 0.006
BxPC-3 0.85 0.59 to 1.21 0.008  0.006 to 0.012
CAPAN-2 1.29 0.90to 1.87  0.016  0.013 to 0.019
MIA PaCa-2 1.02 0.60 to 1.75 0.015  0.011 to 0.020
PANC-1 0.77 0.50 to 1.16 0.007  0.006 to 0.008

cell lines. The LD50 showed the similar results as sodium
porfimer PDT (Table 1). The HPNE cells were most sensitive
followed by PANC-1, BxPC-3, MIA PaCa-2, and CAPAN-
2 cells.

In contrast to sodium porfimer PDT, the pancreatic cancer
cell lines showed different sensitivities to the verteporfin-PDT
[Fig. 2(a)]. HPNE and PANC-1 are the most sensitive to verte-
porfin-PDT, followed by BXxPC-3, MIA PaCa-2, and CAPAN-2
[Fig. 2(c)]. BXxPC-3 is less sensitive than HPNE cells at concen-
trations of 0, 0.001, and 0.01 ug/ml of verteporfin (P = 0.009,
0.043, and 0.010 respectively), but it is significantly more sen-
sitive than CAPAN-2 cells at concentrations of 0, 0.001, 0.0025,
and 0.050 pg/ml of verteporfin (P = 0.001, 0.002, 0.032, and
0.011, respectively). The CAPAN-2 cells were less sensitive
than HPNE cells at concentrations of 0.0025, 0.005, 0.010,
0.025, 0.050, and 0.100 ug/ml of verteporfin (P = 0.020,
0.034, 0.002, 0.004, 0.001, and 0.031 respectively) and less sen-
sitive than PANC-1 cells at concentrations of 0.005, 0.100,
0.0250, 0.050, and 0.100 pg/ml of verteporfin (P = 0.011,
0.016, 0.003, 0.000, and 0.003, respectively). MIA PaCa-2 cells
were less sensitive than HPNE cells at concentrations of 0.0050,
0.0100, 0.0250, 0.0500, and 0.1000 ug/ml of verteporfin
(P =0.016, 0.000, 0.005, 0.025, and 0.03, respectively) and
PANC-1 cells at concentrations of 0.0050, 0.0100, 0.0250,
0.0500, and 0.1000 ug/ml of verteporfin (P = 0.003, 0.001,
0.004, 0.008, and 0.003, respectively) [Fig. 2(d)].

Both verteporfin and sodium porfimer induced cell death in a
dose-dependent manner, and they had similar efficacy. However,
the verteporfin apparently had higher efficacy than sodium por-
fimer because of significantly lower concentrations of sodium
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Fig. 2 Sodium porfimer- or verteporfin-mediated PDT-induced cell death in five pancreatic cell lines.
Using 6-h incubation with photosensitizer followed by photoradiation at light dose of 60 J/cm? (PDT)
in 2 min, assay was performed 96 h post-PDT. (a) Line graphs show that HPNE cells were more sensitive
to sodium porfimer PDT than pancreatic cancer cell lines. (b) Comparable death rates in pancreatic
cancer cells versus HPNE cells with sodium porfimer PDT (*P < 0.05). (c) Bar graphs show the sensitivity
to verteporfin-PDT for HPNE, PANC-1, BxPC-3, and CAPAN-2/MIA. (d) Relative cell death rates for each
pancreatic cell line. (Dead cell rate of BXPC-3 was statistically higher than other cell lines in control and at

a concentration of 0.0010 pg/ml of verteporfin; *P < 0.05).
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Fig. 3 Verteporfin- versus sodium porfimer-mediated PDT-induced cell death in five pancreatic cell lines.
The death rate of HPNE cells with treatment at a concentration of 0.0025 ng/ml of verteporfin was slightly
lower than that of 0.25 ug/ml sodium porfimer treatment (P < 0.05). No statistically significant differences

existed between other cell lines.

porfimer (0.14 nmol/ml versus 8.48 nmol/ml); verteporfin-
PDT showed almost similar cytotoxicity as sodium porfimer
in all cell lines (Table 1). The only exception was HPNE, which
was more sensitive to a concentration of 0.0025 pg/ml of ver-
teporfin than to a concentration of 0.25 ug/ml of sodium por-
fimer (+ = 2.86, P = 0.046, Fig. 3).

GFAP is a marker of quiescent HPSCs** and a-SMA is a
marker of activated fibroblasts or HPSC. Immunofluorescence
results showed that the expression of GFAP was positive for all
HPSCs but that it was lower in HPSCs stimulated by IL-14 and
TNF-a than in unstimulated HPSCs [see Fig. 4(a)], which
correlated with the decreased expression of GFAP in myofibro-
blast-like phenotype transformation. By contrast, the expression
of a-SMA was higher in fibroblasts or HPSCs stimulated
with IL-1§ and TNF-a than in unstimulated fibroblasts or
HPSCs [see Fig. 4(a)]. These results indicate that the fibroblasts
and HPSCs change to a myofibroblast-like phenotype after
stimulation.

The cytotoxic effect, based on the percentage of dead PANC-
1 cells at each concentration of verteporfin-PDT, demonstrated a
positive dose-response correlation [Figs. 4(b) and 4(c)]. The per-
centage of dead PANC-1 cells was slightly different at each con-
centration of verteporfin. The PANC-1 cell death in the presence
of stimulated fibroblasts or HPSCs was lower than the cell death
in the presence of unstimulated fibroblasts or the control group,
which may suggest a trend toward a protective effect of stimu-
lated fibroblasts on cancer cell dead in verteporfin-PDT treat-
ment (but not statistically significant).
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4 Discussion

Depending on their photophysical, chemical, biological proper-
ties (i.e., cellular uptake, distribution, and tumor selectivity), and
quantum efficiency, every photosensitizer has certain benefit to
be used in PDT; therefore, selecting the most appropriate photo-
sensitizers for the best clinical outcome requires a careful analy-
sis of all the factors. In this study, a similar illumination setting
was used to compare and contrast the two photosensitizers (ver-
teporfin and sodium porfimer), with their PDT-related properties
that showed a range of resistance and sensitivity on various pan-
creatic cancer cell lines in vitro. Sodium porfimer is the most
commonly used photosensitizer in the United States for gastro-
intestinal applications. Previous studies have demonstrated that
sodium porfimer preferentially accumulated in the mitochondria
of cancer cells to induce direct damage to the cells, thereby
reducing cell viability and proliferation. Even though sodium
porfimer has a useful absorption peak at 630 nm, a maximum
absorption peak at this wavelength cannot be reached.
Moreover, being a complex mixture of molecules with poor tis-
sue selectivity, a higher concentration of the drug is needed to
induce cell death.>> A higher concentration of the drug causes a
longer retention time in the patient’s system rendering them
photosensitive.***” Verteporfin-PDT has been approved for
clinical use in patients with age-related macular degeneration
for two decades. It has rapid pharmacokinetics and high singlet
oxygen yield with low skin photosensitivity.* Preclinical and
clinical studies showed that verteporfin-PDT is a potent therapy
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Fig. 4 (a) Representative immunofluorescence results showed that the expression of a-SMA was higher
in fibroblasts or HPSCs stimulated by IL-14 and TNF-a than in unstimulated cells, both pre-PDT and post-
PDT. GFAP expression was positive in HPSCs, and the expression of GFAP was lower in stimulated
HPSCs and postexperiment HPSCs. Nuclei stained blue with DAPI. a-SMA and GFAP labeled in green
by alex488. (Scale bar: 200 y). (b) The percentage of death cell plotted with serial concentrations of
verteporfin with or without fibroblasts inserts. (c) The percentage of death cell plotted with serial con-
centrations of verteporfin with or without HPSCs inserts.

for pancreatic cancer.”!%3%3° We demonstrated that verteporfin
is a highly efficient cytotoxic modality compared with sodium
porfimer, as it induces almost 100% cell death with a much
lower concentration (0.1 pg/ml (0.14 nmol/ml) photoradiation
dose of 60 J/cm?. Verteporfin has been reported to induce
cancer cell death in vitro and in vivo through various mecha-
nisms, as previously described.'®**" First, verteporfin can
induce mitochondria-mediated apoptosis; second, it suppresses
the proliferation of PANC-1 cells by arresting G1 phase
and induces apoptosis by downregulating cyclinD1 and
cyclinEl, modulation of Bcl-2 family proteins; and third, it
inhibits angiogenesis and vasculogenic mimicry via suppres-
sion of Ang2, MMP2, VE-cadherin, and a-SMA expression.
In addition, verteporfin impairs Yes-associated protein-1
(YAP) and transcriptional enhancer factor domain interaction
through inhibition of the Hippo-YAP pathway to suppress the
expression of targeted genes.*” All of the above mechanisms
might contribute to the efficacy of verteporfin-PDT on pancre-
atic cancer cells.® Some studies have demonstrated that verte-
porfin could be delivered to cancer cells with a much shorter
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time interval between drug administration and photoactiva-
tion and with less photosensitivity than the older generation
photosensitizers.54!+42

Our study confirmed that sodium porfimer and verteporfin-
PDT induced death in pancreatic cancer in a dose-dependent man-
ner as reported by other groups.**3> In this study, we observed
that all cell lines had nonresponsive populations at lower and
moderate doses of both the photosensitizers. We showed that
HNPE exhibited significantly higher sensitivity to PDT than
multiple pancreatic cancer cell lines [Figs. 2(a) and 2(b)].
While the LD50 of pancreatic cell lines for sodium porfimer and
verteporfin-PDT showed a similar effect, the sensitivity of cancer
cell lines to these PDTs exhibited a different grade of responsive-
ness, in order from high to low sensitivity as follows: HPNE,
PANC-1, BxPC-3, MIA PaCa-2, and CAPAN-2. Since HPNE
cells have a normal pancreatic duct epithelium phenotype,
we may conclude that normal pancreatic duct epithelial cells are
fairly sensitive to PDT. This might have important implications
for clinical PDT treatment, as extra measures to avoid injury to
normal pancreatic tissue might be needed.
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When comparing different concentrations of sodium por-
fimer PDT, the cell death rates between the pancreatic cancer
lines were not significantly different, suggesting that sodium
porfimer PDT is not selective for any particular subtype of pan-
creatic cancer cells. In contrast, verteporfin-PDT showed vari-
able efficacy of cell death in those four pancreatic cancer cell
lines tested. BXPC-3 (adenosquamous) was more sensitive than
other cells at lower concentrations of verteporfin-PDT, while
CAPAN-2 (moderately differentiated) was the least sensitive
[Figs. 2(b) and 2(d)]. PANC-1 and MIA PaCa-2, the two adeno-
carcinoma lines with poor histologic differentiations, showed
greater and lesser sensitivities, respectively, to verteporfin-
PDT than BxPC-3. The cytotoxic response to PDT depends
on the intracellular uptake and localization of the photosensi-
tizers. Celli et al.'® have reported a differential uptake of verte-
porfin by various pancreatic cancer cell lines. BXPC-3 had a
peak of maximum level of total verteporfin in gmol/mg regime
in contrast to PANC-1 and CAPAN-2 cells, which showed lower
uptake peak of verteporfin in the range of 200 to 400 nmol/mg
6 h of post-PDT.'° In this study, the differential cytotoxic
response of verteporfin-PDT among the various types of pancre-
atic cancer cells correlates with the different PDT uptake rates in
vitro. These data altogether suggest that cellular uptake of pho-
tosensitizers has been critical for drug response and resistance to
cytotoxicity. In addition, factors such as the oxygen dependence
of photosensitizing effect also play an important role in PDT-
mediated therapy. The singlet oxygen (!0,) produced by the
reaction of photoexcited porphyrin molecules with oxygen mol-
ecules in tumor cells* involves the oxygen dependence of the
photosensitizing effect of photosensitizers. Moan and Sommer**
reported the quantum yield of sodium porfimer to be about 0.9
relative unit at oxygen concentrations of 0.07 mM. However, the
study was performed on sodium porfimer at lower concentra-
tions than those used for clinical applications, and the drug dos-
ages given are far in excess of the levels required for maximal
singlet oxygen generation. Therefore, in most clinical situations,
quantum efficiency of the drug does not appear to be a limiting
factor in PDT-induced cell death. Among other factors, vascular
permeability also plays an important role in selective accumu-
lation and drug penetration.”> A study has shown that the
increase in distance of cells from the vascular supply diminished
the accumulation and effectiveness of intravenously adminis-
tered photosensitizers.*® The availability of oxygen within the
target tissue limits direct tumor destruction by accumulated pho-
tosensitizers. Depending on the spatial availability of photosen-
sitizers, oxygen tension can increase transiently.*’ Altogether,
this study brings to light some provocative explanations of how
the sensitivity of the two photosensitizers varies in terms of PDT
response with different cell types, requiring further investigation
in the context of photophysical, chemical, quantum efficiency,
and biological properties (i.e., cellular uptake, distribution, and
tumor selectivity), and more complex preclinical models are
needed to establish the role of PDT on pancreatic cancer
research.

It is important to understand the genetic factors that lead to
resistance to chemotherapy in pancreatic cancer. It is known that
KRAS, TP53, CDKN2A, and SMAD4 mutation are the classic
genetic mutations found in pancreatic cancer, but also some
rare genetic mutations, such as MLL3, BCLAF1, IRF6, FLG,
AXINI1, GLI3, PIK3CA, RBM TGFBR2, ARIDIA, EPCI,
ARID2, SF3BI1, ATM, and RNF43, occur, causing increased
genomic heterogeneity between pancreatic cancers.*® The stage
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of pancreatic cancer is associated with different mutations, with
KRAS, pl6/CDKN2A, GNAS, and BRAF being mutated in
early phases of pancreatic cancer, while SMAD4/DPC4 and
TP53 are mutated in later stages.*’ The cell lines used in this
study, PANC-1, BxPC-3, MIA PaCa-2, and CAPAN-2, were
derived from different pancreatic cancer patients and showed
different biological and genetic characteristics. For example,
MIA PaCa-2 and PANC-1, derived from undifferentiated pan-
creatic carcinoma, are highly aggressive cell lines with increased
intrinsic ZEB1 expression, known to correlate with poor
prognosis.”™>* Both cell lines were reported to have KRAS and
TP53 mutations and P16 homozygous deletions.>> CAPAN-2
also has a KRAS mutation and BxPC-3 has CDKN2A,
MAP2K4, SMAD4, and TP53 mutations.'® Such genetic hetero-
geneity might contribute to the diverse effects of treatment with
photosensitizers. Furthermore, the different cellular functions
may influence the effect of PDT treatment. For example,
CAPAN-2 and BxPC-3 cells are known to produce mucin,
which is shown to be correlated with chemoresistance via acti-
vating multidrug resistance genes® and possibly is also corre-
lated with resistance to PDT.

Using different pancratic cell lines and with comparable
illumination regimens, we performed a comparative study
of the basic PDT-related characteristics between the two pho-
tosensitizers and provide important parameters on the pancre-
atic model. Variable sensitivity to the PDT therapy among
different grades of pancreatic cancer cell lines provides basic
insight into selecting more appropriate photosensitizer for
clinical purposes. In light of the noted importance of the tumor
microenvironment and specifically interaction with the stro-
mal component, in this study, we used stimulated fibroblasts
and HPSCs inserts and incubated with PANC-1. The increased
expression level of a-SMA verified effective stimulation of the
fibroblasts and HPSCs, leading to a myofibroblast-like pheno-
type that was maintained throughout the experiment. Our
hypothesis in this study was that stimulated fibroblasts or
HPSCs might have some protective effects toward PANC-1
against PDT treatment. The existing studies have shown the
complex roles of fibroblasts in the tumor microenvironment.
Once stimulated, fibroblasts and PSCs may interact with
tumor cells through various mechanisms, leading to tumor
growth, invasion and metastasis, and chemoresistance.?’3>3
Results showed that PANC-1 cells were sensitive to vertepor-
fin-PDT. Furthermore, any reduction of cytotoxicity of verte-
porfin-PDT by stimulated fibroblasts or HPSCs in co-cultures
with PANC-1 cells was not observed, which is consistent with
one prior study done only in a two-dimensional culture.’!
Verterporfin-PDT treatment on PANC-1, co-cultured with
either stimulated HPSCs or stimulated fibroblasts, demon-
strated a similar effect, indicating that both fibroblasts and
HPSCs perform a very similar role in vitro and that there is
no tissue-specific difference between these stromal cells.
However, in-vitro models do not entirely mimic the tumor
microenvironment, so further studies are needed in vivo.
Finally, Fujiwara et al.*® demonstrated that fibroblast-rich
co-cultures promoted the malignant potential of the pancreatic
cancer cell line BXPC-3, both in vitro and in vivo. Celli’!
developed 3-D co-cultures of PANC-1 with MRC-5 normal
human fibroblasts derived from lung, showing that vertepor-
fin-PDT was able to destroy fibroblasts as well as pancreatic
cancer cells. The same group also demonstrated that the
ECM infiltrating populations showed enhanced sensitivity
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to verteporfin-PDT, despite resistance to chemotherapy.’’ The
role of pancreatic stellate cells in PDT has not been exten-
sively studied.

Surgical resection as a treatment option for pancreatic cancer
has many limitations since the number of patients undergoing
resection with a curative intent may drop to as low as 3%’
with the median survival being only 10 to 20 months and no
more than 5% to 20% of the resected patients survive more than
five years.®® Chemotherapy, radiotherapy, and the combination
of the two are the options available for the treatment of inoper-
able patients. Among the chemotherapeutic agents, gemcitabine
is the most commonly used agent in both the US and Europe.
According to the UK-based phase III randomized clinical study,
the median survival in the combination capecitabine + gemci-
tabine has shown an improved survival rate of 7.1 months com-
pared with those receiving gemcitabine alone (6.2 months).!
The French randomized study of FOLFIRINOX (fluorouracil,
oxaliplatin, leucovorin, and irinotecan) versus gemcitabine
showed a significantly improved survival rate (median 11.1 ver-
sus 6.8 months).®> However, the invariably poor response to
chemotherapy becomes an increasing challenge due to the resis-
tance of the pancreatic tumor cells to the mitochondria-mediated
apoptotoc signal®*® besides many other signalling patways.®
Moreover, extensive fibrous stroma and the complex inter-
actions between the components of ECM and stroma possess
a physical barrier in drug delivery.®”%® In this study, we compare
the two most proficient photosensitizers that preferentially accu-
mulate around mitochondria to enhance efficacy and drug pen-
etration. PDT, being a targeted anticancer therapeutic modality,
has been extensively investigated for the management of dyspla-
sia and malignancy of ampulla and pancreas and has been
reported as safe, feasible, and possibly a cure for small
tumors.'>%° Studies by Bown et al.'® suggested that the CT
guided mTHPC-PDT induced tumor necrosis to 100% of the
patients with pancreatic cancer without treatment-related mor-
bidity. Very recently, sodium porfimer has been used as
EUS-PDT with a combination of Nab-paclitaxel and gemcita-
bine in a phase I clinical trial safely and effectively on 12 locally
advanced pancreatic cancer patients. In this study, 50% of the
patients had responded with mean overall increase in volume
and percentage of necrosis with median progression free and
overall survival of 2.6 and 11.5 months.”® However, what limits
pancreatic cancer therapy with these two photosensitizers is a
longer post-PDT duration of photosensitivity. Verteporfin, the
second generation PDT, has been used in a phase I/II clinical
trial with effective PDT-induced tumor necrosis, a much shorter
drug light interval, and less photosensitivity, providing an impe-
tus to a more convenient treatment regimen than the other
compounds.®”! Our study has shown that verteporfin was more
effective at lower concentrations than sodium porfimer to kill the
cancer cells effectively and could be a better option to select for
combination therapy with gemcitabine or any other standard
chemopreventive compound currently being used. Verteporfrin
has distinct advantages to sodium porfimer including light
absorption at a longer wavelength allowing for greater tissue
penetration than sodium porfimer. Moreover, because vertepor-
fin-PDT is more effective than sodium porfimer on pancreatic
cancer cells at lower and moderate doses, a wide range of sen-
sitivity for clinical use is suggested. The stimulated fibroblasts
or HPSCs, showing an enhanced myofibroblastic phenotype
compared with unstimulated cells, did not show a significant
protective effect on PANC-1 cells against verteporfin-PDT.
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Considering the tumor diversity, it is imperative to understand
which photosensitizers are more appropriate for overcoming the
pancreatic tumor heterogenesity and how chemotherapeutic
agents exert their efficacy when expolited together in combina-
tion therapy with PDT. Overall, our study has shown that ver-
teporfin is relatively agnostic to pancreatic tumor type and can
kill all types of pancreatic tumor based on their histology and
hetergenesity. We think that the next step is to test this com-
pound in combination with chemotherapy to determine how
it can enhance the effect in vivo. Verteporfin with its strong
absorption maxima, longer wavelength, and deep tissue pen-
etrating capability becomes the more potential candidate for
pancreatic cancer treatment. A study by Celli et al.'® demon-
strated that the verteporfin in combination with gemcitabine
bypassed the gemcitabine resisitance in pancreatic cancer cell
lines. Verteporfin-mediated regulation of YAP is critical in
tumor pathophysiology where p33 is the wild type.”” YAP path-
way is known as a major clinical determinant of tumor progres-
sion and poor survival in pancreatic cancer.”> Taken together,
combination therapy of verteporfin-PDT and gemcitabine as the
chemopreventive agent should be tested and therefore further in
vivo studies and preclinical testing to identify the most suitable
drug combinations are required.

In conclusion, this study elucidates the potential role of PDT
in the therapeutic armamentarium for pancreatic cancer, demon-
strating an effective chemotherapeutic role in vitro, based on
which a further investigation into PDT and chemotherapy in
combination is warranted to overcome chemoresistance of pan-
creatic cancer in preclinical 3-D and in vivo cancer model.
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