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New photodynamic therapy with next-generation photosensitizers
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Abstract: Photodynamic therapy (PDT) is a non-invasive antitumor treatment that uses the combination
of a photosensitizer, tissue oxygen, and visible light irradiation to produce cytotoxic reactive oxygen species,
predominantly singlet oxygen. Currently, first-generation PDT using porfimer sodium with an excimer dye laser,
and second-generation PDT using talaporfin sodium PDT with a semiconductor laser are approved by health
insurance for use in Japan. However, the cancer cell specificity and selectivity of these treatments are inadequate.
Cancer cells consume higher levels of glucose than normal cells and this phenomenon is known as the Warburg
effect. Thus, we developed a third-generation PDT, based on the Warburg effect, by synthesizing a novel
photosensitizer, sugar-conjugated chlorin, with increased cancer cell-selective accumulation. Glucose-conjugated
chlorin (G-chlorin) PDT showed significantly stronger antitumor effects than second-generation talaporfin PD'T.
We also found that PDT with G-chlorin induced immunogenic cell death which is characterized by the secretion,
release, or surface exposure of damage-associated molecular patterns (DAMPs), including calreticulin (CRT) and
the high-mobility group box 1 (HMGBI) protein. Mannose-conjugated chlorin (M-chlorin) PD'T which targets the
mannose receptors on the surface of cancer cells and tumor-associated macrophages (TAMs) in cancer tissue stroma
also showed very strong antitumor effects. These novel PDTs using glucose or M-chlorins stand as new candidates

for very effective, next-generation PDT5.
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The mechanism of the antitumor effects of
photodynamic therapy (PDT)

PDT is a non-invasive local treatment for cancer. PDT
involves the administration of a photosensitizer and visible
light irradiation at a specific wavelength to produce a
photoreaction by the photosensitizer (1). Activation of
the photosensitizer leads to conversion of ground-state
molecular oxygen ('O,) into various highly reactive oxygen
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species, mainly chemically highly active singlet oxygen ('O,)
which reacts with many biological molecules, including
lipids, proteins, and nucleic acids, and leads to cancer cell
death (2-4). Several PDTs are known to damage not only
cancer cells, but also tumor vessels (4). PDT has several
advantages over other conventional cancer therapies. It
is relatively non-invasive because irradiation is limited

to the cancer site and the photosensitizer accumulates
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Table 1 Photosensitizers for photodynamic therapy approved in Japan
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1° generation

2" generation

Photosensitizer
Porfimer sodium

Talaporfin sodium

Trade name Photofrin

Target diseases
cervical cancer

Laser devise

Wavelength (nm) 630 nm

Chemical structure

Lung cancer, esophageal cancer, gastric cancer, uterus

Excimer dye laser (145x69x131 cm?®, 600 kg)

Laserphyrin

Lung cancer, brain tumor, esophageal cancer

Semiconductor laser (PD Laser) (40x40x21 cm®, 14 kg)

664 nm
CO2N;
NaOzCHN/>/‘-H °

predominantly in cancer cells, thus showing lower systemic
toxicity and a relatively selective destruction of tumors.
Therefore, PDT has been widely employed against various
tumors to which irradiation can be applied directly, such as
lung, brain, esophagus, stomach, breast, skin, bladder and
uterine tumors.

Present state of PDT in Japan

Currently first-generation porfimer sodium PDT and
second-generation talaporfin sodium PDT are approved
for health insurance coverage in Japan. As shown in Table I,
first-generation porfimer sodium PDT is approved for
cancer of the lung, esophagus, stomach, and uterine cervix
(5,6). Second-generation talaporfin sodium PDT which
uses a diode laser (PD-LASER) is approved for lung cancer,
brain tumors and locally-recurrent esophageal cancer
after chemo-radio therapy (7-9). For the development of
talaporfin sodium PDT for the locally-recurrent esophageal
cancer after chemo-radio therapy Yano et /. conducted
a phase I study and they decided that, 100 J/cm’ was the
recommended fluence for esophageal cancer (8). As a
next step, they performed a phase II study and this second
generation PDT using talaporfin showed excellent effects
with minimum adverse events (Oncotarget 2017, in press)
and this PDT method for the locally-recurrent esophageal
cancer after chemo-radio therapy was approved for Japanese
health insurance in October, 2015. Compared with first-
generation porfimer sodium, second-generation talaporfin
sodium is metabolized rapidly, and the laser device (PD-
LASER) is stable and much smaller than the excimer dye
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laser used for porfimer sodium PDT. Figure 1 shows the
use of talaporfin sodium PDT with a diode laser in a case
of local recurrence of esophageal cancer after chemo-radio
therapy.

The Warburg effect and glucose-conjugated
chlorin (G-chlorin)

We wanted to develop a third-generation photosensitizer
as a novel PDT which possessed cancer cell specificity and
selectivity. Thus, we focused on the Warburg effect, the
phenomenon where cancer cells take up higher levels of
glucose than normal cells (10), and which is now utilized
in positron emission tomography-computed tomography, a
highly sensitive cancer imaging technique (11). Cancer cells
generally exist in a hypoxic state which causes the induction
of hypoxia-induced factor 1, which, in turn, upregulates
the glucose transporter, GLUT1, thus increasing glucose
incorporation in the cancer cells (12).

Firstly, we synthesized G-chlorin, which is the
photosensitizer, chlorin, conjugated to 4 molecules of
glucose (13,14). G-chlorin showed very strong antitumor
effects against gastric cancer and colon cancer, being
20-50 times more cytotoxic than talaporfin PDT (15)
(Figure 2). G-chlorin can also be used in tumor imaging
by photodynamic diagnosis. When violet excitation light
is irradiated to G-chlorin, red light is emitted and the
disseminated tumor cells can be seen by G-chlorin’s red
fluorescence. G-chlorin PDT has also been used for
treatment of gastrointestinal tumors (GIST) in a xenograft
model which is known to incorporate much glucose and
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Figure 1 A case of local recurrence of esophageal cancer after chemo-radio therapy cured by the use of talaporfin sodium PDT with a diode

laser. PDT, photodynamic therapy; CRT, chemo-radio therapy.

is positive in positron emission tomography-computed
tomography (16).

Targeting tumor-associated macrophages (TAMs)
in cancer tissue stroma

We also focused on TAMs which exist in the stroma of
cancer tissue and accelerate tumor promotion, metastasis
and down-regulation of adaptive immunity (17,18)
(Figure 3). We induced differentiation of M1 and M2
macrophages from the THP1 monocyte, and found that
M2 macrophages are similar to TAMs and mimic their
biological character. TAMs express mannose receptors
on their cell membrane, and only mannose-conjugated
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chlorin (M-chlorin) PDT inhibited the cell survival of
TAMs (20). Mannose receptors are also expressed on cancer
cell membranes and M-chlorin PDT has almost the same
cytotoxicity against cancer cells iz vitro as G-chlorin. In an
in vivo allograft model study, M-chlorin PDT showed the
strongest antitumor effects. The number of TAMs in the
cancer tissue after PD'T was significantly decreased in the

M-chlorin group compared to the other groups (chlorin and
G-chlorin) (19).

PDT-induced immunogenic cell death

Tumor destruction by PDT has been reported to be
multifactorial: (I) direct killing of tumor cells by inducing
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A

G-chlorin Warburg'’s effect

GLUT 1,3, 4

chlorin (glucose transporter)

QSI)QSD

D-glucose

cancer cell

Gastric cancer Colon cancer
1Cs, (UM) MKN45 MKN28 HT29
Talaporfin PDT 18.6 12.7 25.8
G-chlorin PDT 0.48 0.56 0.52
B
M-chlorin Maltotriose-conjugated chlorin

chlorin

Figure 2 Sugar-conjugated chlorins. (A) G-chlorin is a newly developed PDT photosensitizer that shows very strong antitumor effects.
We synthesized a newly developed photosensitizer, G-chlorin, which is composed of chlorin conjugated with four molecules of glucose. By
Warburg’s effect, cancer cell may uptake G-chlorin via glucose transporters, GLUT 1, 3 and 4. The lower table shows the PDT effects by
talaporfin and G-chlorin against gastric cancer cells and colon cancer cells. As shown here, G-chlorin PDT showed very strong antitumor
effects, being 20-50 times more cytotoxic than talaporfin PDT [IC 50: half maximal (50%) inhibitory concentration]; (B) the structure
of M-chlorin and maltotriose-conjugated chlorin. We synthesized M-chlorin, which is composed of chlorin conjugated with 4 molecules
of D-mannose (left). M-chlorin can target the TAMs as well as cancer cells. We also synthesized maltotriose-conjugated chlorin, which is
composed of chlorin conjugated with four molecules of maltotriose (right). Maltotriose-conjugated chlorin has a hydrophilic nature. G-chlorin,

glucose-conjugated chlorin; PDT, photodynamic therapy; M-chlorin, mannose-conjugated chlorin; TAMs, tumor-associated macrophages.
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Figure 3 The roles of TAMs which exist in the stroma of cancer tissue (18). TAMs, tumor-associated macrophages.

reactive oxygen species; (II) tumor vessel damage; and (I1I)
rapid recruitment and activation of immune cells favoring
the development of anticancer adaptive immunity (20).
The concept of damage-associated molecular patterns
(DAMPs) by dying cancer cells has been proposed to play
an important role in the induction of immunogenic cell
death (21). The immunogenic factor, calreticulin (CRT)
which is an endoplasmic reticulum protein, translocates to
the cell surface and acts as an “eat me” signal and promotes
phagocytic uptake of cancer cells by the immune system.
Another important molecule is high mobility group box 1
(HMGB1) which is a ligand for toll-like receptor 4 (22).
The dying cells release HMGBI into the extracellular space
and HMGBI can interact with several receptors expressed
on the surface of dendritic cells including toll-like receptor 4.
PDT with porfimer sodium against lung carcinoma cells
increases CRT expression and the release of HMGB1 (23).
Recently, we also reported that G-chlorin PDT induces
translocation of CRT and HMGBI from the nucleus to
the cytosol of cancer cells. We also confirmed that the
vaccine effect of injecting cells treated by G-chlorin PDT
is cancelled by silencing CRT and HMGB1 with small-
interfering RNA (24).
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Future trends

The development of future third-generation photosensitizers
is still in the initial stages of study. For the development of
anew PDT using a next-generation photosensitizer, several
critical points need to be satisfied: (I) the photosensitizer
should selectively accumulate in cancer cells; (II) the
photosensitizer should be rapidly metabolized and
discharged from the body; (III) the photosensitizer should
have an optimal wavelength for excitation of longer than
650 nm, allowing deeper penetration into the tissue; and
(IV)) the photosensitizer should be hydrophilic, which is
better for clinical use.

In this review, we have discussed sugar-conjugated
chlorins as possible candidates for third-generation
photosensitizers. Although G-chlorin and M-chlorin are not
hydrophilic, we recently developed maltotriose-conjugated
chlorin (Figure 2B) which selectively accumulates in cancer
cells and has a hydrophilic nature (25,26).

For use with the long wavelength of laser irradiation,
potential candidates are bacteriochlorin or isobacteriochlorin
which have optimal wavelengths around 730 nm and
860 nm, respectively (27).
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Targeted drug delivery to tumor sites is one of the
ultimate goals of drug delivery. A drug delivery system
that uses an enhanced permeability and retention effect
is considered to be one of the important tools for cancer-
specific and -selective PDT. Several materials are known
as delivery vehicles such as liposomes, micelles and
dendrimers, biodegradable particles and artificial DNA
nanostructures (28).

Recently, photoimmunotherapy was developed,
which uses a specific antibody chemically joined to a
photo absorber, a molecule that absorbs light from the
near-infrared part of the spectrum (29). An ongoing
phase I study is currently underway for near-infrared
photoimmunotherapy in patients with recurrent head
and neck cancer, using the photo absorber, IR700, and
cetuximab (Erbitux®), an epidermal growth factor receptor
antibody.

If a longer wavelength is used for PDT which can
penetrate much deeper into the human body, PDT could be
used for whole body cancer lesions such as metastatic cancer
or carcinomatosa peritonitis. The development of a new
laser device may also accelerate the development of PDT in
the future.
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