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Prediction of tumour hypoxia and radioresistance with nuclear medicine
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Summary Second-generation nuclear medicine markers of tumour hypoxia have been synthesised and
screened for hypoxic marking activity in cell cultures and in mouse tumours (EMT-6). Markers of the iodinated
azomycin nucleoside class with greater water solubility and faster plasma clearance rates relative to
iodoazomycin arabinoside (IAZA) were of particular interest. The test systems used to characterise hypoxic
marking activity of compounds included (1) covalent linkage of radiolabelled markers to cells in suspension
culture equilibrated with specific O, concentrations; (2) biodistribution of radiolabelled markers in EMT-6
tumour-bearing mice; and (3) biodistribution in R3327-AT tumour-bearing rats by nuclear medicine
procedures. Of the iodinated azomycin nucleosides produced to date, f-D-iodoazomycin galactoside (B-D-
IAZG) and f-D-iodoazomycin xylopyranoside (8-D-IAZXP) exhibited high metabolism-dependent hypoxic cell
uptake, rapid clearance kinetics from the blood and excellent tumour marking activity in vivo. Tumour —blood
(T/B) ratio (a measure of tumour hypoxic fraction) was dependent upon EMT-6 tumour size and implantation
site. The radioresistance of individual tumours was measured by in vivo/in vitro assay and correlated well with
the T/B ratio of hypoxic marker. These studies have identified f-D-IAZG and f-D-IAZXP as effective hypoxic
markers for planar and single photon emission computerised tomography (SPECT) imaging studies of tumour
oxygenation.
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Although oxygenation status may predict for tumour
radioresistance (Gray et al., 1953), this tumour property is
not routinely measured during patient work-up for radio-
therapy prescription. Clinical studies performed over recent
years with hypoxia-directed therapies, including hyperbaric
oxygen therapy (HBO), neutron radiotherapy, hypoxic cell
sensitiser trials and pretreatment transfusion of anaemic
cancer patients did not determine if the tumours in the
patients accessed to those studies did, indeed, contain
hypoxic cells. Recent studies of human tumour oxygenation
show this property to be extremely heterogeneous both within
and between tumours of the same histological class and
between tumours of different histology (Vaupel et al., 1992;
Chapman, 1991). These data indicate that if tumour
oxygenation is to be employed as a predictor of radio-
resistance, it will have to be measured for each tumour. In
that regard, at least two different procedures for measuring
tumour oxygenation have now been tested in pilot studies
with over 50 patients (Stone et al., 1993). The Eppendorf pO,
histograph is a computer driven microelectrode system which
makes pO, measurements along spatially distinct tracks
within tumours. Several studies with both rodent and human
tumours have now demonstrated the accuracy, reproduci-
bility and practicality of this device for quantifying tumour
oxygenation status in accessible tumours (Vaupel e? al., 1991;
Hockel et al., 1993; Yeh et al., 1995). In vitro studies of
hypoxic radiosensitiser toxicity showed that metabolically
activated forms of 2-nitroimidazole drugs can covalently link
to cellular molecules at rates which are inversely proportional
to intracellular oxygen (Wong et al., 1978; Chapman et al.,
1981, 1983). The potential for sensitiser adducts to provide
indirect measurements of tumour oxygenation status was
recognised (Chapman 1979; Urtasun ef al., 1986). A clinical
study with tritiated misonidazole was encouraging (Chapman
et al., 1989) and this procedure has now been used to predict
tumour oxygenation status by non-invasive imaging techni-
ques of positron emission tomography (PET) (Koh er al.,
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1992) and single photon emission computerised tomography
(SPECT) (Parliament et al., 1992; Groshar et al., 1993;
Urtasun et al., 1996). The PET procedure is suboptimal due
to the short half-life of most positron-emitting isotopes which
require isotope detection in tumours before adequate
clearance of unbound marker from normal tissues and the
unavailability of this diagnostic equipment to most cancer
centres. The SPECT procedure with IAZA is suboptimal
because the marker requires primary chemical syntheses, has
a relatively long clearance half-life from plasma and tissue,
undergoes in vivo dehalogenation and is relatively lipophilic
which promotes non-hypoxia-specific labelling associated
with hepatobiliary excretion.

A marker which could accurately measure tumour
oxygenation status would find wide clinical utility if (1) it
produced meaningful averages of this property over tumour
volumes which present for radiotherapy; (2) it could be
administered before, during and after fractionated radio-
therapy treatment for investigation of tumour oxygenation
and reoxygenation and (3) it was non-invasive and used
equipment available to most modern cancer centres.
Consequently, our research has synthesised second-genera-
tion nuclear medicine markers of tumour hypoxia of the
iodinated azomycin nucleoside class with improved chemical
properties relative to IAZA and azomycin-chelates which
radiolabel with Te-99m or In-111. The hypoxic marking
activity of some novel, water soluble markers of the iodinated
azomycin nucleoside class are described along with animal
tumour radiobiology data which demonstrates that marker
avidity does, indeed, predict for tumour radioresistance.

Materials and methods

Second-generation iodinated azomycin nucleosides with
lipid —water partition coefficients near to 1.0 were synthe-
sised using published procedures with minor modifications
unique to each compound. The novel markers were purified
by high performance liquid chromatography (HPLC) and
chemically defined by melting point, UV/VIS spectroscopy
and NMR spectroscopy. Techniques for exchange labelling
markers with iodine-125 and/or iodine-123 were individually



optimised. Details of these synthetic and radiolabelling
procedures are similar to those for IAZA (Mercer et al.,
1990) and will be reported elsewhere. Hypoxic marking
activity of -D-iodoazomycin galactoside (8-D-IAZG), B-D-
iodoazomycin lyxopyranoside (8-D-IAZLP), f-D-iodoazomy-
cin glucoside (B-D-IAZGL), f-D-iodoazomycin xylopyrano-
side (a-D-IAZXP), a-L-iodoazomycin xylopyranoside (a-L-
IAZXP) and a-D- iodoazomycin arabinoside (x-D-IAZA) are
reported.

The bioreducible and hypoxic marking potential of various
concentrations of each marker were investigated by measur-
ing the covalent linkage of their radioactivity to EMT-6
tumour cells in vitro. EMT-6 tumour cells were grown in
tissue culture flasks to mid-exponential growth phase,
trypsinised from flasks, concentrated by centrifugation
procedures and resuspended in Spinner minimal essential
medium (S-MEM) plus 5% fetal calf serum and antibiotics.
Cell cultures were incubated at 37°C in slowly stirred
suspensions in the presence of known concentrations of
radiolabelled marker and defined oxygen environments
(Chapman et al.,, 1991). Aliquots of cells were removed
every 90 min and the radioactivity linked to whole cells and/
or to cell macromolecular fractions were determined with a y-
well counter. The total amount of bound drug was computed
in units of pmol 10 cells. Time (metabolism)-dependent
binding of markers to cells was best fit by a linear function to
yield adduction rates in units of pmol 107¢ cells h='.
Absolute rates of marker binding were determined as a
function of marker concentration and oxygen concentration.

Marker pharmacokinetics and avidity to hypoxic cells in
vivo were investigated with EMT-6 tumours growing in
C.Bl17/Icr scid mice. Iodine-125 labelled markers were
injected i.v. into tumour-bearing mice and their distribution
into and clearance from tumour and normal tissues were
measured by scintigraphy of necropsied tissue specimens.
Initial rates of clearance from plasma were derived from at
least four different time measurements over the first three
hours and activity levels in tissues at 18—24 h were used to
define maximal tumour—normal tissue ratios. Tumour—
blood (T/B) and tumour—muscle (T/M) ratios were used to
estimate the hypoxic avidity of each novel compound.

Additional studies of tumour oxygenation were per-
formed with f- D-IAZG which exhibited the fastest plasma
clearance half-life and good tumour marking potential. It
was administered either i.v. or i.p. since both routes were
found to produce equivalent bioavailability of marker to
the tumour and the normal tissues of interest. T/B ratios
were measured as a function of time after marker
administration, as a function of weight of tumours grown
in the flank and on the back of animals and as a function
of individual tumour radiosensitivity. Tumour-bearing
animals which had been administered (I-125) B-D-IAZG
18-24 h earlier were irradiated with 20 Gy immediately
before sacrifice. The EMT-6 tumours were resected in toto
and dissected into several pieces. Tumour samples were well
mixed to average any spatial heterogeneity of hypoxia and
assayed for both incorporated radioactivity and cell plating
efficiency in vitro. These assays produced numerical values
of T/B ratio and cellular plating efficiency after 20 Gy for
each tumour.
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Results

Figure 1 shows absolute rates of hypoxic marker adduction
to the macromolecular fraction of severely hypoxic EMT-6
cells for different concentrations of the six iodinated
azomycin nucleosides, five of which are novel structures
and all with water solubilities greater than IAZA (Mannan et
al., 1991). Under these in vitro conditions, B-D-IAZXP
exhibited the highest rate of marker binding with kinetics
near to 1/2-order. a-L-IAZXP, a-D-IAZA and B-D-IAZLP
had slightly lower binding rates with 1/2-order kinetics and S-
D-IAZG and B-D-IAZGL exhibited the lowest rates of
hypoxic binding but with kinetics near to 1-order. These in
vitro data were used to estimate the maximal metabolism-
dependent cell marking effectiveness of novel compounds.
Binding rates of f-D-IAZG were measured for EMT-6 cells
equilibrated with air plus 5% carbon dioxide and nitrogen
plus 5% carbon dioxide with 1.0%, 0.3%, 0.1% and
<0.001% oxygen. The ratios of binding rates to severely
hypoxic and aerobic cells was ~30 and the K,, of the oxygen
dependency was 0.5% oxygen in the gas phase. These
characteristics of oxygen inibition of the metabolic binding
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Figure 1 Binding rates of iodoazomycin nucleosides to hypoxic
EMT-6 cells in vitro as a function of marker concentration.
Symbols designate specific markers as follows: -D-IAZG (A), B-
D-IAZGL (@), p-D-IAZLP (A), o-L-IAZXP (O), a-D-IAZA
(O) and B-D-IAZXP (H). Symbols represent mean values and
bars represent s.e. for three or more determinations.

Table I Chemical and biological properties of novel hypoxic markers
P In vitro binding rate Plasma

Octanol/ at 10 uM T2 T/B
Marker Mw water (pmol 10°° cells k™) (h) 8-24 h
B-D-IAZ? galactoside 385.1 0.63 13.6 0.46 11.1
p-D-IAZ lyxopryanoside 355.1 1.00 51.5 0.79 7.3
B-D-IAZ glucoside 385.1 1.07 20.9 0.52 7.9
B-D-IAZ xylopyranoside 355.1 1.26 133 0.46 9.9
a-L-IAZ xylopyranoside 355.1 1.29 65.5 1.51 11.7
a-D-IAZ arabinoside 355.1 3.85 76.0 0.87 83

*IAZ, lodinated azomycin.
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of B-D-IAZG to EMT-6 cells are similar to those previously
reported for misonidazole and some analogues (Chapman et
al., 1990) indicating that the azomycin substituent of these
bioreducible markers governs their marking ability. The lines
in Figure 1 are for the binding kinetics of g-D-IAZXP and -
D-IAZG.

Table I shows the initial plasma clearance rates of the
hypoxic markers in C.B17/Icr scid mice along with their
octanol—water partition coefficients and other properties.
Since the clearance of unbound marker is essential for the
optimal detection of marker linked to hypoxic tissue, the two
markers with the fastest clearance rates were selected for
additional studies. T/B ratios were measured as a function of
time after marker administration for ~0.1 cm® tumours
growing in animal flanks. Figure 2 shows that this ratio
increases rapidly for both markers for 5—6 h and reaches
maximum plateaux after 10 h. These data confirm our
previous hypothesis that at least ten half-lives of marker
clearance are required for the expression of maximal hypoxic
tumour signal relative to marker bound to normal tissues
(Parliament et al., 1992). Maximum T/B ratios of hypoxic
markers in EMT-6 tumours are significantly higher than
those observed with other rodent tumours. These same
markers produce maximum T/B ratios of only 3-5 in
R3327-AT rat prostate carcinomas in Fischer X Copenhagen
rats (Schneider et al. unplublished results).

B-D-IAZG was used to investigate marker avidity in
tumours growing in the flanks and on the backs of mice.
Figure 3 shows T/B ratios (at 18—24 h) for EMT-6 tumours
as a function of tumour weight. Tumours growing
subcutaneously in the flank exhibited T/B ratios which were
independent of tumour weight between 0.05 and 0.6 g,
indicative of a relatively uniform hypoxic fraction. In
contrast to this result, EMT-6 tumours growing subcuta-
neously on the back, exhibited a marked rise in T/B ratios as
tumour weight increased from 0.1 to 0.25 g. The skin over
these tumours with volumes >0.1 cm® was extremely taut
and showed evidence of varying degrees of necrosis.
Increased pressures within tumours at this site may have
led to reduced blood flow and increased hypoxic fraction as
measured by hypoxic marker avidity.

Additional studies were performed to determine if B-D-
TIAZG avidity to EMT-6 tumours was predictive of individual
tumour radioresistance. For these experiments, tumours were
grown subcutaneously on the backs of mice to exploit the
wide variation observed for T/B ratios (Figure 3). Animals
with EMT-6 tumours of various volume were labelled in vivo
with B-D-IAZG for 18-24 h, irradiated with 20 Gy of Cs-
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Figure 2 EMT-6 tumour-blood ratios of -D-IAZG (@) and g-
D-IAZXP (Q) at various times after i.v. administration for
tumour volumes of ~0.1cm> Mean values and s.e. for n=5.

137 y-rays and analysed for both marker avidity (T/B ratio)
and tumour cell radiosensitivity measured by in vivo/in vitro
clonogenic assays. A total of 44 tumours with volumes of
0.05 to 0.8 cm® were used in this study. For data presentation
and analyses, animals were divided into five groups (four
groups of nine animals and one group of eight animals) from
smallest to largest tumours based upon tumour weight at
resection. Figure 4 shows the plating efficiencies of cells
derived from these tumours as a function of tumour weight.
Over the range of 0.1-1.0 g, a positive correlation between
increased plating efficiency (radioresistance) and tumour
volume is observed. Tumours of ~50 mg consistently
showed higher plating efficiencies than tumours of
~100 mg. This result may indicate that angiogenesis and
vascularisation of the smaller tumour masses were incom-
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Figure 3 EMT-6 tumour-blood ratios of f-D-IAZG 18-24h
after administration for tumours growing on the back (@) or in
the flank (O) of C.B17/Icr scid mice as a function of tumour size.
Mean values and s.e.. for n=5.
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Figure 4 Tumour radioresistance as measured by in vivo/in vitro
assays of cell viability after 20 Gy as a function of tumour size.
Mean values and s.e.. for n = 9.
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Figure 5 Tumour radiosensitivity as measured by in vivo/in vitro
assays of cell viability after 20 Gy as a function of hypoxic marker
(B-D-IAZG) avidity (T/B ratio). Mean values and s.e. for n=9.

plete. When tumour plating efficiency (radiosensitivity) was
plotted vs the T/B ratio of the same tumour group, a good
correlation between hypoxic marker avidity and radio-
resistance was demonstrated (Figure 5).

Discussion

Second-generation bioreducible nuclear medicine markers of
the iodoazomycin nucleoside class have been synthesised,
chemically characterised and radiolabelled with iodine-125
and iodine-123. Tumour biology data for EMT-6 tumours
growing in mice indicate that hypoxic marker avidity is
predictive of radioresistance in this animal tumour model.
These studies have identified at least two markers with higher
water solubility and faster plasma clearance rates relative to
IAZA. The uptake of radiolabel into mouse thyroid tissue
was not measured since previous studies with IAZA (Mannan
et al., 1991; Parliament et al., 1992) suggested that the mouse
model was not predictive of the dehalogenation observed in
humans, probably because of the relatively rapid clearance
rate of these compounds in the mouse. If the shorter plasma
half-lives observed with -D-IAZG and B-D-IAZXP in mice
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translate into a faster plasma clearance rate in humans,
dehalogenation of these compounds in humans might be less
than that observed for IAZA.

Ongoing studies in our laboratory will determine if planar
and/or SPECT imaging of (I-123) -D-IAZG in R3327-AT
rat prostate tumours growing in Fischer X Copenhagen rats
can predict for tumour radioresistance, non-invasively. As
well, T/B ratios obtained for individual tumours by imaging
and scintigraphy procedures will be correlated with median
pO, measured with the Eppendorf pO, histograph, P,/-NTP
ratios from NMR spectroscopy and in vitro assays of tumour
cell clonogenicity after a dose of 20 Gy delivered to tumours
in vivo. The establishment of any novel assay of individual
tumour hypoxic fraction will require extensive validation by
independent measurements of tumour oxygenation.

The power of nuclear medicine procedures for identifying
and investigating tumour oxygenation status has already been
demonstrated (Koh et al, 1992; Parliament et al., 1992;
Urtasun et al., 1986). The iodoazomycin nucleoside markers
are produced by relatively laborious synthetic and radio-
chemistry procedures. Nuclear medicine practice performs
most of its assays with chelates which link Te-99m (or In-111)
to molecules of interest by so called ‘shake and bake’
chemistry. We have synthesised five hypoxic markers of the
azomycin-chelate class using two distinct chelation groups.
To date, those markers show unacceptable levels of non-
specific labelling to cells and serum proteins which masks the
component of marker bound after bioreductive activation in
hypoxic cells. One hypoxic marker of the azomycin-chelate
class has exhibited T/B ratios of ~5 in the EMT-6 mouse
tumour model. The prospect of identifying an azomycin-
chelate which can be linked to Te-99m for measuring tumour
oxygenation status appears promising and is under active
investigation in at least five different laboratories. If an
appropriate Te-99m or I-123 labelled compound with good
hypoxic marking activity can be identified, nuclear medicine
procedures for monitoring tumour oxygenation would be
available to most modern cancer centres. If this tumour
property is found to be a strong predictor of radioresponse
for some human tumours, such a nuclear medicine assay
would find wide utility.
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