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Abstract
Photodynamic therapy (PDT) is an approved anticancer treatment modality that eliminates unwanted cells by the photo-

chemical generation of reactive oxygen species following absorption of visible light by a photosensitizer, which is selectively taken

up by tumor cells. Present study reports the modalities of cell death after photosensitization of human adenocarcinoma HT29 monolayer

and spheroid cells with a second generation photosensitizer Foscan1. Kinetics of apoptosis and necrosis after Foscan1-PDT in

monolayer cells determined by flow cytometry using labeling of cleaved poly(ADP-ribose) polymerase (PARP) and staining with

propidium iodide (PI) demonstrated that Foscan1 was not a strong inducer of apoptosis and necrosis was a prevailing mode of cell

death. Cytochrome c release (cyt c) and mitochondrial membrane potential (Dcm) addressed by flow cytometry technique at different

time points post-Foscan1-PDT demonstrated that cell photoinactivation was governed by these mitochondrial events. Foscan1-loaded

HT29 multicell spheroids, subjected to irradiation with different fluence rates and equivalent light doses, displayed much better

tumoricidal activity at the lowest fluence rate used. Apoptosis, measured by caspase-3 activation was evidenced only in spheroids

irradiated with the lowest fluence rate and moderate fluence inducing 65% of cell death. Application of higher fluence rates for the same

level of photocytotoxicity did not result in caspase-3 activation. The observation of the fluence rate-dependent modulation of caspase-3

activity in spheroids offers the possibility of regulating the mechanism of direct cell photodamage and could be of great potential in the

clinical context.
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1. Introduction

Photodynamic therapy (PDT) is a promising therapeutic

strategy for the treatment of superficial, in situ and micro-

invasive tumors. PDT is based on the administration of

tumor-localizing chemicals (photosensitizers) with conse-

cutive non-ionizing illumination of the tumor. PDT induces

localized tumor destruction via the photochemical genera-

tion of cytotoxic singlet oxygen (1O2) or other reactive

oxygen species. Two principal mechanisms should be
Abbreviations: cyt c, cytochrome c; ER, endoplasmic reticulum; LD,

lethal dose; Dcm, mitochondrial membrane potential; PARP, poly(ADP-

ribose) polymerase; PDT, photodynamic therapy; PI, propidium iodide
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considered in PDT-mediated tumor eradication: direct

damage of tumor cells and stroma leading to apoptosis

and/or necrosis and an indirect pathway, which consist in

microvascular injury and non-specific immune activation

[1,2].

A second generation photosensitizer Foscan1 (meta-

tetra(hydroxyphenyl)chlorin (mTHPC)), which displays

improved chemical and photophysical properties over

Photofrin1 (Porfimer sodium), was reported to be mainly

localized in the membranes of endoplasmic reticulum

(ER) and Golgi [3]. It mediates cell photodamage, prin-

cipally through singlet oxygen formation [4], and its

tumoricidal effect appears to be very sensitive to oxyge-

nation conditions [5,6]. Foscan1 has been granted Eur-

opean approval for palliative treatment of patients with
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advanced head and neck cancers who have exhausted all

standard treatment options. Recent clinical open-label

multicenter studies also reported the efficacy of Fos-

can1-PDT in the treatment of early squamous cell carci-

noma [7,8].

PDT-induced apoptotic response in cultured cells is

characterized by the rapid release of mitochondrial cyt c

into the cytosol with the consecutive cascade of caspases

activation, in particular caspase-3, which is a key-ele-

ment in apoptotic cell death [1,9,10]. PDT-induced

apoptosis culminates in chromatin condensation as early

as 1–2 h after irradiation [11–15]. Quite frequently,

apoptosis and necrosis can be activated simultaneously,

the prevailing mechanism of cell death being determined

by dosing conditions, cell line, oxygen availability, etc.

Therefore, an unfolding and dissection of cell death

pathways following photosensitization is worth of inter-

est and should be established for every given photo-

sensitizer.

In many circumstances cells are committed to die before

the execution phase of apoptosis starts and this commit-

ment event is coordinated by mitochondria [16,17]. Several

studies have suggested the release of mitochondria cyt c as

a point of no return in photoinduced cell damage [14,16].

Recently, we documented fluence-dependent cyt c release

immediately after Foscan1-PDT in HT29 cultured cells

[18]. A possible approach to elucidate whether cyt c release

could be a critical lethal event in Foscan1-mediated cell

death consists in the detailed post-PDT kinetics of mito-

chondria alterations.

The ability to manipulate the cell fate machinery is an

obvious goal, if a certain type of cell death is required in the

clinical context. The rate of light delivery (fluence rate)

could be one of the parameters, which allows a modulation

of photooxidative substrate damage through the control of

tumor oxygenation. The reduction of photodynamic oxy-

gen consumption by using low fluence rates of irradiation

clearly improves the Foscan1-PDT treatment outcome in

vivo [6,19] and in vitro in multicell tumor spheroids, which

serve as an excellent model of small avascular tumors [5].

Similar observations have been reported in spheroids with

Photofrin1 [20] and ALA-based PDT [21]. Recently,

Henderson et al. [22] have shown that the levels of

PDT-induced apoptosis using pheophorbide-a derivative

were dependent on the fluence rate applied in allografted

tumors.

The present study addresses the kinetics of cytochrome

c release, mitochondrial membrane depolarization and

appearance of apoptotic and necrotic cell fractions in

HT29 human colon adenocarcinoma cells after Fos-

can1-PDT with respect to the different levels of cell death.

We further assessed apoptosis induction in HT29 tri-

dimensional aggregates by measuring activity of cas-

pase-3. The possibility of fluence rate-dependent modula-

tion of the activity of caspase-3 in spheroids was also

investigated.
2. Materials and methods

2.1. Monolayer cell culture

HT29 human adenocarcinoma cells were obtained from

ATCC cell collection and regularly controlled for myco-

plasma contamination. Cells were maintained in Roswell

Park Memorial Institute (RPMI) 1640 medium (Life Tech-

nologies) supplemented with 10% heat-inactivated fetal

calf serum (FCS) (Costar), 1% penicillin (10,000 IU),

streptomycin (10,000 mg/ml) and 1% 200 mM glutamin

(Life Technologies). Cells were kept at 37 8C in a 5% CO2

humidified atmosphere, trypsinized and re-seeded into

fresh medium every 7 days. Four days before treatment,

3 � 104 cells/ml were seeded in 60 mm diameter Petri

dishes.

2.2. Spheroid cell culture

Multicell spheroids were initiated by seeding 5 � 104

single HT29 cells into 75 cm2 flasks, previously coated

with 1% L-agarose. After 3 days, aggregates were trans-

ferred to 250 ml spinner flasks (Integra Biosciences)

containing 150 ml of culture medium. The flasks were

placed on magnetic plates (Integra Biosciences) at 75 rpm

in 5% CO2 and 37 8C humidified atmosphere. Five

days after seeding, aggregates were filtered through

100 and 150 mm sterile nylon screen (VWR International)

in order to obtain a homogeneous population of 100–

150 mm in diameter. Spheroid culture medium was chan-

ged every 2–3 days. When spheroids reached 500 mm in

diameter after 15 days culture, they were used for experi-

ments.

2.3. Photosensitizer

Foscan1 (mTHPC) was kindly supplied by Biolitec

Pharma Ltd. Foscan1 stock solution was prepared in

methanol. Further dilution was performed in phenol red

free RPMI 1640 medium supplemented with 2% fetal calf

serum to reach final Foscan1 concentrations of 1.45 �
10�6 M and 4.5 � 10�6 M for monolayer and spheroid

cultures, respectively.

2.4. Photodynamic treatment of monolayer cells

Logarithmically growing HT29 cells were incubated

with 1 mg/ml (1.45 � 10�6 M) Foscan1 solution in RPMI

supplemented with 2% FCS for 3 h. After two consecutive

washings, fresh medium was added and cells were irra-

diated with a 650 nm laser diode at fluences ranging from

0.06 to 1.92 J cm�2 at a fluence rate of 4.5 mW cm�2.

Cells were immediately harvested by trypsinization, 4 and

24 h after PDT, for measurements of mitochondrial mem-

brane alterations, apoptotic and necrotic cell number. To

assess the effect of the caspase inhibitor zVAD-FMK on
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apoptosis and necrosis, a 10�2 M stock solution of zVAD-

FMK (BD Biosciences) in DMSO was added to cells by

dilution 1:500 with cell medium to reach final zVAD-FMK

concentration of 2 � 10�5 M. zVAD-FMK solution was

added to cells immediately before irradiation and main-

tained with cells until analysis. Control cells were incu-

bated with Foscan1, with or without zVAD-FMK, and

were not subjected to irradiation (drug, no light).

2.5. Photodynamic treatment of spheroid cells

Eighty HT29 spheroids of 500 mm diameter were trans-

ferred from the spinner flask to 35 mm Petri dishes.

Incubation with 3 ml of complete medium containing

4.5 � 10�6 M of Foscan1 was performed at 37 8C, in

the dark, for 24 h. After three washes with PBS, spheroids

were transferred into 60 mm Petri dishes containing 3 ml

culture medium and subjected to irradiation. Irradiations

were carried out at 650 nm with a laser diode with various

fluences administered at fluence rates of 10, 30 and

90 mW cm�2. The irradiation times were adapted for each

fluence rate so that equivalent fluences of 1, 5, 10, 15 and

30 J cm�2 were delivered. Control spheroids were exposed

to Foscan1 and not irradiated (drug, no light).

2.6. Cell survival assays

Cells were collected from the monolayer or from

spheroids with trypsin immediately after PDT. They were

counted with a Thoma hemocytometer by using trypan

blue exclusion assay in order to determine cell yield

following PDT treatment. Intact cells were seeded in

triplicate into 6-well plates for plating efficiency accord-

ing to a technique previously described [23]. Briefly, a

layer consisting of 1 ml of 0.5% molten agar (Bacto agar,

Difco) in culture medium was poured in each well. Over

this bottom layer, 103 cells were plated in 1 ml culture

medium containing 0.3% agar. Cultures were incubated

at 37 8C with 5% CO2 in air for 14 days. Colonies

composed of more than 50 cells were counted with an

automatic image analysis program (AnalySiS 3.1). The

cell yields and the plating efficiencies of each experi-

mental group were normalized to those obtained from

control groups (light, no drug), and the overall surviving

fraction was determined by computing the product of

these two results.

2.7. Apoptosis and necrotic cell fractions assessed by

flow cytometry

PARP cleavage is the prominent feature of apoptosis

[24]. During apoptosis, PARP is cleaved from its 116 kDa

intact form to 85 and 25 kDa fragments. Apoptotic cells

were measured by labeling of cleaved PARP with a mouse

anti-human monoclonal antibody, which recognizes only

the 85 kDa cleaved form of PARP. According to manu-
facture recommendations (BD Biosciences), 105 to

5 � 105 cells were collected after trypsinization, washed

with PBS containing 1% FCS and fixed with 250 ml

cytofix/cytoperm solution (BD Biosciences) for 20 min

at 4 8C. After washing by Perm/Wash solution (BD Bios-

ciences), 0.25 mg monoclonal antibody in 50 ml Perm/

Wash solution were added to cells for 30 min at 4 8C.

Cells were then washed by Perm/Wash solution and

labeled with 5 ml fluorescence isothiocyanate (FITC) con-

jugated goat anti-mouse polyclonal antibody (DakoCyto-

mation) in 50 ml Perm/Wash solution for 30 min at 4 8C.

After washing, cells in 500 ml Perm/Wash solution were

analyzed by flow cytometry. The FITC fluorescence

(lex = 488 nm, lem = 519 nm) was detected in fluores-

cence channel FL1 with a 530 � 30 nm band pass filter.

Necrotic cells were assessed by flow cytometry after

labeling 105 cells with 0.03 mM propidium iodide (PI)

for 15 min.

2.8. Western blot analysis of PARP

HT29 monolayer cells, treated with light doses of 0.26,

0.64 and 1.92 J cm�2, were collected by scraping 24 h after

treatment, washed in ice-cold PBS and treated with lysis

buffer, containing 10 mM Tris–HCl (pH 7.4), 1% triton X-

100, 1 mM EDTA and 0.1 M phenylmethanesulfonyl fluor-

ide (PMSF) for 30 min on ice and further centrifuged at

15,000 � g for 20 min. Protein samples (50 mg) were

heated to 95 8C for 7 min in the presence of 5% 2-mer-

captoethanol, chilled on ice and subjected to SDS–PAGE

analysis, followed by electrophoretic transfer to polyviny-

lidene difluoride (PVDF) membranes. Membranes were

blocked with 5% non-fat dry milk in PBS and 0.5% Tween-

20 for 1 h at room temperature and afterwards were

incubated overnight at 4 8C with purified mouse anti-

cleaved PARP (Asp 214) monoclonal antibody (1:2000).

After several washes the blots were incubated with sec-

ondary anti-mouse IgG linked to horseradish peroxidase

(1:1000). The antigens were detected using the ECL

detection system (Amersham Biosciences) and visualized

by autoradiography.

2.9. Measurements of the mitochondrial membrane

depolarization

The green fluorescent probe 5,50,6,60-tetrachloro-

1,10,3,30-tetraethylbenzimidazolylcarbocyanine iodide, JC-

1 (Molecular Probes) exists as a monomer at low membrane

potential and at higher potentials, JC-1 forms red fluorescent

aggregates. The use of this probe in the measurement ofDcm

after PDT has been described previously [25]. Trypsinized

cells (5 � 105 cells) were centrifuged at 400 � g. Cell pellet

was suspended in 1 ml medium containing 1 ml of JC-1

(final concentration 5 mg/ml). After a 15 min incubation at

37 8C, cell suspension was measured by flow cytometry

(FACSCalibur). The aggregate fluorescence (lex = 488 nm,
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Fig. 1. Dose dependence of cell killing in HT29 cells sensitized with

Foscan1 (1.45 � 10�6 M, 3 h). The percentage of cell survival was counted

by clonogenic assay15 days after PDT. Results are the mean � S.E.M. of at

least three independent experiments.
lem = 590 nm), detected in fluorescence channel FL2 with a

585 � 42 nm band pass filter can easily be separated from

the monomer fluorescence (lex = 488 nm, lem = 527 nm)

detected in fluorescence channel FL1 with a 530 � 30 nm

band pass filter.

2.10. Measurements of cytochrome c release

Cytochrome c release was estimated by labeling digi-

tonin-permeabilized cells with APO2.7 phycoerythrin

(PE)-conjugated monoclonal antibody (Beckman Coulter)

[26]. Trypsinized (0.5–1) � 106 cells were permeabilized

with 0.1 mg/ml digitonin for 20 min at 4 8C, washed and

labeled with PE-APO2.7 (dilution 1/5) for 15 min at room

temperature. After washing, cells were measured by flow

cytometry using excitation at 488 nm and fluorescence

emission at 585 � 42 nm (FL2).

2.11. Quantification of caspase-3 activity in spheroids

For each experimental point, cells obtained from 80

spheroids and 24 h after treatment were washed with PBS,

and the pellet obtained after centrifugation was stored at

�20 8C until use. Spheroids were dissociated in 1 ml lysis

buffer composed with 10% sucrose, 20 mM Hepes, 0.1%

chaps, 2 mM dithiotreitol, 1 mM EDTA, 1 mg/ml pepsta-

tin, 1 mg/ml leupeptin and 100 mg/ml phenylmethylsulfo-

nyl fluoride (PMSF), pH 7.4. The cell lysate was incubated

on ice for 30 min, sonicated twice for 10 s and centrifu-

gated (10 min, 10,000 � g). 800 ml of supernatant were

incubated with 200 ml (6 � 10�6 M) highly specific cas-

pase-3 fluorogenic substrate DEVD-AFC (Asp-Glu-Val-

Asp, DEVD conjugated with 7-amino-4-trifluoromethyl-

coumarin, AFC) (BD Biosciences) in lysis buffer at 37 8C
for 1 h. The specificity of caspase-3 activity was verified by

adding 0.05 � 10�6 M DEVD-CHO for 2 h. In all cases, a

complete inhibition of the enzymatic reaction was

obtained. The released fluorescent product was measured

spectofluorimetrically (lex/em 400 nm/450–550 nm; Per-

kin-Elmer L2259051). The raw data were normalized

per mg protein. Protein concentrations were estimated in

cell lysates by using the Bio-Rad assay. The final results

were expressed as the ratio between the experimental and

the control normalized values.

2.12. Imaging of Foscan1 distribution in

HT29 spheroids

Spheroids incubated with 4.5 � 10�6 M of Foscan1

during 24 h in the dark were placed in a freezing medium

(Jung, Leica), frozen at �25 8C and sectioned into 6 mm

microscope slides using a cryostat (Leica CM1850). Pre-

parations were mounted with an aqueous medium (Menzel

superfrost color). Spheroid sections were then observed

under a fluorescence microscope (Leica DMRB). Excita-

tion filter: band pass 450–490 nm.
2.13. Statistical analysis

Mann–Whitney’s U test was employed to determine the

statistical significance with a limit set to p < 0.05 using

Staview 5.0 software.
3. Results

3.1. Cell viability in HT29 monolayer cultured cells

photosensitized with Foscan1

Loss of cell viability of HT29 cells subjected to Fos-

can1-based PDT was assessed by clonogenic assay after

irradiation with a range of light fluences (Fig. 1). Fluences

of 0.26, 0. 64 and 1.92 J cm�2 were chosen for further

examination of mitochondrial alterations and modalities of

cell death. The corresponding loss of viability was 60, 91

and 97%.

3.2. Apoptotic and necrotic cell death after

photosensitization with Foscan1

Modalities of cell death imposed on HT29 cells by

Foscan1-PDT were approached by flow cytometry quan-

tification of apoptotic and necrotic cells. Number of apop-

totic cells was deduced from the specific labeling of

85 kDa fragment of cleaved PARP. PARP cleavage was

confirmed by immunoblotting at 24 h post-PDT. Necrotic

cells were measured with a high-affinity nucleic acid probe

PI that easily penetrates cells with compromised plasma

membranes and does not cross the membranes of living

cells.

Fig. 2a and b presents the evolution of apoptotic

response at different post-PDT intervals in HT29 cells

subjected to LD97. Shortly after PDT (4 h), the percentage

of fluorescent cells significantly augmented in M1 gate
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Fig. 2. The effect of Foscan1 photosensitization on PARP cleavage in

HT29 cells assessed by flow cytometry (a, b) and by Western blotting (c). (a,

b) Cells were exposed to 1.45 � 10�6 M Foscan1 for 3 h, irradiated at

1.92 J cm2 (LD97) with red light (l = 652 nm), labeled with anti-cleaved

PARP mouse monoclonal antibody and a FITC-labeled secondary anti-

mouse antibody. Histograms of log scale green FITC fluorescence (x-axis,

FL1-H) as a function of cell counts (a) 4 h and (b) 24 h after PDT. (c) Cells

were exposed to 1.45 � 10�6 Foscan1 for 3 h, irradiated at 0.26, 0.64 and

1.92 J cm�2 with red light (l = 652 nm) and 24 h later analyzed by Western

blotting with monoclonal mouse antibody to cleaved PARP. Fig. 3. Kinetics of post-PDT accumulation of apoptotic (a) and necrotic (b)

HT29 cells in response to sensitization with Foscan1 (1.45 � 10�6 M, 3 h).

Cells were irradiated at 0.26 J cm�2 in the absence ( ) or in the presence

( ) of z-VAD-FMK; at 0.64 J cm�2 in the absence ( ) or in the presence

( ) of z-VAD-FMK and at 1.92 J cm�2 in the absence ( ) or in the presence

( ) of z-VAD-FMK. Control cells (light, no drug) without ( ) or with ( ) z-

VAD-FMK. Results are the mean of at least three independent experiments.
compared to control cells (drug, no light) (Fig. 2a). At 24 h

post-PDT about 35% cells underwent PARP cleavage

(Fig. 2b). Apoptosis was inhibited to the level of untreated

cells when irradiation was performed in the presence of

caspase inhibitor z-VAD-FMK (Fig. 2a and b).

PARP cleavage at 24 h after irradiation at three light

doses was further confirmed by Western blotting (Fig. 2c).

With the increase in the light doses, a progressive increase

in the expression level of 85 kDa cleaved band was

detected.

Fig. 3 displays the kinetics of accumulation of apoptotic

and necrotic cells with and without z-VAD-FMK with

respect to the applied fluences. A sharp increase in the

number of apoptotic cells was observed at 4 h post-PDT

with the highest fluence, while two lower fluences did not

differ significantly from control values (Fig. 3a). A max-

imum of apoptotic cells (35.4 � 6.8%) was registered 24 h

post-PDT with the highest fluence, and this value was not

significantly different ( p = 0.27) from that at the fluence of

LD91 (28.4 � 5.6%). A slight but still statistically signifi-

cant increase in apoptosis over control treatment was

registered 24 h post-PDT for cells irradiated with LD60.
Decrease in apoptotic cells to the levels of untreated

controls was registered in the presence of z-VAD-FMK

at all applied fluences and both post-PDT time points

(Fig. 3a).

Necrosis augmented with time post-PDT and increasing

light doses (Fig. 3b). Irradiation with high light fluences

(LD91 and LD97) resulted in a steady increase in necrotic

fractions with time after treatment with an accumulation

of, respectively, 43.60 � 16.8% and 74.9 � 11.0% PI posi-

tive cells at 24 h post-PDT. Cells subjected to irradiation

with the lowest dose (LD60) exhibited different kinetic

profile with a slow increase in necrotic cell fraction reach-

ing 21.6 � 5.6% at 24 h after treatment (Fig. 3b). Presence

of z-VAD-FMK during and after irradiation did not sig-

nificantly affect PDT-mediated necrosis, irrespective of

light fluences and times post-PDT.
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Fig. 4. Fluence-related (a) cytochrome c release and (b) mitochondrial

membrane depolarization in Foscan1-photosensitized HT29 adherent cells.

Data on the loss of clonogenicity (^) are taken from Fig. 1. Cells were

analyzed 4 h (&) and 24 h (~) after irradiation. The letter ‘c’ indicates data

from Marchal et al. [18]. Results are the mean � S.E.M. of at least three

independent experiments.

Fig. 5. Fluorescence photomicrograph of a typical 6 mm thick frozen

section from the Foscan1-sensitized HT29 spheroid of 500 mm in diameter.
3.3. Photoinduced cytochrome c release and

mitochondrial membrane depolarization in monolayer

HT29 cells

The fluence-dependent cyt c release and alterations of

Dcm at 4 and 24 h after Foscan1 photosensitization are

displayed in Fig. 4a and b and our previous data on

mitochondrial membrane damage, tested immediately

after PDT [18] are included for comparison. In contrast

to the loss of mitochondrial membrane functions immedi-

ately after PDT, at 4 h post-PDT the profile of cyt c release

paralleled that of the loss of cell viability with a noticeable

similarity 24 h post-PDT (Fig. 4a). At this time point, the

percentage of cells with cyt c release matched perfectly the

percentage of dead cells observed at every applied fluence

(64, 84 and 92% versus 60, 91 and 97%).

The loss of Dcm demonstrated the same kinetic pattern

as that of cyt c release (Fig. 4b), except for a slight

difference at 4 h post-PDT, thus suggesting that both
photoinduced cyt c release and mitochondrial membrane

depolarization are concomitant and correlated events.

3.4. Foscan1 distribution in HT29 multicell tumor

spheroids

The Foscan1 distribution in spheroid is presented in

Fig. 5. A strong pattern of the dye fluorescence, observed in

the outer rim of the spheroid, falls off quickly from the

spheroid surface and represents a weak constant fluores-

cence in the spheroid center.

3.5. Effects of fluence rates of irradiation on Foscan1-

photosensitized HT29 spheroids

Foscan1-loaded spheroids were irradiated with a range

of light fluences delivered at three different fluence rates of

10, 30 and 90 mW cm�2. As the fluence rate was reduced

from 90 to 10 mW cm�2, the overall survival was drama-

tically diminished for equivalent doses of light (Fig. 6). For

example, for the fluence of 10 J cm�2, the percentage of

viable cells was 71, 49 and 4% in response to the fluence

rates of 90, 30 and 10 mW cm�2.

3.6. Evaluation of caspase-3 activation in HT29

spheroids

Caspase-3 activation after photodynamic treatment of

spheroids was employed as a measure of apoptosis. Table 1

presents the results of caspase-3 activation and photocy-

toxicity after illumination with the fluence rate of

10 mW cm�2 at three different fluences (1, 5 and

10 J cm�2) corresponding to LD17, LD65 and LD96. At

LD17 and LD96 caspase-3 activity was not significantly

different from control cells. In contrast, caspase-3 activa-

tion at LD65 was 2.6-fold above the level of untreated cells

( p = 0.021).
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Fig. 6. Dose dependence of overall survival of cells dissociated from

Foscan1-sensitized HT29 spheroids (4.5 � 10�6 M, 24 h) treated with

PDT delivered at fluence rates of 10 mW cm�2 (^), 30 mW cm�2 (&)

or 90 mW cm�2 (~). The percentage of cell survival was counted by

clonogenic assay 15 days after PDT. Results are the mean � S.E.M. of at

least three independent experiments.

Table 1

Caspase-3 induction 24 h post-PDT in Foscan1-sensitized HT29 spheroids

(4.5 � 10�6 M, 24 h) irradiated at the fluence rate of 10 mW cm�2 with

different light fluences

Fluence

(J cm�2)

Photocytotoxicity

% of control

Caspase-3 fold

induction

Statistics

(p)

1 17 1.40 � 0.89 0.25

5 65 2.62 � 1.07 0.021*

10 96 1.42 � 0.36 0.064

* Statistically significant value given by the Mann–Whitney’s U test

(p < 0.05).
We further compared the induction of apoptosis in

spheroids treated with three fluence rates and light doses

inducing a photocytotoxicity of 65%. Caspase-3 activation

at 30 and 90 mW cm�2 was, respectively, 1.17 � 0.06 and

1.12 � 0.24 fold induction and did not significantly differ

from the control values. Thus, among all fluence rates used,

only the fluence rate of 10 mW cm�2 resulted in a sig-

nificant caspase-3 induction for a given level of photo-

cytotoxicity of 65%.
4. Discussion

The modalities of cell death provided by photodynamic

treatment are still under investigation and the complexity

of a network of survival and death pathways has been

recently reviewed by Agostinis et al. [27].

Apoptosis has been found to be a prominent form of cell

death in many cells after photosensitization. The pathways

in which apoptotic cells are engaged after PDT, the inten-

sity and the rapidity of the process are mainly dependent on

the cell line, the subcellular localization of the photosen-

sitizer and the extent of photooxidative damage [1,2,28–

30].
We have chosen to follow apoptosis in Foscan1-photo-

sensitized HT29 cells. The number of necrotic and apop-

totic cells (Fig. 3a and b) displayed a significant increase

with increasing time and light dose. However, the general

pattern of necrotic and apoptotic cells’ distribution was in

favor of necrosis. In particularly, at 24 h post-PDT the

number of necrotic cells (Fig. 3b) displayed a dramatic

increase with increasing light dose (21 � 6%, 44 � 17%

and 75 � 11% at LD60, LD91 and LD97, respectively),

while the number of apoptotic cells increased from

9 � 1% to 28 � 6% with no further increase at the highest

fluence applied (28 � 6% versus 35 � 7%, p = 0.27).

The presence of a broad spectrum caspase inhibitor (z-

VAD-FMK) during and after irradiation completely abro-

gated Foscan1-PDT apoptosis upon all treatment condi-

tions (Fig. 3a). At the same time, no significant difference

was observed for necrosis (Fig. 3b). Together with our

previous observation on caspase-3 activation in HT29 cells

subjected to Foscan1-PDT [18], the present one points out

to caspase-dependent nature of apoptotic process mediated

by Foscan1 photosensitization. Further, the lack of inhi-

bitory effect of z-VAD-FMK on necrotic cells presumes

that necrosis is directly induced by photodamage rather

than being secondary to apoptosis.

Taken as a whole, the mild level of post-PDT apoptosis

observed in the present study is likely to be related to the

specificity of Foscan1 localization. The preferential Fos-

can1 localization in the Golgi/reticulum complex was

microscopically observed in human and murine mammary

malignant cells [3,31]. In all likelihood this localization

pattern could be extended to HT29 cells, as can be deduced

from primarily photodamaged Golgi apparatus after Fos-

can1-PDT in HT29 cultured cells [32]. Thus, the Golgi/

reticulum complex could be a site from which the cell

death signals originate and converge on mitochondria to

trigger the apoptotic process in a less efficient manner than

mitochondria-targeting photosensitizers. Similar observa-

tion was reported for other reticulum/Golgi localizing

photosensitizers [29,33].

Mitochondria play a key role in the pathways of cell

death either by mitochondrial proteins involved in the

apoptotic process or by the loss of functionality resulting

in ATP depletion [34]. It has been suggested that in

response to different stimuli, including photooxidative

stress, the cell may be irreversibly committed to death

once mitochondrial cyt c is released into the cytosol

[16,17,35,36]. The proposal on the critical role of cyt c

in the PDT damage was based on the observation that

photoinduced release of cyt c proceeds normally in cells

irrespective of the functional activity of caspases [16].

Another argument was the good correlation in dose–

response between the fraction of cells that release cyt c

shortly (30 min) after PDT with mitochondria localized

photosensitizer phtalocyanine (Pc) 4 and overall survival

[14]. Considering ER/Golgi localization of Foscan1, a

certain delay was anticipated for the complete release of



S. Marchal et al. / Biochemical Pharmacology 69 (2005) 1167–11761174
cyt c from photokilled cells. Therefore, we studied a

detailed post-PDT kinetics of mitochondrial alterations

(Fig. 4a and b). Although immediately after irradiation,

the kinetic of the loss of mitochondrial membrane func-

tions was very different from that of cell viability, the

situation changed from 4 h post-PDT. This early time point

evidenced a very good correlation between mitochondrial

membrane damage and cell photokilling at each PDT dose.

Twenty-four hours post-Foscan1-PDT, the percentage of

cells undergoing Dcm dissipation and cyt c release

matched perfectly the percentage of dead cells. This kinetic

study clearly shows that both apoptotic and necrotic path-

ways implicated in Foscan1-mediated HT29 cell photo-

inactivation are governed by mitochondrial membrane

photodamage, thus suggesting the cyt c release and mito-

chondrial membrane depolarization as the critical lethal

events for Foscan1 photosensitization. However, we can-

not discard the possibility that the lethal event, which

commits the cells to death lie upstream mitochondria.

Such possibility was proposed in the recent study of Chiu

et al. [37], where the authors reported the same level of Pc-

4 photocytotoxicity whether or not cyt c was released after

irradiation. Considering a high affinity of Foscan1 for ER/

Golgi complex, the effects of Foscan1-PDT on the ER

proteins, which could be critical for cell death, deserve

further investigation.

Another observation from the plots displayed on Fig. 4 is

that the both cyt c release and Dcm dissipation are con-

comitant events. Contradictory results have been obtained

regarding the timing of these both mitochondrial events.

Photoinduced cyt c release from the mitochondrial inter-

membrane space to the cytosol simultaneously with the

loss of Dcm was reported for porphycenes in leukemia

cells and for mTHPC in adherent and myeloid cells

[11,15,35]. In contrast, other studies separated the dissipa-

tion of Dcm and cyt c release, as has been demonstrated

for Pc-4, Hypericin- and chlorin-type photosensitizer

[25,38,39].

The comprehension of cell death mechanisms in vivo is

always a challenge, since apoptotic/necrotic events can

arise from the vascular tumor network as well as from

direct photodamage of tumor cells. In this context, the

three-dimensional arrangements of tumor cells in spher-

oids provides biochemical and histological similarities to

small avascular tumors in vivo and allows the specific study

of direct photocytotoxic effects of PDT.

The efficacy of Foscan1-based PDT has been related to

the maintenance of tumor oxygenation. As illustrated in

Fig. 6, therapeutic efficacy increased progressively when

the fluence rate was reduced over the range of 90 to

10 mW cm�2. Even high light doses delivered at fluence

rates of 90 and 30 mW cm�2 were unable to produce more

than 60% cell death. This loss in efficacy could be attrib-

uted to a protective effect from Foscan1-mediated photo-

chemical reaction in spheroids due to the photochemical

oxygen depletion at high fluence rates. Conversely, an
enhanced photocytotoxic effect observed at 10 mW cm�2

could be explained by the extension of the singlet

oxygen dose into the central regions of the spheroid [5].

Following these observations, we evaluated apoptosis by

measuring caspase-3 activity in Foscan1-photosensitized

spheroids at different levels of cell death and at the

efficient fluence rate of 10 mW cm�2. Among all fluences

tested, only at the light dose inducing 65% cell death, we

observed statistically significant activation of caspase-3

(2.62-fold induction, p = 0.021) (Table 1). Adherent

HT29 cells subjected to the same level of photodamage

(LD60) were characterized by a 12-fold increase in cas-

pase-3 activation 24 h after Foscan1 photosensitization

[18]. The considerably lower level of caspase-3 induction

in HT29 three-dimensional arrangements contrary to

monolayer cells could be related to the fact that cells at

the core or the periphery of the spheroid do not receive the

same dose of photosensitizer and oxygen. Indeed, Fos-

can1 fluorescence distribution in spheroid sections

(Fig. 5) demonstrated a non-uniform sensitizer penetra-

tion with an intense Foscan1 fluorescence in the outer-

most rim of the spheroid and a considerably reduced dye

fluorescence inside the spheroid. Consequently, the

response of cells to photosensitization is inhomogeneous

with the external cells being the most photosensitive.

An important observation from the spheroid study is that

application of higher fluence rates of 30 and 90 mW cm�2

for the same level of photocytotoxicity of LD65 did not

result in caspase-3 activation. This observation offers the

possibility of modulating the mechanism of direct cell

photodamage and could be helpful in designing future

clinical protocols. Oxygen-conserving low fluence rate

protocols favoring apoptosis should be recommended

when PDT is applied for the curative treatment of in situ

neoplasia or/and as a palliative de-obstructing treatment

modality. In both cases, a rapid shrinking of the tumor mass

is expected and apoptosis without accompanying inflam-

matory reaction and swelling should be favored above

complete tumor eradication. On the other hand, when

the goal of PDT is to cure an infiltrative tumor that is

possibly already micro-spreading beyond the margins of

the illumination spot, necrosis with its accompanying

inflammatory reaction may be recommended. However,

the protocols employing high fluence rates should be finely

tuned, since oxygen-depleting regimens may significantly

limit treatment outcome.

In conclusion, we have demonstrated a mild apoptotic

response following HT29 monolayer cells photosensitiza-

tion with Foscan1 together with a significant increase in

necrosis with increasing time and light dose. Both apop-

totic and necrotic pathway implicated in Foscan1-

mediated HT29 cell photoinactivation are governed by

mitochondrial membrane photodamage manifested by

cyt c release and Dcm dissipation. HT29 spheroids treated

with Foscan1-PDTat different fluence rates and equivalent

light doses evidenced apoptotic induction only at moderate
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fluence rate and fluence inducing 65% cell killing. Appli-

cation of higher fluence rate did not result in caspase-3

activation. Fluence rate modulation of apoptosis in spher-

oids could contribute to the optimization of clinical pro-

tocol.
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