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Summary

e Photodynamic therapy (PDT) is a localized cancer ther-
apy using a tumor-affinity photosensitive agent and low-
power laser irradiation.

e PDT is safe and easy as compared with ablation or ther-
mal coagulation using high-powered lasers.

e The incidence of photosensitivity as an adverse effect of
PDT has improved with the introduction of second-
generation photosensitizers.

* PDT is expected to become one of the treatment options
for various types of cancer in the future.

1 Introduction

As a result of recent advances in endoscopes and optical
fibers, optical engineering has been introduced to medical
treatment in these years. Photodynamic therapy (PDT) is a
promising treatment method that irradiates a tumor with a
highly tumor-accumulating photosensitive agent and a laser
with a specific wavelength and shows a cell-killing effect
only on tumor cells with high drug concentration. It has
already been applied clinically in the fields of pulmonary and
digestive surgery, neurosurgery, ophthalmology, dermatol-
ogy, and urology. As described in other chapters, photody-
namic diagnosis (PDD), which is a method to diagnose the
localization of tumors by irradiating biological tissues with
light and detecting the fluorescence generated by photosensi-
tive agents accumulated in tumors, is also being actively
studied and applied clinically.

InJapan, PDT using the first-generation porpfimer sodium
(Photofrin®, Wyeth) and the second-generation talaporphyn
sodium (Laserphyrin®, Meiji Seika Pharma, Tokyo, Japan)
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as photosensitive agents are currently covered by the social
insurance system. Compared with the first-generation por-
phyrin sodium, the second-generation talaporphyn sodium
has the advantage of reducing the duration and degree of
light shielding and is likely to be widely used in clinical
practice in the future. In this chapter, we focus on PDT ther-
apy using second-generation photosensitive substances,
including future prospects.

2 What s PDT?

PDT is a therapeutic method in which a photosensitizing
tumor-affinity photosensitizer is administered into the body,
and the lesion is irradiated with a laser of a specific wave-
length to induce a photoreaction that kills the cancer cells. In
Japan, PDT with porphyrin sodium is currently covered by
insurance for early-stage lung cancer, superficial esophageal
cancer, superficial early-stage gastric cancer, early-stage cer-
vical cancer and dysplasia, age-related macular degenera-
tion, and malignant brain tumors, while PDT with
thalaborphine sodium is approved for early-stage lung can-
cer, recurrent esophageal cancer after chemoradiation, and
primary malignant brain tumors.

3 Action Mechanism of PDT

Although the mechanism of the cell-killing effect of PDT
has not been fully elucidated, it has been shown physico-
chemically that the PDT effect is caused by a photochemical
reaction that occurs when a light-sensitive molecule with a
porphyrin skeleton absorbs light energy and transfers this
energy to other molecules in the presence of oxygen [1].
Two reactions, radical reaction and singlet oxygen reac-
tion, are induced in photosensitive materials excited by light.
The free radicals produced in the radical reaction react with
oxygen to produce a variety of oxidants that trigger free radi-
cal chain reactions. In the singlet oxygen reaction, the photo-
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sensitive material that receives the laser light energy enters
the excited singlet state and supplies energy to the oxygen in
the tumor tissue, and the supplied oxygen becomes singlet
oxygen. This singlet oxygen is thought to induce necrosis
and apoptosis of tumor cells [2]. Recently, tumor blood ves-
sels have also been shown to be a site of PDT injury, causing
hemorrhage, hypoxia, and tumor necrosis [3—5]. Furthermore,
in addition to the abovementioned direct cell-killing mecha-
nisms by induction of apoptosis and vascular injury by reac-
tive oxygen species, indirect therapeutic mechanisms by
oxidative stress after PDT, induction of various cytokines by
inflammatory changes, and activation of specific tumor
immunity have also been reported [6-8].

Although the laser wavelength depends on the type of
photosensitive agents, the optimal absorption wavelength
range of sodium porphyrin is 630 nm and that of talapor-
phyn sodium is 664 nm. After administration, the light-
sensitive agent is taken up by the tumor and normal tissues,
and the drug concentration increases. Laser irradiation is
performed 4872 hours after intravitreal administration for
porfimer sodium and 4—6 hours for talaporphyn sodium. The
duration of drug retention in the body is 4-6 weeks and
2 weeks, respectively, which is shorter for talapor-
phyn sodium. During this time, light shielding is required,
and the light shielding level is reduced from less than 300 lux
to less than 500 lux with talaporphyn sodium.

4 PDT Treatment in Practice

We will introduce the current practice of PDT using talapor-
phyn sodium (Laserphyrin®) at our hospital for the recur-
rence of esophageal cancer after chemoradiotherapy.

PDT is indicated 4-6 hours after intravenous injection of
40 mg/m> of Laserphyrin® For laser excitation,
ZH-L5011HIJP (PD Laser; Panasonic Healthcare’s semicon-
ductor laser, Tokyo Japan) was used with a wavelength set at
664 + 2 nm. Irradiation was performed with a power density
of 150 W/cm? and an energy density of 100 J/cm? for 11 min-
utes and 7 seconds at a time. Depending on the lesion, irra-
diation may be divided into one to three sessions. The PDT
laser fiber used in this procedure is classified into two types:
a lateral full-field irradiation type and an anterior irradiation
type.

After intravenous administration of Laserphyrin®, the
patient is shielded from light by a dark curtain around the

patient below 500 lux for 14 days. Patients are instructed to
stay out of direct sunlight for 2 weeks after discharge and to
avoid skin exposure as much as possible when going out dur-
ing the day.

5 PDT Using First-Generation Porphyrin
Sodium

First-generation porphyrin sodium PDT is covered by insur-
ance for early-stage lung cancer, superficial esophageal can-
cer, superficial early-stage gastric cancer, early-stage cervical
cancer and dysplasia, and malignant brain tumors. As men-
tioned above, however, a light-shielding period of about
4-6 weeks is required, and the frequency of skin toxicity due
to photosensitivity is as high as 20-40%. The eximer dye
laser system is also very expensive and large, so there are
many problems in terms of economic efficiency and simplic-
ity for this treatment to be used widely. In addition, compa-
nies have recently announced that they will discontinue
maintenance, so the number of facilities where porphyrin
sodium PDT can be performed is currently limited even in
Japan.

In the field of gynecology, early cervical cancer and dys-
plasia have been targeted for PDT treatment. Sakamoto et al.
compared PDT with conical resection, a uterus-sparing treat-
ment for early cervical cancer and dysplasia, and reported
that PDT has a similar cure rate of cervical lesions but a
higher possibility of fertility preservation [9].

In the treatment for early-stage gastric cancer, PDT for
superficial lesions was covered by the Japanese insurance
system in April 1996. While there have been some reports on
the efficacy of PDT for early-stage gastric cancer [10], this
strategy has not become widespread due to the development
and widespread use of EMR (endoscopic mucosal resection)
and ESD (endoscopic submucosal dissection).

6 PDT Using Second-Generation
Thalaborphine Sodium

Second-generation thalaborphine sodium PDT is covered by
insurance for early-stage lung cancer, recurrence of esopha-
geal cancer following chemoradiotherapy, and primary
malignant brain tumors in Japan. The indications for each are
shown in Table 33.1.
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Table 33.1 Indications of PDT using thalaborphine sodium

Recurrent esophageal cancer

Indications  chemoradiotherapy cancer
Selection Local remnant or recurrent esophageal  Stage O or stage I early-stage
criteria cancer after CRT or RT lung cancer
Adaptation  Curative treatment such as surgical The lesion is centrally located
resection or endoscopic treatment is not above the area bronchus
possible The entire lesion can be seen
Wall depth does not exceed the intrinsic endoscopically in the
muscular layer bronchial mucosa
The longitudinal diameter is less than ~ Tumor diameter less than
3 cm, and the circumference is less than 10 mm
1/2 circumference No lymph nodes or distant
It does not extend into the cervical metastases
esophagus
No distant metastasis or lymph node
metastasis
Taboo The tumor is at the aorta T4 prior to Hypersensitivity to Rezafirin
CRT or RT Current porphyria
Hypersensitivity to Rezafirin
Current porphyria

7 PDT for Central-Type Early-Stage
Lung Cancer

The results of PDT for central early-stage lung cancer were
reported to be 84.3% CR rate and 84.6% CR rate in a phase
IT clinical trial using first-generation porfimer sodium and
second-generation talaporphyn sodium, respectively [11,
12]. The response rates were 94.9% and 94.9%, respectively.
In particular, CR was reported to be more than 90% when the
lesion diameter was less than 10 mm, while it decreased to
50-80% in patients with lesions between 10 and 20 mm.
Recently, however, the CR rate of PDT for the lesions with a
larger diameter of 10-20 mm and classified as flat, early pol-
ypoid, or nodular lesions by endoscopic examinations has
been improved to 90.4%, which was higher than previously
reported [13]. This may be due to the improved localization
diagnosis of central early-stage lung cancer lesions, enabling
accurate diagnosis of the area of laser irradiation.

8 PDT for Recurrence of Esophageal
Cancer after Chemoradiotherapy

A phase II study using first-generation porfimer sodium for
the treatment of recurrent esophageal cancer revealed satis-
factory overall outcomes: the CR rate of the primary tumor
was 76%, and the 3-year survival rate was 38% [14]. In a
phase II clinical trial using second-generation talapor-
phyn sodium, the CR rate was 88.5%, and local progression-
free survival was 428 days, with no serious adverse events,
suggesting a high safety profile [15]. Based on these results,
PDT for recurrence of esophageal cancer after chemoradio-

Central early-stage lung

Malignant brain tumor
Primary malignant brain tumor

Subtotal or greater resection of the tumor body is
expected at the time of surgery

The site of probable tumor cell infiltration is expected
to be visible under an operating microscope and is
expected to be a site where laser irradiation is feasible
There are no major blood vessels in the normal
cerebral circulation in the area to be irradiated with
laser light

Hypersensitivity to Rezafirin
Current porphyria

therapy using talaporphyn sodium was included in the
Japanese insurance coverage in October 2015.

After the approval by the Japanese FDA, Amanuma et al.
reported that the local complete response rate was 53.6%
(60% in patients with pre-PDT depth of T1b and 37.5% in
patients with T2 [16]), suggesting that PDT is an effective
salvage therapy in clinical practice. In contrast, grade 3 or
higher complications occurred in two cases, and grade 5
esophageal bronchopleural fistula occurred in one case, so
sufficient caution is required.

9 PDT for Malignant Brain Tumors

Malignant brain tumors, especially glioblastoma, rarely have
distant metastasis, and local treatment is important to
improve prognosis. In recent years, there have been many
reports that aggressive removal is associated with a better
prognosis, and in the case of glioblastoma, removal of more
than 98% of the contrast-enhancing area on MRI images
improves long-term outcomes. The current consensus on the
treatment of malignant brain tumors is to aim for maximum
removal with minimal neurological complications.
Photodynamic diagnosis (PDD) is a method to visualize
tumors with obscure borders by the naked eye, and PDT is a
therapeutic option offering laser eradication of invasive
tumor cells that cannot be removed by surgery.

According to the results of the investigator-initiated clini-
cal trial of talaporphyn sodium PDT started in 2009, the
12-month overall survival rate was 95.5%, and the 6-month
progression-free relapse rate was 90.9% [17]. The median
overall survival was 24.8 months, and based on the results in
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a situation where there are few prospective clinical trials
with overall survival exceeding 2 years, thalaborphine
sodium PDT is expected to be effective as an add-on to stan-
dard therapy and was approved by the pharmaceutical affairs
bodies in Japan in 2013. Currently, post-marketing surveil-
lance and clinical studies are underway.

10 PDT Using 5-ALA

5-ALA is metabolized into the fluorescent substance porphy-
rin IX after intracellular uptake and accumulates more in
tumor cells, thus labeling only cells. Therefore, 5-ALA can
be used for PDD, especially in the field of neurosurgery.
Although PDT targeting 5-ALA has not been approved in
Japan, many basic experiments of PDT using 5-ALA for
brain tumors such as glioblastoma have been reported world-
wide. Depending on the outcomes of current clinical trials,
further development of this treatment strategy can be
expected [18, 19].

11 PDT for Other Cancers (Especially
with Regard to Bile Duct Cancer)

Cholangiocarcinoma arising from the epithelium of the bile
duct is one of the cancer types with a poor prognosis, with a
5-year survival rate of about 10%. Surgical curative resection
of cholangiocarcinoma is expected to have the best progno-
sis, but more than half of patients with cholangiocarcinoma
are inoperable at the time of detection, and the presence or
absence of local control, including bile duct stenosis, has a
significant impact on the patient’s prognosis. In recent years,
the number of reported cases of PDT for the palliative treat-
ment of cholangiocarcinoma has been increasing [20, 21].
Ortner et al. reported that porphyrin sodium PDT com-
bined with biliary stent significantly prolonged survival
compared with stent alone in a multicenter randomized trial
for unresectable cholangiocarcinoma [22]. In a phase II clin-
ical study, Berr et al. reported that PDT was effective in 23
patients with unresectable cholangiocarcinoma, with tumor
reduction in 29-74% of patients, a 6-month survival rate of
74% after PDT, a median survival time of 11 months, no bile
stasis, and improvement in QOL [23]. In a cellular-level
study, Nonaka et al. reported that the combination of gem-
citabine, oxaliplatin, and thalaborphine sodium PDT induced
the strongest necrosis and apoptosis in cholangiocarcinoma
cells [24]. The usefulness of PDT as a local treatment for
cholangiocarcinoma has been almost confirmed, and it is
expected that PDT will be widely used in clinical practice
through large-scale clinical trials aiming at insurance cover-
age in the future. We have been conducting a clinical trial on
the safety of PDT as a local adjuvant therapy for unresect-

able cholangiocarcinoma since 2017 under the approval of
the hospital ethics committee. Clinical applications of PDT
are highly expected also in the field of urological cancer and
head and neck cancer [25, 26].

12 Future Perspectives

PDT is a minimally invasive cancer treatment method that
takes function preservation into consideration, and it is one
of the most promising treatments for elderly patients. In
order to develop PDT as a more feasible option for cancer
treatment in various fields, a new third-generation photosen-
sitive agent with higher therapeutic efficacy, shorter light
shielding period, and fewer side effects is required, as being
developed actively in these years [27, 28]. Recently, a water-
soluble porphyrin compound synthesized by the porphyrin
complex derivatization method developed by Matsumoto
et al. has been shown in basic research to have high water
solubility, high biocompatibility, high quantum yield of cyto-
toxic singlet oxygen generation, and higher antitumor effect
than Laserphyrin [29]. At our institution, we are currently
confirming the efficacy of PDT using this new photosensi-
tizer in basic research.

We hope that PDT will be one of the new methods of
cancer treatment in addition to surgery, radiotherapy, and
chemotherapy, leading to the improvement of prognosis in
cancer patients.

Point

e PDT is a localized cancer therapy using a tumor-affinity
photosensitive agent and low-power laser irradiation and
has been applied clinically to the recurrence of esopha-
geal cancer after chemoradiotherapy, central early-stage
lung cancer, and malignant brain tumors.

e PDT is expected to be applied to various types of malig-
nancies including unresectable cholangiocarcinoma.
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