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Abstract

Tumor hypoxia influences the outcome of treatment with radiotherapy, chemotherapy and even
surgery, not only for the treatment of large bulky tumors with extensive necrosis, but also in the
treatment of very small primary tumors and recurrences, micrometastases, and surgical margins with
microscopic tumor involvement. Because hypoxic tumor cells are resistant to radiation and to many
anticancer drugs, many approaches to circumventing the therapeutic resistance induced by hypoxia
have been examined in laboratory studies and clinical trials. In this review, these approaches and the
results of past laboratory and clinical studies are described and the limitations of the past agents and
their testing are discussed. We describe the importance of new technologies for measuring hypoxia
in human tumors, which allow assessment of pretreatment tumor oxygen levels and changes in
hypoxia over the course of prolonged treatment regimens. These offer the possibility of improving
the design of clinical trials and the selection of patients who will benefit from hypoxia-directed
therapies, as well as the possibility of facilitating the development of better agents and regimens for
use in hypoxia-directed therapy. We also discuss how the improved understanding of the abnormal
vascular beds in solid tumors and of the effects of hypoxia and related microenvironmental insults,
resulting from recent and ongoing research, offers the potential for finding new therapeutic targets,
that may lead to the development of new agents and novel therapeutic approaches for selectively
targeting cells in the adverse microenvironments within solid tumors.

Introduction

Research on the effects of hypoxia has blossomed in recent years, with the realization that
hypoxia is not only an abnormal stress associated with injury and disease, but also a physiologic
factor modulating a variety of normal developmental and metabolic processes. This has led to
extensive studies of the many and varied molecular signaling pathways and cellular responses
triggered by or modulated by moderate and severe hypoxia. This interest in and appreciation
of the many effects of hypoxia has as its roots 100 years of research by radiation biologists and
radiation oncologists, which was stimulated by the radiobiological effects of oxygen and by
the implications of hypoxia for the treatment of cancer [1-6].

The history of research on hypoxia is intimately interwoven with the history of radiation
therapy. From its earliest roots in the late nineteenth century, radiotherapy was a unique area
of medicine that required the integrated use of physics, engineering, and medicine every day,
in the treatment of every patient. The history of clinical and experimental radiotherapy reflects
this intersection of science and medicine. Collaborations between physicians, physicists,
engineers, chemists, and biologists have always been the norm in academic radiation oncology
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departments and professional organizations and an intrinsic part of the training and culture of
the specialty [1,3-13]. Perhaps equally important in the development of radiotherapy has been
the implicit assumption that the improvement of clinical care is a science that requires
quantitative planning and documentation of treatments, quantitative, objective measurements
of the beneficial and toxic responses to treatments, and careful evaluation of new therapeutic
approaches and technologies through rigorous comparisons with the standard of care [3,5-7,
9]. As noted by Béclére in 1901, “La radiotherapie ne saurent &tre une science sans mesures
exactes” (Radiotherapy will never be a science without precise measurements) [3]. The modern
concept of “evidence-based medicine” is presaged in this history.

Itis probably not happenstance that the first rigorous, quantitative measurements of the survival
of cells treated with cancer therapeutic agents in cell cultures [14], in tumors [15], or in normal
tissues (beginning with the discovery of pluripotent bone marrow stem cells [16]) were all
performed in radiobiology laboratories. Similarly, quantitative, functional endpoints for
assessing injury to normal tissues and quantitative model-based analyses of tumor growth
curves and of dose-response curves for tumor cure were standard models in experimental
radiotherapy 50 years ago [1,5,6], when other disciplines in experimental oncology routinely
used less informative endpoints such as extension of lifespan (reflecting a mixture of antitumor
effects and toxicities) or ratios of the weights of treated and control tumors at a single
predetermined time. Experimental and clinical studies of the therapeutic implications of tumor
oxygenation therefore reflect the unique culture in the radiation oncology community, with its
emphasis on close interactions between scientists and physicians, on the formulation of model-
driven hypotheses, on rigorous testing of these hypotheses in laboratory studies using
quantitative biological endpoints, and on clinical testing of new approaches and agents in
rigorous and objective clinical trials.

As early as 1904, Hahn [17] and Schwarz [18] observed that compression that compromised
blood flow changed the effects of low energy X-rays and superficial radium plaques. These
observations rapidly influenced the use of these sources, although the importance of oxygen
to the effects was not immediately recognized [2]. In the 1930's, Crabtree and Cramer [19]
showed that molecular oxygen was a critical determinant of the response of cells to irradiation,
while Mottram's histological observations of tumors in hamsters [20] led to the hypothesis that
growing tumors should have areas where vascular insufficiencies caused the development of
regional hypoxia.

Since these early observations, advances in science, medicine, and technology have altered
radiobiology laboratories and radiation therapy clinics. This has not been a gradual, continual
process; instead specific developments have suddenly and dramatically altered research and
patient care. Advances in technology, including the development of high energy x-ray radiation
sources and linear accelerators and improved diagnostic imaging approaches, changed
radiation therapy from a palliative modality focusing on short term improvements in patient
comfort into a curative modality focusing on long-term tumor control and concerned with late
toxicities. This change increased the importance of developing therapies to attack radioresistant
cell populations, because killing (or even inhibiting the growth of) most of the radiosensitive
cells will produce good short-term palliation, but curing the tumor requires eradicating all of
the malignant cells, including those which are radioresistant because of hypoxia on for other
reasons. The development of inbred rodent strains, transplanted syngeneic tumor lines, and
rigorous, quantitative assays to measure and compare the effects of therapies on tumors and
normal tissues [1] are not ancient history: they revolutionized experimental cancer therapy
during the careers of many scientists still active in the field. Similarly, the development of cell
culture methodologies allowing study of well-characterized cell populations in defined media
and rigorously controlled environmental conditions using quantitative clonogenic assays of
cell survival [1,10,13] revolutionized studies of the effects of radiation in the 1950's and 1960's.
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All of these techniques were applied immediately to study the effects of oxygen and to test
approaches to circumventing the radioprotective effects of hypoxia.

Attempts to use differentials in blood flow and oxygenation in tumors and normal tissues for
therapeutic advantage began a century ago. They continue today. The approaches have changed
as knowledge of the pathophysiology underlying tumor hypoxia has improved and as new
technologies have been developed. Periods of great expectation, when major therapeutic
advances were predicted to be imminent, have alternated with periods of disillusionment when
these overly optimistic predictions proved false [2,4-7]. Neither extreme was probably
warranted either at the time it occurred or in retrospect. In this review we will present a brief
overview of past laboratory and clinical studies aimed at improving the outcome of
radiotherapy by considering the implications of tumor oxygen, discuss the lessons that this
history offers, and consider some ways in which recent insights into the molecular effects of
hypoxia now offer new tools and technologies for use in research, new targets for therapeutic
interventions and new opportunities for improving the care of cancer patients.

Effects of oxygen on radiation response

Molecular oxygen (O5) is a potent chemical radiosensitizer. This radiosensitization does not
result from any of the metabolic or physiological effects of oxygen, but instead reflects the fact
that O, is an extremely electron-affinic molecule that participates in the chemical reactions
that lead to the production of DNA damage after the absorption of energy from ionizing
radiation [21,22]. Cells that are anoxic during irradiation are about three times more resistant
to radiation than cells that are well oxygenated at the time of irradiation Fig. (1). Very low
levels of O, are required for radiosensitization. Radiosensitivity increases as the oxygen tension
increases from anoxia to ~10 Torr Fig. (2), but then plateaus, with no further significant
increase as the oxygen tension increases through the range found in healthy tissues or even in
cells exposed to 100% oxygen [24]. Because the underlying chemical reactions are essentially
complete within a few milliseconds after irradiation, O, must only be present during irradiation
to produce full radiosensitization; the presence of oxygen before or after irradiation is irrelevant
to this mode of radiosensitization.

The classic work of Gray and his collaborators during the 1950's [24-27] defined the effects
of oxygen on the radiation response of a wide variety of microbial, plant, cellular and animal
model systems and explored the potential implications of the “oxygen effect”. Thomlinson and
Gray's classical histological studies of human lung cancers and their mathematical modeling
of oxygen delivery, oxygen consumption and regional O, distributions within these tumors
suggested that these tumors contained areas in which viable cells were subjected to chronic,
severe hypoxia [25]. Later studies by others, beginning with Reinhold and his collaborators,
showed that tumors not only contained areas of severe, chronic hypoxia and anoxia, but also
areas in which fluctuations in blood flow through individual tumor vessels led to transient
exposures to moderate or severe hypoxia [28,29]. Chronic and fluctuating hypoxia would,
respectively, produce persistent or transient radioresistance, both of which make tumor cells
resistant to radiotherapy.

One of the major problems limiting research in this area before the 1990s was the lack of
physical or chemical methods for detecting or measuring oxygen levels in tissues over the
pO, range of interest in radiotherapy. The very low oxygen levels needed for radiosensitization
(see Fig. (2)) and the need to measure oxygen levels in small regions within tumors produced
formidable barriers, which were not breached until relatively recently. As a result, hypoxia was
detected indirectly, from the resultant radioresistance, and “radiobiological hypoxic fractions”
were calculated for experimental rodent tumors by comparing the radiation responses of the
tumors of interest with the responses of tumors made completely hypoxic. These techniques
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for measuring radiobiological hypoxic fractions were time consuming and expensive, because
they required the use of very large numbers of mice or rats to measure and compare dose-
response curves for tumor cure, tumor regrowth, or tumor cell survival (using endpoint dilution
or colony formation assays) under different experimental conditions [30-32]. An example of
the experiments performed to measure the radiobiological hypoxic fraction of a tumor line in
mice is shown on Fig. (3). These radiobiological techniques for measuring hypoxic fractions
could not be used in the clinic. The relatively recent development of techniques that allow the
measurement of regional and temporal variations in oxygenation in experimental tumors, and
especially in the tumors of patients, is revolutionizing both laboratory and clinical work in this
area as described below.

During the 1960-80's, studies in a variety of tumor models showed that virtually all primary
and transplanted rodent tumors and human tumor xenografts contained viable, radioresistant
hypoxic cells [reviews 30-33]. In most experimental solid tumors, ~10-20% of the viable tumor
cells were found to be sufficiently hypoxic to be fully radioresistant as measured by analyses
of tumor cell survival, tumor growth, or tumor cure. Even microscopic primary tumors and
micrometastases were found to have significant “radiobiological hypoxic fractions”, indicating
that hypoxia was a factor to be considered in the treatment of small primary tumors, involved
surgical margins, and micrometastases as well as in treatment of large bulky tumors where
gross necrosis was observed. Hypoxic cells were shown to dominate the response of tumors
to large doses of radiation Fig. (3). Moreover, tumors could be made more radioresistant by
making them more hypoxic and made more radiosensitive by manipulations expected to
improve their oxygenation. Such observations stimulated widespread interest in seeking and
testing approaches to improving cancer therapy by circumventing the radioprotective effects
of hypoxia. Three basic approaches were considered: improving tumor oxygenation, increasing
the radiosensitivity of the hypoxic tumor cells, and killing the hypoxic tumor cells.

Approaches to Circumventing Hypoxia

Modulating tumor oxygenation

Beginning in the middle decades of the twentieth century, there was great optimism that the
outcome of radiotherapy could be improved by increasing tumor oxygenation during
irradiation. Many approaches to improving tumor oxygenation were considered and tested in
animal model systems and several were tested in clinical trials [reviews: 1,2,5,6,34]. The
simplest was breathing of 100% oxygen during irradiation, to ensure saturation of hemoglobin
and also deliver extra oxygen dissolved in plasma. Carbogen (a mixture of oxygen and a small
amount [2-7%] of carbon dioxide) was also tested, on the basis of studies suggesting that
CO, would inhibit the vasoconstriction sometimes seen with pure oxygen. Hyperbaric oxygen
(HBO), 100% oxygen delivered at pressures of 2-4 Atmospheres, was also used to increase the
plasma pO,, further. Because the diffusion distance of oxygen through respiring tissue increases
with the initial oxygen tension, HBO should theoretically allow O, to diffuse further through
tissue than normobaric oxygen breathing, oxygenate more hypoxic cells and produce greater
radiosensitization [35].

Encouraging results with HBO were reported in small series of patients as early as the 1950s
[2,34,36,37]. However, early trials of HBO proved challenging because of the difficulties of
setting up and treating patients with the relatively primitive hyperbaric chambers (steel
chambers with small glass portholes through which radiation to be delivered to very restricted
fields) and the irradiators then available. As a result, many trials were small, many used
nonstandard, suboptimal hypofractionated radiation regimens, and many used historical
controls or control patients treated with radiotherapy regimens different from those used with
HBO; the results were therefore equivocal and difficult to interpret. Physicians expecting
dramatic improvements were disappointed with the outcomes of these trials and the approach
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fell into disuse [2,7,34,38]. However, retrospective metaanalyses of the well-controlled HBO
trials [2,34] show that HBO provided a statistically significant improvement in local control,
along with a statistically significant increase in disease free and overall survival. Ironically, an
analogous improvement in local control in common solid malignancies would be considered
clinically significant in trials of a new anticancer drug, and would probably result in changes
in the standard of care. Studies with HBO are continuing in Europe and Japan [39], but the
approach is not currently in routine clinical use with radiotherapy, despite the relatively wide
availability of greatly improved HBO chambers and the routine use of hyperbaric oxygen in
several other areas of medicine.

Administration of O, and Carbogen at normal atmospheric pressure has also been examined
in clinical trials [2,34,40-42]. The animal data on these regimens is mixed [33,43-45]. Large
improvements in tumor oxygenation and radiation response are produced by oxygen or
Carbogen breathing in some rodent tumor models; no effect is seen in others. In many animal
models, HBO produces larger effects than O, or Carbogen administered at atmospheric
pressure. Carbogen produces greater effects than oxygen in some animal model systems, but
similar effects in others. Many experimental variables (duration of breathing, anesthesia,
temperature) influence the effects of O, or Carbogen. These data raise the possibility that the
effects of oxygen and Carbogen breathing may vary in different patient populations and even
in individual patients. A recent review of the clinical trials by Overgaard [2] supports the
predictions from animal studies: there is greater variability in the trial outcomes with Carbogen
or oxygen than with HBO, and the overall data set shows a trend toward improved outcome,
but the change is not statistically significant.

In many clinical studies, Carbogen breathing has been combined with other modalities that
might also improve tumor response. For example, the ARCON trials [41,42] combine
Carbogen (which would be expected to reduce diffusion-limited hypoxia) with nicotinamide
(a vasoactive agent improving tumor blood flow and reducing perfusion-limited hypoxia) and
accelerated radiotherapy (delivering multiple treatments per day over a short overall treatment
time to decrease repopulation during treatment). Preliminary data from the phase I/1l ARCON
trials were very promising; results of ongoing phase 111 trials have not yet been published. The
fact that hemoglobin levels were not predictive of outcome in ARCON patients [41,42]
suggests that modulation of tumor oxygenation is involved in producing the promising results
seen with the ARCON regimens. Measurements of tumor oxygenation in patients in the
ongoing ARCON trials [46] should provide interesting insights on the importance of hypoxia
in the outcome.

Tumor oxygenation, and therefore tumor radiosensitivity, should also be improved by
increasing the ability of the blood to transport oxygen. This hypothesis is supported by the fact
that 40-60% of all cancer patients are anemic at the start of radiotherapy and the fact that anemic
patients have a worse prognosis than patients with normal hematocrits [47-52]. Many
laboratory and clinical studies therefore have examined the effects of transfusions on the
radiation response of solid tumors. The laboratory data warn that the effects of anemia and of
its resolution by transfusions are complex. In inbred mice, transfusions that slightly increase
hematocrits do indeed improve the response of tumors to radiation given shortly thereafter
[53-56]. However, larger increases in hematocrit are less effective and can even induce
radioresistance, probably because high red cell concentrations increase blood viscosity, change
hemodynamics and decrease blood flow through tumor microvessels. With time after
transfusion, the tumor returns to the baseline radiation response, reflecting the induction of
homeostatic processes that lead to normalization of perfusion. Counter-intuitively, acute
reductions in red cell numbers can actually sensitize tumors to irradiation in some model
systems, probably because the acute decrease in blood viscosity leads to improved tumor
perfusion. It should be remembered that the model systems used in most animal studies offer
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an ideal system for transfusion: the experiments generally use fresh blood that was harvested
from a syngeneic mouse only a few moments before the transfusion. Most transfusions in the
clinic use stored blood or packed red cells, which transport oxygen less effectively than fresh
blood. In addition, clinical blood donors generally will be of an appropriate blood type, but not
fully HLA matched to the recipient; immunologic effects that are absent in syngeneic mouse
studies therefore complicate clinical use of transfusions [47].

Although the poor prognosis for anemic cancer patients may in part reflect the resistance of
hypoxic cells to radiation (and to many anticancer drugs), the complex relationship between
anemia and tumor hypoxia and the fact that anemia can also be an indicator of poor prognosis
after surgery suggest that the situation is not this simple, and that anemia may also be associated
with patient or tumor characteristics that adversely affect prognosis [47-52]. Moreover, as
described briefly above, data from studies with animal models show that blood transfusions
do not always lead to increased tumor radiosensitivity. It is therefore not surprising that clinical
trials examining the effects of transfusions on the outcome of therapy have produced mixed
results, and that many studies showed no improvement, or even poorer prognosis for patients
who were transfused before or during radiotherapy [47-52].

Clinical trials using erythropoietin to improve red blood cell production and increase
hematocrits during radiotherapy have likewise produced mixed results, and some recent trials
have even shown significantly higher mortality rates in patients treated with erythropoietin
[47,57,58]. This negative finding may in part reflect the same confounding factors seen with
transfusions. However, it may also reflect the direct effects of erythropoietin, which has many
actions in addition to stimulating red blood cell production. Erythropoietin receptors are found
on many normal and malignant cells. Erythropoietin can be mitogenic and can reduce apoptotic
responses in many cell lines. This multifunctional molecule therefore may have a wide range
of effects on tumor cells and on critical cell populations in normal tissues, some of which would
be expected to be deleterious when erythropoietin is used as an adjunct to cancer therapy
[46,57,58]. More laboratory work and critical analyses of clinical data in this area are needed,
given the wide use of erythropoietin by cancer patients and the aggressive campaign of direct
marketing of the drug to cancer patients.

During the 1980's investigators from several laboratories investigated the use of the artificial
intravenous oxygen transport agents (often, but inaccurately, called artificial blood substitutes)
being developed for use as alternatives to blood transfusions [59-62]. Interest in these agents
was spurred by concern over HIV, hepatitis viruses, and other blood-borne pathogens, by the
desire to develop shelf-stable products that could be used without blood typing in emergencies
and mass casualty situations, and by the desire to find agents that could be used by patients
who refused blood transfusions on religious grounds. Development focused primarily on use
during surgery and after trauma, i.e. situations where short term use was needed because of
extensive blood loss. Several radiobiology groups examined the potential use of these agents
in cancer therapy, because of the observations in mice, described above, which showed
improvements in tumor response after transfusions and because of theoretical reasons to expect
that the differences between oxygen uptake, transport, and delivery by red blood cells and by
some synthetic O, transport agents might result in better delivery of oxygen to hypoxic areas
within tumors by these agents than by blood [35].

Two basic types of oxygen transport agents have been developed: those using hemoglobin as
the transport molecule and those using perfluorochemicals [59-62]. The first generation
hemoglobin-based agents, which used stroma-free hemoglobins, proved to have very short half
lives and to produce both cardiovascular complications and renal injuries. As a result,
subsequent studies focused on the development of more complex preparations. At present,
several commercial and academic institutions are working on a wide variety of preparations
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[59-62]. These use several different crosslinked human and animal hemoglobins, polymerized
hemoglobins, PEG-conjugated hemoglobins, fish and analid hemoglobins, and genetically-
engineered hemoglobins. The hemoglobins are often encapsulated in artificial red blood cells,
vesicles and nanoparticles, sometimes in combination with other agents. Recent
nanotechnology advances offer improved approaches to packaging hemoglobins for greater
stability and efficacy [62]. In addition, new insights into the molecular interactions and
signaling pathways that mediate the physiological effects of hemoglobins on the vasculature
that can lead to vasoconstriction and impaired perfusion offer possible approaches for
developing hemoglobin-based agents that circumvent the problems seen with first and second
generation agents [62]. Laboratory studies by Teicher and others during the 1980's showed that
appropriate regimens of treatment using a crosslinked bovine hemoglobin-based preparation
could improve the response of solid rodent tumors to radiation [63]. Studies examining the
effects of the newer agents as adjuncts to radiotherapy have not been reported.

Perfluorochemical emulsions (PFC-E) consist of small droplets of liquid perfluorochemicals,
stabilized with a lipid coat and suspended in a physiological saline-based diluent [59-62]. When
exposed to high O, concentrations, perfluorochemicals dissolve very large amounts of oxygen;
in hypoxia, O, diffuses out of the perfluorochemical and into the surrounding milieu. The entry
and efflux of O, from the liquid perfluorochemical differs dramatically from the tightly
regulated uptake and release of O, from the O,-binding sites of hemoglobin, resulting in
significant differences in oxygen transport and delivery, which could be advantageous in the
delivery of oxygen to hypoxic regions of tumors [35,64]. Several different PFC-E have been
tested as adjuncts to radiotherapy in animal systems, with extremely encouraging results [35,
45,65]. An example of these studies is shown on Fig. (4). Clinical trials in cancer patients were
limited, were complicated by the non-optimal formulations of the early emulsions available
for clinical use at the time of the trials, and were often stopped for reasons having little
relationship to the potential of the agents to improve the outcome of cancer therapy [66,67].

It became clear during the 1990s that the development and clinical use of synthetic oxygen
transport agents would be more difficult than originally envisioned [59-62,64]. In addition, the
commercial manufacturers became increasingly aware that the use of these agents with
radiotherapy would require many administrations of high doses of the agents — regimens that
would be far more intensive than those needed in many other potential applications and
therefore would be more likely to result in toxicities. Moreover, the fragile status of the patients
generally entered into Phase I/11 oncology trials, the effects of their advanced malignancies,
and the intensive irradiation regimens used in their treatment all increased the potential for
toxicities that could impact FDA approval. Companies developing these agents therefore
backed away from potential cancer therapeutic applications and focused their development
efforts on uses in diagnostic imaging, during surgery, and after trauma, all of which required
smaller doses and acute administration. Extensive research and developmental efforts for these
applications are ongoing [59-62,64]. The potential value of these agents in clinical cancer
therapy still remains to be rigorously explored. Ironically, the increasing use of stereotactic
radiosurgery, IMRT, intraoperative radiotherapy, and high dose rate brachytherapy regimens
that use short radiation courses and high radiation doses per fraction offers increased potential
for administration of oxygen-modulating agents for shorter times and in fewer treatments. If
clinical trials of oxygen transport agents for other indications lead to marketed products with
well documented efficacy and manageable toxicities in other patient populations, it will be
interesting to revisit the question of whether these more advanced oxygen transport agents have
value as adjuncts to radiotherapy.

Another approach to modulating tumor oxygen is to modulate hemoglobin-oxygen binding
affinity and thereby increase delivery of oxygen to hypoxic regions. Efaproxiral (RSR13) was
the first of this class of agents to reach clinical trials with radiotherapy. Efaproxiral binds
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noncovalently in the central water cavity of the hemoglobin tetramer, altering the conformation
of the hemoglobin and reducing its oxygen-binding affinity. Studies in a number of rodent
tumor model systems [68,69] showed that pretreatment with Efaproxiral plus oxygen breathing
increased the oxygenation of solid rodent tumors and significantly improved the response of
the tumors to irradiation. Initial clinical trials with this agent [49,70,71] showed improved
response to radiotherapy in patients with brain metastases but confirmatory trials were
disappointing; the manufacturer is not currently pursuing development of the product.

Modulation of tumor blood flow to increase tumor oxygen levels during irradiation also
provides a potential approach to increasing tumor radiosensitivity. A number of
pharmacological agents have been proposed as potential agents to improve tumor blood flow,
including pentoxifylline and nicotinamide. These drugs have been shown to be effective in
increasing the radiation response of animal tumors [41,72-74]. However, clinical trials using
these agents to modulate blood flow during radiation therapy proved to be complex and
difficult. This is in part because of the complex effects of the agents and the toxicities
encountered when these agents are used repeatedly in high doses [41,72-75]. In addition,
radiation itself induces very significant changes in tumor blood flow, and oxygenation [76]
complicating extrapolation from the effects seen in single-dose animal experiments to plan and
interpret studies with fractionated radiotherapy regimens.

Changes in tumor blood flow after irradiation, and the concomitant changes in oxygen delivery
to tumor tissue, are partially responsible for the observed differences in the efficacy of different
radiotherapy regimens. Fraction size, interfraction interval, overall treatment duration, dose
rate (for brachytherapy) and radiation quality (LET; x and y-rays vs. neutrons or heavy charged
particles) all influence radiation-induced changes in tumor oxygenation [5-7,76]. Moreover,
the importance of oxygen as a chemical radiosensitizer also varies with these treatment
parameters. It is widely forgotten that one of the major theoretical advantages of continuous
low dose rate irradiation, which was discussed extensively in the middle of the last century and
which provided one of the primary rationales for low-dose-rate brachytherapy at that time, is
the reduced OER for radiation cytotoxicity observed at low radiation doses and with low dose
rates [77-79]. It is probable that some of the effects seen with the oxygen-modulating regimens
described above reflect the changes in tumor blood flow induced by the agents as well as
changes in blood oxygen levels. For example, both Carbogen breathing and perfluorochemical
emulsions alter blood flow in animal tumor models. Changes in blood flow induced by prior
treatments with hyperthermia [80], chemotherapy [81], and antiangiogenic therapies and
antivascular therapies [82,83] have been shown to be responsible for some beneficial effects
of combined modality therapy regimens using these agents in rodent tumors.

Inhibition of the consumption of O, by tumor cells also has great potential to increase tumor
oxygenation. Theoretical considerations suggest that it should be much easier to increase tumor
oxygenation by decreasing oxygen consumption than by increasing oxygen delivery [84,85].
The effects of agents that directly inhibit oxygen metabolism and of physiologic interventions
that reduce O, consumption have been examined in rodent systems. Changes in oxygen
consumption can result from treatments with radiation, hypothermia, hyperthermia, anticancer
drugs, hormones, antivascular drugs, anesthetics, and anti-inflammatory drugs such as Cox-2
inhibitors [32,80,81,84-86]. These changes in O, consumption, and the resulting changes in
tumor oxygenation, have been suggested or shown in animal models to be important in
determining the outcome of treatment regimens in which these agents are used. Thus, changes
in blood flow and oxygen consumption during the course of multifraction and multiagent
therapy alter tumor oxygenation and are probably critical in determining the efficacy of many
widely used therapeutic regimens. Such changes are seen even with agents such as NSAID
[86], which are routinely used by cancer patients but not thought of as influencing the efficacy
of cancer therapy.
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Until recently, the problem in using these changes to therapeutic advantage has been the lack
of techniques to monitor tumor oxygen levels quantitatively and repeatedly during the course
of protracted therapeutic regimens. As a result, it has been impossible to assess the nature,
magnitude, timing and therapeutic importance of these intercurrent changes in oxygenation.
This limitation has impacted interpretation of studies using experimental animals, but the
impact on study design, patient selection and interpretation of data is even greater for clinical
studies. With the development of minimally invasive and non-invasive techniques for
measuring oxygenation within tumors [46,86-93], it is becoming possible to monitor tumor
oxygen distributions not only before treatment, but also repeatedly throughout and after
complex therapeutic regimens. Moreover, patient-to-patient differences in pretreatment tumor
oxygenation and in the changes occurring during therapy can be examined. These techniques
allow rigorous evaluation of the implications of the pretreatment tumor oxygenation and of the
changes in oxygenation during therapy for “conventional” therapeutic regimens, as well as for
regimens that are still investigational or that are specifically intended to alter oxygenation. This
holds great promise for facilitating the development of improved treatment regimens that use
changes in tumor oxygenation to therapeutic advantage and may also lead to individualized
treatment regimens that are optimized for specific patients.

Oxygen-mimetic radiosensitizers

Oxygen-mimetic radiosensitizers, which selectively sensitize hypoxic cells to ionizing
radiation by replacing oxygen in the chemical reactions that lead to the production of DNA
damage, have been widely studied as potential adjuncts to radiotherapy. Metronidazole,
misonidazole, nimorazole, piminidazole and several other hypoxic cell radiosensitizers were
found to be extremely effective in sensitizing hypoxic cells in vitro and in rodent tumors [2,
34,95,96], as illustrated on Fig. (5) and Fig. (6). However, the rapid biodistribution and
clearance of these agents in mice was critical in producing the high therapeutic ratio in these
mouse model systems. In humans the long half-lives of the drugs result in greater toxicities,
which preclude administration of these drugs at doses that produce the high tumor drug
concentrations needed for effective radiosensitization and therefore prevent maximally
effective use of the radiosensitizers with fractionated radiotherapy. Clinical evaluation of these
agents suffered from the resulting compromises in the structure of the clinical trials: sensitizers
could be given only in low doses and only with a few radiation treatments [2,34]. Rodent studies
with analogous regimens showed no or only very small improvements in tumor response, with
at best marginal statistical significance [96]. Considering the inherently greater variability in
the patient populations than in the experimental models, most clinical trials with oxygen
mimetic radiosensitizers were doomed to failure, because they lacked the statistical power
needed to detect the effects that could have been anticipated from the rodent studies even with
the most optimistic assumptions. Only the largest, most tightly controlled clinical trials (most
notably those performed in Denmark) and metaanalyses including many randomized clinical
trials [2,34] revealed positive effects of radiosensitizers in human patients. The metaanalyses
showed the approach to be successful in some tumors, with small but statistically significant
improvements in local control and disease free survival.

As with HBO, it would be interesting to re-explore the potential value of the best oxygen-
mimetic radiation sensitizers as adjuvants to investigational radiotherapy regimens using large
radiation doses and small numbers of fractions, as it is likely that appropriate use of hypoxic
cell radiosensitizers as adjuncts to certain stereotactic radiosurgery, intraoperative radiotherapy
and high-dose-rate brachytherapy regimens could produce therapeutic gain, especially if
potential subjects were prescreened for tumor oxygenation and only patients with hypoxic
tumors were entered into the trials.
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Oxygen-mimetic radiosensitization is not the only approach to selectively increasing the
radiosensitivity of hypoxic cells. Information now developing on the biology of hypoxic cells
offers the possibility of using the physiological changes induced by hypoxia to identify other
pathways and targets that can be exploited to sensitize these cells to the cytotoxic effects of
radiation [95,97-99]. We will discuss this below.

Bioreductive Drugs and Other Hypoxic Cell Cytotoxins

Agents with selective toxicity to hypoxic cells could likewise play a valuable role in
combination with radiation therapy, and also in combination with conventional anticancer
drugs, which are generally more toxic to rapidly proliferating, well-perfused, tumor cells than
to the hypoxic cells in unperfused regions of tumors [100]. The prototype hypoxic cell
cytotoxins were the bioreductive alkylating agents, originally described by Sartorelli and his
collaborators [101]. The lead compound of this class, the quinone mitomycin C, was shown to
have preferential toxicity to cells that were severely hypoxic at the time of drug treatment, Fig.
(7). The duration of pre-treatment hypoxia is unimportant, Fig. (8), as long as cells are severely
hypoxic at the time of treatment. The preferential toxicity of the drug to hypoxic cells reflects
differences in the pathway of reductive activation of MC in air and hypoxia, which lead to
increased production under hypoxia of reactive intermediates of capable of bi-functional
alkylation, and therefore to the production of greater numbers of highly toxic interstrand and
intrastrand DNA crosslinks under hypoxic conditions [100-103]. Severe hypoxia, at oxygen
levels below those required for full radioprotection, is required for maximal sensitivity to MC.
Under aerobic conditions, cells are more sensitive to MC at low pH than at physiologic pH,

Fig. (9).

Prospective randomized clinical trials of mitomycin C (MC), showed statistically significant
improvements in local control and disease free survival when MC was used as an adjunct to
radiotherapy in carcinomas of the cervix and of the head and neck [104-105]. The magnitude
of the effect in cervix cancer was similar to that obtained with adjuvant treatments with cis-
platinum, but the toxicities with MC were less severe. Trials of MC, alone and in combination
with other drugs, as an adjunct to radiation therapy are continuing at several institutions
[106]. A major problem in the interpretation of these trials is the small and variable differential
in the cytotoxicities of MC to hypoxic and aerobic cells. Toxicities of this drug to aerobic cells,
especially cells in acidic environments Fig. (9) or cells with the unusual high levels of critical
reductases found in certain malignancies (especially DT diaphorase, NQO1), could be partially
responsible for the increases in local control seen with this drug; high levels of NQO1 may
also decrease the hypoxia selectivity of this drug, as they do with the indolequinone EO9
[106]. Therapy with MC has often been limited not by the toxicities routinely seen with this
drug, but rather by rare, unpredictable, serious and sometimes fatal idiosyncratic toxicities that
occur at doses well below those expected to be toxic. It seems reasonable to ask whether
polymorphisms in a reductase that activates this drug lead to greater aerobic activation of this
drug in some patients and, if so, whether a pretreatment screen could be developed to identify
such patients, so the MC could be avoided or the dose reduced in hypersensitive patients,
thereby allowing safer and wider use of this drug. Recent studies have also shown that cells
lacking functional BRCAZ2 are hypersensitive to MC [107], Fig. (8), suggesting that
BRCA2 patients would be hypersensitive to MC, but also suggesting that breast cancers
exhibiting a BRAC2 repair-deficient phenotype, either because of mutations in the tumor or
because of downregulation of this DNA repair pathway in hypoxia [108], might respond
unusually well to MC.

Many other quinones have been studied in our laboratory and elsewhere; the potency, the nature
of the DNA lesions, and the magnitude of the aerobic/hypoxic cytotoxicity differential vary
dramatically for different quinones [103,106,109]. Porfiromycin, which showed greater
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selectivity to hypoxic cells than MC in vitro and in animal models, did not improve the outcome
of radiotherapy in clinical trials [109]. The promising hypoxia-selective indolequinone EO9,
studied by McKeown and her collaborators, is currently in clinical trials in Europe [106].

Inaddition, other classes of drugs with preferential toxicity to hypoxic cells are being developed
and tested in preclinical and clinical studies. The benzotriazine di-N-oxide Tirapazamine has
amuch larger differential toxicity to hypoxic cells than the quinones and requires only moderate
hypoxia for enhanced activity. Combined treatments with Tirapazamine and radiation are
extremely effective in mouse models [110]. Clinical trials using Tirapazamine in multi-agent
regimens have shown great promise [49,106,110,111]. It is somewhat difficult to assess the
importance of the selective hypoxic cytotoxicity of Tirapazamine to this success, as the clinical
trials reported to date have used this drug in combination with cis-platinum, other drugs, or
chemoradiotherapy, and pharmacologic interactions of Tirapazamine with other drugs may be
important to the outcomes. Reports of the value of Tirapazamine as an adjunct to radiotherapy,
the use in which its activity against hypoxic cells would be most critical, have yet to be
published.

Several newer bioreductive alkylating agents are in various stages of laboratory and clinical
testing. The bioreductive agent KS119, developed by Sartorelli and his collaborators, releases
the alkylating agent 1,2-bis(methylsulfonyl)-1-(2-chloroethyl)hydrazine (also called 90CE)
after enzymatic reduction in hypoxia. KS119 has a much larger differential in aerobic and
hypoxic cytotoxicity than the quinones in vitro Fig. (11) and is effective in killing hypoxic
cells in mouse tumors [112]. KS119 has very little toxicity to aerobic cells and is remarkably
non-toxic in mice. The insolubility of this lead compound limited its development, but a water-
soluble analog, KS119W, looks extremely promising in preclinical studies in vitro and in
vivo [Belcourtetal., proceedings, AACR, 2005; Kim, Liu and Rockwell, proceeding, Radiation
Research Society, 2008].

Several nitroaromatic compounds have been explored as potential hypoxia-selective cytotoxins
[27,106], based on the observation that the nitroimidazole radiosensitizer Misonidazole has
selective cytotoxicity to hypoxic cells in vitro at high drug concentrations and has been shown
to kill hypoxic cells in animal tumors by its small effects on tumor growth and tumor cell
survival when given after irradiation (i.e. when it would not produce radiosensitization), as
shown on Fig. (6). The 2-nitroimidazoles RSU1069 and RB6145 were both effective as hypoxic
cytotoxins in model tumor systems, but proved to have Gl and retinal toxicities, respectively,
which precluded clinical development. Nitroaromatics with weak DNA intercalating activity
have been studied by Cowen and Wilson. The lead compound in this series, NLCQ-1, has both
sensitizing and cytotoxic activities and is being considered for clinical development [106].

Another class of bioreductive drugs, the alaphilic N-oxides, has also entered clinical trials
[106,113]. The bis-N-oxide banoxantrone, AQ4N, is reduced to yield AQ4, a stable analog of
mitoxantrone, which has high DNA binding affinity and topoisomerase Il inhibitory activity.
Bioreductive activation occurs in the microsomal fraction and appears to be hypoxia selective.
Banoxatrone looks promising in combination with radiation in rodent tumor studies and is now
in early clinical trials.

Ongoing work [106,114, Sartorelli, personal communication] is exploring the development of
drugs which are activated in hypoxia to produce reactive intermediates with lifetimes
considerably longer than those of the active metabolites of previous bioreductive drugs. These
long lifetimes allow the active species to diffuse from the regions of hypoxia where they are
produced into adjacent tumor regions and to Kill aerobic cells in these areas. Conceptually, this
approach uses hypoxic tumor cells as factories to convert non-toxic prodrugs into cytotoxic
drugs locally, within the tumor, to Kill both hypoxic and aerobic cells in a somewhat larger
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volume of the tumor. The dinitrobenzyl mustards are currently the most well developed
compounds of this class. The lead compound, PR104 (Proacta) is in Phase 1 clinical trials.

Another variation on the approach of targeting drugs using hypoxia has been the use of bacteria
that preferentially home to and proliferate in hypoxic or acidic areas, secrete cytotoxic moieties
into their environment and thereby deliver therapy selectively within the tumor [111,115].

Interest in the development of hypoxia-selective cytotoxic agents is intense. The possibility of
developing improved bioreductive drugs with selective toxicities to hypoxic cells will
undoubtedly increase with increasing understanding of the identities and activities of the
enzymes that perform the selective reductive activation and produce the preferential
cytotoxicity of the existing drugs. It should be noted that the existing hypoxia-directed drugs
were all developed to target cells that are hypoxic at the moment of drug treatment: these are
activated by pathways that are inhibited or reversed in the presence of oxygen. It seems very
likely that the extensive ongoing studies of the changes in gene expression, enzyme activities,
and cell physiology induced by cells that are held under hypoxia for longer periods of time will
result in the identification of new signal transduction pathways and new molecular targets that
will provide new drugs and novel therapeutic approaches. Similarly, studies of the oxidative
stresses associated with reoxygenation and with repeated cycles of hypoxia and reoxygenation
are revealing potential targets for therapy. These studies will undoubtedly lead to new classes
of drugs, which have not been explored in the past and ongoing studies with the hypoxia-
directed drugs described above.

The Biotechnology Revolution

Recent developments in molecular biotechnology are revolutionizing studies of the effect of
hypoxia, by allowing researchers to move from observations of changes in the phenotype and
viability of cell populations and of overall changes at the tissue level to studies of the molecular
pathways and processes that underlie these changes. The ability to monitor gene expression,
protein levels, or enzyme activities simultaneously in thousands of microscopic cell or tissue
samples changes the parameters and limitations of experimental design in ways most biologists
have not yet appreciated and utilized. The availability of cell lines and animals genetically
engineered to have predetermined changes in specific genetic loci allows the effects of specific
genes, mutations, proteins, and signal transduction pathways to be studied with a power that
improves daily. The ability to define the gene sequences and thereby detect critical genomic
heterogeneity in biological systems, alters the choice of experimental models. The ability to
make such measurements in the tumors and normal tissues of individual patients offers the
tantalizing possibility of individualizing treatment to maximize therapeutic efficacy or
minimize toxicity. The speed offered by automated chemical and molecular assays and the data
management and data analysis capacity offered by current and developing computer
technologies have also dramatically impacted research in experimental radiotherapy. Vast
chemical libraries, produced by collection or by automated combinatorial chemistry, combined
with automated array assays defining the interactions of these chemicals with specific
therapeutic targets or determining their effects on specific cellular pathways or processes now
allow screening of thousands of compounds for a desired activity within days, rather than years.
The impact of these developments in experimental cancer therapy is enormous and will
undoubtedly affect the development of new hypoxia-directed therapies.

Close collaboration between basic scientists and translational researchers will be critical to
ensure that insights obtained from studies in molecular biology, cell biology, and chemistry
laboratories are rapidly converted into therapeutic application. This will mean that radiation
oncologists must be in close communication with basic science researchers whose work may
at first appear to be completely unrelated to their clinical interests, as well as with the
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translational researchers who can move new ideas, new findings and new agents toward clinical
application, thus adding new elements to the already complex web of interactions of the
experimental radiotherapy community.

Identification and Quantification of Hypoxic Cells in Tumors

Clinical trials of interventions based on tumor oxygenation during the twentieth century were
limited by an inability to measure oxygen levels in human tumors. By the 1980's the importance
of oxygen in determining the outcome of radiotherapy in animal tumors had been well
established in studies using tumor growth, tumor cure, and tumor cell survival endpoints (as
reviewed in 30-33) but these radiobiological endpoints were not applicable for use in humans.
Proof of the importance, and indeed the existence, of hypoxia in human tumors remained
limited and largely indirect. It was even argued by some that hypoxia was an artifact of rapidly
growing transplanted animal tumors, and that human tumors did not, in fact, contain hypoxic
cells.

The landscape in this area has now changed dramatically. Studies using oxygen
microelectrodes, several different MRI and EPR approaches, and detection of exogenous [e.g.
misonidazole, EF5, or piminidazole] or endogenous [e.g. HIF1, carbonic anhydrase 1X,
GLUT-1] molecular markers of cellular hypoxia with immunohistochemical or noninvasive
imaging techniques all show that hypoxia is a common feature of tumors in patients presenting
for therapy, as well as in animal tumors [27,46,87-94,97-99,116-119]. Perhaps more
importantly, the data show that the amount and severity of hypoxia varies among individual
patients with histologically similar diseases. Several studies now show that hypoxia is a
prognostic factor predictive of poor outcome after therapy. Extensive hypoxia can be correlated
with failure after surgery and with increased risk of metastases as well as with increased risk
of local failure. This indicates that hypoxia can be a marker of aggressive disease, rather than
reflecting only environmentally-induced resistance to radiation and/or chemotherapy. This
should not be surprising, given the extensive laboratory investigations showing that treatment
of cells with hypoxia increases in the ability of tumor cells to form metastases [120,121], results
in the development of genomic instability, and fosters the evolution of model cell populations
in vitro to increasingly aggressive phenotypes [108,122,123]. Measurements of hypoxia in
human tumors therefore are being coordinated with studies that characterize the tumors to
assess other, potentially related, prognostic factors and phenotypes.

Data from past clinical trials of hypoxia-directed therapies, which used unselected patients,
suggested that unidentified tumor or patient factors influenced the therapeutic value of these
approaches in these trials [2,35]. The availability of simple, repeatable, relatively non-invasive
assays that allow repeated measurements of tumor oxygenation before and during therapy
offers new tools for the development of improved clinical protocols testing hypoxia-directed
therapies [94]. Studies of the prognostic significance of pretreatment oxygen distributions and
of changes in oxygenation during therapy are rapidly shedding light on the relative importance
of these two metrics in specific diseases and with specific therapies. Selection or stratification
of patients by pretreatment oxygen levels could potentially decrease sample heterogeneity and
reduce the number of patients needed to achieve adequate statistical power in trials testing new
hypoxia-directed therapies [2,94]. Patients identified as having unusually well oxygenated
tumors might be poor candidates for any therapeutic approach targeting or modulating hypoxia,
but might well benefit from another therapy aimed at a different target. Pretreatment studies
examining the efficacy of a potential intervention in modulating oxygen in the tumors of
individual patients [46,118] could conceivably be used to identify those patients who respond
well to that specific approach to modulating pO, and who might benefit from its use. Similarly,
as more information on the molecular pathways modulated by oxygen becomes available, it
may be possible to identify patients who would benefit from chemotherapeutic approaches
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targeting specific oxygen-modulated pathways or, equally important, to identify and exclude
patients who should not be treated with specific hypoxia-directed therapies. Application of
new tools for measuring tumor hypoxia and for studying the biology of individual tumors
therefore has the potential to offer improvement in the use of existing hypoxia-directed
therapies as well as the potential to facilitate the development of new agents and new
approaches that will improve the treatment of solid tumors.

Studies of the Tumor Vasculature

It has long been known that tumor vasculature is abnormal in its structure, function, and
response to normal homeostatic signals. Understanding of the biological basis for the observed
defects is increasing rapidly. Studies of angiogenesis and neovascularization are providing new
insights into these complex processes, which is critical to tumor growth and metastasis, at the
molecular and cellular levels [82,83,124,125]. A large number of agents that target the tumor
vasculature, either by preventing the formation of new blood vessels or by selectively damaging
the abnormal blood vessels within tumors, are being tested in laboratory studies. Many have
entered clinical trials and several have FDA approval. These approaches and agents generally
are likely to be more effective for the treatment of established tumors when used in combination
with effective cytotoxic therapies like radiation than when used as single agents. There is also
the exciting possibility of using these agents to prevent individual metastatic cells or
microscopic metastases from developing into invasive, symptomatic cancers. The possibility
of preventing hyperplastic premalignant lesions from initiating angiogenesis and evolving into
invasive malignancies can also be envisioned. Of interest in this regard is the accumulating
evidence that the initiation of angiogenesis in nascent tumors (the “angiogenic switch”)
involves not only tumor cells, but also host cells including macrophages [126] and bone marrow
derived endothelial progenitor cells [127], suggesting the possibility of therapies directed at
the participating host cells, which may offer a more uniform and stable target than the cancer
cells. As with all anticancer therapies, it will be critical that these new agents exhibit selective
effects on tumors without excessive toxicities to critical normal tissues, including normal
tissues that are mildly hypoxic, so that the therapeutic ratio is enhanced by their use.

It was originally assumed by many that use of these vascular-targeted agents would damage
the vasculature and therefore increase tumor hypoxia. However, the nature and magnitude of
the effects of antivascular agents vary with time. Studies by Jain and his collaborators and by
others have shown that treatments with these agents can actually result in normalization of the
tumor vasculature, producing improvements in tumor perfusion, increased tumor blood flow
and decreased interstitial pressure [82,83,127]. The use of vascular-targeted agents to improve
tumor oxygenation during radiotherapy and to increase the delivery and efficacy of anticancer
drugs has only begun to be explored, and offers great promise [82,129-131].

Studies of the Physiological and Molecular Effects of Hypoxia

One of the common features of past therapeutic approaches aimed at circumventing the effects
of hypoxic cells is that their effects depend only on the oxygenation of the cells at the moment
of treatment. Approaches to modulating tumor oxygenation have largely focused on
oxygenating the hypoxic tumor cells acutely, during the radiation treatment. The
radiosensitizing activity of the oxygen-mimetic hypoxic cell sensitizers results from their
presence at the moment of irradiation. Preferential activation of the bioreductive alkylating
agents and other exiting hypoxia-activated prodrugs results from their reduction via pathways
involving enzymes or reactive radical intermediates that are inactivated by the presence of
molecular oxygen. The activity of these agents requires that the cells be hypoxic at the time of
drug treatment, but the activity does not depend on how long the cells have been hypoxic before
treatment Fig. (8). All of the current treatments would be effective against either acutely or
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chronically hypoxic cells. Moreover, most of these drugs were developed to attack cells that
were radiobiologically hypoxic. They are therefore targeted to cells in very severe hypoxia.
Tirapazamine is the first hypoxia-directed drug that was effective against moderately hypoxic
cells [110,111], and its efficacy argues for the success of this approach.

With the ability to measure and image hypoxia repeatedly, on a regional level within tissues,
it is becoming clear that malignancies contain not only cells that are chronically exposed to
severe hypoxia and are doomed to die if not rescued by irradiation, as originally proposed by
Thomlinson and Gray [25], but also cells that are exposed to mild, moderate, or severe hypoxia
for times of seconds, minutes or hours before they are reoxygenated [28,29]. The characteristics
of cells that have been moderately or severely hypoxic for hours or days differ from those of
cells made acutely hypoxic; the differences will depend on the severity of the hypoxia, the
duration of the hypoxia, and the nature and severity of any other concomitant environmental
deficits [108,122-123,131-139]. Moreover, cells that have been hypoxic and are then
reoxygenated will not return to their pre-hypoxia condition immediately, because some of the
changes in proliferation, gene expression, and protein levels may require hours or days to
normalize [108,137]. In addition, the acute oxidative stress induced by sudden reoxygenation
will also induce injury and stress responses that alter the physiology and therapeutic responses
of the cells [108,131,137]. It is also becoming clear that not only the malignant cells, but also
the stromal cells within the tumor are altered by these exposures to hypoxia [83,84,124,126,
127]. The responses of the stromal cells may, in fact, offer especially interesting targets for the
development of therapeutic agents, because these cells may show less genomic instability than
the tumor cells and because they offer targets that may be applicable across a wide spectrum
of tumor types. All of these hypoxic cell populations within tumors have characteristics that
offer potential new targets for cancer therapy.

Moreover, it is becoming clear that hypoxia is not just important in cancer. Hypoxia may be
important during embryonic development [138], in the physiology of certain normal tissues
[124], and in the maintenance of the phenotypes of certain stem cells [139]. Moreover, both
the acute induction of severe chronic hypoxia and the oxidative stress occurring when that
hypoxia is alleviated are critical factors in determining the extent of injury after acute medical
emergencies such as traumatic injury, stroke and myocardial infarction. Chronic moderate
hypoxia is also being implicated in the pathogenesis of certain benign diseases, including
certain retinopathies and complications of diabetes. Mild hypoxia and hypoxia-associated
angiogenesis may also be critical in the fetal development, as shown by the devastating side
effects that thalidomide (now known to be a potent antiangiogenic agent) produced when it
was used for nausea by pregnant women [138]. Research in the area of hypoxia is therefore
moving from a narrow focus on hypoxic radioresistance and methods to circumvent the effects
of this radioresistance to merge with studies of hypoxia in other contexts and with studies of
mild hypoxia that produces only minimal radioresistance.

It has long been known from studies of cells in vitro and in tumors in vivo that hypoxia and
the environmental insults that accompany hypoxia (e.g. low pH; nutrient levels) inhibit cell
proliferation [140,141], alter glucose metabolism and energy balance, cellular redox status and
drug metabolism [142,143], and inhibit certain DNA repair pathways [144,145]. Studies as
early as the 1960's and 70's clearly documented these effects of hypoxia and pointed out their
possible implications for fractionated radiotherapy, brachytherapy, chemotherapy, and
combined modality therapies [140-145]. However, current studies at the cellular and molecular
level differ fundamentally from this previous work, in that they are probing the gene expression
changes, signal transduction pathways, and enzyme activities and molecular mechanisms
underlying these phenomena. Research has therefore moved to a new level, which allows
identification of molecular targets and offers opportunities for the development of highly
targeted therapies. This takes studies of hypoxia into a new era, which, as described elsewhere

Curr Mol Med. Author manuscript; available in PMC 2010 May 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rockwell et al. Page 16

in this volume, offers new horizons for improving the treatment of cancer, as well as many
other diseases.

Conclusions

Solid tumors contain hypoxic areas from the earliest phases of their development. Tumors of
the smallest sizes that are currently detectable by physical examination, diagnostic imaging,
or analysis of markers such as PSA are already large enough to have initiated angiogenesis,
developed regional and temporal variations in perfusion, and developed microenvironmental
heterogeneity. Tumor hypoxia therefore must be considered as a factor influencing the outcome
of treatment with radiotherapy, chemotherapy, and even surgery, not only for the treatment of
large bulky tumors with extensive necrosis, but also for the treatment of small primary and
recurrent tumors, micrometastases and surgical margins with microscopic tumor involvement.
Because hypoxic tumor cells are resistant to radiation and to many anticancer drugs, many
approaches to circumventing the effects of hypoxia have been examined extensively in
laboratory and clinical studies. Only limited success was achieved in past studies of these
approaches, but it should be remembered that improvements in local control and disease free
survival seen with HBO, hypoxic cell sensitizers, and bioreductive drugs were of the same
magnitude as the incremental improvements seen for adjuvant treatments with anticancer drugs
that are widely regarded as therapeutic successes by the oncology community. New
technologies for measuring hypoxia in human tumors and for assessing changes in hypoxia
over the course of prolonged treatment regimens offer the possibility of identifying those
patients who are most likely to benefit from hypoxia-directed therapies and of facilitating the
development of better regimens for the use of existing hypoxia-directed agents. Agents now
being tested in preclinical studies and clinical trials offer the possibility that better hypoxia-
directed therapies will become available in the near future. Moreover, improved understanding
of the abnormal vascular beds in solid tumors and of the effects of hypoxia and its related
microenvironmental insults offer the potential for finding new targets, thereby leading to the
development new agents and novel therapeutic approaches. There is therefore ample reason to
believe that this century-old area of research will soon yield new therapeutic benefits.
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Figure 1. Survival curves for hypoxic and aerobic cells in cell culture

Exponentially growing EMT6 mouse mammary tumor cells were irradiated under aerobic
conditions or were made severely hypoxic just before and during irradiation with 250 kV x-
rays. Cell survival was measured immediately after irradiation using a colony formation assay.
The hypoxic cells are three times as resistant to irradiation as the aerobic cells. Reprinted from

[23].
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Figure 2. Schematic representation of the relationship between radiosensitivity and oxygen tension
The relative radiosensitivity of aerobic and acutely hypoxic cells was determined from the
slopes of the survival curves measured at different oxygen tensions using protocols similar to
those described in the experiments shown on Figure 1. The radiosensitivity of the cells increases
rapidly as the oxygen tension rises from anoxia to ~10 Torr; at higher concentrations of Oy,
similar to those found in venous blood, the radiosensitivity plateaus and does not increase
greatly as the oxygen tension rises to that of cells equilibrated with air or with 100% O, at
normal atmospheric pressure or even hyperbaric pressures (HBO). Reprinted from [23].
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Figure 3. Hlustration of the measurement of the “Radiobiological Hypoxic Fraction” of an
experimental tumor

EMT6 mouse mammary tumors were irradiated in vivo, either in unanesthetized, air-breathing
mice (normally aerated tumors in situ) or in tumors made completely fully anoxic (hypoxic
tumors in situ). The in vivo survival curves were compared at doses over 10 Gy and found to
be parallel. The difference of the elevation of these survival curves was compared using the
mathematical techniques described in [30]; the surviving fraction of cells in the normally
aerated tumors is ~ 20% of that in fully hypoxic tumors, indicating that about 20% of the viable
(clonogenic) cells in the “normally aerated tumors” are sufficiently hypoxic to be fully
radioresistant.

The importance of the naturally hypoxic cells in determining the response of tumors to radiation
can be seen from the difference between the survival curve for normally aerated tumors and
that for cells in culture under fully aerobic and hypoxic conditions. At low radiation doses, the
survival curve in normally-aerated tumors is similar to that of cells in culture (reflecting the
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radiosensitivity of the tumor cells that are radiobiologically well oxygenated); at higher
radiation doses, where most of these aerobic cells have been killed, the tumor cell survival
curve breaks and becomes parallel to that of hypoxic cells (reflecting the radioresistance of the
naturally hypoxic tumor cells). Reprinted from [23.]
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Figure 4. Effects of HBO and an artificial oxygen transport agent

The graph shows the survival of cells from BA1112 tumors irradiated in vivo after treatment
with radiation in air breathing rats (m), rats under HBO (), rats treated with 4 ml/kg of the
perfluorochemical emulsion Oxygent ® and irradiated under HBO (o), or rats treated with the
diluent for the perfluorochemical emulsion and irradiated under HBO (o). Points are means +
SEMs from multiple experiments. Treatment with HBO produced a small change in the
oxygenation and radiation response of the tumors. Treatment with Oxygent plus HBO produced
a dramatic improvement over that seen in air-breathing and HBO-treated rats. Reprinted from
[45].
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Figure 5. Effects of hypoxic cell radiosensitizers on aerobic and hypoxic cells in vitro

EMT6 cells were irradiated under aerobic (e) and severely hypoxic conditions (@), under
hypoxic conditions in the presence of 0.1 mM (<>) or 1 mM (o) misonidazole, or under aerobic
conditions in the presence of 0.1 mM (V) or 1 mM (A) misonidazole. Misonidazole produced
a dose-dependent increase in the radiosensitivity of the hypoxic cells, but had no effect on the
radiosensitivity of the aerobic cells. Reprinted from [23].
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Figure 6. Effect of misonidazole on the response of mouse tumors in vivo to large single doses of
radiation

EMT6 tumors were treated with radiation alone (o) or one hour after treatment with 1 mg/kg
misonidazole (e); this dose produced peak levels of misonidazole in tumors of 1-2 mM at that
time. Misonidazole produces marked radiosensitization of the tumors. When misonidazole was
given just after irradiation (4») a small change in tumor cell survival was seen, which reflects
the cytotoxicity of misonidazole to the hypoxic tumor cells. Reprinted from [23].
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Figure 7.

Survival of EMTG6 cells in exponential growth in cell culture after treatment for 2 hours with
graded doses of Mitomycin C under aerobic (o) or severely hypoxic (e) conditions. Survival
was determined using a clonogenic assay. Points are means + SEMS for 4 or more experiments.

Reprinted from [102].
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Figure 8. The duration of hypoxia does not affect the survival of EMT6 cells treated with mitomycin
C

The surviving fraction ratio was calculated relative to the survival of aerobic cells treated with
MC in the same experiment. Cells that became hypoxic during a 1 hour treatment with 1.5
uM MC (A) were only slightly more sensitive than aerobic cells (stippled area). Cells hypoxic
for 30 min to 6 hour before addition of MC showed similar survivals (e), while cells held in
hypoxia for 4 hours and then aerated before addition of MC (<) had sensitivities
indistinguishable from those of cells that had never been hypoxic. Only the oxygenation of the
cells at the time of MC treatment affected the sensitivity of the cells to the drug. Reprinted
from [102].
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Figure 9. Effect of pH on the cytotoxicity of Mitomycin C in air

Survival of EMT6 cells in exponential growth in cell culture after treatment for 30 minutes
with 2 pg/ml MC under aerobic conditions at different pH. Points are means from 4-6
experiments, with SEMs shown for both the surviving fraction and the pH. Reprinted from
[102].

Curr Mol Med. Author manuscript; available in PMC 2010 May 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rockwell et al.

Page 31

10°®

101 -

102 r

102 | E

104 | E

0.01 0.1 1 10

Mitomycin C (uM)

Figure 10. Effect of BRCAZ2 deficiency on the sensitivity of cells to Mitomycin C
Exponentially-growing cultures of VVC-8 cells defective in BRCA2 (XRCC11) (o) and the
parental V79 cells (BRCA2 wild type) (e)m were treated with mitomycin C under aerobic
conditions for 2 hrs, then suspended, counted, and assayed for viability using a colony
formation assay. Points are means + SEM of survivals determined in 4 independent
experiments.
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Figure 11.

Toxicity of the bioreductive alkylating agent KS119 to aerobic (e) and severely hypoxic (o)
cells. Points are means + SEMs from 3 experiments. Reprinted from [112].
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