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Abstract

Thomas J Dougherty from Roswell Park Cancer Center played a major role in the progress of
photodynamic therapy (PDT) from a laboratory science into a real world clinical therapy to treat
patients with cancer. Nevertheless over the succeeding 45 years, it is fair to say that the overall
progress of clinical PDT for cancer has been somewhat disappointing. The goal of this perspective
article is to summarize some of the clinical trials run by various companies using photosensitizers
with different structures that have been conducted for different types of cancer. While some have
been successful, others have failed, and several are now ongoing. | will attempt to touch on some
factors, which have influenced this checkered history, and look forward to the future of clinical
PDT for cancer.

Graphical Abstract

Thomas J Dougherty PhD was instrumental in the first clinical approvals of Photofrin PDT for
cancer. Since then progress has been somewhat mixed. Foscan, Verteporfin, Taloporfin, and
Tookad have been approved, while Lutrin, Purlytin, CGP55847 have failed. Photochlor,
Redaporfin, Fimaporfin, PC4, and TLD1433 are presently undergoing clinical trials.
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INTRODUCTION

The phenomenon underlying the scientific basis of photodynamic therapy (PDT) was
discovered in 1900 in Munich, Germany by Oscar Raab, a medical student working with
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Professor Herman von Tappeiner. While investigating the effects of acridine dyes on
protozoa, he made the chance discovery during a thunderstorm that the combination of
acridine red and light killed Infusoria, a species of paramecium (1). He went on to show that
this cytotoxic effect was greater than that of either acridine red alone, light alone or acridine
red exposed to light and then added to the paramecium. Raab associated this property of
dyes (light-mediated cytotoxicity) with the optical property of fluorescence. He postulated
that the effect was caused by the transfer of energy from light to the chemical, similar to the
process of photosynthesis seen in plants after the absorption of light by chlorophyll. In a
second paper, von Tappeiner discussed the potential future application of fluorescent
substances in medicine (2). This discovery led to the first therapeutic medical application of
an interaction between a PS and light in which von Tappeiner, together with a dermatologist
named Jesionek, used a combination of topically applied eosin and white light to treat skin
tumors (3). Together with Jodlbauer, von Tappeiner went on to demonstrate the requirement
of oxygen in these photosensitization reactions (4) and in 1907 they introduced the term
“photodynamic action” to describe this phenomenon (5).

Starting in 1950 onwards, various investigators studied the property of different porphyrins
and porphyrin derivatives to localize in different tumors after intravenous injection (6-8).
The overall goal was to use this approach to detect malignancies by exciting red
fluorescence using a Woods UVA lamp. In 1955, Schwartz et al. (9) attempted to purify the
tumor-localizing fraction from an impure hematoporphyrin (HP) mixture. He used a mixture
of acetic and sulfuric acids and neutralized with sodium acetate to produce a substance
known as hematoporphyrin derivative (HpD). Lipson and Baldes showed (10, 11) that
administration of HpD to patients undergoing bronchoscopy or esophagoscopy for suspected
malignant disease could lead to detection of otherwise invisible tumors. Diamond and co-
workers (12) were the first to show that injection of HP to mice with subcutaneous brain
tumors followed by white light exposure 24 h later produced necrosis in all but the deepest
regions of the tumors. Neither HP alone, nor light alone produced any effect.

Dougherty first studied the effects of photoactivated fluorescein as an anticancer therapy
(13). In 1975 Dougherty and coworkers (14) at the Roswell Park Cancer Institute in Buffalo
reported the first successful complete tumor cures following administration of HpD and
activation with red light in the treatment of experimental tumors in mice. In 1976, Kelly and
Snell reported the first human study of PDT using HpD in patients with bladder cancer (15).
Initially tumor fluorescence was measured, but in one patient, a quartz rod connected to a
mercury vapor lamp was used to photoactivate the HpD and induce tumor destruction.

In 1978, Dougherty reported the first large series of patients successfully treated with PDT
(16). Twenty-five patients with 113 primary or secondary skin tumors, all of which were
refractory or had recurred following conventional treatment, were treated with HpD
followed by exposure to red light from a xenon arc lamp at times ranging from 24-168 h
after injection. Ninety-eight lesions completely regressed, 13 exhibited a partial response
and only two were resistant to treatment. The primary tumor types that responded included
squamous cell carcinomas (SCC), basal cell carcinomas (BCC) and malignant melanomas,
and the metastatic skin lesions arising from primary tumors of the breast, colon and
endometrium. Side effects included erythema, edema and some skin necrosis, although these
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effects were reduced by increasing the time interval between HpD injection and light
exposure to at least 3 days.

This very successful demonstration of the clinical efficacy of PDT encouraged commercial
development of Photofrin, chiefly championed by Dougherty over several years (17, 18).

In 2013, I edited a textbook titled “Handbook of Photomedicine” (19) and was fortunate to
receive a personal communication from Thomas Dougherty summarizing his role in the
development of clinical PDT.

“My role in developing Photodynamic Therapy (PDT) came about as a result of a
series of events | could not have expected. For example my knowledge of
photochemistry was not from my formal education as this was a new and
undeveloped field at that time, but directly from George Hammond, the man known
as the ‘father of photochemistry’, who was a consultant at DuPont where | had
landed directly after graduate school and where | was assigned a project involving
photo-degradation of one of their products. When | decided that industry was not
for me | thought I might be able to do more fulfilling research at Roswell Park
Cancer Institute, which was in the same city (Buffalo) as was the DuPont Lab
where | worked (and also my hometown). | managed to get a starting position at
Roswell (working on someone’s grant) with the help of George Hammond who
wrote a letter of recommendation for me to a friend he knew there (who happened
to have worked with Linus Pauling). When 1 finished with the grant project, |
obtained a more secure position in the Department of Radiation Oncology where |
was able to work on my own ideas. | started by studying compounds that would
produce oxygen when exposed to ionizing radiation in order to get around the low
efficacy of radiation therapy in low oxygenated areas of tumors and can result in
tumor regrowth. In testing the cellular toxicity of the compound I synthesized | was
warned by a technician that | should do the cell culture test in the dark or the light
would kill all the cells (the test was based on fluorescence of fluorescein developed
only in viable cells!) I wondered if anyone had tried this approach to cancer
treatment, so | exposed cancer cells to sunlight after adding fluorescein. They all
died! We then went on to optimization of parameters first in experimental animals
and then in patients. | learned how to initiate and treat tumors in animals, design,
write and assist in human clinical trials, deal with the FDA, negotiate with
pharmaceutical companies (quite an experience) and of course how to write grant
applications- which thanks to many members of our group have supported our
research since 1974.

As time went on | also learned that | was not the only one who thought of using
light —activated drugs therapeutically - the first one was in 1799! Most of this came
to me through contacts since | did not have access to journals going that far back.
However these were mostly single patient or anecdotal reports, some of which were
negative mainly to lack of optimized PDT variables. If I had known this at the time

LT

I may not have continued. Sometimes ‘ignorance is bliss’.
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PHOTOSENSITIZERS APPROVED FOR PDT FOR CANCER

Photofrin

The most widely used PDT regimens that have been approved for cancer (and in particular
for non-melanoma skin cancer) are undoubtedly based on ALA (5-aminolevulinic acid) and
its methyl ester (Metvix), which are generally applied topically to the skin. ALA-PDT has
been widely reviewed elsewhere (20, 21) and will not be covered in detail in this paper.

Photofrin is the second-generation optimization of the original hematoporphyrin derivative
(HpD) worked on by Dougherty (17). The commercial history of Photofrin was somewhat
convoluted (22). In 1980 Dougherty formed the company Oncology Research and
Development (ORD) that developed Photofrin from HpD, and in 1984 Johnson & Johnson
acquired ORD. In 1987 J&J sold its subsidiary Photomedica to QLT, that then formed a
partnership with Lederle Laboratories (part of American Cyanamid). In 2000 QLT sold
Photofrin to Axcan Pharma that was in turn acquired by Wyeth Holdings and Pinnacle
Biologics. The precise chemical structure of Photofrin and HpD has eluded complete
characterization despite numerous efforts in that direction (23-25). The structure contains a
mixture of oligomers of hematoporphyrin joined to each other by ether and ester bonds
(Figure 1a shows the ether-linked dimer).

Photofrin (Porfimer sodium) was first approved for the treatment of bladder cancer in
Canada in 1993. It was approved in Japan in 1994 (for early stage lung cancer. The first U.S.
Food and Drug Administration (FDA) approval came in 1995 for advanced obstructive
esophageal cancer, and in 1998, it was approved for the treatment of early stage non-small
cell lung cancer. At the present time there are 50 trials concerning Photofrin-mediated PDT
listed on the Clinical Trials website (https://clinicaltrials.gov/). Some of the types of cancer
that have been investigated include: unresectable hilar cholangiocarcinoma (26); bile duct
invasion of hepatocellular carcinoma (27); recurrent high grade glioma (28); locally
advanced pancreatic cancer (29); locally advanced or recurrent head and neck cancer (30);
epithelioid malignant pleural mesothelioma (31); advanced rectal cancer (32).

The regimen of Photofrin PDT is normally an injection of 2 mg/kg body weight followed
after 48 hours by illumination of the tumor with 630 nm light (doses of 120 -180 J/cm?)
either delivered by an external spot or by interstitial fibers inserted into the tumor mass.
However the absorption peak at 630 nm is the last of the four porphyrin Q-bands and only
has a molar absorption coefficient of ~2000 M~lcm™1. One of the main advantages of
Photofrin is that as a sodium salt it is water soluble and therefore easy to administer by a
simple IV injection. The disadvantages include significant skin photosensitivity that may last
as long as four weeks and necessitate avoidance of sunlight or bright indoor lighting (33).
Another disadvantage is that when Photofrin-PDT is applied to hollow organs such as the
bladder or esophagus, it can cause stenosis or structures leading to obstruction (34). This
was proposed to be caused by accumulation of Photofrin in the underlying collagen and
smooth muscle layers. This is probably the reason why despite being the first approved
indication, Photofrin PDT for bladder cancer has fallen into disuse.
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Variations on the theme of hematoporporphyrin derivative have been approved in Europe
under the name of Photosan (Seehof Laboratorium F&E GmbH, Wesselburen, Germany)
(35), in Russia under the name of Photogem or Photohem (Photogem LLC, Moscow, Russia)
(36), and in China under the names of Hiporfin (Huading Modern Bio-pharmaceutical, Co.,
Ltd, Chongqing, China) (37) and Deuteporfin (Fudan-Zhangjiang Bio-Pharmaceutical Co.,
Ltd. Shanghai, China) (38).

Foscan also known as temoporfin or mtetrahydroxyphenylchlorin (mTHPC) (Figure 1b)
was approved by the European Medicines Agency (EMA) in 2001 (39) for advanced head
and neck squamous cell carcinoma. Foscan was submitted to the FDA in 2000 for approval,
but this was denied. Trials of Foscan on the Clinical Trials website include inoperable bile
duct cancers (40); non-resectable non-small-cell lung cancer (41); and nasopharyngeal
carcinoma (42). Foscan was originally manufactured by Scotia Pharmaceuticals in Scotland
but was then transferred to Biolitec in Germany. Foscan is administered at a dose of only
0.15 mg/kg and the drug light interval is usually 96 hours. Foscan is not water-soluble but is
administered by IV injection dissolved in 40% ethanol and 60% propylene glycol. It is
activated by 652 nm light at 100 mW/cm? and a dose of 20 J/cm?. The advantages of Foscan
are considered to be its high potency and a high absorption peak at 652 nm characteristic of
a chlorin as opposed to a porphyrin. On the other hand since Foscan is considered to be an
exceptionally powerful PS, its disadvantages may include damage to normal tissues
surrounding the tumor. Moreover there is a risk of cutaneous burns due to extravasation of
the PS at the infusion site (43). Skin photosensitivity lasts a moderately long time (2 weeks)
but not as long as Photofrin.

Verteporfin or Visudyne or was approved by the FDA in 2000 for the treatment of choroidal
neovascularization caused by wet age-related macular degeneration (AMD) (44). It is
supplied as a freeze-dried liposomal preparation that can be rehydrated in 5% dextrose and
injected IV. Its chemical structure is a chlorin despite its rather confusing name of
“benzoporphyrin dervivative mono-acid ring A” (Figure 1c), and it has a good absorption
peak at 690 nm. It is rapidly cleared from tissue with skin photosensitivity only being
present for 2 days after the dose of 6 mg/kg (45). Visudyne PDT for AMD involves a drug-
light interval of 15 minutes after the start of the infusion, and a 689 nm laser spot (1000 um
larger than the CNV lesion) with a fluence of 50J/cm? delivered at 600 mW/cm? over 83
seconds (46). Visudyne was supplied by QLT of Vancouver Canada until it was transferred
to Novartis AG. Visudyne was widely used throughout the world for wet AMD until the
introduction of monoclonal antibodies against VEGF gained popularity (47). Visudyne PDT
is still used for a range of different chorioretinal conditions (48). Although verteporfin PDT
was not much studied as a cancer treatment for some time, in recent years several clinical
trials for different types of cancer have emerged. Some trials listed on clinicaltrials.gov are
primary breast cancer prior to surgery (49), cutaneous metastases of breast cancer (50),
locally advanced pancreatic cancer (51), refractory brain tumors, including astrocytoma,
ependymoma, and medulloblastoma (52), multiple basal cell carcinoma of the skin (53), and
stage Il1 or stage IV melanoma (54).

Photochem Photobiol. Author manuscript; available in PMC 2021 May 01.


http://clinicaltrials.gov

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hamblin

Tookad

Page 6

Tookad is a term that has been applied to two different compounds that were synthesized by
Avigdor Scherz and Yoram Salomon at the Weizmann Institute in Israel. The original
Tookad termed WST-09 was a Pd-substituted bacteriopheophorbide derivative that was not
water-soluble and was formulated in Cremophor EL for IV injection. It has a large Q-band at
around 760 nm providing good tissue penetration. Due to the difficulties faced by the use of
Cremophor in clinical studies, in 2005 the researchers developed a water-soluble derivative
by aminolysis using the amino-acid taurine, that was termed WST-11 or Stakel and then
Padeliporfin (Figure 1d) and is manufactured by Steba Biotech based in Luxembourg (55).
Both forms of the Tookad compound were found to be very fast acting, and have been shown
to be activated within the blood vessels in a largely Type I photochemical process called
vascular targeted PDT or VTP. Tookad has been clinically investigated for locally recurrent
prostate cancer using interstitial transperineal optical fibers inserted with trans-rectal
ultrasound guidance under general anesthesia (56). Tookad is intravenously infused over 10
minutes, after which light delivery is carried out (753 nm delivered at 150 m\W/cm of fiber,
with an energy of 200 J/cm) (57). Both types of Tookad (WST-09 and WST-11) have been
clinically tested for prostate cancer, but WST-11 received EMA approval in 2017, is
marketed in Mexico and is under consideration by the FDA. The safety and efficacy of
Tookad VTP were demonstrated in a multicenter randomized controlled phase 111 trial of
413 patients in 10 countries (58). Clinical trials are ongoing in low risk prostate cancer (59),
intermediate risk prostate cancer (60) and in renal cancer (61).

Talaporfin sodium

This chlorin(e6) derivative was approved in Japan for PDT of early-stage lung cancer in
2004, and is marketed under the name Laserphyrin® by Meiji Seika Pharma Co., Ltd.,
Tokyo (62). Its chemical structure is the tetrasodium salt of mono-L-aspartyl chlorin €6, also
known as NPe6. In 2007 Smith and co-workers demonstrated that its correct structure was
that with the aspartic acid attached to the 152-side chain COOH position (63) (Figure 1e). It
is a water-soluble chlorin administered by IV injection at 1 mg/kg, and is eliminated fairly
rapidly thus avoiding any problems with skin photosensitivity. Clinically the drug-light
interval is 0.25-4 hours. Talaporfin sodium was licensed to Light Sciences Oncology Inc in
Bellevue, WA where it is known as Aptocine, LS11 or Litx. This company has designed
implantable LED light sources that can be percutaneously inserted into the tumor tissue
delivering a total of 200 J of energy. Clinical trials include unresectable hepatocellular
carcinoma (64) and liver metastases of colorectal cancer (65).

FAILED PHOTOSENSITIZERS FOR PDT FOR CANCER

Motexafin lutetium

Motexafin lutetium also known as Lutrin or Antrin was developed by Jonathan Sessler at
University of Texas at Austin (66) and licensed to Pharmacyclics Inc (67). Itisa
pentadentate lutetium texaphyrin (Figure 2a) that is water soluble and can be injected as a
solution in 5% mannitol (68). It was activated with 732 nm laser that provided deep tissue
penetration with a fluence of 150 J/cm? delivered at 150 mW/cm? (69). A phase 1 clinical
trial using interstitial light delivery with optical fibers placed 1 cm apart for recurrent
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prostate cancer was carried out in 17 patients (70). Dose ranging used Lutrin (0.5 — 2 mg/
kg); fluence (25 - 150 J/cm?2); drug light interval (24 - 3 hours). PDT induced a large but
transient increase in serum PSA levels. Patients who received a higher PDT dose showed
both a greater short-term increase in PSA and also a significantly more durable PSA
response (biochemical delay) (68). Use of an integrated PDT dosimetry system revealed
substantial heterogeneity both intra-patient and inter-patient in light, photosensitizer,
oxygen, and tissue optical properties within the prostate (71). Other trials were for chest-
wall recurrence of breast cancer (72), intra-abdominal tumors (ovarian, colon, or stomach)
(73, 74) and cervical intraepithelial neoplasia (75). After being discontinued for cancer
indications, a phase 1 clinical trial was conducted for atherosclerotic plaque (76), and pre-
clinical studies for AMD (77).

Tin ethyl etiopurpurin

Tin ethyl etiopurpurin (SNET2) (Figure 2b) also known as Purlytin, Rostaporfin or Photrex
was synthesized by Alan Morgan at University of Toledo OH (78), and manufactured by
Miravant Pharmaceuticals (79). It was tested in a phase I1/I11 clinical trial in 8 patients with
86 lesions of recurrent cutaneous metastatic breast cancer (80). It was formulated in a
Cremophor EL micellar preparation and injected at a dose of 1.2 mg/kg followed 24 hours
later by 660 nm laser at 150 mW/cm? for a total light dose of 200 J/cm2. At 6-month follow-
up, lesions showed 92% complete response, and 8% partial response. Lesions less than 0.5
cm in diameter had a 100% complete response. There was another trial of SnET2 for
cutaneous AIDS-related Kaposi’s sarcoma (81). However, SnET2 was not developed further
for cancer, although there was a trial for AMD where it was called PhotoPoint (82).

Liposomal zinc phthalocyanine

Liposomal zinc phthalocyanine (Zn-PC) (Figure 2c) was developed in the 1990s by Ciba
Geigy AG (Basel, Switzerland) as CGP 55847. A large-scale production process for
liposomes containing monomeric Zn-PC by controlled dilution of organic solvents was
described (83). Although no details have been published it was tested in phase I/11 clinical
trials for solid tumors before being abandoned.

PHOTOSENSITIZERS IN ONGOING CLINICAL TRIALS
2-(1-Hexyloxyethyl)-2-devinyl pyropheophorbide-a (HPPH)

This compound also known as Photochlor was synthesized by Ravindra Pandey at Roswell
Park in collaboration with Thomas Dougherty (43). There were a series of structural
analogues of pyropheophorbide-a with different ethers, and the hexyl derivative (Figure 3a)
was identified as the most active and suitable compound for PDT (84). HPPH is not water
soluble but is formulated by trituration of the solid with 2% ethanol and 0.1% polyethylene
sorbitanmonooleate (Tween 80) followed by suspension in 5% dextrose (85). HPPH PDT
has been studied in several different types of cancer including malignant pleural
mesothelioma (86), obstructive esophageal cancer (87), advanced obstructive non-small cell
lung cancer (88), oral cancer, and cancer of the larynx (89).
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Redaporfin also known as LUZ11 or F-2BMet is chemically 5,10,15,20-tetrakis(2,6-
difluoro-3-N-methylsulfamoylphenyl)-bacteriochlorin (Figure 3b) that was synthesized by
Louis Arnaut and colleagues at the University of Coimbra in Portugal, and is manufactured
by Luzitin SA Portugal (90). As a bacteriochlorin it has a large absorption peak at 750 nm,
but since it is not water-soluble it is formulated in Cremophor-ethanol forming micelles in
PBS (91). However, recently it was proposed to change the formulation to Pluronic 123-
based micelles (92). Redaporfin was tested in a clinical trial for advanced head and neck
cancer using a dose escalation strategy (93). The investigators studying Redaporfin have
investigated the induction of anti-tumor immune response in animal models (94), and a case
report used administration of a checkpoint inhibitor (anti-PD1 antibody) after Redaporfin
PDT in a patient with recurrent cancer in the oral cavity to produce a sustained complete
response (95).

The concept of photochemical internalization (PCI) was developed by Kristian Berg at the
University of Oslo Radium Hospital in Norway (96). Although it uses a PS of the type that
has previously been tested for PDT of cancer, PCI is being clinically developed in
combination with a traditional anti-cancer chemotherapeutic drug. The idea is that the PS
localizes in the membrane of endocytic vesicles that also contain the chemotherapy drug,
and when light is delivered the vesicles are ruptured thus delivering the drug into the cytosol
of the cancer cells. The first photosensitzers used for PCI were asymmetric porphyrin or
phthalocyanine disulfonates but when the procedure was licensed to PCI Biotech, Oslo,
Norway, an asymetrical PS was specially designed to mediate PCI called Amphinex,
disulfonated tetraphenyl chlorin (TPCS2a) (Figure 3c) (97). The phase 1 clinical trial
involved patients with localized recurrent, advanced, or metastatic cutaneous or
subcutaneous malignancies in combination with bleomycin (98). Patients were given
TPCS2a (0-25 — 1.5 mg/kg) on day 0 by slow intravenous injection, followed by a fixed dose
of 15,000 1U/m? bleomycin by intravenous infusion on day 4. After 3 h, the tumor was
illuminated with 60 J/cm? of 652 nm laser. At day 28, there was 58% complete response,
11% partial response, and 11% stable disease. Side effects were dose-related skin
photosensitivity. The ongoing trials are now using gemcitabine instead of bleomycin as the
drug whose delivery will be potentiated by PCI. These trials are designed for inoperable
extrahepatic cholangiocarcinoma and involve a 0.22 mg/kg dose of Fimaporfin, followed 4
days later by a standard infusion of gemcitabine (1000 mg/m?2) and intraluminal laser
application (99, 100). Up to 2 PCI treatments can be given and additional cycles of cisplatin/
gemcitabine chemotherapy will be given.

Silicon phthalocyanine PC4

PC4 (Figure 3d) is an axially substituted silicon phthalocyanine that was synthesized by
Malcolm Kenney at Case Western University OH (101, 102). It has not been licensed to any
company and is produced under GMP by the NCI It was investigated as an antimicrobial
photosensitizer (103) and for photochemical decontamination of blood products (104). PC4
has been found to be a specific inducer of apoptosis in cancer cells via causing photodamage
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to Bcl2 and cardiolipin (105). PC4 is not water-soluble and efforts were made to devise a
formulated delivery vehicle in PEG-polycaprolactone micelles (106). PC4 has been tested as
a topically applied PS for various cutaneous malignancies. A phase 1 trial was conducted for
cutaneous T-cell lymphoma of mycosis fungoides type with a dose escalation of topical PC4
(0.01, 0.05, or 0.10 mg/mL) under occlusion for 1 hour followed by increasing light fluence
of 675 nm laser (50-100 J/cm?2; 100 mW/cm?) (107, 108). 14 of 35 subjects demonstrated a
clinical response. Another trial using dose escalation for primary or metastatic cutaneous
cancers was terminated before the maximum tolerated dose was reached to poor recruitment
(109).

TLD1433

TLD1433 is a water-soluble photosensitizer with a novel chemical structure, consisting of a
ruthenium-based dipyridyl coordination complex with an attached terthienyl group (Figure
3e) (110). It was synthesized by the laboratory of Sherri McFarland in Nova Scotia, Canada
and was licensed to Theralase, Toronto, Canada. Lothar Lilge helped develop the light
device and light protocol to activate TLD1433 for treating non-muscle invasive bladder
cancer with PDT (111). It is activated by green light (530 nm) and was originally tested by
McFarland for anticancer applications, and then as an antimicrobial PS that was also active
in hypoxic conditions (110). A Phase Ib trial studied intravesical PDT in patients with non-
muscle invasive bladder cancer at high risk of progression who are refractory to Bacillus
Calmette-Guerin therapy (111, 112). A single instillation of TLD-1433 at a dose 0.7 mg/cm?
was infused intravesically into the bladder for approximately 60 minutes. PDT was
performed after TLD1433 had been rinsed from the bladder. The Phase 1b trial used a single
treatment, but the Phase 2 trial that is underway will use two treatment procedures, one
treatment at Day 0 and a second treatment at Day 180.

CLINICAL PHOTOSENSITIZERS IN NON-WESTERN COUNTRIES

Photolon

Photolon (or Fotolon) is a preparation of chlorin(e6) formulated (1:1 w/w) in
polyvinylpyrrolidone (av MW 12,000) (113). It is manufactured by RUE “Belmedpreparaty”
(Minsk, Republic of Belarus) and was approved in Belarus in 2001 and in Russia in 2004.
Photolon has been tested clinically in several different tumor types mostly in Russia (114).
These were skin tumors, cervical intraepithelial neoplasia, lung cancer, disseminated forms
of melanoma, primary and metastatic brain tumors (intraoperative). Photolon is usually
administered 1V at a dose of 2-2.5 mg/kg followed after 3 hours by delivery of 662 nm laser
at doses of 50-600 J/cm? depending on the tumor location.

Radachlorin

Radachlorin also known as Bremachlorin (115) is a mixture of the sodium salts of
chlorin(e6), chlorin(p6) and purpurin and is manufactured by RadaPharma in Moscow,
Russia. It is injected IV at a dose of a dose 0.5-2.4 mg/kg with a 3 hour drug-light interval
and exposure of the tumor to 662 nm laser at 200-300 J/cmZ. It received Russian regulatory
approval in 2009. It was tested in a phase 2 clinical trial for skin cancer (115), in obstructive

Photochem Photobiol. Author manuscript; available in PMC 2021 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hamblin

Page 10

advanced non-small cell lung cancer (116), and in nonresectable cholangiocarcinoma
complicated by obstructive jaundice (117).

Photodithazine

Photosens

Hemoporfin

Photodithazine (Fotoditazin) is the N-dimethylglucamine salt of chlorin(e6) invented by
Ponomarev Helium Vasilievich, prepared by Veta-Grand LLC, Moscow, Russia and has
received regulatory approval in Russia (118). It has been mainly studied as an antimicrobial
PS, but has been used in clinical trials of basal cell carcinoma of the skin (119) and in case
studies in advanced lung cancer, bladder cancer and brain tumors (120).

Photosens is a water-soluble mixture of aluminum sulfonated phthalocyanines with various
degrees of sulfonation (n = 2, 3 or 4, mean n = 3.1), prepared by State Scientific Center
“NIOPIC”, Moscow, Russia (121). It received a series of regulatory approvals in Russia
between 2001-2008. It is used at an 1V dose of 0.3-0.8 mg/kg, with multiple 675 nm laser
irradiations delivered between 24 and 72 hours post-injection each at 80-100 J/cm? with a
total up to 600J/cm? (120). It has been tested in Russian clinical trials for basal cell
carcinoma, advanced lung cancer, recurrent head and neck cancer, primary or recurrent
gastric cancer, cancer of the esophagus, pleural mesothelioma and breast cancer metastases
(120).

Hemoporfin was invented in China and is a single pure compound with the chemical
structure of hematoporphyrin monomethyl ether (Fudan-Zhangjiang Bio-Pharmaceutical
Co., Ltd., Shanghai, China). It received Chinese regulatory approval for PDT of port-wine
stains in 2012, and there are ongoing trials for this indication in children (122). It has been
proposed that hemoporfin could also be investigated for endoluminal cancer.

CONCLUSIONS AND FUTURE OUTLOOK

Clinical PDT for cancer is considered as having had a somewhat checkered history (with the
exception of topical PDT using ALA and ALA esters). The reasons for this are many and
various, and are not directly connected to any failure in the underlying premise of PDT,
namely that photochemically generated ROS will efficiently destroy tumors by a variety of
biological mechanisms. The fact that Photofrin was developed as the first widely used PS
may explain some of the doubtful opinions about the long-term acceptance of anti-cancer
PDT. While Photofrin is still widely used all over the world, it is beset with several
problems. The most troubling is the long-lasting skin photosensitivity, which can prove
troublesome, especially for patients with advanced cancer. These patients (who may not
have very long left to live) do not relish being confined to semi-darkness, when they could
be out in the sunshine with their loved ones. Moreover the preparation is an undefined
mixture of chemical compounds which is not preferred by regulatory authorities, and its
absorption peak is small and occurs at relatively short red wavelengths. The drug-light
interval of 48 hours is also not convenient for clinicians.
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Foscan was approved in Europe but not in USA, which did not encourage its wider adoption
throughout the world. Foscan may be even too powerful a PS, as shown by the low clinical
dose required and the incidence of skin burns at the injection site. Particularly in the UK, the
cost of treatment is an issue to the National Health Service, and Foscan-PDT has been
extensively analyzed for its approved indication in advanced head and neck cancer (123).
Moreover the formulation of Foscan is not ideal, and efforts to formulate it in liposomes
(Foslip) and pegylated liposomes (Fospeg) have not been clinically successful (124).

Verteporfin or Visudyne was very successful as a PS for wet AMD and other
ophthalmological indications, and it was only the advent of monoclonal antibodies that led
to its relative decline. It is only fairly recently that verteporfin has been investigated as a PS
for cancer. If QLT had decided to advance it in clinical cancer indications much earlier then
the story might have been different. Its satisfactory formulation, good optical absorption
peak, and fast clearance pharmacokinetics are distinct advantages.

The failure of several companies that had raised considerable funding to carry out clinical
trials of their proprietary PS for cancer was also decidedly pessimistic for the entire field.
Perhaps these companies were victims of their own initial success that encouraged
unrealistic expectations.

However, there have been some recent successes in the anti-cancer PDT field that may
provide some “light at the end of the tunnel”. Despite the fact that hydrophobic non—water
soluble PS are usually more powerful in the laboratory compared to water-soluble
compounds, the disadvantages of requiring a formulation or a delivery vehicle, longer
clearance times which translate into more prolonged skin photosensitivity, have motivated a
switch to using water-soluble PS. This was exemplified by the switch from Tookad to
Tookad soluble.

Another consideration for the future is the extent to which PDT can stimulate an anti-tumor
immune response. Although this has been widely studied in animal models, it has not been
much investigated in humans. The emphasis placed by the investigators studying
Redaporfin, is the first real attempt to include this consideration in clinical trials. The move
towards shorter drug-light intervals (minutes or hours rather than days) makes it much easier
for both patients and clinicians to schedule treatments, and the fact that Tookad VTP for
prostate cancer is an out-patient procedure will favor wider adoption. The translation of
photochemical internalization into clinical trials is also an interesting new direction.

In conclusion, newer types of PS, better formulations, increased understanding of the tumor
types that are best suited to PDT, more convenient patient procedures, fewer adverse side
effects, will all tend to work in concert to overcome the pessimistic outlook which is still
somewhat prevalent among mainstream medical opinion. The long-term legacy of Thomas
Dougherty will then have been firmly established.
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Figure 1.

Chemical structures of (a) Photofrin (ether-linked dimer); (b) Temoporfin (Foscan); (c)
Verteporfin (Visudyne); (d) Padeliporfin (Tookad soluble); (e) Taloporfin (LS11).
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(a) Motexafin lutetium (b) Rostaporfin

(c) Zn-phthalocyanine

Figure2.
Chemical structures of (a) Motxafin Lutetium (Lutrin); (b) Rostaporfin (SNET2); (c) Zinc

phthalocyanine (CGP 55847).
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Figure 3.
Chemical structures of (a) Photochlor (HPPH); (b) Redaporfin (LUZ11); (c) Fimaporfin

(Amphinex); (d) Silicon phthalocyanine (PC4); () TLD1433.
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