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Abstract. 5-Aminolevulinic acid-mediated photodynamic
therapy (ALA-PDT) is a minimally invasive therapeutic
modality used in the management of various cancers, but to
a lesser extent for esophageal cancer (EC). The current study
investigated the antitumor effects of ALA-PDT. Human EC cells
were treated with ALA, after which ALA-induced fluorescence
was examined under a fluorescence microscope. The cytotoxic
effects of ALA-PDT were assessed using three types of LEDs
(blue, green and red) in vitro and in vivo. Subcutaneous tumor
model mice was constructed with KYSE150 cells. ALA-PDT
was performed once a week for 4 weeks and tumor weights were
measured. A popliteal lymph node (PLN) metastasis murine
model was generated using KYSE150 cells. KYSE150 cells
were inoculated into the left footpad of nude mice. ALA-PDT
was performed on the footpad once a week for 4 weeks. PLNs
were then removed 3 weeks after the last treatment. The lymph
nodes were evaluated by hematoxylin and eosin staining. Red
fluorescence of protoporphyrin IX (PpIX) was observed in
all EC cell lines. ALA-PDT using LEDs exerted significant
antitumor effects in vitro and in vivo. The antitumor effects
of ALA-PDT with blue LED were the strongest, followed by
green and red LEDs. The number of metastasized PLNs was
significantly smaller in the ALA-PDT group (0%) than in
the control group (37.5%). The present results indicated that
ALA-PDT is effective for EC.

Introduction
Although advances have been achieved in medical technology

in recent years, esophageal cancer (EC) still has a poor prog-
nosis. The five-year survival rate of EC patients undergoing
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esophagectomy is only 55.5% in Japan (1). EC is the 10th
leading cause of all cancer deaths in Japan (2). Patients with
EC are often diagnosed at an advanced stage with distant
metastasis, and, thus, the timing for surgical intervention
may be missed. Furthermore, although most patients are
eligible for surgery, they often cannot receive chemotherapy
or radiotherapy. Therefore, a safer and less invasive treatment
is urgently needed.

Photodynamic therapy (PDT) is a minimally invasive
therapeutic modality that is used in the management of various
cancers, including lung, early gastric, and skin cancers (3-6), as
well as pre-malignant diseases (7-10). PDT involves the admin-
istration of a non-toxic photosensitizing drug that accumulates
in host and tumor cells, and this followed by the illumination
of the tumor site with visible light corresponding to an appro-
priate photosensitizer absorption wavelength (11-13). PDT with
Photofrin®, Lazerphyrin® and an Excimer-dye laser are the
only options commonly available in Japan for the treatment of
early gastric cancer and superficial EC. However, the adoption
of PDT is decreasing due to the widespread use of endoscopic
submucosal dissection (ESD) (14). Furthermore, PDT using
Photofrin® and Lazerphyrin® need long shading periods to
avoid photosensitivity and, thus, have not been widely adopted.

5-Aminolevulinic acid (ALA) is a second-generation
photosensitizer. Protoporphyrin IX (PpIX) is synthesized
from 5-ALA in mitochondria (15), and accumulates in
several malignant tumors following the administration of
ALA (16-18). Once PpIX has accumulated in cells, it absorbs
energy from light of an appropriate excitation wavelength in
its ground stage, generating excited-state PpIX, which then
transfers energy to oxygen. This, in turn, generates cytotoxic
reactive oxygen species (ROS), mainly singlet reactive oxygen,
which causes cell death (12,19). 5-ALA has the advantage of
skin photosensitivity being avoided due to its elimination
within 24 h (20).

ALA therapy is used in dermatology for the treatment of
various superficial diseases, such as actinic keratosis, basal
cell carcinoma, and Bowen's disease, and good outcomes
have been reported (21-23). However, limited information is
currently available for gastrointestinal cancer. We previously
reported the effects of ALA-PDT on human colorectal cancer
cells and gastric cancer cells (24,25). The aim of the present
study was to investigate the effects of ALA-PDT on EC cells.
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The efficacy of ALA-PDT in esophageal cancer cell lines was
examined at three wavelengths to identify the optimal wave-
length. ALA-PDT was performed for esophageal cancer using
blue LED, the effectiveness of which remains unclear. The
suppressive effects of ALA-PDT on lymph node metastasis
were also investigated. To the best of our knowledge, this is
the first in vivo study to examine lymph node metastasis of
esophageal cancer cells.

Materials and methods

Cancer cell lines and cultures. We used four types of human EC
cell lines. TES was purchased from the Cell Resource Center
for the Biomedical Research Cell Bank. KYSE70, KYSE150
and K'YSE170 cells were purchased from the National Institute
of Biomedical Innovation, Health and Nutrition. Cells were
grown in RPMI medium with 10% fetal bovine serum (FBS),
100 U/ml penicillin, and 100 pg/ml streptomycin at 37°C in a
water-saturated atmosphere with 5% CO,/95% air. TES cells
were verified by a short tandem repeat analysis and confirmed
to be consistent with each other and with the original cell
source from the Cell Resource Center for the Biomedical
Research Cell Bank. KYSE70, KYSE150 and KYSE170 cells
were verified by a short tandem repeat analysis and confirmed
to be consistent with the original cell source from the National
Institute of Biomedical Innovation, Health and Nutrition.

Animals. Five-week-old female BALB/c nude mice weighing
16-18 g (18-20 g by the end of the study) were used in the present
study. They were housed in groups in plastic cages with stain-
less-steel grid tops in an air-conditioned environment with a 12-h
light/dark cycle and were provided food and water ad libitum.
Animal experiments were conducted in accordance with the
institutional guidelines of the Kyoto Prefectural University of
Medicine, Kyoto, Japan. The present study was approved by the
Ethics Committee of Kyoto Prefectural University of Medicine.
The permit number was M28-578. Isoflurane (3%) was used
for induction and 1.5% isoflurane was used for maintenance of
anesthesia in the process of ALA-PDT and measuring small
tumors of the mice. During our experiments, all the mice were
alive, and almost all of them showed wasting, but they were able
to eat and drink normally. All the mice were anesthetized with
3% isoflurane gas inhalation and sacrificed by cervical disloca-
tion, then the tumors were removed.

Light sources for PDT. Cultured cell plates and inoculated mice
were exposed to three types of LED lights (peak wavelength
blue, 410 nm; green, 525 nm; red, 635 nm). Light intensity was
measured using a photo-radiometer.

Fluorescence microscopy analysis. Cells (TE2, TES,
KYSE70, KYSE150) were plated at a density of 1x10° cells
in glass-bottomed plates. After an incubation for 24 h, cells
were treated with 1 mM 5-ALA for 3 h, and PpIX fluorescence
(excitation, 440 nm; emission, 575-675 nm) was examined
under an inverted fluorescence microscope (IX81; Olympus).

PDT in vitro. KYSE170 (5x10* cells/0.1 ml), KYSE70, and
KYSEI150 (2.5x10* cells/0.1 ml) cells were seeded on 96-well
plates and placed in an incubator at 37°C for 24 h. Medium

was then replaced with that containing 1 mM 5-ALA (Cosmo
Bio International) (26). After three hours, 5-ALA-containing
medium was replaced with PBS. Cells were irradiated with
the three types of LEDs at a light dosage of 3 J/cm?. PBS was
replaced with fresh medium immediately after irradiation.
The control group was not administered 5-ALA or exposed
to LED irradiation. After 24 h, cell viability was measured
using the water-soluble tetrazolium (WST) assay (24,25).
Sample absorbance was read on a MAXline microplate reader
equipped with a 550-nm filter.

Apoptosis assay. KYSE70, KYSE150 and KYSEI170 cells
were incubated in a 6-well plate and divided into two groups:
a control group and ALA-PDT group. After being cultured
for 24 h, cells in the ALA-PDT group were incubated with
1 mM ALA to the final concentration for 3 h, washed with
PBS, transferred to fresh medium, and then irradiated with
a light dosage of 3 J/cm? under blue LED. After ALA-PDT,
cells were further cultured for 12 h and then washed twice
with ice-cold PBS. Cells were resuspended in 100 ul of
binding buffer and stained with 1 ul of Annexin V-fluorescein
isothiocyanate (Annexin V-FITC) and 5 ul of propidium
iodide (PT) (Beckman Coulter) at 37°C for 15 min in the dark.
Cell apoptosis was analyzed by a flow cytometry analysis in
a FACScan system (BD Accuri C6; BD Biosciences) (26). At
least 30,000 events were collected for each sample.

PDT in vivo (submucosal tumor model). KYSE150 cells
(1.0x10%) were subcutaneously inoculated in 50 pl of PBS
into the left ankle of nude mice under general anesthesia. Ten
days later, the longest diameter of the xenograft tumor was
between 3 and 5 mm (24). Mice were then divided into treat-
ment and control groups. The treatment group was subdivided
into the blue-LED, green-LED and red-LED subgroups. The
control group and treatment groups comprised 4 or 5 mice
each. Nude mice in each treatment group received an intra-
peritoneal injection of 250 mg/kg of 5-ALA. Four hours later,
mice were irradiated with LED at 30 J/cm?. The three types
of LEDs described above were used in the present study. The
control group was not administered ALA or exposed to LED
irradiation. ALA-PDT was repeated once a week for 4 weeks.
Mice were sacrificed 4 weeks after the initial treatment with
isoflurane, and tumors were removed and weighed (27).

PDT in vivo (popliteal lymph node (PLN) metastasis model).
KYSEI150 cells (1.0x10%) were inoculated in 100 ul of PBS into
the left footpad of nude mice. After 4 weeks, mice were divided
into treatment and control groups (28). The control group and
treatment subgroups comprised 8 or 9 mice each. Nude mice
in each treatment group received an intraperitoneal injection
of 5 mg/body of 5-ALA. After 4 h, the left footpads were
irradiated with blue-LED light at a measured rate of 30 J/cm?.
The control group was not administered ALA or exposed to
LED irradiation. ALA-PDT was repeated once a week for
4 weeks. Mice were sacrificed with isoflurane 3 weeks after
the initial treatment. PLNs were removed and then evaluated
by hematoxylin and eosin staining.

Statistical analysis. Differences in weight and size of tumors
and cell viability among the groups were analyzed using
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Figure 1. Fluorescence microscopy analysis of esophageal cancer. Images were obtained using (A) TES, (B) KYSE150, (C) KYSE150 and (D) KYSEI70 cells
in vitro. Imaging was performed under white and excitation lights (excitation wavelength, 440 nm; emission wavelength, 575-675 nm). The red fluorescence
of protoporphyrin IX was observed in all esophageal cell lines treated with 5-ALA under excitation light. Scale bar, 100 ym. ALA, 5-aminolevulinic acid.

ANOVA by using Kruskal-Wallis (non-parametric) H-test. A
post hoc Tukey test was subsequently performed. Differences
in the number of PLN metastases were analyzed using the
Chi-squared test. P<0.05 was considered to be significant.

Results

Fluorescence microscopy analysis. All fluorescence images
were obtained under identical cell conditions, including the
photomultiplier voltage, acquisition time, and excitation light
intensity. Although there were some variations, the red fluo-
rescence of PpIX was observed in all EC cell lines (TE2, TES,
KYSE70 and KYSE150) treated with 5-ALA (Fig. 1).

PDT in vitro. We used the three types of LEDs (blue, green,
and red) that are the most suitable for ALA-PDT in EC. Cell
viability was significantly lower in the treatment groups than in
the control group (Fig. 2A). Exceptionally, there was no signifi-
cant difference between the control group and the red-LED
group in cell viability of KYSE170. ALA-PDT using blue LED
exerted the strongest antitumor effects, followed by that using
green and red LEDs (P<0.01). The same trend was observed
for all cell lines investigated. The experiment involved the
administration of PDT three times, as previously reported (24).
However, this protocol did not result in any significant differ-
ences in the sizes of tumors. The administration of PDT four
times led to significant differences in LED at each wavelength.

Apoptosis assay. KYSE150 cell apoptosis was assessed by the
Annexin V-FITC/PI binding assay followed by flow cytometry.

The apoptosis rate of cells 12 h after the administration of 1 mM
ALA-PDT was 85.8%, which was significantly higher than that
in the control group (28.6%) (Fig. 2B). This result demonstrated
that apoptosis was induced by ALA-PDT. Similar results were
observed in KYSE70 and KYSE170. However, apoptotic effects
were the strongest in KYSE150, suggesting that the induction
of apoptosis varies in a cell line-dependent manner.

PDT in vivo (submucosal tumor mouse model): We used three
types of LEDs (Fig. 3A). Tumor size and weights at day 29
were significantly lower in the blue-LED groups than in the
control group (Fig. 3B-D) (P<0.05). No significant differences
were observed in tumor weights and size between the control
group and red-LED group; however, they were slightly lower
in the red-LED group. Tumor weights were significantly
lower in the blue- and green-LED groups than in the red-LED
group (P<0.05). There was significant difference between
green-LED and control group in weight of tumors, but there
was no difference in size of tumors at day 29. As in vitro
results, In vivo results showed that the effects of PDT were the
strongest in the order of blue > green > red LED.

PDT in vivo (PLN model). Metastatic PLNs were significantly
smaller in the ALA-PDT group than in the control group
(P<0.05) (Fig.4A and B). PLNs were removed 3 weeks after the
initial treatment (Fig. 4C). In the control group, the formation
of metastatic lesions was observed in 3 out of 8 mice (Fig. 4D).
Otherwise, no mice had metastatic PLNs in the ALA-PDT
group. The number of metastatic PLNs was high in the control
group (Fig. 4E).
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Annexin V
Figure 2. Cytotoxic effects on esophageal cell lines of ALA-PDT under blue, green and red LEDs. (A) The viability of all esophageal cancer cells treated with

ALA-PDT using any type of LED was significantly lower than that of control cells. The anticancer effects of ALA-PDT in all cell lines were the strongest
under blue LED and the weakest under red LED (n=4). “P<0.01 as indicated. (B) Apoptosis assay results for control (left) and ALA-PDT (right) treated cells.
The apoptosis rate of cells 12 h after the addition of | mM ALA-PDT was 85.8%, which was significantly higher than that of the control group (28.6%).
ALA-PDT, 5-aminolevulinic acid-mediated photodynamic therapy; NS, not significant.

Discussion

PDT using Photofrin® and an Excimer-dye laser is not widely
adopted because it has a long shading time of 6 weeks and
a high frequency of hypersensitivity (29). Laserphyrin®,
which was listed in pharmaceutical affairs in 2015, also
has a long shading time of 2 weeks (30). ALA is superior
to other photosensitizers because of its rapid metabolism and
high selectivity for malignant lesions. The systemic clear-
ance of ALA-induced PpIX within 24 h prevents prolonged
photosensitivity and allows the treatment to be repeated at
regular intervals (as frequently as every 48 h) without cumu-
lative effects or the risk of damage to normal tissues (20). In
the present study, the red fluorescence of PpIX was clearly
observed in EC cells in vitro, but not in normal cells. The
present results were consistent with previous findings, which
showed high selectivity for malignant cells for the accumu-
lation of PpIX with human hepatic cell cancer and colon
cancer (31,32). High cancer selectivity may contribute to
reducing post-treatment complications.

Annexin V nexin V

ALA-PDT is based on ROS being produced following
exposure to light and inducing apoptosis in tumor cells (33).
With a mitochondrion-associated photosensitizer, photo-
damage to membrane-bound Bcl-227-29 may be a permissive
signal for mitochondrial outer membrane permeabilization
and the subsequent release of caspase activators, such as cyto-
chrome c. Apoptotic cells promptly release signals required
for the clearance of remaining corpses by phagocytic cells,
which may minimize damage to normal cells and tissues (34).
In the present study, we confirmed that apoptosis was mainly
caused by ALA-PDT for human EC cells.

In the present study, we found that the efficiency of
ALA-PDT using blue LED was higher than that with red LED.
The results obtained are consistent with our previous findings,
which showed the efficacy of ALA-PDT using blue LED for
human gastric cancer and colon cancer (24,25). Red light is
generally used in ALA-PDT (35). The longer the wavelength,
the greater the tissue penetration. If the antitumor effects are
the same, light with a longer wavelength will be more advan-
tageous for PDT. However, when the wavelength is short,
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Figure 3. Antitumor effects of ALA-PDT in a mouse model of submucosal
esophageal cancer. (A) BALB/c nude mice were irradiated by three types of
LEDs (blue, green and red). (B) Treatment course of ALA-PDT using three
types of LEDs and the control in BALB/c nude mouse models is demonstrated.
ALA-PDT was repeated once a week for 4 weeks. Mice were sacrificed 1 week
after the last irradiation and tumors were removed. (C) Comparison of tumor
weights. The growth of HT-29 tumors was significantly slower in the treatment
groups than in the control group. The antitumor effects of ALA-PDT using
blue and green LEDs were stronger than that under red LED. (D) Removed
submucosal tumors of each group. ‘P<0.05 as indicated. ALA-PDT, 5-ami-
nolevulinic acid-mediated photodynamic therapy; NS, not significant.
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the intensity of light generally becomes stronger. Moreover,
absorption by PpIX at 410 nm is ~30-fold greater than that
at 635 nm. We previously reported that ROS generation was
significantly higher in PDT-treated cells with blue LED than
with red LED using human gastric cancer cells (25). ROS
generated during PDT are responsible for the cytotoxicity of
cancer cells. These results suggest that ALA-PDT using blue
LED is superior to conventional red LED for the treatment of
EC cells. Since the targeted nodules in the present study were
only ~3-5 mm in diameter, tissue penetration by light may not
have been as critical. The effects of ALA-PDT may be weak-
ened by the depth of tumors. The depth of the esophageal wall
is ~4 mm, while that of early stage EC lesions to the submu-
cosal layer is ~2-3 mm. In the case of PDT for early stage EC,
blue LED may be more effective than red LED.

ESD for early EC has recently become more widely
adopted because it is a minimally invasive and curative treat-
ment. However, esophageal stenosis sometimes occurs when
ESD is performed on lesions of more than 3/4 circumfer-
ence (36,37). In that case, ESD is not recommended. When
we perform ESD, we excise the mucosa to the muscle layer
and make a deformation in the esophageal wall. ALA-PDT
acts at the mucosa, while not affecting the deeper muscle
layers. It may be possible to lower the frequency of stenosis
even with circumferential lesions by ALA-PDT. Dunn et al
reported the frequency of stenosis with ALA-PDT against
high-grade dysplasia arising in Barrett's esophagus, which is
a precancerous lesion of EC. ALA-PDT has a more acceptable
safety profile than Photofrin-PDT, with a significantly lower
incidence of stricture (5.8 vs. 43%, P<0.01) (38).

In patients diagnosed with EC, one of the important
prognostic indicators for survival after the primary treat-
ment is metastasis to the regional or distal lymph nodes. In
the present study, ALA-PDT using blue LED resulted in the
partial remission of EC and prevented the occurrence of
regional lymph node metastasis. In vivo experiments using
PLNs models, tumors in the footpads were only slightly larger
in the group with than in that without PLN metastases. The
prevention of regional metastasis was confirmed by a histo-
logical analysis. None of the mice in the ALA-PDT group had
positive nodes, in contrast to 3/8 mice in the control group. The
mechanism underlying this additional PDT effect currently
remains unclear, but may be due to a direct effect on lymphatic
vessels in the illuminated area. Tammela er al previously
reported that PDT-treated skin melanoma model mice did not
have metastases due to the selective destruction of draining
lymphatic vessels (39). We evaluated the efficacy of PDT based
on the sizes of the primary lesions (footpads) and incidence of
lymph node metastasis. However, the underlying mechanisms
were not elucidated. This is a limitation of the present study.
Although it was not possible to completely remove the tumor,
ALA-PDT showed the potential to inhibit tumor growth and
lymph node metastasis similar to ESD. Since ALA-PDT may
be performed in a shorter time than ESD, it represents a better
alternative for elderly patients.

In summary, for superficial early stage EC with 3/4 circum-
ference or more, ALA-PDT may be an alternative treatment to
other PDTs and ESD, particularly in elderly patients.

In conclusion, ALA-PDT using LEDs induced tumor cell
death in the EC cell line in vitro and in vivo and prevented
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