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With limited treatment options, intraperitoneal spread of ovarian
cancer is a common problem leading to high morbidity. Intraper-
itoneal photodynamic therapy combined with debulking surgery
to treat residual disease is an alternative choice for clinicians. Hema-
toporphyrin monomethyl ether (HMME) is a promising second-
generation photosensitizer developed in China. Our study was
designed to investigate the phototoxicity of HMME on ovarian
cancer. NuTu-19, a cell line derived from adenocarcinoma of Fischer
344 rat, and its allogeneic graft ascites tumor model was used in this
study. HMME was confirmed to be localized in cytolysosome, and
HMME-based photosensitization induced direct necrosis as well as
mitochondria damage. The photocytotoxicity of HMME was both
light- and drug dose-dependent and no significant dark cytotoxicity
was observed in NuTu-19 cells. With the ascite tumor-bearing
Fischer 344 rat model, HMME-based intraperitoneal photodynamic
therapy was proved to be useful in improving the prognosis of
ovarian cancer. Thus, this study provides evidence that HMME-
based photodynamic therapy is an effective adjuvant therapy for
ovarian cancer. (Cancer Sci 2007; 98: 1959-1964)

Ovarian cancer is the second most common cancer among
women and causes more deaths than other cancers of the
female reproductive system. An estimated 22 430 new cases and
15 280 deaths are expected in 2007 in the USA.® The majority of
patients who are diagnosed with ovarian cancer present with
advanced-stage disease. Traditional treatment options such as
surgery, chemotherapy and radiotherapy have not improved the
prognosis significantly during the past decades. The 5-year
survival of new ovarian cancer patients remains only 45% in the
USA. Hence, an alternative adjuvant treatment method is of
high importance besides the conventional therapies for ovarian
cancer.

PDT is a novel treatment method used in a wide range of
oncological and non-oncological indications, which consists of
two simple procedures: the administration of a photosensitizer;
and illumination of the tumor to activate the drug. In the pre-
scence of molecular oxygen, the interaction of light with the
photosensitizer leads to the formation of reactive oxygen species,
primarily singlet oxygen ('O,), which can react with electron-rich
regions of many biomolecules, resulting in oxidative damage to
cells and tissues.® During PDT, photosensitizer can accumulate
preferentially in tumor cells, thereby making PDT-induced dam-
age selective for malignant tissue. Preclinical and clinical trials
are showing promise for the treatment of malignancies at multi-
ple sites with minimal normal tissue toxicity. As a minimally
invasive technique, PDT can be applied repeatedly at the same
site. Furthermore, the use of chemotherapy, ionizing radiation,
or surgery does not preclude the use of PDT, making it a pro-
mising adjuvant therapy option in tumor patients.®
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Ovarian cancer tends to spread throughout the abdominal
cavity and re-present as disseminated nodules on the surface
of the peritonium that remain as regional diseases. In general,
PDT can be used as a superficial treatment with a depth of a few
millimeters. Thus, intraperitoneal PDT theoretically is an ideal
therapy for surface malignancies originating in the abdomi-
nopelvic cavity, such as ovarian cancer and other peritoneal
carcinomatosis and sarcomatosis. Several preclinical studies
have shown the efficiency and toxicity of intraperitoneal PDT to
ovarian cancer in animal tumor models using first-generation
hematoporphyrin derivative.“*® With the development of the
photosensitizers, second-generation photosensitizers such as
meta-tetrahydroxyphenylchlorin and 5-aminolevulinic acid were
also used in intraperitoneal PDT for the treatment of ovarian
cancer. Significant delay in tumor regrowth was achieved follow-
ing meta-tetrahydroxyphenylchlorin-mediated intraperitoneal
PDT and a toxicity study has determined the maximum tolerable
light dose of ALA-mediated intraperitoneal PDT.”® Hornung
et al.®'” showed that intraperitoneal PDT, as a minimally inva-
sive procedure, could selectively debulk unresectable pelvic
ovarian cancer in immunocompetent rats using the pegylated
photosensitizer PEG-m-THPC, which was confirmed to be highly
targeted to ovarian cancer in a rat model. Several clinical trials using
first-generation photosensitizer dihematoporphyrin ether and
porfimer sodium showed the therapeutic effects of PDT in treating
peritoneal malignancy including ovarian cancer.!''"'¥ However,
the toxicity of the first-generation photosensitizer was notable
during the clinical application.¥ More research of intraperito-
neal PDT is necessary, using new types of photosensitizers and
light sources. HMME, a porphyrin-related photosensitizer that
was first developed in China, is a second-generation photosensi-
tizer with lower toxicity, stronger photodynamic effects, higher
tumor selectivity, and shorter skin photosensitivity. HMME has
been found to be effective in vascular disorders such as port-
wine stains and has been approved by the USA’s Federal Drug
Administration for clinical trials."5'® In our previous study,
we illustrated the phototoxicity of HMME to SKOV3 ovarian
carcinoma cells and its subcutaneous xenograft model in nude
mouse."” However, ovarian cancer develops in the pelvic cavity
and the subcutaneous xenograft model is not consistent with the
physiopathologic characteristics of ovarian cancer. Therefore, in
this paper we conducted further in vitro and in vivo studies to
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explore the feasibility of HMME-based intraperitoneal PDT for
the treatment of ovarian cancer in a Fischer 344 rat ascite tumor
model for the first time.

Materials and Methods

Cell lines and culture conditions. Fischer 344 rat-derived epithe-
lial ovarian carcinoma cell line NuTu-19 was a kind gift from
Dr Airong Zhang (Second Hospital of Shandong University,
Ji’nan, China). NuTu-19 cells were maintained in complete
media DMEM (Gibco Life Technologies) with 10% heat-
inactivated FCS (Gibco Life Technologies) at 37°C, 5% carbon
dioxide, and 100% humidity. All experiments were carried out
in exponentially growing cells.

Animals model. Pathogen-free Fischer 344 female rats (n = 30,
body weight range 100—125 g) were obtained from WeiTong-
LiHua, Beijing, China and housed in a pathogen-free animal
facility. They were given commercial basal diet and water ad
libitum. NuTu-19 cells were harvested with 0.25% trypsin and
0.01% ethylenediaminetetraacetic acid, and washed twice with
PBS solution. A total of 10° cells was injected intraperitoneally
into each rat. The animals were then observed daily and
weighed weekly.

Subcellular localization of the photosensitizer. HMME hydrosol-
vent was provided by FuDan-Zhangliang Bio-Pharmaceutical
Co., Shanghai, China. HMME solution was freshly prepared
prior to use by dissolving in PBS at a concentration of 10 mg/
mL and kept in the dark at 4°C. Further dilution of HMME was
carried out in PBS to reach different concentrations.

Monolayer cells were coincubated in the dark with different
concentrations of HMME (5, 30, and 60 pg/mL) and 10 pug/mL
mitochondria fluorescent probe (Rhodamine-123; Sigma) or
120 pg/mL cytolysosome fluorescent probe (Lucifer Yellow;
Sigma) in Petri dishes at 37°C. Before incubation with the
photosensitizer, the samples were washed twice and incubated
with Rhodamine-123 for 1 h and with Lucifer Yellow for 15 h.
Subcellular staining was observed at various time intervals (0.5,
1, 2, 3, 6, and 12 h) following coincubation. Prior to visualiza-
tion, excess photosensitizers and probes were washed off
and live cells were incubated in fresh medium. Image analysis
was accomplished with an Olympus IX81 inverted fluorescence
biomicroscope (Olympus, Japan). For detecting the fluorescence
of HMME and probes, an excitation filter with wavelengths at
450-480 nm and emission wavelengths > 515 nm was used.
Fluorescence images were recorded using a cooled and inten-
sified charge-coupled device camera equipped in the microscope.
Image-Pro Plus 6.0 software for Windows (Media Cybernetics,
USA) was used to analyze the cell images.

In vitro photocytotoxicity assay. NuTu-19 cells in 200 pL of
10% FCS DMEM medium (1.5 x 10* cells/well) were incubated
in 96-well flat-bottomed microtiter plates. When cells were in
the exponential growth phase the supernatants were removed
and replaced with 200 pL fresh FCS-free medium containing
different concentrations of HMME (0-20 pg/mL) for 3 h. The
medium containing the drug was then aspirated and the cells
were rinsed with PBS. Before laser irradiation, another 200 puL
DMEM was added into each well. The laser source was a pulsed
dye laser (Quantel Datachrom 5000; Quantel, France) operated
at a frequency of 10 Hz. Irradiation was carried out at different
light doses (0—6 J/cm?) at 620 nm with an output power 160 mW.
The total power intensity was measured using an EPM2000
power meter (Molectron Detector). Following this treatment, the
medium was replaced by 10% FCS DMEM medium and the
cells were incubated for another 24 h. Photosensitizer-mediated
cytotoxicity was determined by the tetrazolium chlorimetric
reduction assay (MTT assay), which measures the mitochon-
drial dehydrogenase activity of surviving cells, as described
previously.?*2D Briefly, the cells with media only served as a
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positive control and 200 UL of the medium alone without cells
and reagent was used as a negative control. Following photody-
namic treatment of the cells in microtiter plates as mentioned
above, 20 UL of the MTT dye (5 mg/mL) was added into each
well. The unreactive supernatants in the well were carefully
aspirated and replaced with 100 UL of isopropanol supplemented
with 0.05 M HCI to solubilize the reactive dye. The absorbance
(A) values of each well at 540 nm were read using an automatic
multiwell spectrophotometer (Bio-Rad, Richmond, CA). The
negative control well was used for zeroing absorbance. The
percentage of survival was calculated using the background-
corrected absorbance as follows:

Survival rate = A of experimental well/A of positive control
well X 100%

Experiments were carried out at least three times with
representative data presented.

Mitochondria damage detection. NuTu-19 cells were incubated
in 12-well flat-bottomed microtiter plates. Three hours after
HMME was added, the cells received photodynamic treatment
(HMME 5 pg/mL, light dose 5 J/cm?) as described above. The
cell samples were rinsed with fresh medium and stained with the
Mitochondrial Apoptosis Detection Kit (BioVision) according to
the manufacturer’s instructions at 4 and 8 h after irradiation. All
images were then captured using the Olympus IX81 fluorescent
microscope to assess the site of mitochondrial damage. Blank
cells without any treatment served as controls.

Apoptosis or necrosis detection. Apoptosis or necrosis detection
post-PDT were determined by flow cytometer using the Annexin
V-FITC Apoptosis Kit (BioVision). Briefly, approximately
1 x 10° NuTu-19 cells that had received photodynamic treatment
(HMME 5 pg/mL, light dose 5 J/cm?, 3 h after incubation) were
gently scraped and washed twice with cold PBS at 4 h and 8 h
following photodynamic treatment. Cells were resuspended
with 100 uL. annexin-V binding buffer then incubated with 10 uL.
annexin-V for 15 min at room temperature in the dark. Then
400 pL binding buffer containing 5 uL. PI was added to the cells
and incubated on ice for 15 min. The cells were sampled with a
FacsCalibur flow cytometer (Becton Dickinson) within 1 h. A
total of 1 x 10* cells were analyzed in each sample. Data analysis
was carried out with CELLQuest software (Becton Dickinson).
The results were interpreted as follows: cells that were annexin
V(-)/PI(-) (lower left quadrant) were considered as living cells;
annexin V(+)/PI(-) cells (lower right quadrant) as apoptotic cells,
annexin V(+)/PI(+) (upper right quadrant) as necrotic cells; and
annexin V(-)/PI(+) (upper left quadrant) may be bare nuclei,
cells in late necrosis, or cellular debris.

PDT in vivo. Six weeks following 1 X 10° cells innoculation,
the tumor-bearing Fischer 344 rats were divided randomly into
three groups. The control groups included animals that received
cytoreductive surgery (group A) and those that received cyto-
reductive surgery followed by laser illumination (group B). In
the treatment group (group C), HMME at a dose of 10 mg/kg
body weight was injected intraperitoneally. Three hours after
injection, cytoreductive surgery was carried out, followed by a
laser delivered to the surface of the abdominal cavity. All animals
were anesthetized by pentobarbital sodium (40 mg/kg) given
intraperitoneally before surgery. A heating device was used to
keep body temperature stable throughout the treatment until the
animal was woken up. All macroscopic niduses were removed
and omentectomy was carried out during the operation. The
total energy of the laser delivered to each rat was 50 J/cm? with
an ouput power of 160 mW. The laser source was a pulsed dye
laser operated at a frequency of 10 Hz. To keep the laser output
power stable, the room temperature was kept at 25°C throughout
the experiment. The beam of laser was exported horizontally
from the outlet then delivered through a refracting prism system
to vertically cover the rat’s peritoneal cavity. In order to avoid
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Fig. 1. Subcellular localization of hematopor-
phyrin monomethyl ether (HMME) in NuTu-19
cells derived from adenocarcinoma of Fischer 344
rat. Fluorescence images of the cells double-stained
with HMME and mitochondria fluorescent probe
(Rhodamine-123; Sigma) or cytolysosome fluore-
scent probe (Lucifer Yellow; Sigma) are shown.
Cells were observed at various time intervals (0.5,
1, 2, 3, 6, and 12 h) following coincubation of
HMME and Rhodamine-123 or Lucifer Yellow.
(a) HMME + Rhodamine-123; (b) HMME + Lucifer
Yellow; (¢) HMME alone; (d) Rhodamine-123 alone;
(e) Lucifer Yellow alone. All photos were taken
3 h after incubation.

the loss of laser energy, light fiber was not used in our study.
The laser power was measured with a power meter and the
average irradiation time was 20 min for each rat. During PDT
0.9% warm sodium chloride solution was dripped into the
peritoneal cavity continuously to avoid evaporation of body
fluid and damage to organs caused by thermal effect. The tumor
tissues dissected during the surgery were placed immediately in
10% formalin followed by routine processing of histolotgical
study to confirm the development of cancer. The peritoneal cavity
was sutured with sterile surgical wire. The entire procedure was
carried out under sterile conditions. After treatment the animals
were observed daily and followed up for 2 months. Survival
studies were initiated in all three groups following treatment.
The end point was defined as rat death due to ovarian cancer,
with evidence of cachexia such as a large number of ascites,
anemia, and serious emaciation. Survival analysis was evaluated
using Kaplan—Meier survival analysis. Survival curves were
drawn and the differences in survival times among three groups
were tested for significance.

Statistical analysis. The statistical analysis was carried out using
SPSS 13.0 for Windows (SPSS). Differences between groups
were analyzed by two-way ANOVA tests and the Student—
Newman—Keuls’ Q-test for significance. Survival studies was
evaluated using Kaplan—Meier survival analysis. P < 0.05 indicates
statistical significance.

Results

Intracellular localization by fluorescence microscopy. Distinctive
intracellular localization was achieved using the special fluor-
escence probes in living NuTu-19 cells. Fig. 1 shows typical
fluorescence images of the double-stained cells with HMME
and a subcellular organelles probe (Rhodamine-123 or Lucifer
Yellow). After incubation with HMME alone, diffuse red fluor-
escence was observed in the cytoplasm. No HMME fluorescence
was observed in the nucleus (Fig. 1c). As shown in Fig. 1(d,e)
the mitochondria probe and the cytolysosome fluorescent probe
emitted green fluorescent spots in the cytoplasm. The combined
images of both HMME and probes should present yellow
fluorescent spots indicating an overlap of HMME (red) and
probes (green). In cells treated with HMME and Lucifer Yellow,
there were clear yellow spots in the cytoplasm 0.5 h following
incubation when 30 pg/mL and 60 pg/mL HMME was given
(Fig. 1b). However, the yellow spots appeared 1 h later when a
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lower HMME dose (5 pg/mL) was given. The common yellow
spots did not appear in HMME and Rhodamine-123 double-
stained cells in despite of the different drug doses (5, 30, and
60 ng/mL) and incubation times (0.5, 1, 2, 3, 6, and 12 h), indicat-
ing that no HMME was confined to mitochondria (Fig. 1a). The
HMME subcellular localization pattern was identical for various
drug concentrations and incubation intervals. It was apparent
that HMME was localized at the cytolysosome which seemed to
be the target of HMME-based PDT.

In vitro phototoxicity. MTT assay showed that there was no
significant difference in the survival rate of cells exposed to
light alone (P > 0.05) or HMME alone (P > (0.05) compared to
blank controls (neither light nor HMME). HMME alone or laser
alone showed no cytotoxicity to NuTu-19 cells, which was important
because it indicated that no dark toxicity existed concerning
HMME. When HMME combined with laser illumination, the photo-
cytotoxicity were both drug dose- and light dose-dependent. The
survival rate of cells was significantly decreased with increasing
light dose (2-6J/cm? P=0.004). The same difference was
observed with an increasing HMME dose (1.25-20 pug/mL,
P =0.001). NuTu-19 cells seemed very sensitive to HMME-
based PDT. When the HMME dose reached 20 pg/mL, all cells
were killed even in a lower laser dose (2 J/cm?). The survival
rate curve is shown in Fig. 2.
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Fig. 2. Photocytotoxity of hematoporphyrin monomethyl ether (HMME)
to NuTu-19 cells derived from adenocarcinoma of Fischer 344 rat. Shown
are the cell survival rates at 24 h after photodynamic treatment with
different concentrations of HMME (0-20 ug/mL) and different light
doses (0-6 J/cm?).
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Mitochondria damage and death mode detection. Fig. 3(a) shows
orange fluorescent spots with green background in the cytoplasm
of control NuTu-19 cells (without any treatment), indicating the
intact mitochondria. Mitochondria fluorescent spots disappeared
completely and there was only weaker diffused green fluorescence
in the cytoplasm following PDT, which indicated mitochondria
damage, as shown in Fig. 3(b). The same results were observed
4 and 8 h following photodynamic treatment.

At 4 and 8 h following PDT, dual staining of cells with Annexin
VAPI and analysis using flow cytometry were used to distinguish
apoptotic from necrotic cells. Flow cytometry dot plots of the
simultaneous binding of Annexin V-FITC and PI uptake by
cells are shown in Fig. 4. The dead cells were mainly character-
ized as Annexin V(+)/PI(+), representing necrosis. Therefore,
HMME-based PDT induced direct necrosis rather than apopto-
sis in NuTu-19 cells.

Effectiveness of HMME-based intraperitoneal PDT on ascite tumor
model. NuTu-19 cells grew progressively in the abdominal cavity
in a manner typical of human ovarian epithelial carcinomas. All
animals in the experiment developed cancer in the peritoneal
cavity following injection with 10° cells, represented by numerous
serosal nodules (peritoneum, omentum, diaphragm, and bowel),
omentum contraction, and malignant bloody ascites. Pathohistology
results confirmed the existence of adenocarcinoma tissue.

Fig. 3. Mitochondria damage in NuTu-19 cells,
derived from adenocarcinoma of Fischer 344 rat,
following hematoporphyrin monomethyl ether
photodynamic treatment. (a) Orange fluorescent
spots in control cells indicate the intact
mitochondria. (b) Mitochondria fluorescent spots
disappeared completely and there were only
diffused weaker green fluorescent spots in the
cytoplasm, indicating the mitochondria damage.

At the end of the study, the survival rate of the treatment
group (group C) was 33.3%, with a median follow-up time of
45 days (95% CI, 1.17-88.83 days). In the control groups, the
median follow-up was 15 days (95% CI, 6.68-23.32 days) and
19 days (95% CI, 13.16-24.84 days) in groups A and B, respec-
tively. There was no statistically significant difference on the
survival time between the two control groups (P =0.788). No
animals survived in control groups when the study was closed.
PDT could prolong the survival time significantly compared to
the controls (P = 0.008). The Kaplan—Meier survival curves of
the three groups are shown in Fig. 5.

Discussion

In the past half century, with the development of new types
of photosensitizers and new light delivery systems, PDT has
attracted people’s interest as a unique treatment method.?®» PDT
offers an alternative option in cancer management and has
been used for localized superficial or endoluminal malignant
and premalignant conditions. The poor prognosis of advanced
ovarian cancer and recent developments in photomedicine
have generated considerable interest in PDT for this disease.
Much work has been done and clinical trials show promising
results concerning this new approach. However, its use remains
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Fig. 4. Cell death mode induced by hematoporphyrin monomethyl ether-based photodynamic treatment (PDT). Flow cytometry analysis of NuTu-
19 cancer cells, derived from adenocarcinoma of Fischer 344 rat. with Annexin V/propidium iodide (PI) double staining after PDT. (a) Controls; (b)
4 h after PDT; (c) 8 h after PDT. UL (upper left quadrant): Annexin V(=)\PI(+), cell fragment; UR (upper right quadrant): Annexin V(+)\PI(+), necrosis
cells; LL (lower left quadrant): Annexin V(=)\PI(-), survival cells; LR (lower right quadrant): Annexin V(+)\PI(-), apoptotic cells.
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Fig. 5. Kaplan-Meier survival curves for tumor-bearing Fischer 344 rats.
Treatment groups (n =9) included animals that received cytoreductive
surgery and intraperitoneal photodynamic treatment (hematoporphyrin
monomethyl ether 10 mg/kg, laser 50 J/cm?). Control groups included
animals that received cytoreductive surgery alone (n = 8) or cytoreductive
surgery followed by laser illumination (50 J/cm?) without photosensitizer
(n=9).

marginal because PDT has no clear established advantages
over alternatives such as chemotherapy and radiotherapy. Before
its wide application in the clinic, more evidence is needed
concerning the effect of PDT on ovarian cancer. In the current
study, we provided evidence of HMME-based PDT efficiency
in NuTu-19 cells and its allogeneic graft ascites tumor model, a
reliable, immunocompetent epithelial ovarian cancer animal
tumor model that developed in a manner typical for human
ovarian epithelial carcinomas.®¥

The effect of PDT depends on the formation of reactive
oxygen species such as singlet oxygen ('0,). Owing to the short
intracellular lifetime of the biochemically active singlet oxygen
species, the diffusion range of 'O, is limited to approximately
45 nm in cellular media.®” Because the diameter of human cells
ranges from approximately 10 to 100 um, the site of the primary
generation of '0,, where the photosensitizer locates, consequently
determines which subcellular structures might be attacked.
Therefore, it is not surprising that the type of the response
triggered by activation of the photosensitizers depends on their
intracellular localization. In this study a mitochondria probe and
a cytolysosome probe combined with HMME were used to stain
the cells to find the subcellular location of HMME. The images
in fluorescence microscopy revealed that HMME was localized
in cytolysosome, which indicated the intracellular targets of
HMME PDT. There was no accumulated fluorescence of
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