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ABSTRACT

Photodynamic therapy (PDT)-resistant variants of the RIF-1 mouse
tumor cell line have been isolated following a protocol of repeated
porphyrin incubation and light treatments. Two porphyrin incubation
procedures, employing either an extended (16 h) or a short (1 h) incu
bation, were used in order to obtain cell strains exposed to conditions
with differing intracellular photosensitizer localization. Two clones from
each PDT porphyrin incubation protocol were selected for in vitro and
in vivo analyses based on degree of resistance and plating efficiency.
Resistant variants had increased protein content and were larger than the
parental RIF-1 cells. In vitro growth rates were similar for all cell strains.
Both 16-h PDT-resistant variants exhibited modest resistance to ionizing
radiation and one of the 16-h PDT-resistant variants demonstrated
increased sensitivity to hyperthermia. The PDT-resistant variants did
not exhibit a multidrug resistance phenotype nor did they have altered
porphyrin uptake properties. The parental and resistant RIF cells had
comparable basal levels of antioxidant enzymes, reduced glutathione and
stress proteins, but the number of cells required to produce in vivo tumor
growth in 50% of inoculated animals was increased for all PDT-resistant
variants. The resistant cells exhibit a stable phenotype and should be
useful in studies designed to define PDT mechanisms of action.

INTRODUCTION

PDT3 utilizes a tumor-localizing photosensitizer together
with laser-generated light for the treatment of solid tumors (1,
2). The porphyrin mixture called Photofrin II is currently
undergoing clinical Phase III efficacy trials for the treatment of
bronchial, esophageal, and bladder tumors (3, 4). Localized
tumor toxicity occurs following the photochemical generation
of reactive oxygen species, including singlet oxygen and free
radicals (5-7). Areas of active preclinical investigation involving
PDT include (a) synthesis and evaluation of second-generation
photosensitizers, (b) development of solid state diode lasers, (c)
methods to enhance tumor delivery and retention of photosen
sitizers, (d) documentation of combined modality treatment
(heat and PDT) and systemic responses involving PDT, and (e)
examination of basic mechanisms associated with cellular and
tissue toxicity (2, 3, 8, 9).

Porphyrin-mediated photodynamic therapy is efficient at in
ducing damage to lipids, proteins, and nucleic acids (10-13).
Injury to cellular membranes, organdÃes, enzymes, and DNA
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have been documented in numerous normal and malignant cell
types (1, 3). However, information is limited regarding actual
mechanisms or targets involved in PDT-induced toxicity at the
cellular and tissue levels. The current investigation was designed
to isolate and characterize mouse tumor cells (RIF) resistant to
Photofrin II-mediated PDT. Previous use of resistant cell lines
has proven useful in evaluating mechanisms of action in the
fields of chemotherapy and hyperthermia (14-17). The goal of
our study was to obtain PDT-resistant cell variants which could
be used for the molecular, biochemical, and cellular character
ization of PDT cytotoxicity.

MATERIALS AND METHODS

Drugs. P-II was obtained from QuadraLogics Technology, Inc.,
Vancouver, British Columbia, Canada. The drug was placed in 2-ml
aliquots (2.5 mg/ml) and stored at -20Â°Cuntil utilized.

Cells and Cell Culture Conditions. Mouse radiation-induced fibrosar
coma (RIF-1) cells in passages 3-7 were used to isolate PDT-resistant
variants and to serve as the parental strain in all analysis experiments
(17, 18). Cells were grown in RPMI 1640 media supplemented with
15% FCS and antibiotics. Wild-type human breast carcinoma cells
(MCF-7) and Adriamycin-resistant MCF-7 cells which exhibit an MDR
phenotype were grown in Eagle's minimal essential media supple

mented with 10% FCS (19).
Photosensitization Treatment Conditions. Appropriate numbers of

cells were plated into 60-mm plastic Petri dishes (for clonogenic survival
determinations) or into T-75 plastic flasks (for protein or mRNA
assays) and then incubated at 37Â°Cfor 24 h to allow for cell attachment

(20). The growth medium was removed and the cells were then incu
bated in the dark with P-II (25 jjg/ml) for 16 h (extended incubation)
in media supplemented with 5% FCS or for 1 h (short incubation) in
media supplemented with 1% FCS (21). Following porphyrin incuba
tion, cells were either immediately rinsed with fresh growth medium
without serum (after the 1-h P-II incubation) or were rinsed for 30 min
in fresh growth media supplemented with 10% FCS (after the 16-h P-
II incubation). The dishes or flasks were then exposed to visible red
light at a fluence rate of 0.35 mW/cm2 generated by a parallel series of

30 W fluorescent bulbs filtered with clear Plexiglas and a ruby Mylar
film (20). After light exposure, cells were refed with complete growth
media and returned to a 37Â°Cincubator. Cell survival was determined

10-12 days later by a standard clonogenic assay, and three dishes were
evaluated/dose point in experiments that were repeated at least three
times. Dishes were plated with 1-2 x IO6 cells to evaluate survival
levels of 10~6,and we observed from 0 to 3 colonies/dish at the highest

PDT treatments.
Isolation Procedure for PDT-resistant RIF Cell Strains. Two sets of

resistant cell variants were isolated: one set resistant to the 16-h
incubation protocol and the other set resistant to the 1-h incubation
protocol (21). A total of lOMO6 parental RIF-1 cells were incubated
for 1 or 16 h with P-II in 60-mm Petri dishes and then exposed to light
doses which produced a 3.5- to 4-log reduction in survival. The surviving
cells were allowed to proliferate and were then replated for a second
cycle of photosensitization. PDT-resistant RIF variants were propa
gated during 10 consecutive cycles of photosensitization. Survivors
of the 10th cycle were subjected a final cycle of photosensitization
from which individual colonies were isolated. Seventeen clones from the
16-h PDT protocol and 6 clones from the 1-h PDT protocol were iso
lated. Two PDT variants from the 16-h protocol (RIFP16CL4
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PDT-RESISTANT CELL STRAINS

LIGHT DOSE J sq m
Fig. 1. Survival curves for RIF-1 (D). RIFP16CL4 (A), and RIFP16CL8 (O)

cells exposed to increasing doses of light. Cells were incubated with Photofrin II
for 16 h prior to light treatment. Points, average of 3 experiments; bars, SE.

and RIFP16CL8) and two PDT variants from the 1-h protocol
(RIFP1CL1 and RIFP1CL5) were selected for further analysis on the
basis of plating efficiency and degree of PDT resistance.

Hyperthermia and Ionizing Radiation Treatments. Hyperthermia
treatments were performed using a temperature-controlled water bath
set at 45Â°Cas previously described (20). Ionizing radiation treatments

were performed using an AECL cobalt-60 teletherapy unit with a dose
rate of 0.5 Gy/min (22). Survival curves were obtained using standard
clonigenic assays. Hyperthermia experiments were repeated 3 times
and radiation experiments were repeated twice.

Cell Growth Analysis. Cells in exponential growth were trypsinized
and counted using a Coulter electronic cell counter in triplicate at times
intervals of 0, 2, 4, 8, 12, 24, and 48 h. Growth rates were determined
from experiments that were repeated twice. Cell volumes were deter
mined using a Celloscope (Particle Data Inc., Chicago, IL) from exper
iments which were repeated 3 times. Cell diameters were calculated
from the cell volume using the equation V = 4Ajrr3.

TOÂ»Levels and Tumor Growth Rate. Various numbers of cells (10
up to IO6) were suspended in O.I-ml volumes and injected into the

flanks of C3H/HeJ mice. The time for tumor formation was docu
mented, and subsequent tumor growth rates were monitored three
times/week (17).

Cellular Porphyrin Uptake. Intracellular porphyrin concentrations
were determined by absorption spectroscopy (23). P-II was extracted
from cells by sonication in 0. l NNaOH. Porphyrin concentrations were
determined from a calibration curve using absorption ratio measure
ments at 390 and 470 nm. Protein concentrations were determined
using the Bio-Rad protein assay, and P-II levels were calculated on the
basis of/jg porphyrin/mg protein as well as pg porphyrin/cell.

mRNA Analysis. Total RNA was extracted from parental or PDT-
resistant variant cells using the guanidinium thiocyanate-phenol-chlo-
roform extraction procedure (24). The RNA (4 Mg/sample) was size
separated by denaturing electrophoresis on a 1% agarose gel containing
6.6% formaldehyde and then transferred to a nylon filter. The p3C5
hamster cDNA encoding GRP-78, the aT human cDNA encoding a-
tubulin, the pH 2.3 human cDNA encoding HSP-70 (3), and the PGY1
hamster cDNA encoding for the multidrug resistance gene (American
Type Culture Collection repository) were labeled with [12P]dCTP via
random-primed DNA labeling (25). Hybridization with 32P-labeled

cDNA probes was performed in l M NaCl, 50 mM Tris (pH 7.5), 10%
dextran sulfate, 1% SDS, 0.2 mg/ml salmon sperm DNA, and 50%
formamide overnight at 42Â°C.Following hybridization the filters were
washed at room temperature and at 42Â°Cin a solution containing 0. Ix

SSC and 1% SDS. Filters were then exposed to Kodak XAR-5 X-ray
film. Radioactivity was removed from filters by washing in water at
95Â°C.Filters were rehybridized under identical conditions with each
remaining cDNA probe. A synthetic oligomer complementary to nu-
cleotides 83-116 of the human heme oxygenase cDNA was labeled
with "P by 3'-end labeling as previously described (26). Hybridization

with the heme oxygenase 35-mer was performed in 6 x SSC, 5x
Denhardt's solution (0.1% polyvinylpyrrolidene, 0.1% bovine serum

albumin, 0.1% Ficoll 400), 0.2% SDS, 0.1 mg/ml tRNA, and 0.05%
sodium pyrophosphate at 59Â°C.Following hybridization, the filters

were washed with solutions containing 6x SSC, 0.2% SDS, and 0.05%
sodium pyrophosphate at 59Â°C.The filters were then exposed to Kodak

XAR-5 film. The autoradiograms were quantified by densitometery to
obtain relative levels of mRNA as a function of time after PDT.

Antioxidant Enzyme Assays. Glutathione peroxidase activity was
determined by the method of Lawrence and Burk (27) using eumene
hydroperoxide. The consumption of NADPH was followed by moni
toring the change in absorbance at 340 nm. Superoxide dismutase
activity was measured by the method of McCord and Fridovich (28).
Inhibition in the formation of reduced cytochrome by SOD was meas
ured at 550 nm.

Reduced Glutathione Determination. Cells were resuspended in l M
HC1O4 and 2 mM EDTA for determination of reduced glutathione
levels (29). Acid extracts were centrifuged at 5000 x g, and deprotein-
ized extracts were neutralized with 2 M KOH and 0.3 M 4-morpholine-
propanesulfonic acid. Reduced glutathione levels were determined by
monitoring the production of 5-lactoyl-glutathione at 240 nm (29).

RESULTS

Figs. 1 and 2 show PDT survival curves for the RIF-1 parental
cell line and for the PDT-resistant variant cell lines following
16- and 1-h porphyrin incubation protocols, respectively. The
four PDT-resistant variants display a stable level of in vitro
resistance to P-II-mediated photosensitization. The 16-h P-II
incubation variants have a DER of 1.22 at the 1% survival level
and a DER of 1.35 at 0.1% survival. A 2.5- to 3.0-log increase
in survival is observed for the 16-h PDT-resistant variants
compared to the parental RIF-1 cells at the highest light dose
analyzed (840 J/m2). The 1-h PDT-resistant variants have a
DER of 1.15 at 1% survival and a 1.2- to 1.5-log increase in
survival at the highest light dose compared to the parental cells.

In vitro properties of the parental RIF-1 cells and the PDT-
resistant variants are shown in Table 1. Plating efficiency of
the parental RIF-1 cells and 1-h PDT-resistant variants ranged
from 55 to 62%, while the plating efficiency of the 16-h PDT-
resistant variants was reduced to 36-43%. Doubling times of
the cells ranged from 14.4 to 17.9 h with the parental RIF-1
cells having a 15.4-h doubling time. Three of the PDT-resistant
variants had statistically significant increases in protein content
and were larger than the parental RIF-1 cells. Intracellular
porphyrin levels in the parental and resistant cells following 16

LIGHT DOSE J sq m
Fig. 2. Survival curves for RIF-1 (D), RIFP1CL1 (A), and RIFP1CL5 (â€¢)cells

exposed to increasing doses of light. Cells were incubated with Photofrin II for
l h prior to light treatment. Points, average of 3 experiments; bars, SE.
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PDT-RESISTANT CELL STRAINS

Table 1 In vitro characterization of parental and PDT-resistant RIF cells (n = 3)

Plating efficiency (%)
Doubling time (h)
Protein content (pg/cell)
Volume (fl/cell)
Diameter (jim/cell)
Photofrin II uptake

ng/mg protein (16-h incubation)
pg/cell (16-h incubation)
Mg/mg protein (1-h incubation)
pg/cell (1-h incubation)RIF-162.9

Â±2.6"
15.4 Â±0.6*
322 Â±44C

1822.3 Â±457.7
15.01 Â±1.223.71

Â±0.32
1.19 + 0.29
2.20 Â±0.21
0.71 Â±0.17RIFP1CL159.5

Â±3.3
17.9 + 0.9*
458 + 28e'"'

3472.5 + 365.6 f
18.77 + 0.65r3.56

+ 0.69
1.63 + 0.44
2.10 Â±0.25
0.96 + 0.18RIFP1CL555.7

+ 4.5
17.1 Â±0.2*
442 Â±33e'*

3160.2 Â±341.5/
18.19 +0.64/3.47

Â±0.70
1.53 + 0.45
2.09 Â±0.19
0.92 Â±0.16RIFP16CL436.9

Â±1.6
14.7 + 0.1*
510 Â±83*'

3314.6Â±466.1/
18.47 Â±0.87f3.39

Â±0.24
1.73Â±0.42/
2.31 Â±0.15
1.18Â±0.28/RIFP16CL843.3

+ 3.5
14.4 Â±0.1*
365 Â±26C

2310.9 + 78.6
16.33Â±0.303.22

+ 0.43
1.17 Â±0.25
2.58 + 0.032
0.94 Â±0.08'

Mean Â±SD.
Â»Ã„-2.cn

= 5.
*Â»= 4.
' P<O.Q\.
fP<0.\.

Table 2 Antioxidant enzyme and reduced glutathione levels of parental and PDT-resistant RIF cells

RIF-1 RIFP1CL1 RIFP1CL5 RIFP16CL4 RIFP16CL8
Superoxide dismutase (units/mgprotein)"Superoxide

dismutase (units/106cells)"Glutathione
peroxidase (units/mgprotein)'Glutathione
peroxidase (units/106cells)cReduced

glutathione (nmol/mgprotein)'Reduced
glutathione (nmol/106 cells)*3.741.2010935.119.11.15*0.37113.51.56.150.484.372.0011753.615.60.610.282913.2*2.0"7.140.923.91

Â±0.941.73
Â±0.4294

Â±1341.5
Â±5.716.9
Â±0.9''7.46

Â±0.40*3.28

+0.721.67
+0.3694

Â±2947.9+
14.822.8

Â±2.711.6Â±
US*3.93

Â±0.931.43
Â±0.34107

Â±7039.1
Â±25.622.5
Â±0.2*8.21
Â±0.07*

.
* Mean Â±SD.
en = 4.
d P < 0.05.
'n = 3.
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Fig. 3. Northern analysis of MDR mRNA
levels in RIF-1, PDT-resistant RIF cell var
iants, wild-type MCF-7 cells, and MDR-posi-
tive Adriamycin-resistant (Adr") MCF-7 cells.

Overexpression of MDR mRNA is observed
only in the Adriamycin-resistant MCF-7 cells.
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and 1-h incubation protocols have been analyzed on the basis
of cell number and per mg protein. The amount of P-II/cell is
slightly increased for the PDT-resistant variants (P < 0.1 for
CL4). Conversely, the resistant variants tended to have slightly
lower amounts of P-II on a per mg protein basis than the RIF-
1 cells, but this was not statistically significant.

Table 2 shows levels of Superoxide dismutase, glutathione
peroxidase, and reduced glutathione for all cell lines. Values
are expressed in terms of mg protein as well as on a per cell
basis in order to account for the increased cell size of the PDT-
resistant variants. A slight increase in reduced glutathione levels
was observed in the PDT resistant variants, but there were no
clear alterations in either SOD or glutathione peroxidase levels.

Fig. 3 shows a Northern blot analysis of mRNA levels for

the multidrug resistance gene in all RIF cell lines as well as for
the wild-type and Adriamycin-resistant (MDR positive) MCF-
7 lung carcinoma cell line. Increased levels of MDR mRNA are
observed in the MDR-positive MCF-7 cells, which agrees with
previous studies (19), but only basal levels of MDR mRNA
were detected for the RIF cells or the wild-type MCF-7 cell
line.

Figs. 4 and 5 show survival curves for the parental and PDT-
resistant RIF cells following exposure to hyperthermia and
ionizing radiation, respectively. The thermal sensitivity (45Â°C)

of the parental RIF-1 cells and for 3 of the PDT-resistant
variants were comparable to each other and to previous studies
(20). However, one of the 16-h resistant variants (CL4) con
sistently demonstrated a modest increase in thermal sensitivity.
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HEAT EXPOSURE (MIN)

Fig. 4. Survival curves for RIF-I (G), RIFP1CL1 (A), RIFP1CL5 (â€¢),
RIFP16CL4 (A), and RIFPI6CL8 (O) cells exposed to increasing time intervals
at 45Â°C.Points, average of at least 3 experiments: hors, SE.
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Fig. 5. Survival curves for RIF-1 (D). RIFPICLI (A), RIFP1CL5 (â€¢).

RIFP16CL4 (A), and RIFP16CL8 (O) cells exposed to increasing levels of cobalt-
60 -y-irradiation. Points, average of 2 experiments; bars, SE.

Cellular sensitivity to cobalt-60 -y-irradiation was reduced for
both 16-h PDT-resistant variants compared to RIF-1 (DER of
1.23 at a 0.1% survival).

Densitometery ratios of stress protein mRNA versus Â«-tubu-
lin mRNA were obtained following Northern blot analysis.
Basal and PDT-induced ratios are plotted as a function of time
after light treatment in Figs. 6-8 for GRP-78, HO, and HSP-
70, respectively. mRNA levels following a 1-h P-II incubation
protocol are shown in Figs. 6A, 1A, and 8A and mRNA levels
following the 16-h P-II incubation protocol are shown in Figs.
65, IB, and 80. Basal levels of the stress gene mRNA were
identical for parental and PDT-resistant cells. Differences were
observed in HSP-70 and heme oxygenase mRNA levels after
the 1-h P-II PDT treatment (Figs. 1A and 8/Ã•)and in the
kinetics of heme oxygenase mRNA after the 16-h P-II PDT
treatment (Fig. 7B). The PDT treatments used to analyze
mRNA levels produced survival levels of 30-50%. No differ
ences were observed between the various cell lines with regard
to basal or induced protein synthesis levels of HSP-70, HO, or
GRP-78 (analyzed by polyacrylamide gel electrophoresis fol
lowing incubation with [15S]methionine) (8, 26) under identical

PDT conditions as those used to evaluate mRNA levels (data
not shown).

Table 3 describes in vivo characteristics of the parental and
PDT-resistant RIF cells. The number of cells required to pro

duce tumors in 50% of inoculated syngeneic C3H mice was 10-
20 for parental RIF-1 cells and increased to between 5 x IO4
and 5 x IO5for the PDT-resistant variants. Similar results were
obtained when athymic "nude" mice were used as the host

animal (data not shown). Tumor-doubling time in C3H mice
was similar for the parental RIF-1 line and for the 16-h P-II
PDT-resistant variants (2-2.8 days). However, the 1-h PDT-
resistant strains have increased doubling times, ranging from
3.9 to 4.6 days.

DISCUSSION

The primary goal of this study was to obtain PDT-resistant
cells which could be used in evaluating cellular mechanisms of
action and target sites associated with porphyrin-mediated pho-
tosensitization. Isolation of drug-resistant cell lines has pro
duced models for subsequent biochemical and molecular studies
related to drug action, drug resistance, and cross-resistance
(30). The RIF variants isolated in this project have demon
strated a stable level of PDT resistance following in vitro
passage as well as following recovery from frozen stocks. Two
P-II incubation protocols were used in an attempt to obtain
PDT-resistant variants with differing biochemical mechanisms.
Cellular photosensitization following a short porphyrin incu
bation results in initial injury associated primarily with the
plasma membrane, while the extended porphyrin incubation
protocol produces increasing amounts of damage to cyto-
plasmic organelles and enzymes (31). The PDT-resistant var-
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Fig. 6. GRP-78 mRNA levels in RIF-1 and PDT-resistant variants as a function

of time following equal doses of P-II-mediated PDT. Densitometery readings
were made from autoradiographs of Northern blots probed with GRP-78 and Â«-
tubulin cDNA. The ratio of GRP-78 versus ., iiilnilin are shown as a function of
time after treatment using a short (A) or extended (B) porphyrin incubation
protocol.
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Fig. 7. Heme oxygenase mRNA levels as a function of time following equal

doses of Photofrin II-mediated PDT. Densitometery readings were made from
autoradiographs of Northern blots probed with an heme oxygenase oligomer and
n-tubulin cDNA. The ratio of heme oxygenase versus Â«-tubulinare shown as a
function of time after treatment using a short (A) or extended (B) porphyrin
incubation protocol. Note that the 16-h incubation with Photofrin II alone also
induces increased levels of heme oxygenase mRNA as previously described (26).

iants are larger than the parental RIF-1 cells and characteriza
tion studies have demonstrated minimal differences in antioxi-
dant enzyme and reduced glutathione levels between the
parental cells and PDT-resistant variants.

Initial studies using the PDT-resistant variants indicate that
cross-resistance is not observed following exposure to hyper-
thermia. These results suggest different mechanisms of action
and/or target sites and agree with previous studies demonstrat
ing that murine fibroblasts and tumor cells (exhibiting resist
ance to hyperthermia) have comparable levels of PDT sensitiv
ity as control wild-type cell lines (20). Interestingly, human and
Chinese hamster cell lines expressing the MDR phenotype
exhibit a 1.4- to 1.7-fold increase in resistance to PDT which
is correlated with intracellular porphyrin concentrations (32).
The absence of major differences in intracellular P-II levels for
parental and resistant RIF cells, together with the lack of MDR
mRNA expression in the PDT-resistant RIF variants, suggests

that alterations in plasma membrane transport mechanisms are
not associated with the induction of in vitro PDT resistance.
However, direct biochemical analysis of cellular transport and/
or metabolism properties of the resistant variants have not been
evaluated.

Previous studies have demonstrated that decreases in intra
cellular glutathione levels (induced by incubation with buthion-
ine sulfoximine) can modulate cellular sensitivity to porphyrin-

mediated PDT (33). There are also reports that Superoxide
aniÃ³n may be involved in porphyrin-mediated photosensitiza-
tion (34, 35). Interestingly, cutaneous photosensitization can
be inhibited with a SOD mimic (bis-3,5-diisopropyl salicylato
copper II) and augmented by an SOD inhibitor (diethyldithio-
carbamate) (34, 35). However, biochemical analysis of the PDT-
resistant RIF cell lines indicated that there were only modest
differences in glutathione levels or antioxidant enzyme levels
(Superoxide dismutase and glutathione peroxidase) when com
pared to the parental cells. Transcriptional and translational
expression of HSP-70 and GRP-78 are associated with modu
lating the expression of cellular damage induced by various
stresses including heat, oxidation, and chemical exposure (36-
38). Porphyrin-mediated PDT has been shown to increase levels
of HSP-70, GRP-78, and HO mRNA and protein (3, 25).
However, basal levels of stress protein mRNA and protein were
similar for both RIF-1 parental cells and PDT-resistant RIF
variants.

The magnitude of PDT resistance observed in this study is
less than that reported for most drug-resistant cell lines (14,
15, 19). In the case of drug resistance, there is usually a single
subcellular target (enzyme system or DNA), amplification of a
membrane-bound M, 150,000-180,000 glycoprotein transport
system, decreased repair of a specific target, or altered biotrans
formation pathway. However, there are numerous sites and
types of injury associated with porphyrin-mediated PDT, and
overlapping mechanisms could be involved in PDT-mediated
cytotoxicity. Even for a short P-II incubation in which plasma
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Fig. 8. HSP-70 mRNA levels as a function of time following equal doses of

Photofrin II-mediated PDT. Densitometery readings were made from autoradi
ographs of Northern blots probed with HSP-70 and u-tubulin cDNA. The ratio
of HSP-70 versus Â»-tubulinare shown as a function of time after treatment using
a short (A) or extended (A) porphyrin incubation protocol.
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Table 3 In vivocharacterization of parental and PDT-resistant RIF cells (n = 3)

TD50 (cells)
Tumor-doubling time (days)RIF-110-20 2.08 Â±0.55Â°RIFP1CLI5

x 10"-105

3.93 Â±0.33RIFP1CL55

x 104-105
4.66+ 1.28*RIFP16CL410!-5

x 10'

2.15 Â±0.45RIFP16CL8105-5

x 10*

2.86 Â±0.43Â°
Mean Â±SD.

* P<0.\.

membrane damage dominates, there can be membrane protein
cross-linking, lipid peroxidation, antigen/receptor inhibition,
ion transport alterations, and cellular depolarization (7, 10, 11,
39). The types of damage related to cytoplasmic injury are also
extensive. Inactivation of numerous mitochondrial and cyto-
solic enzymes may be involved in PDT cytotoxicity (40, 41).
Structural damage to various cytoplasmic organelles (mito
chondria, lysosomes, endoplasmic reticulum) are also observed
following porphyrin-mediated PDT (1,3, 42). Therefore, mod
ifying the sensitivity of one or a few cellular PDT targets or
repair systems would not be expected to produce the same
degree of resistance as observed with chemotherapeutic drugs
associated with a limited number of targets or modes of action.
The increased protein content Â¡nthe resistant variants suggests
that porphyrin content/critical target may be altered. An eval
uation of PDT responsiveness for various cell types, as a func
tion of size and protein content, is planned. Flow cytometric
analysis of propidium iodide-stained cells showed the charac
teristic mixture of diploid and tetraploid subpopulations for
RIF-1 and RIFP16C18 cells (18, 36) and a complete tetraploid
phenotype for the three other PDT-resistant variants (data not
shown). Previous studies have shown that RIF ploidy did not
influence cell sensitivity to either hyperthermia or ionizing
radiation (43).

The increase in TD50 values observed for all PDT-resistant
RIF variants is similar to previous characterization results for
heat-resistant RIF cells (17). Studies performed with the heat-
resistant RIF cells demonstrate increased TD50 values for both
control syngeneic mice and for preimmunized mice (17). Com
parable results were obtained using either syngeneic C3H mice
or athymic nude mice. There is currently no explanation for
the increase in TD50 values for the PDT-resistant variants, but
like the heat-resistant RIF cells, it is unlikely that antigenicity
can fully explain the differences. Modifications in the compo
sition of the plasma membrane have been reported for the heat-
resistant RIF variants and may play a role in tumor formation
(36).

An application of the PDT-resistant RIF variants will be in
examining in vivo PDT targets. Increasing evidence indicates
vascular injury as being involved in the expression of tissue
toxicity (8, 44). Quantification of in vivo PDT tumor response
and P-II pharmacokinetics for parental RIF-1 and PDT-resist
ant RIF variants could provide new information concerning
PDT-mediated tumor sensitivity. Likewise, the PDT-resistant
RIF variants will be used with second-generation photosensitiz-
ers for analysis of the mechanisms of action associated with
photosensitization (1,2). The 16-h P-II PDT-resistant variants
(CL4 and CL8) exhibit cross-resistance to a 1-h P-II incubation
PDT protocol. However, the 1-h P-II PDT-resistant variants
(CL1 and CL5) do not exhibit resistance to the extended 16-h
P-II incubation PDT protocol (data not shown). Additional
studies will also include protein synthesis analysis by 2-dimen-
sional gel electrophoresis for detection of unique species in
either the parental or PDT-resistant cells, as well as subtractive
hybridization analysis using cDNA libraries from the RIF cell
lines.

In summary, PDT-resistant mouse tumor cells have been
obtained following protocols involving porphyrin incubations
of both short and long durations. Both 16-h PDT-resistant
variants exhibited modest resistance to ionizing radiation and
one of the 16-h PDT-resistant variants demonstrated increased
sensitivity to hyperthermia. The resistant variants did not ex
hibit an M DR phenotype, nor did they have altered porphyrin
uptake properties. The parental and resistant RIF cells had
similar basal levels of antioxidant enzymes, reduced glutathi-
one, and stress proteins. All resistant cells were larger than the
parental cells, had increased protein content/cell, and had in
creased in vivo TD5o values. The resistant cells exhibited a stable
phenotype and should prove useful in subsequent studies de
signed to define PDT mechanisms of action.
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