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Abstract

This study was designed to examine determinants of the discovery that low-dose lysosomal
photodamage (lyso-PDT) could potentiate the efficacy of subsequent low-dose mitochondrial
photodamage (mito-PDT). The chlorin NPe6 and the benzoporphyrin BPD were used to separately
target lysosomes and mitochondria, respectively, in murine hepatoma cells. Lyso-PDT (LDsg
conditions) followed by mito-PDT (LD45 conditions) enhanced the loss of the mitochondrial
membrane potential, activation of procaspases-3/7 and photokilling. Reversing the sequence was
less effective. The optimal sequence did not enhance reactive oxygen species formation above that
obtained with low-dose mito-PDT. In contrast, alkalinization of lysosomes with bafilomycin also
enhanced low-dose mito-PDT photokilling, but via a different pathway. This involves
redistribution of iron from lysosomes to mitochondria leading to enhanced hydroxyl radical
formation, effects not observed after the sequential procedure. Moreover, Ru360, an inhibitor of
mitochondrial calcium and iron uptake, partially suppressed the ability of Bafilomycin to enhance
mito-PDT photokilling without affecting the enhanced efficacy of the sequential protocol. We
conclude that sequential PDT protocol promotes PDT efficacy by a process not involving iron
translocation, but via promotion of the pro-apoptotic signal that derives from mitochondrial
photodamage.

INTRODUCTION

Use of photosensitizing agents to sensitize neoplastic tissues to light is termed
photodynamic therapy (PDT) (1,2). While PDT is generally defined as a therapeutic clinical
measure, in the context of this report, the term will be used to indicate a photodynamic
process involving cells in culture. Since the reactive oxygen species (ROS) formed during
PDT have a very short biologic half-life, photodamage is confined to regions where
photosensitizing agents localize. This phenomenon makes it possible to direct photodamage
to specific sub-cellular loci if photosensitizing agents have a sufficiently precise localization
pattern.

Several photosensitizers, including Pc 4 (3,4), preferentially localize to mitochondria. PDT-
induced mitochondrial photodamage (mito-PDT) results in destruction of mitochondria-
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associated Bcl-2 (5,6), loss of mitochondrial membrane potential (A¥,), release of
cytochrome c into the cytosol and subsequent initiation of apoptosis (7,8). Photokilling of
cultured tumor cells by Pc 4 was recently reported to be enhanced by pretreatment with
Bafilomycin (Baf) or chloroquine (9,10), agents that promote the alkylinization of
lysosomes. Although both agents block steps in the development of an autophagic response
following PDT, potentially negating the prosurvival properties of autophagy, their ability to
potentiate mito-PDT was attributed to a different mechanism. This involved translocation of
lysosomal iron to mitochondria where Fe** could promote hydroxy! radical ("OH) formation
via Fenton chemistry (9,10).

The chlorin photosensitizer N-aspartyl chlorin e6 (NPe6) localizes primarily to acidic
organelles such as late endosomes and lysosomes (11,12). Lysosomal PDT (lyso-PDT) with
NPe6 has multiple effects depending upon sensitizer concentration and light dose. In the
case of the murine hepatoma 1c1c7 cell line, high-dose PDT results in a very rapid and
virtually simultaneous alkalinization and permeabilization of the lysosomes (11). Release of
lysosomal cathepsins into the cytoplasm can subsequently cleave the pro-apoptotic protein
BID to tBID (11,13), resulting in permeabilization of mitochondria and the release of
cytochrome ¢ (14). With milder PDT conditions (~LD3p) the alkylinization of lysosomes is
slower and is followed by a later release of lysosomal cathepsins. At still lower PDT doses
(~LDqp), neither alkalinization nor permeabilization of lysosomes could be detected, but
such conditions are sufficient to disrupt endocytosis (15).

In this study, we examined phenomena associated with sequential low-dose PDT involving
the mitochondrial photosensitizer benzoporphyrin derivative termed BPD (7), and the
lysosomal sensitizer NPe6. Effects were compared to results obtained with BPD-PDT alone
and in combination with Bafilomycin. Results obtained indicate that we have defined two
independent mechanisms for the perturbation of lysosomes, either of which can potentiate
the efficacy of subsequent mitochondrial photodamage.

MATERIALS AND METHODS

Chemicals and supplies

NPe6 was provided by Dr. Kevin M. Smith, Louisiana State University. BPD
(benzoporphyrin derivative, Verteporfin) was purchased from VWR (Cat No 1711461).
Other reagents were obtained from Sigma-Aldrich and were of the highest available purity.
Fluorescent probes were provided by Life Technologies, Inc.. Diethyl-3-3’-(9,10-
anthracenediyl)bis acrylate (DADB) was prepared and utilized as previously reported (16).
Synthesis of the fluorescent probe RhoNox-1 (RN-1) was carried out as described in
reference 17. RN-1 is a non fluorescent N-oxide of Rhodamine B that is converted to a
fluorescent product upon contact with Fe*™.

Cell culture and clonogenic assays

Growth of murine hepatoma 1c1c7 cells and procedures for clonogenic assays have been
described (18).
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PDT protocols

Cultures were grown on cover slips in 30 mm diameter plastic dishes. These were incubated
with 0.5 uM BPD, 40 uM NPe6 or both for 1 h at 37°C. In some studies Ru360 (10 uM)
and/or Baf (50 nM) were also added at the time of addition of photosensitizer. After 1 h the
medium was replaced and the dishes were irradiated using a 600-watt quartz-halogen source
filtered through 10 cm of water to remove wavelengths of light > 900 nm. The bandwidth of
the light beam was further confined by interference filters (Oriel, Stratford CT) to 660 + 10
nm for NPe6 or 690 + 10 nm for BPD. Irradiation times were calculated based on
clonogenic studies, so as to yield the desired effects on viability.

Microscopy protocols

Singlet oxygen and hydroxyl radical formation were monitored with the probes DADB and
APF, respectively (16,19,20). The fluorescence of DADB is quenched in the presence of
singlet oxygen, while APF is converted to a fluorescent product upon interaction with
hydroxyl radical. DADB (10 uM) and APF (2.5 pM) were added to cultures at the time of
photosensitizer addition. Changes in DADB and APF fluorescence were monitored directly
after irradiation using 405 nm excitation and 525 nm emission, and 490 nm excitation and
515 nm emission, respectively. Photodamage to mitochondria resulting in loss of membrane
potential (A¥,,) was assessed using MitoTracker Orange (MTO) or MitoTracker Green
(MTG), as previously described (21,22).

To track intracellular localization of ferrous ion, cultures were treated with RN-1 (2.5 uM)
for 60 min, during the photosensitizer loading incubation. Fluorescence was monitored using
510-560 nm excitation and 570 nm emission. Mitochondria or lysosomes and RN-1 could
be simultaneously imaged using MTG or LTG. These probes (2 uM) were loaded during 10
min incubations at 37° directly after irradiation. Fluorescence emission of MTG and LTG
(510 nm) is well separated from RN-1 (570 nm). A 650 nm low-pass filter was inserted into
the emission pathway to eliminate long-wavelength fluorescence from NPe6 and BPD,

To test for the possibility that lysosomal photodamage might cause relocalization of BPD,
cells were treated with both BPD and NPe6. Sites of BPD localization were identified by
fluorescence microscope (excitation = 400 nm, emission = 680—700 nm). Insertion of a 690
+ 10 nm bandpass filter into the emission beam prevented 660 nm NPe6 fluorescence from
reaching the CCD camera. We then irradiated the sample on the microscope stage (660 nm
75 mJ/cm sqg). BPD localization was then assessed in a separate image. Using MetaMorph
software, the first and second images were overlaid using false colors (red, green). Pixels
showing red or green would then identify lack of coincidence; yellow = coincidence.

Phase-contrast and fluorescence images were acquired with a Nikon E-600 microscope
using a Rolera EM-CCD camera. MetaMorph software (Molecular Devices, Sunnyvale CA)
was used to examine the relative pixel intensities of images. Images were thresholded to
select appropriate regions, and pixel brightness + SD was determined using the ‘region
statistics’ program as previously described (16).
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DEVDase assays

Cells were collected 1 hr after irradiation and assayed for DEVDase activity (12). A kit
provided by Invitrogen was used for this purpose (cat. no. E13184). Enzyme levels are
reported in terms of nmol product/min/mg protein. Each assay was performed in triplicate.
The Micro Lowry assay was used to estimate protein concentrations, using bovine serum
albumin as the standard.

Statistical analysis

Analysis of data was carried out using the independent groups t-test. We indicate where
differences in values were statistically different (p < 0.05) from untreated controls, or other
specified data.

RESULTS AND DISCUSSION

The utilization of sequential PDT protocols requires that the absorption spectra of the
photosensitizers are sufficiently different so that light used to activate one sensitizer has no
effect on the other. This is true for NPe6 (660 nm) and BPD (690 nm). Both have
sufficiently narrow bandwidth so there is minimal overlap (Fig. 1).

Light-dose studies were utilized to identify irradiation conditions with NPe6 and BPD alone
that reproducibly represented ~LDg and ~LD15 conditions, respectively (as defined by
clonogenic assays). There are hereafter referred to as low-dose NPe6 or low-dose BPD PDT.
Sequential low-dose PDT with the two photosensitizers resulted in an enhanced inhibition of
colony formation. Optimal suppression of colony formation, however, occurred when low-
dose NPe6 PDT preceded low-dose BPD PDT (Table 1).

Phase contrast microscopy studies were consistent with an apoptotic outcome following
sequential PDT (not shown). DEVDase activity is commonly used to monitor the activities
of caspase-3 and -7, the major executioner proteases associated with apoptosis. Low-dose
NPe6 or BPD photodamage alone had only slight effects on DEVDase specific activities
(Table 2), while the sequential protocol resulted in DEVDase activities that exceeded simple
additive effects. As anticipated from the absorption spectra of the photosensitizers,
irradiation at 660 nm had no demonstrable effect on cells photosensitized with BPD. In
agreement with the colony formation assays, optimal enhancement of DEVDase activities
occurred when low-dose NPe6 PDT preceded low-dose BPD PDT (Table 2).

The major reactive oxygen species (ROS) generated upon irradiation of NPe6 or BPD is
singlet oxygen (19,23). DADB has been established as a reliable probe for this ROS species:
fluorescence is lost upon interaction with 10, (16). Low-dose NPe6-PDT alone had no
significant effect on DADB fluorescence (Fig. 2A vs C, E) whereas, low-dose BPD-PDT
caused a demonstrable loss of probe fluorescence (Fig. 2A vs B). This effect was not
enhanced by prior low-dose NPe6 PDT (Fig. 2B vs D, E). Hence, enhanced killing as a
result of the sequential PDT protocol was not associated with increased singlet oxygen
production.
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Mitochondrial photodamage commonly leads to a loss of the mitochondrial membrane
potential (A¥yy,). Studies involving MTO, a fluorescent probe used tor monitor AWy,
indicated that low-dose BPD PDT alone caused a loss of A¥, within 10 min of irradiation
(Fig. 3A vs B). Low-dose NPe6 PDT did not, however, alter AV, (Fig. 3A vs C). The
sequential PDT protocol potentiated the loss of AU, only when lysosomal photodamage
came first (Fig. 3B vs D and E). The presence of Ru360 (10 pM) did not alter any of these
results (Fig. 3, panels F-J).

Bafilomycin B is a potent inhibitor of the vacuolar proton pump that maintains the acidity
of lysosomes (24,25). A consequence of Baf exposure is the release of Fe2* from lysosomes
(9,10,26). Recent studies reported that Baf pretreatment significantly enhanced the killing of
cultured cells by the mitochondrial photosensitizer Pc 4 [9,10]. This effect was attributed to
translocation of lysosomal iron stores to mitochondria, where Fenton chemistry could
mediate formation of "OH. Exposure of 1c1c7 cultures to Baf for 60 min had no significant
effect on 1c1c7 colony formation (Table 3), but markedly enhanced the cytotoxicity of low-
dose BPD PDT (Table 3). To determine whether this effect involved iron translocation, we
carried out colocalization analyses of cells loaded with RN-1, a molecule that fluoresces red
upon interaction with ferrous iron (17), and fluorescent green probes that preferably localize
to mitochondria (MTG) or lysosomes (LTG). In untreated cultures, virtually every lysosome
showed a strong colocalization of RN-1 and LTG, as indicated by bright fluorescent yellow
puncta (Fig. 4F). In contrast, very few mitochondria showed colocalization of RN-1 and
MTG (Fig. 4A). However, after Baf treatment a considerable percentage of cells showed
colocalization of MTG and RN-1 (Fig. 4B), indicating accumulation of Fe** in
mitochondria.

Ru360 inhibits mitochondrial import of both Ca** and Fe*™* (27). Exposure of cultures to
Ru360 alone had no significant effect on colony formation (Table 3), but Ru360 did partially
suppress the phototoxicity of Baf + low-dose BPD PDT (Table 3). These data are therefore
consistent with previous reports indicating that Baf can potentiate cell killing by subsequent
mito-PDT via a mechanism involving iron accumulation in mitochondria (9,10).

The sequential PDT protocol (lysosomal photodamage first) did not mimic the effect of Baf.
Colocalization analyses revealed no detectable translocation of Fe** to mitochondria (Fig.
4A vs C) following low-dose NPe6 PDT. Moreover, when low-dose NPe6-PDT preceded
low-dose BPD-PDT, there was neither a detectable loss of lysosomal Fe** (Fig. 4H) nor an
accumulation of mitochondrial Fe** (Fig. 4D). Since the images shown in Fig. 4 were
captured within minutes of irradiation, we considered the possibility that iron leakage from
lysosomes might be delayed after NPe6 PDT. There was, however, no evidence of
mitochondrial Fe2* accumulation 60 min after low-dose NPe6 PDT alone (Fig. 5A), or
following sequential low-dose NPe6 and BPD PDT (Fig. 5B). Furthermore, treatment with
Ru360 offered no protection against BPD, NPe6/BPD, or BPD/NPe6 PDT induced loss of
AV, (Fig. 3B vs G, D vs |, and E vs J, respectively), or colony formation (Table 1).

Hydrogen peroxide is generated as a secondary ROS species in Type Il PDT reactions (28).
In the presence of Fe** it can participate in Fenton chemistry to generate *OH. We assessed
the formation of *OH with APF, a probe that fluoresces upon interaction with *OH, and to a
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much lesser extent with singlet oxygen (19,20,29). Very little fluorescence was observed in
untreated cultures (Fig. 6A), in cultures treated for 60 minutes with BAF (Fig. 6B), or after
low-dose NPe6 PDT (Fig. 6D). Intracellular APF fluorescence did increase after low-dose
BPD-induced photodamage (Fig. 6C,G). Prior low-dose NPe6-PDT did not significantly
enhance APF fluorescence (Fig. 6E,G). In contrast, supplementation of the medium with
BAF prior to low-dose BPD PDT significantly increased both APF fluorescence (Fig. 6F,G)
and photokilling (Table 3).

Data shown in Figure 6 indicate that pretreatment with BAF, but not prior low-dose lyso-
PDT, potentiated the generation of *OH by low-dose BPD PDT. Since BAF induces
translocation of Fe™* to mitochondria, and BPD localizes in mitochondria, it is reasonable to
speculate that the increased APF fluorescence occurs in mitochondria.. Additional
colocalization studies would be required to identify the site(s) of the APF fluorescence.

Fig. 7 demonstrates the lack of an effect of lysosomal photodamage on BPD localization.
Cells were loaded with BPD and NPe6 as described in the legend to Fig. 2. An image of
BPD fluorescence was then acquired using 400 nm excitation and acquiring fluorescence at
680-720 nm. This eliminates the 660 nm fluorescence from NPe6. The cells were then
irradiated on the microscope stage (660 nm, 75 mJ.sq cm) and another image of the same
field acquired.

CONCLUSIONS

This study examined two different procedures in which lysosomal perturbation potentiated
the efficacy of subsequent mitochondrial photodamage. One of these utilized the vacuolar
ATPase inhibitor Baf and entailed lysosomal alkalinization and the release of lysosomal
iron. Baf-induced potentiation of BPD PDT-induced photokilling was partially suppressed
by Ru360, and was correlated with increased APF fluorescence, reflecting more *OH
formation. These effects presumably derive from translocation of lysosomal-derived Fe2* to
mitochondria leading to added *OH formation via iron-catalyzed Fenton chemistry. Our
results with BPD are in agreement with recent studies involving Baf and another
mitochondrial photosensitizer, the phthalocyanine Pc 4 (9,10).

The ability of BAF to potentiate the toxicity of mitochondrial damage is not unique to PDT.
Lemasters’ laboratory reported that Baf can also sensitize hepatocytes to killing by the non-
PDT oxidative stressor tert-butylhydroperoxide (26). This potentiation was also a
consequence of translocation of lysosomal Fe** to mitochondria and enhanced ROS
generation.

The procedure for lysosomal perturbation used here involved a low PDT dose mediated by
NPe6 that did not alter the localization of BPD. It is known that a lethal level of
photodamage involving NPe6 will cause a rapid and irreversible alkalinization and
permeabilization of lysosomes in 1c1c7 cells (11,30). Conditions used in the current study
(~LDs), however, caused neither lysosome alkalinization nor the translocation of lysosomal
ferrous iron. Nevertheless, low-dose NPe6 PDT did potentiate BPD phototoxicity. This
effect was not suppressed by Ru360 nor was it accompanied by increased *OH formation.
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These differences clearly distinguish the mechanisms whereby low-dose NPe6 PDT and
BAF potentiate photokilling by subsequent low-dose mitochondrial photodamage.

It is not clear whether the 60 min incubation with 40 uM NPe6 was sufficient for the
photosensitizer to reach every lysosome via endocytosis, perhaps missing some with a
higher iron content. In a previous study using a 66 pM level of NPe6 for only 30 min, we
were able to achieve a good coincidence between NPe6 and Lysotracker Blue fluorescence
localization patterns (11). This suggests that we are likely reaching a significant number of
lysosomes, regardless of their position in the endocytotic process.

The mechanism by which low-dose NPe6 PDT potentiates mitochondrial PDT is not yet
clear. We know that low-dose NPe6 PDT can influence physiological processes that are
distal to endosomes/lysosomes, e.g., suppression of endocytosis of the plasma membrane
(15,31). Furthermore, PDT directed against endosomes and lysosomes also impairs
pathways involving mTOR (32). This effect may play a role in the promotion of BPD
efficacy by prior lysosomal photodamage. Other roles for mTOR in PDT responses have
been proposed (33). Based on data shown in Table 2, we propose that the NPe6 — BPD
sequence of irradiation results in amplification of a pro-apoptotic signal elicited by
mitochondrial photodamage, leading to a promotion of photokilling..
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Figure 1.

Excitation spectra of NPe6 and BPD (10 pM) in ethanol.
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Figure2.
Cells were treated with NPe6 and BPD (see legend to Fig. 1), and an image of BPD

fluorescence acquired (EM = 400 nm, EX = 680-700 nm). After irradiation on the
microscope stage (660 nm, 75 mJ/cm sq), a second image of the same field was was
acquired. Magnification = 1000 x.
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Figure 3.
Singlet oxygen production following irradiation. Cultures were incubated with DADB (10

uUM) + 0.5 uM BPD or 40 uM NPe6 for 60 min, and then refed with fresh medium and
irradiated at 690 nm (BPD, 37.5 mJ/sq cm), or at 660 nm (NPe6, 75 mJ/sq cm), or
sequentially at both wavelengths. Additional cultures were incubated with only DADB.
Images of DADB fluorescence were captured in (A) untreated control cultures, or directly
after: (B) low-dose BPD PDT, (C) low-dose NPe6 PDT, (D) sequential NPe6-BPD PDT.
Panel (E) shows pixel brightness analyses of ~100 cells per field. Note that DADB
fluorescence is lost upon interaction with singlet oxygen. *Significantly less than either A or
C (p<0.05). There was no significant difference between A and C, or B and D.
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Figure 4.
Effects of PDT on maintenance of the mitochondrial membrane potential. Panels A-E:

cultures were loaded with NPe6 and BPD and irradiated as described in Fig. 2. Panels F-J:
cultures treated with Ru360 (10 uM) during photosensitization and after washing and
refeeding with fresh medium. MTO (2 uM) was added immediately after irradiation and
imaging was carried out 10 minutes later. A,F = untreated control cells, B, G = irradiation at
690 nm (37.5 mJ/cm sq), C,H = irradiation at 660 nm (75 mJ/sq cm), D, | = irradiation at
660 nm before 690 nm, E,J = irradiation at 690 nm before 660 nm.
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Figureb5.
Fluorescence co-localization of iron and mitochondrial or lysosomal loci shortly after

irradiation. Cultures were loaded with sensitizers and irradiated as described in Fig. 2. RN1
(red fluorescence) or Baf was added to cultures 1 h prior to irradiation. The mitochondrial
fluorescence probe MTG (A-D, green) or the lysosomal fluorescence probe LTG (E-H,
green) were added directly after irradiation, and imaged 10 min later. Treatments were:
(AE) no treatment; (B,F) in the presence of Baf; (C,G) after NPe6-PDT; and (D,H) after
NPe6-PDT followed by BPD-PDT.
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Figure®6.
Fluorescence co-localization analyses of iron and mitochondrial loci 60 min after irradiation.

Cultures were incubated with RN1 and NPe6 + BPD, washed, refed, and irradiated as in Fig.
4. Fluorescence co-localization of RN-1 (red) and MTG (green) was performed as described
in Figure 4 except that images were captured 60 after irradiation. Treatments were: (A) low-
dose NPe6 PDT; (B) low-dose NPe6 PDT followed by low-dose BPD PDT.
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Figure7.
Effects of Bafilomycin on PDT-induced hydroxyl radical formation. Cultures were

incubated for 60 min with 2.5 uM APF and (as specified) 50 pM Baf, 0.5 uM BPD, or 40
UM NPe6 before being washed and refed. Treatments were: (A) untreated control, (B) Baf
alone, (C) low-dose BPD PDT, (D) low-dose NPe6 PDT, (E) NPe6 PDT — BPD PDT, (F)
Baf — BPD PDT. Panel (G) shows the pixel brightness analyses of 100 cells per treatment.
*Significantly greater fluorescence than in untreated controls, BAF alone, and low dose
NPe6 PDT, p<0.05. TSignificantly greater than all other treatment groups, p< 0.05.
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Table 1

Colony formation as a function of the PDT protocol; effects of Ru360

Clonogenicity (%)

Conditions Additions

none Ru360

No additions 100+ 3 98+4

BPD 83+5 84+3

NPe6 95+2 92+3

NPe6 = BPD | 17+ 3*t | 15+ 4*t

BPD = NPe6 | 58+4* | 53+5

For experimental conditions see the legend to Table 1. Ru360 (10 uM) was present where indicated. Data represent average + SD for triplicate
determinations.

*
Statistically different from controls;

Tstatistically different from result obtained with reverse order of irradiation (p < 0.05).
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Table 2

DEVDase activation as a function the PDT protocol

PDT irradiation DEVDase

Control none 0.08 £0.01

BPD 690 0.22 +0.06
BPD 660 0.09 £0.02
NPe6 690 0.08 +0.01
NPe6 660 0.09 £0.02
BPD + NPe6 | 660 =690 | 2.3+0.11*"
BPD + NPe6 | 690 = 660 | 0.69 + 0.07"

Page 18

Cells were treated with 0.5 uM BPD and/or 40 pM NPe6 for 60 min, then resuspended in fresh medium and irradiated (660 nm @ 90 mJ/sq cm;
690 nm @ 37.5 mJ/sq cm). DEVDase activity was measured 60 min later and is expressed as nmol/mg protein/min. The sequence of irradiation
wavelengths is shown in column 2. Data represent average + SD for 3 separate experiments.

*
Statistically different from controls;

Tstatistically different from result obtained with reverse order of irradiation (p < 0.05).
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Table 3

Bafilomycin effects on photokilling by BPD PDT

Conditions Clonogenicity (%)
No additions 100+ 4
Bafilomycin 9%6+5
Ru360 91+4

BPD PDT 85+ 6

Baf + BPD PDT 19 +3°
Ru360 + Baf + BPD PDT 46 3"

Page 19

Conditions are specified in the legend to Table 1. Bafilomycin B1 (Baf, 50 nM) or Ru360 (10 uM) were present during the 60 min BPD loading
incubation. Cultures were then resuspended in fresh medium, irradiated and colony formation evaluated. Data represent average + SD for triplicate

samples.
*
Statistically different from

Tstatistically different from

controls;

result obtained with reverse order of irradiation (p < 0.05). .
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