
[CANCER RESEARCH 46, 3348-3352, July 1986]

Expression of Potentially Lethal Damage in Chinese Hamster Cells Exposed to
Hematoporphyrin Derivative Photodynamic Therapy1

Charles J. Corner2,Natalie Rucker, Angela Ferrano, and A. Linn Murphree

Clayton Foundation for Ocular Oncology fC. J. G., N. R., A. F., A, L. M.J, Children! Hospital of Los Angeles, and Departments of Pediatrics (Division of Hematology-
Oncology) [C. J. GJ, Radiation Oncology {C. J. G.], and Ophthalmology [A. L, M.J, University of Southern California School of Medicine, Los Angeles, California 90027

ABSTRACT

Experiments were performed to determine whether the expression
and/or repair of potentially lethal damage could be observed in mamma
lian cells exposed to hemataporphyrin derivative (HPD) photodynamic
therapy (PDT). Photodynamic therapy was combined with posttreatment
protocols known to inhibit the repair of potentially lethal damage in cells
treated with X-rays, ultraviolet radiation, or alkylating agents. Potentia-
tion of lethal damage from photodynamic therapy was induced by hy
pothermia (â€¢!"(â€¢)following short (1 h) or extended (16 h) HPD incubation

conditions. Caffeine potentiated the lethal effects of PDT only when cells
were incubated with HPD for extended time periods. However, 3-anii-
nobenzamide had no effect on the cytotoxic actions of PDT following
either short or extended HPD incubations. Recovery from potentially
lethal damage expressed by posttreatment hypothermia was complete
within 1 h, while recovery from potentially lethal damage expressed by
posttreatment caffeine required time periods of up to 24 h. The lack of
effect of 3-aminobenzamide on expression of potentially lethal damage
following photodynamic therapy may be related to direct inhibition of
adenosine diphosphoribose transferase by photodynamic therapy. These
results indicate that the expression and repair of potentially lethal damage
can be observed in cells treated with PDT and will vary as a function of
porphyrin incubation conditions.

INTRODUCTION

Hematoporphyrin derivative photodynamic therapy is the
treatment of solid tumors using a protocol that consists of the
i.v. administration of HPD3 followed 2-3 days later with local
ized exposure of the lesion to visible red light (1-3). The
preferential retention of HPD in malignant tissue compared to
adjacent normal tissue (4, 5) and the photochemical generation
of cytotoxic oxygen species by HPD when illuminated with
visible light (6, 7) account for the effectiveness of PDT. Prelim
inary clinical results of HPD PDT for the treatment of tumors
of the bladder, bronchus, skin, head and neck, eye, and cervix
continue to be encouraging (8-14).

Clinical PDT involves a single treatment regimen and in
these cases the expression and/or repair of PLD may play a
role in the ultimate effectiveness of treatment (15). Significant
modifications in survival are observed when mammalian cells
are subjected to various incubation conditions following treat
ment with X-rays, UV radiation, or alkylating agents (16-20).
Enhancement in survival under these conditions is termed
potentially lethal damage repair. Conversely, inhibition of PLD
repair is defined as a posttreatment effect which increases the
cytotoxicity, which results in the expression of damage (nor-
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mally only potentially lethal) that would have been repaired in
the absence of the posttreatment incubation condition. In the
current study, we have combined cellular PDT with incubation
conditions which are reported to inhibit the repair of PLD.
Posttreatment protocols consisted of hypothermie incubation
at 4Â°Cor incubation in growth medium containing either caf

feine or 3-ABA. Cellular recovery kinetics was documented in
cases where expression of PLD was observed and the activity
of ADPRTase was examined following HPD PDT. The objec
tive of these experiments was to determine whether posttreat
ment procedures could affect the survival or biochemical param
eters of mammalian cells treated with HPD PDT. Agents or
protocols which can alter the survival of HPD PDT treated
cells are of interest as they may lead to a better understanding
of the basic mechanisms involved in PDT induced cell killing.

MATERIALS AND METHODS

Drugs. HPD was obtained from Photofrin Medical, Inc., Cheekto-
waga, NY as a sterile solution (5 mg/ml) dissolved in 0.9% Nad
solution. Initial vials of HPD were stored in the dark at 4Â°C(as per
manufacturer's instructions), while subsequent vials of HPD were di
vided into I-ml al ii]inits and stored at -20Â°C which reduced the

degradation of HPD. Caffeine and 3-ABA were obtained from Sigma
Chemical Co., St. Louis, MO. Caffeine was dissolved in distilled water
and 3-ABA was dissolved in growth medium prior to filter sterilization.
[adenine 2,8-3H]NAD+ was obtained from New England Nuclear, Bos
ton, MA, and had a specific activity of 2.8 C'i/mmol.

Light Source. A parallel series of soft white 30-W fluorescent bulbs
(Sylvania; F30T12) enclosed on top with a sheet of clear Plexiglas and
filtered with a Mylar film were used as the light source for all PDT
treatments (36). The emission spectrum of this light source ranged
from 570 to 650 nm with a peak between 615 and 620 nm as measured
with a scanning monochromator (American ISA, Metuchen, NJ). The
fluence rate at the treatment site was measured with a radiometer-
photometer (EG&G, Inc., Salem, MA) and was 0.35 mW/cm2.

Cell Lines and Survival Assays. Chinese hamster fibroblast cells (V-
79) and a thymidine kinase deficient variant (R.IK) were used in all
experiments. The lines were maintained in monolayer culture in MEM
supplemented with 10% heat inactivated PCS and antibiotics. Prior to
treatments, appropriate numbers of cells were plated onto 60-mm
plastic Petri dishes and incubated at 37Â°Cfor 4 h to allow for cell

attachement. The cells were subsequently rinsed once with serum-free
MEM and then incubated in the dark with HPD. Two HPD incubation
protocols were used: (a) a short incubation which consisted of a 1-h
HPD incubation (25 Mg/ml) in MEM supplemented with 1% PCS; or
(b) an extended incubation which consisted of a 16-h HPD incubation
(25 /ig/ml) in MEM supplemented with 5% FCS. Cells incubated with
HPD for 16 h also received an additional 30-min incubation in fresh
MEM supplemented with 10% PCS (washout protocol) (22). Following
the various incubation and washout procedures, the cells were rinsed
once with serum-free MEM and then exposed for varying time periods
to red light. After light treatment, the cells were either immediately
refed with complete growth medium (controls), or refed and incubated
with: (a) complete growth medium at 4Â°Cfor 6 h; (b) complete growth
medium containing caffeine (3 HIM)for 24 h at 37*C; or (c) complete
growth medium containing 3-ABA (20 HIM)for 5 h at 37"C. Following

the experimental incubation protocols, the cells were rinsed and then
refed with normal growth medium and returned to a 37 Â°CCOz incu-
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bator. Dishes were fixed and stained 7-10 days following treatment
and the surviving fraction of cells was determined from clonogenicity
assays. AH appropriate controls (HPD alone, light alone, PLD agent
alone, PLD agent plus HPD, and PLD agent plus light) were examined.
Three dishes were treated at each dose point in each experiment and
individual experiments were repeated 3-5 times. There was a corre
sponding control group for each PLD experiment.

Repair kinetic experiments were performed using V-79 cells sub
jected to an extended HPD incubation protocol prior to PDT. Dishes
of cells were exposed to caffeine or hypothermie exposure at various
time intervals following PDT treatment. After PDT but prior to the
addition of the PLD agent, the cells were incubated in normal growth
medium at 37'C. The subsequent exposure time of cells in caffeine or
to hypothermia (4"C) was for 24 h or 6 h, respectively.

Determination of ADPRTase Activity. A modified method of Berger
et al. (23) described by Ben Hur and Elkind (19) was used to document
ADPRTase activity. A mono layer of 4 x 10* V-79 cells growing on
100-mm plastic Petri dishes were incubated with HPD as described
above. The cells were rinsed with phosphate buffered saline at ()"(' and

then suspended in 5 ml of phosphate buffered saline at OX by mechan
ical scraping with a rubber policeman. The cell number of each suspen
sion was determined and duplicate samples of cells were then exposed
to red light at doses ranging from 0 to 1155 J/nr. Immediately
following light exposure, the cell suspensions were resuspended in 1.0
ml of hypotonie buffer (10 mM Tris-HCl-1 mM EDTA-4 mM MgCl2-2
RIM dithiothreitol-0.05% Trition X-100, pH 7.8) to make the cells
permeable to NAD+. The cells were incubated for 30 min at 0Â°C,

centrifuged, and resuspended in 0.2 ml of a reaction buffer consisting
of 30 HIMTris-HCl, 1 mM EDTA, 30 mM MgCl2, 5 HIMKC1, 2 mM
dithiothreitol, and 0.05% Triton X-100, pH 7.8. Tritiated NAD+ was

added to give a final concentration of 0.3 HIM, 1 Â¿iCi/mlin a total
volume of 0.25 ml. The cell suspension was incubated at 37'C for 10

min and then the reaction was stopped by the addition of 0.25 ml of
cold 10% trichloroacetic acid. The suspension was incubated at O'C for

30 min and the trichloroacetic acid precipitate was collected by filtra
tion. The filters were then counted for 3H using a liquid scintillation

counter. Individual experiments were repeated 3 times and ADPRTase
activity was expressed as the percentage of change in 3H-labeled
poly(ADP-ribose) compared to controls.

RESULTS

Fig. 1 illustrates survival curves for V-79 and RJK cells
exposed to 3-ABA (5 h; 20 ITIM)following HPD PDT. The
concentration and incubation period of 3-ABA used in these

experiments was nontoxic. There was no significant difference
in levels of cytotoxicity for control cells (HPD PDT alone)
compared to cells treated with 3-ABA following either short or

extended HPD incubation conditions and light.
The effect of 6 h of hypothermia exposure (4Â°C)on V-79 and

RJK cells treated with PDT following short or extended HPD
incubations is shown in Fig. 2. Hypothermia exposure (4Â°C)

alone for 6 h was nontoxic to both cell lines. However, incu
bation of PDT treated cells at 4Â°Cpotentiated the photosensi

tizing toxicity of both cell lines following each HDP incubation
protocol. Dose modifying ratios were calculated at 10% survival
levels and represent the ratio of doses in the absence and
presence of treatment modifying agents which produce the same
biological effect. Dose modifying ratios of 1.10 to 1.21 were
observed for cells incubated at hypothermie conditions imme
diately following PDT compared to PDT treated cells returned
immediately to normal growth medium at 37Â°C.

Fig. 3 shows results of experiments in which caffeine (3 HIM;
24-h incubation) was added to cells following HPD PDT.
Caffeine did not potentiate the cytotoxic effects of PDT when
HPD incubations were for 1 h (Fig. 34). However, dose modi
fying ratios of 1.14 to 1.18 were observed with caffeine when
cells were incubated with HPD for 16 h prior to PDT. Toxicity
from caffeine alone (3 HIM; 24 h) ranged from 0 to 20% and
survival curves were adjusted for this toxicity.

Cellular recovery kinetics are shown in Fig. 4. V-79 cells
were exposed to either hypothermia (4Â°C;6 h) or caffeine (3

HIM;24 h) following a 16-h HPD incubation and light treatment
of 420 J/m2. The time scale for recovery of potentially lethal

damage was significantly different for hypothermia and caf
feine. Recovery from potentially lethal damage expressed by
posttreatment hypothermia was complete within 1 h while
recovery from potentially lethal damage expressed by posttreat
ment caffeine required time periods up to 24 h.

Fig. 5 shows the extent of stimulation of ADPRTase activity
in V-79 cells treated with HPD PDT. Cells were incubated with

HPD for either 1 or 16 h and then exposed to various doses of
red light prior to assaying for enzyme activity. A small increase
in ADPRTase activity [indicated by an increase in [3H]NAD
incorporation into poly(ADP-ribose)] was observed for both
HPD PDT conditions. However, at extended PDT light doses,

Fig. 1. A, surviving fraction of HPD PDT
treated cells as a function of delivered light
dose. O, â€¢,V-79 cells; A, A, RJK cells. Cells
were incubated for 1 h in MEM containing
HPD (25 Mg/ml) and 1% PCS prior to light
exposure. Following treatment, dishes were
either immediately refed with complete growth
medium (controls: O, A) or incubated at 37'C

for S h in growth medium containing 20 mM
3-ABA (â€¢,A). H. identical to Fig. \A except
that cells were incubated for 16 h in MEM
containing HPD (25 pg/ml) and 5% FCS. Fol
lowing HPD incubation and prior to light ex
posure, the cells were incubated for 30 min in
fresh MEM containing 10% FCS. Hars. SE.
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Fig. 2. A, surviving fraction of HPD PDT
treated cells as a function of delivered light
dose. 0, â€¢,V-79 cells; A, A, RJK cells. Cells
were incubated for l h in MEM containing
HPD (25 /.g/ml) .mil r: H S prior to light
exposure. Following treatment, dishes were
immediately refed with complete growth me
dium (controls, O, A), or incubated in growth
medium at hypothermie conditions, 4'C, for 6

h (â€¢,A). Ban, SE. B, identical to Fig. 2,i
except that cells were incubated for 16 h in
MEM containing HPD (25 Mg/ml) and 5%
FCS. Following HPD incubation and prior to
light exposure, the cells were incubated for 30
min in fresh MEM containing 10%FCS. Bars,
SE.
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Fig. 3. A, surviving fraction of HPD PDT
treated cells as a function of delivered light
dose, p, â€¢.V-79 cells; A, A, RJK cells. Cells
were incubated for l h in MEM containing
HPD (25 Mg/ml) and 1% FCS prior to light
exposure. Following treatment, dishes were
either immediately refed with complete growth
medium (controls, O, A) or incubated at 37*C

for 24 h in growth medium containing 3 nisi
caffeine (â€¢,A). Ban, SE. /(. identical to Fig.
>i except that cells were incubated for 16 h in
MEM containing HPD (25 Mgl/ml) and 5%
FCS. Following HPD incubation and prior to
light exposure, the cells were incubated for 30
min in fresh MEM containing 10%FCS. Bars,
SE.
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the enzyme activity decreased to levels similar to that of control
levels.

DISCUSSION

Results from this study indicate that it is possible to observe
the expression of potentially lethal damage resulting from HPD
PDT. The addition of caffeine, 3-ABA, or hypothermie condi
tions to growth medium following exposure to ionizing radia
tion, UV radiation, alkylating agents, or hypothermia is re
ported to increase the cell killing that results from the expres
sion of potentially lethal damage that is normally repaired in
the absence of these agents (16-20, 24-26). We have demon
strated that enhancement of cell killing following HPD PDT
occurred when cells were exposed to hypothermia (4Â°C)or

caffeine. Potentiation of PDT photodamage was induced by
hypothermia following short (1 h) or extended (16 h) HPD
incubation conditions. Caffeine potentiated the lethal effects of
PDT only when cells were incubated with HPD for extended
time periods (16 h). However, 3-ABA had no effect on the

cytotoxic actions of PDT for either short or extended HPD
incubations. These results suggest that several repair processes
are active in PDT treated cells. This conclusion is supported by
the fact that different repair kinetics were observed for PDT
treated cells exposed to hypothermia and caffeine (Fig. 4).

Two HPD incubation conditions were utilized in an effort to
obtain different cellular porphyrin localization conditions for
studying in vitro PDT damage and repair. The short (1 h) HPD
incubation followed by rinsing without serum is thought to
produce considerable damage to the plasma membrane, while
the extended (16 h) HPD incubation followed by a 30-min
washout in medium containing 10% serum should remove the
majority of plasma membrane associated porphyrin and there
fore induce more subcellular damage (22, 27, 28). Preliminary
experiments showed that expression of PLD could be observed
in RJK cells treated with PDT. It was therefore of interest to
determine whether the TK- phenotype played a role in PDT
induced PLD. Qualitatively identical results were obtained for
both cell lines which would rule out a major role of thymidine
kinase in expression and/or repair of PDT induced potentially
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Fig. 4. Recovery kinetic curves for V-79 cells treated with HPD PDT and

either posttreatment hypothermia at 4*C for 6 h (O) or posttreatment 3 mm

caffeine for 24 h (â€¢).Cells were incubated for 16 h in MEM containing HPD (25
Mg/ml) and 5% FCS. Following HPD incubation and prior to light exposure, the
cells were incubated for 30 min in fresh MEM containing 10% FCS. Cells were
exposed to a light dose of 420 J/m2. Incubation under hypothermie conditions or

in the presence of 3 HIMcaffeine was started at various time intervals after PDT.
Nonconnected symbols at time 0 h denote survivals without the addition of
hypothermia or caffeine. Ban, SE.
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Fig. 5. ADP-ribose transferase activity as a function of light dose for PDT

treated V-79 cells. Cells were incubated with HPD (25 /ig/ml) for either l h (O)
or 16 h (followed by 30-min washout) (A) prior to light exposure. ADPRTase
activity was assayed immediately following light treatment. SE, approximately
10%.

lethal damage. However, caffeine was shown to potentiate the
cytoxicity of PDT following extended but not short HPD
incubation conditions. This suggests that different targets may
be damaged following different incubation conditions and that
caffeine acts only on sites damaged following extended incu
bations. Nontoxic levels of caffeine can exert numerous cellular
effects and therefore it is not possible to determine lethal targets
of PDT damage from these data (29). However, it is likely that
caffeine enhances the lethal actions of PDT when HPD local
ization (and targets) are associated with subcellular biomole-

cules and not the plasma membrane.
Hypothermie exposure (4Â°C)following PDT enhanced the

cell killing of both cell lines and under both short and extended
HPD incubation conditions. Hypothermia can induce phase
transitions in lipid bilayers (30, 31) and such transitions have
been observed in various cellular membranes. It is therefore not
unexpected that posttreatment hypothermia enhanced the
expression of PDT induced potentially lethal damage following
both short and extended HPD incubations. The potentiation

observed with hypothermia could also be related to reduced
metabolic activity resulting in possible inhibition of numerous
repair associated enzymes (24). The current study has examined
the interaction of hypothermia and PDT when hypothermia
was introduced following light exposure. However, similar re
sults are observed when PDT and hypothermia are delivered at
the same time. The fraction of NH1K 3025 cells surviving
hemataporphyrin plus light is decreased at lower irradiation
temperatures (32, 33). In addition, the tumoridical action of
HPD PDT in mammary adenocarcinoma tumors in C3H mice
is enhanced when the tumor is cooled to 0Â°Cduring treatment

(21).
3-ABA is an effective inhibitor of poly(ADP-ribose) synthe

sis, which in turn is thought to play a regulatory role in repair
of DNA damage via DNA ligase (34). ADPRTase is a chro-
matin-bound enzyme which is activated by DNA strand break
age and catalyzes the transfer of ADP-ribose units from NAD"1"

to nuclear proteins (35). The inhibition of ADPRTase by 3-

ABA is thought to lead to expression of potentially lethal
damage following exposure to ionizing radiation. There are
several reasons why 3-ABA had no effect on HPD PDT. It is

possible that DNA strand breakage and its repair are not a
primary cause of cellular death from HPD PDT. This is sup
ported by the fact that HPD PDT does not induce mutagenic
or carcinogenic effects even though singlet oxygen is a known
mutagen (36, 37). However, PDT has been reported to produce
significant levels of DNA and chromosomal damage (36, 38,
39). A second reason for the ineffectiveness of 3-ABA in poten

tiating PDT lethality may be related to the fact that PDT itself
appears to inhibit ADPRTase (Fig. 5). While the doses of PDT
utilized in this study were large enough to induce significant
amounts of DNA strand breakage (38, 39), there was only
minor stimulation of ADPRTase as compared to that reported
following ionizing radiation (40). In addition, an actual decrease
in ADPRTase activity was observed with increasing doses of
PDT following both short and extended HPD incubations. The
direct inhibition of ADPRTase by PDT would therefore limit
any action of 3-ABA following PDT. This observation is in

agreement with our previous observation that single stranded
DNA breaks induced by PDT are repaired following low doses
of PDT but not after high doses of light (38). In addition, recent
studies show that DNA polymerases from calf thymus and rat
mammary tumors are inhibited by HPD PDT (41).

In conclusion, our study has demonstrated that the phenom
enon of expression and repair of potentially lethal damage can
be observed in cells treated with HPD PDT. Cellular sites of
potentially lethal damage and repair mechanisms associated
with this type of damage vary as a function of porphyrin
incubation conditions and exist in more than one location and
with varying repair kinetics. PDT can both activate ADPRTase
(via induction of DNA strand breakage) and inactivate the same
enzyme via direct photosensitization. Finally, we suggest that
posttreatment of certain human tumors with hypothermia could
be advantageous in clinical PDT. Bladder tumors receiving
PDT could subsequently be bathed in hypothermie water or
saline which would induce a potentiation of potentially lethal
damage in the treated tumor.
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