Available online at www.sciencedirect.com
BIOCHIMICA ET BIOPHYSICA ACTA

; H' SCIENCE<dDIRECT" B A
P a2 TS
ELSEVIER Biochimica et Biophysica Acta 1704 (2004) 59—86
www.bba-direct.com
Review
Intracellular signaling mechanisms in photodynamic therapy
Ramiro D. Almeida, Bruno J. Manadas, Arsélio P. Carvalho, Carlos B. Duarte ™
Center for Neuroscience and Cell Biology, Department of Zoology, University of Coimbra, Coimbra, 3004-517 Portugal
Received 14 January 2004; received in revised form 26 May 2004; accepted 28 May 2004
Available online 21 June 2004
Abstract

In photodynamic therapy (PDT) a sensitizer, light and oxygen are used to induce death of tumor cells and in the treatment of certain
noncancerous conditions. Cell death in PDT may occur by apoptosis or by necrosis, depending on the sensitizer, on the PDT dose and on
the cell genotype. Some sensitizers that have been used in PDT are accumulated in the mitochondria, and this may explain their
efficiency in inducing apoptotic cell death, both in vitro and in vivo. In this review we will focus on the events that characterize
apoptotic death in PDT and on the intracellular signaling events that are set in motion in photosensitized cells. Activation of
phospholipases, changes in ceramide metabolism, a rise in the cytosolic free Ca®> " concentration, stimulation of nitric oxide synthase
(NOS), changes in protein phosphorylation and alterations in the activity of transcription factors and on gene expression have all been
observed in PDT-treated cells. Although many of these metabolic reactions contribute to the demise process, some of them may
antagonize cell death. Understanding the signaling mechanisms in PDT may provide means to modulate the PDT effects at the molecular
level and potentiate its antitumor effectiveness.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Photodynamic therapy (PDT) of cancer is based on the
tumor-specific accumulation of a photosensitizer, often a
porphyrin derivative, followed by irradiation with visible
light, which induces cell death and tumor ablation. Photo-
frin® was the first photosensitizer approved for human use,
and has been successfully employed in the preatment of
many types of tumor, including lung, esophageal, cervical,
bladder and gastric tumors [2—4]. To enhance the potential
of PDT and its clinical applications, a second generation of
photosensitizers was produced, with properties comparable
or superior to Photofrin®, including chemical purity, in-
creased photon absorption at longer wavelengths, improved

tumor tissue retention, rapid clearance from surrounding
normal tissue, high quantum yield of reactive oxygen spe-
cies, and minimal toxicity in the dark [3,5—7]. The devel-
opment of new sensitizers, the acquired knowledge on the
conditions related with selective photosensitizer accumula-
tion in target tissues and the improvement in the systems
used for light delivery led to the development of PDT for use
against ophthalmological, cardiovascular and immune-me-
diated conditions [3,4,8,9]. In addition to the development of
new photosensitizers, the improvement of clinical PDT will
rely on the translation of information generated from studies
concerning the basic mechanisms involved in the demise
process in photosensitized cells. This review focuses on
recent advances in understanding the role of the intracellular
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signaling machinery in apoptotic death in PDT. Understand-
ing the signaling mechanisms in PDT may provide means to
modulate the PDT effects at the molecular level.

2. Mechanisms of cell death in PDT

The anti-cancer effects of PDT are thought to occur at
two different levels: (i) direct lethal effects on tumor cells,
and (ii) vascular impairment which limit blood supply to the
region [2]. The interaction of light with the photosensitizer
molecule raises its energy state and in the presence of
molecular oxygen leads to the formation of reactive oxygen
species, primarily singlet oxygen ('O,), which can react
with electron rich regions of many biomolecules, giving rise
to oxidized species [2,10]. Since singlet oxygen has a very
short lifetime in cells, its intracellular targets are located
close to the sites where the sensitizer is located [11].
Therefore, it is not surprising that the type of response
triggered by activation of the photosensitizers depends on
their intracellular localization [12—17]. The cell genotype
and the PDT dose were also found to determine whether cell
death occurs by apoptosis or necrosis [17-28]. Indeed,
apoptosis was the predominant mode of cell death when
murine leukemia P388 cells were photosensitized with
chloroaluminum phthalocyanine (AlPc), using low light
doses, whereas necrosis was observed for higher light doses
[18]. Similar results were obtained in studies where human
bladder carcinoma HT1197 cells were subjected to 5-amino-
levulinate (ALA)-induced PDT [24] and in CNE2 cells,
TWO-1 cells (human nasopharyngeal carcinoma cells) and
AY-27 cells (chemically-induced rat bladder carcinoma
cells) sensitized with hypericin [23,25]. These findings
indicate that the type of cell death switches from apoptosis
to necrosis with the increase of the intensity of the insult, as
previously reported for other apoptotic stimuli [29].

2.1. Apoptotic cell death in PDT

Two major apoptotic pathways have been characterized:
the death receptor-mediated, or extrinsic pathway, and the
mitochondria-mediated apoptosis, or intrinsic pathway [30—
32]. In the first pathway, cell surface receptors from the
tumor necrosis factor (TNF) gene family are stimulated,
activating the initiator caspase-8 via adaptor and scaffolding
proteins [33]. The second process is triggered by disruption
of mitochondrial function, which causes the release of
cytochrome C to the cytosol [34]. Released cytochrome C
binds Apaf-1 and induces its oligomerization, in the pres-
ence of dATP. This complex, termed apoptosome, recruits
and activates the initiator caspase-9 [35-37].

In both pathways, the activation of initiator caspases
(caspase-8 or caspase-9) leads to the activation of effector
caspases (caspase-3, -6 and -7) (Fig. 1). During apoptosis
the cells shrink, the nuclear chromatin becomes pyknotic
and condenses against the nuclear membrane, and eventu-

ally the cytoplasm and the nucleus break up into apoptotic
bodies. Although the cytoplasmic organelles remain intact,
DNA is digested at internucleosomal sites, giving rise to
fragments that are multiples of 180—200 bp [30-32].
Apoptotic cells and apoptotic bodies are engulfed and
cleared by phagocytes [38].

2.1.1. Death receptor-mediated apoptosis in PDT

Photosensitization of human epidermoid carcinoma
A431 cells with silicon phthalocyanine 4 (Pc 4) transiently
increased the protein levels of the surface death receptor Fas
(also known as APO-1 or CD95) and of its ligand FasL,
under conditions where cell death occurred by apoptosis
[39]. Under the same conditions, a multimerization of the
Fas protein and interaction of the receptor with the adaptor
molecule FADD (Fas-associated protein with a death do-
main) were also observed [39]. The Fas—FADD complex is
known to bind procaspase-8, and on this molecular scaffold,
procaspase-8 activates itself proteolytically and triggers the
death pathway [30—33]. Accordingly, caspase-8 cleavage
was observed in the human epidermoid carcinoma A431
cells sensitized with Pc 4, and pre-incubation of the cells
with rhFas:Fc fusion protein partially inhibited cell death
[39]. Antibodies against Fas or FasL also reduced apoptotic
death of poorly differentiated CNE2 and of moderately
differentiated TWO-1 human nasopharyngeal cells sub-
jected to PDT with Hypocrellin A and Hypocrellin B [40].
In in vivo studies, in which NR-S1 tumor-bearing mice were
treated by PDT with Photofrin®, Fas-positive tumor cells
were observed in the same area where many TUNEL-
positive tumor cells were found, and expression of Fas
and FasL was also observed in the tumor cells surrounding
TUNEL-positive cells [41]. The role of the Fas/FasL system
in PDT may explain the cooperativity observed in MDCK 11
(2—8 Madison—Darby canine kidney cells) and V79 (Chi-
nese hamster lung fibroblasts) cell death after photosensiti-
zation with Photofrin® [42]. Accordingly, MDCK cells
were found to express Fas and FasL (e.g. see Ref. [43]).

Activation of caspase-8 was found to mediate apoptotic
death of human promyelocytic HL-60 cells photosensitized
with Rose Bengal [21,44]. In this model, inhibition of
caspase-8 also prevented cytochrome C release from mito-
chondria and cleavage of procaspase-3 [21], suggesting that
caspase-8 acts upstream of these events. Caspase-8 is known
to cleave Bid (BHj-interacting domain death agonist),
generating a C-terminal fragment of the protein, tBid, that
can activate the mitochondrial apoptotic pathway [45—47].
Bid seems to promote death by activating the pro-apoptotic
proteins Bax and Bak, and it may also inactivate pro-
survival proteins [45—47], thereby inducing the release of
cytochrome C (see below).

PDT with Rose Bengal increased p38 MAPK (mitogen-
activated protein kinase) activity, and inhibition of the kinase
prevented Bid cleavage, the decrease in mitochondrial mem-
brane potential and the release of cytochrome C from the
mitochondria [44]. Since cleavage of procaspase-8 was not
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Fig. 1. Major molecular events leading to cell death in PDT-treated cells. The two major apoptotic pathways, the death receptor-mediated, or extrinsic pathway,
and the mitochondria-mediated-pathway are represented. The diagram summarizes the results obtained in different tumor models using various sensitizers.

affected by the p38 MAPK inhibitor, it was suggested that
caspase-3 activation in this system is regulated through
redundant signaling pathways that involve caspase-8 and
p38 MAPK acting upstream of Bid [44]. Although the fast
kinetics of caspase-8 activation in HL-60 cells subjected to
PDT with Rose Bengal may suggest that singlet oxygen
generated during photoactivation of the sensitizer directly
induces multimerization-mediated activation of the Fas re-
ceptor, even in the absence of the FasL [21], a rapid up-
regulation of the Fas and FasL protein levels was observed in
human epidermoid carcinoma A431 cells sensitized with Pc
4 [39]. In contrast, a direct effect of the sensitizer on the
activation of the Fas receptor is supported by studies
showing that ultraviolet A radiation induces formation of
the Fas—FADD—caspase-8 death complex in HL-60 cells in
a FasL-independent manner [48]. Furthermore, immunopre-
cipitation studies showed multimerization of Fas without Fas
ligand in normal human keratinocytes sensitized with 13,17-
bis(1-carboxypropionyl)carbamoylethyl-8-ethenyl-2-hy-
droxy-3-hydroxyiminoethylidene-2,7,12,18-tetramethylpor-
phyrin (ATX-S10) [1]. Under these conditions, there was a

release of cytochrome C and apoptosis-inducing factor (AIF)
from mitochondria and a decrease in the Bax protein levels
in the cytosol [1].

Despite the evidences indicating a role for the death
receptor-mediated mechanism in apoptotic death of PDT-
treated cells, it was found that FADD null mouse embry-
onic fibroblasts still undergo apoptosis when photosensi-
tized with Pc 4 [49]. These results indicate that in this
case other mechanisms may be involved in apoptotic death
in PDT.

2.1.2. Mitochondria-mediated apoptosis in PDT

Some sensitizers target mitochondria (e.g. see Refs.
[12,25,50-56], organelles that play a central role in
apoptosis [57]). In this case, it is not surprising that
PDT can induce apoptosis rapidly, both in vivo [41] and
in vitro (e.g. see Ref. [58]; see Table 1 and other
references throughout the manuscript). However, since
photosensitizers may also be accumulated in other cellular
compartments (e.g. lysosomes, endoplasmic reticulum
(ER), Golgi apparatus), local damage induced by photo-
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Table 1
Major molecular events during apoptotic death induced by PDT
Cellular event Sensitizer Cell line References
Cytochrome C release Aluminum phthalocyanine Human breast epithelial cell line MCF10A [94]
from mitochondria S5-Aminolevulinate (ALA) Human promyelocytic leukemia HL60 cell line [78]
N-aspartyl chlorin eg Mouse leukemia L1210 cells [278]
Murine hepatoma Hepa 1clc7 [60]
ATX-S10 Normal human keratinocytes [1
Benzoporphyrin derivative monoacid Human adenocarcinoma HeLa cells [71,73]
ring A (BPD-MA, verteporfin) Human umbilical venous endothelial cells [72]
9-capronyloxy-tetrakis (methoxyethyl) Mouse leukemia L1210 cells [59]
porphycene (CPO)
Hypericin Human adenocarcinoma HeLa cells [20]
Rat/mouse T cell hybridoma [68]
Meta-tetra(hydroxyphenyl)-chlorin Human breast adenocarcinoma MCF-7 cells [61]
(mTHPC; Foscan®)
Silicon phthalocyanine 4 (Pc 4) Human epidermoid carcinoma A431 cells [54]
L5178Y-R mouse lymphoma [64,70]
Jurkat human lymphoma T cells [85]
Human breast adenocarcinoma MCF-7¢3 cells [88,99,100]
Pheophorbide a Chinese hamster V79 cells [63]
Porphycene monomer (PcM) Murine leukemia P388 cells [67]
Rose Bengal Human promyelocytic leukemia HL60 cell line [44]
Loss of mitochondrial Aluminum phthalocyanine Human breast epithelial cell line MCF10A [94]
membrane potential 5-Aminolevulinate (ALA) Human promyelocytic leukemia HL60 cell line [78]
Human breast cancer MCF-7 cells and [28]
adriamycin-resistant MCF-7/ADR cells
N-aspartyl chlorin eg Murine hepatoma Hepa lclc7 [60]
9-Capronyloxy-tetrakis Mouse leukemia L1210 cells [59]
(methoxyethyl) porphycene (CPO)
13,15-N-cycloimide derivatives of 13, Human lung adenocarcinoma A549 cells [17]
15-[N-(3-hydroxypropyl)]cycloimide
chlorin p6
5,10-di[4-(N-trimethylaminophenyl)-15, Mouse leukemia L1210 cells [16]
20-diphenylporphyrin (DADP-a)
Hematoporphyrin Human chronic myelogenous leukemia K562 cells [65]
Hypericin J Jhan cells (derived from human [69]
lymphoblastoid Jurkat cells)
Human glioblastoma SNB-19 cell line [256]
Rat/mouse T cell hybridoma (PC60R1R2) [68]
Meta-tetra(hydroxyphenyl)-chlorin Human breast adenocarcinoma MCF-7 cells [61]
(mTHPC; Foscan®)
Monoglucosylporphyrin Human chronic myelogenous leukemia K562 cells [65]
Silicon phthalocyanine 4 (Pc 4) Human epidermoid carcinoma A431 cells [54]
Jurkat human lymphoma T cells [161]
Porphycene monomer (PcM) Murine leukemia P388 cells [67]
Rose Bengal Human promyelocytic leukemia HL60 cell line [44]
Tetrasulfonated aluminum (I1I) Human epidermoid carcinoma A431 cells [66]
phthalocanine (AIPcSy)
Cleavage of pro-caspase-9 5-Aminolevulinate (ALA) Human promyelocytic leukemia HL60 cell line [78]
/caspase-9 formation N-aspartyl chlorin eg Murine hepatoma Hepa 1clc7 [60]
Benzoporphyrin derivative monoacid Human adenocarcinoma HeLa cells [73]
ring A (BPD-MA, verteporfin) Human promyelocytic leukemia HL60 cell line [79]
Human umbilical venous endothelial cells [72]
Bisulfonated aluminum Human promyelocytic leukemia HL60 cell line [183]
phthalocyanine (AlPcS,)
Silicon phthalocyanine 4 (Pc 4) SW480 colon cancer xenographs grown in [231]
athymic nude mice
Human breast adenocarcinoma MCF-7¢3 cells [88]
Cleavage of pro-caspase-3 5-Aminolevulinate (ALA) Human promyelocytic leukemia HL60 cell line [78]
/caspase-3 formation Benzoporphyrin derivative monoacid Human promyelocytic leukemia HL60 cell line [75,76,79]
ring A (BPD-MA, verteporfin) Human umbilical venous endothelial cells [72]
Human promyelocytic leukemia HL60 cell line [77,79]
Human adenocarcinoma HeLa cells [71,73]

(continued on next page)
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Table 1 (continued)
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Cellular event Sensitizer Cell line References
Cleavage of pro-caspase-3 Bisulfonated aluminum Human promyelocytic leukemia HL60 cell line [183]
/caspase-3 formation phthalocyanine (AIPcS,)
Hypericin Rat/mouse T cell hybridoma (PC60R1R2) [68]
Human transitional cell carcinoma of the [145]
urinary bladder (T24)
Human adenocarcinoma HeLa cells [20]
QLT0074 Jurkat human lymphoma T cells [26]
Silicon phthalocyanine 4 (Pc 4) SW480 colon cancer xenographs grown [231]
in athymic nude mice
Human breast adenocarcinoma MCF-7¢3 cells [88]
Rose Bengal Human promyelocytic leukemia HL60 cell line [44]
Cleavage of pro-caspase-6 Benzoporphyrin derivative monoacid Human promyelocytic leukemia HL60 cell line [77]
/caspase-6 formation ring A (BPD-MA, verteporfin) Human umbilical venous endothelial cells [72]
Human adenocarcinoma HeLa cells [71,73]
Cleavage of pro-caspase-7 Benzoporphyrin derivative monoacid Human umbilical venous endothelial cells [72]
/caspase-7 formation ring A (BPD-MA, verteporfin) Human adenocarcinoma HeLa cells [71,73]
Cleavage of pro-caspase-8 Benzoporphyrin derivative monoacid Primary human umbilical venous endothelial cells [72]
/caspase-8 formation ring A (BPD-MA, verteporfin) Human adenocarcinoma HeLa cells [71,73]
Silicon phthalocyanine 4 (Pc 4) Human epidermoid carcinoma A431 cells [39]
Rose Bengal Human promyelocytic leukemia HL60 cell line [21,44]
Annexin V binding 5-Aminolevulinate (ALA) Cultured human cervical C33-A cells [279]
Hypericin J Jhan cells (derived from human [69]
lymphoblastoid Jurkat cells)
Human glioblastoma SNB-19 cell line [256]
Poorly (CNE2) and moderately (TWO-1) [25]
differentiated human nasopharyngeal carcinoma cells
Hypocrellin A and B Poorly (CNE2) and moderately (TWO-1) [25]
differentiated human nasopharyngeal carcinoma cells
QLT0074 Jurkat human lymphoma T cells [26]
Silicon phthalocyanine 4 (Pc 4) Radiation-induced fibrosarcoma (RIF-1) [280]
tumors grown in C3H mice
Tetrasulfonated aluminum (I1I) Rat bladder RR1022 epithelial cells [113]
phthalocanine (AlPcS,)
PARP cleavage S-Aminolevulinate (ALA) Human promyelocytic leukemia HL60 cell line [78]
Human adenocarcinoma HeLa cells [71,73]
Benzoporphyrin derivative monoacid Human promyelocytic leukemia HL60 cell line [75-77,79]
ring A (BPD-MA, verteporfin) Human umbilical venous endothelial cells [72]
Chloroaluminum phthalocyanine Murine leukemia P388 cells [18]
Hypericin Human adenocarcinoma HeLa cells [20,80,81]
Human transitional cell carcinoma of the [145]
urinary bladder (T24)
Rat/mouse T cell hybridoma (PC60R1R2) [68]
Hypocrellin A and B Poorly (CNE2) and moderately (TWO-1) [25]
differentiated human nasopharyngeal carcinoma cells
Pheophorbide a Colon tumor HT29 cells [265]
Photofrin® Colon tumor HT29 cells [265]
QLT0074 Jurkat human lymphoma T cells [26]
Rose Bengal Human promyelocytic leukemia HL60 cell line [44]
Silicon phthalocyanine 4 (Pc 4) Murine lymphoma L5178Y-R [83]
Human epidermoid carcinoma A431 cells [261]
Chemically-induced murine skin papillomas [261]
RIF-1 cells treated with Bel-2 antisense oligonucleotide [93]
Human epidermoid carcinoma A431 cells [54,82]
LNCaP cells [84]
Jurkat human lymphoma T cells [85]
SW480 colon cancer xenographs [231]
grown in athymic nude mice
Chemically induced skin papilloma in SENCAR mice [82]
UV radiation-induced skin tumors in SKH-1 [82]
hairless mice
Human breast cancer MCF-7¢3 cells [88]
Ovarian epithelial carcinoma (OVCAR-3)-bearing [230]

athymic nude mice
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Table 1 (continued)
Cellular event Sensitizer Cell line References
DNA fragmentation 5-Aminolevulinate (ALA) Human promyelocytic leukemia HL60 cell line [78]
V79 Chinese hamster lung fibroblast cell line [281]
CDF1 mice bearing the colon-26 tumor [282]
Intracranially-implanted VX2 carcinoma [283]
N-aspartyl chlorin eg Mouse leukemia L1210 cells [278]
Benzoporphyrin derivative monoacid Murine P815 mastocytoma cells [198]
ring A (BPD-MA, verteporfin) Human promyelocytic leukemia HL60 cell line [76]
Bisulfonated aluminum Human promyelocytic leukemia HL60 cell line [183]
phthalocyanine (AlPcS,)
2-Butylamino-2-demethoxyhypocrellin Human gastric adenocarcinoma MGC803 cells [92]
A (2-BA-2-DMHA)
Chloroaluminum phthalocyanine Mouse lymphoma L5178Y cells [284]
Chloroaluminum phthalocyanine RIF-1 tumor-bearing C3H/HeN mice [285]
tetrasulfonate
DOL15 (methylene blue analog) Mouse leukemia P388 cells [286]
Hematoporphyrin Human chronic myelogenous [65]
leukemia K562 cells
Hematoporphyrin derivative (HPD) Human liver adenocarcinoma SKHEP-1 cells [287]
Murine fibroblasts, clone 1.929 [109]
Hypericin Human adenocarcinoma HeLa cells [20]
Lutetium texaphyrin (PCI-0123) EMT6 sarcoma-bearing BALB/c mice [288]
Merocyanine 540 Murine myeloid leukemia JCS cell line [289]
Meta-tetra(hydroxyphenyl)-chlorin Murine myeloid leukemia JCS cell line [289]
(mTHPC; Foscan®) Intracranially implanted VX2 carcinoma [283]
Murine myeloid leukemia M1 cell line [289]
Mesochlorin es monoethylenediamine Human ovarian carcinoma A2780 cells [15]
(Mceg), and
N-(2-hydroxypropyl)methacrylamide
(HPMA) copolymer-Mce conjugates
Monoglucosylporphyrin Human chronic myelogenous [65]
leukemia K562 cells
Pheophorbide a Chinese hamster V79 cells [63]
Human pancreatic tumor cell line (HA-hpc2) [22]
Colon tumor HT29 cells [265]
Photofrin® HL-60 derived cell line [291]
Human pancreatic carcinoma [292]
transplanted into nude mice
V79 Chinese hamster lung fibroblasts [14]
Colon tumor HT29 cells [265]
Intracranially implanted VX2 carcinoma [283]
Photofrin 1T Human prostate carcinoma PC3 cells [293]
Human non-small cell lung carcinoma (H322a) [293]
Rat mammary carcinoma MTF7 cells [293]
RIF-1 tumor-bearing C3H/HeN mice [285]
Human adenocarcinoma HeLa cells [255]
Human cervical cancer CaSki cell lines [255]
Porphycene dimmer (PcD) Mouse leukemia P388 cells [13]
Rose Bengal Human promyelocytic leukemia HL60 cell line [44,294]
Silicon phthalocyanine 4 (Pc 4) Chinese hamster ovary (CHO) [91]
cell-derived cell line
RIF-1 cells treated with Bcl-2 [93]
antisense oligonucleotide
Human epidermoid carcinoma A431 cells [229]
Human breast adenocarcinoma MCF-7¢3 cells [88]
Chinese hamster ovary (CHO) cells [155,193]
Murine lymphoma L5178Y-R cells [83,120,154,
155,193,197]
Human prostate tumor LNCaP cells [84]
Human leukemia U937 cells [155]
Promonocytic U1 cells [19]
SENCAR mice bearing chemically [290]
induced squamous papillomas
RIF-1 tumor-bearing C3H/HeN mice [285]

(continued on next page)



66 R.D. Almeida et al. / Biochimica et Biophysica Acta 1704 (2004) 59-86

Table 1 (continued)

Cellular event Sensitizer Cell line References
DNA fragmentation Silicon phthalocyanine 4 (Pc 4) Ovarian epithelial carcinoma [230]
(OVCAR-3)-bearing athymic nude mice
Sulfonated meso-tetraphenylporphine V79 Chinese hamster lung fibroblasts [14]

(TPPS,4 and TPPS,,)
Tetra(3-hydroxyphenyl)porphyrin
Tin ethyl etiopurpurin (SnET2)

Toluidine blue

V79 Chinese hamster lung fibroblasts [
HL-60 derived cell line [
Intracranially implanted VX2 carcinoma [283]
Mouse leukemia P388 cells [
Jurkat human lymphoma T cells [

sensitization may be propagated to the mitochondria by
various means (e.g. see Refs. [12—17,59-62]).

Studies using different cell models and various sensi-
tizers have shown that photosensitization induces a rapid
release of cytochrome C from the mitochondria (Table 1).
The intracellular Ca®>* chelator BAPTA inhibited PDT-
induced cytochrome C release and caspase-3 activation in
photosensitized Chinese hamster V79 cells, suggesting that
the increase in the intracellular Ca®" levels may be a
trigger for cytochrome C release from mitochondria [63].
In L5178Y-R mouse lymphoma (LY-R) cells subjected to
PDT with the Pc 4, the rapid release of a fraction of the
mitochondrial cytochrome C was followed by a partial
inhibition of respiration [64]. A drop in mitochondrial
membrane potential, concurrent with a drop in ATP levels
and a decrease in cell respiration, was also observed in the
carly phase of the response of promyelocytic K562 cells to
photodynamic treatment with hematoporphyrin or with
monoglucosylporphyrin [65]. Studies using human epider-
moid carcinoma A431 cells suggested that PDT causes an
up-regulation of glycolytic phosphorylation as a compen-
satory mechanism to overcome mitochondrial disfunction
and to provide energy equivalents required for apoptotic
cell death [66]. Indeed, glycolytic ATP production con-
stitutes a strict obligation during the initial events of the
demise process [66].

2.1.2.1. Role of caspases in PDT. A broad spectrum
caspase inhibitor (z-VAD-FMK) did not prevent the loss
of mitochondrial membrane potential in murine leukemia
P388 cells subjected to PDT with porphycene monomer
[67], and in rat/mouse T cell hybridoma PC60R1R2 cells
sensitized with hypericin [68], indicating that the early
events occurring at the mitochondria are upstream of
caspase activation. Also, inhibition of caspase-3-like activ-
ity with Ac-DEVD-CHO did not affect mitochondrial
depolarization in human epidermoid carcinoma A431 cells
subjected to PDT with Pc 4 [54]. In this system, cyclosporin
A plus trifluoroperazine, blockers of the mitochondrial
permeability transition, inhibited mitochondrial inner mem-
brane permeabilization and depolarization, and the release
of cytochrome C [54]. In contrast, cyclosporin A was
without effect on the loss of mitochondrial membrane
potential and on cytochrome C release in rat/mouse hybrid-

oma PC60RIR2 cells sensitized with hypericin [68], indi-
cating that in this case the opening of the pore is not the
causative mechanism of dissipation of the potential. Pre-
incubation of Jurkat cells with inhibitors of the mitochon-
drial permeability transition pore was also without effect on
the loss of mitochondrial membrane potential induced by
PDT with hypericin [69]. Interestingly, in mouse L5178Y-R
cells exposed to low doses of PDT, cytochrome C was
released from mitochondria without loss of mitochondrial
membrane potential, suggesting that the release of cyto-
chrome C is independent of the loss of mitochondrial
membrane potential [70]. Photosensitization of hepatoma
Hepa 1clc7 cells with the lysosomal sensitizer Npe6 also
induced the release of cytochrome C and activated caspase-
9 and caspase-3-like activity before depolarization of the
mitochondrial membrane [60]. It was proposed that these
sensitizers may disrupt lysosomes, releasing protease(s) into
the cytosol which may convert Bid into a truncated form
(tBid). In this case, tBid would trigger the release of
cytochrome C, thereby activating Apaf-1/pro-caspase-9
[60].

The release of cytochrome C to the cytosol in photo-
sensitized cells induces the cleavage of the initiator cas-
pase-9, followed by cleavage (activation) of several other
caspases, including caspase-2, -3, -6, -7 and -8, in several
cell types (see Table 1). Although cleavage of caspase-
8 typically occurs prior to cytochrome C release from
mitochondria in death receptor-mediated apoptosis (see
above), in some cases of PDT-induced apoptosis caspase-
8 activation followed cytochrome C release, and most likely
is secondary to activation of caspase-3 [71-73]. This
activation of caspase-8 may amplify cytochrome C release
by cleavage of Bid into a truncated form (tBid), which is
known to cause cytochrome C release from mitochondria
[71,72,74]. Cleavage of procaspase-8 in human adenocar-
cinoma HeLa cells sensitized with benzoporphyrin deriva-
tive monoacid ring A (BPD-MA; verteporfin) followed
cleavage of caspase-3, -6 and -7, indicating that activation
of caspase-8 is not an early event in some models of PDT
[71]. However, expression of the caspase-1 and caspase-
8 inhibitor CrmA (viral cytokine response modifier A) did
not affect apoptotic death of human adenocarcinoma HelLa
cells sensitized with hypericin [20]. Also, expression of
CrmA did not affect the kinetics of cytochrome C release
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and procaspase-3 cleavage in a rat/mouse T cell hybridoma
sensitized with hypericin [68], suggesting that caspase-
8 does not play a major role in the demise process in this
model.

The activation of caspases in photosensitized cells leads
to the cleavage of a number of other cell proteins, including
Bap-31 (shuttle protein between the ER and the intermediate
compartment and/or Golgi complex [71]), DNA-dependent
protein kinase (catalytic subunit) (DNA-PKcg [75]), ICAD
(inhibitor of caspase activated DNAse); prevents DNA
fragmentation via binding to caspase-activated deoxyribo-
nuclease [76]), focal adhesion kinase (FAK, a kinase in-
volved in the regulation of cell adhesion [73]), lamins
(structural components of the nuclear envelope [73]), PARP
(poly(ADP-ribose) polymerase, a DNA repair enzyme
[18,20,44,54,68,71,72,75,77—85]) and Ras GTPase-activat-
ing protein (Ras-GAP, a negative regulator of the Ras
signaling pathway [71]). DNA fragmentation in segments
that are multiples of 180—200 bp, another hallmark of
apoptotic cell death [86], was also observed in PDT, using
different cell types and sensitizers (Table 1).

In contrast to the numerous reports showing the role of
caspase-3-like enzymes in apoptotic death in photosensi-
tized cells, a recent study where human cervix carcinoma
HeLa cells were photosensitized with 2,4,5,7-tetrabromo-
rhodamine 123 bromide (TBR), which is incorporated into
the Golgi apparatus, showed that cell death occurred by a
Ca” *-dependent and caspase-3-independent mechanism
[87]. Despite the fact that no cleavage of procaspase-3
was observed, the morphology of sensitized cells showed
condensed nuclear chromatin and apoptotic bodies, charac-
teristic of cell death by apoptosis [87].

The role of caspase-3 in PDT was further investigated by
comparing the response of caspase-3 deficient cell line
MCF-7 with MCF-7c3 cells, which express a stably trans-
fected caspase-3 gene. Although MCF-7 cells were less
sensitive to photosensitization with Pc 4 when compared
with MCF-7¢c3 cells, as assayed by reduction of a tetrazo-
lium salt, the two cell lines were equally sensitive to Pc 4-
PDT when evaluated by the clonogenic assay [88]. These
results indicate that the critical step in Pc 4-PDT induced
cell death is independent of caspase-3. Although cyto-
chrome C release following photosensitization was similar
in both cell lines, there was a marked reduction in caspase-9
activation in MCF-7 cells, suggesting that caspase-3 may be
important for the amplification of the pro-caspase-9 pro-
cessing [88]. In vivo studies, in which xenographs of
caspase-3-expressing (MCF-7¢3) or deficient (MCF-7 and
MCF-7v) cells were generated in athymic nude mice,
showed that the final outcome of the Pc 4-PDT treatment
was independent of the presence of the caspase [89].

2.1.2.2. Role of the Bcl-2 family of proteins in PDT. The
Bcl-2 family of proteins can be subdivided in two groups
based on their role in apoptotic cell death: Bcl-2, Bel-xy,
Bcel-w, Mcl-1 and A1 possess anti-apoptotic activity, where-

as Bax, Bak, Bok, Bid, Bim, Bik/Nbk, Bad, Bcl-xs, Bmf,
Hrk, Noxa and Puma are pro-apoptotic (for reviews see
Refs. [45—47]; see also Ref. [90]). Although the role of
some of these proteins in PDT remains to be investigated,
conflicting data have been obtained concerning the influ-
ence of Bcl-2 on the demise process in photosensitized cells.

Overexpression of Bcl-2 in the Chinese hamster ovary
cell line CHO inhibited DNA fragmentation and apoptosis,
and partly protected the cells from cell death, as determined
by the clonogenic assay, in experiments where Pc 4 was
used as a sensitizer [91]. Similar results were obtained using
human acute myelogenous leukaemia HL-60 cells, with
benzoporphyrin derivative monoacid ring A (BPD-MA) as
a sensitizer and at low PDT doses [77]. In this case, Bcl-2
overexpression prevented pro-caspase-3 and -6 cleavage,
proteolysis of PARP and formation of hypodiploid DNA
[77]. Overexpression of Bel-x; in HL-60 cells also pre-
vented PDT-induced cleavage of pro-caspase-3 and DNA
fragmentation [76]. Enforced expression of Bcl-2 also
delayed PDT-induced apoptotic death in a rat/mouse T cell
hybridoma (PC60R1R2) sensitized with hypericin, by
delaying cytochrome C release, pro-caspase-3 activation
and PARP cleavage [68], and similar findings were reported
in Jurkat cells photosensitized with hypericin [69]. This
delay in apoptosis may be due to phosphorylation of Bcl-2,
through a cyclin-dependent protein kinase 1 (CDK1)-de-
pendent mechanism, which produces a delay of the G,/M
phase, as proposed for human adenocarcinoma HeLa cells
subjected to PDT with hypericin [81]. Overexpression of
Bcl-2 and Bcl-xp also delayed morphological changes,
depressed caspase activation, and limited substrate degra-
dation in HeLa cells subjected to PDT with verteporfin, but
no protection against loss of viability was observed [73]. In
this case, overexpressing Bcl-2 or Bcl-x; did not affect
cytochrome C release from mitochondria following photo-
sensitization, indicating that these proteins confer resistance
to caspase-3 activation, even after the appearance of cyto-
chrome C in the cytosol [73].

The regulatory role of Bcl-2 in PDT has also been
investigated by transfecting an antisense Bcl-2 sequence in
a retrovirus vector into a human gastric adenocarcinoma
MGCS803 cell line, followed by PDT with 2-BA-2-DMHA
(2-butylamino-2-demethoxy-hypocrellin A [92]). Reduction
of the Bcl-2 protein levels increased phototoxicity, as
determined by the MTT assay and by the generation of
oligonucleosomal DNA fragments [92]. Similarly, incuba-
tion of the PDT-resistant cell line RIF-1 (radiation-induced
fibrosarcoma cells) with Bcl-2 antisense oligonucleotide
resulted in sensitization to PDT-mediated apoptotic death,
when the Pc 4 photosensitizer was used [93].

In contrast with the reports indicating that Bel-2 confers
a certain degree of resistance to apoptotic death after PDT,
studies using the MCF10A human breast epithelial cell
line and the photosensitizer AIPc showed that overexpres-
sion of Bcl-2 increased PDT-induced apoptotic cell death
[94]. This increase in the susceptibility to PDT was
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attributed to the observed up-regulation of Bax protein
levels in transfected cells and to the selective degradation
of Bcl-2 in photosensitized cells [94]. A down-regulation
of Bcl-2 protein levels in PDT-treated cells may have freed
Bax to exert it pro-apoptotic effects, since the amount of
this protein in the cell was not changed [94]. Bax is a
cytosolic monomeric protein in healthy cells, but it
changes conformation during apoptosis, integrates into
the outer mitochondrial membrane and oligomerizes. These
oligomers are thought to induce or contribute to the
permeabilization of the outer mitochondrial membrane,
allowing the efflux of apoptogenic proteins [45-47].
However, a recent study showed that the disappearance
of Bcl-2 from Western Blots prepared from DU-145 cells
photosensitized with the Pc 4 was instead due cross-link
formation [55]. In this case Bax was not cross-linked by
Pc 4-PDT [55], suggesting that the increase in sensitivity
to PDT observed in Bcl-2 overexpressing cells may be due
to a change in the balance of functional pro- and anti-
apoptotic members of the Bcl-2 family of proteins. It
remains to be determined whether photodamaged Bcl-2
retains its anti-apoptotic function.

Assuming that the function of Bcl-2 is lost when the high
molecular weight complexes are formed, a change in the
balance between the activity of pro- and anti-apoptotic
proteins of the Bcl-2 family may also explain the enhanced
sensitivity to PDT observed in human epidermoid carcino-
ma (A431) cells overexpressing Bcl-2 [93]. Photosensitiza-
tion of these cells with Pc 4 reduced the protein levels of
anti-apoptotic Bcl-2 and Bcl-xp, as determined by Western
Blot, and up-regulated protein expression of the pro-apo-
ptotic Bel-xg, Bak and Bad, but not of Bid [93,95]. PDT of
RIF-1 cells treated with a Bcl-2 antisense oligonucleotide
also up-regulated the protein levels of Bcl-xs, Bak and Bad,
in addition to Bid [93]. Photosensitization of murine leuke-
mia L1210 cells with various sensitizers reduced Bcl-2
protein levels, without affecting Bax [59,96], as detected
by Western Blot, and similar findings were reported for
human breast cancer MCF-7 cells and DU-145 cells (human
prostate cancer) sensitized with Pc 4 [55,95,97]. In the latter
study, the protein levels of Bad were unchanged by PDT
[97].

Taken together, the available evidences indicate that a
shift in the balance between the activity of pro- and anti-
apoptotic members of the Bcl-2 family of proteins may
decide the susceptibility of cells to PDT-mediated apoptotic
death. However, this model contrasts with the lack of effect
of PDT on Bcl-2 protein levels in studies using a rat/mouse
T cell hybridoma (PC60R1R2) or human adenocarcinoma
HeLa cells and the sensitizer hypericin [68,81].

In human umbilical venous endothelial cells subjected to
PDT with verteporfin there was a reduction in the cytosolic
levels of Bax, although the total amount of the protein
present in the cells did not change [72], and similar results
were reported for murine leukemia L1210 cells sensitized
with 9-capronyloxy-tetrakis (methoxyethyl) porphycene

(CPO) [59]. These results are in agreement with the de-
scribed translocation of Bax to the mitochondria during
apoptosis, where it oligomerizes and contributes to the
efflux of apoptogenic proteins [45—47]. Overexpression of
Bcl-2 in MCF 7c¢3 (human breast cancer cell line stably
transfected with human procaspase-3 cDNA) inhibited PDT
induced activation-associated conformational change of
Bax, and higher doses of the sensitizer Pc 4 were required
to activate Bax in cells overexpressing Bcl-2 [98]. This may
explain the protection conferred by the increased expression
of Bel-2 in MCF 7¢3 cells [98]. However, no changes were
observed in the amount of cytosolic Bax in human adeno-
carcinoma HeLa cells subjected to PDT with verteporfin
[73], suggesting that, in this case, the protein may not play a
role in the demise process.

The role of Bax in cytochrome C release from mito-
chondria was investigated using Bax antisense oligonu-
cleotides and by comparing the photodynamic effects of
the Pc 4 photosensitizer in MCF 7¢3 cells (human breast
cancer cell line stably transfected with human procaspase-3
cDNA) and in DU-145 cells, a human prostate cancer cell
line that lacks detectable amounts of Bax [99]. PDT-treated
MCF-7c3 cells showed cytochrome C release from mito-
chondria and apoptotic nuclei, whereas the latter cell type
was not affected [99,100]. Also, treatment of MCF-7c3
cells with Bax antisense oligonucleotides reduced Pc 4-
PDT induced apoptotic death and restoration of Bax
expression in DU-145 cells restored apoptosis, indicating
that the lack of Bax is responsible for the resistance of
these cells to PDT-induced apoptosis [100]. However, the
fact that Bax-negative DU-145 cells are as sensitive to Pc
4-PDT as MCF-7¢3 cells, as determined by the clonogenic
assay, indicates that the commitment to cell death occurs at
a step prior to Bax activation. In order to further investi-
gate the role of Bax in cell death by PDT, MCF-7¢3 and
DU-145 cells were transfected with second mitochondria-
derived activator of caspase (Smac)/direct inhibitor of
apoptosis-binding protein with low plI (DIABLO) or
Smac/DIABLO tagged with green fluorescent protein
(GFP) at its C-terminus (Smac/DIABLO-GFP [99]).
Smac/DIABLO 1is a protein of the mitochondrial inter-
membrane space, which is released together with cyto-
chrome C from mitochondria in response to apoptotic
stimuli, and promotes caspase activation by inactivating
the inhibition of apoptosis (IAP) [101,102]. PDT with Pc 4
induced the release of Smac/DIABLO-GFP in MCF-7¢c3
cells but not in DU-145 cells, and expression of the protein
increased apoptotic death in the former cell type [99]. This
suggests that Smac/DIABLO promotes cell death in Pc 4-
PDT in a Bax-dependent manner.

3. Effect of PDT on the [Ca®']; homeostasis

Photodynamic treatment of various cell types has been
shown to raise the [Ca®']; [103—117], which may even-
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tually lead to cell death [63,109,114,118]. The calcium
chelator BAPTA inhibited the release of cytochrome C,
caspase-3 activation and apoptotic death of Chinese ham-
ster V79 cells photosensitized with pheophorbide, indicat-
ing that Ca’" indeed plays a role in PDT-induced
apoptosis [63]. Chelation of intracellular Ca®* with
BAPTA also reduced apoptotic death of HeLa cells (hu-
man cervix carcinoma cell line) photosensitized with TBR,
which is incorporated into the Golgi apparatus [87].
However, in some cell types it was observed that elevation
of the [Ca®"]; following photosensitization promotes cell
survival and buffering of the intracellular Ca®* enhanced
cell death [104,108,119]. The [Ca®]; rise upon photosen-
sitization may originate from the influx of Ca®" through
ion channels [108,116], release of Ca®" sequestered in
internal stores, including the ER and possibly the mito-
chondria [104,106,107,112,120], and/or activation of ion
exchange mechanisms [111] (Fig. 2).

Some of the differences between the sources of Ca?"
contributing to the [Ca®*]; rise may be due to the speci-
ficity of the sensitizers, and particularly of their targets
within the cells. However, the [Ca” '] response in human

Ca2* channel
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fibroblasts sensitized with tetrasulfonated aluminum phtha-
locyanine (AIPcS,;) was mainly due to Ca®" influx when
low fluence rates were used, and to the release from
internal stores at higher light doses [104]. The release of
Ca’" from internal stores, through the inositol 1,4,5-tri-
sphosphate (Ins(1,4,5)P;) receptor, was shown to mediate
the oscillatory pattern of the [Ca® ]; response in isolated
rat pancreatic acini sensitized with gadolinium porphyrin-
like macrocycle B [106] or AIPcS, [107]. Accordingly, the
[Ca®"]; oscillations induced by photosensitization of rat
pancreatic acini were inhibited by U73122, an inhibitor of
the phosphatidylinositol-4,5-bisphosphate-specific phos-
pholipase C (PI-PLC), and this mechanism was also
involved in the transient [Ca®']; increase observed in the
mouse L5178Y lymphoma cells, sensitized with AlPc
[107,120]. In contrast, D609, which inhibits the phospha-
tidylcholine-specific phospholipase C, had no effect on the
[Ca®"]; response in sensitized rat pancreatic acini [107].
The [Ca®*]; oscillations induced by photosensitization of
pancreatic acinar cells with sulfonated aluminum phthalo-
cyanine were inhibited by an antagonist of the cholecys-
tokinin receptors [117], indicating that the photodynamic
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Fig. 2. Signalling mechanisms activated in PDT-treated cells. The diagram summarizes the results obtained in different tumor models using various sensitizers.
1 and | correspond to experimental observations where an increase or decrease of the abundance of the cellular component was observed.
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effects on the [Ca® *]; may be secondary to the activation
of plasma membrane-associated receptors.

In human adenocarcinoma HeLa cells photosensitized
with verteporfin the release of Ca®" from internal stores,
mainly from the ER, was associated with a rapid caspase-
independent depletion of sarco/endoplasmic reticulum Ca® *
ATPase (SERCA2) [112]. Also, in vitro studies using
subcellular fractions isolated from the rat liver showed that
microsomal Ca®"-uptake mechanisms were more sensitive
to photosensitization with haematoporphyrin or protopor-
phyrin than the influx of Ca®" into isolated mitochondria
[121]. The impairment of the Ca” “-uptake system in the ER
may therefore contribute to the rise in the [Ca®*];, due to a
change in the equilibrium rate of Ca®>" cycling across the
store membrane, favoring the Ca®" leak mechanism that
contributes to the depletion of ER Ca®” store [122]. Ac-
cordingly, selective SERCA inhibitors (thapsigargin, cyclo-
piazonic acid and 2,5-di-(z-butyl)-1,4-benzohydroquinone)
increase the [Ca®"]; (e.g. see Refs. [123—125]) by permit-
ting Ca® " to leak out of the ER, and thapsigargin causes
apoptotic cell death by a mechanism involving the activa-
tion of the ER associated caspase-12 in fibroblasts
[126,127]. This caspase may be activated by caspase-7
and/or by calpains [128,129], but whether calpains and
caspase-12 play a role in PDT remains to be investigated.
This pathway may be particularly significant in PDT-in-
duced cell death using ER-localizing photosensitizers.

The plasma membrane Ca® -ATPase has a high Ca®"
affinity, and it was recently shown to be inactivated in cells
undergoing apoptosis due to cleavage by caspases [130].
Since the effector caspases are rapidly activated in PDT, the
inactivation of the plasma membrane Ca” -ATPases may
also contribute to the rise in the [Ca® ';, particularly in the
regions close to the plasma membrane.

4. Activation of lipid metabolism by PDT

4.1. Phosphatidylinositol-specific phospholipase C
(PI-PLC)

The rise in the [Ca®"]; upon photosensitization may
activate a number of intracellular events that shape cell
demise, by interfering with subroutines of the death pro-
gram. Photosensitization of the mouse lymphoma L5178Y
cells with AlPc leads to a rapid accumulation of Ins(1,4,5)P5
and increases the [Ca’'];, mainly due to release from
internal stores, and both events are significantly reduced
by the phosphatidylinositol-specific phospholipase C inhib-
itor U73122 [120]. This phospholipase C inhibitor also
inhibits [Ca® *]; spicking in rat pancreatic acini sensitized
with AIPcS, [107]. The mechanism of PI-PLC activation in
PDT remains to be determined, but it may be secondary to a
small rise in the [Ca”*]; since the enzyme is activated by
Ca”" [131]. This phospholipase cleaves phosphatidylinosi-
tol 4,5-bisphosphate, to yield Ins(1,4,5)P; and diacylgly-

cerol [132]. Ins(1,4,5)P5 releases Ca” " from internal stores
contributing to the amplification of the [Ca? *]; signal and,
accordingly, the Ins(1,4,5)P; receptor inhibitor 2-amino-
ethoxydiphenylborate (2-APB) abolished the [Ca® *]; spik-
ing in rat pancreatic acini sensitized with AlPcS4 [107].
Diacylglycerol activates protein kinase C, which may con-
tribute or prevent cell death depending on the isoforms
involved [133,134]. Inhibition of phospholipase C with
U73122 was found to prevent the fragmentation of DNA
resulting from the photosensitization of mouse lymphoma
L5178Y cells with AlPc [120], suggesting that the release of
Ca” " from the internal stores and/or protein kinase C (PKC)
activation plays an important role in PDT-induced apoptotic
death. A role for PKC in PDT-induced cell was proposed
based on the results showing that inhibition of PKC or
down-regulation of the kinase activity by prolonged incu-
bation with 12-O-tetradecanoylphorbol-13-acetate (TPA)
prevented death of Chinese hamster ovary (CHO) cells
following photosensitization with aluminum phthalocya-
nine, as determined using the clonogenic assay [135].

4.2. Phopholipase A, and arachidonic acid metabolites

Photosensitization of different cell types was also shown
to stimulate rapidly the release of arachidonic acid and of its
metabolites [119,120,136—139]. The formation of arachi-
donic acid may result from the activation of phospholipase
A,, an enzyme activated by Ca® " (e.g. see Refs. [140, 141])
and, accordingly, inhibition of this enzyme with p-bromo-
phenacyl bromide prevented DNA fragmentation induced by
photosensitization of mouse L5178Y lymphoma cells with
AlPc [120]. Although arachidonic acid may also arise from
the sequential stimulation of phospholipase C (see above)
and diacylglycerol lipase [142], the role of this pathway in
PDT-induced cell death has never been investigated.

In T24 human bladder tumor cells photosensitized with
the haematoporphyrin derivative (HPD), there was a Ca® -
dependent and indomethacin-sensitive transient release of
prostaglandin (PG)E, and thromboxane (TB)B,, the prod-
ucts of the metabolism of PGH, generated by prostaglandin
E isomerase and thromboxane A, synthase (thromboxane
A, gives rise to thromboxane B,), respectively. In this case
indomethacin enhanced photosensitivity, and pre-incubation
of the cells with PGE, prevented cell death, as determined
using the clonogenic assay, indicating that the cyclooxyge-
nase pathway activated during PDT protects cells from
photodynamically inflicted damage in vitro [119]. However,
the role of cyclooxygenases in PDT may actually depend on
the cell genotype and/or the PDT dose, since pre-incubation
of C6 glioma cells with indomethacin increased the number
of cells surviving to PDT with HPD, whereas the survival
rate for endothelial cells was decreased in the presence of
the inhibitor when higher HPD concentrations were used
[143].

Other studies have also shown that the arachidonic acid
metabolism is changed in tumor cells subjected to PDT.
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Accordingly, PGE, was transiently released by pancreatic
acini photosensitized with AlPc sulfonate [138], and by
photodynamic treatment of mouse RIF tumor cells and
peritoneal macrophages (but not murine L929 fibroblasts)
with Photofrin II [136]. Recent studies showed an enhanced
cyclooxygenase-2 (COX-2) transcription in RIF cells sub-
jected to PDT with Photofrin porfimer, and a long-term up-
regulation of the COX-2 protein levels was also observed
[144]. In vitro studies with BA (mouse mammary carcinoma)
and LLC (Lewis lung carcinoma) cells, using Photofrin
porfimer as a sensitizer, also showed an up-regulation of
COX-2 protein levels in photosensitized cells, and similar
results were obtained in PDT-treated RIF tumors growing in
C3H mice [ 144]. The up-regulation of COX-2 was associated
with an increase in the production of PGE, in vivo and in
vitro, and inhibition of the enzyme enhanced PDT respon-
siveness in RIF tumors [144]. In contrast, although PDT with
hypericin also up-regulated COX-2 mRNA and protein
levels, and stimulated the release of PGE,, in the T24 (human
transitional cell carcinoma of the urinary bladder) and HeLa
(human cervix carcinoma cells) cell lines, inhibition of the
enzyme or exogenously added PGE, was without effect on
cell death [145]. Similarly, the fragmentation of DNA in
mouse L5178Y lymphoma cells sensitized with AlPc was not
affected by the COX inhibitor indomethacin, suggesting that
the arachidonic acid metabolite important for inducing apo-
ptosis may not be produced through the cyclooxygenase-
dependent pathway [120]. These results do not rule out a
possible role for prostaglandins in in vitro PDT since these
eicosanoids may also be produced by a noncyclooxygenase
mechanism, catalyzed by free radicals produced as a result of
photosensitization [146].

Administration of cyclooxygenase inhibitors to rats prior
to PDT with Photofrin II prevented vessel constriction and
changes in permeability, suggesting that metabolites pro-
duced by the cyclooxygenase-dependent pathway play a
role in these events [147—149]. Thromboxane appears to
play a major role in these effects and on tumor response,
since inhibition of thromboxane synthase or of thromboxane
receptors significantly reduced vessel constriction, inhibited
vessel permeability and reduced tumor cure [150]. However,
in vivo studies using four different zinc phthalocyanines
showed that the release of eicosanoids and the role of the
cyclooxygenases in PDT depend on the photosensitizer used
[139].

4.3. Ceramide

Ceramide is a stress-induced second messenger that may
be generated by sphingomyelinases, which cleave sphingo-
myelin to yield ceramide and phosphorylcholine, or by de
novo synthesis by a synthase [151]. The initial step in the
latter pathway is catalyzed by serine palmitoyltransferase,
which gives rise to 3-ketosphinganine from L-serine and
palmitoyl CoA. 3-Ketosphinganine is then reduced to
sphinganine, and acylation follows to produce ceramide

[85]. Depending on the target cell, ceramide may induce
diverse biological responses, including apoptosis, cell cycle
arrest, differentiation and proliferation [151,152]. Ceramide
is converted into sphingomyelin and glucosylceramide in
reactions catalyzed by phosphatidylcholine:ceramide phos-
phocoline transferase (sphingomyelin synthase) and UDP-
glucose:ceramide glucosyl transferase (glucosylceramide
synthase), respectively [153].

Ceramide accumulation was observed in response to
photodynamic treatment of L5178Y mouse lymphoma cells,
human leukemia (U937) cells, Jurkat human lymphoma
cells, CHO cells, A431 human epidermoid carcinoma cells,
normal human lymphoblasts and mouse embryo fibroblasts
with Pc 4 [154—159]. The studies performed in CHO and
Jurkat cells showed that PDT inactivates sphingomyelin
synthase and glucosylceramide synthase, with no up-regu-
lation in serine palmitoyltransferase activity, indicating that
de novo accumulation of ceramide is due to inhibition of its
conversion to complex sphingolipids rather than to an
increase in the mechanisms of synthesis [159]. In fact, in
CHO cells subjected to Pc 4-PDT, there was a reduction in
LCBI protein levels, one of the subunits of serine palmi-
toyltransferase [159]. Furthermore, the activity of acid
sphingomyelinase was inhibited in human epidermoid car-
cinoma A431 cells upon photosensitization with the same
sensitizer [158].

Sensitization of the colon cell line HCT-116 with
pyropheophorbide-a methyl ester (PPME) leads to the
accumulation of ceramide, through the activity of the acid
sphingomyelinase [160]. Accordingly, Niemann—Pick dis-
ease lymphoblasts, which lack acid sphingomyelinase
activity, failed to respond to PDT with ceramide accumu-
lation and apoptotic death [156]. These results suggest that
ceramide generation by sphingomyelinase may be the
cause of apoptotic death in PDT. Although the role of
the plasma membrane-associated neutral sphingomyelinase
in the demise process has not been investigated in detail,
studies in the colon cancer HCT-116 cell line sensitized
with PPME showed no activation of the enzyme [160].

Photosensitization of Jurkat cells with Pc 4 induced
intracellular accumulation of sphinganine and ceramide,
and apoptotic death was reduced by the serine palmitoyl-
transferase inhibitor ISP-1 (Myriocin), an inhibitor of de
novo sphingolipid synthesis [85,159]. In addition, PDT-
induced sphinganine accumulation and apoptotic death were
also inhibited by ISP-1 in A431 human epidermoid and
HT29 human carcinoma cells [85]. ISP-1 also inhibited
PDT-induced caspase-3-like activity and PARP cleavage in
PDT-treated Jurkat cells, but it was without effect on the
collapse of the mitochondrial membrane potential and on
cytochrome C release from the mitochondria [85,161],
suggesting that de novo accumulated sphinganine and/or
ceramide initiates apoptosis downstream of cytochrome C
release from mitochondria. Similar results were obtained in
a study using CHO cells photosensitized with Pc 4 [159].
However, the role of de novo ceramide synthesis in the
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demise process in photosensitized cells may depend on the
cell type since fumonisin Bl, an inhibitor of ceramide
synthase, had no effect on apoptosis in embryonic fibro-
blasts sensitized with Pc 4 [49]. A number of targets of
ceramide have been identified [151,152], including the
stress-activated protein kinase cascade [162,163], which is
activated in PDT (see below).

5. Role of cyclic nucleotides in PDT
5.1. cAMP

In vitro photosensitization of human bladder transitional
carcinoma cells (clone T24) with HPD stimulated rapidly
and transiently the intracellular accumulation of cAMP. This
effect was suppressed by indomethacin, a cyclooxygenase
inhibitor, which enhanced the photodynamically induced
loss of clonogenicity [164]. These results indicate that the
cytoprotective effect of PGE, in these cells is mediated by
an increase in the intracellular cAMP content. In Chinese
hamster V79 cells photosensitized with pheophorbide a, the
protective effect of cAMP against apoptotic death was found
to occur at a level downstream of cytochrome C release
from the mitochondria, and upstream of caspase-3 activation
[63].

5.2. Nitric oxide and cGMP

Nitric oxide (NO) plays an important role in tumor cell
biology since it increases blood flow in the tumor, thereby
promoting tumor growth [165] and facilitating metastasis
[166]. Activation of macrophages by photosensitization with
mTHPC stimulated the release of nitric oxide [167], and
nasopharyngeal carcinoma CNE2 cells sensitized with
hypericin showed an increase in the activity of nicotinamide
adenine dinucleotide hydrogen phosphate-diaphorase
(NADPH-d, a potential marker of NO synthase activity)
and in the immunoreactivity of the nitric oxide synthase
(NOS) I'and I1[168]. Using an electrochemical sensor for on-
line measurement of NO changes, Dalbasti et al. [169]
detected a transient rise in NO production in the cerebellum
as a result of ALA-mediated PDT. This was probably due to
the rapid activation of the neuronal isoform of NOS, which is
constitutively expressed and is activated by Ca®"* and cal-
modulin [170]. Taken together, these evidences indicate that
PDT may affect NO production in the photosensitized
tissues.

NO is expected to play a complex role in PDT, since
several of the tissue changes following photosensitization,
including (i) vascular responses, (ii) the massive neutrophil
recruitment and (iii) cell death (Refs. [149,171-174]; see
also references above), have been shown to be modulated by
NO in other systems [175—177]. Subcutaneous tumors
generating low levels of NO were found to be more
sensitive to PDT with Photofrin® than those containing

high levels of NO, and the administration of the NOS
inhibitor N®-nitro-L-arginine, together with PDT treatment,
enhanced tumor regression [178,179]. Since in these studies
the NOS inhibitor reduced the blood flow in the tumor, this
may explain the increase in PDT efficiency [179]. In
addition, the possibility that NO generated by tumor cells
and by endothelial cells of the tumor microvasculature may
directly affect tumor cell death cannot be excluded, since
NO has been shown to protect cells from different apoptotic
stimuli [180]. This hypothesis was recently evaluated using
in vitro photosensitization systems [181—183]. Pre-incuba-
tion of human lymphoblastoid CCRF-CEM cells with NO
donors or L-arginine, the NOS substrate, decreased cell
death by apoptosis induced by photosensitization with
bisulfonated aluminum phthalocyanine (AlPcS,), by a
mechanism independent of S-nitrosylation of caspase-3-like
enzymes. The protective mechanism induced by NO was
mediated by the activation of protein kinase G, and occurred
at a level upstream of caspase-9 processing [183]. Although
the protective effect of NO against apoptotic death in several
models has been attributed to an increase in the expression
of heme oxygenase-1, heat shock protein 70 or Bel-2 [184—
186], this was not the case in the protection of CCRF-CEM
cells from photosensitization by pre-exposure to NO [183].
The presence of NO during the photosensitization period
intercepted lipid-derived radicals and protected COH-BR1
cells (human breast tumor line) from necrotic cell death, in
experiments where sensitization was induced via de metab-
olism of added ALA to PpIX [182,187].

6. Role of MAPKSs and CDKs in PDT

The mitogen activated protein kinases (MAPKSs) are a
group of serine/threonine protein kinases, activated by dual
phosphorylation on a tyrosine and a threonine residue. The
three members of this family of kinases include the extra-
cellular signal regulated kinases (ERKs), the c-Jun N-
terminal kinases/stress activated protein kinases (JNK/
SAPKs), and the p38 MAPK. Each of these enzymes
participates in closely related signaling cascades that ulti-
mately contribute to the regulation of gene expression in
response to a variety of stimuli. Although activation of
ERK1/2 is generally associated with cell survival, and p38
MAPK and JNK linked to induction of apoptosis, the role of
each MAPK in cell death is dependent on the cell type and
on the physiological context [188,189].

Activation of JNK and p38 MAPK, but not of ERK1 and
ERK?2, was observed for murine Pas 212 keratinocytes in
response to oxidative stress produced by photoactivation of
benzoporphyrin derivative, at near cytotoxic levels [190].
Similar findings were reported for human HaCaT keratino-
cytes and for the hypopharyngeal carcinoma FaDu subjected
to ALA-PDT [191,192], and in human adenocarcinoma HeLa
cells treated with low hypericin-PDT doses [81]. When this
mode of sensitization was used, an increase in the phosphor-
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ylation (activity) of p38 MAPK was also observed in the
human melanoma cell lines Bro and SkMel-23 [191]. Photo-
activation of Pc 4 also increased the activity of INK in murine
LY-R leukemic lymphoblasts and CHO cells, whereas the
activity of p38 MAPK was stimulated only in CHO cells.
Also, under the same conditions a reduction in the phosphor-
ylation of ERK2 was observed in CHO cells, but not in LY-R
leukemic lymphoblasts [193]. Taken together the results
suggest that the role of MAPKSs in PDT may depend on the
cell type, the photosensitizer used and/or the light dose used.

The photosensitizer that is best characterized in terms of
its effects on MAPK activity and the role of these kinases in
cell death is hypericin. Photoactivated hypericin stimulated
JNK activity and produced an irreversible inhibition of the
activity of ERK2 in A431 (human epidermoid carcinoma
cells), human HaCaT keratinocytes, murine L929 fibroblasts
and human adenocarcinoma HeLa cells [80]. In agreement
with the results with the other sensitizers, PDT with hyper-
icin also produced a sustained activation of p38 MAPK in
HeLa cells [80]. The effect of photosensitization with
hypericin on the activity of stress-activated kinases in this
cell line was not affected by pretreatment with the antiox-
idants N-acetylcysteine or butylated hydroxyanisole [80], in
contrast with the role of reactive oxygen species in the
activation of JNKI1 and p38 MAPK in photosensitized
murine keratinocytes [190]. T24 cells (human transitional
cell carcinoma of the urinary bladder) bear an oncogenic H-
ras mutation, and the p38 MAPK and the Raf-ERK cas-
cades are constitutively active. When this cell line was
subjected to hypericin-PDT ERK activity was also partly
inhibited, as observed for the other cell lines (see above),
but the phosphorylation level of p38 MAPK dropped
drastically to undetectable levels, followed by a de novo
activation of the kinase [145]. In these cells, p38 MAPK
activity may account for the observed stabilization of COX-
2 mRNA levels and for the up-regulation of its protein
levels following photosensitization with hypericin [145].

Although caspase inhibitors prevented death of HeLa cells
sensitized with hypericin, they were without effect on the
JNK1 and p38 MAPK activation [80], indicating that caspase
activation is either unrelated or lies downstream from these
MAPKSs. Furthermore, inhibition of the JNK and p38 MAPK
pathways enhanced PDT induced apoptotic death, suggesting
that these MAPKSs play an important role in counteracting the
effects of photosensitization with hypericin.

Although mitochondria-associated Bcl-2 was phosphor-
ylated in human adenocarcinoma HelLa cells subjected to
sub-lethal PDT doses, in relation to G,/M cell cycle arrest,
preceding apoptosis, this effect could not be attributed to
MAPKs [81]. By contrast, a pathway involving CDK1 was
found to be responsible for the phosphorylation of mito-
chondria-associated Bcl-2, on Ser70, and this may constitute
a signal to delay apoptosis in G,/M-phase arrested HelLa
cells [81]. Increasing the photodynamic stress using higher
doses of hypericin promptly caused apoptosis in HeLa cells,
during which Bcl-2 was not phosphorylated, probably

because the photodamage was pushed over a threshold level
which results in a rapid activation of the cell death machin-
ery [81]. In contrast to the role of the p38 MAPK in PDT
based on the studies using hypericin (see above), inhibition
of the kinase with SB202190 protected murine LY-R leu-
kemic lymphoblasts and CHO cells from apoptotic death
induced by photosensitization with Pc 4 [193]. Similar
results were obtained in the murine fibroblast cell line
NIH 3T3 and in the human leukemia HL60 cells, using
Rose Bengal as a sensitizer [44,194]. The effect of p38
MAPK in LY-R leukemic lymphoblasts occurred at a level
upstream of caspase-9 and caspase-3 activation, and inhibi-
tion of p38 MAPK also prevented caspase-3 activation in
HL60 cells subjected to PDT with Rose Bengal.

Taken together the available evidence suggests that the
effect of PDT on the activity of MAPKs depend on the cell
line and/or photosensitizer used. Tong et al. [195,196]
addressed this question by comparing the effect of Photo-
frin®-mediated PDT on the activation of MAPKs in im-
mortalized Li—Fraumeni syndrome (LFS087) cells and in a
normal human fibroblast cell line (GM38A), using equiva-
lent cellular levels of the sensitizer. The former cell line is
considerably more resistant to Photofrin®-mediated PDT
when compared with normal human fibroblasts and showed
a sustained activation of JNK1 and phosphorylation (acti-
vation) of p38 MAPK and of ERK1/2 [196]. In contrast,
photosensitization of the normal human fibroblast cell line
GM38A induced a transient activation of the three MAPKs,
and the reduction in ERK1/2 phosphorylation after the
initial peak was correlated with an up-regulation in the
expression of mitogen-activated protein kinase phosphatase
1 (MKP-1), which dephosphorylates ERK1/2 [195]. The
sustained activation of ERK1/2 in the LFS087 cell line
might result from the low levels of expression of MKP-1,
which may not reach the threshold required for dephosphor-
ylation of the kinase. Although Raf-1 is normally involved
in the regulation of ERK1/2, this is probably not the case in
photosensitized LFS087 and in GM38A cells, since Photo-
frin®-mediated PDT significantly reduced Raf-1 protein
levels [195]. Inhibition of ERK1/2 phosphorylation with
PD098,059 increased the sensitivity of LFS087 cells to
Photofrin®-mediated PDT, suggesting that this pathway
protects the cells from cell death [195]. In contrast, blocking
the p38 MAPK in LFS087 cells, by transient infection with
a recombinant adenovirus expressing a dominant negative
mutant of p38 MAPK, or in human adenocarcinoma HeLa
cells, by stable transfection with a dominant negative mutant
of p38 MAPK, had no effect on cell survival following
Photofrin®-mediated PDT [196].

7. Differential effect of PDT on tyrosine kinases

Protein tyrosine phosphorylation increased rapidly in the
mouse lymphoma L5178Y-R cells upon photosensitization
with Pc 4 [197], and the immunoreactivity with an antibody
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that specifically recognizes phosphotyrosine also increased
in extracts prepared from murine mastocytoma P815 cells
subjected to PDT with benzoporphyrin derivative monoacid
ring A [198]. Although the intracellular events responsible
for the up-regulation of protein tyrosine phosphorylation in
photosensitized cells have not been determined, they may
be, at least in part, secondary to a rise in the [Ca® *]; (e.g. see
Ref. [199]). Tyrosine phosphorylation of proteins in
L5178Y-R cells photosensitized with Pc 4 was amplified
by pre-incubating the cells with the tyrosine phosphatase
inhibitor sodium orthovanadate [197], indicating that the
effect of PDT on tyrosine phosphorylation is rapidly coun-
teracted by tyrosine phosphatases. Although the lack of
effect of sodium orthovanadate on PDT with Pc 4 [197]
suggests that the demise pathways do not rely on a broad
increase in tyrosine phosphorylation, further studies will be
required in order to establish the general role of tyrosine
kinases in cell death upon photosensitization.

Stimulation of tyrosine kinase activity and phosphoryla-
tion of the 80-kDa c-Src substrate HS1 (haematopoietic
lineage cell-specific protein 1) occurred rapidly in murine
L5178Y-R leukemic lymphoblasts following photoactiva-
tion of Pc 4 [197], under conditions where cell death
occurred by apoptosis. HS1 is a protein found in the
cytoplasm and to a lesser extent in the nucleus of essentially
all haematopoietic cells [200], and it was found to play a
role in antigen-receptor-induced apoptosis in the murine B-
lymphoma WEHI-231 cells [201]. This protein also plays an
important role in the signaling from surface IgM leading to
apoptosis in peritoneal B cells [202], but the role of HS1 in
PDT is still not known.

Photosensitization of membrane fractions isolated from
human epidermoid carcinoma A431 cells and 3T3 HIR
mouse fibroblast cells with hypericin inhibited irreversibly
the protein tyrosine kinase activity of the epidermal growth
factor (EGF) and insulin receptors, but it was without effect
on the activity of the cytosolic protein tyrosine kinases Lyn,
Fgr, TPK-IIB and c-Src kinase [203]. Treatment of FaDu
cells (hypopharyngeal carcinoma) with ALA-PDT caused an
extensive reduction in the amount of EGF receptor (EGFR)
protein levels, and of the phosphorylation of ERK following
stimulation of the receptors [192]. Studies using the human
epidermoid carcinoma A431 cells, which express high
levels of the EGFR, also showed that PDT with Pc 4 result
in a rapid time-dependent reduction in the EGFR protein
levels and in receptor phosphorylation on tyrosine, under
conditions where cell death occurred by apoptosis. A similar
reduction in the levels of Shc (52- and 46-kDa isoforms), a
protein that belongs to the signaling machinery of the
receptor, was also observed, in addition to a decrease in
its phosphorylation on tyrosine, further indicating that PDT
decreases the signaling activity of these receptors [82].
Similar results were obtained in in vivo experiments, where
chemically as well as ultraviolet B radiation-induced squa-
mous papillomas, in SENCAR and SKH-1 hairless mice,
respectively, were subjected to Pc 4-PDT [82]. The EGFR is

considered to enhance cell proliferation, motility, adhesion,
invasion and angiogenesis [204] and, therefore, the rapid
effect of photosensitization on the EGFR protein levels, and
on its signaling machinery, may be a cause rather than a
consequence of cell death in PDT.

Akt/PKB is a serine/threonine kinase that plays an impor-
tant role in cell survival, being activated downstream of the
phosphatidylinositol-3-kinase (PI3-K) upon stimulation of
numerous receptors for growth factors [205—208]. Photo-
sensitization of the murine fibroblast cell line NIH 3T3 with
Rose Bengal increased the phosphorylation of Akt on serine
473, which is taken as a sign of kinase activation [194]. This
effect was mediated by activation of PI3-K, but was inde-
pendent of activation of growth factor receptors and of FAK,
a tyrosine kinase. Indeed, photosensitization with Rose
Bengal decreased FAK phosphorylation (activity), which
may explain the reduction in cell adhesion [194]. However,
it remains to be determined whether Akt/PKB activation
modulates the demise process in photosensitized cells.

The non-receptor tyrosine kinase Etk/Bmx (epithelial and
endothelial tyrosine kinase or bone marrow tyrosine kinase
gene in chromosome X), which showed activity in resting
LNCaP prostate cancer cells, downstream of PI3-K, provid-
ed some protection to these cells from apoptotic death
induced by PDT with Pc 4 [84]. However, the mechanism
of action of Etk/Bmx in photosensitized cells is not known.

The response of hypopharyngeal carcinoma FaDu cells
and of cultured human pulmonary fibroblasts to IL-6-type
cytokines (IL-6, LIF [leukemia inhibitory factor] and oncos-
tatin M), namely STAT (signal transducers and activators of
transcription) phosphorylation on tyrosine, was also signif-
icantly impaired after photosensitization with ALA or Photo-
frin®. Under the same conditions it was observed a reduction
of the fully processed plasma membrane form of the leuke-
mia inhibitory factor receptor-a (LIFRa), but no significant
effect was observed on the proteins oncostatin receptor-p3
(OSMRP) and gp130 [192]. The reduction in LIFRa could
account for the loss of responsiveness to LIF, whereas the
lack of activity of OSM in photosensitized cells may be due
to an impairment of the functionality of those receptor
subunits and/or of the signaling pathway downstream of
the receptors [192]. Accordingly, JAK1 (Janus kinase 1)
protein levels were decreased in cervical adenocarcinoma
HeLa cells subjected to PDT with ALA [192]. Signaling by
IL-6-type cytokines has been associated with the control of
function of differentiated cells [209—211] and with suppres-
sion of proliferation of various epithelial cells [212, 213].

8. Regulation of transcription factors in PDT
8.1. Transcription factor activator protein-1 (AP-1)
AP-1 is a homo- or heterodimeric protein complex,

composed of Jun (c-Jun, Jun-B, Jun-D), Fos (c-Fos, Fos-B,
Fra-1, Fra-2), Maf (c-Maf, MafB, MafA, MafG/F/K and Nrl)
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and ATF (ATF2, LRF1/ATF3, B-ATF, JDP1, JDP2) -family
proteins. This family of transcription factors is activated by a
variety of physical and chemical stresses and recognize
either cAMP response elements (CRE, TGACGTCA) or
TPA response elements (TGAG/CTCA). AP-1 transcription
factors have been related to both induction and prevention of
apoptosis, depending on the tissue and on its developmental
stage (reviewed in [214,215]).

Photosensitization of murine RIF-1 cells with Photofrin,
Npe6 (mono-L-aspartyl chlorin es) or with Rose Bengal
increased c-fos mRNA levels. PDT with Photofrin® also
increased transiently c-jun, c-myc and egr-1 mRNA in the
same cells [216], and c-fos and c-jun mRNA in human
adenocarcinoma HeLa cells [217]. Furthermore, mRNA
stability experiments showed an increased half-life of c-
fos and c-jun transcripts in HelLa cells sensitized with
Photofrin®, and a concomitant increase in AP-1-DNA
binding activity was also observed [217,218]. An increase
in AP-1 DNA binding activity was also observed in Photo-
frin-PDT using mouse leukemia L1210 cells [219] and the
human keratinocyte PAM 212 cell line. Inhibition of protein
kinases, with staurosporin, or of phospholipase A,, with
quinacrine, blocked the induction of c-fos mRNA in RIF-1
cells sensitized with Photofrin® [216], suggesting that these
pathways may participate in the signaling mechanisms
leading to activation of early response genes. This is in
agreement with the results showing that AP-1 is activated by
p38 MAPK and JNK [214], two protein kinases that are
stimulated in photosensitized cells (see Section 5). Howev-
er, the signaling cascade responsible for AP-1 activation in
PDT remains to be determined.

8.2. Transcription nuclear factor kappa B (NF-kB)

Under resting conditions the transcription factor NF-xB
is present in the cytoplasm as homo- or heterodimers,
formed by association of subunits belonging to a protein
family that includes p50, p52, p65 (RelA), RelB and c-
Rel. These complexes are sequestered in the cytoplasm by
proteins belonging to the inhibitor of NF-«xB (IkB) family,
including IkBa, IkBp, IkBe, pl00 and pl05. Stimuli
leading to NF-kB activation typically initiate a specific
signal transduction cascade leading to phosphorylation of
IkBs. Once phosphorylated, IkB is selectively ubiquiti-
nated and degraded by the 26S proteosome, releasing NF-
kB that is then translocated to the nucleus where it
participates in transcriptional activation (reviewed in Refs.
[220,221]). NF-kB has been shown to either promote or
inhibit apoptosis, depending on the cell type and the type
of inducer [222-224].

PDT has been shown to induce NF-«B activity in
various cell models and using different sensitizers, but
limited information is available concerning the role of the
transcription factor in the demise process. Activation of
NF-«B upon photosensitization was first shown in studies
using mouse leukemia L1210 cells and Photofrin II as a

sensitizer [219]. Photosensitization of the lymphocytic
ACH-2 cells with proflavine (PF) or with methylene blue
led to the degradation of IkBa and increased NF-kB (p50
and p65) DNA-binding activity [225,226]. Similar results
were obtained in the promyelocytic leukemia HL-60 cells
sensitized with the benzoporphyrin derivative monoacid
ring A (verteporfin), in which IkBp levels were maintained
unchanged [79]. Furthermore, HeLa cells (human cervix
carcinoma cells) and T24 cells (human transitional cell
carcinoma of the urinary bladder) photosensitized with
hypericin also showed a reduction in the cytosolic levels
of IkBa, which correlated in time with binding of nuclear
proteins to the NF-kB site of the cox-2 promoter [145].
The activation of NF-kB and its role in cell death upon
photosensitization was investigated using the sensitizer
PPME [160,227] and its derivative aminopyropheophor-
bide (APP) [228], which results from the addition of a
positively charged group that increases cellular uptake.
PPME-mediated photosensitization of HCT-116 human
colon carcinoma cells activated NF-«B by triggering the
signaling pathway mediated by the IL-1 receptor. This
involved degradation of the cytoplasmic IkBa pool, but
not of IkBpR, pl05 or pl00, and supershift assays using
antibodies against the NF-kB proteins showed that p50 and
RelA contributed to the increase in NF-«xB DNA binding
activity in photosensitized cells [160]. Concomitant with
NF-«B activation in human ECV 304 and HMEC-1
endothelial cells photosensitized by PPME, IkBa was also
degraded, and a slight modification in the IkBp, IkBe,
p100 and p105 levels was observed [227]. Interestingly, in
this case the activation of NF-xB was proposed to occur
by a mechanism independent of the activation of IxkB
kinases and require the activity of a tyrosine kinase
[227]. Expression of a dominant negative mutant of IkBa
increased apoptotic death of HCT-116 cells sensitized with
APP [228], suggesting that NF-kB regulates the expression
of gene(s) encoding proteins with an anti-apoptotic activ-
ity. However, it was not determined whether cells pre-
vented from undergoing apoptosis in the presence of the
dominant negative mutant of IkBa died by a non-apoptotic
mechanism.

8.3. Retinoblastoma (Rb) and E2F family of transcription
factors

Photosensitization of A431 human epidermoid carcino-
ma cells with Pc 4 resulted in inhibition of cell growth
and Go—G; phase arrest of the cell cycle. This effect was
associated with a time-dependent inhibition of the expres-
sion and activity of CDK2 and CDK6, two critical kinases
operative in the G, phase of the cell cycle, and of their
regulatory partners cyclin E and cyclin D1 [229]. In the
same study it was found that PDT up-regulates the
expression of the cyclin kinase inhibitor WAF1/CIP1/
p21, thereby increasing its binding towards cyclin DI
and CDK6. A decrease in the binding of cyclin D1 toward
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CDK2 and CDK6 was also observed [229]. An up-
regulation in the WAF1/CIP1/p21 protein levels was also
observed upon photosensitization of human ovarian carci-
noma (OVCAR-3)-bearing athymic nude mice with Pc 4
[230], but not in SW480 colon cancer xenographs sub-
jected to PDT with the same sensitizer [231]. These
observations suggest that induction of cell death in these
tumors may be triggered by a WAF1/CIP1/p21-indepen-
dent mechanism.

The cyclin D/CDK4/6, cyclin A/CDK2 and cyclin E/
CDK2 complexes are involved in the phosphorylation of Rb
during the cell cycle (reviewed in Ref. [232]), and the
observed changes in CDKs in photosensitized cells may
account for the observed reduction in Rb phosphorylation
[233]. A reduction in Rb phosphorylation in PDT may be
responsible for the induction of WAF1/CIP1/p21 (when
observed), since the predominance of hypo-phosphorylated
Rb was previously associated with the induction of the
protein [234]. Hypo-phosphorylated Rb is also capable of
associating and thereby inhibiting the activity of the E2F
family of transcription factors (E2F [235,236]), which are
involved in the regulation of cell cycle [232]. More recently
evidences were provided for an active role of Rb in gene
repression through the Rb-E2F complex binding to a pro-
moter, thereby contributing to growth arrest [237]. The
photodynamic response in human epidermoid carcinoma
A431 cells sensitized with Pc 4 was accompanied by a
down-regulation of five members of the E2F (1-5) tran-
scription factor family, and of their heterodimeric partners
DP1 and DP2 [233]. Since Rb and E2F regulate the GI — S
transition in the cell cycle (reviewed in Refs. [232,237]), the
reduction in Rb phosphorylation and in the E2F and DP1
and 2 protein levels may be responsible for imposing an
artificial checkpoint at this phase, leading to a Go/G; arrest
and a subsequent apoptotic death.

9. Changes in protein levels in response to PDT
9.1. Heme oxygenase

The oxidative stress caused by PDT has been shown to
induce the expression of several proteins typically associ-
ated with cellular responses to stress conditions. Photosen-
sitization of Chinese hamster fibroblast cells (V-79) with
Photoftrin IT or with Rose Bengal increased heme oxygenase
protein levels [238]. Heme oxygenase catalyzes the oxida-
tive degradation of heme to biliverdin, which is then
converted into bilirubin by biliverdin reductase [239,240].
Bilirubin and biliverdin are efficient anti-oxidants [241]
(reviewed in Ref. [242]). The heme oxygenase gene con-
tains binding sites for several transcription factors, includ-
ing an AP-1 consensus sequence [243] (reviewed in Ref.
[242]) that may contribute to an up-regulation of gene
expression since this transcription factor may be activated
in PDT (see above).

9.2. Glucose-regulated proteins

PDT with Photofrin II increased the mRNA encoding
glucose-regulated proteins (GRP-78 and GRP-94) in mouse
RIF-1 cells [244]. In vivo studies also revealed a transient
elevation of GRP-78 mRNA in transplanted mouse mam-
mary carcinomas photosensitized with Photofrin II [244].
Investigation of the mechanism of cell death in human
ovarian carcinoma A2780 cells treated with structurally
diverse N-(2-hydroxypropyl)-methacrylamide (HPMA) co-
polymer (P)-mesochlorin e monoethylenediamine (Mceg)
conjugates that possess differential subcellular accumulation
or covalent attachments of photosensitizers (or both)
showed that a conjugate that targets the nucleus selectively
abolished GRP-94 expression [15]. In this study, A2780
cells photosensitized with a conjugate possessing Mceg
linkage via a lysosomally degradable tetrapeptide spacer
(HPMA copolymer-Mceg conjugate containing Mceg bound
via the glycylphenylalanylleucylglycine (GFLG) linker)
selectively increased mRNA levels for HSP-70 in a transient
manner [15].

9.3. Heat-shock proteins

In vivo and in vitro studies using a chlorin (Npe6)- or
purpurin (tin etio-purpurin)-based sensitizer also showed an
increased in HSP-70 mRNA and protein levels in murine
RIF-1 cells subjected to PDT [245]. Interestingly, a similar
increase in HSP-70 was observed in in vivo but not in vitro
studies using Photoftrin II [245]. Metabolic studies aiming at
determining changes in protein synthesis caused by in vitro
and in vivo PDT with benzoporphyrin derivative revealed
that the pattern of expression was similar in both cases.
Using two-dimensional gel electrophoresis and by compar-
ison with published gel patterns, the proteins whose expres-
sion changed upon PDT were identified as HSP-110, HSP-
90, HSP-73, HSP-72, HSP-47, GRP-100 and GRP-80 [246].
The transcription of genes belonging to the heat shock
family is regulated by a mechanism involving the binding
of heat-shock factors (HSF) to specific heat-shock elements
(HSE). In nonstress conditions the transcription factor HSF
is found in the cytoplasm, in a monomeric form, associated
with HSP-70 [247]. During cellular stress HSP-70 binds to
denatured proteins, freeing HSF that trimerizes and migrates
to the nucleus, where it binds to HSE [247]. Accordingly, in
vitro photosensitization of the RIF tumor cells with Npe6
induced HSF-1 binding to HSE, and transiently induced the
expression of a reporter gene containing an inducible hsp70
promoter [248]. This was not observed when Photofrin was
used as a sensitizer, possibly due to differences in the
subcellular targets of the molecules [245]. Interestingly,
HSF binding to HSE and reporter gene expression was
observed for Npe6- and Photofrin®-mediated in vivo PDT
studies, when RIF cells were grown as solid tumors in mice
[248]. Also, in vivo and in vitro studies, using a mouse
mammary EMTG6 cell line stably transfected with a plasmid
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consisting of the gene for GFP under the control of an hsp70
promoter, showed that sublethal doses of meso-tetra(hydrox-
y)phenyl chlorin (mTHPC; Foscan®)-PDT induce hsp70-
driven GFP expression [249]. The up-regulation in HSP-70
[250] and HSP-90 protein levels may protect the cells from
apoptotic death induced by PDT since both proteins interact
with the apoptotic machinery thereby suppressing apoptosis.
Indeed, HSP-70 binds to the caspase-recruitment domain
(CARD) of Apaf-1 and prevents the recruitment of pro-
caspase-9 to the apoptosome complex [251,252]. HSP-90 is
also a negative regulator of the mitochondrial apoptotic
pathway, which acts by forming a cytosolic complex with
Apaf-1, which inhibits the formation of the active apopto-
some complex [253].

9.4. Anti-oxidant enzymes and apoptosis regulatory proteins

Recent studies using murine colon-26 (C26) cells, a
poorly differentiated colon adenocarcinoma cell line,
showed that PDT with Photofrin increases the protein levels
of manganese superoxide dismutase (MnSOD), but not of
Cu,Zn-SOD [254]. Previous studies using human adenocar-
cinoma HeLa cells also showed induction of MnSOD
mRNA following photosensitization with Photofrin II
[255]. Transient transfection of the T24 bladder cancer cell
line with the MnSOD gene, but not with the Cu,Zn-SOD
gene, or pretreatment of C26 and T24 cells with a cell
permeable SOD mimetic, resulted in a considerable decrease
in the effectiveness of PDT with Photofrin® [254]. These
results suggest that inhibition of SOD activity may be
effective in potentiating the antitumor effectiveness of
PDT. An up-regulation of mRNA expression of gammaglu-
tamyl cysteine synthetase, which catalyzes the rate-limiting
step in overall glutathione biosynthesis, and is subject to
feedback regulation by glutathione, was also observed in the
glioblastoma SNB-19 cell line sensitized with hypericin,
under conditions where cell death occurred by apoptosis
[256].

The effect of ALA-based PDT on the proteome was
also investigated in the HL-60 promyelocytic cell line,
under conditions where cell death occurred mainly by
apoptosis [257]. From a total of more than 1350 protein
spots obtained after separation in 2D gels, at an early
stage of the demise process, the cellular content in seven
proteins was increased and 17 were suppressed following
sensitization. The latter group included the calreticulin
precursor, p58 microsomal protein (Erp57) and protein
disulfide isomerase (p55), which are all chaperones in-
volved in calcium homeostasis. Under the same conditions
Western blotting experiments showed a decrease in the
amount of Erp72 and an up-regulation of calmodulin and
HSP-60 [78]. Furthermore, ALA-mediated PDT in HL-60
cells decreased the expression of the anti-apoptotic pro-
teins of the Bcl-2 family, Bcl-2 and Bcel-x;, and of the
pro-apoptotic protein of the same family Bax [78] (see
Section 2.1.2.2 for other references). In contrast, RT-PCR

analysis showed that bcl-2 is up-regulated in human
ovarian carcinoma A2780 cells upon photoactivation of
Mceg (mesochlorin e, monoethylenediamine), P-GFLG-
Mces [HPMA copolymer-Mceg conjugate containing
Mceg bound via glycylphenylalanylleucylglycine (GFLG)
linker] and NLS(FITC)GFLGMces [HPMA copolymer-
Mceg conjugate containing Mceg bound via glycylpheny-
lalanylleucylglycine (GFLG) spacer and containing
NLS(FITC) bound via a thioether linkage] [15]. Apoptotic
death of A431 human epidermoid carcinoma cells sensi-
tized with Pc 4 followed an increase in the protein levels
of Fas and Fas ligand [39], proteins involved in the
initiation of the death receptor-mediated pathway of apo-
ptotic cell death (see Section 2.1.1).

PDT has been shown to alter the expression of TNF and
IL-6. Accordingly, TNF-a gene transcription increased in
keratinocytes sensitized with Pc 4 [258], and thioglycolate-
elicited murine macrophages released TNF when subjected
to PDT with Photofrin I [259]. Photodynamic activation of
the monocyte cell line U937 differentiated into macrophages
(U937 cells) with mTHPC (Foscan®) also induced a dose-
dependent production of TNF-a [167]. However, although
anti-TNF-a antibodies and pentoxifylline, an inhibitor of
cytokine transcription, prevented cutaneous photosensitivity
in adult C3H/HeN mice injected with Pc 4, none of these
agents affected Pc 4 PDT-induced tumor (RIF-1 radiation-
induced fibrosarcoma) regression [258].

9.5. Clusterin

Clusterin is a glycoprotein with a nearly ubiquitous tissue
distribution, but its functions remain to be understood [260].
In vitro studies showed an up-regulation of clusterin protein
levels in human epidermoid carcinoma A431 cells treated
with Pc 4-PDT, under conditions where cell death occurs by
apoptosis, but no effect was observed in apoptosis-resistant
RIF-1 cells [261]. Similarly, an increase in clusterin protein
levels was observed in PDT-treated chemically induced
murine skin papillomas [261], but the significance of these
findings remains to be determined.

9.6. p53

The p53 protein is present in low amounts in healthy
cells, becoming up-regulated in response to various types of
stress. This causes the cell to delay its entry into S phase
until an eventual damage to DNA has been repaired.
Furthermore, p53 is also involved in triggering apoptosis
under circumstances in which damage is too severe to be
repaired. The p53 tumor suppressor gene is mutated in over
50% of human cancers, and an important feature of the
oncogenicity of these mutants is their ability to interfere
with p53-dependent apoptosis [262]. The role of p53 in cell
death in PDT has been addressed in two ways: (i) comparing
responses to PDT of closely related human tumor cells,
expressing wild-type or lacking the protein (e.g. Ref. [263]);
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(i1) comparing the clonogenical survival of normal human
fibroblasts that express wild-type p53 and immortalized Li—
Fraumeni syndrome (LFS) cells that express only mutant
p53, and the LFS cells expressing wild-type p53 introduced
using an adenovirus vector [264]. PDT-treated cells with
various sensitizers up-regulated the expression of p53 [263—
265], but PDT-induced cell death or apoptosis did not show
a significant dependence on p53.

9.7. Interleukins

PDT of tumors causes a rapid induction of an inflamma-
tory response, characterized by the infiltration of leucocytes,
mainly neutrophils, into the sensitized tumor [9,174,266—
268]. This response is thought to be important for the
activation of antitumor immunity, and in vivo studies with
mammary EMT6 tumors sensitized with 2-[1-hexylox-
yethyl]-2-devinyl pyropheophorbide-a (HPPH) showed that
the influx of neutrophils is induced by the local up-regulation
of the attractant chemokine MIP-2 (macrophage inflamma-
tory protein, in rodents, or IL-8 in humans). Also, the up-
regulation in E-selectin in the tumor microvasculature in-
creased the adhesion of EMT6 microvessels. Although there
was also an increase in the neutrophil attractant chemokine
KC, it had no effect on the recruitment of neutrophils [266].
Once at the tumor site, neutrophils may cause direct tumor
cell destruction, may recruit leucocytes and lymphocytes by
secreting chemokines/cytokines and may be implicated in
tumor rejection in T-cell-dependent reactions [269].

Photofrin-mediated photosensitization of human adeno-
carcinoma HeLa cells also induced rapidly the production of
IL-6 mRNA, followed by secretion of the interleukin [218].
Under the same conditions AP-1 DNA binding was ob-
served, at the distal AP-1 site of the IL-6 promoter, but not
at the proximal site [218]. The mRNA for IL-6 was also
changed by PDT with Photofrin in EMT6 mammary tumor
cells in culture and in vivo, and a concomitant up-regulation
in the interleukin protein levels was also observed in the
latter model [174]. An enhanced expression of IL-6 in
EMT6 tumors and an increase in the circulatory levels of
IL-6 were also observed in in vivo studies, using the
sensitizer HPPH [266]. The up-regulation in the IL-6 levels
contrasts with the observed impairment of the response of
hypopharyngeal carcinoma FaDu cells and of cultured
human pulmonary fibroblasts to IL-6-type cytokines (IL-6,
LIF and oncostatin M), observed after photosensitization
with ALA or Photofrin [192] (see above). This may account
for the lack of effect of IL-6 on neutrophil infiltration of
EMT6 tumors, when HPPH was used as a sensitizer [266],
but contrasts with the role of the cytokine on the induction
of systemic neutrophilia in Photofrin-PDT [267,270].

9.8. Regulators of angiogenesis

Damage to the microvasculature induced by PDT pro-
duces hypoxia due to the reduction in blood flow [2,3].

PDT with Photofrin® induced the expression of the
hypoxia-inducible factor-lae (HIF-1a) subunit of the HIF-
1 transcription factor complex in BA mammary carcinoma
tumors growing in C3H mice [271]. HIF-la associates
with HIF-13 to form HIF-1, but whereas the latter subunit
is constitutively expressed, HIF-la is rapidly degraded
under normoxic conditions [272,273]. Hypoxia stabilizes
HIF-la, allowing the formation of the transcriptionally
active HIF-1 complex, which binds to the hypoxia re-
sponse element found in the promotor region of specific
genes, including the vascular endothelial growth factor
(VEGF) gene [272,273]. Accordingly, an increase in
VEGF protein levels was found in BA mammary carcino-
ma tumors growing in C3H mice subjected to PDT with
Photofrin® under conditions where cell death occurred by
necrosis [271]. Oxidative stress may also lead to the
overexpression of VEGF since PDT-treatment of cultured
BA tumor cells also caused a slight increase in VEGF
[271]. Since VEGF has a strong mitogenic activity, pri-
marily in endothelial cells [274], studies were performed
using the antiangiogenic compounds EMAP-II (single
chain polypeptide) and IM862 (L-glutamyl-L-tryptophan
dipeptide) to determine whether they could enhance the
tumorocidal action of PDT. Both peptides decreased VEGF
expression and improved tumoricidal responses in PDT-
treated BA mammary carcinoma tumors growing in C3H
mice [271]. In this model, a synthetic inhibitor of matrix
metalloproteinases (MMP), Prinomastat, also increased the
percentage of long-term cures after photosensitization with
Photofrin [275]. Interestingly, PDT increased the expres-
sion and activation of MMP-1, -3, -8 and -9 in BA tumors
subjected to PDT with Photofrin, and also changed the
expression of MMP regulators. In particular, there was an
up-regulation in EMMPRIN levels, a protein that efficient-
ly stimulates the production of MMPs [276], and a
decrease of TIMP-1 expression, a protein that regulates
the metabolism of the extracellular matrix [275,277].
Taken together, these findings indicate that a combination
therapy approach, using PDT together with MMP inhib-
itors and/or antiangiogenic compounds, can increase the
therapeutic efficacy.

10. Conclusions

The experimental evidences discussed throughout the
manuscript show a large heterogeneity in the mechanisms
leading to cell death in PDT. Although the demise process is
triggered mainly by reactive oxygen species, primarily by
singlet oxygen ('0,), it is shaped by the cell genotype, the
PDT dose and the intracellular location of the sensitizer. In
addition to the activation of the molecular machinery
leading to cell death, PDT may also set in motion metabolic
reactions that protect cells from the oxidative damage.
Inhibition of the latter events is likely to potentiate the
antitumor effectiveness of PDT.
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