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their greater sensitivity. The antiapoptotic protein Mcl-1 was
extensively cleaved in a dose- and caspase-dependent manner in
Jurkat, but not in A431, cells exposed to Pc 4-PDT. Thus, the
greater killing by Pc 4-PDT in Jurkat compared with A431 cells
correlated with greater Bcl-2 photodamage and more strongly to
the more extensive Mcl-1 degradation. Pc 4-PDT may offer
therapeutic advantages in targeting inﬂammatory cells over
normal keratinocytes in the treatment of T-cell-mediated skin
diseases, such as cutaneous lymphomas, dermatitis, lichenoid
tissue reactions and psoriasis, and it will be instructive to
evaluate the role of Bcl-2 family proteins, especially Mcl-1, in
the therapeutic response.

ABSTRACT
To examine the clinical applicability of Pc 4, a promising
second-generation photosensitizer, for the photodynamic treatment of lymphocyte-mediated skin diseases, we studied the A431
and Jurkat cell lines, commonly used as surrogates for human
keratinocyte-derived carcinomas and lymphocytes, respectively.
As revealed by ethyl acetate extraction and absorption spectrophotometry, uptake of Pc 4 into the two cell lines was linear with
Pc 4 concentration and similar on a per cell basis but greater in
Jurkat cells on a per mass basis. Flow cytometry showed that
uptake was linear at low doses; variations in the dose–response
for uptake measured by ﬂuorescence supported differential
aggregation of Pc 4 in the two cell types. As detected by
confocal microscopy, Pc 4 localized to mitochondria and
endoplasmic reticulum in both cell lines. Jurkat cells were much
more sensitive to the lethal effects of phthalocyanine photodynamic therapy (Pc 4-PDT) than were A431 cells, as measured by
a tetrazolium dye reduction assay, and more readily underwent
morphological apoptosis. In a search for molecular factors to
explain the greater photosensitivity of Jurkat cells, the fate of
important Bcl-2 family members was monitored. Jurkat cells
were more sensitive to the induction of immediate photodamage
to Bcl-2, but the difference was insufﬁcient to account fully for

INTRODUCTION
Photodynamic therapy (PDT) has been gathering acclaim as an
effective mode of treatment for a variety of diseases outside of
those already accepted by the United States Food and Drug
Administration (FDA). Approved for the treatment of esophageal and lung carcinomas in the United States, PDT has been
evaluated to treat other neoplasms, including transitional cell
carcinomas of the bladder, head and neck tumors and brain
lesions as adjuvant therapy (1–3). Along with malignant
neoplasms, PDT has been approved for premalignant (actinic
keratosis and Barrett’s esophagus) and nonmalignant (agerelated macular degeneration) conditions, and tested for others,
such as benign prostatic hypertrophy, atherosclerosis and
arthritis (1,4–8). Results have been favorable, and it seems only
a matter of time before approval for other treatments is gained.
Approved in Canada for the prophylactic treatment of papillary
bladder tumors in 1993, PDT has already been accepted in other
countries for the treatment of a variety of diseases (1–3,5,9,10).
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As exposure to visible light is essential to photodynamic
action, skin-related disorders, given their convenient exposure
to any light source, are natural targets for PDT. Evaluation of
PDT as a potential treatment for primary and secondary skin
cancers, such as basal and squamous cell carcinomas, cutaneous T and B cell lymphoma, Kaposi’s sarcoma and metastatic
breast cancer are under way. Nonmalignant skin disorders
have also been evaluated, from the treatment of virus-induced
lesions to inﬂammatory disorders like psoriasis (5,11,12). The
ﬁrst FDA-approved photosensitizer to have shown promise in
the treatment of psoriasis is Photofrin. However, disadvantages inherent in this complex mixture of porphyrin oligomers
preclude its practical use in treating patients. As Photofrin
tends to localize to the skin, prolonged cutaneous photosensitivity hinders patients from performing their activities of
daily living for weeks after therapy. Photofrin also requires
activation by wavelengths of light (630 nm) suboptimal for
skin penetration. Other alternative photosensitizers, such as
protoporphyrin IX (PPIX) synthesized from topically applied
aminolevulinic acid and other porphyrin-related macrocyles
have been introduced in hopes of optimizing the therapeutic
effect of PDT in the skin (3,13,14). The silicon phthalocyanine,
Pc 4, has shown such promise.
Pc 4 has a deﬁned structure, containing a dimethylaminopropyl side chain bound via a siloxy bridge in the axial position
to a silicon phthalocyanine ring (Fig. 1). The interval of
cutaneous photosensitivity in murine models exposed to Pc 4
was signiﬁcantly less than in those exposed to Photofrin (15).
The far-red absorption peak of Pc 4 has a high extinction
coefﬁcient (>2 · 105), allowing efﬁcient light absorption.
Lastly, activation of Pc 4 at 675 nm may allow for deeper
tissue penetration of light than is possible with the 630 nm
light used with Photofrin or PPIX.
In cells, Pc 4 localizes to mitochondria and endoplasmic
reticulum in preference to other membranes (16–18). Photoirradiation of Pc 4-loaded cells produces prompt photodamage
to the antiapoptotic proteins Bcl-2 and Bcl-xL, loss of the
mitochondrial membrane potential, release of cytochrome c
into the cytosol, and induction of the intrinsic pathway of
apoptosis in cells expressing all of the requisite factors
(reviewed in 19,20).
Pc 4 has shown excellent treatment response in mouse skin
tumors and is currently in a Phase I clinical trial of PDT for

Figure 1. Structure of the silicon phthalocyanine Pc 4.

the treatment of cutaneous tumors (13,15). Its efﬁcacy in the
treatment of inﬂammatory disorders has not been explored.
Other photosensitizers have been tested for their ability to
treat psoriasis and certain other inﬂammatory disorders, with
results suggesting good potential of PDT (21–24). In order to
examine this clinical application for Pc 4-sensitized PDT, we
chose two cell lines: A431 cells as an in vitro model for
keratinocytes and Jurkat cells as a model for lymphocytes,
positing that if Jurkat cells were more sensitive to Pc 4-PDT
than were A431 cells, then there might be a favorable
therapeutic window in the treatment of T-cell-mediated skin
diseases with this modality. We compared these two cell lines
with respect to the dose–response relationships for uptake of
Pc 4, photocytotoxicity and sensitivity of the antiapoptotic
proteins Bcl-2, Bcl-xL and Mcl-1 to loss by photodamage or
proteolysis.

MATERIALS AND METHODS
Photosensitizer. The silicon phthalocyanine Pc 4 (25) (Fig. 1) was
supplied by Dr. Malcolm E. Kenney (Department of Chemistry, Case
Western Reserve University). A stock solution of 0.5 mM Pc 4 was
prepared in dimethylformamide and stored in the dark at 4C. Pc 4
was serially diluted in complete culture medium to attain ﬁnal
concentrations ranging from 0.1 to 3000 nM.
Cell culture. The human epidermoid carcinoma cell line A431
(American Type Culture Collection) was cultured in Dulbecco’s
modiﬁed Eagle’s medium with high glucose and L-glutamine (Cellgro)
and supplemented with 10% fetal bovine serum, penicillin (50 U ⁄ mL)
and streptomycin (50 lg ⁄ mL) at 37C in a 5% CO2 humidiﬁed
incubator. Seventy to ninety percent conﬂuent cultures were used in
all experiments. Suspension cultures of the human acute T-cell
leukemia cell line Jurkat (American Type Culture Collection) were
maintained in RPMI 1640 (Cellgro) medium supplemented with 10%
fetal bovine serum, penicillin (50 U ⁄ mL) and streptomycin
(50 lg ⁄ mL) at 37C in a 5% CO2 humidiﬁed incubator.
Extraction of Pc 4 and quantiﬁcation by absorption
spectrophotometry. A431 or Jurkat cells (2 · 106) were grown in
100 mm cell culture plates in 12 mL of their respective complete
media and Pc 4 at varying concentrations (0–3000 nM) for 18 h in the
dark at 37C. For A431 cells, the medium was discarded, and the cells
were trypsinized and collected in fresh medium. For Jurkat cells,
suspensions were directly transferred to centrifuge tubes. Cells were
immediately centrifuged at 1200 rpm for 6 min, and cell pellets were
resuspended in 200 lL Hanks’ Balanced Salt Solution (HBSS) and
sonicated at low speed on ice for three cycles. Ethyl acetate was added
to the lysates at a 3:1 ratio of solvent to HBSS, and the mixture was
vortexed and centrifuged at 3000 rpm for 20 min at 4C. The organic
layers containing Pc 4 were collected for absorption spectrophotometry ( = 2.3 · 105 at 670 nm).
Fluorescence of cell-bound Pc 4 measured by ﬂow cytometry. A total
of 6 · 105 A431 cells or 1 · 106 Jurkat cells were incubated in the dark
at 37C for 18 h in 6 mL complete medium with Pc 4 at various
concentrations from 0 to 3000 nM. Cells were collected as above, and
Pc 4 content was analyzed by ﬂow cytometry (Elite Flow Cytometer,
kex = 334–364 nm with Innova 305 multiline output laser,
kem = 675 nm with bandpass ﬁlter). The mean channel ﬂuorescence
(MCF) was obtained for 15 000 events per dose level. To minimize
systematic variations in data, both cell lines were analyzed in each
experiment.
Localization of Pc 4. A431 cells were plated at 2 · 105 cells per
35 mm glass-bottom coverslip dish, and Jurkat cells were plated at
6 · 105 cells per 60 mm tissue-culture dish. Following overnight
growth, cells were exposed to 200 nM Pc 4 for 2 or 18 h and then
with 75 nM MitoTracker Green (Molecular Probes, Eugene, OR) for
40 min. Cells were washed with PBS before imaging. Jurkat cells were
concentrated by centrifugation and pipetted onto slides. Images were
taken with a 63· NA 1.4 oil-immersion planapochromat objective on a
Zeiss LSM 510 ﬂuorescence confocal microscope. Excitation of Pc 4
was achieved with the 633 nm He–Ne2 laser, while emission was
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collected with a 650 nm long-pass ﬁlter. Excitation of MitoTracker
Green was with 488 nm light from an argon–krypton laser, and
emission was collected with a 500–550 nm band-pass ﬁlter. Images
shown are of cells exposed to Pc 4 for 18 h; the respective 2 h cells
revealed identical Pc 4 localization.
Photodynamic treatment. 100 lL of A431 or Jurkat cells were
seeded into separate 96-well microculture plates at 1.2 · 104 cells ⁄ well
or 4 · 104 cells ⁄ well, respectively. After 18 h, Pc 4 concentrations
ranging from 0 to 3000 nM were added to the extracellular medium,
and after allowing 2 h for Pc 4 uptake, the plate was irradiated with an
EFOS light-emitting diode array (EFOS, Mississauga, ON, Canada)
delivering red light (kmax = 675 nm). All irradiations were performed
at room temperature. Fluences are given in the ﬁgure legends.
Determination of cytotoxicity. Following irradiation, the cells were
incubated for an additional 24 h at 37C. Cytotoxicity was measured
by
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide
(MTT) assay. Cells were incubated in 50 lL freshly prepared MTT
solution for 4 h. The formazan crystals formed by viable cells were
dissolved in dimethyl sulfoxide, and the absorbance at 540 nm was
measured. Cytotoxicity was determined with reference to untreated
control cultures. The LD50 was deﬁned as the concentration of Pc 4
that reduced formazan formation to 50% of the control value for a
constant light ﬂuence. All of the data were then combined. Multiple
regression and analysis of covariance were used to compare regression
lines of Ln(LD50) vs Ln(Fluence) for the A431 and Jurkat cell lines, in
order to compare LD50 levels controlling for ﬂuence.
Quantiﬁcation of apoptotic cells. A431 cells were plated in 60 mm
tissue-culture plates containing glass coverslips at 2 · 105 cells ⁄ dish
and allowed to grow overnight. Jurkat cells were seeded at 6 · 105
cells ⁄ 25 cm2 ﬂask and grown overnight in complete medium. After a
2 h incubation of Pc 4 in fresh growth medium at the indicated
concentrations, cells were irradiated with red light (200 mJ ⁄ cm2). Cells
were harvested at the indicated times by removing coverslips from the
A431 cultures or removing an aliquot of the Jurkat cell suspension.
Cells were ﬁxed in 3.7% formaldehyde for 30 min at room temperature. Hoechst 33342 (Molecular Probes) was diluted in 0.2% Triton
X-100 in PBS to a ﬁnal concentration of 5 lg ⁄ mL and used to stain
nuclei for 30 min at room temperature. Slides were prepared and
viewed in a ﬂuorescence microscope. Cells were scored as apoptotic
based on their morphology (chromatin condensation, margination and
fragmentation).
Evaluation of photodamage to or cleavage of Bcl-2 family
proteins. After photoirradiation, some cultures were further incubated
at 37C for up to 23 h, whereas others were harvested immediately.
Cells were lysed and sonicated as described previously (26). An equal
volume of 2x SDS sample buffer (125 mM Tris, pH 6.8, 4% SDS, 10%
mercaptoethanol and 20% glycerol) was added to the whole cell lysate.
Equivalent amounts of protein were loaded onto polyacrylamide gels,
subjected to electrophoresis, transferred to a polyvinylidene ﬂuoride
membrane and incubated with the following antibodies: monoclonal
hamster anti-human Bcl-2 (6C8) from PharMingen (San Diego, CA,
Cat. No. 15131A; used at 1:1000 dilution), polyclonal anti-Bcl-xL
afﬁnity-puriﬁed antipeptide antiserum from Cell Signaling (Beverly,
MA, Cat. No. 2762; used at 1:1000 dilution), anti-Mcl-1 (S-19, Santa
Cruz Biotechnology, Santa Cruz, CA; used at 1:500 dilution), anti-Bax
(N-20, Santa Cruz Biotechnology; used at 1:200 dilution), or antiactin
from NeoMarkers (Fremont, CA, Cat. No. MS-1295; used at 1:1000
dilution). For secondary antibodies, goat antihamster antibody was
from Jackson ImmunoResearch Laboratories (West Grove, PA, Code
No. 127-035-099) and antirabbit antibody was from Calbiochem (San
Diego, CA, Cat. No. 401352). The immune complexes were detected
by ECL system (Amersham, Arlington Heights, IL).

RESULTS
Uptake of Pc 4 into A431 and Jurkat cells
To evaluate the relative ability of the two cell types to take up
Pc 4, cells were incubated with the photosensitizer for 18 h and
then collected. Pc 4 in the cell pellet was extracted into ethyl
acetate and quantiﬁed by absorption spectrophotometry. This
analysis revealed a dose-dependent increase in uptake by both

(a)

(b)

(c)

Figure 2. Uptake of Pc 4 into A431 and Jurkat cells. (a) Measurement
of cellular content of Pc 4 by extraction in ethyl acetate followed by
quantiﬁcation by absorption spectrophotometry. Cells were incubated
with the indicated concentrations of Pc 4, collected and counted.
Cell-bound Pc 4 was extracted into ethyl acetate and quantiﬁed by its
absorbance. Data are the mean of 2 (for 100 and 3000 nM) or 3 (for
500, 1000 and 2000 nM) independent determinations; error bars
indicate the range or standard deviation, respectively. Where no error
bars appear, they were smaller than the symbol. (b) Representative
ﬂow cytometry histograms of A431 and Jurkat cells after exposure to
250 nM Pc 4. Mean channel ﬂuorescence (MCF) was measured in the
gated populations representing single, viable A431 or Jurkat cells,
respectively. (c) Flow cytometric analysis of Pc 4 uptake measured as
the MCF for each cell type exposed to a series of Pc 4 concentrations.
Data are from a single experiment that was repeated twice more with
similar results.

cell lines (Fig. 2a). Pc 4 uptake per cell was similar for A431
and Jurkat cells in the dose range from 100 to 3000 nM. For
concentrations less than 100 nM, the method was not
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sufﬁciently sensitive to detect signiﬁcant amounts of Pc 4 in the
cells.
Using ﬂow cytometry, Pc 4 ﬂuorescence was measured in
each cell of the gated population and displayed as a histogram
of 15 000 events (Fig. 2b), expressed as the MCF. Pc 4 uptake
measured by this method revealed reproducible dose-dependent
differences between the two cell lines (Fig. 2c). At low to
moderate doses of Pc 4 (1–100 nM), uptake appeared greater in
A431 cells than in Jurkat cells. At higher Pc 4 doses (250–
750 nM), the Jurkat cells were observed to have a higher MCF
than the A431 cells. However, at doses of 1000–3000 nM, A431
cells once again displayed greater ﬂuorescence than Jurkat cells.
In a test of the stability of the uptake data, it was found that
measurements at 2 and at 19 h after addition of Pc 4 to the
culture medium did not differ by more than 5% for A431 cells
and 20% for Jurkat cells. These data are in agreement with
observations on Pc 4 uptake in other cells in which uptake
reached a maximum in 1–2 h and did not change thereafter for
the next 16–18 h (27). The average sizes of A431 and Jurkat
cells were also measured against standard sizing beads. A431
cells were found to be approximately 23 lm in diameter, while
Jurkat cells were approximately 1 ⁄ 3 smaller in diameter at
15 lm. Thus, assuming spherical cells, the average A431 cell is
about 3.6 times larger in volume than the average Jurkat cell.
Differences in uptake values or photosensitivity might be
explained if Pc 4 binds to different subcellular sites in the two
cell lines. To test this possibility, A431 and Jurkat cells were
exposed to Pc 4 for 2 or 18 h and viewed by confocal
microscopy (Fig. 3). In both cell lines, the Pc 4 image partially
colocalized with that of MitoTracker Green. Therefore, Pc 4

bound to mitochondria and other intracellular membranes of
both cell lines, with no obvious accumulation on the plasma
membrane or in the nucleus. The images of Fig. 3 are those
obtained after 18 h in Pc 4, but essentially the same localization was observed after 2 h in Pc 4. These results are similar to
those obtained in prior studies (16–18).
Cytotoxicity of PDT
After incubation of the two cell lines in varying doses of Pc 4,
the cells were photoirradiated, and the efﬁciency of cell killing
was monitored by the MTT assay. Although this assay may
miss delayed deaths and overestimate repairable damage, it
was chosen because both cell lines could be monitored, and it is
likely to capture the majority of responses. Figure 4a shows a
representative experiment comparing the two cell lines exposed
to varying doses of Pc 4 and 200 mJ ⁄ cm2 of red light. For each
ﬂuence tested, the Pc 4 dose producing 50% loss of formazan
formation (LD50) was determined. All of the cytotoxicity data
are combined and presented in Fig. 4b. Throughout the range
of Pc 4 concentrations and light ﬂuences tested, Jurkat cells
were found to be far more susceptible to Pc 4-PDT-induced
cell killing than A431 cells (Fig. 4a and b). For example, at a
low ﬂuence of 50 mJ ⁄ cm2, the average Pc 4 dose required to
achieve an LD50 was 726 nM for A431 cells, but only 107 nM
for Jurkat cells. Jurkat sensitivity was even greater at
200 mJ ⁄ cm2, where A431 cells required an average Pc 4 dose
of 294 nM, while the Jurkat cells required less than 10% of the
dose at 23 nM. Overall, the regression lines (Fig. 4b) differed
signiﬁcantly (P < 0.0001); estimated mean LD50 values

Figure 3. Subcellular localization of Pc 4 in A431 and Jurkat cells. Cells were incubated with 200 nM Pc 4 for 18 h and with MitoTracker Green for
30 min. Localization was imaged by confocal microscopy, as described in Materials and Methods. Yellow in the merged image indicates overlap of
the two dyes. Cells loaded with Pc 4 for 2 h showed a localization pattern similar to the respective 18 h image (not shown).
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Apoptosis in A431 and Jurkat cells
Both cell lines can undergo apoptosis in response to Pc 4-PDT;
however, the dose–response and time course differed for the
lymphoid vs epithelial cells. In order to quantify the extent of
apoptosis, cells were exposed to various concentrations of Pc 4
for 2 h followed by red light and monitored for apoptotic
morphology at 4 and 18 h post-PDT by counting Hoechst
33342-stained cells by ﬂuorescence microscopy. As shown in
Fig. 4c, apoptotic nuclei were more abundant in Jurkat cells at
lower doses than in A431 cells at both times, although with
sufﬁcient time and after a relatively high dose, A431 cells with
apoptotic morphology were apparent. The sensitivity to
apoptosis was similar to the sensitivity to overall cell death.
As morphological apoptosis and loss of ability to reduce the
MTT reagent may not occur simultaneously, it is not expected
that the absolute values for the two measures would be
identical in all cases. Still, it is clear that Jurkat cells are more
sensitive to cell killing by both criteria.
Effects of Pc 4-PDT on Bcl-2 family proteins
of A431 and Jurkat cells

(c)

Figure 4. Sensitivity to Pc 4-PDT. (a) Example of a cell cytotoxicity
study using the MTT assay. Cells of each line were plated in 96-well
plates, exposed to a series of Pc 4 concentrations followed by red light
at 200 mJ ⁄ cm2, and returned to the 37C incubator for 24 h.
Cytotoxicity was assayed with MTT, and the LD50 determined (in
this case, 20 nM for Jurkat cells and 140 nM for A431 cells). (b) Plot of
LD50 of Pc 4 vs ﬂuence, for experiments on A431 (diamonds) and
Jurkat (squares) cell lines. Solid and dashed lines are least-squares
regression lines obtained by regressing Ln(LD50) vs Ln(Fluence) for
A431 and Jurkat cells, respectively. (c) Quantiﬁcation of Pc 4-PDT
induced apoptosis. A431 cells (left) and Jurkat cells (right) were
incubated with Pc 4-loaded growth medium for 2 h, followed by
irradiation with 200 mJ ⁄ cm2 red light. After further incubation for 4
(open bars) or 18 (hatched bars) hours, cells were ﬁxed in 3.7%
formaldehyde for 30 min at room temperature, followed by staining
with Hoechst 33342 (Molecular Probes) for 30 min at room temperature. Slides were viewed under a ﬂuorescence microscope. Cells
displaying morphological apoptosis were quantiﬁed and normalized to
untreated control cells. Data represent an average of two to three
independent experiments ± standard error or range, except for A431
cells at 100 nM Pc 4, which are from single experiments.

obtained from the ﬁtted lines differed between cell lines at
ﬂuences of 25 mJ ⁄ cm2 (P = 0.05), 50 mJ ⁄ cm2 (P = 0.02) and
at 100 and 200 mJ ⁄ cm2 (P < 0.01).

We have found that the antiapoptotic proteins Bcl-2 and BclxL are major phototargets of Pc 4-PDT in all human cancer
cell lines tested (18,26,28). Photodamage is observed immediately upon photoirradiation of Pc 4-loaded cells and for cells
irradiated in the cold, indicating that the effect is due to
photochemical damage to Bcl-2 and Bcl-xL rather than to
subsequent enzymatic action (18,26). The extent of photodamage roughly correlates with the sensitivity of the cells to
Pc 4-PDT, providing evidence for the importance of the
photodynamic loss of these two proteins in triggering cell
death. Because of the observed difference in photocytotoxicity
of A431 and Jurkat cells, it was of considerable interest to
determine whether or not the photosensitivity of the antiapoptotic proteins also differed. As shown in Fig. 5a, both
proteins could be photodamaged in both cell lines, as revealed
by the loss of the bands representative of the native proteins on
western blots. Photodamage appeared to occur at lower PDT
doses in Jurkat cells than in A431 cells. Whereas for a ﬂuence
of 200 mJ ⁄ cm2, photodamage to Bcl-2 was nearly complete at
200 nM Pc 4 in Jurkat cells, there was only partial loss of Bcl-2
by 300 nM Pc 4 in A431 cells, and some residual Bcl-2
remained in A431 cells until PDT with 500 nM Pc 4. Bcl-xL has
been found to be less sensitive than Bcl-2 to photodamage in
certain cell lines (28). Jurkat, but not A431, cells appear to fall
into that category. Thus, in comparing these two cell lines,
there is a better correlation between sensitivity to photodynamic cell killing and sensitivity to protein photodamage in the
case of Bcl-2 than in the case of Bcl-xL. However, the
differential sensitivity of Bcl-2 in the two cell lines (Fig. 5a) is
not as great as the differential cytotoxicity of the lines (Fig. 4).
Notably, the level of the proapoptotic protein Bax observed on
the western blots was not affected by any of the tested PDT
doses in either cell line.
We have recently reported that another antiapoptotic
homolog of Bcl-2, Mcl-1, behaves differently from either
Bcl-2 or Bcl-xL in response to Pc 4-PDT (29). We found no
evidence of prompt photodamage to Mcl-1 in any of the cell
lines studied, including A431 and Jurkat, in spite of the
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Figure 5. Fate of Bcl-2 family proteins following Pc 4-PDT. (a) Dose–response for loss of Bcl-2 and Bcl-xL in Jurkat and A431 cells. Cells were
exposed to the indicated doses of Pc 4 and 200 mJ ⁄ cm2 red light, then collected 10 min later. The solubilized proteins were subjected to
electrophoresis and analysis by western blot for the presence of Bcl-2, Bcl-xL and Bax as well as actin as a loading control. (b) Dose–response and
time course of changes in Mcl-1 levels and levels of a 28 kDa Mcl-1 cleavage fragment. Cells were exposed to the indicated doses of Pc 4 and
200 mJ ⁄ cm2 red light, incubated for the indicated times after PDT, then collected. In one case, cells were exposed to staurosporine (STS, 1 lM) for
4 h as a positive control. The solubilized proteins were subjected to electrophoresis and analysis by western blot.

localization of this protein, at least in part, to the mitochondria and endoplasmic reticulum. However, in Jurkat cells, Mcl1 was cleaved by caspases into a 28 kDa fragment during
apoptosis induced by Pc 4-PDT. The cleavage of Mcl-1
occurred within 2–4 h of PDT, concomitantly with the
activation of caspases-9, -8 and -3, and was blocked by the
pan-caspase inhibitor z-VAD-fmk (29). It has been proposed
that the 28 kDa Mcl-1 fragment is proapoptotic (30,31). In
order to determine if that fragment was generated in A431 cells
as efﬁciently as in Jurkat cells, the two cell lines were exposed
to a range of doses of Pc 4-PDT and examined for Mcl-1 level
by western blot analysis at various times thereafter (Fig. 5b).
The early and extensive cleavage of Mcl-1 into the 28 kDa
fragment was conﬁrmed for Jurkat cells, as shown in the
bottom panel of Fig. 5b. The dose–response for cleavage of
Mcl-1 in Jurkat cells in the range of 20–100 nM Pc
4 + 200 mJ ⁄ cm2 red light matches well with that for cytotoxicity, as observed in Fig. 4. In contrast, there was no evidence

for generation of the same fragment in A431 cells at doses up
to 300 nM Pc 4 + 200 mJ ⁄ cm2 red light and at post-treatment
times up to 23 h. Faint bands at intermediate sizes may
represent limited cleavage of a small amount of Mcl-1 at
different sites on the protein.

DISCUSSION
Pc 4-PDT has shown signiﬁcant efﬁcacy against murine
tumors and human tumor cells growing as xenografts in
athymic nude mice, and it is now in a clinical trial for the
treatment of cutaneous malignancies (19). In the studies
presented here, we demonstrate that the human lymphoid cell
line, Jurkat, is 4–13 times more sensitive to killing by Pc 4-PDT
than the human epidermoid carcinoma line, A431. These
results suggest that Pc 4-PDT may have utility in the treatment
of malignant and benign lymphocyte-mediated diseases, with
relative preservation of epidermis.
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Because one factor that can determine cell sensitivity to
PDT is the extent of photosensitizer uptake, the comparative
uptake of Pc 4 into the two cell types was evaluated. The
extraction method provides a direct measure (by absorbance
spectrophotometry) of overall Pc 4 levels in the cells, which
appear to be approximately equal on a per cell basis. Because
the method is not sensitive below about 100 nM Pc 4, uptake
was also evaluated by ﬂow cytometry. At the lowest concentrations studied, where distortions inherent in converting
ﬂuorescence in a biological environment to amount of ﬂuorescing material were minimal, uptake was linear in both cell
lines but appeared greater in A431 cells. At higher concentrations, likely aggregation of Pc 4 in cells produces deviations
from a linear increase in ﬂuorescence with concentration.
MCF of the smaller Jurkat cells repeatedly revealed a leveling
and even drop in apparent Pc 4 uptake at doses above 500 nM,
while the MCF of the larger A431 cells appeared to steadily
increase, not reaching a maximum until concentrations above
1 lM. The larger size of the A431 cells may have provided
more independent binding sites for Pc 4 than the smaller
Jurkat cells, reducing the tendency to aggregate. Aggregated
photosensitizer would be expected to ﬂuoresce poorly. In
further considering the potential effect of the cell size, one
would assume the amount of Pc 4 taken up per cell at a ﬁxed
dose would be greater in the larger A431 cells than in the
smaller Jurkat cells. However, as shown by the extraction
method, both cell lines displayed similar uptake per cell,
implying greater uptake per cell mass in Jurkat cells (which are
approximately 3.6 times smaller than A431 cells), a factor that
may contribute to the greater sensitivity of Jurkat cells to
PDT. Pc 4 was found to accumulate in mitochondria and
endoplasmic reticulum in both cell lines (Fig. 3), so that at the
level of resolution provided by confocal microscopy, differential localization of Pc 4 cannot account for the differential
sensitivity of the cells.
The cell viability studies revealed Jurkat cells to be far more
sensitive to PDT than A431 cells (Fig. 4a–c). This observation
held true at all dose levels of light or Pc 4. For example, at
ﬂuences as low as 25 mJ ⁄ cm2, the calculated Pc 4 dose to
achieve an LD50 in A431 cells was 778 nM vs 186 nM Pc 4 in
Jurkat cells. Alternatively, at a ﬁxed Pc 4 dose of 100 nM, A431
cells required nearly a 15-fold greater light ﬂuence than Jurkat
cells to achieve an LD50. Even considering the greater uptake
of Pc 4 per cell mass for Jurkat vs A431 cells (3.6-fold) does not
account for the far greater PDT sensitivity of Jurkat cells.
Apoptosis also occurred more readily and at lower doses in
Jurkat when compared with A431 cells (Fig. 4c). The greater
killing effect in Jurkat vs A431 cells strongly suggests that
lymphocytes are more sensitive to Pc 4-PDT than keratinocytes, and the greater sensitivity may prove effective in
targeting inﬂammatory cells over normal keratinocytes in the
treatment of T-cell-mediated diseases, such as cutaneous T-cell
lymphoma or psoriasis.
We (18,26,28) and others (32,33) have identiﬁed the
antiapoptotic protein Bcl-2 as a sensitive molecular target of
PDT with certain photosensitizers that localize to mitochondria and endoplasmic reticulum. We found preferential localization of Pc 4 to those intracellular membrane systems in
lymphoid (17) and epithelial-derived (16,18,34) tumor cells,
including A431 and Jurkat cells (Fig. 3). Therefore, it was of
interest to determine if the differential sensitivity of A431 and

Jurkat cells to Pc 4-PDT was reﬂected in a similar differential
response of Bcl-2 and its homolog Bcl-xL, which is also
photodamaged by Pc 4-PDT (28). Figure 5a shows that Bcl-2
is lost at lower doses in Jurkat cells than in the more resistant
A431 cells. Although the level of the proapoptotic protein Bax
did not change with PDT dose, the ratio of Bax to native Bcl-2
increases with dose and may be one important factor promoting apoptosis (32). The data are consistent with a model
wherein photodamage to Bcl-2 and Bcl-xL contribute to the
greater sensitivity of Jurkat cells to the lethal effects of Pc 4PDT by inducing cell death. However, the differences in
protein photodamage (Fig. 5a) are not as large as those found
for killing of the two cell types by Pc 4-PDT (Fig. 4). Thus,
other factors likely contribute to the differential photosensitivity observed. One of those factors could be the pronounced
ability of the antiapoptotic Bcl-2 homolog, Mcl-1, to be
cleaved by caspases in Jurkat cells when compared with the
absence of a 28 kDa cleavage product in A431 cells, even at
doses and times where cell killing is manifest (Fig. 5b). The
28 kDa Mcl-1 fragment is thought to be proapoptotic (30,31),
so that its early strong production in Jurkat cells may greatly
promote the death of those cells following Pc 4-PDT. The
relatively high levels of procaspases in T-cells and the ease with
which they are activated may explain the differential responses
of Mcl-1 in Jurkat vs A431 cells.
In summary, Jurkat cells, as exemplars of lymphoid cells,
were more sensitive than A431 cells, as exemplars of epithelial
cells, to Pc 4-PDT. The differences in photosensitizer uptake
per cell mass may partially account for this greater sensitivity.
We suggest that other important factors are the greater
sensitivity of Bcl-2 to photodamage and the much greater
sensitivity of Mcl-1 to PDT-induced proteolytic cleavage in
Jurkat cells, inducing cell death at lower overall doses than in
A431 cells. Regardless of the relative contributions of these
mechanisms, these data show that Pc 4-PDT preferentially
leads to lymphoid cell death, relative to epithelial cell death,
providing a rationale for further evaluation in the treatment of
T-cell-mediated skin disease.
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