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Abstract

Background and purpose: The primary objective of this study was to establish in vivo the relationship between 2-2-nitro-1H-imidazol-1yl-
N-(2,2,3,3,3-pentafluoropropyl)-acetamide (EF5) adduct formation and intratumoral oxygen concentrations measured by electron
paramagnetic resonance (EPR) in a tumor model mimicking a clinical situation. The secondary objective was an attempt to calibrate in
situ the immunofluorescence (IF) signal with EPR oximetry.

Materials and methods: IM syngeneic fibrosarcoma (NFSA) bearing C3H mice were used. Three days after injection of a paramagnetic
charcoal into the tumor, the mice were anesthetized, injected with the hypoxic marker EFS5, and monitored every 20 min for 3 h with a low-
frequency EPR spectrometer. Animals were allowed to breath either under 21 or 100% O,. Tumors were then harvested, frozen, cut into
sections including the charcoal and processed for EF5 adducts detection using monoclonal antibodies. Slices were viewed with a fluorescence
microscope and 190 X 140 pwm areas surrounding the charcoal were digitized and analyzed with the NIH-Image and Adobe Photoshop™
software. The fluorescence intensity (FI) was measured in the whole pictures and in strips of 10 wm around the charcoal.

Results: EF5 binding increased with decreasing pO,, most substantially at pO, below 5 mm Hg. Baseline (ambient air) pO, reached
3.2 = 2.1 mm Hg in NFSA tumors. It increased to 9.8 = 3.2 mm Hg under 100% O,. A statistically significant correlation was observed on
an individual tumor basis between the FI in the first 10 wm strip around the charcoal and the pO, determined by EPR oximetry (Wilcoxon
signed rank test: P < 0.001).

Conclusions: The present study confirms the intrinsic relationship between EF5 adduct binding and intratumoral pO, in an in vivo
environment under biologically-relevant pO, values of less than 10 mm Hg.
© 2003 Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

Hypoxia has been known for a long time to be an
important physiological parameter in tumor growth and
response to therapy. Experimental and clinical evidences
suggest that the hypoxic fraction in solid tumors may: (1)
influence tumor growth; (2) increase the malignant
phenotype; (3) enhance the metastatic potential due to
gene amplification; and (4) reduce the sensitivity to various
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treatment modalities (e.g. sparsely ionizing radiation and
some chemotherapeutic agents) [18,34,44,47,48,50]. There-
fore assessment of tumor hypoxia may have profound
therapeutic implications in oncology. Techniques able to
determine the hypoxic fraction of human tumors in clinical
conditions are thus needed.

Among various techniques able to detect hypoxia (see
review in Ref. [45]), polarographic measurement (e.g.
Eppendorf probe) is the only method for which a correlation
to treatment outcome has been extensively demonstrated in
different human tumor types, e.g. cervix, head and neck
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Iymph nodes, sarcoma [3,13,17]. Nevertheless, until now,
this technique has not spread to clinical routine due to its
relatively low sensitivity at low oxygen concentrations and
some logistic constraints. The use of the so-called ‘hypoxic
cell chemical markers’ represents an attractive alternative to
polarographic measurements (see review in Ref. [41]).
These markers are nitroheterocyclic compounds, which
exhibit a particular metabolism under hypoxic cellular
conditions. Addition of the first electron occurs irrespective
of the oxygen concentration by various reductase systems,
e.g. cytochrome P450 reductase, quinone oxydoreductase,
xanthine oxydase. Under hypoxic conditions, further
reduction steps on the nitro group occurs and the so-derived
moieties covalently bound to intracellular macromolecules,
mainly to thiol-containing proteins [40]. These reduced
moieties trapped into hypoxic cells, can be detected by
immunohistochemistry [26] or immunofluorescence (IF) [6]
on tissue sections or by flow cytometry on cell suspension
[19,27], using for all these techniques specific antibodies.
Tagged with an appropriate radioactive isotope, these
reduced moieties can be detected by nuclear medicine
techniques [10,43]. Binding assays with the 2-nitroimida-
zole compounds have a maximum sensitivity at low pO,
concentrations (<10 mm Hg) and are not influenced by
tissue necrosis where drugs are not metabolized.
Pimonidazole is one nitroimidazole derivative, which has
been extensively studied in pre-clinical models and for
which in situ binding in human cervix and head and neck
carcinoma has been already reported [2,26]. A recent report
strongly suggested that pimonidazole binding could predict
for treatment outcome of head and neck squamous cell
carcinoma [23].
2-2-nitro-1H-imidazol-1yl-N-(2,2,3,3,3-pentafluoropro-
pyD)-acetamide (EFS) is another nitroimidazole derivative,
which allows specific and sensitive detection of tissue
hypoxia by flow cytometry and by IF both in in vitro and in
vivo settings [6—8,27,31]. EF5 binding in human squamous
cell carcinoma of the cervix and the head and neck, and in
sarcoma has been recently reported [9,11,28]. In vitro,
maximum sensitivity for EF5 binding was observed for
oxygen concentrations below 10 mm Hg [27]. EF5 is
remarkably stable in vivo. It is substantially lipophilic, and
hence has an even biodistribution in animal models [29]. The
presence of five fluorine atoms on the side chain provides an
excellent hapten for the development of specific monoclonal
antibody against EF5 adducts [31]. Furthermore it permits
the labeling of one of these fluorine atoms by a ['*F] positron
emitter isotope. This tracer would retain all the properties of
the unlabeled parent compound, irrespective of the position
of the labeled fluorine. Successful synthesis of the mono-
fluorine (['®F]-EF1), the tri-fluorine (['®F]-EF3) and the
penta-fluorine (['®F]-EF5) derivatives of etanidazole have
been reported [5,10,22,24]. Despite belonging to the same
family, these derivatives present different lipophilicity,
which is likely to impact on the biodistribution. Although
binding assays with nitroimidazole compounds offer an

elegant way to assess tissue hypoxia, they however only
permit a relative quantitation of hypoxia, thus limiting
interpretation and comparison of multicentric data.

Electron paramagnetic resonance (EPR) oximetry is
another method for measuring tissue hypoxia in vitro and
in vivo [32]. EPR oximetry is based on the broadening of the
resonance spectrum of a paramagnetic material by oxygen.
Recent progress made both in the instrumentation and in the
paramagnetic materials allows absolute measurements of
pO; in tissues with an accuracy and sensitivity comparable or
greater to that available by any other methods [46]. It has
been demonstrated that EPR oximetry is a convenient
method for measuring pO, in murine tumors in the range of
0-30 mm Hg [1] as well as for understanding the timing of
tumor reoxygenation after irradiation [14,38]. A new
paramagnetic material, which is able to detect very subtle
changes of pO, in tissue was recently characterized in our
institution [21] and used for monitoring pharmacologically-
induced modifications of tumor pO, [12]. This material is
sensitive to variations of pO, of less than 1 mm Hg and
possesses a high spin density providing a high signal to noise
ratio in the EPR measurements carried out in vivo. EPR
oximetry however requires the intravenous or intratumoral
injection of a paramagnetic substance into the tumor, and
with the instrumentation available today (spectrometers
working at a frequency of 1 GHz), resonance spectrum can
only be acquired for material implanted not deeper than 10
mm.

From a clinical point of view, the only methods for
tumor hypoxia determination that could be used on a
routine basis and thus impact on patient care, are those
which are highly specific to hypoxia, minimally or non-
invasive, sensitive in the range of pO, below 10 mm Hg
and, ideally, available for all tumor sites. As yet, binding
assays with nitroimidazole compounds appear to offer the
best prospect to fulfill these requirements. However, as
already mentioned, binding assays only permit a relative
quantitation of hypoxia. Yet multicentric studies will be
required to validate the use of hypoxia as a prognostic
factor upon which therapeutic interventions against
hypoxia will be elaborated.

In this framework, we investigated the relation between
hypoxia binding assay with EF5 and absolute oximetry with
EPR using colocalization of the two methods in a mouse
tumor model. The primary objective was to establish in vivo
the relationship between EF5 adduct formation and intratu-
moral oxygen concentrations in a tumor model mimicking a
clinical situation. The secondary objective was an attempt to
calibrate in situ the IF signal with EPR oximetry.

2. Materials and methods
2.1. Drug and antibody

The pentafluorinated nitroimidazole derivative EF5
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designed by C.J. Koch was used as an hypoxic marker for
the binding assay [6,31]. The EF5 adduct specific
monoclonal antibody ELK3-51 conjugated to the fluor-
escent dye Cy-3 was synthesized by E. Lord [31]. Both EF5
and antibody were kindly provided by C.J. Koch. A 10 mM
EF5 solution in 0.9% saline was prepared before each set of
experiments.

2.2. Animal and tumor model

Eight—12 week old male C3H/HeOulJlco mice purchased
from IFFA CREDO Belgium were housed four per cage and
were given food and water ad libitum for the duration of the
experiments. Animals were maintained in a facility
approved by the Belgian Ministry of Agriculture in
accordance with current regulations and standards. Exper-
imental design was approved by the ethics committee on
animal experimentations of the School of Medicine of the
Université catholique de Louvain.

The NFSA fibrosarcoma syngeneic to C3Hf/Kam mice
was kindly provided by L. Milas from the University of
Texas, M.D. Anderson Cancer Center, Houston, USA.
Maintenance and expansion of the tumor line in vivo have
been previously described [35]. Briefly, tumor cells from the
third isotransplant generation in our laboratory were
injected into the mouse flank to generate tumor sources.
Single cell suspensions of excised tumors were prepared by
trypsin and DNAse digestion of non-necrotic tissue. The cell
viability evaluated by Trypan blue dye exclusion under
phase-contrast microscopy was around 70%. Tumors were
generated by injection in the gastronecmius muscle of 10°
cells in 10-20 pl of McCoy medium. Tumor growth was
determined by daily measurements of three orthogonal
diameters with a caliper.

2.3. Electron paramagnetic resonance oximetry

The intratumor oxygen partial pressure was monitored
using an EPR spectrometer (Magnettech, Berlin, Germany)
with a low frequency microwave bridge operating at 1.2
GHz and an extended loop resonator (1 cm depth
sensitivity) designed and built by Dr. T. Walczak (Dar-
mouth Medical School, Hanover, USA) [37]. A paramag-
netic charcoal (charcoal wood powder, CX0670-1, EM
Science, Gibbstown, USA) dispersed in phosphate-buffered
saline (PBS) was used as the oxygen-sensitive probe. The
diameter of the charcoal particles was less than 25 wm with
mean values of 3—5 pwm. Calibration curve was made as
previously described by measuring in vitro the EPR
linewidth as a function of pO, [21]. When tumors reached
a mean diameter = SD of 8.4 £ 0.6 mm, 20 wl of a 100 mg/
ml suspension of the paramagnetic substance was injected
into the tumor with a 25 gauge needle. Three to four days
later when tumors have reached a mean £ SD diameter of
10.6 £ 0.8 mm, the mice were anesthetized with 140 mg/kg
ketamine (Ketalar®, Parke-Davis, Warner-Lambert S.A.,

Belgium) and 1.3 mg/kg xylazine (Rompun®, Bayer AG,
Germany) and placed in the magnetic field with the loop
resonator wrapping the tumor or the lower limb. Anesthesia
was repeated using half dose between 60 min and 90 min
after the start of the experiment. Intratumor oxygen partial
pressure was monitored every 20 min for 3 h. For each
measurement, the typical acquisition time varied between 1
and 5 min to generate spectra with adequate signal-to-noise
ratio. The modulation amplitude was lower than one third of
the EPR linewidth. For each tumor, the mean pO, was
determined by averaging the various measurements. To
broaden the difference in intratumor oxygen partial pressure
between animals, mice were allowed to breath under 21%
(ambient conditions) or 100% O, concentration during the 3
h of monitoring. For that purpose, oxygen flowed at a
constant rate (2 1/min) through a 50 ml syringe covering the
head of the animal. Body temperature was not monitored
during experiments.

2.4. EF5 binding assay

EF5 was administered to anesthetized mice just before
starting the EPR oximetry and oxygen flow if required. EF5
was injected in the tail vein at a dose resulting in a whole
body concentration of 100 wM. Three hours after injection,
animals were sacrificed by cranio-cervical dislocation.
Tumors were harvested, coated with Tissue-Tek® OCT
Compound (Sakura Finetek Inc., Torrance, USA), plunged
into 100% ethanol and frozen in liquid nitrogen for 30 s.
Tumors were then dry-stored at —80 °C until processing.
Frozen tumors were cut in the region where the charcoal was
implanted in 8 pm thick sections using a HM 500 M
cryostat (Microm Laborgerite GmbH, Walldorf, Germany).
An average of 5-8 sections were obtained per tumor.
Sections were then processed for IF staining as previously
described [6]. Briefly, sections were fixed for 1 h with 4%
paraformaldehyde in PBS, and rinsed twice in PBS.
Sections were blocked overnight with 5% mouse serum in
PBS with 0.3% Polyoxyethylenesorbitanmonolaurate
(Tween 20) and rinsed first in PBS then in PBS with 0.3%
Tween 20. Sections were then stained for 6 h with 75 pg/ml
Cy-3 conjugated ELK3-51 monoclonal antibody in PBS
with 0.3% Tween 20 and 1.5% bovine albumin. After
rinsing twice in PBS with 0.3% Tween 20 and once in PBS,
sections were stored in PBS with 1% paraformaldehyde
until image acquisition. All steps were performed at 4 °C.
After image acquisition, sections were counterstained with
Haematoxylin and Eosin. For each tumor, one section was
incubated with the vehicle only and used as negative control
of tissue background fluorescence. Tumor sections from
mice having no EF5 were also stained and used as negative
controls to assess the non-specific binding of the antibody.

2.5. Image acquisition

Sections were visualized with an epi-fluorescence
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microscope (Zeiss, Berlin, Germany) equipped with a
stabilized power supply, a 60 W mercury arc bulb, a
fluorescein isothiocyanate (FITC)-Rhodamine excitation
filter, a dichroic mirror and a 590 nm pass barrier emission
filter. A DXC-950P CCD camera (Sony Corporation,
Tokyo, Japan) with a sensitivity of f 8.5 at 2000 lux, a
signal-to-noise ratio of 58 db, and a minimum illumination
of 6.5 lux was mounted on the microscope. The CCD
camera was connected to a Power Macintosh 4400 with a
frame grabber (CG-7, Scion Corporation, Frederick, USA),
and the images were acquired using the public domain NIH
Image software (developed at the U.S. National Institute of
Health and available on the Internet at http://rsb.info.nih.
gov:nih-image). Pictures were saved as TIFF files. Images
were acquired through a Zeiss Neofluar 40 X objective
(N = 0.75), an additional 1.25 X lens and a camera adapter.
Resulting images covered an area of 190 X 140 wm. An
average * SD of 52 = 12 haphazardly chosen microscopic
fields were digitized in the tumor region contiguous to the
charcoal edge. To determine the relative area occupied by
the charcoal and the tumor in each field, incandescent
backlighting was performed after each fluorescence acqui-
sition and the resulting images were digitized. During
photography, to avoid tissue desiccation and provide an
uniform optical path, a space around the sections was
delineated with mylar tape, filled with 1% paraformalde-
hyde in PBS and covered with a coverslip. To correct for
variations in the intensity of the mercury bulb lighting,
images of a Cy-3 solution filling a Malassez hemocytometer
were acquired before each acquisition of tumor sections [8].
The gain of the CCD camera was adjusted to set the mean
fluorescence intensity (FI) of the Cy-3 solution at 235 on a
0-255 -8bits- scale.

2.6. Data analysis

Digitized images were analyzed with Adobe Photoshop
3™ software. Considering the emission spectra of Cy-3 in
the red spectrum, to increase the signal-to-noise ratio, only
the red component of the computerized Red—Green—Blue
TIFF file of each picture was analyzed.

Respective tumor and charcoal areas were delineated in
the fluorescence pictures using the colocalized backlighted
pictures. The FI was measured in whole tumor area and in
strips ranging from O to 10, 10 to 20 and 20 to 30 pwm around
the charcoal. These strips were automatically delineated by
expanding the surface occupied by the charcoal by 10, 20 or
30 wm. We have shown that murine tumors had almost no
autofluorescence (tumors with EF5 and without antibody),
and consequently correction in FI were only made for non-
specific antibody binding by subtracting the FI of control
samples processed on the same day (tumors without EF5
and with antibody staining).

2.7. Statistical analysis

Statistical difference between two groups of unpaired
data (e.g. EPR oximetry in 21% vs. 100% O, tumors) was
assessed using one-tailed #-test on the mean. As EPR
oximetry measurements and IF values were obtained from
the same individual tumors, paired tests had to be used to
calculate correlation between the two assays. Because of the
low number of tumors (< 20), the Student paired #-test could
not be used and the Wilcoxon signed-rank test was thus
chosen. It allows analysis of paired continuous variables in
small samples (n < 20) when the distribution of the
differences cannot be assumed gaussian (Kurtosis or
oc 4 # 0) but is symmetrical (Skewness or oc 3~ 0). This
test is however less powerful than the Student paired #-test.
Relation between EPR oximetry measurements and IF
values was also classically estimated by the Bravais—
Pearson coefficient of correlation.

3. Results
3.1. Effect of charcoal on tumor physiology

After injection, no statistical difference (P > 0.2) was
observed between the tumor volume doubling time of
charcoal-injected tumors (mean = SEM of 8.3 = 0.4 days,
n = 25) and of control tumors (mean = SEM of 9.2 £ 0.5
days, n = 24), which confirms previously reported study
[38]. No necrosis around charcoal was found after careful
pathological examination of all Hematoxylin—Eosin stained
sections.

3.2. Electron paramagnetic resonance oximetry

In a preliminary experiment, it has been shown that after
induction of the anesthesia and modification of the breathing
condition, the intratumoral pO, raised almost immediately
and leveled off from 20—40 min on (Fig. 1). In the muscles,
stabilization of the pO, was reached within 5 min (data not
shown). Therefore, it was decided to record EPR oximetry
every 20 min during the whole period of EF5 metabolism
starting at 20 min after injection up to 160 min to allow
sacrifice of the animals exactly at 3 h.

The charcoal was injected into 25 tumor bearing mice
which were all processed for EPR oximetry. No EPR signal
could be detected in four mice: post mortem dissection of
the tumors showed a lack of charcoal injection in three mice.
In the remaining mouse, the loop resonator could not be
correctly placed around the tumor, which was implanted
high in the thigh. In the 21 mice for whom adequate EPR
spectra were obtained, five tumors were discarded after the
pathological examination had shown that the charcoal was
not entirely implanted into the tumors. In these mice, the
EPR spectra could have been influenced by the pO, from the
muscle surrounding the tumor.
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Fig. 1. In vivo EPR oximetry in NFSA tumor bearing mice breathing 21%
O, (O, n=75) or 100% O, (®, n=7). Anesthesia (IP injection of
Ketamine—Xylazine) and breathing of 100% O, started at time zero.

Large variability in pO, was detected among the 16
NFSA tumors from mice breathing 21% or 100% O,
concentrations (Fig. 2). Average pO, values during the 3 h
of experiment spread between a maximum of 38.6 mm Hg
and a minimum and 0.1 mm Hg. On average, under ambient
air conditions (n = 5), NFSA tumors were highly hypoxic
with a mean = SEM of 3.2 = 2.1 mm Hg. Under 100% O,
concentrations (n = 11), the pO, was typically higher with a
mean = SEM of 9.8 = 3.2 mm Hg. However, not every
mice responded to pure oxygen breathing. Three tumors
remained hypoxic despite hyperoxygenation, reaching
values of 0.1, 1.1, and 1.4 mm Hg. Despite high tumor
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Fig. 2. In vivo EPR oximetry in NFSA tumor bearing mice under 21% O,
(top panel) or under 100% O, (bottom panel); anesthesia (IP injection of
Ketamine—Xylazine), EF5 injection and breathing of 100% O, started at
time 0.

heterogeneity, the difference between the 100% O, and 21%
O, groups reached a borderline level of significance (one-
tailed #-test, P = 0.054). Nevertheless, during the 3 h EPR
measurements, the intra-tumor coefficient of variation
(average of 75%) was lower than the inter-tumor coefficient
of variation (average of 125%).

3.3. Hypoxia determined by EF5 immunofluorescence

EF5 binding was determined in the 16 tumors for which
adequate pO, determination was obtained with EPR. Large
variations in FI were obtained in NFSA tumor bearing mice
breathing 21% or 100% O,. In animals breathing ambient
conditions, average FI = SEM in the whole tumor area
reached 23.4 = 6.2. Corresponding value in animals breath-
ing 100% O, reached 12.4 = 4. Due to large heterogeneity
among samples, the difference between the two groups did
not reach a level of significance (one-tailed #-test,
P = 0.09). It is noteworthy to mention that the three tumors
remaining hypoxic despite hyperoxygenation showed high
EF5 binding. In these tumors, average FI = SEM reached
16 = 1.7, 18.7 = 1.6 and 47.6 = 9.4 for EPR oximetry of
1.4 £0.3,0.1 =£0.004 and 1.1 £ 0.3 mm Hg, respectively.

3.4. Influence on the measurement area on the
determination of hypoxia with EF5

The objective of this study was to establish the in vivo
relationship between EF5 binding and EPR oximetry using
colocalization of the two assays. It is assumed that the EPR
spectra are mainly influenced by the oxygen concentration
at the interface between the charcoal and the tumor. As
already described in Section 2, for the EF5 binding assay,
the FI was determined from pictures of 190 X 140 pm after
subtraction of the charcoal area. As physiological pO,
variations might occur over such distances, the FI was
measured in whole tumor area but also in strips distant from
0 to 10, 10 to 20 and 20 to 30 pwm of the charcoal edges,
corresponding grossly to first, second and third cells layer
wrapped around the charcoal. No systematic difference in
the FI between the various strips analyzed could be
demonstrated (Table 1).

3.5. Relationship between EF5 immunofluorescence and
electron paramagnetic resonance oximetry

For each of the 16 tumors, for which both EPR oximetry
and IF were available, the two assays were plotted against
each other (Fig. 3). For the EF5 FI, despite the systematic
absence of variation throughout the picture as demonstrated
in Table 1, only the first 10 wm strip around the charcoal
was taken into consideration. A statistically significant
correlation was observed on individual tumor basis between
EPR oximetry and EF5 adduct FI (Wilcoxon signed rank
test: P = 0.001). Data points were better fitted through a
logarithmic curve than a linear trendline (r2 = (0.54,
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Table 1

EPR oximetry and fluorescence intensity (corrected for non-specific binding of the antibody) in tumor layers of 10 pwm width around charcoal®

Breathing conditions

mean FI = SEM (EF5)

mean pO, = SEM (EPR)

0-10 pm 10-20 pm 20-30 pm
Tumor 1 Air 23.81 = 1.77 26.89 = 2.18 26.58 = 2.19 0.2 £0.07
Tumor 2 Air 37.65 = 3.32 42.19 £3.84 42.99 £ 4.00 0.6 £ 0.30
Tumor 3 Air 21.13 = 3.96 20.45 + 3.95 23.75 = 4.51 2.18 = 0.63
Tumor 4 Air 159 £3.32 23.84 £3.78 31.76 = 5.57 1.33 £ 0.84
Tumor 5 Air 1.75 = 0.63 1.65 £ 0.65 2.33 = 1.02 11.48 = 0.82
Tumor 6 Oxygen 8.79 = 3.00 14.74 = 3.51 16.53 = 3.54 3.97 = 0.55
Tumor 7 Oxygen 11.08 = 1.74 18.05 + 3.16 20.66 * 3.96 1.42 £0.32
Tumor 8 Oxygen 14.89 = 1.40 18.14 = 1.60 18.99 £ 1.70 0.15 = 0.05
Tumor 9 Oxygen 8.48 £ 0.45 7.99 + 0.44 6.49 + (.53 7.62 £2.17
Tumor 10 Oxygen 10 = 0.81 9.74 £ 0.75 12.26 £ 0.81 13.86 £ 2.09
Tumor 11 Oxygen 2.53 =099 327 = 1.03 4.51 = 1.47 12.93 + 1.87
Tumor 12 Oxygen 9.62 = 0.47 9.79 = 0.52 8.15 = 0.56 12.14 = 3.12
Tumor 13 Oxygen 3.30 £ 1.29 770 £ 2.11 11.55 = 2.95 8.49 = 1.70
Tumor 14 Oxygen 0.44 £0.21 043 £0.21 0.37 £0.18 7.18 = 0.64
Tumor 15 Oxygen 0.00 = 0.00 0.19 = 0.18 0.65 = 0.45 38.62 = 6.17
Tumor 16 Oxygen 29.18 = 8.95 44.51 = 9.46 54.17 = 9.54 1.14 £0.35

# No systematic difference was observed between the three layers.

P < 0.01 and 1> = 0.36, P < 0.02, respectively). The data
point outside of the linearity range of EPR oximetry (0—30
mm Hg) was not discarded from the plot. EF5 binding
mainly occurred in tumors considered as hypoxic with EPR
oximetry. For instance, average FI = SEM) for tumors with
pO, below 10 mm Hg was significantly higher than for those
above 10 mm Hg (15.88 £ 3.39vs.4.78 = 2.1, P = 0.027).
Using a cutoff value of 5 mm Hg, the difference in FI
between the two groups reached an even higher level of
significance (20.3 = 3.43 vs. 4.52 = 1.48, P = 0.0004).

R? = 0,54

Average (+ sem) EFS Fluorescence
Intensity
NN
S w

0 5 10 15 20 25 30 35 40 45

Average (1 sem) pO, with EPR in mm Hg

Fig. 3. In vivo correlation between EPR oximetry and EF5 immunofluor-
escence in individual NFSA tumors (Wilcoxon signed-rank test P < 0.001;
Bravais—Pearson coefficient of correlation > = 0.54, P < 0.01). Mice
were allowed to breath 21% (O, n = 5) or 100% (®, n = 11) O, during the
3 h EF5 metabolism and EPR oximetry. Each dot is the average = SEM of
EPR measurements performed every 20 min for 3 h, and the average *
SEM FI on a 10 pwm strip around the charcoal.

4. Discussion

The primary objective of our study was to establish in
vivo the relationship between EF5 adduct binding and
intratumoral pO,. In a mouse fibrosarcoma model, our data
demonstrated a statistically significant correlation between
EF5 binding and EPR oximetry on an individual tumor basis
(Fig. 3).

The relationship between EF5 binding and pO, is at the
basis for the use of this chemical as hypoxia marker.
Comprehensive in vitro studies on tumor cell suspensions
and multicell tumor spheroids have already demonstrated an
inverse correlation between EF5 adduct binding and oxygen
concentration [7,27,49]. Such binding occurred over a wide
dynamic range greater than 100, and, in comparison with
other nitroimidazole compound (e.g. misonidazole), it has
been shown to be highly specific to oxygen concentration
[27]. In vivo, a weak correlation has been reported between
intratumoral pO, measured with Eppendorf electrodes and
EF5 binding measured by flow cytometry on single cell
suspension [25]. However, as the two methods were not
colocalized, such data need cautious interpretation. Fur-
thermore, it is known that Eppendorf measurements have a
low sensitivity at low pO, values and that the readings are
influenced by tumor necrosis [20].

In the present study, EF5 binding was colocalized with
EPR oximetry used as a sensitive and specific method to
measure oxygen concentration during the 3 h of EF5
metabolism. In the design of our study, it was assumed that
EF5 binding was influenced by the average pO, value
during the 3 h metabolism. This explains why the EPR
oximetry was also averaged over 3 h. As observed in Figs. 1
and 2, stability of the EPR readings occurred mainly after 20
min, which is likely the time required for a complete
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biodistribution of EF5. Indeed, for EF3, a slightly more
hydrophylic derivative of etanidazole, it has been reported
that 30 min was required for adduct formation [4]. EF5
binding occurred for pO, below 10 mm Hg, increasing
mostly for pO, below 5 mm Hg, confirming the low K,
value estimated in vitro with EF5 [8,27] but also with other
nitroimidazole compound such as misonidazole or NITP
[15,19]. In vivo, Raleigh et al. found a better correlation
between pimonidazole binding and the percentage of pO,
values below 2.5, 5 or 10 mm Hg (r2 of 0.83, 0.82, 0.81)
measured with an Eppendorf probe than between pimoni-
dazole binding and the mean or median pO, values (1> of
0.58, 0.54) [42]. Indirectly, this study, in agreement with our
data, demonstrated that nitroimidazole compounds detect in
vivo ‘hot spots’ of hypoxia at pertinent levels of pO, below
10 mm Hg. As variation of radiosensitivity occurs at very
low pO, mainly below 10 mm Hg [16], it is thus not
surprising that excellent correlation between EFS5 binding
and paired cell survival assays could be demonstrated [7,25,
30].

One possible limitation of the present study lies in the
difference between the measurement area by EPR and by
the EF5 binding assay. Whereas EF5 binding can be
precisely located at the cellular level, it is still unclear
which tumor volume is averaged by the EPR measure-
ment. It is thought that the EPR spectrum depends on the
oxygen concentration at the interface between the
charcoal implant and the surrounding tumor [46]. In a
three-dimensional view, it is thus likely that EPR
measures an average pO, in the whole 20 pl volume
of the charcoal implant which is an agglomerate of
several 3—5 wm granules between which oxygen can
freely diffuse. That is why in the present experiments,
EF5 FI was averaged over a 10pm distance from the
charcoal edge, which is likely to correspond to the first
cell layer surrounding the charcoal implant. Anyway,
under the experimental setting used in the present study,
no significant difference in FI was observed between the
first, second and third 10pm strip around the charcoal
(Table 1). This observation suggests that in our NFSA
tumor model, there was no systematic pO, gradient
around the charcoal implants at least over a 30 pm
distance. Local wvariations of oxygenation have been
reported around sites of intratumoral injections with a 26
gauge needle [39]. In our tumor model and experimental
conditions, it is likely that even if such variations
occurred immediately after injection, the 3-day delay
before measurements allowed a return to baseline
conditions. Along this line, we have shown that when
EPR measurements are performed in the muscle on a day
to day basis, stable pO, values are reached at the 3rd day
after charcoal injection (data not shown). Also, on the
contrary to what could happens with the use of infusible
paramagnetic substance, EPR measurements after char-
coal implant is not biased by the lack of signal in non-
perfused areas [33]. So, despite the technical difficulties

of a 3-dimensional determination of EF5 binding around
all the granules of the charcoal implant, the method used
in the present study is probably the most detailed in vivo
colocalization attempt to date.

The secondary objective of our study was to potentially
calibrate the immunofluorescence signal intensity using the
relationship between EF5 binding and EPR oximetry. In the
present study, EF5 adducts were measured by the fluor-
escence intensity. The use of direct fluorescence with a Cy-3
conjugated antibody provides indeed a signal directly
proportional to the amount of EF5 adducts, and thus permits
a more accurate quantitation of the hypoxic fraction [27].
However, due to scattering in the data, especially for pO,
values above 5 mm of Hg, it is still uncertain how such
relationship could be of practical value. In addition, whether
this curve would hold for various tumor types and tissue
processing still needs to be further investigated. For the
proof of principle, the NFSA tumor model type was chosen
in the present study for various reasons. First, NFSA is a
relatively firm tumor, which allowed the charcoal implants
to remain as clusters at the site of injection. Second, we have
shown that the charcoal implants did not modify the tumor
growth and did not trigger any inflammatory reaction
around the granules, at least on the 3rd day after charcoal
injection. Third, NFSA tumors have been reported to have a
low necrotic fraction around 0.2% for 8 mm diameter tumor
[36]. In principle, neither of these characteristics (except the
absence of an inflammatory shell around the charcoal) is
required to validate the inherent relationship between EF5
binding and intratumoral pO, in vivo, but tumor models
lacking these features would certainly be more difficult to
process and to analyze, and consequently might introduce
heterogeneity in the calibration curve. Whatsoever, the only
requirement would be to use a similar methodology
throughout all the experimental steps, especially for the
EF5 binding assay.

One alternative to calibrate the EF5 FI is to process on
the same tumor section a small cluster of fixed cells
incubated with EFS5 in vitro at a given pO,, which could be
used as external control of absolute pO, in absence of EPR
oximetry. Such solution might be more adequate for
comparison of multi-institutional data.
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