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Photodynamic therapy (PDT) requires a medical device, a photosensitizing drug and adequate use of both to trigger

biological mechanisms that can rapidly destroy the primary tumour and provide long-lasting protection against metastasis.
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We present a multidisciplinary view of the issues raised by the development of PDT. We show how the spectroscopy,

photophysics, photochemistry and pharmacokinetics of photosensitizers determine mechanism of cell death and clinical

protocols. Various examples of combinations with chemotherapies and immunotherapies illustrate the opportunities to

potentiate the outcome of PDT. Particular emphasis is given to the mechanisms that can be exploited to establish PDT as a

systemic treatment of solid tumours and metastatic disease.

Background

Photodynamic therapy (PDT) is a clinically approved, minimally
invasive therapeutic which is entering the
mainstream of the cancer treatments.' PDT is a two-steps
procedure. First, a drug that absorbs light in the
phototherapeutic window (650-850 nm), where tissues are
more transparent, is administered to the organism. Next, after
a time named the drug-to-light interval (DLI), the target tissue
is irradiated. The drug is inactive in the dark, but when
electronically excited transfers an electron to molecular

procedure,

oxygen or other electron acceptors leading the formation of
superoxide anion and radicals (type | reaction), or transfers its
electronic energy to ground-state molecular oxygen generating
singlet oxygen (lAg) (type Il reaction).”™ The oxidative stress
due to the local generation of reactive oxygen species (ROS)
triggers three main biological mechanisms that make PDT an
effective anti-cancer procedure: vascular shutdown and
consequent massive ischemic death of tumour tissue,ﬁ"7 direct
killing of tumour cells induced by the oxidative stress inside
the ceIIs,S"9 and PDT-induced acute local and systemic
infllammation that eventually stimulates T-cell activation and
generate immune memory and systemic
responses.™

PDT is a carrefour of physical and life sciences, and its

success in oncology depends on contribution from physics,

antitumour

chemistry and pharmacology. Figure 1 illustrates the interplay
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of the more relevant contributions from these fields. Elegant
reviews have recently highlighted various perspectives of PDT,
such as the physics of dosimetry,11 the synthesis of
photosensitizing drugs with stronger absorption in the
phototheraputic window,lz'13 or biological mechanisms of
PDT."** Our vantage point is that of developing treatment
regimens with tailored photosensitizers to intensify the
biological mechanisms of PDT and optimize PDT efficacy.
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Fig.1 Photodynamic therapy as an interdisciplinary therapeutic approach involving
chemistry, physics and pharmacology.

Our work is based on a multidisciplinary approach to PDT. This
review begins with a brief presentation of the properties of
photosensitizers in clinical use, because they provide the
grounds to understand phototoxicity. We highlight properties
related to the photophysics, photochemistry and
pharmacokinetics of the photosensitizers. The success of PDT
is expected to depend on the ability to tailor the treatment
regimens to the properties of the photosensitizers and the
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clinical condition. We reveal how the rationale for a clinical
protocol evolved from the investigation of treatment regimes.
The acceptance of PDT in oncology will ultimately be tied with
its shift from a local to a systemic therapy. Consequently, we
will conclude with a discussion of the molecular mechanisms
of cellular death and their ability to stimulate immune
responses after PDT.

Photosensitizers

Most of synthetic photosensitizers investigated for PDT of
. 15-20 . 19-27 . . 12-13, 28-
cancer are porphyrins, chlorins, bacteriochlorins
37 - 38-4.
or phthalocyanines.

for PDT that are not based on tetrapyrrole macrocycles has

' The investigation of photosensitizers

been considerably less extensive, but structural modification
of fuIIerenes,42 cyanines,43 hypericins44 or semiconductors®
has allowed for manipulation of photochemotherapeutic
properties to an interesting degree.46 However, the
photosensitizers in clinical use for the treatment of solid
tumours are still porphyrin and phthalocyanine derivatives,
and they are the focus of this work. Although precursors of
protoporphyrin IX such as the 5-aminolevulinic acid (Levulan®),
and its methyl (Metvix®), hexyl (Hexvix®) or benzyl (Benzvix®)
ester derivatives have met with considerable success in topical
applications of PDT, they will not be discussed here because
the actual photosensitizer is protoporphyrin IX. Structures of
photosensitizers in clinical use or in active clinical trials in the
European Union or in the United States are shown in Figure 2
and their most relevant properties are presented in Table 1.

Table 1. Characteristics of clinically used photosensitizers.

A . Dose Light ou Cancer
Sensitizer max o [ I mg/ dose indicati
[nm] M™cm 2 h
kg J/cm ons
Porfimer
. 24- lung,
sodium 630 300 5.0 2S00 w0 o o
Phorofrin 200 v
bladder
Temoporfin
0.1- Head
Foscan 652 4 g 8-12 24- !
mTHPC 3-10 2-10 0.3 8 neck,
lung
Silicon c.neopla
phthalocya 675 M 24- :
nine (Pcd) 2-10 0.5-2 100 7 sms
Verteporfin skin,
Visudyne 688 3.3-10 5107 0.1-2 12%%- Of- pancreas
BPD-M AMD
I:S':f°:':n 660 4-10' 8.107 0.5- 25- 27‘; liver,
Pyl 3.5 100 pancreas
Padeliporfin
Stakel 762 1.1-10° 1-10° 4 200 0.25 prostate
WST11
Redaporfin head and
Luz11 43 1.4-10° 8-10° 05 0 0.25 neck

?Aqueous solution, with surfactactants or serum proteins for liphophilic
sensitizers*’ ™8

Porfimer sodium, a hematoporphyrin derivative, was the
first PDT sensitizer approved by the US Food and Drug
Administration (FDA). It gave encouraging results in the
treatment of certain types of cancer (e.g., lung cancer,
oesophagus),49 but the medical community did not perceive it

as a breakthrough. The underachievement of porfimer sodium
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can be related to some of its properties: (i) it is complex
mixture of porphyrin dimers and higher oligomers,50 (ii) the
low molar absorption coefficient at 630 nm decreases the
likelihood of excitation and requires relatively high doses (in
mg/kg) to obtain therapeutic effects,”™ (i) the tissue
penetration of 630 nm light is low, (iv) it forms aggregates in
water with low singlet oxygen quantum yields,51 (v) selectivity
and normal is poor, (vi) skin
phototoxicity in patients lasts for four to six weeks after
administration.”®>* This long photosensitivity period is due to
the mean apparent elimination half-life of 21.5 days of
porfimer sodium.>*

between tumour tissues
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Fig. 2 Chemical structures of selected clinically used photosensitizers.

Second-generation  synthetic  photosensitizers  such
temoporfin or silicon phthalocyanine 4 (Pc4) have intense
absorption bands at longer wavelengths, enabling treatments
to increasing depths, and shorter skin photosensitivity periods.
The terminal plasma half-life of temoporfin is 65 h, leading to
15 days daylight quarantine,55 and that of Pc4 is 28 h.*® Clinical
protocols with temoporfin prescribe drug doses of 0.1-0.15
mg/kg and illumination of tumours with red light (652 nm)
with a total dose of 10-20 J/cm’ after DLI of 4—6 days. This
long DLI is based on the times at which maximum drug
concentration differentials have been measured between the
57-58 Generally,
synthetic porphyrin derivatives clear more slowly from the
tumour than from normal tissues, and longer drug-to-light
intervals reduce side effects.”® Successful

tumour and the surrounding normal tissues.

semi-synthetic
photosensitizers of second-generation photosensitizers, such
as verteporfin (benzoporphyrin derivative monoacid ring A,
BPD-MA) or talaporfin (mono-(L)-aspartylchlorin-e6, NPe6),
are based on the chlorin macrocycle and also exhibit intense
absorption band in the red. Verteporfin was particularly
successful in the treatment of age-related macular
degeneration (AMD) the trade name Visudyne®.
Verteporfin has a maximum plasma concentration at the end
of infusion and is used in the treatment of AMD with DLI = 15
minutes. Moreover, verteporfin has an elimination half-life of
5 to 6 h, which reduces the period of skin photosensitivity to
less than 48 h.®° Motivated by its success AMD, verteporfin

under
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was investigated in oncology, namely in the treatment of
multiple nonmelanoma skin cancers,®! or pancreatic cancer.®
Such studies used DLI of 1 to 3 hours, skin photosensitivity
after the treatment was not reported, and the general
conclusion was that PDT with verteporfin was feasible and
safe. The claimed advantages of verteporfin over temoporfin

and hematoporphyrin derivatives have not yet led to
marketing approval for cancer indications.
More recently, two photosensitizers based on the

bacteriochlorin macrocycle reached clinical trials: padeliporfin
(WST11) and redaporfin (LUZ11). The purported advantage of
this last generation of photosensitizers in their strong
absorption in a spectral region (740-780 nm) that combines
enough energy for irreversible energy or electron transfer to
molecular oxygen with sufficient tissue penetration ability.
Padeliporfin has an elimination half-live in the range of
minutes,63 which reflects its lability, common to
photosensitizers derived from natural bacteriochlorophylls or
bacteriochlorins. The fast elimination minimizes the risk of skin
photosensitivity but required a clinical protocol for prostate
cancer where a 10 minutes infusion of WST11 is followed by
continuous irradiation of the prostate through optical fibres
for 20-25 minutes. The drug dose of 4 mg/kg and 200 J/cm
light turned out to be the optimal treatment conditions for
vascular-PDT (i.e., DLI<15 min, when the drug is in the vascular
compartment), resulting in over 80% of patients treated with
this protocol having a negative biopsy at 6 months.®*
Interestingly, WST11 generates ROS almost exclusively through
type | reactions.

Redaporfin is a synthetic bacteriochlorin specially designed
to combine the spectroscopic properties of bacteriochlorins
with  photostability. As Table 1, the
photodecomposition quantum vyield of redaporfin in
Cremophor EL:Ethanol:NaCl 0.9% (0.2:1:98.8, v:v:v) solution,
®,4=8x10"", is the lowest in that table. This was achieved with
the introduction of fluorine atoms in the ortho positions of the
phenyl rings of tetraphenylbacteriochlorins, which raises the
oxidation potential of redaporfin to 0.80 V wvs. ScEe.®
Additionally, these halogen atoms increase the triplet
quantum vyield by promoting the spin-orbit coupling in the

shown in

electronically excited orbital, a phenomenon known as the
effect.® Redaporfin
substituents in the meta positions of the phenyl rings to
modulate amphiphilicity and further stabilize the structure. Its
n-octanol-water partition coefficients is POW=1.9.33 The
increased stability of redaporfin also has implications in its
pharmacokinetics: ca. 80% of redaporfin is cleared from the
plasma of minipigs in 12 h but the terminal plasma half-life is
Iong.37 This enables the use of redaporfin both for vascular-
PDT and for cellular-PDT (i.e., DLI>24 h and the drug diffused
into the tumour tissue).66 Skin photosensitivity has not yet
been observed in the on-going clinical trial, although the
therapeutic benefit is already evident. Redaporfin was shown
to interact with molecular oxygen both through type | and type
Il reactions.*®

It is very difficult to observe and quantify singlet oxygen
emission from single cells or from tissues.®’ Thus, singlet

heavy-atom also has sulfonamide

This journal is © The Royal Society of Chemistry 20xx
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oxygen quantum yields (®,) are usually reported in organic
solvents. However, such values of ®, can be misleading
because the concentration of oxygen drops from [0,]=2 mM in
organic solvents to ca. 10 uM in tissues at the onset of
hypoxia. Moreover, the diffusion rate constant decreases from
qu2x109 M in solution to 4x10° M7's™ in cells. This
imposes requirements on the photosensitizer triplet lifetime,
1. For example, the highest ®, that a photosensitizer with
=10 us can attain in a tissue at the limit of tumour hypoxia is
(I)A:O.04.68 This restriction is alleviated with photosensitizers
with longer t;. Redaporfin has t;=50 us, which leads to an
estimated ®,=0.17 in the same conditions.

Porfimer sodium and temoporfin, together with most of
the porphyrin and chlorin photosensitizers, favour type Il
reactions in cells.®*7° As long as the laser is on, the cycle of
light absorption, excited state energy transfer and generation
of singlet oxygen is only limited by the photodecomposition of
the photosensitizer. In  principle, one photostable
photosensitizer molecule could generate an infinite amount of
singlet oxygen molecules. In practice, all photosensitizers have
finite ®,4 and bleach. The values of ®,4 reported for porfimer
sodium and temoporfin in solvents or in
aqueous:organic solvent mixtures decrease when oxygen is
removed from the solution,47 which indicates that singlet
oxygen contributes to photodecomposition.

Padeliporfin has a contrasting behaviour because it photo-
oxidizes rapidly in aqueous solutions and does not generate
singlet oxygen.71 The photodynamic efficacy of padeliporfin in
aqueous media is based exclusively on type | reactions, with

organic

superoxide ion and hydroxyl radical generation concomitant
with formation of the WST11™" radical cation. The
photodecomposition is lowered by the addition of human
serum albumin (HSA) to the solution, because WST11 binds to
this plasma protein and forms a complex that seems to
support 15 cycles of light-induced electron transfer from the
amino acid residues of the protein to WST11"" regenerating
WST11, which then transfers an electron to molecular oxygen,
before the complete degradation of WST11.

The lifetime of the hydroxyl radical in cells is 1 ns, which
limits to 1 nm the range of distances over which the hydroxyl
radical can effect damage.72 On the other hand, lifetime of
intracellular singlet oxygen is 2 ps and the radial diffusion
distance of singlet oxygen is estimated to reach 150 nm.”?
Thus, OH" radical has a shorter half-life than singlet oxygen in
biological systems and this can limit the range of oxidative
damage by the radical. But both species are clearly highly-
reactive agents, capable of modifying properties of any
biologic molecules in the vicinity of their formation. The strong
oxidative stress generated by hydroxyl radicals accentuates the
oxidation of the photosensitizers that generate them, and
limits the cycles of light absorption and ROS generation. The
photodecomposition quantum vyield of a “photostable”
photosensitizer, @4, defined as (initial rate of disappearance
of photosensitiser molecules)/(initial rate of absorption of
photons), tells that ca. 10° photons may be initially absorbed
before the first photosensitiser molecule is bleached in
solution. In cells bleaching tends to be much faster but

Photochem. Photobiol.Sci., 2015, 00, 1-14 | 3
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thousands of singlet oxygen molecules can be generated by
one photosensitizer molecule before it bleaches. For
sufficiently high photon fluxes the cells antioxidant
mechanisms will be unable to deal with the singlet oxygen
photogeneration and it also becomes cytotoxic.
Photosensitizers such as verteporfin and redaporfin have the
ability to participate both in type | and type Il reactions.**”*
The competition between energy and electron transfer from
the photosensitizer to molecular oxygen favours the first
reaction both for verteporfin and redaporfin. The difference
with respect to WST11 is certainly related to the higher triplet
state oxidation potentials of verteporfin and redaporfin, which
lower the electron transfer rates and increase the
photostability.sa’75 The photodecomposition quantum yields of
verteporfin and redaporfin in aerated ethanol are 6.8x10° and
6.9x10, respectively. These very low ®,4 are probably
favoured by the ability of ethanol to quench hydroxyl radicals,
but Table 1 shows that redaporfin is also remarkably
photostable in micelles. The generation of both singlet oxygen
and hydroxyl radical in the tumour tissue was proposed to
bring about synergistic effects that increase phototoxicity.76
This and the strong absorption of redaporfin in a region of
increased tissue transparency, shown in Figure 3, motivated a
detailed investigation of the relation between treatment
regimens and the outcome of PDT with redaporfin.

Absorbance

0O 300 400 500 600 700 800 900
7.[nm]

1000

Fig. 3 Phototherapeutic window: the electromagnetic radiation between 650 and 850
nm of the spectral region possesses a high penetration power into human tissues and
where these tissues are the most transparent.

Drug and light dosing

The optical penetration depth (6) of light is defined as the
depth at which its intensity of light is reduced to 1/e of the
value at the surface. The value of & for the skin increases from
1.8 mm at 633 nm, to 2.0 mm at 660 nm and reaches 2.3 at
750 nm.”” These values are the basis for the calculation of the
radiant exposure attenuation with the tissue penetration
depth z, R = Rgexp(—z /9) (2)
where Ry is the radiant exposure at the tissue surface, usually
expressed in J/cmz. The oxidative stress generated by PDT can
be estimated, in the absence of photobleaching, in terms of
the total amount of ROS produced per unit volume of tissue”®

4 | Photochem.Photobiol. Sci., 2015, 00, 1-14
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[ROS] =F ¢5(1000/ /hcN,,) Re[ photosensitizer], )

The threshold ROS dose that produces tissue necrosis depends
on physiologic factors. Values between [ROS]=1"° and 10 mMm*®
have been reported and probably covers a wide range of
cases. The dependence of the depth of tumour necrosis on the
properties of photosensitizers can be illustrated with the series
of meta(tetrahydroxyphenyl)porphyrin (mTHPP) and the
corresponding chlorin (mTHPC, temoporfin) and
bacteriochlorin  (mTHPBC). Using their photophysical
properties25 and assuming that they all attain the
concentration of 70 uM in the tumour 24 h post-intraperitonial
administration of 0.26 mg/kg of photosensitizer, as observed
for mTHPC.® Eq. (2) for a radiant exposure of 10 J/em? gives
[ROS]<5 mM for mTHPP even for z=1 mm, whereas for mTHPC
this limit is reached for z>4 mm, and for mTHPBC it occurs for
z>8 mm. This estimate of photonecrosis is in good agreement
with the observations for mTHPP®? and for mTHPC.2" However,
the depth of photonecrosis observed for mTHPBC is only 5.2
mm,® significantly less than expected from Eq. (2). This
discrepancy is readily explained by the photodecomposition of
mTHPBC during the irradiation, because this bacteriochlorin
has a ®,4 comparable to that of wsT11.%

The major advantage of using bacteriochlorins to treat deep-
seated tumours is in the high molar absorption coefficient of
the absorption band in the 740-780 nm region. However, it is
only possible to fully exploit this advantage using
bacteriochlorins that are as photostable as temoporfin. This
photostability was thoroughly explored in protocols designed
to treat BALB/c mice with subcutaneously implanted CT26 with
redaporfin vascular-PDT. An objective method to evaluate the
practical limits of the photostability is, for a given drug dose, to
escalate the radiant exposure and see if the outcome of the
therapy improves with the escalating drug dose. Figure 4 uses
data from a recent publication84 where the median survival
time of the control group is 11 days and remains unchanged in
the Redaporfin-PDT group 5 using a drug dose of 0.52 mg/kg
followed 15 minutes after intravenous administration by the
illumination of the tumour with a radiant exposure of 39
J/em?,

weemmmee Control
— — Light
——G-10
——G11
—a—G-12

Survival (%)

0 4 50 60
Survival after PDT (days)

0 10 20 30 40 50 60 0

Survival after PDT (days)

Fig. 4 Kaplan-Meier plots of Redaporfin-PDT with DLI=15 min, where G-5, G-6 and G-7
are treatment groups with 0.52 mg/kg drug dose and ascending radiant exposures of

39,56 and 69 J/cmz, and G-10, G-11 and G-12 are treatment groups with 0.75 mg/kg

drug dose and ascending radiant exposures of 39, 53 and 74 Jfem?.

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




Page 5 of 14

Increasing the radiant exposure to 56 J/ecm? for the same drug
dose and DLI, the median survival time increases to 28 days.
However, a further increase in the radiant exposure to 69
J/cm2 does not significantly increases the median survival time,
which stays at 29 days.
The lack of response to the increased radiant exposure
suggests that redaporfin was appreciably bleached in the
irradiated zone. Increasing the drug dose of 0.75 mg/kg
offered a wider range of effective radiant exposures. Groups
10, 11, and 12 used a drug dose of 0.75 mg/kg and radiant
exposures of 39, 53 and 74 J/cmz, respectively. The median
survival time with 39 J/cm2 was 39 days and for the other two
light doses, the cure rates were higher than 50%. Further
improvement of the cure rates required an increase in the
surface area irradiated to a circle of 13 mm concentric with the
5 mm tumours used in these treatments. A cure rate of 86%
were obtained with DLI=15 min, a redaporfin dose of 0.75
mg/kg and a radiant exposure of 50 J/em? (i.e., total light dose
of 671).%
The margin of 4 mm that optimized the treatment must be
regarded as a 3-dimensional margin. Assuming that the
tumour is 5 mm thick, the successful treatment should
correspond to a treatment of a depth of 9 mm. Eq. (2) can be
applied to estimate this margin using the photophysical
properties of redaporfin33 and [redaporfin]i,.s. However, at
DLI=15 min the drug is entirely in the vascular compartment
and the example discussed above is a case of vascular-PDT.
The concentration of redaporfin in the blood s
[redaporfin]lyieeq=29 M at DLI=15 min for an intravenous
injection of 2 mg/kg,®” and can be expected to be ca. 10 pM
for a drug dose of 0.75 mg/kg. Using ®zqs=0.59 to account for
the generation of both singlet oxygen and superoxide ion with
redaporfin, [redaporfin]ioc=10 UM at DLI=15 min Ry=50 Jem?,
we calculate [ROS]<5 mM for z>9 mm. Although various
these they
nevertheless reveal the importance of a using a drug and light
doses that produce a necrotic volume all around the tumour
with a margin of 4 mm, which is also a typical surgical margin.
Protocols with longer DLI have also been tested with
redaporfin.33’37’66’84 The clearance from the body requires the
use of larger drug and light doses at longer DLI, and cures have
been observed in mice with subcutaneously implanted
tumours using DLI=72 h. However, the therapeutic index,
assessed as the range of doses between the observation of the
first cures and the onset of PDT-induced lethality, tends to be
narrower for DLI=72 h than for DLI=15 min.

A blunt evaluation of these results may lead to the

assumptions are involved in calculations,

conclusion that vascular-PDT is comparable to surgery: they
both eliminate solid tumours with a margin of healthy tissue.
PDT can claim that it is much less invasive than surgery
because optical fibres can reach virtually all parts of the body
with little discomfort, and that it can be repeated without loss
of efficacy or increased in side effects. Although this is
uncontroversial, the most important difference between PDT
and surgery may on their impact in the immune system. In
order to understand this impact, it is necessary to give a
perspective of the pharmacodynamics of PDT photosensitizers.

This journal is © The Royal Society of Chemistry 20xx
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Localization of photosensitizers

Localization of the photosensitizer in the tumour is affected by
several factors such as: charge of the photosensitizer, degree

of aggregation, solubility (hydrophilic, hydrophobic or
amphiphilic character), administration vehicle, and time
between administration and irradiation (DLI).9 If the

photosensentizer is sufficiently stable and is not completely
eliminated from the body in a few hours, it can be used either
in vascular-targeted photodynamic therapy (V-PDT, DLI<15
min) or cellular-targeted photodynamic therapy (C-PDT,
DLIZ12 h). In the later case, the intracellular localization of the
photosensitizer is most relevant for the outcome of the
therapy.85

The diffusion distance of singlet oxygen in a cell is ca. 550 nm,
much smaller than the 10-30 pum diameter of typical
eukaryotic cells.” The more reactive OH*® radical is expected to
have an even smaller diffusion distance. Hence, the space
probed by these ROS is a small fraction of the cell volume and
the intracellular localization of the photosensitizers will restrict
their primary targets. Most porphyrins and their derivatives
localize at the level of the cell membranes, including
cytoplasmic, mitochondrial and lysosomal membranes, of the
Golgi apparatus and of the endoplasmic reticulum (ER).Q’86 An
exception is meso-tetra(4-N-methylpyridyl)porphine, a cationic
porphyrin, which was found to localize at the nuclear level in
cultured cells.®’®® The high polarity of hydrophilic and anionic
photosensitizers may restrict their passive diffusion across the
plasma membrane, and such photosensitizers are typically
internalized by endocytosis. Consequently, they are primarily
localized in lysosomes. A classic example is tetrasulfonated
8991 but and

padeliporfin also tend to localize in Iysosomes.gz'94 On the

meso-tetraphenylporphyrin, talaporfin
other hand, more lipophilic photosensitizers can diffuse across
the plasma and redistribute between the
membranes of cellular organelles. Association of lipophilic

membrane

photosenstitizers with low-density lipoproteins (LDL) may
uptake, but it is believed that the
photosensitizer leaves the LDL particle at the plasma
membrane and diffuse into the cytoplasm.95 After prolonged
incubation with A431 cells, Photofrin® enters mainly the
endoplasmic reticulum (ER)/Golgi apparatus as to a less extent
can be found at other perinuclear sites.”®® 1t is also
established that Foscan® after 3 h of incubation with MCF-7
cells can be found both in the ER and in the Golgi apparatus,
but after 24 h it extrudes from the Golgi and is essentially in
the ER, with only a weak distribution in the mitochondria.”®
Interestingly, tolyporphin, a highly phototoxic porphyrin
derivative extracted from cyanobacteria, also localizes
preferentially in the ER and this was associated with its PDT
efficacy.99 Verteporfin localizes in the mitochondria and also in
perinuclear area where the nuclear membrane and the ER are
located.®™** Pc 4 also localized preferentially in mitochondria
and ER/Golgi membranes.’® On the contrary, its derivatives
bearing hydroxyl axial ligands which are less aggregated than
Pc 4, are localized in the lysosomes and are more efficient than
Pc 4.°% There are some reports claiming that photosensitizers

facilitate cellular

Photochem. Photobiol.Sci., 2015, 00, 1-14 | 5
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localized in the ER or in the mitochondria are more efficient at
generating phototoxicity by direct induction of apoptosis,103
but in fact there are multiple determinants of photokilling and
the best choice may depend on the tumor phenotype. There
are multiple sites of localization with some agents having a
broad spectrum of localization sites (e.g. Photofrin), while
other photosensitizers are far more specific. Photodamage to
lysosomes can inhibit autophagy, a potentially cytoprotective
effect. The loss of autophagy could therefore improve the
overall photodynamic effect in cells capable of initiating an
apoptotic program in response to photodamage.

On the other hand, localization in mitochondria or the ER
could cause photodamage to Bcl-2 or release of cytochrome c,
also with pro-apoptotic consequences. Halogenated
sulfonamide bacteriochlorins, including redaporfin, are
preferentially located in the endoplasmic reticulum and can
also be found in the mitochondria.?®”® Figure 5 presents
fluorescence  microscopy images of the intracellular
distribution of redaporfin in A549 cells.

Fluorescence of probe

Fluorescence of sensitizer

WNINDIL3Y "aN3

VIMANOHOOLIW

Fig. 5 Intracellular distribution of redaporfin in A549 cells studied by fluorescence
microscopy high localization of evaluated photosensitizer in endoplasmic reticulum and
mitochondria.

The intracellular localization of the photosensitizers
determines where in the cell the oxidative stress attains its
peak and this has implications on the mechanism of cell death.
Arguably the most important implication is in the guidance
towards non-immunogenic versus immunogenic cancer cell
death.”® It is becoming increasingly clear that immunogenic
cell death requires both endoplasmic reticulum stress and ROS
production,ms'106 which is a combination remarkably achieved
with redaporfin.

Photodynamic effect mechanisms

The direct photodynamic effect toward tumour cells results
from the interaction of ROS with various biological targets,
which are prone to destruction due to the oxidation,
disruption of homeostasis, changes in lipid metabolism and ion
transportation. The cellular response to oxidative stress also
leads to activation of protein kinase pathway, the expression
of transcription factors and cytokines and release a number of
mediators responsible for the process of cell death, which can
occur by apoptosis and/or necrosis (Fig. 6).*7
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Fig. 6 Schematic illustration of types of the organelles dependent pathways in PDT that
might lead to the cell death, and indication of localized photodynamic effects (PDE).

The third possible pathway illustrated in Figure 6 that might
death, but at the same time can be
cytoprotective, is called autophagy. These pathways are not

lead to the cell

mutually exclusive and may occur simultaneously in the same
cell population.

Apoptosis (programmed death) is a complex
physiological process that determines the proper functioning
of the body through the elimination of unwanted cells without
causing disturbances in their integrity or eliciting inflammatory
responses.108 Changes in cellular morphology, such as
shrinkage, cell surface blebbing, chromatin condensation and
DNA fragmentation triggered by Apoptosis Inducing Factor
(AIF) are typical indicators of apoptosis. Depending on the type
of cellular organelles involved in this process, apoptosis can

cell

occur according to specific pathways: receptor pathway (cell
membrane), the pathway (mitochondria),
pseudo receptor pathway (T cells, NK cells) and the stress-

mitochondrial
induced sfingomyelin-ceramide pathway (ER). A common
element to all these programmed cell death pathways is the
activation of caspase cascades. Their activation triggers a
number of biochemical processes that execute apoptosis. The
best-known molecular mechanisms of apoptosis are extrinsic
(death receptor) pathway and the intrinsic (mitochondrial)
pathway.109 Operation of the external pathway is based on the
membrane receptors and ligands. Among various membrane
receptors, several necrosis factor (TNF) receptors were
identified. After binding of the respective ligands to the
receptors, signal transduction of death to protein FADD occurs
the ability to interact with The
mitochondrial pathway is activated by an increase of ROS, ion

and has caspases.
transport disruption or an increase the concentration of ca’in
the cytoplasm.102 role of mitochondria in
apoptotic signaling pathway is the regulation of the release of

The primary

pro-apoptotic molecules, such as cytochrome c into the
cytoplasm. This release is controlled by proteins of the Bcl-2
family. When two pro-apoptotic members of the Bcl-2 family
called Bax and Bak, are activated, they oligomerize, insert into

This journal is © The Royal Society of Chemistry 20xx
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the mitochondrial membrane and form channels through
which cytochrome c and other proteins escape to the cytosol.
Cytochrome ¢, a key protein in mitochondrial electron
transport, once in the cytosol activates caspase-9 that
eventually leads to the formation of apoptosome and further
cascades of caspases. The ability of cytochrome c in the cytosol
to activate caspases play a critical role in loss of cells
functionality and apoptotic cell death during PDT." The
protein Bid, a natural substrate of caspase-8, is the nexus
between extrinsic and intrinsic pathways. Bax overexpression
is a consequence of a Bcl-2 transfection resulting in
simultaneous overexpression of Bax.''%™

Necrosis is a pathological process leading to a loss of
membrane integrity and complete degradation of the cell
causing the release of cellular contents into the intercellular
space. The disintegration of intracellular organelles results in a
strong response from the immune system and the onset of
inflammation. Necrosis takes place above the threshold of
resistance of cells treated with non-physiological disturbances,
thus it is often observed after PDT with high light and
photosesensitizer doses.”® Necrosis is associated with a
significant decrease in ATP level resulting from ions imbalance
due to depolarisation of the mitochondrial membrane. The
volume of the cell is increased and the membrane integrity is
lost due to the damage, which causes the passive influx of
Ca2+, Na® and water to its interior. Typical necrotic changes are
also a high concentration of ca” arising from their influx from
extracellular environment and the outflow from the
endoplasmic reticulum undergoing destruction. Activation of
many nucleases of DNA and release of lysosomal hydrolytic
enzymes consequently leads to the total cell Iysis.m’m'113

The last possible pathway illustrated in Figure 6 that might
lead to the cell death is autophagy.
degeneration of the macromolecular components of the

It is a process of

cytoplasm and organelles, which are surrounded by a double
membrane forming autophagosome. Following the merger of
the lysosome with autophagosome, its content is degraded.
This type of cell death also allows cells to survive under
oxidative stress. In particular, cancer cells may be involved in
their survival or death. The role of PDT-triggered autophagy in
cancer therapy resistance or susceptibility is recently
reviewed.”® Nevertheless it should be noted that it is not yet
clear how to reconcile the few examples of ‘cell death by
autophagy’ with the large number of studies indicating a pro-
survival function of autophagy. It is possible that autophagy is
not always a cell death impostor, but the majority of studies
suggest that the primary function of autophagy lies in
cytoprotection and promotion of cellular and organismal
health.** Nevertheless, this process can play an important role
in the functioning of the immune system.us'117 Thus, antigens
exposed by the action of autophagy on malignant cell types
after photodamage could evoke additional immunologic
elements of cancer control.™™

Various factors govern the mechanism of cell death
induced by PDT: the fluence rate of the light source, the
radiant exposure, the type of photosensitizer, its
physicochemical properties, subcellular localization and local

This journal is © The Royal Society of Chemistry 20xx
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concentration, and the concentration of oxygen in biological

targets.'*

photosensitizers is revealed by their in vitro phototoxicity. The

The relevance of the intracellular localization of the

accumulation of photosensitizer molecules in organelles such
the mitochondria is thought to efficiently trigger cell death

18 The oxidative stress in mitochondria not

upon illumination.
only induced by the primary photodegenerated ROS, but also
by superoxide anion generated as a secondary product due to
photodamage of components of the electron transport
chain.'*® Photosensitizers targeting the endoplasmic reticulum
have been reported to mediate both types necrosis and
apoptosis. In contrast, photosensitizers preferentially localized
in lysosomes and in the plasma membrane are not generally
thought to be as phototoxic.103

In vivo other factors come into play. We have previously
emphasised the importance of producing a necrotic volume
concentric with the tumours, but the attenuation of the
radiant exposure with the depth of the tissues necessarily
generates a range of radiant exposures. For example,
considering that the optical penetration depth of light is 2.3
mm at 750 nm,77 a fluence rate of 130 mW/cm? at the tumour
surface is reduced to 1 mW/cm2 at a depth of 11 mm. Thus,
PDT in vivo is characterized by a distribution of fluence rates,
and this is further complicated by the intracellular distribution
of the photosensitizer and the heterogenous concentration of
oxygen in tissues. The mechanism of cell death is dependent
on oxidative stress and, consequently, on the photon flux,
photosensitizer local concentration and oxygen availability.
The oxidative stress is very high close to the surface of the
tumour and necrosis is expected to be the predominant cell
death mechanism, with a shift to predominant apoptosis when
the oxidative stress is lowered deeper in the tumour and
further way from blood vessels, and eventually to autophagy
in the regions where very few ROS are generated.

It was recently shown that some cytotoxic agents can
induce immunogenic cell death and that this is related to the
presence of calreticulin (CRT) and disulphide isomerase ERp57
at the surface of the cells within a few hours after the
treatment, well before the cells manifest signs of apoptotic cell
death."®*'® These proteins are usually contained in the ER and
their exposure at the cell surface required the induction of
oxidative stress in the ER. In treatments with cytostatic agents
such as anthracycline or oxaliplatin some elements of the
apoptotic machinery must be activated very early, such as the
caspase-8/Bax/Bak module, but in PDT with ER-localized
photosensitizers  the caspase-8 s
dispensable.106 Interestingly, PDT with the ER-localized
hypericin photosensitizer led to surface exposure of CRT that

involvement  of

was not accompanied by co-translocation of ERp57 to the
surface of the cell.'® Moreover, ATP secretion and CRT surface
exposure both photosensitizer- light-dose
dependent, and were both compromised by the absence or
kinase PERK. This
suggests that CRT and ATP can share the same plasma

were and
depletion of the ET-transmembranal

membrane trafficking pathway after PDT. Interestingly, CRT
exposure is observed as soon as 30 min post-PDT.
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CRT exposure is an “eat-me” signal required but not sufficient
for immunogenic cell death. It is also required that ATP is
secreted during the blebbing phase of apoptosis.ws'106
Extracellular ATP released by dying cells is one of the most
prominent “find-me” signals for macrophage and dendritic cell
precursors. Finally, a third requirement for immunogenic cell
death is the release of high mobility group protein BA
(HMGB1), which operates as a potent pro-inflammatory
stimulus in the extracellular milieu."** The elucidation of the
mechanisms of pre-apoptotic translocation of CRT from the ER
to the cell surface and of immune system stimulation by
cancer cells with CRT exposed at the surface may change the
paradigm of cancer therapy. Particularly interesting for PDT is
the notion that ER-localized photosensitizers may produce
oxidative stress in the critical location to trigger immunogenic
cell death.

Managing intracellular oxidative stress

A most interesting feature of PDT is that it can be combined
with other cancer therapies. Indeed, PDT efficacy can be
potentiated by the combination of drugs targeting tumour cell
pathways and/or the tumour microenvironment with the
phototoxicity of PDT photosensitizers. Particularly attractive
are approaches that target cellular antioxidant systems.

Cell responses to PDT depend on the type and quantity of
ROS and the presence and activity of the antioxidant, melanin,
heat shock proteins and the immune response.122 Endogenous
ROS production occurs primarily as a ubiquitous by-product of
both oxidative phosphorylation and a myriad of oxidases
necessary to support aerobic mechanisms.’”®> Whereas high
ROS levels are lethal to the cell, a moderate increase in ROS
** ROS
homeostasis is normally maintained in the cells by antioxidant

can promote cell proliferation and differentiation.”

enzymes such as superoxide dismutase (SOD), catalase and
glutathione peroxidases, which can decompose superoxide
anion and hydrogen peroxide. Small molecules such as
glutathione, vitamin E and vitamin C (ascorbate) complement
the intracellular control of ROS. It has been remarked that,
compared with their normal counterparts, many types of
cancer cells have increased levels of ROS."”"%® The intrinsic
oxidative stress of cancer cells led to the hypothesis that they
should be more dependent on antioxidants for cell survival
and, therefore, more vulnerable to further oxidative insults
induced by ROS-generating agents or by compounds that
abrogate the key antioxidant systems in cells.*”® Ascorbate is
best known as a highly reducing antioxidant, and its
incorporation in diets is believed to reduce the risk of cancer.
Pharmacological concentrations of ascorbate (exposure of ca.
10 mM ascorbate for 2 h), that can only be achieved by
parenteral administration, were shown to reduce the growth
of tumours subcutaneously implanted in mice.”” In general,
ascorbate exposure is more cytotoxic to cancer cell than for
normal cells, and this was related to the pro-oxidant effect of
high concentrations of ascorbate. The pro-oxidant effect was
mediated by the generation of H,0, via ascorbate radical
formation from ascorbate as the electron donor.’?’ "% High

8 | Photochem.Photobiol. Sci., 2015, 00, 1-14

concentrations of ascorbate in cell cultures generate H,0, that
increase the oxidative stress of cancer cells and
the selectivity of
Interestingly, we found that high concentrations of ascorbate
can decrease the photodecomposition of photosensitizers
used in PDT and allow them to perform more cycles of ROS
photogeneration.76 Hamblin and co-workers showed how the
combination of PDT with ascorbate can have opposite effects
the same cell line when two different photosensitizers are
employed: the photosensitizer more likely to accept an
electron from ascorbate became more phototoxic in the
presence of ascorbate.®® The combination between PDT and
ascorbate can either enhance or suppress the efficacy of PDT,
depending on the concentration of ascorbate, the intrinsic cell
resistance to oxidative stress and the ability of the
photosensitizer to accept an electron from ascorbate. The
potentiation of PDT cytotoxicity has also been attempted with
SOD, catalase and glutathione synthesis inhibitors.”® The
inhibitor of glutathione synthesis, I-buthionine sulfoximine,
showed to have the largest augmentation of PDT efficacy in
vitro. This suggests that glutathione is the major ROS-
scavenging system in the cells, and that H,0, plays a pivotal
role in phototoxicity.130 Cyclooxygenase (COX) is responsible
for the maintenance of homeostasis (COX-1) and for the
regulation of inflammation and mitogenesis (COX-2). Increased
levels of COX may have an adverse effect on PDT efficacy.
Hence, it was proposed to combine PDT with COX inhibitors to
enhance PDT efficacy.lsl’m The combination of one
photodynamic treatment with porfimer sodium with multiple
injections of a clinically approved COX-2 inhibitor, celecoxib, in
mouse model of mammary carcinoma resulted in an increase
in the cure rate from 22% for PDT alone to 90% for the
combination.™! interpreted in terms of
decreased angiogenesis when PDT is combined with celecoxib.

may

contribute to cancer treatments.

This result was

The presence of heme oxygenase in cells (OH-1) can also result

in lowering the PDT efficacy™>"*

because this enzyme
decomposes heme and reduces the amount of oxygen in a
tissue. Moreover, its activity results in the production of
bilirubin that has antioxidant properties. It has been shown
that inhibition of OH-1 enhances the photodynamic effect.’®
PDT also affects the activity of the heat shock proteins (HSP),
which act as molecular chaperones by assisting the correct
folding of nascent and stress-accumulated misfolded proteins.
The inhibition of high molecular weight HSP90 combined with
PDT improved long-term tumouricidal responses when
compared with individual treatment protocols.136 On the other
hand, HSP90 and the high molecular weight HSP70 may
translocate to the plasma membrane and exhibit
immunostimulatory activity.137 The PDT-induced surface
exposure of HSP70 has been reported to occur very shortly
after PDT with porfimer sodium™® or hypericin.139 The cell
response to the accumulation of misfolded proteins in the ER
due to oxidative damage may involve the degradation of such
proteins by proteasomes. It was hypothesised that the
combination of PDT with proteasome inhibitors, such as
bortezomib, could lead to the accumulation of carbonylated
proteins in the ER, aggravate ER stress and potentiate

This journal is © The Royal Society of Chemistry 20xx
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phototoxicity.140 This hypothesis was verified with mice
bearing subcutaneous tumours, which had a significantly
higher cure rate in treatments combining bortezomib with PDT
than with PDT alone.

Vascular effects in PDT

PDT also effectively targets tumour blood vessels 14171

Damage of endothelial cells causes a disturbance in the
construction of the endothelium and the creation of a clot
blocking the blood flow in the vessels. As a consequence,
vessel obstruction leads to an inhibition or a significant
reduction in the supply of nutrients to the tumour cells. The
result of this process is the death of cancer cells, because they
are not provided with adequate amount of oxygen and
nutrients. Vascular-targeted photodynamic therapy (V-PDT),
with DLI<1 h, was shown to be a very effective therapeutic
procedure with various photosensitizers.s’“’l"e'147 Occlusion of
blood vessels and hypoxia can occur within a few minutes after
the beginning of PDT. However, the increase of blood viscosity
in hypoxic tissues reduces perfusion of hypoxic areas,148 and
the consumption of oxygen may limit the efficacy of V-PDT. In
order to avoid that oxygen consumption becomes a limiting
factor in PDT, various authors proposed the fractionation of
light irradiation, with short dark periods (150-200 s), to allow
for tissue re—oxygenation.l“‘c"151 However, even when
treatment protocols are selected to allow blood vessels to stay
intact and functioning immediately after treatment,
irreversible vascular damage and collapse develops within
hours, leading to hemorrhage and tissue necrosis.

The decrease in tumour oxygenation, or
hypoxia, has been observed in V-PDT with padeliporfin
and redaporﬁn.66 Figure 7 presents representative changes in
pO, observed for mice subject to V-PDT and C-PDT with
redaporfin.

increase in
145-148
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Fig. 7 Oxygen changes in tumours after vascular (V-PDT) and cellular (C-PDT) targeted
PDT. *® The figure is adopted from ref. 66 and modified with copyright to © Elsevier 2014.

It is very striking that the tissue pO, level recorded
immediately after V-PDT, and for at least the subsequent 24 h,

decreased to nearly zero. In contrast, C-PDT led to a transient
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decrease in p0,, lasting usually no more than 3 h, followed by
a recovery of p0O,. We have suggested that a very strong (<2
mmHg) and prolonged (> 1 day) hypoxia is a good predictor of
the therapy outcome. Partial dysfunction of the blood flow
does not guarantee a good long-term tumour response to PDT
and, conversely, might even have a stimulatory effect on
tumour growth. Extremely low pO, lasting for several days (0-2
mm Hg, i.e. chronic, extreme hypoxia) after V-PDT are
correlated with long-term tumour responses, in contrast to
mild and transient hypoxia, that in C-PDT lead to strong pO,
compensatory effects (up to 10-12 mm Hg) and frequent
tumour re-growths.

It is interesting to note that longitudinal studies of blood
flow and tumour oxygenation after V-PDT, with the same
animals, led to apparently conflicting results: although the
hypoxia persisted for more than two days post-PDT, the blood
flow exhibited only a transient decrease and recovered to
flows higher than the pre-treatment ones within two days of
the treatment.®® These data can be rationalized considering
that the blood flow measured by laser Doppler perfusion
imaging is a flux obtained as the product between the average
speed of blood cells and their number in the region of interest.
The acute inflammatory response after V-PDT may increase
the number of blood cells probed and give higher blood flows,
but nevertheless V-PDT disrupts the tumour microvasculature
and limits tumour oxygenation.

The first successful uses of V-PDT employed verteporfin.
Interestingly, a comparison between the changes in the 20-30
um diameter of the arterioles and venules in cremaster muscle
versus those of vessels of the tumour vasculature with the
same diameter, revealed that PDT with verteporfin using
DLI=30 min produced complete or nearly complete occlusion
of tumour microvasculature while normal blood vessels were
spared.152 This selectivity was related to the
accumulation of verteporfin by tumour endothelial cells with
high levels of low-density lipoproteins (LDL) receptors, or the
rapid internalization of agents bound to the LDL receptor on
proliferating endothelial cells compared to quiescent
endothelial cells. However, the highest PDT efficacy was

increased

obtained with DLI=5 min, when the tissue selectivity is lower
and a margin of normal tissue is destroyed. This is consistent
with the observation that tumour cures with PDT require
destroying a considerable margin of normal tissue surrounding
the tumour, although this is not related with the infiltration of
tumour cells beyond the visible tumour margin. Rather,
tumour cures depend on the ability to establish a circulation-
free zone surrounding the tumour that prevents re-supply of
nutrients to tumour cells that survived the illumination.’?
Current PDT protocols with verteporfin favour DLI=15 min,

which cause complete blocking of blood flow in the
neovasculature.™
V-PDT has important advantages: (i) it uses

photosensitizers that clear rapidly form the organism and
minimize skin photosensibility, (ii) it gives the highest PDT
efficacies, and (iii) it can be performed in one short session.
The most promising photosensitizers for V-PDT currently in
clinical trials are padeliporfin and redaporfin. V-PDT with
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padeliporfin (4 mg/kg, 92 J/cm?®) led to congestion and
destruction of blood vessels and multifocal haemorrhages
within 1 h of the irradiation, followed by the development of
necrosis in the following 24-48 h.’>> V-PDT with redaporfin
(0.75 mg/kg, 50 J/cm?) produces essentially the same effect.'*®
V-PDT will lead to some necrosis of normal tissue in the region
where tumour and normal tissue meet, but this is likely to
acceptable for most organs. Fortunately, most tumours of
hollow organs have more collagen than the normal tissue from
which they arose, and collagen is largely unaffected by PDT.™’
Hence, normal tissues may heal safely and the mechanical
integrity of the organ is maintained after V-PDT.

A final concern with V-PDT is in its ability to stimulate
immune responses of the host system. As will be shown below,
there is sufficient evidence to believe that V-PDT is not just a
local treatment of a solid tumour and can control tumour
metastasis.

Immune responses induced by PDT

PDT alters the tumour microenvironment and activates
different immune responses. The mechanism of stimulation
involves the release of pro-inflammatory cytokines, blood
neutrophilia and recruitment of neutrophils at the tumour bed
together with mast cells and macrophages,158 induction of
acute phase proteins, activation of the complement system,159
and the subsequent activation of anti-tumour adaptive
immunity.

A most remarkable increase in the expression of
interleukin-6 (IL-6), peaking at 4-6 h post-PDT with porfimer
sodium and related photosensitizers, was reported in the
138161 \/_pDT with redaporfin
also leads to a very significant increase in IL-6 in the peripheral

tumour and in the sera of mice.

blood.*? This proinflammatory cytokine has been implicated in
the release of acute-phase proteins, complement activation
and neutrophil migration. More recently, IL-6 was recognized

as critical for resolving innate
162

immunity and promoting
adaptive immune responses.

It was mentioned above that ER stress and ROS production
may induce damaged/dying cells to expose
molecules that can trigger immune responses. The damage-
associated molecular patterns (DAMPs) observed after PDT in
vitro are: the surface exposure of CRT, the secretion of ATP
and the release of HMGB1.'” The spectrum of DAMPs
generated in vivo may be different but one of their most
relevant functions is to enable the stimulation of dendritic cells
(CDs).loe’163 DCs are the most potent antigen-presenting cells
known and effective inducers of adaptive immunity. However,
tumours lack an abundance of DCs. This suggested a strategy
to improve the outcome of PDT that consisted in injecting DCs

intracellular

directly into PDT-treated tumours. The intratumoural injection
of naive DCs led to tumours regression at distant sites,164
including lung metastasis.”® A related strategy was to
generate tumour cell lysates with PDT and test them as
antitumour vaccines. It was found that such lysates activate

DCs and stimulate tumour-specific T-cells that provide

10 | Photochem.Photobiol. Sci., 2015, 00, 1-14

protection against subsequent re-challenges with the same
tumour.'%"%®

The importance of T-lymphocytes to obtain cures with PDT
was recognized nearly 20 years ago.167 The outcome of PDT
with porfimer sodium in wild-type BALB/c mice was much
better than in the corresponding scid or nude mice models,
and adoptive transfer of splenic virgin T lymphocytes from
immunocompetent mice into scid mice delayed the recurrence
of treated tumours. V-PDT also gave higher cure rates with
immunocompetent BALB/c mice than with nude or scid mice,
both using padeliporfin168 or redaporfin.84 Moreover, BALB/c
mice bearing subcutaneous CT26 tumours were significantly
protected from metastasis and from re-challenge with the
same tumour model treated with V-PDT using
padeliporfin or redaporfin. On the other hand, V-PDT with
verteporfin did not cure BALB/c mice with CT26 tumours, and
required the use of CT26.CL25 cells, that express the tumour
antigen (-galactosidade, to attain the same level of cures and
protection from re—challenges.169 Interestingly, V-PDT with
verteporfin of antigen positive CT26.CL25 tumours let to a
significant increase in tumour necrosis factor alpha (TNFa) and
interferon gamma (IFNY), but no changes in these signalling
proteins were observed after the treatment of CT26
tumours.’® On the other hand, V-PDT of BALB/c mice with
CT26 tumours using redaporfin as photosensitizer led to a
significant increase of IFNY in the peripheral bIood,156 which
may explain the difference between the photosensitizers. IFNY
can activate macrophages, inhibit the production of
immunosuppressive molecules, enhance the secretion of
chemokines, and inhibit

when
84,168

antiangiogenic cell
proliferation.170

A meta-analysis of clinical data on tumour-infiltrating
lymphocytes found in tumours revealed that the presence in
tumours of CD3+, a general T-lymphocyte marker, is associated
with a survival advantage.170 CD3+ lymphocytes infiltration in
CT26 tumours subcutaneously implanted in BALB/c mice was

observed within 24 h of V-PDT with padeliporfin or
156,168

tumour

redaporfin.

It has been shown that CD8+ T cells mediate the control of
tumours growing outside the treatment filed following PDT.M""
172 \/_pDT with redaporfin also leads to an increase in CD8+ T
cells in the peripheral blood shortly after the treatment, and

this is concomitant with a significant increase in CD4+ T
156

cells. CD4+ T cells help make the initial CD8+ T cells
response bigger and programs the differentiation of
responding CD8+ T cells into a long-lived, protective
memory.173

The knowledge of the immune responses elicited by PDT
also inspired approaches to combine immunotherapies with
PDT. A clinically approved methyltransferase inhibitor 5-aza-
20-deoxycytidine used in combination with PDT improved the
induction of adaptive immune response towards well-defined
tumour antigen leading to the long-term survival of tumour-
bearing 174 PDT with
cyclophosphamide, a cytotoxic drug that depletes regulatory
CD4+FoxP3+ cells (T-regs) in mice, led to 70% permanent cures

mice. combined low-dose
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it weakens the
175-176

presumably because
microenvironment of the tumour.

immunosuppressive

Outlook

Two decades after the first approval of a photosensitizer
for PDT of cancer, this therapy has yet to move into the centre
stage of oncology. Most of the limitations found with the first
generation of PDT photosensitizers have now been overcome
with the latest photosensitizers. The depth of the treatment
with bacteriochlorin derivatives can be programmed to reach
10 mm and the use of interstitial illumination definitively
resolves the issue of light penetration. The selectivity of the
treatment can be planned as a function of the field of
illumination. Skin photosensitivity after the treatment is now
only a concern for a very short period of time (1-2 days).
Vascular-PDT offers the opportunity to develop cost-effective
protocols that can be performed in a short period of time and
in an outpatient basis. However, it is difficult to change the
perception that PDT is a local therapy and that it is mostly
useful for palliative care in advanced cancer. PDT faces a tough
competition with surgery for small tumours and with
chemotherapy for metastatic disease. Hopefully, the
tremendous advances in the understanding of immunogenic
cell death, systemic antitumor protection and the potential to
combine PDT with other therapeutic strategies, will eventually
change old perceptions and promote the widespread use of
PDT.

Particularly promising are the combinations of PDT with
chemotherapy and immunotherapies. The increasingly better
understanding of the biological mechanism of PDT offer a
fertile ground to cultivate approaches that potentiate the
effects of the various therapies involved. PDT offers the
advantage of the unique targeting offered by laser light and
optical fibres to direct the strongest effect to the primary
target and yet the ability to potentiate the systemic effects of
chemotherapies and immunotherapies. Moreover, PDT
photosensitizers that fluoresce in the near infrared offer the
opportunity for imaging of the tumours.””’
required for PDT poses
additional regulatory challenges and has also been a deterrent

The drug-device combination

to its development by pharmaceutical companies. Admittedly,
PDT is not a “single product” and requires unconventional

development strategies. Its development requires
multidisciplinary teams with physics, chemistry and
pharmacology backgrounds. Most likely, as PDT and

immunotherapies advance, they will find more common
grounds and the therapeutic approaches may become
increasingly sophisticated. Nevertheless, the efforts to
combine knowledge from these areas will eventually lead to a
therapy with a strong and immediate effect on a primary
tumour and systemic protection against metastasis, that may
improve life expectancy without significant adverse effects for
an increasingly larger fraction of the population.
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