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Abstract

Photodynamic therapy (PDT) is a procedure that has applications in the selective eradication of
neoplasia where sites of malignant lesions are clearly delineated. It is a two-step process whereby
cells are first sensitized to light and then photoirradiated. This results in the formation of singlet
molecular oxygen and other reactive oxygen species that can cause photodamage at sites where the
photosensitizing agent has localized. Photosensitizers found to be clinically useful show affinity for
the endoplasmic reticulum (ER), mitochondria, lysosomes, or combinations of these sites. The
induction of apoptosis and/or autophagy in photosensitized cells is a common outcome of PDT. This
report explores the following issues: (1) Does the induction of autophagy in PDT protocols occur
independent of, or in association with, apoptosis? (2) Does the resulting autophagy play a prosurvival
or prodeath role? (3) Do photosensitizers damage/inactivate specific proteins that are components
of, or that modulate the autophagic process? (4) Can an autophagic response be mounted in cells in
which lysosomes are specifically photodamaged? In brief, autophagy can occur independently of
apoptosis in PDT protocols, and appears to play a prosurvival role in apoptosis competent cells, and
a prodeath role in apoptosis incompetent cells. Mitochondrial and ER-localized sensitizers cause
selective photodamage to some (i.e., Bcl-2, Bel-x; , mTOR) proteins involved in the apoptotic/
autophagic process. Finally, an aborted autophagic response occurs in cells with photodamaged
lysosomes. Whereas autophagosomes form, digestion of their cargo is compromised because of the
absence of functional lysosomes.
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Introduction

Photodynamic therapy is a process involving the selective photosensitization of malignant cell
types, usually involving porphyrins, porphyrin analogs or other agents with suitable
photophysical properties. Subsequent photoirradiation leads to both direct tumor cell kill and
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the shutdown of the vascular supply.! The initial step in the photodynamic process involves
localization of the photosensitizing agent at subcellular loci. These can be highly specific or
quite broad, and have been reported to include the endoplasmic reticulum (ER), mitochondria,
Golgi, lysosomes and plasma membrane.23 Since these are critical sites for the initiation of
cell-death pathways, it is reasonable to assume that photosensitizing agents that show affinity
for these targets would therefore mediate photodamage to sites where this would be optimally
lethal. The affinity relationships responsible for targeting phenomena have yet to be explored.
Most photosensitizers are relatively hydrophobic and will be attracted to membranes. There
are some exceptionsto thisrule, e.g., the sulfonated porphyrins/phthalocyanines and N-asparty|
chlorin e6 (NPe6). Even these molecules, although having substituents that render them water-
soluble, bind to membranes because of their hydrophobic ring systems. The nucleus is not a
site of localization for photosensitizers currently being used in clinical or preclinical trials. The
explanation for this is unknown, but it is likely that potentially mutagenic effects of PDT are
thereby minimized. Exposure of a photosensitizing agent to light at a wavelength
corresponding to an absorbance band leads to a photophysical reaction resulting in the release
of various reactive oxygen species (ROS). The most unstable of these, singlet molecular
oxygen, will not migrate more than a fraction of a micron from the site of formation. As a
result, photodamage can be quite specific. Other ROS formed downstream from singlet oxygen
may, however, migrate longer distances from the site of formation. Notable among these is
hydrogen peroxide, a product that can both evoke autophagy* and be converted to the more
reactive hydroxyl radical.®

Because of their high reactivity with virtually all macromolecular constituents, such as lipids,
DNA and proteins, ROS represent a source of cytotoxicity and are therefore reduced by cellular
detoxifying and antioxidant enzymes or agents. This first line of defense against ROS can be
rapidly overwhelmed during PDT, leading to oxidative stress and progressive failure of cellular
machinery. In mammalian cells, the autophagy-lysosomal system represents a major
proteolytic system for the clearance of ROS-damaged organelles and irreversibly oxidized
cytosolic proteins, which are prone to cross-linking and formation of protein aggregates.®
Consistent with this concept, accumulating evidence indicates that ROS can stimulate
autophagy with functional consequences varying from cytoprotection to the activation of
autophagic cell death.” Although the molecular mechanisms by which ROS modulate
autophagy are not fully understood, the type of ROS, degree of oxidative injury and the
molecular targets involved can all affect the outcome of PDT.

The role of autophagy as a factor in PDT-induced cell death is not yet clear, but there are several
opportunities for autophagy to play a role in the photodynamic process. The pro-autophagic
protein Beclin 1 is known to bind to Bcl-2.8 Bcl-2 is photodamaged by many photosensitizers
commonly used in investigational and clinical PDT studies.®~1! Loss of Bcl-2 function could
therefore lead to the initiation of autophagy. There may also be an autophagic response to the
photodamage of ER and/or mitochondria, in an attempt to recycle injured organelles. In the
murine leukemia L1210 cell line, an early wave of autophagy was found to precede apoptosis.
12 prevention of autophagy by silencing the Atg7 gene promoted photokilling at low light
doses, reducing the ‘shoulder’ on the dose-response curve. This result is consistent with the
proposal that autophagy can serve as a protective mechanism.12:13 A similar finding has been
made in the context of ionizing radiation.14

A different scenario emerges when considering the effects of PDT in apoptosis-deficient cells,
such as murine embryonic fibroblasts (MEFs) doubly deficient for Bax and Bak. In these cells
PDT stimulates a form of caspase-independent cell death, with a necrotic morphotype, for
which aberrant autophagy stimulation is required.® In the DU-145 cell line, the absence of
Bax appears to offer protection from PDT-induced cell death, but large numbers of autophagic
vacuoles and enhanced processing of the LC3 protein after PDT suggest that there may be a
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‘cause-and-effect’ association between autophagy and cell death.16 In the human breast cancer-
derived MCF-7 cell line, which is genetically null for procaspase-3 and inefficient in the
induction of apoptosis following PDT, autophagy is an early and prominent feature of the post-
PDT response, as evidenced by the presence of large quantities of autophagic vacuoles in the
cell cytoplasm and extensive accumulation of the processed LC3-11 protein.1” Overexpression
of procaspase-3 restores the induction of apoptosis by PDT but does not change their overall
sensitivity to PDT, as defined by loss of clonogenicity. However, interference with autophagy
by chemical inhibitors or by knockdown of the autophagy-associated protein Atg7 makes
MCF-7 cells more resistant to PDT, increasing the shoulder on the clonogenic dose-response
curve. This suggests that in cells with defective apoptosis, autophagy is crucial for cell
sensitivity to PDT28 (Oleinick et al. unpublished results). It therefore appears that during PDT
the ultimate role of autophagy may be modulated by the availability of a functional apoptotic
machinery.

Characterization of autophagy as a response to photodamage can utilize conventional
techniques including electron microscopy for characterization of cytosolic vacuoles,
processing of the LC3 protein, clustering of GFP-LC3 chimeric proteins, effects of gene-
silencing protocols and use of inhibitors of autophagy. In a summary of methodology
appropriate to the study of autophagy it is concluded that “...no individual assay is guaranteed
to be the most appropriate one in every situation, and we strongly recommend the use of
multiple assays to verify an autophagic response.”19 Many of these procedures have been used
in the context of PDT, but there are additional factors to be dealt with. Principal among these
is the need to determine that enzymes and pathways involved in the process are not adversely
affected by photodamage. Moreover, because lysosomes are both an element of autophagy and
a target for some photosensitizing agents,20=22 the potential effects of a significant loss of
lysosomes and interruption of autophagosome processing must also be considered.

PDT induction of autophagy

A variety of cell types initiate an autophagic response following photoirradiation in PDT
protocols. For example, mTHPC is an amphiphilic photosensitizer that localizes primarily to
mitochondria, and to a lesser extent the ER (reviewed in ref. 23). Whereas neither light nor
mTHPC alone are cytostatic or cytotoxic to murine hepatoma 1c1c7 cells, combined treatment
suppresses 1c1c7 proliferation in a light dose-dependent fashion (Fig. 1A). At longer
illumination times the antiproliferative effects of PDT reflect cytotoxicity (Fig. 1B) and
correlate with the induction of apoptosis, as monitored by measurements of DEVDase activities
(an indicator of procaspase-3/7 activations; Fig. 1C). Photoirradiation of sensitized cultures
also resulted in the induction of autophagy, as assessed by monitoring the conversion of LC3-
| to LC3-11 by western blot (Fig. 1D), or the aggregation of the cytoplasmic chimeric GFP-
LC3 protein into punctate spots that can be monitored by fluorescence microscopy (Fig. 1E).
Both techniques indicated that the induction of autophagy occurred earlier in 1¢c1c7 cultures
treated with the higher light dose (Fig. 1D and E). At the higher light dose procaspase-3/7
activation preceded autophagosome formation, whereas at the lower light dose procaspase
activation paralleled autophagosome formation (compare Fig. 1C and E).

The induction of autophagy in PDT protocols can occur independent of an apoptotic outcome.
The human mammary carcinoma cell line MCF7 does not undergo a prototypical apoptotic
response in PDT protocols because of a deletion rendering it caspase-3 null.24 As shown in
Figure 2 and ref. 17, large amounts of LC3-11 accumulate in a time- and dose-dependent manner
in irradiated apoptosis-deficient MCF-7v cells, as well as in an apoptosis-competent MCF7
derivative that has been engineered to express procaspase-3 (i.e., MCF-7c3 cells). Cultured
murine embryonic fibroblasts sensitized with the ER photosensitizer hypericin exhibit
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procaspase-3 activation following irradiation, whereas Bax/"Bak '~ double knockout MEFs
do not (Fig. 3). However, both wild-type and Bax™/~Bak™/~ double knockout MEFs exhibit
the accumulation of LC3-11 following photoirradiation (Fig. 3). Indeed, LC3-11 accumulated
faster in the apoptosis-deficient double knockout MEFs. Similarly, Bax-deficient human
prostate carcinoma DU145 cells undergo autophagy, and not apoptosis, following sensitization
with CPO or Pc 4 and subsequent illumination.16:25

Cytoplasmic vacuolization commonly occurs in PDT protocols. Indeed, cytoplasmic vacuoles
can be easily observed in photoirradiated cultures of 1c1c7 cells sensitized with mTHPC (Fig.
1E), rat L1210 leukemia cultures sensitized with the ER photosensitizer CPO (Fig. 4), and
HelLa, wild-type MEF, and Bax/"Bak™/~ double knockout MEFs that have been sensitized
with hypericin (Fig. 5). At issue is whether such vacuoles represent autophagosomes, or in
some manner contribute to the development of autophagosomes. In the case of photoirradiated
1c1c7 cultures sensitized with mTHPC, the absence of vacuole labeling with fluorescent
chimeric GFP-LC3 argues against the vacuoles being autophagosomes (Fig. 1E). However, in
the case of L1210 cells, co-incubation with the PI-3-kinase inhibitor wortmannin suppressed
vacuole development (Fig. 4). Given the role of PI-3-kinase in the development of the
autophagosome, 2% the wortmannin effects are consistent with CPO-PDT induced vacuoles
being related to the autophagic process.

Electron microscopy (EM) remains one of the most sensitive methods to detect the
accumulation of autophagic compartments in mammalian cells. Autophagosomes are unique
vesicular double membrane-bound structures that contain regions of the cytoplasm, and
possibly organelles. The images shown in Figure 6 illustrate the use of electron microscopy,
using lead citrate + uranium acetate staining to help reveal membrane structures, to monitor
the development of autophagosomes. These images represent a CPO-sensitized L1210 cell at
successively higher degrees PDT dose. It can readily be of magnification 15 min after an
LDsq seen that the resulting vacuoles are not empty, and are bounded by the double-membrane
characteristic of the autophagosome.

Autophagy as a factor in phototoxicity

The issue of whether autophagy plays a prosurvival or prodeath role after toxicant exposure is
hotly contested.27+28 A cytoprotective role for autophagy in PDT is supported by recent
findings with the ER-associated photosensitizer hypericin in apoptosis-competent cells
(Dewaels and Agostinis, unpublished results). This photosensitizing agent provokes immediate
and direct ROS-mediated damage to the sarco/endoplasmic Ca2* ATPase (SERCA)2 pump,
followed by ER-Ca?* depletion, while sparing inositol trisphosphate (1P)3 receptor or Bcl-2
from direct photodamage.1® In this paradigm, siRNA-mediated knock down of Atg5 or
pharmacological inhibition of autophagy by 3-methyladenine (3-MA) increases the cytotoxic
effects of PDT (Dewaels and Agostinis, unpublished results). Similarly, a distinct shoulder is
observed in the light-dose response survival curve corresponding to photoirradiated CPO-
sensitized L1210 leukemia cells (Fig. 7A). This shoulder is absent in an Atg7 knockdown
derivative of the L1210 cell line that is incapable of forming autophagosomes.

Although the above studies suggest that stimulation of autophagy in apoptosis-competent cells
increases cellular resistance to photokilling in PDT protocols, the same may not hold for cells
incapable of mounting an apoptotic response. For example, knockdown of the autophagy-
associated protein Atg7 increases the shoulder (instead of eliminating it) on clonogenic dose-
response curves for irradiated apoptosis-resistant MCF7 cells that had been preloaded with the
ER/mitochondrial sensitizer Pc 4 (Fig. 7B). Similarly, illuminated hypericin-sensitized
Bax™/"Bak /™ double knockout MEFs develop a much stronger autophagic response than their
apoptosis-competent wild-type counterparts (Figs. 3 and 5), and undergo a type of death with
features consistent with necrosis.1®29 Suppression of PDT-induced autophagy in the
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Bax/~Bak/~ double knockout MEFs inhibits cell death.® Collectively, these studies suggest
that autophagy plays a prodeath role in PDT-mediated killing of apoptosis-defective cells.

Protein targets of PDT

Singlet oxygen is a potent oxidant. An ever-increasing number of proteins appear to be targets
for the singlet oxygen generated in PDT protocols. Some of these proteins are direct regulators
of, or components of, the autophagic process. For example, several ER and/or mitochondrial
photosensitizers (i.e., CPO, SNET2, BPD and Pc 4),9711:30 put not hypericinl® or the
endosomal/lysosomal sensitizer NPe6,3! photo-damage Bcl-2 and/or Bcl-x, . The extent to
which these anti-apoptotic/anti-autophagic proteins are damaged is light-dose and cell-context
dependent. Similarly, it was recently shown that a primary target of photosensitization by
hypericin is the SERCA2 pump which is rapidly damaged and inactivated in a 10,-dependent
fashion after PDT in MEFs.1:29 Recently, another ER-associated protein, the IP3 receptor,
was found to be a key regulator of autophagy.32 Photodamage elicited by hypericin does not
affect IP3 receptor levels or activity in MEFs.15 However, PDT with the phthalocyanine
photosensitizer Pc 4, which localizes to both the mitochondria and ER, photodamages the 1P3
receptor (IP3R2 and IP3R3) and the SERCA2 pump in MCF-7 cells (Fig. 8). It is currently not
known if the differential effects of Pc 4 and hypericin on the IP3 receptor in the above studies
reflect cell type differences or an inherent difference between the two sensitizers.

The mammalian target of rapamycin (mTOR) complex is a critical regulator of cell growth and
proliferation. In some cases, pharmacological inhibition of mTOR can induce autophagy
outright, sensitize cells to conditions causing autophagy, or enhance the autophagic response
induced by a stressor. A recent study by Weyergang et al.33 suggests that the amphiphilic
endolysosome-localizing photosensitizer AIPcS(2a) directly targets the mTOR signaling
network in PDT protocols with a colon adenocarcinoma cell line. In particular, AIPcS(2a)-
PDT causes a rapid, partial loss of both total mTOR and the Ser(2448) phosphorylated form
of the enzyme in both cultured cells and tumor xenografts.

It should be noted that not all autophagy-related proteins undergo photodamage in PDT
protocols. An examination of the effects of a LDgg PDT dose on Beclin 1, Atg5 and Atg7
revealed no significant photodamage (Fig. 9). These results were obtained with L1210 cells
and the photosensitizer benzoporphyrin derivative monoacid ring A (BPD). BPD localizes
preferentially to the mitochondria.34 It does not accumulate in lysosomes. Likewise, neither
Beclin 1 (Fig. 3) nor Atg5 (Dewaels and Agostinis, unpublished results) were photodamaged
in PDT protocols utilizing hypericin-photosensitized HelLa cells and MEFs.

PDT damage to organelles involved in autophagy

Lysosomes and endosomes are the targets of several photosensitizing agents in common use,
e.g., NPe6,21 TPPS;_4:35 AIPcS,_436:37 lysyl chlorin p6,38 and etiobenzochlorin.3® Some of
these sensitizers preferentially localize to the membranes of the target organelles, whereas
others concentrate in the organelle’s matrix. Tetra(4-sulphonatophenyl)-porphine (TPPS,) is
an example of the latter class. Irradiation of cells sensitized with TPPS, results in photo-
oxidation of matrix components including the hydrolytic enzymes.3%:36 Because of the short
half-life and diffusion limit of singlet oxygen in biological environments,*° and perhaps as a
result of the polysaccharide coating of the inner surface of the lysosomes, lysosomal enzymes
are typically photoinactivated before the endocytic membranes are targeted in TPPS4-PDT
protocols (Fig. 10). Photodamage to the latter is expected to result in loss of membrane integrity
and release of the contents of the endocytic vesicles into the cytoplasm (Fig. 10). In this way,
most if not all of the lysosomal enzymes that are released into the cytosol upon membrane
disruption in TPPS, protocols will be inactivated. Because lysosomal proteases are inactivated
prior to membrane rupture, TPPS,4-PDT theoretically provides a mechanism for selective
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destruction of endosomes/lysosomes without collateral damage to other organelles. Indeed,
TPPS4-PDT-mediated destruction of endosomes/lysosomes has been used as a method for
selective enrichment of autophagosomes.#!

NPe6 and TPPS,, are amphiphilic photosensitizers that bind to endosomal/lysosomal
membranes. Upon exposure to light, such membranes will be damaged and become leaky
before significant inactivation of lysosomal enzymes can occur (Fig. 10). The released
proteases, if not neutralized by endogenous protease inhibitors, can have detrimental effects,
including cathepsin cleavage of Bid and subsequent induction of the mitochondrial apoptotic
program by a Bid cleavage product.?!

Some amphiphilic photosensitizers enter the cell via the process of endocytosis.42:43
Subsequently, such sensitizers may be found in multiple vesicle types of the endocytic pathway
(Fig. 11). This association of amphiphilic photosensitizers with endocytic vesicles, and the
permeabilization of such vesicles following photoirradiation, is the basis for a therapeutic
delivery system termed “photochemical internalization” (PCI).42:43 In PCI, endocytic vesicles
containing both the endocytosed sensitizer and a therapeutic agent are photoirradiated so as to
activate the sensitizer. This facilitates the release of the therapeutic agent via photooxidation
of the vesicle membrane. The PCI procedure has been effective at facilitating delivery and
intracellular release of several classes of therapeutics into the cytosol.43

The autophagic sequestration of cytoplasm begins with the formation of phagophores resulting
in double-membrane autophagosomes surrounding a fraction of the cytoplasm (Fig. 11). The
autophagosomes may fuse with endosomes forming amphisomes, followed by fusion with
lysosomes to form autolysosomes.#4:45 Alternatively, autophagosomes may fuse directly with
the lysosomes to form autolysosomes. In either case, the cytoplasmic contents of the
autophagosomes become degraded by the hydrolytic enzymes of the lysosomes. In cells treated
with photosensitizers taken up by endocytosis, endosomes, lysosomes, autolysosomes and
most likely amphisomes will contain the photosensitizing agent.3>:41:46:47 Upon irradiation of
cells treated with hydrophilic photosensitizers such as TPPSy, the contents of these vesicles
will be targets for photo-oxidation and their membranes will break.35:41

Effects of lysosomal photodamage on the autophagic process: measuring the autophagic

flux

As described recently by Klionsky et al.19 an increased LC3-I to LC3-11 conversion seen on
western blots in response to a given cellular stress could reflect stimulation of autophagy (i.e.,
increased ON-rate) or the inhibition of the degradation/processing of autophagosomes (i.e.,
decreased OFF-rate). Hence, in PDT-treated cells it is highly recommended to carry out a
thorough evaluation of “autophagic flux,” i.e., the complete degradation of autophagosomes
and their cargo, to distinguish between stimulation of the ON-rate or decreased OFF-rate.

Bafilomycin A, (BafA,), an inhibitor of the vacuolar H* ATPase (V-ATPase), inhibits
lysosome-autophagosome fusion and/or the degradation of autolysosomal LC3-11.48 Hence,
BafA is often used to assess autophagic flux. In cells transfected with a GFP-LC3 expression
plasmid, the chimeric fusion protein can be incorporated into autophagosomes. Upon fusion
with lysosomes the chimeric protein undergoes proteolysis. However, unlike the LC3 portion
of the molecule, the GFP peptide is rather resistant to mammalian hydrolases. The
accumulation of “free GFP” after PDT as a degradation product generated during
autophagosome processing can be monitored by western blotting. Comparison of MEFs
subjected to hypericin-PDT, in the absence or presence of BafA,, revealed a distinct absence
of GFP-LC3 processing in BafAj-treated cells (Fig. 12). From these experiments it is clear that
initial photosensitization of the ER by hypericin stimulates the ON-rate of autophagy, thus
indicating that in this PDT paradigm lysosomes can complete autophagosome processing.
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As an alternate approach for monitoring autophagic flux, the effect of the lysosomal protease
inhibitors E64d + acetylpepstatin A on LC3-I1 levels was examined in L1210 cells before and
after photodamage.® The effect of ammonium chloride, an agent known to prevent the
acidification step necessary for further processing,>° was also examined. Photoirradiation of
L1210 cultures preloaded with the ER/mitochondrial sensitizer CPO resulted in the
accumulation of LC3-I1 (Fig. 13). Pretreatment with either the cathepsin inhibitors or
ammonium chloride was equally effective in enhancing the accumulation of LC3-11 (Fig. 13).
Hence, as occurred with hypericin, CPO stimulated the ON-rate of autophagy. Note that the
L1210 cell line shows a detectable level of “background” autophagy, a likely factor in the loss
of protection from phototoxicity when autophagy is impaired (Fig. 7A).

Neither hypericin nor CPO targets endosomes/lysosomes in PDT protocols. Lysosomes are
known to be essential elements of autophagy, thus raising the possibility that substantial
lysosomal photodamage might impair the autophagic process. The photosensitizer NPe6
localizes to lysosomes and causes their permeabilization and release of lysosomal enzymes
following light exposure.2? In the following study murine hepatoma 1c1c7 cultures were
photosensitized with NPe6 and exposed to a LDgg light dose. Exposure to light alone or NPe6
alone had no effect on acridine orange (AO) staining of acidic organelles (i.e., endosomes/
lysosomes) or autophagosome formation (as monitored by the clustering of the GFP-LC3
chimeric protein; Fig. 14). However, within an hour of PDT, AO staining was totally lost (Fig.
14, top row). Autophagosome accumulation was obvious within 2 h of irradiation, and very
prominent by 4 h (Fig. 14, second and third rows). It should be noted that under the above
conditions pro-caspases-3 and -9 begin to undergo activation within 2-3 h of light exposure
and reach their maximum by 6 h.5! Collectively these data indicate that autophagosome
formation can occur under conditions in which late endosomes/lysosomes are destroyed in
PDT protocols. However, completion of the autophagic process will most likely be
compromised in PDT protocols involving lysosomal sensitizers. In such protocols there may
be no lysosomes with which the autophagosomes can fuse. Alternately, the lysosomes may be
dysfunctional because of photoinactivation of their enzymatic contents.

Discussion

Based on studies carried out with different cell lines and photosensitizing agents, we can draw
several conclusions relating to interactions between photodynamic therapy and autophagy.
First, the induction of autophagy is a common outcome in PDT protocols. It occurs in a variety
of cell types, and is not limited to photosensitizers that accumulate in specific organelles. As
documented herein, photosensitizers that preferentially accumulate in late endosomes/
lysosomes (i.e., NPe6), ER (i.e., hypericin, CPO), mitochondria (i.e., mMTHPC, BPD), or ER +
mitochondria (i.e., Pc 4) all induced autophagy following irradiation. Second, apoptosis is also
a common outcome of PDT, and often occurs in cells undergoing autophagy. The initiation
and development of autophagy can precede, parallel, or follow the development apoptosis. Cell
type, photosensitizer type and its concentration, and light dose all influence the kinetics at
which apoptotic/autophagic responses develop in PDT protocols. Third, the autophagic
response occurring after PDT may have different roles in apoptosis competent and deficient
cell types. Inthe case of ionizing radiation,4 the lethal effects of PDT can be partially alleviated
by autophagy, at least in cells competent for apoptosis. In contrast, relative to their apoptosis-
competent counterparts, apoptosis-defective cells exhibit enhanced autophagic responses and
sensitivity to killing in PDT protocols employing ER and mitochondrial photosensitizers. In
other words, PDT-induced autophagy appears to play a prosurvival role in apoptosis competent
cells, and possibly a prodeath role in apoptosis defective cells.

Because the induction of autophagy is a common response in PDT protocols, it seems unlikely
that proteins responsible for the assembly of autophagosomes are PDT targets. Indeed, as
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reported herein, key autophagic proteins such as Beclin 1, Atg5 and Atg7 appear to be
unaffected in PDT protocols employing ER and mitochondrial sensitizers. On the other hand,
PDT may facilitate the development of autophagy by specifically photo-oxidizing/inactivating
proteins that function as negative regulators of autophagy. For example, both molecular and
pharmacological approaches indicate that Bcl-2 and Bcl-x,_ are negative regulators of
autophagy.8:53:%5 Interestingly, several laboratories have demonstrated that ER and
mitochondrial photosensitizers, but not a lysosomal sensitizer (i.e., NPe6), photodamage Bcl-2
and Bcl-x| .10:11,30,31 Similarly, in some cell types, pharmacological inhibition of mTOR
activity has been shown to trigger or sensitize cells to the development of autophagy.>*5% Very
recent studies suggest that mTOR is photodamaged in PDT protocols utilizing the sensitizer
AIPcS(2a).33 Although this discussion has focused on the immediate protein targets of PDT
that may be relevant to autophagy, it should be emphasized that PDT may also induce the
synthesis and translation of mRNAs that encode proteins that are also relevant to the process.
56 This latter issue, as well as the further identification of PDT protein targets, needs to be
considered in future studies.

Photosensitizers that accumulate in lysosomes, ER or mitochondria are all capable of inducing
the formation of autophagosomes in PDT protocols. However, the subsequent processing of
autophagosomes most likely differs for the different classes of sensitizers. Specifically,
“autophagic flux” studies indicate that the autophagosomes formed in ER/mitochondrial PDT
protocols fuse with lysosomes, and eventually (along with their cargo) undergo degradation.
In contrast, autophagosome processing is expected to be compromised in PDT protocols
employing lysosomal sensitizers because of profound changes to the lysosomes. In particular,
depending upon the specific lysosomal photosensitizer employed and the light dose applied,
lysosomal luminal proteases may undergo irreversible inactivation without profound effects
on lysosomal membrane permeability.35:36 Alternatively, lysosomal membranes may be
damaged and permeabilized, leading to the release of proteases and alkalinization of the
organelle.? Such effects are expected to markedly affect either autophagosome-lysosome
fusion, and/or degradation of the cargo contained in the autolysosomes. In effect, PDT
protocols with lysosomal sensitizers most likely induce an aborted form of autophagy. The
extent to which this disruption of the autophagic program affects the relative cytotoxicity of
lysosomal photosensitizers is not known. However, it is anticipated that PDT with lysosomal
sensitizers might synergize with other agents/protocols whose therapeutic efficacy is muted
by the autophagic response that normally occurs following their administration. This issue is
currently under investigation.

In whole animal studies photosensitizers accumulate in both tumor cells and tumor vasculature.
Tumor eradication in PDT protocols is a consequence of direct tumor cell kill, as well as tumor
vascular shutdown.! The latter will cause nutrient depletion and hypoxia, well-characterized
inducers of autophagy.>”+58 Given the prosurvival role of autophagy, PDT-mediated vascular
damage might contribute to tumor cell adaptation in the face of a hostile hypoxic environment,
and enhance the resistance of surviving cancer cells to subsequent PDT. Although this has not
yet been validated experimentally in vivo, it seems possible that combining PDT with an
inhibitor of autophagy might result in a better therapeutic outcome.

Materials and Methods

Studies with murine leukemia cells in suspension culture

Murine leukemia L1210 cells are grown in suspension culture in a modified a-MEM growth
medium + 10% horse serum.9 In this cell line, both apoptosis and autophagy can readily be
induced when Bcl-2 is inactivated.>® For studies involving the photosensitizing agent CPO,
cells were loaded by exposing them to a 2 uM concentration of this agent for 30 min, then
irradiated with a sufficient dose of red light (590-630 nm) to produce the desired level of
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photokilling as determined by clonogenic assays. Other procedures are described elsewhere.
12,13,16 | recent experiments, it was found that the more commonly used photosensitizer
BPD%0yields essentially the same results that are obtained with CPO. BPD shows a localization
pattern favoring mitochondria34 and targets Bcl-2 for photodamage (Kessel D, unpublished
data). Preparation of Atg7 knockdowns and western blotting techniques are described in ref.
61 A highly selective LC3 antibody was obtained from Proteintech Inc., Chicago IL.

Studies with cultured HelLa cells and MEFs using hypericin

Experiments to monitor autophagy and apoptosis induction following the light activation of
the naturally occurring photosensitizer hypericin, which accumulates preferentially in ER
membranes, have been described in recent work.1%:2° Briefly, HeLa cells or MEFs are
incubated with hypericin for 16 h in fetal bovine serum-containing DMEM at a concentration
of 150 nM or 750 nM, respectively, to allow similar uptake of the dye (measured by FACS
analysis) and subcellular distribution (measured by confocal laser microscopy). Irradiation is
performed by placing the cell culture plates on a plastic diffuser sheet above a set of seven
L.18W30 fluorescent lamps (Osram) (fluence rate, 4.5 mW/cm?). The cells are exposed to a
light dose which produces 70% cell death 24 h after irradiation, as determined by trypan blue
exclusion. Other procedures, such as preparation of cell lysates for western blotting, TEM
analysis and GFP-LC3 transfection, have been described elsewhere.15:29

Studies with murine hepatoma 1c1c7 cells and the photosensitizers mTHPC and NPe6

Murine hepatoma 1c1c7 cells were grown in aMEM supplemented with 5% fetal bovine serum
and antibiotics in a 5% CO, atmosphere at 37°C. A 1c1c7 derivative cell line that stably
expresses a GFP-LC3 fusion protein was maintained in the above medium containing 500 ng/
ml Gentamycin. For the studies reported herein, LC3-GFP 1c1c7 cells were not plated in
Gentamycin. The conditions used for photosensitization of 1c1c7 cells with NPe6 (dissolved
in water) and photoirradiation have been described in detail.>! For studies involving mTHPC
(dissolved in water), 1c1c7 cultures were preloaded with the photosensitizer ~18 h prior to
being washed, refed with complete medium lacking mTHPC, and photoirradiated at room
temperature using a 600 W quartz-halogen lamp with IR radiation attenuated by a 10 cm layer
of water. The bandwidth was further defined by using a 630 nm high pass filter and an 850 nm
cutoff filter. In order to label acidic organelles, cultures were incubated with 500 nM acridine
orange (AO) for 10 minutes prior to being washed, refed and immediately imaged. AO red
fluorescence (indicative of an acidic environment) was acquired using excitation at 480 nm
and emission at 630 nm. GFP fluorescence was acquired using excitation at 450-490 nm and
emission at 515-565 nm. Images were captured using an Axioplan 2 Fluorescence Imaging
Microsocope (Carl Zeiss, Cologne, Germany). Activation of procaspase-3/7 was monitored by
measuring DEVDase activities. The procedure used for measuring DEVDase activities has
been described in detail 51 DEVDase specific activities are presented as nmol of product
generated per minute per mg of whole cell extract. The western blot procedures, and sources
of antibodies used for the detection of GAPDH and LC3-I/11 have been described in detail 62

Studies with human breast cancer MCF-7 cells with the photosensitizer Pc 4

The cells were cultured in RPMI medium with 10% fetal bovine serum and preloaded with Pc
4 by addition of a small aliquot of a stock solution to the complete medium overlying the
monolayer cultures. Pc 4 enters the cells rapidly, reaching maximum uptake by 1-2 h, as judged
by fluorescence measurements on Pc 4 extracted from cells in ethyl acetate or by flow
cytometry,82 and localizing in mitochondria and ER/Golgi membranes, as judged by confocal
microscopy.53:64 Photoirradiation was accomplished by placing the culture plates on a glass
plate above a light-emitting diode array (EFOS, Mississauga, ONT, Canada; Amax ~675 nm;
fluence rate 200 mW/cm?). The cells were exposed to a range of light doses to produce up to
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99% cell death, as determined by clonogenic assay. Procedures for western blotting, electron
or light microscopy, and the addition of inhibitors or other probes have been published.1!
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Abbreviations

AIPCS; o 4 di- or tetrasulfonated aluminium phthalocyanines
BPD benzoporphyrin-derivative monoacid ring A
CPO 9-capronyloxytetrakis (methoxyethyl)porphycene
GFP green fluorescent protein
LC3 microtubule-associated protein light chain 3
3-MA 3-methyladenine
MEF murine embryonic fibroblast
mTHPC meso-tetra-hydroxyphenyl-chlorin
NPe6 N-aspartyl chlorin e6
Pc4 the silicon phthalocyanine HOSiPcOSi(CH3)2(CH2)3N(CHz)»
PCI photochemical internalization
PDT photodynamic therapy
ROS reactive oxygen species
SnET2 tin etiopurpurin dichloride
TPPS5 o 4 di- or tetrasulfonated tetraphenylporphines
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Figure 1.

Kinetics of induction of autophagy and apoptosis in murine hepatoma 1c1c7 cultures following
mTHPC-PDT. (A-D) Cultures of 1c1c7 cells were treated with nothing or 500 nM mTHPC
(time zero in A and B) for ~20 h prior to being washed and refed with mTHPC-free medium.
Some cultures were subsequently photoirradiated (time indicated by arrow) and harvested at
varied times after light exposure to determine cell number (A), resistance to trypan blue
permeability (B), activation of procaspase-3/7 dependent DEVDase activity (C), or conversion
of LC3-1to LC3-I1 (D). The treatment conditions and times of harvest for the samples depicted
in (A-D) are noted in the figure. Data in (A and B) represent means + SD of analyses of three
plates. Data in (C) represent means £ SD of triplicate analyses on single lysates. The results
presented in (D) were replicated in a second independent study. (E) Similar treatments were
performed with a derivative of the 1c1c7 cell line that stably expresses a chimeric GFP-LC3
fusion protein. These cells were analyzed by fluorescence microscopy for the appearance of
autophagosomes (punctate fluorescent spots) following treatment with light, mTHPC or both.
White bar in top left panel represents 20 microns.
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Figure 2.

Time-course of accumulation of LC3-Il in MCF-7 cells in response to two doses of PDT
sensitized by Pc 4. Cultures of MCF-7v (A) and MCF-7¢3 (B) cells were exposed to nothing
or 50 or 100 nM Pc 4 for 18 h, after which all cultures were photoirradiated with 200 mJ/
cm? red light, as described in Methods. Cultures were returned to the incubator for various
times up to 24 h after which the cells were collected and processed for western blot analysis
with antibodies to LC3-11 and actin as a loading control.
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Figure 3.

Time-dependent detection of LC3-conversion and caspase-3 processing by western blots of
whole cell lysates of wild-type (WT) MEFs or Bax/Bak-deficient MEFs after PDT using
hypericin. The western blot shows that the level of Beclin 1 remains unaltered during the time
course of this experiment.
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Figure 4.

Vacuoles formed following PDT of L1210 cells: (A) control cells; (B) 15 min after an LDsq
PDT dose using CPO as the photosensitizing agent; (C) same as (B) but with 10 nM wortmannin
present.
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A HeLa untreated HeLa PDT-treated

Figure 5.
(A) Transmission electron microscopic (TEM) analysis of untreated (incubated with hypericin

in the dark) HelLa cells and HeLa cells 6 h after PDT using hypericin as the photosensitizer
and a light dose that will reduce viability by 70% 24 h later. (B) TEM analysis of wild-type
murine embryonic fibroblasts (WT MEFs) or MEF Bax '~ Bak ™/~ before (untreated) or 6 h
after hypericin-PDT. Arrows indicate vacuoles with detectable content in the treated cells.
Magnification is indicated in the lower right corner. Representative EM photomicrographs are
shown.
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Figure 6.

Progressive magnification of autophagic L1210 cells after PDT, showing double-membrane
surrounding vacuoles along with evidence of recycled material. Conditions are indicated in the
legend to Figure 4.
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Figure 7.

(A) PDT efficacy in wild-type(e) L1210 cells and an Atg7 knockdown derivative of L1210
cells (o). Cultures of L1210 cells or a L1210 derivative whose expression of Atg7 had been
stably knocked down with sShRNA were sensitized with CPO and subsequently exposed to
light. After photoirradiation cells were plated for assessment of colony formation. Data
represent means + SD of three plates per treatment group. (B) PDT efficacy in wild-type MCF-7
cells (black bars) and in cells whose expression of Atg7 has been stably knocked down (gray
bars). Exponentially growing cultures of each cell line were exposed to the indicated
concentrations of Pc 4 in complete growth medium for 18 h followed by 200 mJ/cm? red light.
Immediately after photoirradiation, the cells from each dish were collected by trypsinization,
and aliquots were replated in 60-mm dishes in sufficient number to result in 50-100 colonies
per dish. After 10-14 days, colonies were stained with 1% crystal violet, and colonies having
at least 50 cells were counted by eye and normalized to the number of cells plated and the
plating efficiency of the control untreated cells. Data for the two cell lines were compared by
Student’s t test and found to be significantly different at all doses (p < 0.01).
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Figure 8.

Photodamage to proteins of MCF-7¢3 cells by Pc 4-PDT. Exponentially growing cultures of
MCF-7c3 cells were incubated with nothing (labeled C) or 200 nM Pc 4 for 18 h, then irradiated
with 200 mJ/cm? red light, as described in Methods. Immediately after PDT, cells were
collected from the monolayer by scraping and processed for western blot analysis, using
antibodies to SERCAZ2, IP3-R2, IP3-R3, Bcl-2 and actin.
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Figure 9.

Lack of photodamage to three proteins involved in autophagy. L1210 cells were
photosensitized with BPD and irradiated so as to produce 90% cell kill as determined by a
clonogenic assay. Cells were prepared for western blot analysis 30 min after irradiation.
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Figure 10.

Proposed localization and photochemical effect of sulfonated photosensitizers in endocytic
vesicles. The figure shows a schematic drawing of an endocytic vesicle and the main location
of a hydrophilic tetrasulfonated and an amphiphilic disulfonated photosensitizer. The
photochemical effect leads to relocalization of the photosensitizers as indicated on the figure
with the indicated relation between breakage of endocytic vesicles and lysosomal enzyme
inactivation.
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Figure 11.

Schematic model of the formation of autophagosomes and endocytic vesicles and interaction

between these pathways. The model also indicates the photochemical targets of
photosensitizers taken up by endocytosis.
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Figure 12.

Flux analysis in MEFs stably expressing GFP-LC3. Whole cell lysates were made at the
indicated time points and analyzed by western blots. The increased amount of LC3-11 and the
absence of ‘free GFP’ when cells were pre-treated with 100 nM Bafilomycin A; 1 h before
PDT (with hypericin as the photosensitizer) indicates the autophagic flux. All controls
represent cells incubated with hypericin in the dark.
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Figure 13.

Effect of E64d + acetylpepstatin A vs. NH4Cl on processing of autophagosomes as indicated
by conversion of LC3-1 to LC3-I1 after PDT. (A) controls; (B) cells given an LD5g PDT dose
(CPO); (C) same as (B) with E64d + acetylpepstatin A present; (D) as in (B) but with 15 mM
NH4ClI present.
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Figure 14.

Disruption of lysosomes in PDT protocols does not inhibit autophagosome formation. A variant
of the murine hepatoma 1c1c7 cell line that stably expressed a GFP-LC3 fusion protein either
received no treatment, or was incubated with 33 uM NPe6 for 1 h prior to being washed and
refed. Cultures were subsequently photoirradiated for 100 s. Some cultures were incubated
with 500 nM acridine orange (AQO) for 10 minutes prior to being analyzed for the presence of
AO fluorescent punctate spots (indicative of intact acidic vesicles; top row). Other cultures
were analyzed for the development of green fluorescent GFP punctate spots indicative of
autophagosomes (middle and bottom rows). In the top row AO fluorescence in the NPe6 +
PDT treatment group was analyzed 1h after photoirradiation. In the middle row GFP
fluorescence was analyzed 6 h after photoirradiation, or after 7 h of incubation with NPe6.
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