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Photodynamic therapy (PDT) is a therapeutic alternative for malignant tumors that uses a photosensitizer. Our
group recently synthesized photosensitizer pheophorbide a (Pa) from chlorophyll-a. The present study inves-
tigated the therapeutic effect of PDT using intratumoral administration of the synthetic photosensitizer Pa in
an in vivo murine oral squamous cell carcinoma (OSCC) animal model. Pa accumulation was measured using
the fluorescence spectrum and imaging in living C3H mice. Intratumoral treatment of Pa-PDT (IT Pa-PDT)
significantly inhibited the growth of transplanted OSCC cells. Histopathological examination of tumor tis-
sues showed that PCNA expression was significantly decreased, while TUNEL-stained cells were markedly
increased in the IT Pa-PDT group compared to controls. IT Pa-PDT-induced apoptosis was confirmed by
immunoblot. Reduction of Bcl-2 and cleavage of caspase 3 and PARP were observed in IT Pa-PDT. These data
demonstrate that IT Pa-PDT inhibited tumor cell proliferation and induced apoptosis, which is correlated with
the anticancer activity of IT Pa-PDT. These potent antitumor activities of IT Pa-PDT were observed in both the
immunohistochemistry and Western blot experiments. Our findings suggest the intratumoral therapeutic poten-
tial of Pa-PDT on OSCC. Additionally, demonstrated detection of Pa using a fluorescence spectroscopy system

or molecular imaging system provides a means for simultaneous diagnosis and treatment of OSCC.
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INTRODUCTION

Photodynamic therapy (PDT) is a nonsurgical alterna-
tive for the treatment of several diseases, including can-
cer. PDT offers the potential efficacy of tumor clearance
with good cosmesis, patient tolerability, and brief healing
time compared with conventional surgery'. PDT involves
the use of photochemical reactions mediated through the
interaction of photosensitizing agents, light, and oxygen.
The photosensitizer is activated by receiving light energy
to produce singlet oxygen and other reactive oxygen
species, which causes oxidative stress in cells and mem-
brane damage and finally leads to cell death and tumor
destruction®”. More than 400 compounds with photo-
sensitizing properties are known including dyes, drugs,
cosmetics, chemicals, and natural substances®. Limited

photosensitizers have been used for clinical PDT, and
second-generation photosensitizers are also undergoing
clinical evaluation’. Among them, pheophorbide a (Pa) is
a chlorine-based second-generation photosensitizer that
is derived from chlorophyll-a with photo-dependent or
-independent cytotoxic activity®’. Pa was identified as an
active antitumor component from a number of traditional
medicine sources such as Scutellaria barbata, Psychotria
acuminata, and silkworm excretan'®!!. Previous studies
have suggested the therapeutic efficacy of Pa-mediated
PDT, which was investigated in leukemia, hepatocellular
carcinoma, colon cancer, and pigmented melanoma'®".
Recently, our group synthesized Pa by removing a mag-
nesium ion and a phytyl group from chlorophyll-a, which
may be more easily available for commercial use than
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purified Pa from plants'>" (Fig. 1). We then evaluated the
antitumor effect of PDT with synthesized Pa on human
oral squamous cell carcinoma cells in vitro".

The response to PDT may vary not only with the cell
type or its metabolic potential but also with total fluence
delivered, different types of photosensitizers, and their
intracellular localization'!. A photosensitizer is one of
the principal components for an effective photodynamic
process and typically administered to the patient by
intravenous (IV) injection. The photosensitizing drug
is especially absorbed by the cancer cells while sparing
much of the nearby healthy cells, and the treatment area
is exposed to a spectrum of light, which activates the
drug to destroy cancer cells. However, the poor cancer
cell uptake and inefficient tumor delivery of photosen-
sitizing agents limit the current applications of PDT in
cancer therapy'®. In order to improve the performance of
photosensitizers, they should be targeted specifically to
the tumor cells. Theoretically, high sensitizer concentra-
tions in tumor tissue can be obtained by direct application
of the photosensitizer into the tumor'”.

In this study, we examined the therapeutic effect of PDT
with intratumorally injected synthesized Pa (IT Pa-PDT)
on suppressing tumor growth in an in vivo murine oral
cancer model. C3H mice bearing AT-84 murine oral can-
cer cells were treated with IT Pa-PDT, and its effect on
tumor growth was monitored. The effect of IT Pa-PDT on
inducing apoptosis was also analyzed in vivo.

MATERIALS AND METHODS
Cell Culture

AT-84 cells, murine OSCC cell lines, were provided
by Dr. E. J. Shillitoe (State University of New York,
Upstate Medical University) and have been described
previously'®. The cells were maintained in RPMI-1640
medium (Invitrogen, Eugene, OR, USA) containing
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10% fetal bovine serum (Invitrogen) and 1% penicillin—
streptomycin (Welgene, Daegu, South Korea) and subse-
quently incubated at 37°C in an atmosphere containing
5% CO..

Preparation of Pa

Pa was synthesized according to the procedure described
previously'”. Briefly, treatment of the ethanol solution of
chlorophyll-a in an acidic condition (1 N HCI, pH 2.5)
easily enabled the removal of the Mg®* ion to afford a
crude pheophytin in the form of precipitates. The pheo-
phytin was subsequently hydrolyzed by reacting with
80% trifluoroacetic acid (TFA) in water to make Pa a
fine powder.

Cellular Uptake in AT-84 Cells

Cells were seeded in a 60-mm dish and incubated for
24 h to allow attachment. After washing with PBS, the
cells were incubated with 0.25 uM Pa for the indicated
time periods in serum-free culture medium. Cells were
washed with PBS and changed to fresh media. The cel-
lular uptake of Pa (red signal, 655- to 755-nm emission)
was examined up to 24 h using Olympus IX71 fluores-
cence microscopy (Tokyo, Japan).

Photodynamic Treatment

AT-84 cells were incubated in a serum-free culture
medium with Pa for 2 h. After washing, the cells were
exposed to a light dose of 4.24 J/cm®, performed using
a laser diode (Geumgwang Co. Ltd., Daejeon, South
Korea) at a wavelength of 664 nm.

MTT Assay

Cells (2% 10° cells/well) were seeded in a 24-well plate
and incubated for 24 h to allow attachment. After wash-
ing with PBS, the cells were incubated with Pa for 2 h
followed by irradiation. After 24 h, the cells were washed
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Figure 1. Chemical structures of chlorophyll-a (A) and synthesized pheophorbide a (B).
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twice with PBS, and 0.5 ml of cell culture medium and
50 pl of 3-(4,5-dimethylthiazol-2-yl)-3-5-diphenyltetra-
zolium bromide solution (5 mg/ml) (Sigma-Aldrich,
St. Louis, MO, USA) were added. After 3 h of incubation,
medium was removed, and 250 ul of dimethyl sulfoxide
(DMSO) was added. The absorbance was measured at
595 nm by the Microplate Autoreader ELISA (Beckman
Coulter, Wals-Siezenheim, Austria), and all experiments
were performed in triplicate.

Fluorescence Spectroscopy Mode

One week after inoculation of AT-84 cells, the mice
were administered an intratumoral injection with pho-
tosensitizer Pa at a dosage of 10 mg/kg. Fluorescence
spectra of the tumor regions of the skin of the mice were
monitored after the photosensitizer injection. The fluores-
cence spectrum from Pa was measured using the fluores-
cence spectroscopy (FS) system according to the procedure
described previously'’. Sensitizers have an emission peak
near 675 nm under excitation at 405 nm.

Imaging

C3H mice were imaged with the Xenogen IVIS Imaging
System (Xenogen Co., Alameda, CA, USA) to record the
bioluminescent signal emitted from the tumor. The IVIS-
100 was equipped with a CCD camera system, which was
used for emitted light acquisition, and the Living Image
software (Xenogen) was used for data analysis.

In Vivo Study of IT Pa-PDT on AT-84 Cell-Bearing
CH3 Mice

AT-84 cells were used for in vivo experiments, which
was previously established by Pang et al.”’. Six-week-old
male immunocompetent C3H mice (Samtaco, Sungnam,
South Korea) were inoculated subcutaneously on the
right flank with 1x 107 AT-84 cells. One week later, the
animals were administered intratumorally at a dosage
of 10 mg/kg Pa. After 2 h, PDT was performed using a
laser diode at a light dose of 100 J/cm® and wavelength
of 664 nm. The animals were monitored daily, and tumor
volume was measured by caliper and calculated by the
formula: V=(ab%)/2, in which a is the longest diameter,
and b is the shortest diameter of the tumor. All experi-
ments were performed under protocols approved by the
Animal Care and Use Committee at Wonkwang Univer-
sity, Department of Dentistry.

Histopathology, Immunohistochemistry,
and TUNEL Assay

The animals were euthanized on day 15, and the
tumors were removed carefully and fixed in 10% for-
malin over 24 h. The tissues were then dehydrated in an
alcohol—xylene series and embedded in paraffin wax.
From each block, 2-um-thick sections were prepared
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and stained with hematoxylin (Vector, Burlingame, CA,
USA) and eosin (H&E) for histological examination. For
immunohistochemistry, the sections were incubated in
3% H,0, in methanol for 10 min to remove endogenous
peroxidase and blocked with 1% BSA in PBS for 1 h.
The sections were then incubated with PCNA antibody
(Dako, Carpinteria, CA, USA) overnight at 4°C. After
washing three times with PBS-T, the sections were sub-
jected to the avidin—biotin peroxidase complex (ABC)
method (Vector), and peroxidase activity was evaluated
with 3,3’-diaminobenzidine (Vector). Finally, the sec-
tions were counterstained with hematoxylin. The termi-
nal deoxynucleotidyl transferase-mediated dUTP nick-end
labeling (TUNEL) assay was done using an Apoptosis
Detection Kit (Millipore, Billerica, MA, USA) accord-
ing to the manufacturer’s protocol. PCNA-positive cells
and apoptotic cells were counted from five randomly
selected areas under 200X magnification and represented
as meantSD.

Western Blot Analysis

The animal tissues were homogenized in a lysis buf-
fer containing 50 mM Tris-HCI (pH 7.5), 150 mM NaCl,
1 mM EDTA, 2.5 mM EGTA, 10% glycerol, | mM
dithiothreitol, 100 mM phenylmethyl sulfonyl fluoride,
10 pg/ml aprotinin, and 10 pg/ml leupeptin. The protein
concentrations were quantified using a Bio-Rad protein
assay reagent (Bio-Rad Laboratories, Hercules, CA,
USA) according to the manufacturer’s protocol. The
total protein (50 pg per lane) was resolved by 7.5%—15%
SDS-PAGE and transferred onto polyvinylidene difluo-
ride (PVDF) membrane (NEN Life Science, Boston,
MA, USA). After blocking in TBS (20 mmol/L Tris,
137 mmol/L NaCl, 1 g/L Tween 20, pH 7.6) with 5%
skim milk for 1 h at room temperature, the membranes
were incubated with primary antibodies against cleaved
caspase 3, PARP (Cell Signaling, Beverly, MA, USA),
PCNA (Abcam, Cambridge, MA, USA), Bcl-2, and
actin (Santa Cruz Biotechnology, Santa Cruz, CA, USA)
overnight at 4°C. The membranes were then washed
three times with TBS-T and incubated with secondary
antibodies (Santa Cruz Biotechnology) for 1 h at room
temperature. Finally, the membranes were washed three
times with TBS-T and visualized using the ECL detec-
tion reagent (Millipore) on the LAS-1000 image system
(Fujifilm, Japan).

Statistical Analysis

All statistical analyses were carried out using Excel
software. Data are expressed as the mean=SD of at
least three individual experiments. Statistical compari-
sons between groups were performed using two-tailed
Student’s #-test. Statistical significance was set at p<0.05,
p<0.01, and p<0.001.
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RESULTS
Photosensitizer Pa Accumulation in AT-84 Cells

The cellular uptake of Pa in AT-84 cells was examined
30 min and up to 24 h after treatment with 0.25 uM Pa
using fluorescence microscopy. As shown in Figure 2A,
accumulation of Pa in AT-84 cells was markedly
observed 2 h after incubation with 0.25 uM Pa. Pa red
fluorescence was continually observed in the cells up
to 24 h after incubation, but no fluorescence signal was
observed in the control group. From these results, Pa
administration for 2 h after treatment was selected for the
following experiments.

The Effect of Pa-PDT on the Inhibition of Cellular
Proliferation in AT-84 Cells

To investigate whether Pa-PDT inhibits cell prolif-
eration of AT-84 cells, the cells were treated with vari-
ous doses of Pa for 24 h. The results of the MTT assay
revealed that Pa-PDT significantly inhibited prolifera-
tion of AT-84 cells in a dose-dependent manner with up
to 1 uM Pa treatment (Fig. 2B). However, there was no
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cytotoxicity in cells treated with Pa or laser alone. The
IC,, value for Pa-PDT was 0.25 uM.

In Vivo Monitoring of Pa Accumulation After
Intratumoral Injection

Pa was intratumorally administered to mice inoculated
with AT-84 cells. We next measured the fluorescence
spectra of the tumor tissues of mice injected with Pa
(10 mg/kg). The fluorescence signal was clearly observed
in Pa-injected tumor tissues, but not in the control tissues
(Fig. 3A and B). The main fluorescence peak of Pa was
also observed at ~672 nm, indicating that the Pa had suc-
cessfully accumulated in the tumor tissues. For the pur-
pose of analyzing the fluorescence of Pa in living C3H
mice, we also confirmed fluorescence imaging up to 6 h
using the IVIS Imaging System. As shown in Figure 3C,
strong fluorescence imaging could be obtained in mice
intratumorally injected with Pa until 6 h, whereas the red
fluorescence signal was not observed in control mice.
From these results, Pa administration for 2 h of treatment
was selected for in vivo experiments.
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Figure 2. Pa accumulation and growth inhibition by Pa-PDT in AT-84 cells. (A) The cells were incubated with 0.25 uM Pa for up
to 24 h, and photographs were obtained by fluorescence microscopy (magnification: 200x). (B) The cells were incubated with the
indicated concentrations of Pa for 2 h followed by exposure to 4.24 J/cm? of laser light for 24 h. The levels of cell proliferation were
measured using an MTT assay. The percentage of viable cells was calculated as the ratio of treated cells to control cells. The data are
reported as the mean+SD of three independent experiments. *p<0.05, **p<0.01 compared to untreated control.
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The Inhibition Effect of IT Pa-PDT In Vivo
Tumor Growth

The in vivo effect of IT Pa-PDT on tumor growth
was examined using mice inoculated with AT-84 cells.
After Pa accumulation for 2 h, PDT was performed using
a laser diode, and tumor volume was measured every
other day after IT Pa-PDT. As shown in Figure 4A and B,
IT Pa-PDT significantly decreased tumor volume com-
pared to the control group and inhibited tumor growth up
to 60% relative to the control group at the end of periods.
The durability of Pa administration in the Pa-PDT-treated
tumor tissues was also examined using fluorescence imag-
ing system in the mice during the experimental periods.
As shown in Figure 4C, the strong red fluorescence sig-
nal was continuously observed in IT Pa-PDT-treated mice
until 14 days. However, no systemic toxicity, including
body weight changes and other apparent adverse effects,
was observed in the animals throughout the study period
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(Fig. 4D). These results showed that IT Pa-PDT effec-
tively inhibits tumor growth.

Immunohistochemical Expression of PCNA and
TUNEL Assay

Histopathological evaluation was examined in paraffin-
embedded tumor sections using H&E staining. Solid
growth of SCC with mitotic figures and hemorrhage was
observed in control tumor tissues, whereas extensive cell
death with some necrosis with nuclear pyknosis and cyto-
plasmic eosinophilia was observed in IT Pa-PDT-treated
tumor tissues (Fig. 5A, top). The antitumor effects of IT
Pa-PDT were next performed by examining the immuno-
histochemistry of PCNA, a cell proliferation marker, and
TUNEL staining for assessing the amount of apoptotic
cells in paraffin-embedded tumor sections. The percent-
age of cancer cells with a positively stained nucleus for
PCNA was markedly decreased in the IT Pa-PDT-treated
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Figure 3. Pa accumulation in the in vivo C3H mice model. Photosensitizer Pa (10 mg/kg) was injected intratumorally into the right
flank of C3H mice. (A) The fluorescence spectra were measured from tumor tissues of the control and Pa-treated groups, respectively,
using the fluorescence spectroscopy (FS) system. (B) The peak intensity was compared between the control and Pa-treated group. The
main fluorescence peaks were observed at ~672 nm in Pa-treated tumor tissues. (C) In vivo fluorescence imaging was obtained using
the Xenogen IVIS-100 Imaging System equipped with a CCD camera system.
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Figure 4. Effect of IT Pa-PDT on tumor growth in an in vivo model. (A) Relative tumor volumes in mice inoculated with AT-84
cancer cells. Relative tumor volumes of the mice treated with IT Pa-PDT and the vehicle-treated controls. The tumor volumes were
measured and transformed subsequently to the relative tumor volume, as detailed in Materials and Methods. The data are reported
as the mean£SD of five animals. *p<0.05, **p<0.01 as determined by a Student’s #-test compared to the control group. (B) In situ
appearance of tumors in the control and Pa-PDT-treated mice. (C) In vivo fluorescence imaging of Pa was obtained using the Xenogen
IVIS-100 Imaging System equipped with a CCD camera system. (D) An assessment of body weight between the Pa-PDT-treated and
control mice during the entire experimental period. The body weight of mice in different groups was recorded every alternate day.

group compared to the control group with p<0.01 [Fig. SA
(middle) and B (top)]. IT Pa-PDT treatment significantly
increased the TUNEL-positive apoptotic cell population,
compared to those in the control group with p<0.001
[Fig. 5A (bottom) and B (bottom)]. These results showed
that the induction of apoptosis by the IT Pa-PDT treat-
ment may be associated with the anticancer activity of IT
Pa-PDT in vivo.

The Expression of Apoptosis-Related Proteins in
Tumor Tissues

To determine the apoptotic mechanism of IT Pa-PDT
in vivo, the expression levels of apoptosis-related pro-
teins were monitored by Western blot analysis with tumor
homogenates. As shown in Figure 6, the levels of PCNA
and Bcl-2, antiapoptotic gene, were markedly decreased
in the IT Pa-PDT-treated group compared to the control

group. In addition, the levels of cleaved caspase 3, the
activated form of caspase 3, and PARP cleavage, a known
endogenous substrate for caspases, were significantly
increased in the IT Pa-PDT-treated group compared to
the control group. These results showed that IT Pa-PDT
induced apoptotic cell death through the activation of
caspase 3, which plays an important role in apoptosis in
the in vivo tumor model.

DISCUSSION

PDT plays a role in the primary treatment of superficial
tumors and is an important treatment option for patients
who present with recurrent carcinomas or secondary
tumors in oral lesions'. Although PDT takes advantage
of the relative retention of a photosensitizer by cancer
cells, effective delivery of a photosensitizer is of great
concern. The IV route of photosensitizer administration
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Figure 5. Effect of IT Pa-PDT on the proliferation and apoptosis in vivo model. (A) H&E staining of tumor sections (top), immuno-
histochemistry for PCNA (middle), and TUNEL assay (bottom) were performed on paraffin sections from the tumor. Photographs were
taken under a magnification of 200x. (B) Positive cells for PCNA immunostaining (top) and TUNEL (bottom) were counted, and the
results are expressed. The data are reported as the mean+SD of three independent experiments. **p<0.01, ***p<0.001 compared to

the control group.

is typically used in clinical and preclinical applications
of PDT?'. However, systemic application of the photo-
sensitizer requires the patient to be isolated from light
and have other systemic side effects, such as a hypersen-
sitivity reaction to the photosensitizer compounds®*.
Most of the currently used photosensitizer molecules are
excited by visible light with limited tissue penetration™.
Insufficient penetration of the photosensitizer into tar-
get tissues can severely limit the outcome of therapy®.
In addition, the mechanism of tumor-specific accumula-
tion is still not clear®. Therefore, several delivery strat-
egies for the photosensitizer have been employed in
PDT?. Recently, an antitumor reagent has become the
appropriate candidate for intratumoral injection against
breast, prostate, and bladder tumors and has suppressed
the tumor with little toxic side effects”™". The potential
advantages for direct intratumoral drug injection include
assured precision in the local delivery of drugs, dramati-
cally higher tumor tissue concentrations than is achiev-
able by conventional systemic chemotherapy, complete
perfusion of the drug within and around the lesion, and
little or no systemic toxic side effects’'. Referring to these
studies, we therefore assumed that intratumoral injection

of the photosensitizer may also be an effective delivery
strategy for chemotherapy in PDT.

Previously, our study reported the effect of synthe-
sized Pa-PDT on the tumor growth inhibition of oral
cancer cells in vitro. High accumulation of synthesized
Pa was observed in YD-10B human oral cancer cells,
and markedly reduced cell proliferation was confirmed
in Pa-PDT-treated YD-10B (human) and AT-84 (murine)
oral cancer cells"*. In the present study, we evaluated
the in vivo effect of intratumoral injection of synthe-
sized Pa on suppressing tumor growth of murine OSCC
AT-84 cells. We determined that once Pa was given intra-
tumorally in a mouse tumor model, successful penetra-
tion of Pa was observed by IVIS Imaging System for up
to 6 h. Fluorescence imaging has become an important
diagnostic tool that is able to detect cancer at an early
stage of tumor development and to guide the biopsy of
representative samples®. Fluorescence can be enhanced
by the use of exogenous markers such as photosensitiz-
ing drugs. The intensity of the fluorescence by Pa was
continuously observed for 14 days, the end of the study
period, after IT Pa-PDT using IVIS Imaging System
and was still strong in the tumor tissues. These results
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Figure 6. The expression of the apoptosis-related protein levels in the tumor tissues. (A) The protein fraction from tumor tissues and
the expression levels of PCNA, Bcl-2, cleaved caspase 3, PARP, and actin were detected using Western blot analysis. The protein levels
were normalized by a comparison to the actin levels. (B) The bar graft data are reported as the mean+SD of three independent experi-

ments. *p<0.05, ¥**p<0.01 compared to the control group.

suggested that only a single application of Pa-PDT can
effectively induce the inhibition of a solid tumor in vivo
and indicated the progression of the tumor using imaging
system simultaneously.

PDT light was performed using a laser diode after 2 h.
As a result, Pa-PDT by intratumoral administration of
Pa significantly decreased the tumor volume compared
to the control group. In our previous study, the in vivo
effects of IV and intraperitoneal (IP) administration of
synthesized Pa were evaluated in the murine oral cancer
cell model®™. We concluded that the IV administration of
Pa more effectively inhibited tumor growth than the IP
administration of Pa. The effect of tumor growth inhibi-
tion by IT Pa-PDT was similar to the IV administration
of Pa in the in vivo model. In addition, IT Pa-PDT (2 h)
has a short time interval between photosensitizer admin-
istration and PDT light treatment compared to IV Pa-PDT
(24 h). This result supports the theory that IT Pa-PDT is
also an optimal route for the administration of Pa in in
Vivo assay systems.

Our previous in vitro study identified that synthesized
Pa-PDT induced mitochondrial-dependent apoptotic cell
death in murine oral squamous cell carcinoma™. In the
present study, we confirmed the molecular mechanism
of cell death by IT Pa-PDT in the in vivo tumor model.
Treatment with IT Pa-PDT decreased tumor cell prolif-
eration, as assessed by the immunohistological detection
of the proliferation marker PCNA. We also performed
TUNEL staining to assess the amount of apoptotic cells
in vivo. TUNEL-positive apoptotic cells significantly
increased in the cells treated with IT Pa-PDT, compared
with the control group. To confirm the apoptotic mech-
anism of IT Pa-PDT in vivo, we examined the expres-
sion levels of apoptosis-related proteins by Western blot.
PCNA is widely used as a biomarker for the proliferation
in both experimental and clinical pathology, and Bcl-2
is a well-known inhibitor of apoptosis®™". In our study,
the levels of PCNA and Bcl-2 expression were markedly
decreased, whereas caspase 3 and PARP cleavage activa-
tion was increased in IT Pa-PDT-treated tissues.
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In conclusion, these results show that IT Pa-PDT

effectively arrests tumor growth by inhibiting cell prolif-
eration and inducing apoptosis. Therefore, these findings
suggest that IT Pa-PDT could be a potent clinical thera-
peutic strategy for OSCC. We also predict detection of Pa
using the FS system or molecular imaging system, which
might improve new approaches for effective simultane-
ous diagnosis and treatment of OSCC.
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