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ABSTRACT

Purpose: Response to photodynamic therapy depends
on adequate tumor oxygenation as well as sufficient accu-
mulation of photosensitizer in the tumor. The goal of this
study was to investigate the presence of hypoxia and reten-
tion of the photosensitizer Photofrin in the tumors of pa-
tients with intra-abdominal carcinomatosis or sarcomatosis.

Experimental Design: Tumor nodules from 10 patients
wer e studied. In nine of these patients, hypoxia was identi-
fied in histological sections of biopsied tumor after admin-
istration of the hypoxia marker 2-(2-nitroimidazol-1[H]-yl)-
N-(2,2,3,3,3-pentafluor opropyl)acetamide (EF5). | n separate
tumor nodulesfrom 10 patients, Photofrin uptake was meas-
ured by fluorescence after tissue solubilization.

Results: Hypoxia existed in the tumors of five patients,
with three of these patients demonstrating at least one se-
verely hypoxic nodule. Physiological levels of oxygen were
present in the tumors of four patients. An association be-
tween tumor size and hypoxia was not evident because some
tumor nodules as small as ~2 mm in diameter were severely
hypoxic. However, even these tumor nodules contained vas-
cular networks. Three patients with severely hypoxic tumor
nodules exhibited moderate levels of Photofrin uptake of
3.9+ 0.41t03.9 = 0.5ng/mg (mean + SE). Thefour patients
with tumors of physiological oxygenation did not consis-
tently exhibit high tumor concentrations of Photofrin:
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mean * SE drug uptake among these patients ranged from
0.6 = 0.8t0 5.8 = 0.5 ng/mg.

Conclusions: Carcinomatosis or sarcomatosis of thei.p.
cavity may exhibit severe tumor hypoxia. Photofrin accu-
mulation in tumors varied by a factor of ~10x among all
patients, and, on average, those with severe hypoxia in at
least one nodule did not demonstrate poor Photofrin uptake
in separate tumor samples. These data emphasize the need
for reconsideration of the generally accepted paradigm of
small tumor size, good oxygenation, and good drug delivery
because this may vary on an individual tumor basis.

INTRODUCTION

Carcinomatosis or sarcomatosis of the peritoneal cavity is
characterized by the presence of tumor nodules on serosal
surfaces throughout the abdomen. Tumors that may spread in
this pattern include gynecological and gastrointestina malig-
nancies (1) and sarcomas such as gastrointestinal stromal tumors
[GISTs(2)]. Overal, the prognosisis poor for such patients, and
surgery alone is generaly ineffective in their treatment. Several
multimodal therapies are under investigation, including intraop-
erative or postoperative i.p. chemotherapy (3), hyperthermici.p.
intraoperative chemotherapy (4), and intraoperative i.p. photo-
dynamic therapy [PDT (5)].

PDT may be well suited for the treatment of superficial or
microscopic disease remaining after surgical debulking. Feasi-
bility of this approach was demonstrated in a Phase | study of
intraoperative Photofrin PDT after debulking surgery of i.p.
disease (6), and a Phase |1 trial has recently been completed (5).
The efficacy of this modality is determined by the simultaneous
presence of the required components for PDT: photosensitizer;
oxygen; and light. However, little to no investigation of these
crucial parameters has been conducted for patients with i.p.
disease. The presence of pretreatment hypoxia in these nodules
is of concern for several reasons. First, hypoxia itself has been
found to be a useful prognostic factor for predicting poor out-
come to cancer treatment (7), especially radiotherapy (8—10).
Although a similar clinica study has not been conducted for
PDT, it is likely to be important, given the oxygen dependence
of currently used PDT agents, as shown in preclinical studies
(11, 12). Secondly, hypoxia can develop or become more severe
during illumination due to photochemical oxygen consumption
and the vasoconstrictive effects of PDT (11, 13). In one study on
patients with basal cell carcinomas undergoing PDT, significant
treatment-induced hypoxia has been documented (14). Findly,
the presence of hypoxia may indicate an insufficient vascular
network that could limit photosensitizer delivery.

The presence of hypoxiain i.p. nodules can be determined
by labeling with a hypoxia marker such as the 2-(2-nitroimida-
zol-1[H]-yl)-N-(2,2,3,3,3-pentafluoropropyl)acetamide  (EF5).
In preclinical studies, tumor hypoxia as |abeled by EF5 directly
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correlates with radiation resistance (15). A Phase | trial of EF5
has been completed to detect hypoxia in tumors from patients,
including those with sarcomas (16), squamous cell carcinomas
(17), and other tumor types (18). Data from Phase Il trials
suggest that hypoxia, as measured by EF5 binding, correlates to
other clinically relevant end points, such as tumor necrosis and
cytokine regulation (18—20).

The purpose of the present study is to quantify levels of
hypoxia and Photofrin in i.p. tumor nodules of patients entered
into aPhasell i.p. PDT trial. Data on EF5 binding and Photofrin
uptake are reported for multiple tumor nodules per patient in
cases where >1 sample could be obtained; however, hypoxia
and photosensitizer content were evaluated in separate tumor
nodules from each patient. Our data show that a range in EF5
binding and Photofrin uptake is present in tumor specimens.
Severe hypoxia could be detected in even the smallest nodules
(~2 mm) evaluated. In patients with severely hypoxic tumor
nodules, moderate levels of tumor Photofrin uptake were found,
whereas low Photofrin uptake was found in the tumors of some
patients with nodules of physiological oxygenation.

MATERIALS AND METHODS

Human Subjects. Tissues from 10 patients were studied
for Photofrin uptake; 9 of these patients were also studied for
tumor hypoxia. Patients were either enrolled separately on the
Phase | EF5 trial and the Phase Il i.p. PDT tria or enrolled on
atrial of EF5 specifically designed for patients undergoing i.p.
PDT (aternately, some patients were treated off-study as a
compassionate exception to thei.p. PDT trial). The Phase | tria
of EF5 was initiated in February 1998, and the EF5 tria for
patients undergoing i.p. PDT was initiated in October 2002. The
Phase |l trial of PDT for disseminated i.p. malignancies beganin
April 1997. All trials were approved by the Institutional Review
Board of the University of Pennsylvania and the Clinical Trials
Scientific Review and Monitoring Committee of the University
of Pennsylvania. The i.p. PDT tria was approved under an
investigator-sponsored IND with the United States Food and
Drug Administration. The EF5 trials were approved by Cancer
Therapy Evaluation Program, National Cancer Institute. Exclu-
sion and inclusion criteria for these trials have been published
previoudy (5, 16). Patients provided separate written informed
consent for each trial. For the patients enrolled separately on the
Phase | EF5 and Phase Il i.p. PDT trials, EF5 biopsy was
performed at a laparoscopy for staging and assessment for
treatment with i.p. PDT. Therefore, the time between EF5
biopsy and Photofrin injection was 3 weeks (patient 5), 8 weeks
(patient 2), and 14 weeks (patient 1). In all other patients, who
were enrolled on the joint EF5 and i.p. PDT tria, EF5 and
Photofrin were administered on the same day: biopsy and PDT
treatment took place 48 h later. Biopsies for EF5 and Photofrin
analysis were collected before illumination was begun.

Drugs Administered. EF5 was supplied by Cancer
Therapy Evaluation Program, National Cancer Institute, in vials
containing 300 mg of drug plus 100 ml of water with 5%
dextrose and 2.4% alcohol. EF5 solution was administered viaa
peripheral i.v. catheter at a rate no greater than 350 ml/h. Total
infusion time was 1-1.5 h, depending on the total dose (12 or 21
mg/kg) administered. Tissue biopsy for EF5 binding was per-

formed 24—48 h later. Binding was corrected for dose and time
of drug exposure as described below.

Photofrin was supplied by Axcan Pharmalnc. (Mont-Saint-
Hilaire, Quebec, Canada) and administered i.v. at 2.5 mg/kg.
Surgical debulking and intraoperative PDT were performed 48 h
later. Full treatment details on the i.p. PDT trial have been
published previously (5).

Immunohistochemistry. Individual tumor nodules were
excised (intact, if possible), put in iced EXCELL 610 media
(JRH Biosciences, Leneka, KS) with 15% FCS, transported to
the laboratory, and frozen in Tissue Tek OCT (Sakura Finetek
USA, Inc., Torrence, CA). Cryosectioning and immunohisto-
chemistry were performed as described previously (21). Briefly,
10-pm sections were fixed in 4% paraformaldehyde, blocked,
and stained with EF5 monoclonal antibody (ELK3-51) conju-
gated to Cy3 dye (“regular stain”). Multiple slide series were cut
from some nodules, in which each series was from a different
level of the nodule. Sectioning levels were separated by at |east
0.5 mm, with each successive level cut at greater distances from
the tumor periphery. In addition to the regularly stained sec-
tions, within each slide series two sections were stained without
antibody to assess endogenous tissue fluorescence (“no stain”).
To assess nonspecific antibody binding, sections were stained
with an antibody solution containing 0.5 mm EF5, whereby the
free EF5 in the solution competed with tissue-bound EF5 for
available antibody (“competed staining”).

Some tissue sections were additionally stained for CD31 to
determine tumor vascularization. Slides to be exposed to CD31
antibody were blocked overnight in PBS containing 1.5% albu-
min and 0.3% Tween 20 (“antibody carrier”) supplemented with
5% skim milk and 5% rat serum. Staining (1.5 h at room
temperature) in primary antibody was carried out with mouse
antihuman CD31 (PharMingen, San Diego, CA) diluted 1:100in
antibody carrier. After rinses in PBS with 0.3% Tween 20,
secondary antibody staining (1:100 in antibody carrier) was
carried out at room temperature for 45 min with Cy5-conjugated
rat antimouse 1gG (Jackson ImmunoResearch, West Grove,
PA). Sections were rinsed in PBS with 0.3% Tween 20, fol-
lowed by fixation of CD31 labeling for 20 min in 4% paraform-
aldehyde. Staining for EF5 was then performed as described
above.

Fluorescence Photography. Fluorescence microscopy
(LabPhot microscope with a 100-W high-pressure mercury arc
lamp and Photometrics Quantix charge-coupled device digital
camera) was carried out as described previously (17). An auto-
matic stage (Ludl Electronic Products) and IP Lab Spectrum
software (Scanalytics, Fairfax, VA) precisely controlled stage
movement for the purpose of photography of the entire section.
Immediately before photography, slides were flooded with a
solution of Hoechst 33342 (20 um in PBS) to label the DNA of
individual cells in the photographed images. Photographs were
taken using filter cubes appropriate for Cy3 [EF5 or 2-(2-
nitroimidazol-1 [H]-yl)-N-(3,3,3-trifluoropropyl)acetamide (EF3)],
Cy5 (CD31), and Hoechst 33342. At the beginning and conclu-
sion of each camera session, an image of hemacytometer-loaded
caibration dye (a standard concentration of Cy3 in 1%
paraformaldehyde) was taken. The fluorescence of this dye was
defined as “1000.” The fluorescence of other images was then
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determined by comparing their brightness with the calibration
dye, with correction for camera shutter exposure.

Analysis of in situ EF5 Binding. For the purpose of
image analysis, bitmap (two-color) masks were created of the
Hoechst 33342 images in Adobe PhotoShop (Adobe Systems,
Inc., San Jose, CA) by applying the auto level function to
enhance contrast followed by maximize and median filters to
spread the nuclear-localized fluorescence over the approximate
diameter of acell. Thresholding was performed to create a mask
of tissue-containing areas. Images were analyzed using routines
written in MatLab (The MathWorks, Inc.,, Natick, MA),
whereby EF5-dependent fluorescence intensity values were
sampled within an image based on tissue location identified by
the Hoechst 33342 mask. Because of limitations in memory,
images analyzed in MatLab were cropped to a maximum of
1200 X 1200 pixels for analysis.

EF5 intensity values at the 95% binding level were deter-
mined from EF5 binding in all tumor tissue on a section,
identified by the Hoechst mask. The 95% binding values were
calibrated based on lamp intensity and exposure time (see “Flu-
orescence Photography”) and normalized for total EF5 drug
exposure in individual patients. Total drug exposure was calcu-
lated (in wm+h) based on the area under the curve plotted from
drug concentration at the time of EF5 infusion and at the time of
tissue biopsy (22). Fina values for in situ EF5 binding were
obtained by subtracting the value for nonspecific binding (com-
peted stain) in an adjacent section from that of regular stain
binding.

Determination of Cube Reference Binding. Cube ref-
erence binding was used to determine the maximum possible
EF5 binding in tumor tissue from each patient. This was
performed as described previously (17). Briefly, tissue cubes
were dissected from the fresh biopsy and incubated in vitroin
the hypoxia marker EF3 (200 ™ for 3 h) under low oxygen
concentration (0.2%). Hypoxia marker binding values in the
reference cubes were multiplied by the ratio of total drug
exposure in the reference (600 wm-h) to that in the patient
(based on area under the curve). The drug EF3 (similar to
EF5, but containing three fluorines instead of five) was used
for these studies to minimize any contribution from EF5
binding that had occurred in situ (i.e., antibodies against EF3
do not bind strongly to EF5). Respiration created maximum
EF3 binding at several cell layers beneath the surface of the
cube. Sections cut from these layers were stained for EF3
binding using an EF3-specific monoclonal antibody (ELK5-
A8). In photographed images, the median EF3-dependent
fluorescence intensity in areas of maximum binding was
determined using Adobe PhotoShop. The magic wand func-
tion was used to highlight regions =20 (range, 0—-255) flu-
orescence intensity units higher than background. For each
specimen/level, the percentage of cube reference binding was
determined by dividing the in situ binding at the 95% level by
the median cube reference binding determined from a spec-
imen cube from the same patient.

Analysis of Photofrin Uptake. In general, the small
mass of the tumor nodules collected for the EF5 study pro-
hibited the evaluation of hypoxia and Photofrin uptake in the
same tumor sample, but up to an additional seven tumor
nodules were collected from each patient for Photofrin assay.

Whole tumor nodules or biopsies of larger disease were
resected in the operating room, placed in specimen contain-
ers, protected from visible light, and frozen at —80°C. When-
ever possible, sizes of the tumor nodules collected for Pho-
tofrin uptake were similar to those studied for EF5 hinding.
The spectrofluorometric assay for Photofrin quantification
was based on a previous report (23). Tissue samples were
thawed to room temperature, weighed, and, depending on the
amount available, ~10-50 mg of tissue were placed in avial
with 0.150-0.500 ml of the tissue solubilizer, Solvable
(Packard, Meriden, CT). The vial was capped and heated at
50°C overnight (20 = 2 h) in the dark. The following day, the
solution was cooled to room temperature, mixed with an
equal volume of distilled water, and transferred to a quartz
cuvette of 200 wl (10-mg samples) or 600 wl (50-mg sam-
ples) capacity. The fluorescence of the solubilized sample
was measured by a spectrofluorometer (FluoroMax-3; Jobin
Yvon, Inc., Edison, NJ) with A of 405 nm and A, of 627
nm. Photofrin concentration in the tissue was calculated
based on the increase in fluorescence resulting from the
addition of a known amount of Photofrin to each sample after
its initial reading. Data are presented as nanograms of Pho-
tofrin per milligram of tissue for each unique sample. If
tissue mass was sufficient, samples were run in replicate and
averaged.

Statistics. Analyses were carried out using R 1.70. Both
simple descriptive statistics (sample medians and ranges) and
linear models were used to describe the data. With respect to
hypothesis testing, because our sample size was small, we
considered each patient to be of interest, rather than trying to
group patients by histology or strata and testing for differences
between groups. For the EF5 data, likelihood ratio tests were
constructed using mixed effects models to determine whether
there were statistically significant differences in EF5 binding
among patients (24). This model took into account the correla-
tion among tumors within individual patients (interspecimen
variability) and the correlation among sections within individual
tumors (intraspecimen variability). For the EF5 data, we also
modeled the variance both within and between tumors as an
increasing function of the mean EF5 uptake per subject. This
approach was based on initial exploratory analyses. For the
Photofrin data, we carried out a one-way ANOVA to determine
whether there were differences between individuals. Statistical
tests were two-sided, with statistical significance declared if the
P for atest was <0.05.

RESULTS

Patient Information. All patients had carcinomatosis or
sarcomatosis of the i.p. cavity. Histological diagnoses included
GIST (n = 2; patients 1 and 2), ovarian carcinoma (n = 2;
patients 3 and 4), colon carcinoma (n = 3; patients 5-7), small
bowel carcinoma (n = 1; patient 8), and appendiceal carcinoma
(n = 2; patients 9 and 10). In patient 10, tumor nodules were
analyzed for Photofrin uptake but not for EF5 binding because
of difficulties in obtaining the blood samples necessary to de-
termine total EF5 exposure (see “Analysis of in Situ EF5 Bind-
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Table1 EF5 binding in intraperitoneal malignancies

Patient Sectioning % of reference Intraspecimen Interspecimen I nterspecimen
no. Histology Cohort ~ Specimen levels binding at each level® median (range)®  median (range)® mean (SE)¢
1 GlsT® Sarcoma A 1,2 3 and4 0.3 01,02 and 0.6 0.3(0.5) 0.2(0.3) 0.4 (0.5)
B 1,2 and 3 0,0, and 0.7 0.0(0.7)

2  GIST Sarcoma A 1,2 and 3 14,14, and 1.1 1.4(0.3) 1.4 14(1.7)
3 Ovarian CA Ovarian A land 2 6.3 and 4.7 55(1.6) 55(6.2) 51(2.8)

B 1 8.3 8.3
C land 2 18 and 2.3 21(0.5)
4 Ovarian CA Ovarian A 1 32 32 3.2(67.5) 26.2 (11.0)
B land 2 95.3 and 44.1 69.7 (51.2)
C 1and 2 2.8and 1.6 22(12)
5  Colon CA Gl A 1 6.0 6.0 6.2 (32.8) 15.0(7.5)
B land 2 22.4 and 54.9 38.7 (32.5)
C 1 6.4 6.4
D 1 59 59
6  Colon CA Gl A 1 50.0 50.0 29.7 (35.9) 29.2(10.1)
B 1 18.4 18.4
C land 2 85 and 19.7 14.1(11.2)
D 1 40.9 40.9
7  Colon CA Gl A land 2 2.3 and 1.6 2.0(0.7) 8.6 (15.4) 8.3(3.2)
B land 2 18.7 and 16.0 174 (2.7)
c land 2 13.3 and 4.7 9.0(8.6)
D land 2 2.5 and 14.6 8.6(12.1)
E land 2 51 and 4.5 4.8 (0.6)
8  Small bowel CA GlI Af 1,2 and 3 2.3,0.2, and 1.3 1.3(2.1) 13 14 (1.7)
9  Appendicea CA Gl A 1 0.3 0.3 0.3(1.5) 1.0(1.3)
B 1 0.2 0.2
c land 2 1.6 and 1.7 1.7 (0.2)

2 EF5 binding is expressed as a percentage of maximum hypoxia marker binding in tissue from the same patient. Reference binding values were
not available for patients 4, 7, and 9. For these patients, the percentage of reference binding was calculated based on the average reference binding

level in other patients of the same disease cohort.

b Median and range (largest-smallest) of values for each specimen.

¢Median and range (largest-smallest) of median values of specimens for each patient.

9 The model-based mean and SE of specimens for each patient.
€ GIST, gastrointestinal stromal tumor; CA, carcinoma.

f An additional three specimens from patient 8 were found by histological analysis to contain no tumor and are thus not included in these data.

ing” in “Materials and Methods”). Data on tumor EF5 binding
have been reported previoudly for patients 1 and 2 (16).”

EF5 Binding in Tumor Nodules of Intraperitoneal Dis-
ease. Table 1 lists EF5 binding in the tumor nodules of nine
patients. EF5 binding is quantified as a percentage of the cube
reference binding, i.e., a percentage of the maximum binding
level possible for the tissue under consideration. The relation-
ship between pO, and percentage of cube reference binding,
based on in vitro calibration studies, has been published previ-
ously (25). We have defined the following relationships. phys-
iological oxygenation, 10% oxygen ~ 1% of cube reference
binding; modest hypoxia, 2.5% oxygen ~ 3% of cube reference
binding; moderate hypoxia, 0.5% oxygen ~ 10% of cube ref-
erence binding; and severe hypoxia, 0.1% oxygen ~ 30% of
cube reference binding. It should be noted that EF5 binding is
extremely sensitive at low oxygen tensions and increases rapidly

“In our previous publication of EF5 binding in human sarcomas (16),
tumor areas of highest EF5 binding were reported for the section
demonstrating the most severe hypoxia in each patient. In the present
report, EF5 binding was measured within all of the tumor tissue in a
given section and reported separately for each specimen and sectioning
level (Table 1).

for small changes in pO,. Thus, severe hypoxia encompasses a
large range of EF5 binding values, i.e., 30—100%.

Substantial variability in EF5 binding was evident in some
patients, as measured by the range of recorded values both
within levels of the same specimen (intraspecimen) and among
specimens from the same patient (interspecimen; Table 1). In
general, patients with lower levels of median EF5 binding
demonstrated similar intraspecimen and interspecimen variabil-
ity evidenced by the range in binding, whereas patients with
higher binding levels generally exhibited greater overal inter-
specimen ranges in binding as well as higher interspecimen than
intraspecimen variability. The increased interspecimen variabil-
ity is reflected in the estimated SEs of the mean, based on the
mixed effects model. Mean differences in EF5 binding among
patients varied greatly, ranging from 0.4 to 26.2, but were not
statistically significant (P = 0.541), likely because of the large
interspecimen variability in those with high EF5 binding.

Low to negligible levels of EF5 binding were found in the
tumors of patients with GIST (patients 1 and 2) and small bowel
(patient 8) and appendiceal (patient 9) cancer (Table 1). Here,
little binding variability was found among different tumor nod-
ules from the same patient or between different levels of the
same nodule. The EF5 binding level corresponded to physio-
logical oxygenation of these tumors (Fig. 1). We have previ-
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M
Fig. 1 Hypoxia (EF5 binding) in specimens of
Mmoo O i.p. malignancy from patients with gastrointes-
O ©O O OO o tinal stromal tumor (A), ovarian carcinoma (L),
colon carcinoma (<), small bowel carcinoma
O (O), or appendiceal carcinoma (V) who were
given the hypoxia marker EF5. EF5 binding is
w expressed as the average of percentage of ref-
: : : : : : : : : : : : : : erence binding, i.e., maximum hypoxia, over al
sectioning levels for a given specimen. EF5
Op 15 10 15 20 25 3p 35 40 45 50 60 65 70 binding levels of 1%, 3%, 10%, and 30% cor-
- - EFS5 binding (% of Reference ) relate to hypoxia that is physiological, modest,
physiologic ° moderate, or severe, respectively.
| modest | l moderate | severe |

ously reported (16) low levels of EF5 binding in small nodules
of GIST from another patient. The patient was not included in
the present study because he was not considered for PDT
treatment. However, in this patient, high levels of EF5 binding
were found in much larger tumor nodules (1.65 and >6 cm),
suggesting that in this tumor type, size may contribute to the
development of hypoxic regions. The limited number of GIST
samples available precluded any analysis of tumor size versus
hypoxia within this specific histology.

EF5 binding = 8% of cube reference, corresponding to
physiological oxygenation to modest hypoxia, was found in the
majority of specimens of ovarian carcinoma from patients 3 and
4 (Table 1, Fig. 1). However, severe hypoxia was found in one
of six specimens of ovarian cancer evaluated. Specimen B of
patient 4 demonstrated cube reference binding > 30%, i.e,
severe hypoxia, at both sectioning levels studied.

In addition to the single specimen of ovarian cancer, spec-
imens of colon carcinoma from all three patients (patients 5-7)
demonstrated high levels of EF5 binding (Table 1). Severely
hypoxic tumors were detected in patients 4—6, and moderate
hypoxia was detected in patient 7. These tumors demonstrated
substantial intra- and intertumoral hypoxic heterogeneity com-
pared with GISTs and the small bowel and appendiceal tumors
that were well oxygenated. Oxygenation in the colon and ovar-
ian cancers ranged from physiological levels to severely hy-
poxic (Fig. 1), but in general the intraspecimen variability was
smaller than the interspecimen variability (see Table 1). Ovarian
cancer (patient 4) demonstrated the broadest interspecimen hy-
poxic heterogeneity among al nine of the patients studied.
However, colon cancer was the most likely histological type to
contain moderate to severe hypoxia. Colon cancer, together with
small bowel and appendiceal cancer, comprises the gastrointes-
tinal cohort of patients treated on the i.p. PDT tria (5). In the
small sample of patients we examined, diseases of different
histology within the gastrointestinal cohort demonstrated vastly
different levels of hypoxia. These data suggest that it may be
worthwhile to stratify future outcome analysis by specific his-
tology, in addition to the more general disease cohort.

Throughout this study, every attempt was made to acquire
tumor nodules of =5 mm in thickness because PDT is only
administered to patients when their disease is debulked to asize
of 5 mm or less. However, in some patients, larger tumors were

removed and available for analysis. Thus, the size of the nodules
sampled was representative of the disease in each patient and
varied among individuals. The smallest disease studied was
~1-2-mm nodules of GIST and colon carcinoma. Specimens of
~30- or 45-mm bulky disease were taken of colon and ovarian
cancer, respectively. The association between hypoxia and tu-
mor size was evaluated, and no relationship between greatest
tumor dimension and EF5 binding was found in tumors from 1
to 45 mm in diameter (Fig. 2). Using a polarographic needle
probe (Eppendorf pO, Histograph) to measure the oxygenation
of tumors (~10 mm diameter or larger) of the breast and the
head and neck, others have demonstrated a correlation between
decreasing tumor size and decreasing hypoxia in some studies
(26), but not in al studies (27, 28). Notably, in the present study,
the mgjority of tumors that we investigated were <10 mm in
maximum diameter. Eleven of the 12 sections that demonstrated
EF5 binding of ~10% or higher were from tumor nodules of
=10 mm in greatest dimension. In particular, the single ovarian
biopsy that exhibited severe hypoxia was from a nodule 8 mm
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Fig. 2 Hypoxia (EF5 binding) inindividual histological sections of i.p.
malignancy from patients with gastrointestinal stromal tumor (A), ovar-
ian carcinoma ([]), colon carcinoma (<), or appendiceal carcinoma (V)
versus the maximum diameter (in millimeters) of the tumor from which
the section was cut. EF5 binding is expressed as a percentage of
reference binding, i.e., maximum hypoxia
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in diameter, versus the oxic measurements in ovarian specimens
measuring 45 mm. The lack of severe hypoxiain larger tumor
nodules was not affected by the presence of necrotic tissue,
which cannot metabolize EF5, because analysis was conducted
only on viable malignant tissue identified by a pathologist on
each section. Furthermore, very limited necrosis was detected in
the tumors of this study.

EF5 is a vascular-delivered drug; thus, one might hypoth-
esize that avascular tumor nodules could exhibit limited EF5
binding as a consequence of poor drug delivery. We have
previously demonstrated (29) the presence of vascular structure
in tumor nodules as small as 1-2 mm from patients enrolled on
the i.p. PDT trial. To confirm the vascularity of the nodules
evaluated for EF5 binding, sections adjacent to those analyzed
for EF5 were stained for both EF5 and CD31. Fig. 3 depicts
photomicrographs of EF5-identified hypoxia and CD31-labeled
vascular structure in representative small tumor nodules (~2
mm) with severe (Fig. 3A), modest (Fig. 3C), or physiological
(Fig. 3E) hypoxia. The corresponding tissue areas, identified by
Hoechst 33342 staining on each section, are shown in Fig. 3, B,
D, and F, respectively. All nodules exhibit well-formed vascular
structure, although the size of the vessels may differ between
tumors of different histologies (compare colon cancer in Fig. 3,

Fig. 3 Images of EF5 binding
and CD31 staining (A, C, and
E) and Hoechst 33342-labeled
tissue (B, D, and F) in ~2-mm
specimens of colon carcinoma
(A and B, patient 5, specimen B,
level 2; C and D; patient 5,
specimen D, level 1) and gas-
trointestinal stromal tumor (E
and F, patient 1, specimen B,
level 3). EF5 binding is shown
in red, and CD31 staining is
shown in green. The level of
EF5 binding, i.e., the severity
of hypoxia, is indicated by red
color intensity. Tumorswith se-
vere, modest, and physiological
hypoxia are depicted in A, C,
and E, respectively. Hoechst
33342 was used to label cell
nuclei, i.e, tissue-containing
areas of the section. The images
depict tissue regions of 2.16 X
1.44 mm.

A and C, with GIST in Fig. 3E). CD31 staining does not
demonstrate vascular perfusion, but it does indicate the presence
of a vascular network in even the millimeter-sized nodules of
this study. The adequate delivery of EF5 through this network is
evidenced by the presence of EF5 binding in the most vascular-
distant cellsin micrograph (Fig. 3A). Furthermore, in thisimage,
the pattern of increasing hypoxia as a function of distance to the
nearest blood vessel (regardless of perfusion) suggests that
diffusion-limited hypoxia, as opposed to perfusion-limited hy-
poxia, predominates. Such a distribution of hypoxia may be
relevant to the PDT tumor response (30) because mechanisms of
Photofrin PDT damage include insult to malignant cells, which
may or may not be located in close proximity to a blood vessel,
and damage of the blood vessels themselves.

Photofrin Uptake in Tumor Nodules of Intraperitoneal
Disease. Photofrin concentration was measured in tumor nod-
ules that were distinct from those used for EF5, but which were
sampled from the same patients studied for EF5 binding. The
nodules ranged in size from 1.8 to 20 mm in greatest diameter,
and as with the EF5 binding, no association between tumor size
and Photofrin uptake was evident (data not shown). The Pho-
tofrin uptake in each nodule is listed in Table 2. In contrast to
EF5 binding, the variability in Photofrin uptake within patients
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Table 2 Photofrin uptake in intraperitoneal malignancies

Patient Photofrin uptake Interspecimen Interspecimen
no. Histology Cohort Specimen (ng/mg)® median (range)® mean (SE)°
1 Glsrd Sarcoma 1 1.26 1.26 1.3(1.1)
2 GIST Sarcoma 1,2 and 3 3.28, 1.34, and 0.96 1.34(2.32) 1.9(0.6)
3 Ovarian CA Ovarian 1,2,and 3 1.99, 3.14, and 2.91 291 (1.15) 2.7(0.6)
4 Ovarian CA Ovarian 1,23 and 4 4.44, 526, 4.30, and 1.72 4.37 (3.54) 3.9(0.5)
5 Colon CA Gl 1,2,and 3 4.63, 2.79, and 4.12 4.12 (1.84) 3.9(0.5)
4and 5 3.32 and 4.49

6 Colon CA Gl 1,2,and 3 3.06, 4.44, and 3.50 3.84 (1.68) 3.9(0.4)
4,5,6,and 7 4.74, 3.32, 3.84, and 4.36

7 Colon CA Gl 1,2,and 3 0.66, 0.39, and 0.87 0.77 (3.89) 1.2(0.4)
4,5,6,and 7 0.91, 0.38, 0.77, and 4.27

8 Small bowel CA Gl 1,2,and 3 5.30, 4.79, and 6.40 5.80 (1.88) 5.8(0.5)
4and 5 6.67 and 5.80

9 Appendiceal CA Gl 1and 2 0.98 and 0.13 0.55 (0.85) 0.6 (0.8)

10 Appendiceal CA Gl 1,2 and 3 0.68, 0.78, and 0.68 0.78 (3.52) 1.3(0.4)

4,5, and 6 3.91, 1.36, and 0.39

2 Drug uptake was measured by fluorescence in whole tumor nodules after tissue solubilization.
P Median and range (largest-smallest) of values of specimens for each patient.

¢ The model-based mean (SE) of specimens for each patient.

9 GIST, gastrointestinal stromal tumor; CA, carcinoma; Gl, gastrointestinal.

was reasonably constant and did not vary in any obvious fashion
with mean Photofrin level. In patient 7, interspecimen differ-
ences in Photofrin uptake were associated with site of biopsy;
the first six nodules (uptake range, 0.38—0.91 ng/mg) were
excised from the surface of the small bowel, whereas the last
nodule (uptake, 4.27 ng/mg) was removed from the surface of
the liver. Because normal liver is known to accumulate high
levels of Photofrin, it might be expected that tumor nodules
from this site would have high Photofrin uptake. Also, some
variability in Photofrin uptake among specimens may be ac-
counted for by heterogeneity in endogenous chromophore levels
due to sample-to-sample variability in blood volume (23), a-
though the mostly small biopsies of this study were nonhemor-
rhagic in nature. Overal, differencesin Photofrin uptake among
individuals were highly significant (P < 0.0001).

The highest levels of Photofrin uptake were found in nod-
ules of small bowel cancer resected from the peritoneum of
patient 8; average drug uptake was 5.8 == 0.5 ng/mg. Patients 3
and 4 (ovarian cancer) and patients 5 and 6 (colon cancer) also
demonstrated moderate Photofrin uptake with average levels of
27 = 06, 39 = 05,39 = 05, and 3.9 = 0.4 ng/mg,
respectively. The lowest levels of Photofrin uptake were found
in patients 1 and 2 (GIST) and patient 9 (appendiceal cancer), in
whom average drug levelswere 1.3 = 1.1, 1.9 = 0.6, and 0.6 =
0.8 ng/mg, respectively. These data suggest the presence of
disease-dependent trends in Photofrin uptake. We will more
rigorously examine the association between disease histology
and Photofrin accumulation in a separate, future study that
evaluates a larger number of i.p. PDT patients.

In nine patients (patients 1-9) who were evaluated for both
Photofrin uptake and EF5 binding, we examined whether pa-
tients who had severely hypoxic tumors also demonstrated
lower Photofrin uptake in separate nodules of their disease. The
presence of diffusion-dependent hypoxia, such as that shown in
Fig. 3, could lead to limitations in photosensitizer delivery. Fig.
4 plots the mean concentration of Photofrinin all tumor biopsies
from agiven patient versus the level of hypoxia detected in each

patient. Low average Photofrin accumulation was not apparent
in patients with severely hypoxic tumors. In fact, among the
highest mean Photofrin levels (~4 ng/mg) were detected in the
tumor nodules of patients 4—6, who exhibited severely hypoxic
tumors (EF5 binding > 30% of cube reference binding). In
patients with physiological oxygenation, mean Photofrin uptake
ranged from <1 to ~6 ng/mg (Fig. 4), suggesting that low
accumulation of Photofrin may be found in minimally hypoxic
disease. The low cellularity of some specimens, such as those of
appendiceal cancer, may account for some of these findings.
Whereas a low tumor cell density minimally affects EF5 anal-
ysis, which is based on histologically identified malignancy, low
tumor cell density among stroma tissue will affect the Photofrin
analysis, which is based on the weight of the excised nodule. As
a consequence, among tumor nodules with high stroma content,
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Fig.4 The mean concentration of Photofrin (nanograms/milligram)
versus the oxygenation status of the most hypoxic specimen detected in
each patient. Photofrin uptake and EF5 binding were measured in
separate tumor nodules. Error bars are SE. Patients include those with
gastrointestinal stromal tumor (A), ovarian carcinoma ([), colon car-
cinoma (<), small bowel carcinoma (O), or appendicea carcinoma (V).
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stromal uptake of Photofrin will contribute greatly to the
nodule-averaged photosensitizer level.

DISCUSSION

These data demonstrate substantial inter- and intratumoral
hypoxic heterogeneity among different histological tumors that
can manifest themselves as carcinomatosis or sarcomatosis. An
important conclusion of our investigationsisthat even a<5 mm
tumor nodule may be substantially hypoxic because high levels
of hypoxia marker binding were found in colon cancer nodules,
which were among the smallest nodules evaluated in this study.
These data are potentially important to the efficacy of i.p. PDT
because PDT is an oxygen-dependent process. Furthermore,
because many of the colon cancer nodules demonstrated mod-
erate Photofrin uptake of ~3-5 ng/mg, PDT itself may further
contribute to tumor hypoxia through photochemical-induced
oxygen depletion. Others have demonstrated that oxygen deple-
tion can occur during PDT of basal cell cancer nodules thought
to contain Photofrin in the range of only 0.29-1.59 ng/mg (14).

Vascular networks were present in even the smallest and
most severely hypoxic tumors, suggesting a mechanism for
tumor uptake of i.v. delivered cancer drugs, such as Photofrin.
Vascular networks were also detected in nodules demonstrating
low levels of hypoxia, suggesting that EF5 (or Photofrin) deliv-
ery was not limited by drug access, although we cannot dem-
onstrate the presence of blood flow in these patient samples. The
finding of biopsies that demonstrate low Photofrin uptake in
patients who have little EF5 binding in their disease brings to
light the possibility that delivery of both agents may have been
limited. However, extensive preclinical evauation has estab-
lished that under long incubation times, sufficient concentra-
tions of hypoxia marker are delivered to label even low perfu-
sion areas (31-35). Additionally, we always see EF5 binding
adjacent to regions of necrosis. In control studies of perfusion-
created limitations in hypoxia marker delivery, drug inaccessi-
bility was visible in distinct binding patterns, characterized by
high binding areas delineating well-defined “holes’ (30). No
such binding patterns were found in the clinical samples of the
present study, suggesting that EF5 delivery was not a limiting
factor.

Technical limitations prevented the examination of Photo-
frin uptake and EF5 binding in the same tumor nodule. How-
ever, in patients with severely hypoxic tumor nodules (patients
4-6), separate tumor specimens demonstrated substantial Pho-
tofrin uptake. Based on these data, we suggest that the currently
accepted paradigms of the relationships among tumor size,
vascular distribution, drug delivery, and hypoxia must be recon-
sidered because they may be much too general. The possibility
of the presence of well-photosensitized but hypoxic disease in
the i.p. cavity requires further investigation, and patients with
such disease may perhaps benefit from the augmentation of
tumor oxygenation during i.p. PDT. These findings strongly
support the addition of methods to measure tumor hypoxia and
photosensitizer uptake to future i.p. PDT trials to permit the
investigation of a larger patient population and correlation with
trestment outcome.
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