1duosnue Joyiny 1duosnuep Joyiny 1duosnuen Joyiny

1duasnuen Joyiny

Author manuscript
Semin Nucl Med. Author manuscript; available in PMC 2016 March 01.

-, HHS Public Access
«

Published in final edited form as:
Semin Nucl Med. 2015 March ; 45(2): 163-176. doi:10.1053/j.semnucimed.2014.10.004.

Optimizing Hypoxia Detection and Treatment Strategies

Cameron J. Koch, Ph.D. [Professor] and Sydney M. Evans, V.M.D. [Professor]
Radiation Oncology, University of Pennsylvania

Abstract

Clinical studies using Eppendorf® needle sensors have invariably documented the resistance of
hypoxic human tumors to therapy. These studies first documented the need for individual patient
measurement of hypoxia, since hypoxia varied from tumor-to-tumor. Furthermore, hypoxia in
sarcomas & cervical cancer leads to distant metastasis or local/regional spread, respectively. For
various reasons, the field has moved away from direct needle-sensor oxygen measurements to
indirect assays (HIF-related changes; bioreductive metabolism) and the latter can be imaged non-
invasively. Many of hypoxia’s detrimental therapeutic effects are reversible in mice but little
treatment-improvement in hypoxic human tumors has been seen. The question is why? What
factors cause human tumors to be refractory to anti-hypoxia strategies? We suggest the primary
cause to be the complexity of hypoxia formation and its characteristics. Three basic types of
hypoxia exist, encompassing various diffusional (distance from perfused vessel), temporal (on/off
cycling) and perfusional (blood-flow efficiency) limitations. Surprisingly, there is no current
information on their relative prevalence in human tumors and even animal models. This is
important because different hypoxia sub-types are predicted to require different diagnostic and
therapeutic approaches, but the implications of this remain unknown. Even more challenging, no
agreement exists for the best way to measure hypoxia. Some results even suggest that hypoxia is
unlikely to be targetable therapeutically. In this review, the authors will revisit various critical
aspects of this field that are sometimes forgotten or misrepresented in the recent literature. Since
most current non-invasive imaging studies involve PET-isotope-labelled 2-nitroimidazoles, we
will emphasize key findings made in our studies using EF5 [2-(2-nitro-1H-imidazol-1-yl)-N-
(2,2,3,3,3-pentafluoropropyl)acetamide] and F18-labelled EF5. These will show the importance of
differentiating hypoxia subtypes, optimizing drug pharmacology, ensuring drug and isotope
stability, identifying key biochemical and physiological variables in tumors, and suggesting
therapeutic strategies that are most likely to succeed.

What is ‘Hypoxia’?

In this review, we will document various complexities in our understanding of tumor
hypoxia (oxygen levels less than normal tissue) and how it could be best measured to
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optimize therapy. In the past, hypoxia has often been described as if it were a binary
phenomenon (oxygen ‘present” versus ‘absent’) but in practice one must consider
physiological factors that produce a complete range of tissue pO5 ‘s. In the body, arterial
pO,, is typically stated to be in the range of 75 mm of Hg with venous blood averaging 40
mm of Hg. We generated a logarithmically decreasing scale (Table 1) to provide a frame of
reference for discussion of various ‘degrees’ of hypoxia (1). This table has some biological
basis; HIF1-a is upregulated at pO, ‘s below mild hypoxia (2); commonly studied cell lines
are roughly half-maximally resistant to ionizing radiation at ‘moderate’ hypoxia (3); cells
typically have metabolic problems when exposed to severe hypoxia and below, since 0.76
mm of Hg is roughly the Ky, for respiration (2). As will be seen in this review, identification
of the degree of hypoxia required to produce the various types of therapy resistance in
humans is not known with any degree of accuracy. Hopefully, this situation will improve
with future research.

Section 1: Basic aspects of tumor physiology cause three types of hypoxia

a. Diffusion-Limited Hypoxia (DLH) and Consequential Research

In 1955, Thomlinsom and Gray made the pioneering suggestion that human epithelial
tumors might be hypoxic and hence radioresistant (4). Their suggestion was based upon the
appearance of tumor-derived tissue-sections (see Fig. 1a), with distance of blood vessels
from central necrosis in tumor cords being consistent with the diffusion properties of oxygen
(no hypoxia assays existed for human tumors at the time). A substantial preclinical research
effort ensued in the 60’s and 70’s to develop oxygen-mimetic radiosensitizers and hypoxia-
specific cytotoxins (5, 6) that would target presumably radioresistant tumors. These
compounds appeared very efficacious in murine models, but subsequent clinical trials
showed little improvement in patient outcome (7, 8). Hypoxia research underwent a nadir in
the 1980°s with a major consideration being that hypoxic therapy resistance might be a
problem limited to rodent tumors. This pessimistic view was fundamentally reversed by
clinical studies using oxygen needle-sensors made by the Eppendorf company (9, and
sarcomas (N&H)d and neck cancer Studies in cervical and hea .(10 unequivocally showed
that hypoxia represented a universal therapy resistance mechanism and in some the presence
of hypoxia predicted distant metastasis or (cervical cancer &sarcomas .g.e)types -tumor
sensor studies directly showed that -the needle ,Critically .

(12,11,9)respectively ,vasionregional in/local tumor hypoxia wasnot a common feature of
specific cancer sub-types (e.g. H&N cancer) but rather varied unpredictably both within
individual tumors and on a tumor-to-tumor basis. This fundamental observation is crucial for
therapeutic progress, since anti-hypoxia therapeutic trials would need 8-fold more patients to
determine a significant impact on a mixed population of aerobic and hypoxic tumors (13).
Additionally, individual tumor assessment of hypoxia is critical to target therapy to those
patients that need it, while sparing morbidity to those that do not.

While the needle-sensor studies were very successful in predicting therapy resistance, it is
important to recognize that the criteria used to define hypoxia differed between studies.
Although these differences could have been caused by the technical challenges involved
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with the measurements, there was also the indication that ‘hypoxia’ was not the same in all
tumors (14, 15).

b. Cycling Hypoxia (CH)
In the 1980’s a second ‘“type’ of hypoxia was suggested, confirming a prediction made by
Dr. J. Martin Brown several years earlier (16). Termed acute or cycling hypoxia, it was
demonstrated in animal tumor models by intravenous injection of two fluorescent DNA-
binding dyes. Both dyes are rapidly removed from the circulating blood (minutes) since they
bind strongly to DNA in cells of the vessel lumen and adjacent tissue. After tumor removal
and sectioning, the dyes could be distinguished by their emission color. When the dyes were
injected simultaneously, all observed vessels were labelled by both dyes but when the dyes
were injected individually at times separated by about 20 minutes a small fraction of vessels
were labeled by one but not both dyes (17, 18). These vessels were interpreted to have had a
change of blood flow during the time between injections (see figure 1b). It is important to
recognize that ‘cycling-hypoxia’ is somewhat of a misnomer since first, this assay is not an
actual measure of hypoxia, rather it marks blood flow over two very short time periods, and
secondly, that the dyes used (typically Hoechst 33342 and DiOC7) are known to be
vasoactive. In other words, they can directly cause the effect that is being measured (9). CH
has important therapeutic and diagnostic implications but the DNA-binding dyes cannot be
used in humans - thus there is no current information on its presence in human tumors. In
fact the fraction of vessels subject to cycling flow has not been well characterized even in
rodent tumor models.

c. Macroscopic Regional Hypoxia (MRH)

We recently described a 3rd type of hypoxia using the EF5 hypoxia marker [2-(2-nitro-1H-
imidazol-1-yl)-N-(2,2,3,3,3-pentafluoropropyl)acetamide] (20). Although DLH and CH are
expected to produce small and medium-sized isolated hypoxic zones (respectively), we
noted orders of magnitude larger regions of hypoxia (EF5 binding) in human GBM tumors
and sarcomas (21, 22). These regions included large numbers of apparently functional
vessels (since the tissue was viable). MRH appears to be a ‘super-sized’ version of a
phenomenon originally described by Dewhirst and colleagues in a rat window-chamber
model (23). This type of tumor is confined to the vascular bed of subcutaneous tissue and
can be up to a few mm in diameter but less than 0.1 mm thick. In this model, individual
arterioles were shown to develop oxygen gradients along the path of flow, described as
‘longitudinal arteriole gradients’. MRH was also found in the 9L gliosarcoma grown in
isogenic rats (20, 24) and the group at Duke University has recently published an example in
a murine xenograft of epithelial cancer, both by PET-autoradiography and
immunohistochemistry (IHC) (25). MRH is most easily observed in large tumors due to
their geometrical requirements for provision of blood flow throughout the entire tumor mass.
Normal tissue is organized with pairs of vessels carrying countercurrent arterial and venous
blood. In contrast for tumors, individual vessels and their branches are unpaired and can
extend for many millimeters through the tumor mass. These result in extended longitudinal
gradients (ELG) of nutrients, especially including oxygen, and even therapeutics along their
length (Fig 1c). This has the important consequence that the blood flowing through hypoxic
regions is deoxygenated and may actually be a sink for tissue oxygen - in turn, the locally-
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produced VEGF can permeabilize the vessels and this can, for the first time, provide a
physiological explanation for the propensity of hypoxic tumors to metastasize. In much
smaller 3-5 mm diameter murine tumors (particularly subcutaneous), MRH may manifest
itself as central necrosis since the small-caliber vessels arising from the skin and
subcutaneous tissues in mice are poorly adaptable for carrying blood over long distances
(see Fig 1d). Demonstrating that there actually is blood flow within MRH is challenging
because blood-flow markers (e.g. the DNA-binding dyes as described for CH) are
themselves consumed along the extended vessel-gradients - we found that fluorescent
dextrans, which are not consumed by binding, were suitable for this task (20). Of course, an
indirect proof is the viability of the cells in these regions — the complete absence of blood
flow will always lead to cell death similar to that seen in stroke and vascular disease (26). In
addition to possibly explaining metastasis, two very clinically relevant aspects of MRH are
1) it represents a fundamental difference between large versus small tumors and 2) when
tumors are grown in orthotopic location, they have access to whole-organ blood supply that
can support the larger caliber vessels and longer gradient lengths involved.

To summarize, tumor hypoxia is an important aspect of the tumor microenvironment. It
arises when oxygen supply from the vasculature is less than oxygen consumption by the
tumor tissue. This imbalance is very simple to describe but details of its control are complex
and poorly understood, not only from one tumor to the next but also within each tumor.
Nevertheless, clinical studies using needle-sensors (Eppendorf®) have directly demonstrated
that hypoxia represents a universal therapy resistance mechanism. In some tumor-types (e.g.
sarcomas & cervical cancer) hypoxia predicts distant metastasis or local/regional spread,
respectively. Critically, the needle-sensor studies showed that tumor hypoxia was not a
universal feature of specific cancer types (e.g. all head and neck cancers) but varied on a
tumor-to-tumor basis. Thus, the presence and extent of hypoxia needs assessment in each
tumor to optimize/personalize therapy.

Hypoxia Detection Methods

Since the 1990’s, it has been recognized that expanded use of the needle-sensors was
impractical despite their original importance (e.g. in some cases they are too dangerous to
monitor primary tumors, only lymph nodes, and they usually can’t reach deep-seated
tumors). Thus, a number of new (but indirect) assays for hypoxia have been developed
(molecular assays related to HIF upregulation (27), EPR methods (28, 29), & 2-
nitroimidazole binding - 30). Many are applicable in humans and some (EPR and 2-
nitroimidazole binding) allow non-invasive imaging (NI1). With the exception of EPR
methods, no existing method, including the needle sensors, can sample hypoxia as a function
of time. Unfortunately, EPR methods do not presently have enough spatial resolution to
detect CH, at least for isolated vessels as described above, and cannot work in the vast
majority of human cancers because the RF frequencies are too high to penetrate tissue very
far. This review will therefore focus on 2-nitroimidazole binding.

The sensitizer trials of the 1970’s and —80’s (use of nitroimidazoles to make tumors more
radiosensitive) had mostly negative clinical results except for the use of the 5-nitroimidazole
nimorazole in Denmark, for H&N cancer — (31). After hypoxia-dependent toxicity by the
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sensitizers was discovered (32, 33), Varghese and colleagues showed that bioreductive
metabolism of these drugs led to covalent adducts between their metabolites and cellular
(macro)molecules (34). This result was further developed by Chapman and colleagues who
suggested the use of sensitizers as tissue-hypoxia imaging agents (35). His work and that of
several others emphasized NII using SPECT (single photon emission computed tomography
- 36) and PET technologies (37), while the labs of Raleigh, Hodgkiss, and Koch developed
CCI-103F & pimonidazole, NITP, and EF5 and EF3, respectively, as probes for the
immunohistochemical (IHC) detection of hypoxia (38—41). EF5 and EF3 have also been
made with one fluorine atom labeled for PET imaging - (42, 43). The first F-18-labelled
drug to be clinically tested was FMISO and it remains the most extensively tested agent (for
review see 37, 44). Due to some perceived problems with FMISQ’s stability in vivo (45) and
failure to achieve image intensities in humans comparable to what had been achieved in
animal models, or for example the very high intensity contrast seen with FDG, many
additional nitroimidazoles have been synthesized for the purpose of NIl and several have
progressed from preclinical development to therapeutic trials. These include FETNIM,
FETA, IAZGP, EF5, EF3, IAZA, FAZA and HX4 and others - for review of structures and
properties see Horsman (46).

Oxygen-dependence of 2-nitroimidazole binding

Most of the original biochemical characterization of oxygen-dependent binding arose more
than 20 years ago using C-14-labelled misonidazole and etanidazole (47-49). A qualitative
summary is illustrated in Figure 2. As can be seen for the curves in the upper right of this
figure, most data were generated in the 3 to 100 uM range, due to limitations in counting
afforded by the very low specific activity (SA) of C14 compared to PET isotopes. For ‘well-
behaved” compounds such as etanidazole, binding is first-order in drug concentration, and
obeys simple inhibition kinetics with respect to oxygen concentration (50, 51).

The form of the oxygen dependence of drug binding is:

BindingRate=kgq,; x [drug] x [K;/([O2]+K;)]

where kg, is a cell and drug related factor related to nitroreductase levels and K is the
oxygen concentration for half-maximal binding rate. Due to the complexities of specifying
the local oxygen concentration, this is typically listed with units of oxygen partial pressure
(mm of Hg) or gas phase concentration (%, considering ‘100%’ as dry oxygen gas at one
atmosphere pressure).

Despite the simplicity of this formula there are several complicating factors. First, this only
applies to one-electron reductases. Any other form of metabolism, especially including 2-
electron reduction, can cause an additional non-oxygen dependent component of metabolism
(52). Secondly, there are variations in maximum binding rate with different drugs (Kg;).
Thirdly, some compounds (e.g. misonidazole) are not ‘well-behaved’ in that they exhibit
half-order dependence of binding on drug concentration, so binding rate decreases by the
square root of ten per 10-fold decrease in drug concentration. However, this only occurs at
extremely low oxygen levels. Since all drugs studied to date have binding rates that are first-
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order in drug concentration at intermediate levels of hypoxia, this can cause huge
uncertainties in what might be happening at the drug concentrations commonly employed
for PET in humans (~0.1 nM for high SA F-18). In fact, there are no data in the world
literature that specify what the binding characteristics of any of these drugs are at the sub-
nM concentration range. Thus, extrapolation of kinetic data for even the ‘well-behaved’
compounds must be considered speculative (Fig 2; dashed lines). For this reason, Chapman
has suggested the inclusion of a few micromolar unlabelled drug with NII (48). In a recent
study by Busk et al, the authors have partially bridged this gap using F18-labelled FAZA at
approximately 15 nM (53) with a culture system employing glass dishes, shaken under
controlled gas conditions (54). In their data (estimated with an arrow and open triangle in
Fig 2) the intracellular bound FAZA was 40-fold higher than the extracellular concentration
of free drug for hypoxic conditions, but equal to the extracellular concentration for aerobic
conditions — after rinsing, both drug concentrations decreased but the ratio of remaining
drug in hypoxic versus aerobic cells increased to about 200. This is very exciting data but
unlike the in vitro situation, there is no excess extracellular pool of drug in vivo. Thus, one
might expect severe diffusion limitations for this drug under conditions of severe hypoxia.

The elephant hiding in the room for use of these agents is variability in tissue levels of
nitroreductases. The BindingRate equation is written as if kg, is a constant, but it could be
mixed since there are several one-electron reductases present in mammalian cells (55). Few
of the mammalian enzymes have been characterized as a function of drug concentration, and
none at the low drug concentrations used for PET. However, Prosser and colleagues have
investigated several bacterial nitroreductases and found K,,’s in the low mM to uM range
(56) - see Table 2. Due to these relatively high values, it is probably safest to assume that all
drugs have first-order concentration dependence of binding. The octanol/water partition
coefficient of a particular 2-nitroimidazole may have the effect of emphasizing specific
nitro-reductases, depending on their local environment and this may even affect the K, since
oxygen is quite lipophilic — hence its concentration varies with environment by a factor of
10 or more. In the process of nitroreduction, only the first electron transfer is thought to play
a role in the oxygen dependence of binding. That is because the resulting nitro-radical anion
is not very reactive and hence has an opportunity to transfer the electron back to oxygen (the
oxygen-dependent step). Once an additional electron is added (nitroso) the drug becomes a
much stronger oxidizing agent and is likely committed to an overall 4-electron reduction
(hydroxylamine), but the source of the additional 3 electrons and the process is unclear (57,
58). Once the hydroxylamine is formed, the reduced drug can react with either (soluble)
non-protein sulfhydryls or high molecular weigh protein thiols (59). In IHC assays for drug
adducts, the cells or tissue sections are fixed, so any low molecular weight products or
adducts are lost, but their egress from cells and tissues has not been documented in vivo. For
IHC, the source of signal arises from the protein adducts. Raleigh and Koch showed that the
fraction of metabolized drug that was bound to macromolecules increased with lipophilicity
(57). Thus, signal strength is lower for hydrophilic compounds but the impact of this result
on PET imaging is not known. Similarly, hydrophilic compounds preferentially partition
with the extracellular rather than intracellular space (60). This has the effect of decreasing
the intracellular drug concentration so this again decreases the amount of bound drug. The
impact of these two synergistic deficiencies of hydrophilic compounds is unknown in vivo.
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Section 3: Expected Hypoxia and Nitroreductase Levels in Human Tumors

Perhaps least discussed in the literature for imaging of hypoxia is the ‘degree’ of hypoxia
found in human tumors. We developed EF5 as an IHC marker with the specific goal of
trying to quantify both the distribution of hypoxia and its severity in multiple tissue types
(26). The quantification process was to evaluate the total drug exposure (via HPLC
measurements of plasma after drug injection and at surgery) and the maximum binding rate
using small pieces of tumor tissue incubated in vitro under hypoxic conditions (cube-
reference binding) (1, 26). The only assumption was that variations in binding reflected the
same oxygen dependence as was seen in vitro. Using this system, we found that severe
hypoxia was rare in animal tumors (61). In humans, we found that almost all low grade
tumors have no hypoxia at all (though many cancer types have not been studied with this
technique) (62) — with the exception of H&N cancer (where hypoxia can be found in all
grades) only high grade tumors contain regions with significant degree’s of hypoxia (see
table 1 for definitions). Similarly, most normal tissue appears to be completely well-
oxygenated (exceptions are skin which has pockets of severe hypoxia near some sebaceous
glands and hair follicles) and liver which contains mild hypoxia (1). We are fairly confident
in these measurements due to EF5’s lipophilic nature - it exists everywhere at basically the
same concentration as in blood. The EF5 results demonstrate the presence of even less
hypoxia than did the Eppendorf studies, but the trend was the same (i.e. that hypoxia was
less severe in human than animal tumors). Even in tumors that have regions of severe
hypoxia, most of the tumor volume sampled is characterized by physiological levels of
oxygenation.

The two labs that have most thoroughly addressed the issue of variability in nitroreductase
levels are the Koch/Evans labs at University of Pennsylvania and the Wilson/Patterson labs
at University of Auckland. The latter have validated several enzymes for their interests in
using bioreductives as therapeutics against tumors with hypoxia. The most widely
distributed of these enzymes is cytochrome P450 reductase (POR) - see Table 2. Due to the
flexibility in determining binding using EF5 (based on either radioactive drug uptake or
IHC) the Auckland group has investigated the relationship between binding of EF5 and
activation of SN30000 (a next generation analog of tirapazamine). Despite wide ranges of
overall nitroreductase levels in their extensive panel of cells, EF5 was found to track
SN30000 activation more closely than levels of POR alone (63). This will be discussed
further in the clinical trials section, below. EF5’s structure was based on etanidazole, since
early studies with this compound (using C14-labelled drug uptake) showed the least
variability in binding using a broad variety of cell lines (47, 49). However, no other
structure-function relationships have been undertaken since the 1990’s to determine if drugs
with even more consistent binding are possible. Particularly as a result of the Auckland
team’s work, it is now clear that the metabolism of all similar drugs is dependent on
nitroreductase levels — its just that most have not been tested in detail. We speculate that any
drugs suggested to be have binding independent of nitroreductase levels are likely to suffer
from either non-oxygen-dependent metabolism or an as yet unknown mechanism of
activation and binding.
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Due to the relatively recent identification of mammalian nitroreductase enzymes, there are
very few studies that have looked at the variability in this property of tumor tissue. Using
EF5 at the concentrations needed for IHC analysis (100 uM and 67 pM whole-body in
animals and humans, respectively) we have accounted for this factor, as discussed above, by
employing the ‘cube-reference binding’ assay (CRB) to determine the maximum binding
rate for each tissue assessed (1, 26). The CRB studies produced a highly significant result -
there were roughly 20-fold variations in tumor tissue nitroreductase levels in more than 150
tumors studied (it should be noted that the CRB assay is also impacted somewhat by
cellularity — see below. If one considered only high-grade tumors that were most likely to
contain hypoxia, as well as those tumors having relatively high cellularity, this variation was
less than 10. Nevertheless, the range of difficulty in identifying potentially therapy-resistant
tumors might go from tumors with isolated pockets of DLH and low-nitroreductase levels to
those with MRH and high levels of nitroreductase. We expect that knowledge of a tumor’s
nitroreductase levels should improve the interpretation of patient-to-patient variability in
apparent image contrast but there is no data to support or refute this expectation. Similarly,
we do not presently know whether variations in nitroreductase occur at the level of the
specific tissue or the whole organism.

We have explored this question in a pilot study to see whether CRB in the skin overlying a
tumor varied in a way similar to that of the tumor (1). This was found to be the case over the
range of about 5 found in this limited study of 8 patients, but since the skin was taken from a
different anatomical region in each patient, we do not know if skin binding is the same
everywhere for an individual patient. If nitroreductase levels do vary consistently on a
patient-to-patient basis, then it might be possible to assess a mildly hypoxic normal tissue to
provide an appropriate control. In our hands skin is the only normal tissue consistently found
to contain small regions of severe hypoxia and clearly skin can always be included in NII.
However, little is known about this property of skin and the total amount of hypoxic tissue
in skin is sufficiently small that dynamic scan analysis would be required. An alternative
approach might be to assess binding in the white cell component of a blood sample, or to do
a molecular analysis of nitroreducatse expression in a biopsy or blood sample, once this
process is better understood. Additionally, the concerns over nitroreductase levels have only
been demonstrated at the relatively high drug concentrations required for IHC. There is no
current information on the oxygen and tissue dependence of binding at the very low drug
concentrations used for imaging of high SA drugs such as FMISO.

Section 4 — Early to Present Investigations of NIl of Hypoxia

Taking account of the sensitivity of 2-nitroimidazole binding to inhibition by relatively low
levels of oxygen (Table 1) and lack of severe hypoxia in human tumors, the relatively low-
contrast images found in initial trials of F18-labelled FMISO are entirely appropriate. At the
University of Washington, Rasey, Krohn and colleagues noted this in their studies and
additionally pointed out the importance of the wide variation in cellularity for human
tumors. Thus they have championed the requirement for detection of relatively small
changes in SUV with voxels greater than 1.4 being “positive’ for hypoxia (64). This has
been extended in studies by Thorwarth and colleagues, who have emphasized kinetic
analysis of FMISO uptake - this accounts for the variable rates of blood-tissue equilibrium

Semin Nucl Med. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Koch and Evans

Page 9

with this compound (65). Interestingly, in this study the worst-responders were identified as
a group of patients with combined hypoxia and poor perfusion. It is tempting to speculate
that the tumors of these patients might have MRH. FMISO has undergone extensive testing
in a large number of trials that are summarized by relatively recent reviews (44, 46).

Of course, much of the above described information has only become available recently.
Thus, many new imaging agents have been tested with the overall goal to provide greater
sensitivity and specificity for tumor hypoxia than was provided by FMISO. Essentially, this
requires improving the signal in hypoxic tumors, while decreasing the background in aerobic
tissue.

The criteria involved with the development of these compounds have followed 3 distinct and
relatively incompatible hypotheses;

1. Improve relative tumor uptake by using isotopes with half-lives comparable to or
longer than the pharmacological half-life of the hypoxia-sensing drug. This
generally requires iodinated compounds.

2. Improve relative tumor uptake by emphasizing rapid clearance of the parent
compound from normal tissues. This requires hydrophilic compounds with an F-18
label

3. Emphasize uniform drug distribution and accept the resulting parent drug
background, with image quality enhanced through more sophisticated imaging
analysis (e.g. looking at the kinetics of uptake -(65). This requires lipophilic
compounds.

There appear to be three main problems with the first hypothesis and so it will be discussed
minimally. The first is that deiodination inevitably occurs. This is equivalent to a non-
oxygen dependent metabolism, and results in the non-specific redistribution of the isotope.
Secondly, the relevant iodine isotopes for PET are not pure positron emitters. This has the
effect of degrading image quality and increasing patient dose. Thirdly, it is not practical to
arbitrarily increase imaging times; this means, for longer-lived isotopes, a substantial
increase in patient dose in order to observe the same counting rates after longer times. The
most detailed study combining all aspects of this approach is for the use of IAZGP in the
thorough study done by the Memorial Sloan-Kettering group. In this study, significant
binding was not observed in a patient population where at least 50% of the tumors were
expected to contain hypoxia (66).

Other factors being equal hypotheses 2) and 3) depend on the pharmacological properties of
the drugs. One of the more distracting lessons imprinted on the research community from
the sensitizer trials was that lipophilic drugs were more toxic than hydrophilic drugs (67).
Since the normal tissue at risk was brain and peripheral nerves, it seemed reasonable that
one would like to minimize blood-brain-barrier crossing, a well-known property of
hydrophilic drugs. We have previously noted that this general principal is, in fact, not the
whole story since desmethylmisonidazole was much more toxic than etanidazole, even
though both were similarly hydrophilic (i.e. octanol:water partition coefficients ~0.05) (30).
Thus, molecular structure seems to be a factor of equal or even greater importance than
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lipophilicity. Nevertheless, reduction of potential toxicity of 2-nitroimidazole imaging
agents through the development of hydrophilic drugs has been a common theme for many
years (68). We suggest that this should be a non-issue for NII due to the low drug
concentrations used (typically 0.1 nM for high SA F18, versus mM concentrations used in
sensitizer trials).

Another factor in favor of hydrophilic drugs (hypothesis 2) is the suggestion that hydrophilic
drugs will have improved contrast between drug metabolism (uptake) and parent drug
elimination through renal clearance of the parent compound. Hydrophilic drugs generally
have much shorter biological half-lives than their lipophilic counterparts. However all
imaging drugs under current study have clearance times in humans significantly longer than
the half-life of the most chemically stable isotope (F-18). Since imaging must occur before
even one biological half-life has passed, it is difficult to see how this factor could add more
than a few percent to image contrast. Even though hydrophilic drugs clear more quickly than
their lipophilic counterparts, they may also have reduced metabolism due to the effects
described in the previous section, and additionally, they take much longer to achieve
equilibrium between blood and tissue. This makes for very complex analysis of binding
kintetics (69, 70). For delivery of drugs that are being consumed by tissue, hydrophilic drugs
are at a significant disadvantage compared with drugs that are lipophilic (71). This effect
was first noted in elegant experiments by Sutherland and colleagues who were investigating
the ability of adriamycin to bind to and kill the inner cells of multicellular spheroids (72).

A critically-important demonstration of these principles was made by the Turku research
group in a rat model. They were studying the biodistribution of FETNIM, a very hydrophilic
analogue of misonidazole, but rather than simply assessing gamma counts in various tissues
at various times, they extracted the tissue and analyzed the radioactive products by HPLC.
They found that there was no detectable parent drug in liver and very little in tumor (73).
They suggested that tumor uptake of this compound must be by a different mechanism than
the normal bioreductive metabolism and binding but this mechanism remains unknown. We
had made a somewhat similar observation (unpublished), comparing EF5 and FMISO
distribution in rat liver — whereas parent EF5 was present in liver tissue at higher
concentrations than blood, parent FMISO concentration was close to undetectable (except
for the roughly 10% component associated with blood content). Using EF5 at concentrations
appropriate for IHC (e.g. 100 uM) we showed many years ago that liver was not very
hypoxic and bound little drug (particularly in animals larger than mice). Yet liver always
seems to have high uptake in PET images. In the case of EF5 (both humans and rats) liver
always has almost twice as much drug as does blood, but this is true immediately after
injection and the overall decay has the same pharmacological lifetime as for blood (74). This
cannot be the result of bioreductive metabolism — otherwise EF5 would be cleared by the
liver in essentially first-pass metabolism, whereas we mainly see parent drug in this tissue.
Thus, we think this reflects simple partitioning of drug into the lipophilic environment of
liver tissue. Exclusion of hydrophilic compounds like FETNIM from the liver may involve a
vessel-wall-based barrier somewhat akin to the blood-brain barrier, though this has not
previously been discussed in the pharmacology literature. It would make sense for the body
to direct, by passive means, lipophilic drugs to the liver and hydrophilic drugs to the kidney.
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Alternatively, there may be an active transport system that removes hydrophilic drugs from
liver tissue. We originally thought that this problem with liver diffusion was structural, not
pharmacological, since it was initially found only in analogues of misonidazole (FETNIM,
FMISO). However, we have subsequently determined that EF1, which has a partition
coefficient essentially identical to FMISO but with a structure analogous to etanidazole is
also largely excluded from liver (Koch, Evans & Kachur; unpublished data).

Hypothesis 3) suggests that lipophilic drugs are required in order to achieve rapid and
uniform tissue access. The effect of this is to provide a constant level of parent drug,
supplemented by a time dependent increase in the bioreductive signal. To illustrate this an
orthotopic R3230 mammary tumor was grown in a syngeneic female Fischer rat until it
reached a size of about 2 g. Under isoflurane anesthesia, the rat’s body temperature was
maintained at 37° and unlabelled + labeled EF5 were administered via an in-dwelling tail
catheter. Three hrs later the tumor was removed, 3 minutes following an injection of
Hoechst 33342. The tumor was immediately frozen, sectioned and assessed for labeled EF5
by autoradiography (AR). Based on in vitro data, one would expect the signal to consist of
parent drug, metabolized drug that is not bound, and metabolized drug that is bound (Fig. 3,
left panel). One can distinguish the bound drug by fixing the tissue, as would be done for
immunohistochemistry (Fig. 3, right panel). This image was enhanced 4 fold to provide the
same visual intensity. The image arising from the fixed tissue was then compared with IHC
data (Fig. 4). Antibodies to bound EF5 give an image that is essentially the same as the
fixed-tissue AR image. The only way to distinguish between the metabolites and parent drug
lost in the rinsing step would be to concentrate the fixing solution (ethanol) and assess by
HPLC.

There are a few literature examples of this type of experiment (generally using unlabelled
pimonidazole as the IHC marker - 53) but to our knowledge, the comparison of non-fixed
versus fixed AR sections has not been previously investigated. Nevertheless good
correlations of the AR and IHC signal have sometimes been observed which indicates to us
that free drug is generally at low levels in these studies. This would generally be the case in
mice, due to the very short biological half-life of drugs in this species (compared with larger
animals or humans).

An example using EF5 was provided in an illustrative study by the Duke group (25). They
were comparing PET, AR and IHC in 3 different tumor models, two in mice and one in rats.
They found a very good correspondence of AR and IHC for the two murine tumors, but a
low-contrast image (like Fig. 3, left panel) for the rat image. This reflects the pharmacology
of the drug in the two species: EF5 has a drug half-life of 50" in mice but 150" in rats. The
images were derived at 3 hr following injection for all three tumor types so most parent drug
was gone in the mice, but still near half its original value for the rat. This paper directly tests
the concept that one can get improved image contrast by decreasing the biological half-life
of the imaging drug, not by using a lipophilic and hydrophilic drug but by using species with
long and short drug half-lives. Interestingly, the PET images looked similar for the three
tumors — this should be expected since in the rat, the drug concentration remains higher
throughout the adduct formation time. In humans, the biological half-life of all imaging
drugs is longer or much longer than the isotope half-life for F18. Thus, human images
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should be expected to consist of a mix of parent drug and metabolized drug, unless the
parent drug has insufficient diffusional access to the tissue. We cannot expect the same
levels of image contrast for images in humans as for animals, particularly mice. This
suggests to us that the decreased ability of hydrophilic compounds to attain tissue
equilibrium is most likely to result in decreased image contrast.

With respect to the three types of hypoxia described in the first section of this review there is
unfortunately little information on either their prevalence or differential ability to be imaged.
Using IHC detection of EF5, MRH has clearly been observed in two of the most
therapeutically resistant human tumors (GBM and high-grade sarcomas - 21, 22). These
tumor types are prone to regional spread and metastasis, respectively. Thus, it is important to
ensure that the ‘geometrical’ explanation we have provided (Fig 1c - based on the size of the
hypoxic regions and inclusion of many vessels) is not complicated by other factors: for
example, could MRH be a manifestation of a new form of CH, involving the coordinated
cycling of blood flow in dozens or hundreds of vessels; could there be individual vessels
within regions of MRH that have cycling blood flow? An important aspect of MRH is its
ability to account for hypoxia-related metastasis, and of course the lethality of most cancers
is ultimately related to invasion and distant spread. Additionally, the multi-mm dimensions
of MRH are perfectly adapted to the voxel size of PET imaging which is of the order of 64
mm?3 for modern instruments. So the key question (for which we presently do not have an
answer) is whether the pharmacological properties of imaging drugs are critical for adequate
diffusion and binding in these large regions (i.e. whether the extended longitudinal vascular
gradients will result in depletion of imaging agents along their path, just as with oxygen and
other highly metabolized drugs). More generally, this raises the issue of blood flow as a
related variable in the production of hypoxia. In fact, many papers outside the field of
radiation biology discuss hypoxia as if it were generally related to overall poor blood flow
(in contrast to the earliest definitions of DLH as related to blood vessel distribution, or
microscopic local aberrations in flow caused by CH). The current thinking related to blood
flow from the perspective of magnetic resonance imaging is that DCE-MRI should be able
to detect regions of hypoxia based on their inadequate blood flow. However, since the key
parameter from this type of imaging (Kyans) has a dual dependence on both flow and
permeability, it is possible to confuse high permeability, as is observed in MRH, with high
blood flow. In a very preliminary investigation, we found no relationship between Kyans and
the ability of Hoechst 33342 to label vasculature in tumors susceptible to MRH (20). Our
only general information related to this topic is that EF5 is able to label such regions by IHC
or PET (20-22, 25).

We suggest that the capability to independently measure blood flow is very important in
dissecting ‘types’ of hypoxia. The gold standard for measuring blood flow is dynamic
scanning of O-15-labelled water. In a pioneering study by Komar et al, it was shown that
dynamic scanning of F-18-labelled EF5 provided images of similar quality to those of
labeled water in patients with H&N cancer (75). This, combined with other advantages of
dynamic scanning suggest a dual use for imaging agents such as EF5 (30, 37). EF5’s high
lipophilicity ensures a rapid equilibration for all tissues, thus allowing this capability. It
remains to be seen whether more hydrophilic agents, with much longer equilibration times
between blood and tissue are equally capable in this regard. From a prognostic standpoint,
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there is a fascinating study by the Turku group showing that H&N tumors with high blood
flow are most susceptible to treatment failure (76).

The fact that none of the current methods can track CH is problematic since physical
targeting strategies (e.g. image-guided radiation therapy) would be useless if hypoxia in
tumors were moving from one spot to the next and/or between the times of imaging and
therapy, somewhat akin to the ‘whack-a-mole’ game (20). Some investigators feel that CH is
of overwhelming importance and fundamentally cannot be targeted through imaging
techniques (77, 78). This would even affect molcecular assays since one would have to
consider both the spatial & temporal changes of hypoxia and the time between HIF
induction or depletion (very rapid) and changes in synthesis of its downstream targets
(several hrs). Much additional work is required in these areas.

Optimizing Clinical Trials

Since a finding of hypoxia is hypothesized to portend a poor prognosis, we considered high
and/or extensive EF5 binding as a ‘bad news’ factor for patients. Indeed, in some very
limited trials, this was found to be the case (22, 79, 80). Similarly, in very carefully
performed Eppendorf studies, using ultrasound guidance, Brizel was able to identify patients
with hypoxic tumors that responded very poorly to standard therapy (11, 81).

To date, identification of patients who will do very poorly has seldom been accomplished by
NII. The most dramatic positive example of such predictive capability has been for the
compound FETNIM in esophageal cancer (82). In this study, 11 of 14 tumors with uptake
responded poorly and only 1 of 14 tumors without uptake failed. A much more common
finding has been an ambiguous determination of patients whose tumors will fail to respond.
Several examples are summarized in a review paper by Horsman et al (46). In one of the
most thorough prognostic investigations of NI yet published - using FAZA - Mortensen et
al found 1 of 17 patients to recur in tumors that were negative for FAZA uptake, but only 7
failures in 25 patients that had positive uptake (83). It is critical to appreciate that this result,
while very significant in terms of outcome, has little value in determining which patients
should be receiving anti-hypoxia therapy. Lack of FAZA uptake appears to be a ‘good news
assay but how this relates to hypoxia is unclear.

Despite the various knowledge gaps indicated in the previous sections, an indirect test of the
overall principles has been made in a clinical trial designed to incorporate both PET imaging
and bioreductive therapy. In the trans-Tasman trial of tirapazamine, a bioreductively
activated hypoxia cytotoxin, a subgroup of patients was diagnosed by PET imaging with
FMISO (84). Thus there were patients with FMISO positive or negative images, and
portions of each subset either received or did not receive tirapazamine, in addition to
standard therapy. On the assumption that FMISO indicated the hypoxia status of each tumor,
one might have expected patients receiving tirapazaine with aerobic tumors to do the best,
and patients not receiving tirapazamine but having hypoxic tumors to do the worst.
Although the latter expectation was met, the patients that did the best were the ones that had
hypoxic tumors and received tirapazamine. Although this apparent anomaly was not
commented on in the initial paper our interpretation of the result was that the FMISO
imaging was not only selecting for hypoxic tumors but also high nitroreductase levels - that
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is, a mildly hypoxic tumor with high nitroreductase might appear the same on PET imaging
(and respond equally well or even better to tirapazamine) as a severely hypoxic tumor with
low nitroreductase levels (30). This important trial was the first to indirectly suggest the
importance of tumor nitroreductase levels and even more important allowed for the
possibility (originally suggested by J. Martin Brown) that it might be possible to exploit
tumor hypoxia with suitable therapy (85, 86). It also validated the concept of the need to
target tumor cells at higher than severely hypoxic levels since tirapazamine has an unusually
high K, for inhibition of toxicity by oxygen (87). Unfortunately, in the follow up study,
FMISO-based PET imaging was not continued and some unexpected toxicities of
tirapazamine occurred, thus eliminating this promising drug from further study. This was
doubly unfortunate since the continued use of FMISO-PET might also have identified
patients likely to experience toxicity (for example those that experienced abnormally high
uptake of FMISO in normal tissues). Information of this sort would require PET imaging of
the major organs (or at least a major muscle since muscle cramping was associated with
tirapazamine toxicity - 88), and this is difficult with hydrophilic drugs such as FMISO due
to high rates of excretion via kidney and bladder, and slow equilibration between blood and
tissue.

Despite some problems, the trans-Tasman sub-group study has set the standard for what an
optimal interventional trial should look like. Both imaging agent and the therapy agent
appeared to have similar requirements in terms of oxygen and nitroreductase levels, and the
cancer type studied (H&N Ca) was known to suffer from therapy resistance due to hypoxia.
The Auckland University group has spent a great deal of effort in the analysis and problem
solving for the next generation of drugs for such testing. As indicated above, they have been
instrumental in elucidating mechanisms of nitroreductase activity. They have also been
developing various therapeutic strategies that could prove superior to tirapazamine by
developing agents with similar bioreductive characteristics, but improved tumor diffusional
access and reduced toxicity - in keeping with the present discussions, their lead compound
(SN30000) is more lipophilic than tirapazamine (51). They have also tested whether their
bioreductive cytotoxins have the same enzyme requirements for reduction as the hypoxia
imaging agent EF5. Despite the fact that both their next generation analog of tirapazamine
and a prodrug with potential bystander effect have different chemistries than 2-
nitroimidazoles, the enzyme requirements for all three drugs appear to be nearly identical
(55). The reasons for this are not yet clear but it is possible that they are all ‘pure’
bioreductives in the sense that there appears to be absolutely no non-oxygen dependent
metabolism involved. This likely implies an absolute specificity for one-electron reductases
(rather than 2-electron reductases that would be oxygen independent). Unfortunately, an
unexpected toxicity for the prodrug PR-104 was traced to a 2-electron reduction by an
enzymes uniquely activating this but not other bioreductives (52). Despite what appears to
be a perfect marriage of imaging and therapeutic efficacy, these drug combinations have not
proceeded to definitive trials, though EF5 has shown excellent diagnostic and predictive
information for SN30000 in a rat-xenograft model of lung cancer (89).

A trial is ongoing at the University of Pennsylvanian that seeks to reverse hypoxia in H&N
tumors using the drug nelfinavir. This is a novel approach that may assist the process of re-
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oxygenation that can occur with fractionated therapy. Patients will be receiving PET scans
of F18-labelled EF5 before and after the nelfinavir treatment, just prior to radiotherapy (90).

It has been suggested that dose-painting of hypoxia, using image-guided radiotherapy, might
be an appropriate use for NIl of hypoxia (91-94). Perhaps the optimal use of this method
might occur in H&N cancer where it has often been found that primary tumor versus nodes
may have greatly contrasting levels of hypoxia (75). Similarly, the extraordinary sensitivity
and specificity of the FETNIM result for esophageal cancer may provide an optimal test bed
for anti-hypoxia therapies (82). Since it is known that the very hydrophilic nature of this
agent might limit its access generally, this trial may have identified a cancer type that allows
efficient access of hydrophilic drugs. Yet another promising approach would be to apply the

kinetic analyses suggested by Thorwarth to tumors such as sarcomas, where hypoxia is
strongly associated with metastases (11). It would be valuable to investigate whether the
type of hypoxia associated with low perfusion is similar to what we have described as MRH.
This would provide the first evidence that specific hypoxia sub-types could be imaged, and
this might allow many new uses for NII.

Abbreviations Used

EF5
FMISO
FETA
FETNIM
FAZA
IAZGP
IHC
SA

NII
PET
POR
IGRT
IMRT
DLH
CH
MRH
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Figure 1.
a - Diffusion-Limited Hypoxia - This type of hypoxia (H) occurs when the spatial

heterogeneity of vessels causes small zones of tumor tissue to be too far from vessels for
diffusion of oxygen. It was initially described in epithelial tumors where cords of tumor
tissue are surrounded by vessels within the normal stroma (center) but is also found in non-
epithelial tumors (right). Sometimes, necrosis (N) is found in the center of a hypoxic zone.
The centre and right panels are an expanded view of a 0.5 mm sphere from a 5 mm diameter
tumor (left).
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b - Cycling Hypoxia - This type of hypoxia (CH) occurs when blood flow in an isolated
blood vessel cycles in an on-off pattern (arrow). It was proposed that two fluorescent DNA-
binding dyes, when injected at different times, could label such vessels by demonstrating
only one of the two dyes. A region of diffusion-limited hypoxia (H) is also shown. Right
panel represents an expanded view of a 1.5 mm ovoid from a 5 mm diameter tumor, left).

¢ - In larger and particularly orthotopic tumors, blood travels over extended distances along
unpaired vessels, which originate from co-opted normal-tissue vessels. This allows for a
very heterogeneous mixture of vessels that can be carrying hypoxic or aerobic blood
depending on the distance from the nearest arterial source. In this highly simplified diagram,
two artery-vein pairs are depicted (AV) in a 15 mm diameter tumor. These produce various
types of paths that may travel through volumes of interest (MV1 & MV?2). In this example
MV1 is perfused by predominantly arterial blood, whereas MV?2 is perfused by
predominantly venous blood. Note the 15 mm scale, vs 5mm for the other figures.

d - In smaller (5 mm) murine tumors (as described in panels a & b) vessels that arise from
the normal tissue (NT) in the tumor periphery may be incapable of carrying oxygen and
nutrients to the tumor interior. This can lead to macroscopic central necrosis (nec) - a feature
often observed in such tumors. In this highly simplified diagram (expanded in right panel), a
network of vessels is shown to originate from 2 arterioles and venules (arrows) outside a
wedge-shaped portion of tumor. In an actual tissue section of such a region, many more
‘vessels’ would be observed since the network is not planar and the tissue section would cut
randomly through these and other vessels/vessel-networks. Small regions of hypoxia (H) are
also shown.
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Figure 2.

Kinetics of binding are only known for a few compounds, and at uM to near mM
concentrations (upper right). Representation of the shapes of these curves are illustrated for
misonidazole (inverted closed triangles), EF5 (closed diamonds) and etanidazole (closed
squares). All drugs tested revert to 1t order dependence on drug concentration at low
oxygen levels (open squares; 0.2%, etanidazole). Shown at many logs lower concentrations
are the low and moderate SA 18F-EF5 (open diamonds), high SA 18F-FMISO (open inverted
diamond) and 18F-fluoroetanidazole (open square). The only in vitro data in the high SA
range is for 18F-FAZA (open triangle). No current information exists as to whether these
extrapolated points mean anything, or what happens between anoxic binding and (for
example) 0.2% oxygen (vertcal arrows). Note that this graph spans many decades of
concentration for both axes.
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Figure 3.
Autoradiographs of R3230 mammary tumor from rat exposed to unlabelled plus labelled

EF5, 3 hrs following drug injection. The pixel size of the autoradiograph imager (Fuji 3000)
is 30 micrometers, so we used 30 micrometer thick adjacent sections (compared with 10
micrometer sections for IHC — see figure 4). On the left is shown a section that was simply
dessicated in the cryostat before exposure to the phosphor plate, while on the right is shown
an adjacent section that was fixed in ethanol before exposure. The panel on the left has
similar contrast to that shown for a rat-xenograft in reference (25). Brightness for the right
panel was enhanced by a factor of 4 to provide similar intensity levels. Size of tumor section
~ 8mm x 15mm.
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Figure 4.
3 additional 10 um thick (adjacent) sections were collected from the same tumor. Upper left

shows “flooded Hoechst” where all tissue is stained with Hoechst 33342 to indicate position
of nuclei. This shows areas of necrosis or missing tissue. On the upper right is shown the
IHC image for EF5 binding, which is very comparable to that for the rinsed AR section
(lower right panel, copied from Fig 3). On the lower left is shown the image resulting from
the in vivo injection of Hoechst 33342 dye. The positions of the main vessels are easily seen.
Note the central region of uniformly high binding. This is normal tissue stroma which one
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typically sees in orthotopic tumors — the vascular system of normal tissue is such that
essentially every normal cell in the body is labelled by injected Hoechst 33342 (Koch and
Evans, unpublished data).
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Semi-quantitative descriptors of ‘hypoxia’.

Table 1

pO2 (mm of Hg) | Description % Max. EF5 | Abs Bind Rate (aM/cell/hr)
Metab

76 Physiological 1 15

19 Mild Hypoxia 3 5

3.8 Moderate Hypoxia | 10 15

0.76 Severe Hypoxia 30 50

0.0 Anoxia 100 150

Page 27

In order to calculate the absolute binding rate (column 4) cells were incubated at various oxygen levels in the presence of 100 uM C14-labelled

EF5 and after various times, the cells were rinsed thoroughly, and treated with 5% TCA to allow complete disruption with precipitation of

macromolecules (26). The total binding rate (shown) consists of about 25% acid insoluble and 75% acid soluble metabolites. The rates shown are
for the V79 Chinese hamster cells, which are similar to the average of several other cell lines (49). Since these cells have a mass of about 10"-12

kg, the rate under anoxia implies that the amount of metabolized drug is about 1.5 times the extracellular drug concentration, per hr.

Semin Nucl Med. Author manuscript; available in PMC 2016 March 01.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Koch and Evans

Table 2

Known 1-electron Nitroreductases and substrate Ky,’s

Name Origin K., for CB1954% (mm) | Reference
NfsA E Coli 0.22 (55)

NfsB E Coli 3.6 (55)
NemA | EColi 0.06 (55)

POR mammalian | ND (56, 63)
MTRR mammalian | ND (56)
NDOR1 | mammalian | ND (56)
NOS2A | mammalian | ND (56)

*
Similar values have been found using EF5 as substrate (A.V. Patterson, personal communication)
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