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Abstract
Photodynamic therapy (PDT) can cause lethal photodamage by both direct and indirect mechanisms.
Direct modes of cell death relate to nonspecific necrosis and the initiation of signaling pathways that
elicit apoptosis, autophagy or both. In this report, effects of low-dose and high-dose PDT are
explored, comparing sensitizers that localize in the endoplasmic reticulum (the porphycene termed
CPO) or mitochondria (mesochlorin). To explore the role of autophagy, two cell lines were examined
—the murine L1210 leukemia and an Atg7 knockdown derivative of L1210. The Atg7 gene is central
to the process of autophagy. High-dose PDT with either sensitizer resulted in a substantial loss of
the Bcl-2 protein. As Bcl-2 regulates both apoptosis and autophagy, loss of this protein can lead to
initiation of either or both processes. Low-dose PDT with either sensitizer resulted in the initiation
of apoptosis in the L1210/Atg7− cell line and a 20% loss of viability. In contrast, the same PDT dose
led to the rapid appearance of autophagic cells in the L1210 line, less apoptosis and only a 5% loss
of viability. These results are consistent with autophagy serving as a pro-survival response via the
recycling of damaged organelles. At a higher PDT dose more apoptosis was again seen in the L1210/
Atg7− line, but both cell lines exhibited comparable cytotoxicity in colony formation assays. We
conclude that autophagy offers protection from the phototoxic effects of low-dose PDT, but can serve
as an alternate death mode when the PDT dose is increased.

INTRODUCTION
Photodynamic therapy (PDT) involves the treatment of neoplastic cells and tissues with
photosensitizing agents that generate reactive oxygen species upon irradiation. PDT can
eradicate malignant cells by direct tumor cell kill, vascular shutdown and immunologic effects
(1). Oleinick’s group was the first to describe an apoptotic response to PDT following
sensitization with Pc 4, a phthalocyanine that evoked mitochondrial and endoplasmic reticulum
(ER) photodamage (2). This group later proposed that apoptosis was not a necessary component
of post-PDT cell death, but could serve as a means for disposing of dead cells (3,4). Indeed,
recent studies have shown that PDT is cytotoxic to sensitized cells that have defects in their
apoptotic program (5,6).

Macroautophagy (hereafter referred to as autophagy) is a physiologic process by which cytosol
and entire organelles become enclosed within a double-membrane vacuole termed the
autophagosome. Upon fusion of a lysosome with an autophagosome, the contents of the latter
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undergo degradation. Although autophagy was originally described as a survival response to
nutrient deprivation, it may also provide other pro-survival functions (7,8). Indeed, Lemasters
has proposed that the pro-apoptotic consequences of damaged mitochondria can be attenuated
by the selective autophagy of the damaged organelles (9). On the other hand, several recent
studies suggest that autophagy can also serve as a cell death pathway (10–12).

We (13) and another group (14) recently reported that autophagy occurs during PDT protocols
involving sensitizers that localize to the ER. We (15,16) and others (17) also demonstrated that
mitochondrial- and ER-associated Bcl-2 is among the targets damaged/inactivated in PDT
protocols involving sensitizers that target these organelles. These effects on Bcl-2 are important
within the context of both apoptosis and autophagy. The former effect is well known, but it
has been shown that loss of Bcl-2 protein or function can also initiate the development of
autophagy (18,19).

At issue in PDT studies, as well as in other protocols in which Bcl-2 may be a target, is whether
autophagy constitutes a survival or pro-death pathway. In the present report we examined the
relationships among PDT dose, inductions of autophagy and apoptosis, and the functioning of
autophagy as either a pro-survival or death pathway. These studies utilized cell cultures
sensitized with agents that localize to the mitochondria or the ER and catalyze Bcl-2
photodamage upon irradiation. Analyses were performed in L1210 cultures, and a derivative
of the L1210 line in which autophagy could not occur because of silencing of the Atg7 gene
(20). Our studies suggest that autophagy can function as either a prosurvival or death pathway
in PDT protocols involving ER and mitochondrial sensitizers. The former function is obvious
at low-dose PDT conditions, whereas the latter function contributes to the killing of those cells
having a phenotype that precludes the development of an apoptotic response (13), or those cells
that survive the initial wave of apoptosis after high-dose PDT.

MATERIALS AND METHODS
Chemicals and biologicals

The porphycene CPO (21) was synthesized by Dr. Gracça Vicente, Department of Chemistry,
Louisiana State University. Mesochlorin (MC), the reduced analog of mesoporphyrin, was
provided by Porphyrin Products (Logan, UT). Stock solutions of these agents were prepared
in DMSO. Amino acids and tissue culture media were purchased from Sigma-Aldrich (St.
Louis, MO). Sterile horse serum was purchased from Gibco-BRL (Grand Island, NY).
HO33342, TMRM, MitoTracker Green and DEVD-rhodamine 110 were from Molecular
Probes (Eugene, OR).

Cell lines
Murine leukemia L1210 cells and an Atg7 knockdown derivative of L1210 were used in all
experiments reported here. Cells were grown in sealed flasks using Fisher’s Medium (Sigma-
Aldrich) containing 10% horse serum and supplemented with 1 mM glutamine, 1 mM
mercaptoethanol and gentamicin. As Fisher’s medium is no longer commercially available, an
approximation of the formula was prepared by supplementing the α-MEM formulation (Gibco-
BRL) with MgCl2 (45 mg L−1), methionine (75 mg L−1), phenylalanine (30 mg L−1), valine
(30 mg L−1) and folic acid (9 mg L−1).

Gene-silencing methodology
A retroviral vector that encoded a short hairpin RNA construct directed against murine Atg7
was obtained from Open Biosystems (Huntsville, AL). The protocol for the construction and
selection of an L1210 derivative cell line that stably expresses shRNAs to Atg7 has been
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published (20). L1210/Atg7− cells were periodically monitored by Western blotting to insure
continued silencing of Atg7.

Western blots
Cells were lysed in SDS-PAGE buffer, and the lysate heated to 100°C for 5 min. Aliquots
containing 40 µg of protein per well were used for Western blot analysis (20). A rabbit antibody
to Bcl-2 was obtained from BD-Pharmingen (San Jose, CA). An antibody to the murine LC3
protein was provided by Proteintech Group, Inc. (Chicago, IL). A rabbit polyclonal antibody
to a peptide mapping to the carboxy terminus of human Atg7 was purchased from Prosci Inc.
(Poway, CA). To inhibit hydrolysis of LC3-II by lysosomal proteases, incubation buffers were
supplemented with the protease inhibitors E64d and acetylpepstatin A (22).

Viability
Clonogenic assays were used to determine loss of viability. Serial dilutions of cell suspensions
were plated on soft agar. After 7- to 9-day growth in a humidified chamber under 5% CO2,
colonies were counted and compared with untreated control values. All such experiments were
carried out in triplicate. The plating efficiency of control L1210 cell cultures was approximately
70%.

Cell culture and PDT protocols
Cells (7 mg mL−1, 3.5 × 106 cells mL−1) were incubated in growth medium with 25 mM HEPES
buffer (pH 7.4) replacing NaHCO3, to promote maintenance of a near-neutral pH at a high cell
density. PDT studies involved incubations for 30 min at 37°C with 2 µM CPO or MC. After
the loading incubation, the cells were washed and resuspended in fresh medium at 10°C and
irradiated. The light source was a 600-W quartz-halogen lamp with IR radiation attenuated by
a 10-cm layer water and an 850-nm low-pass filter. Irradiation was carried out at 600–650 nm
as defined by interference filters (Oriel, Stratford, CT). The cell suspensions were then
incubated for additional times at 37°C as specified in the text, or used for clonogenic assays.

Sensitizer transport
To assess the possible effects of Atg7 silencing on uptake of CPO or MC, cells were incubated
with 2 µM levels of these agents for 30 min at 37°C, then washed and homogenized in 10
mM Triton X-100 buffer. The fluorescence in the cell pellets vs supernatant fluid was then
determined using 400 ± 20 nm excitation. Fluorescence emission from these samples was
assessed with a multichannel analyzer and the area under the curve integrated to provide an
indication of drug levels in cells and medium. The distribution ratio was calculated in terms
of µg per mg cells (wet weight)/µg per mL medium.

Microscopy
Fluorescence images were acquired using a Nikon Eclipse E600 microscope and a CoolSnap
HQ CCD camera (Photo-metrics). Images were processed using MetaMorph software
(Universal Imaging). A Uniblitz shutter was used to control exposure of the stage to the
excitation source. This lamp shutter was configured to open and close with the camera shutter,
thereby minimizing photo-bleaching of samples.

For electron microscopy, L1210 cells were fixed with glutaraldehyde and osmium tetroxide,
treated with uranyl acetate and lead citrate for enhanced protein and lipid staining, and then
dehydrated in ethanol. The cell pellets were embedded in epon resin and cut with an
ultramicrotome to a 70-nm thickness before viewing.
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Fluorescent probes and procedures
Fluorescent probes used were HO33342 (chromatin) and Mito Tracker Green (a probe for
mitochondria). After labeling for 5 min at 37°C, cells were washed once with fresh medium
and examined by fluorescence microscopy using appropriate excitation and emission
wavelengths (16,23). For MC localization studies, cultures were incubated for 5 min at 37°C,
collected by centrifugation and washed once with fresh medium before microscopic
examination. This involved excitation of fluorescence at 400 ± 20 nm, with emission detected
at 600–700 nm.

DEVDase assays
Cells were collected 60 min after irradiation, washed, and lysed in 200 µL of buffer containing
50 mM Tris (pH 7.2), 0.03% Nonidet P-40 and 1 mM DTT. The lysate was briefly sonicated
and the debris removed by centrifugation at 10 000 g for 1 min. The supernatant fluid (100 µL)
was mixed with 40 µM DEVD-R110, 10 mM HEPES (pH 7.5), 50 mM NaCl, and 2.5 mM DTT
in a total volume of 200 µL. The rate of increase in fluorescence emission, resulting from the
release of rhodamine-110 from the fluorogenic substrate, was measured over 30 min at room
temperature using a fluorescence plate reader. Control determinations were made on untreated
cells. Each assay was performed in triplicate.

RESULTS
Sub-cellular localization of CPO and MC

Localization of CPO in the ER has already been reported (24). MC labeling patterns in L1210
cells duplicated the mitochondrial fluorescence of MitoTracker Green (Fig. 1). These
fluorescence localization results with both sensitizers were not affected by Atg7 silencing (data
not shown).

Expression of Atg7 and protein photosensitivity
The protein product of the Atg7 gene is required for development of the autophagosome (25,
26). Expression of Atg7 shRNA in the L1210/Atg7− cell line effectively reduced Atg7 protein
content (Fig. 2, compare a with d). PDT (LD90 conditions) with either sensitizer did not affect
Atg7 protein content in wild-type L1210 cells (Fig. 2a–c).

Sensitizer transport studies
A 30-min incubation of L1210 cells with a 2 µM concentration of CPO led to a drug-distribution
ratio of 3.9 ± 0.3. With MC, the corresponding values were 7.9 ± 0.4. When the Atg7 gene was
silenced, the results were quite similar: 3.6 ± 0.4 and 8.1 ± 0.4, respectively.

Effects of PDT on viability and DEVDase activation
With CPO as the photosensitizing agent, a light dose of 135 mJ cm−2 caused a 90% loss of
viability in both the L1210 and L1210/Atg7− lines, as monitored by colony formation assays
(Table 1). MC yielded an LD90 effect, in both cell lines, with a 120 mJ cm−2 light dose (Table
1). A corresponding examination of lower light doses revealed that the L1210 cell line was
more resistant to photodamage with either sensitizer. Light doses that caused only a 5% loss
of viability in L1210 cells represented LD20 doses in the L1210/Atg7− line (Table 1).
DEVDase-specific activities, an indicator of procaspases-3 and -7 activation, were elevated
following irradiation of cells loaded with either sensitizer (Table 1). DEVDase activities
following low-dose PDT with either sensitizer were greater in the L1210/Atg7− line. The same
was true under LD90 conditions (Table 1).
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Apoptosis and autophagy after low-dose PDT
Many cytosolic vacuoles were observed in MC-sensitized L1210 cells within 30 min of
administration of an LD5 PDT dose (Fig. 3, top row). These vacuoles exhibited the double
membrane structure characteristic of autophagosomes (Fig. 4). In addition, a conversion of
LC3-I to LC3-II occurred during the same time frame in low-dose irradiated, MC- and CPO-
sensitized L1210 cultures (Fig. 5). In contrast, neither vacuolization nor LC3-I to LC3-II
conversion occurred in L1210 cells within 30 min of administration of an LD90 dose (Fig. 3
bottom row, Fig. 5). Instead, cultures exhibited a significant percentage of cells with condensed
chromatin (Fig. 3 bottom row) and markedly elevated DEVDase activities (Table 1). However,
not all cells were initially killed in this initial wave of apoptosis. Highly vacuolated cells were
observed 24 h after irradiation in MC- (data not shown) and CPO-sensitized cultures (13), as
were substantial conversions of LC3-I to LC3-II (Fig. 5).

We observed no significant levels of vacuolization or conversion of LC3-I to LC3-II in MC-
sensitized L1210/Atg7− cells following exposure to either low- or high-dose PDT conditions
(Fig. 3 and Fig 5). Instead, chromatin condensation and DEVDase activation occurred in a
dose-dependent fashion.

Bcl-2 photodamage
Exposure of MC-sensitized L1210 or L1210/Atg7− cells to low-dose PDT had negligible
effects on Bcl-2 levels, as analyzed by Western blotting. However, at the higher PDT dose
level, a substantial loss of Bcl-2 protein was detected in both cell lines (Fig. 6). The samples
for these analyses were acquired immediately after irradiation, before any additional incubation
had occurred. As MC targets mitochondria and CPO the ER, these data suggest that there are
approximately equal levels of Bcl-2 associated with each site.

DISCUSSION
Cells undergoing autophagy generally swell, develop autophagosomes, and convert LC3-I to
LC3-II in a caspase-independent manner (27). We recently reported that L1210 cells undergo
both autophagy and apoptosis following PDT with the ER sensitizer CPO (13). An examination
of the resulting vacuoles by electron microscopy clearly revealed the double-membrane
structure of these vacuoles (28). In the current study, we demonstrate that similar processes
occur in L1210 cultures following PDT with the mitochondrial sensitizer MC. We expect that
close examination of these vacuoles, perhaps aided by appropriate staining techniques, will
reveal evidence that mitochondria are being recycled after photodamage by MC, and ER after
CPO, but this has not yet been established.

Molecular (18,19) and pharmacological (23) approaches for reducing Bcl-2 expression, or
modulating its activity, have been shown to induce autophagy in several cell types, including
L1210. Low-dose PDT conditions had little effect upon the Bcl-2 content of MC-sensitized
L1210 cultures, whereas dramatic reductions were observed following treatment with PDT
doses in the LD90 range. Hence, it was surprising to observe the rapid induction (within 30
min of irradiation) of autophagy in cultures treated with low- but not high-dose PDT. Although
speculative, it is conceivable that in addition to Bcl-2, high-dose PDT initially damages proteins
needed for the development of autophagy. Cells that survive the rapid apoptotic death caused
by high PDT doses may subsequently recover sufficiently to mount an autophagic response at
a latter time. As for the autophagic phenotype occurring shortly after low-dose PDT,
presumably other signals over-ride suppressive effects that Bcl-2 normally has on the initiation
of autophagy.
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The question of whether autophagy functions as a pro-survival or death pathway following
stressor insult is a ‘‘hot topic’’ (11,29,30). Our comparative analyses of L1210 and L1210/
Atg7− survival suggest that the induction of autophagy clearly plays a pro-survival role
following low dose irradiation in PDT protocols using either CPO or MC as the sensitizer.
Specifically, PDT conditions causing 5% killing in the L1210 line promoted 20% killing, and
more apoptosis in the L1210/Atg7− line. After high-dose (LD90) PDT, both cell lines initiated
a strong and rapid apoptotic response, with the level of DEVDase activation greater in the
L1210/Atg7− line. In high-dose L1210 treatment groups, the preponderance of cells observed
24 h after irradiation had autophagic characteristics. Presumably, autophagic death of these
cells ultimately occurs. In this regard, we also have implicated autophagy in the death of L1210
cultures by two chemotherapeutic anti-tumor agents (20).

Levels of cytosolic calcium ion have been suggested as one determinant of the initiation of
autophagy (31), although some questions regarding this interpretation have been raised (32).
As the ER is known to be a major site of Ca2+ sequestration, ER photodamage has the potential
for promoting both processes via calcium translocation. In a previous report (24), we
demonstrated that the level of Ca2+ release after ER photodamage was insufficient to initiate
apoptosis. The situation with regard to autophagy is unknown at this time. Another potential
factor in the post-PDT death mode is crosstalk between the ER and mitochondria. The
relationship of this phenomenon as a determinant of the death mode has recently been reviewed
(33). ER-to-mitochondrial signals appear to play a role in the initiation of apoptosis after ER
photodamage: loss of Bcl-2 associated with the ER leads to association of Bax and/or Bak with
the mitochondrial membrane and a subsequent loss of the membrane potential (16). The role
of mitochondrial vs ER Bcl-2 in the initiation of autophagy is also unknown. Is autophagy after
PDT mainly a consequence of organelle photodamage, or does the loss of Bcl-2 protein also
play a role?

In summary, our studies suggest that autophagy can function as either a pro-survival or death
pathway in PDT protocols. At sub-optimal PDT doses autophagy plays a protective role,
perhaps by promoting the rapid removal of photodamaged mitochondria or ER, and thereby
preventing the initiation of those apoptotic pathways triggered by damage to these organelles.
At optimal PDT doses, both apoptosis and autophagy may contribute to cell death. Autophagic
cell death is likely germane to the processes whereby PDT is cytotoxic to cells defective in
apoptosis. Two studies have demonstrated a PDT-induced autophagic phenotype in apoptosis-
resistant cells, and their death, following treatment with ER sensitizers and irradiation (13,
14). Lastly, it should be noted that the induction of autophagy in PDT protocols may have an
additional therapeutic benefit. Autophagic cells exhibit enhanced presentation of processed
cytosolic and membrane peptides associated with the major histocompatibility complex class
II complex (34). This has the potential for leading to enhanced immunologic recognition and
elimination of tumor cells.
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Figure 1.
Fluorescence localization patterns of MC (a) and MTG (b) in L1210 cells.
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Figure 2.
Western blot analyses of Atg7 expression in L1210 cells before (a) and directly after an
LD90 PDT dose with CPO (b) or MC (c). Lane (d) depicts Atg7 expression in the L1210/
Atg7− cell line. In this and all other Western blots, the total protein loading was 40 µg per well.
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Figure 3.
(a) Phase-contrast images (1000×) of control L1210 and L1210/Atg7− cells. (b) Phase-contrast
and HO342 stained images of L1210 and L1210/Atg7− cells after low-dose or high-dose PDT
(light doses are defined in Table 1). MC-sensitized cells were photographed 30 min after
irradiation.
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Figure 4.
Electron microscopic examination of vacuoles in L1210 cells 30 min after exposure to low-
dose PDT using MC as the photosensitizing agent.
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Figure 5.
Western blots showing processing of the LC3-I protein to the faster-migrating LC3-II species
in L1210 vs L1210/Atg7− cells. Analyses are of control cultures (top), and cultures harvested
30 min or 24 h after administration of low- or high-dose PDT with MC (left) or CPO (right).
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Figure 6.
Western blot analyses of Bcl-2 expressions in L1210 and L1210/Atg7− cells. Cultures were
sensitized with MC or CPO and irradiated at low vs high PDT doses (see Table 1 for details).
Cultures were harvested immediately after irradiation for analyses of Bcl-2. a = controls, b =
MC low dose, c = CPO low dose, d = MC high dose, e = CPO high dose.
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