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Abstract

The tumor microenvironment is increasingly recognized as a major factor influencing the success 

of therapeutic treatments and has become a key focus for cancer research. The progressive growth 

of a tumor results in an inability of normal tissue blood vessels to oxygenate and provide sufficient 

nutritional support to tumor cells. As a consequence the expanding neoplastic cell population 

initiates its own vascular network which is both structurally and functionally abnormal. This 

aberrant vasculature impacts all aspects of the tumor microenvironment including the cells, 

extracellular matrix, and extracellular molecules which together are essential for the initiation, 

progression and spread of tumor cells. The physical conditions that arise are imposing and 

manifold, and include elevated interstitial pressure, localized extracellular acidity, and regions of 

oxygen and nutrient deprivation. No less important are the functional consequences experienced 

by the tumor cells residing in such environments: adaptation to hypoxia, cell quiescence, 

modulation of transporters and critical signaling molecules, immune escape, and enhanced 

metastatic potential. Together these factors lead to therapeutic barriers that create a significant 

hindrance to the control of cancers by conventional anticancer therapies. However, the aberrant 

nature of the tumor microenvironments also offers unique therapeutic opportunities. Particularly 

interventions that seek to improve tumor physiology and alleviate tumor hypoxia will selectively 

impair the neoplastic cell populations residing in these environments. Ultimately, by combining 

such therapeutic strategies with conventional anticancer treatments it may be possible to bring 

cancer growth, invasion, and metastasis to a halt.
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1.0. Introduction

In the development of a cancer, the transformation into a neoplastic and progressively 

invasive tumor occurs though a multitude of etiologies. Oncogenic lesions, coupled with 

inhibition of tumor suppressors, together contribute to cellular transformation. Genomic, 

proteomic, post-translational, and epigenetic mutations are responsible for activating 

oncogenes and inhibiting tumor suppressor genes. Several essential characteristics are 

present in malignancies; a key element of malignant transformation being the loss of 

regulatory control mechanisms. Cancer cells not only possess heightened rates of cell 

proliferation and aberrant cell cycle checkpoints, but also lose contact-inhibited growth 

regulation.

The developing tumor contains a distinct cellular compartment that retains stem-like cell 

characteristics, namely multipotency, self-renewal and proliferation potential, and this in 

turn drives oncogenesis and tumor progression. Thus a discrete subset of cells within a 

tumor possesses the capability of self-renewal and multipotency that gives rise to a 

heterogeneous population of cancer cells. Although cancer stem cells can vary by definition, 

they generally comprise less than 10% of the population of a tumor. Still, cancer stem cells 

have been implicated as a key component in the formation and spread of human cancers to 

distant sites.

In addition to the variety of neoplastic cells, many other cell types are present in the tumor 

milieu. Examples include fibroblasts, endothelial cells, hematopoietic-derived cells, and 

immune cells, which normally monitor this environment for foreign bodies. In cancer, 

particularly at the later stages of transformation and invasion, normal immune functions are 

subverted, leading to recognition of the tumor as part of the host, rather than as an invading 

foreign entity.

This cellular heterogeneity coupled with key physical and structural tissue components 

which form the extracellular matrix define the tumor microenvironment. The matrix is 

deposited as a mix of such proteins as collagens, fibronectin, laminins, hyaluronan, 

plasminogens, proteases, and numerous others which collectively form an inflexible scaffold 

to which cells attach. In addition, other secreted cellular proteins such as cytokines and 

extracellular matrix remodeling proteins normally reside in the extracellular matrix and 

contribute to its turnover regulation.

The tumor microenvironment is not static, but rather highly variable depending on tumor 

type and stage of cancer development. A critical factor impacting variations in the tumor 

microenvironment is the tumor supportive blood vessel network. The abnormal tumor 

vasculature and its physiologic consequences serve as an over-arching modulator of the 

tumor microenvironment affecting the composition and interaction of its constituents to 

impact tumor progression, cell dissemination, response to anticancer therapeutics, and 

cancer patient outcomes.

The deleterious effects of the tumor microenvironment on cancer therapy outcomes were 

first recognized in the 1950s when the possible negative consequences of tumor hypoxia for 

radiotherapy efficacy were postulated. Unfortunately, this issue has not been resolved. 
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Indeed it has become abundantly clear that the effect of the tumor microenvironment is far 

more insidious than initially anticipated; now known to impact all conventional anticancer 

therapies, fundamental cancer cell biology, gene expression, and metastatic incidence. This 

review provides a historical context to our current perspectives of interventions strategies 

seeking to overcome the negative therapeutic consequences of the aberrant tumor 

microenvironment.

2.0. Physiological characteristics of the tumor microenvironment

2.1. Aberrant vascular networks

Survival of tumor cells and subsequent tumor development requires an adequate supply of 

oxygen and nutrients. These are initially supplied from the host vascular system, but the 

demand for these critical factors soon exceeds the supply from this source, thus tumors 

develop their own functional vascular supply (Folkman, 1986) from the normal host 

vascular network by the process of angiogenesis (Bergers & Benjamin, 2003). Despite the 

importance of this neo-vasculature, the system that actually develops is far from adequate. 

Endothelial cells divide at a slower rate than tumor cells (Denekamp & Hobson, 1982) and 

thus the developing tumor vasculature is unable to keep pace with the expanding neoplastic 

cell population. The tumor vasculature formed is also very different from that of normal 

tissues (Vaupel et al., 1989; Vaupel, 2004). Structurally, it is chaotic, there is a loss of 

hierarchy, vascular density is abnormal, and the vessels have contour irregularities, are 

tortuous, dilated, and elongated (Figure 1A). The vessels also are very primitive in nature, 

having incomplete or missing basement membranes and endothelial lining, and lacking 

pericytes, smooth muscle, and pharmacological receptors. In addition, there are numerous 

functional abnormalities, including unstable speed and direction of blood flow, high vascular 

resistance, increased vascular fragility, red blood cell sludging, leukocyte sticking, and 

blockage of vessels by circulating white blood cells, platelet aggregates, or tumor cells. All 

these factors result in the development of areas within the tumor that are characterized by 

glucose and energy deprivation, high lactate levels and extracellular acidosis, and oxygen 

deficiency (Vaupel et al., 1989; Vaupel, 2004).

2.2. Elevated interstitial pressure

The primitive nature of tumor blood vessels results in them being leakier than those of 

normal tissues. This, coupled with a lack of a functional lymphatic system (Fukumura & 

Jain, 2007) leads to a significant flow of free fluid in the interstitial space. Consequently, 

there is a build-up of interstitial fluid pressure (IFP) (Gutmann et al., 1992, Milosevic et al., 

2001). Although IFP within tumors may fluctuate (Vaupel, 2011), it is generally uniformly 

high throughout the center of tumors reaching values of 50–100 mmHg (Vaupel, 2011). 

However, it drops steeply at the tumor periphery (Boucher et al., 1990), presumably because 

these areas tend to obtain their blood supply from the normal tissue vessels from which 

angiogenesis originates.

2.3. Acidic pH

Tumor cells receive essential oxygen and nutrients via diffusion from the vascular supply. 

But, as these are utilized, gradients are established. For nutrients, especially glucose, these 
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gradients result in energy deprivation at distances from blood vessels (Vaupel et al., 1989). 

Tumor pH gradients are also found (Helmlinger et al., 1997), with cells distant from vessels 

being more acidic. Oxygen gradients also occur and regions of low oxygenation (hypoxia) 

can further influence tumor pH by causing a shift in the balance of cellular energy 

production towards glycolysis with the subsequent generation of lactate (Vaupel, 2009). 

Several clinical studies have indeed reported high lactate levels in tumors (Brizel et al., 

2001; Walenta & Mueller Klieser, 2004). This results in tumor acidosis, although ATP 

hydrolysis, glutaminolysis, carbon dioxide production, and bicarbonate depletion, can play 

important roles (Vaupel, 2009).

2.4. Oxygen deprivation

The microenvironmental parameter that has been the most extensively investigated is 

hypoxia. Generally, hypoxia is considered to be either chronic or acute in nature (Horsman 

et al., 2012; Figure 1B). Chronic hypoxia was first suggested by Thomlinson and Gray 

(1955) and results from a diffusion limitation of oxygen from the blood supply, while acute 

hypoxia was identified later (Chaplin et al., 1987) and shown to occur due to transient 

fluctuations in tumor blood flow. This concept of chronic and acute/fluctuating hypoxia is 

now considered to be an oversimplification (Bayer et al., 2011). Acute hypoxia can result 

from a total or partial shut-down in perfusion (Kimura et al., 1996); a complete shut-down 

would starve cells of oxygen and nutrients and result in ischemic hypoxia, which would not 

be the case for a partial shut-down where plasma flow, thus nutrient supply, can occur. For 

chronic hypoxia the picture is even more complicated. It can result from a diffusion 

limitation under “normal” conditions, or be due to reduced oxygen availability as seen in 

anemic patients or smokers. One also has to consider the level of oxygenation; cells close to 

the vessel could be slightly hypoxic, while cells next to necrosis could even be anoxic. 

Using a variety of measurements including microelectrodes, hypoxic markers, and hypoxia-

associated molecules (Figure 2), hypoxia has been demonstrated to be a common feature of 

most solid animal tumor models, human tumor xenografts, and numerous human cancers 

(Moulder & Rockwell, 1984; Vaupel et al., 1989).

Hypoxia transcriptionally regulates ~1–2% of all human genes, many of which are driven by 

the hypoxia-inducible factor 1 (HIF-1); a heterodimeric complex consisting of α and β 

subunits (Semenza, 2003). In the presence of oxygen HIF-1α is hydroxylated and binds to 

the von Hippel-Lindau (VHL) ubiquitin ligase, which in turn, targets HIF-1α for 

proteasomal degradation. In the absence of oxygen HIF-1α is stabilized and forms a 

heterodimer with HIF-1β to functionally mediate an array of genes involved in angiogenesis, 

metabolism, survival and invasion such as vascular endothelial growth factor (VEGF), lysyl 

oxidase (LOX) and matrix metalloproteases (MMPs) (Semenza, 2003). HIF-2α is another 

hypoxia-regulated transcriptional factor that shares similar sequence and regulatory 

machinery with HIF-1α (Kaelin, 2008) though its expression appears to be more tissue 

specific than the ubiquitous HIF-1α (Li et al., 2009). HIF-2α has been shown to promote 

genes associated with stem cell multipotency (Covello et al., 2006) as well as invasion and 

angiogenesis (Qing & Simon, 2009). Together, the pleiotropic roles of HIF-α proteins are 

able to drive tumor cells towards a more aggressive phenotype.
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3.0 The impact of the tumor microenvironment on cancer treatment 

outcomes

3.1. Cancer stem cells and metastases

Cancer stem cells, also known as tumor initiating cells (TICs), represent a subpopulation of 

tumor cells that selectively possess tumor initiation and self-renewal capacity and the ability 

to give rise to bulk populations of non-tumorigenic cancer cell progeny through 

differentiation (Jordan et al., 2006; Gupta et al., 2009). TICs were initially described in 

leukemias (Lapidot et al., 1994) but subsequently have been identified in a variety of solid 

cancers (Jordan et al., 2006; Gupta et al., 2009). Although the proportion of such cancer 

cells in a primary tumor may be small, their existence has been associated with the failure to 

eradicate primary tumors by conventional anticancer therapies (Baumann et al., 2008) and 

the spread of human cancers to distant sites (Jordan et al., 2006; Keith & Simon, 2007). 

Recent studies suggest that TICs have common molecular signatures that are similar to those 

of pluripotent embryonic stem cells (Ben-Porath et al., 2008; Wong et al., 2008; Bae et al., 

2010). Indeed the core transcription factors of this stemness signature, including OCT3/4, 

SOX2, Nanog, c-Myc and Klf4, have been used to successfully reprogram differentiated 

somatic cells into pluripotent stem cells (Takahashi et al., 2007). In human embryonic stem 

cells OCT3/4 works in concert with Nanog and SOX2 to maintain stem cell identity and 

repress genes that promote differentiation (Wong et al., 2008).

A key step in the progression to malignancy is the transition form an epithelial phenotype to 

a mesenchymal phenotype, a reprograming known as the epithelial-mesenchymal transition 

(EMT) (Thiery et al., 2009). Importantly, the activation of the EMT program, which triggers 

the acquisition of an invasive phenotype, has been shown to be inducible by hypoxia (Zhang 

et al., 2013). Furthermore, it has been hypothesized that TICs exist in hypoxic regions of 

tumors. Indeed evidence suggests that hypoxia is able to induce stem-cell like characteristics 

and embryonic stem cell makers in several cancers (Mathieu et al., 2011; McCord et al., 

2009).

Molecular/functional changes initiated by oxygen deprivation impact the non-TIC 

subpopulation and raises the possibility that hypoxia promotes a transition to the TIC 

compartment (Figure 3). Recent findings further suggest that hypoxia may play an important 

role in stem cell maintenance (Keith & Simon, 2007) and that hypoxia regulates TICs by the 

activation of the HIF-2α transcription factor (Baumann et al., 2008; Li et al., 2009). HIF-2α 

shares similar sequence and regulatory machinery with HIF-1α. A possible role for HIF-2α 

in cell stemness is supported by the findings that stem cells exposed to hypoxic conditions 

demonstrate increased OCT3/4 expression (Keith & Simon, 2007) and that HIF-2α drives 

several key genes associated with stem cell self-renewal and multipotency, including 

OCT3/4 and MYC (Fehrer et al., 2007). The role of HIF-2α has been extensively studied in 

brain tumor models (Baumann et al., 2008; Covello et al., 2006) and results indicate that 

TICs from gliomas preferentially expressed HIF-2α and multiple HIF-regulated genes when 

compared to non-stem tumor cells and normal neural progenitors.

Siemann and Horsman Page 5

Pharmacol Ther. Author manuscript; available in PMC 2016 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In order to establish progressive neoplastic cell growth at a secondary site, disseminating 

cancer cells must not only have the ability to navigate the metastatic cascade (escape, 

survival, extravasation) but also display stem cell like characteristics to affect successful 

colonization (Steeg, 2006). Aberrant primary tumor microenvironments, and the presence of 

oxygen deficient regions in particular, are now recognized as a key contributors to 

metastasis (Chaudary & Hill, 2007; Rofstad et al., 2007; Keith & Simon, 2007). Although 

both acute and chronic hypoxia can exist in solid tumors, their relative impact on the 

metastatic dissemination of cancer cells may vary (Chaudary & Hill, 2007; Rofstad et al., 

2007). While some studies appear to favor chronic hypoxia as the key factor (Algawi et al., 

2007), others suggest that acute hypoxia may be equally or more critical in mediating a 

cancer cell’s metastatic behavior (Rofstad et al., 2007; Cairns et al., 2004; Dai et al., 2011).

Two key signaling controllers, the non-receptor tyrosine kinase c-Src, and the receptor 

tyrosine kinase c-Met, have been strongly implicated in metastasis (Trusolino et al., 2010; 

Dai et al., 2012; Siemann et al., 2012). Functionally, these critical signaling molecules 

modulate multiple cell functions including migration, invasion, survival, and angiogenesis. 

Both c-Src and c-Met co-activate a variety of signaling cascades that facilitate tumor 

dissemination such as focal adhesion kinase (FAK), a key enzyme involved in cell adhesion 

and motility (Schlaepfer & Mitra, 2004). Such metastasis associated signaling pathways may 

be upregulated by oxygen deprivation. Hypoxia has been shown to promote motility and 

invasion in tumor cells by inducing c-Met activity and enhancing HGF-stimulated functional 

behaviors (Pennacchietti et al., 2003; Hara et al., 2006). Since the HGF/c-Met signaling axis 

upregulates both MET gene expression and HIF-1 activity (Trusolino et al., 2010), 

amplification of HGF-induced c-Met signaling by hypoxia indicates a positive feedback 

loop between HIF-1 and c-Met; one that could drive oxygen deprived cancer cells toward a 

more metastatic state. Oxygen deprivation also may promote c-Src activation (Luis et al., 

2007; Mukhopadhyay et al., 1995) and c-Src protein levels have been observed to be higher 

in chronically hypoxic regions of tumors (Pham et al., 2009). Furthermore, Src-dependent 

hypoxia-induced VEGF expression may be regulated by HIF-1α (Gray et al., 2005).

Another critical signaling axis in stem cell behavior and metastasis is CXCR4-CXCL12 

(Burger et al., 2011). CXCR4 is widely expressed in a variety of neoplastic cell types 

(Balkwill, 2004) and this axis has been associated with tissue homing of stem cells (Laird et 

al., 2008). In the tumor microenvironment the CXCR4-CXCL12 axis plays a critical role in 

tumor cell migration, invasion, adhesion, survival, and the release of angiogenic factors 

(Petit et al., 2007). Moreover, hypoxia (via HIF-1α) enhances stromal cell CXCL12 

secretion and expression of CXCR4 on malignant cells resulting in tumor cell growth 

stimulation and the recruitment of endothelial cell progenitors (Burger et al., 2011)

Successful metastasis requires malignant cells to degrade basement membranes and 

interstitial connective tissue during their escape from the primary tumor as well as their 

entry into and exit from the bloodstream. This process is greatly facilitated by proteolytic 

enzymes such as the matrix metalloproteinases (MMPs) and the cysteine protease 

cathepsins. A family member of the latter, cathepsin L (CTSL), is particularly active in 

tumor cells and its secretion enhances the metastatic potential of cancer cells through direct 

proteolysis of components of the extracellular matrix, basement membrane, and E-cadherin 
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(Gocheva et al., 2006). Furthermore, it plays a critical role in the amplification of the 

proteolytic cascade by activating other key metastasis associated proteases including 

urokinase plasminogen activator, other cathepsins, as well as certain MMPs (Goretzki et al., 

1992; Everts et al., 2006). The over-expression of CTSL occurs in many cancer types (Zajc 

et al., 2002; Chauhan et al., 1991). It results in aggressive metastatic progression (Chauhan 

et al., 1991; Gocheva et al., 2006) and has been correlated with clinical outcome (Gocheva 

et al., 2006; Jagodic et al., 2005). Mechanistically, up-regulation of HIF signaling has been 

shown to enhance the expression of proteolytic enzymes including CTSL (Jean et al., 2008) 

and recent findings demonstrate that CTSL secretion is significantly enhanced by acute but 

not chronic exposures to hypoxia and acidosis (Sudhan & Siemann, 2013). In concert with 

the enhanced CTSL secretion, brief exposures to hypoxia or acidosis also result in 

significant enhancement of the metastatic attributes such as migration and invasion (Figure 

4).

3.2. Anticancer therapies

The inadequate vascular supply and adverse microenvironmental conditions play a 

significant role in influencing tumor response to treatment. This is especially true for 

hypoxia and radiation. Preclinical in vitro studies going back to the early 1950s (Gray et al., 

1953) demonstrated that when oxygen partial pressures were reduced below ~20 mmHg at 

the time of irradiation, cells became resistant to the radiation; oxygen being required to 

make the radiation damage irreversible. Numerous in vivo studies that later confirmed the 

existence of hypoxia in animal and human tumor xenografts, were also able to demonstrate 

that such hypoxia reduced the efficacy of radiation (Moulder & Rockwell, 1984). Clinical 

studies have now applied a range of methodologies to demonstrate that hypoxia exists in 

human tumors and that it can influence radiation response. (Horsman, 1998; Horsman et al., 

2012). These techniques include indirect approaches based on estimates of tumor 

vascularization (Horsman, 1998) and perfusion (Horsman et al., 2012). They also include 

more direct methods such as the upregulation of endogenous genes/proteins (Rademakers et 

al., 2008), the binding of exogenous markers to regions of tumor hypoxia (Horsman et al., 

2012), or assessment of oxygen partial pressure distributions with polarographic electrodes 

(Hoeckel et al., 1993; Nordsmark et al., 2005; Brizel et al., 1997; Milosevic et al., 2012). 

Results of such studies have now shown hypoxia to have a significant influence on both 

local tumor control and overall survival (Figure 5). For example, in prostate cancer, several 

studies have correlated hypoxia not only with local recurrence but also early biochemical 

relapse after radiotherapy, supporting not only the role of hypoxia in radioresistance and 

increased aggressiveness of the prostate cancer cells, but also suggesting its ability to 

enhance metastatic potential (Milosevic et al., 2007; Movsas et al., 2002; Milosevic et al., 

2012). Importantly, hypoxia or its associated markers have now been identified as 

independent predictors for disease progression, treatment failures, and greater metastatic 

potential in cervix, breast, and prostate cancer patients (Hoeckel et al., 1993; Pitson et al., 

2001; Chaudary & Hill, 2006; Generali et al., 2006; Stewart et al., 2009 Milosevic et al., 

2012). At the molecular level, increased levels of HIF-1α have also been correlated with the 

risk of metastases in prostate cancer (Kimbro & Simons, 2006) and reductions in disease-

free survival in prostate and breast cancer patients (Generali et al., 2006; Kimbro & Simons, 
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2006). While HIF-2α also has been indicated in prostate malignancy (Brody et al., 2005), its 

functional role in the metastatic cascade remains unclear.

The pathophysiological characteristics of solid tumors also impact other cancer therapies. 

This is particularly true for treatments that rely on systemic delivery via the vasculature such 

as chemotherapy, nano particle therapy, monoclonal antibody based therapy, gene therapy, 

and immunotherapy. Poorly perfused areas, resulting from low vascular density and 

fluctuations in blood flow, are known to interfere with the delivery of blood-borne agents 

(Minchinton & Tannock, 2006).

Extravasation of substances from the vascular supply will also be hindered due to the high 

IFP (Vaupel, 2011). The characteristics of tumor cells existing under abnormal 

microenvironmental conditions can further negatively influence the response to anticancer 

agents; cells distant from the vascular supply will be cycling at a reduced rate and this can 

provide protection against chemotherapeutic agents with cell cycle based mechanisms of 

action. Furthermore hypoxic and acidic conditions often co-exist in solid tumors, factors and 

both are known to directly influence chemotherapeutic agent activity (Vaupel & Osinsky, 

2011).

An alternative to conventional cancer therapy is the harnessing of the patient’s own immune 

response. Unfortunately, tumor cells frequently escape this process of elimination as a result 

of immunosuppression stimulated by tumor or stromal cell-derived cytokines and growth 

factors as well as through the modulation of immune cells recruited to the tumor that may 

aid in promoting tumor cell survival and escape. In fact, in most cases the adaptive immune 

response against tumor cells is very weak and largely inefficient, since the tumor itself and 

the surrounding microenvironment down-regulate cytotoxic T lymphocyte (CTL) responses 

(Mantovani et al., 2008). For example, CTL and natural killer cells have been reported to be 

inhibited in hypoxic and extracellular adenosine-rich tumor microenvironments, because of 

immunosuppressive adenosine 3′,5′-monophosphate mediated signaling, triggered by A2A 

adenosine receptors (Hatfield et al., 2015). Furthermore, secretion of the immune inhibitory 

molecule programmed cell death ligand-1 (PD-L1) can protect tumor cells from CTL by 

interaction with programmed death-1 (PD-1), an inhibitory receptor expressed on T and B 

cells. Hypoxic conditions can significantly contribute to immune modulation (Keith et al., 

2007) and upregulation of PD-L1 via HIF-1α can contribute to the tumoral immune escape 

from CTL (Barsoum et al., 2013).

4.0. The tumor microenvironment as a double edged sword

A dramatic shift in research emphasis arose as a consequence of the recognition that the 

pathophysiological characteristics which distinguish tumors from normal tissues, aid their 

progression and dissemination, and make them refractory to conventional anticancer 

therapies (Figure 6), might be exploitable. Indeed entire new areas of research and 

approaches to cancer therapy have emerged that seek to take advantage of these features of 

tumors to turn them into a therapeutic benefit.

Major contributions to this research direction were initially stimulated by the demonstration 

of greater bioreductive activation of certain chemotherapeutic agents (Satorelli, 1988) and 
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the identification of compounds which not only sensitized hypoxic tumor cells to radiation 

but also showed significant preferential toxicity to cells lacking oxygen (Brown, 1998). The 

subsequent recognition that a number of genes, including growth factors, oncogenes, 

transcriptional factors, and glycolytic enzymes, can be modulated by hypoxia (Giaccia, 

1996; Graeber et al., 1996) formed the basis of many current molecular targeting strategies 

seeking to take advantage of the tumor microenvironment. Simultaneously, vascular 

targeting approaches emerged to take advantage of the fact that the microvessel networks 

that develop in tumors are quite unlike the well-defined microvascular architecture of 

normal tissues, in both structure and function (Siemann & Horsman, 2009). The concept that 

such critical differences between tumors and normal tissue vasculature may be exploitable 

remains the central principle of vascular-directed anticancer therapy in the present day.

4.1. Vascular directed therapies

The significance of the tumor neo-vasculature for tumor growth and development makes it 

an ideal target and two major therapeutic approaches have emerged. One involves inhibiting 

new vessel formation with angiogenesis inhibitors (AIs), and the other utilizes vascular 

disrupting agents (VDAs) to damage the already established tumor vessels (Siemann et al., 

2000; Horsman & Siemann, 2006; Siemann & Horsman, 2009). In addition to the specific 

vessel directed therapeutic strategies a number of other anticancer therapeutics can impact 

the tumor blood vessel network indirectly. In all cases, modification of the tumor vascular 

supply would also be expected to change the tumor microenvironment.

4.1.1 Angiogenesis inhibitors—For AIs, the effects on the tumor microenvironment are 

complex and controversial. It has been suggested that targeting angiogenesis could reduce or 

abolish vascular abnormalities leading to vessel stabilization or normalization, resulting in a 

more efficient vasculature similar to that seen in normal tissues (Jain, 2001). This would be 

expected to lead to improved delivery of oxygen and nutrients to the tumor. Indeed, to date 

some 19 pre-clinical studies have reported that following treatment with a variety of AIs 

there is a decrease in tumor hypoxia (for review see Horsman & Siemann 2006; Siemann et 

al., 2014). The AIs have included those targeting VEGF (e.g., bevacizumab, DC101), 

tyrosine kinase inhibitors (vandetanib, sunitinib, SU5416), and a variety of other agents 

(e.g., TNP-470, suramin, endostatin, thrombospondin, thalidomide, nucleolin antagonist), 

with oxygenation measurements made using both direct (e.g., probe techniques, oximetry) 

and indirect approaches (e.g., hypoxic marker binding, radiation response, gene expression). 

Typically, the improvement in oxygenation associated with vessel normalization only lasted 

a few days despite the drug treatment being continued. The controversy arises from the 

finding that a further 21 pre-clinical studies, which again used hypoxic markers, oxygen 

probes, radiation response or gene expression techniques to monitor tumor oxygenation, 

reported that after AI treatment the levels of hypoxia increased. This was true for VEGF 

targeting agents (e.g., bevacizumab, DC101) tyrosine kinase inhibitors (e.g., sunitinib, 

pazopanib, AG-013736, PTK787/ZK222584), as well as TNP-470, suramin, anginex, 

endostatin, and nelfinavir (for review see Horsman & Siemann 2006; Siemann et al., 2014). 

Furthermore, 9 other studies using the same AIs (e.g., bevacizumab, DC101, sunitinib, 

SU5416, endostain) plus other inhibitors (e.g., sorafanib, axitinib, arginine deiminase) found 

no changed in tumor oxygenation using the same direct and indirect measures. It could be 
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argued that the differential effects on tumor oxygenation following AI treatment were the 

result of different drug doses, treatment schedules, or time of oxygenation measurement. 

While this is likely the case, further complicating matters, two independent studies with 

DC101 using the same treatment, and assessment technique and schedule, reported both an 

improved oxygenation (Winkler et al., 2004) and increased hypoxia (Fenton et al., 2004), 

implying that the physiologic effects of AI treatments may also be strongly tumor-

dependent. The lack of a uniform response on tumor oxygenation and in particular the 

possibility that AI therapy may induce hypoxia, a known enhancer of tumor cell 

dissemination (Cairns et al., 2004; Chaudary & Hill, 2007; Rofstad et al., 2007; Keith & 

Simon, 2007), may support concerns that such therapy could increase metastasis (Paez-

Ribes et al., 2009; Ebos et al., 2009).

Another major pathophysiological effect of AIs that has often been reported involves 

changes in IFP. Following treatment with AIs, IFP drops (Tong et al., 2004). With 

decreasing vascular density, the most likely explanation for a decrease in IFP would be a 

decrease in the number of tumor cells, and indeed, there is evidence that treatment with AIs 

can lead to tumor cell killing (Teicher et al., 1994; Gong et al., 2003). However, other 

mechanisms may also be involved. One study with the tyrosine kinase inhibitor PTK787/ZK 

222584 showed using dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) 

in a murine renal cell carcinoma that this inhibitor could decrease vessel permeability and 

such an effect would also be expected to reduce IFP (Drevs et al., 2002).

Despite the controversies surrounding their pathophysiologic effects, there is little doubt that 

AIs can have a significant impact on the tumor blood vessel network (Figure 7) and 

abundant evidence exists that their judicious application can improve the response to 

conventional anticancer therapies (Horsman & Siemann, 2006; Siemann & Horsman, 2009). 

Moreover, the recent reports that improvements in outcomes with AI therapy may be 

correlated with increased tumor perfusion and oxygenation (Batchelor et al., 2013; Jain, 

2014) are encouraging. As is the suggestion that low dose AI administration may yield 

preferential improvements in these physiologic parameters (Reynolds et al., 2009; Wong et 

al., 2015; Jain, 2014) but the generality of this observation across agent, dosing schedule, 

and tumor type remains to be established.

4.1.2. Vascular disrupting agents—In contrast to the effects seen with AIs, the 

changes in tumor oxygenation induced by VDAs are less contentious. As a consequence of 

VDA induced vascular damage, tumor blood perfusion is inhibited, resulting in a reduced 

delivery of oxygen and nutrients (Horsman & Siemann, 2006). Direct measurements of 

tumor oxygenation after treatment with a variety of VDAs confirm this (Zhao et al., 2005; 

Iversen et al., 2013). VDA-induced reductions in functional tumor vasculature are also 

reflected in other microenvironmental changes including significant and rapid decreases in 

both extracellular (Sakaguchi et al., 1992) and intracellular pH (Breidahl et al., 2006). IFP 

also changes, but here the effects can be divergent with both increases and decreases having 

been observed. Measurements of IFP, primarily made using the wick-in-needle technique, 

generally show a decrease in IFP after treatment with VDAs (Skliarenko et al., 2006; 

Nielsen et al., 2010). But other studies have reported no change (Eikesdal et al., 2002), 

increased (Eikesdal et al., 2002), or fluctuating IFP (Skliarenko et al., 2006) following VDA 
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exposure. There is, however, general consensus that the VDA treatment induced collapse of 

existing tumor vasculature results in secondary tumor cell death and extensive centrally 

situated tumor necrosis (reviewed by Siemann, 2011). Thus VDAs may be complementary 

to radiotherapy and chemotherapy treatments because they eliminate aberrant 

microenvironments in regions of the tumor core. Indeed, there is now good pre-clinical 

evidence that significant improvements in tumor response following treatment with radiation 

or chemotherapy can be improved by combining these conventional treatments with a 

variety of VDAs (Horsman & Siemann, 2007; Siemann & Horsman, 2009). This is 

illustrated for radiation in Figure 8A using representative agents from the two major groups 

of VDAs, namely tubulin binding agents (e.g., OXi4503) and flavanoid compounds (e.g., 

DMXAA). Limited studies combining VDAs with radiation in normal tissues have reported 

no additional effect, thus the enhancements seen are tumor specific (Horsman & Siemann, 

2007).

Given their disparate modes of action, a double assault on the tumor vasculature through the 

combined application of AIs and VDAs can lead to complimentary and markedly enhanced 

treatment outcomes in preclinical investigations (Siemann & Shi, 2004; 2008) and clinical 

assessments of this concept are in progress (Monk et al., 2014). Combining both AIs and 

VDAs with more conventional therapies would also likely result in significant 

improvements in response.

4.1.3 Indirect modifiers of tumor vasculature—In addition to therapeutic strategies 

designed to directly target the tumor blood vessel network, many other agents currently in 

use for cancer management can affect components of the angiogenesis network or inhibit 

angiogenesis indirectly (Ferrara & Kerbel, 2005). These include a variety of signaling 

inhibition strategies as well as conventional chemotherapeutic agents. With regard to the 

former, trastuzumab, a monoclonal antibody that interferes with the HER2/neu receptor, also 

has been reported to inhibit VEGF expression (Petit et al., 1997). Similarly, the small 

molecule Src targeting agents saracatanib and dasatinib significantly reduce tumor 

angiogenesis both in vitro and in vivo (Siemann et al., 2012; Rice et al., 2012). Interestingly, 

protolytic enzymes long recognized as major contributors to the dissemination of tumor cells 

not only can elicit pro-angiogenic endothelial cell function but their selective targeting can 

impair tumor associated angiogenesis (Sudhan et al., 2015). Other examples abound but are 

beyond the scope of the present review. With regard to chemotherapeutic agents, it is their 

use in a metronomic fashion, defined as a chemotherapy treatment that is given more often 

but in lower doses than conventional chemotherapy, that has received the most attention 

(Kerbel & Kamen, 2004). Initially investigated because of the less severe adverse effects 

associated with conventional anticancer drug therapy (Romiti et al., 2013), it is now known 

that low dose metronomic chemotherapy regimen can elicit significant effects in the 

developing tumor vasculature. Indeed studies in preclinical tumor models have shown that 

metronomic treatment with chemotherapeutic agents such as doxorubicin and 

cyclophosphamide can impact vascular density and endothelial cell survival compared to 

conventional chemotherapy treated mice (Zhou et al, 2012; Digklia et al., 2014). Even 

greater effects on tumor associated angiogenesis are noted when combined metronomic 

chemotherapy is combined with VEGF pathway targeting drugs (Zhou et al, 2012; Digklia 
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et al., 2014). Taken together, findings such as these have led to the initiation of clinical 

investigations evaluating metronomic chemotherapy in a number of disease settings and the 

suggestion that such a treatment strategy in conjunction with AI therapy ought to be given 

clinical consideration (reviewed in Torimura et al., 2013; Digklia et al., 2014). Still, how 

such treatments impact the tumor microenvironment and the possible therapeutic 

ramifications remains poorly understood.

4.2. Modifiers of oxygen delivery

One of the earliest approaches applied to try and improve the microenvironmental 

conditions within tumors was to simply increase oxygen supply. Experimental studies 

reported that by allowing mice to breathe either oxygen or carbogen (95% oxygen + 5% 

carbon dioxide), before and during irradiation, significantly enhanced the response of 

murine tumors to radiation (Du Sault, 1963; Suit et al., 1972). The best effect was generally 

seen when the gasses were inspired under hyperbaric (typically 3 atmospheres) rather than 

normobaric conditions (Du Sault, 1963; Suit et al., 1972), which is perhaps not surprising 

because hyperbaric conditions would be expected to saturate the blood with oxygen more 

than normobaric conditions. However, later studies indicated that the radiosensitizations 

produced by normabaric oxygen or carbogen (Figure 8B) are in fact quite substantial 

(Siemann et al., 1977; Rojas, 1991; Grau et al., 1992). Clinical trials with hyperbaric oxygen 

(HBO) were also initiated early (Churchill-Davidson, 1968). Although benefit was not 

always obtained, significant improvements in local tumor control and subsequent survival 

were certainly seen in the large multicenter clinical trials conducted by the UK Medical 

Research Council for both uterine cervix and advanced head and neck cancer (Dische, 1978; 

Overgaard, 1989).

Breathing normobaric high oxygen content gas has also been tried clinically but the early 

studies failed to show any dramatic improvement in radiation response (Bergsjø & Kolstad, 

1968; Rubin et al., 1979). This may have been due to the failure to achieve the optimum pre-

irradiation gas breathing time. A number of experimental studies have shown this to be 

critical for the enhancement of radiation damage, and that it can vary from tumor to tumor 

(Suit et al., 1972; Siemann et al., 1977; Rojas, 1991; Chaplin et al., 1993). More recent 

studies with carbogen in head and neck cancer patients, using a short pre-irradiation 

breathing time, have yielded conflicting findings, with both a benefit (Kaanders et al., 2002) 

and no improvement (Mendenhall et al., 2005) in radiation response observed. The positive 

results in the former study may have been because carbogen was administered as part of the 

ARCON (Accelerated Radiation, CarbOgen, and Nicotinamide) therapy; accelerated 

radiotherapy was included to address the issue of accelerated repopulation that is known to 

occur after irradiation (Petersen et al., 2001), and nicotinamide was added because this agent 

can prevent the fluctuations in blood flow that ultimately lead to acute hypoxia (Horsman, 

1995). The ability of nicotinamide to enhance tumor radiation response is shown in Figure 

8B. More recent results from the ARCON study found a small improvement in radiation 

response in head & neck cancer patients; an effect that was larger when patients were 

stratified into having hypoxic or non-hypoxic tumors (Janssen et al., 2012). A slightly better 

response was reported in a BCON trial (Hoskin et al., 2010) in which bladder cancer patients 

receiving radiation therapy were also treated with carbogen and nicotinamide.
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While the inspiration of high oxygen gases to overcome tumor hypoxia has been 

predominantly applied in investigations seeking to enhance the treatment efficacy of 

radiotherapy, recent evidence suggests that such a strategy may have utility in other forms of 

cancer therapy. In particular, preclinical investigations have shown that improved 

oxygenation may overcome hypoxia-adenosinergic immunosuppression leading to enhanced 

antitumor responses and reductions in metastasis (Hatfield et al., 2015). These encouraging 

findings suggest that reducing tumor hypoxia through oxygen inspiration may also have 

utility as an adjuvant to cancer immunotherapy.

The transport of oxygen to tissues in the body is via hemoglobin in the blood. Thus, it is not 

surprising that low hemoglobin concentration has, in general, a negative impact on tumor 

radiation response (Grau & Overgaard, 1998). In anemic patients, hemoglobin concentration 

can be increased via blood transfusion (Thomas, 2002) or by stimulation with the hormone 

erythropoietin (Hoskin et al., 2009). However, conflicting results have been reported for the 

ability of transfusion to improve radiation response, with both benefits (Evans & Bergsjø, 

1965; Grogan et al., 1999) and no effect (Overgaard et al., 1998) reported. With 

erythropoietin (EPO) the situation is even more complicated in that patients receiving EPO 

had a poorer prognosis after radiation therapy than those patients that did not receive EPO 

(Hoff 2012).

Other approaches suggested to improve oxygen delivery to tumors include the use of 

artificial blood substances, such as perfluorochemical emulsions (PFE), which are small 

particles capable of carrying more oxygen than hemoglobin (Rockwell, 1985); modifiers of 

the hemoglobin-oxygen (Hb-O2) dissociation curve, which improves the oxygen offloading 

capacity of blood (Siemann & Maclear, 1986; Hirst & Wood, 1991); or inhibiting cellular 

oxygen consumption, thereby increasing the diffusion distance of oxygen (Zannella et al., 

2013). While PFEs and Hb-O2 modifiers worked well in pre-clinical studies, they never 

reached clinical evaluation. The lead agent for the oxygen consumption modifiers is 

metformin, which has undergone extensive clinical use for the treatment of diabetes and has 

been linked to decreased rates of certain types of cancer (Zhang et al., 2013). However, the 

limited pre-clinical studies specifically attempting to demonstrate the potential of metformin 

to decrease cellular oxygen consumption and subsequently reduce tumor hypoxia have 

involved using clinically unrealistic drug doses (Zannella et al., 2013), so the clinical 

relevance of this approach remains questionable.

4.3. Radiation sensitizers

Probably the most extensively investigated method for overcoming tumor hypoxic cell 

radioresistance is the use of chemical agents that mimic oxygen. In the early 1960s it was 

found that the efficiency of radiosensitization was directly related to electron-affinity 

(Adams & Cooke, 1969) and that ultimately led to in vitro studies demonstrating preferential 

radiosensitization of hypoxic cells by highly electron-affinic nitroaromatic compounds 

(Adams et al., 1976). The initial compounds were nitrobenzenes, followed by nitrofurans, 

and then nitroimidazoles, with the latter compounds subsequently shown to be effective at 

enhancing radiation damage in tumors (Overgaard, 1994; Figure 8C); unlike oxygen, these 
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drugs are not rapidly metabolized by the tumor cells through which they diffuse and thus can 

penetrate farther than oxygen and so reach all cells in the tumor.

The first agent chosen for clinical evaluation was metronidazole in brain tumors (Urtasun et 

al., 1976). It was soon replaced by misonidazole and a large number of clinical trials were 

undertaken (Overgaard, 1989; Overgaard, 1994). Unfortunately, most misonidazole trials 

were unable to generate significant improvement in radiation response, although a benefit 

was seen in some trials, particularly the Danish Head & Neck Cancer (DAHANCA 2) study 

(Overgaard et al., 1989). The general lack of benefit has been attributed to clinical 

evaluation in tumor sites lacking convincing evidence of the existence of hypoxia, the small 

number of patients in many of the trials, and because the drug doses necessary for effective 

radiosensitization also produced substantial dose-limiting clinical toxicity. Further clinical 

studies focussed on identifying more efficient or less toxic hypoxic sensitizers. The first of 

these was a European trial with pimonida-zole in uterine cervical cancer, but the preliminary 

results were disappointing (Dische et al., 1993). Etanidazole was then tested in two other 

multicenter trials in head and neck cancer, but the results showed no benefit (Lee et al., 

1995; Eschwege et al., 1997). Additional studies with nimorazole, a less efficient sensitizer 

but less toxic drug, in head and neck cancer patients (DAHANCA 5) showed a highly 

significant benefit in terms of improved loco-regional tumor control and disease-free 

survival (Overgaard et al., 1998). A more recent International Atomic Energy Agency 

(IAEA) trial with the 3-nitrotriazole compound sanazole (AK-2123) in uterine cervical 

cancer also demonstrated a significant improvement in both local tumor control and overall 

survival (Dobrowsky et al., 2007), while a Japanese randomised trial with the 2-

nitroimidazole doranidazole (PR-350) in locally advanced pancreatic cancer reported a 

significant increase in long term survival (Karasawa et al., 2008). The positive clinical 

results with the nitroimidazoles support the general consensus that if a non-toxic hypoxic 

modification can be applied then such treatments may certainly be relevant as a baseline 

therapy together with radiotherapy for certain types of cancer. However, the only agent that 

has been incorporated into standard radiotherapy treatment is nimorazole in head and neck 

cancer; a treatment strategy currently employed only in Denmark.

More recent studies have suggested another hypoxia related approach that may sensitize 

tumor cells to radiation and even certain types of chemotherapy. This is based on the 

findings that hypoxia decreases DNA repair (Bristow & Hill, 2008; Chan & Bristow, 2010). 

The repair pathways affected include those responsible for DNA mismatch repair, 

nucleotide excision repair, and double strand break repair; the latter includes both 

homologous recombination and to a lesser extent nonhomologous end-joining. It has been 

suggested that hypoxic cells showing such repair deficiencies would be more sensitive to 

both chemotherapeutic agents (e.g., alkylating agents and topoisomerase inhibitors) and 

radiation (Bristow & Hill, 2008; Chan & Bristow, 2010). There is also evidence that cells 

with defects in homologous recombination pathways can be preferentially sensitized to 

inhibitors of poly-ADP ribose polymerase 1, while deficiency in various mismatch repair 

proteins have been shown to be influenced by DNA polymerase inhibitors (Chan & Bristow, 

2010). Clearly this is a new area that could have potential clinical application and further 

studies are warranted.
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4.4. Bioreductive drugs

An alternative strategy to overcome the problem of hypoxic tumor cells is to selectively kill 

them by using hypoxic cell cytotoxins. Because hypoxia is essentially unique to tumors, 

such agents would offer significant therapeutic potential (i.e., preferentially killing hypoxic 

cancer cells that are resistant to conventional anticancer therapy while sparing aerobic 

normal tissues). Bioreductive or hypoxia-activated prodrugs are typically non-toxic 

compounds that are reduced by enzyme(s) in hypoxic tumor cells. The enhanced activities of 

reducing enzymes in hypoxic regions of solid tumors, such as the nitroreductases, provide 

means for site-specific conversion of prodrugs to yield the cytotoxic products. Selectivity for 

hypoxia is usually a result of a futile redox cycling in which oxygen is able to reverse or 

inhibit reduction to the one-electron radial intermediate thereby regenerating the non-toxic 

parent drug (Rauth et al. 1984; Ahn & Brown, 2007; Wilson & Hay, 2011). Four classes of 

bioreductive compounds, quinones, nitroaromatics, aliphatic and heteroaromatic N-oxides, 

have been developed. These have been extensively reviewed (McKeown et al., 2007, Ahn & 

Brown, 2007; Wilson & Hay, 2011; Guise et al., 2014). All require hypoxic conditions and 

the presence of specific reductases for activation.

In the early 1980s the natural product mitomycin C was recognized to possess bioreductive 

activity (Rockwell, 1986). Although the enhancement of hypoxic relative to aerobic cell 

killing (hypoxic cytotoxic ratio, HCR) for mitomycin C was quite small (<5-fold) 

(Rockwell, 1986; Cowen et al., 2003), the prototypic bioreductive agent led to the 

subsequent development of a series of indolequinones. The most promising of these, EO9, 

showed significant superiority (5-fold greater HCR) to mitomycin C (Saunders et al., 2000). 

A major driving force behind the development of bioreductive prodrugs was the original 

recognition that nitroimidazole oxygen-mimetic radiosensitizers such as misonidazole also 

were metabolized to cytotoxic products selectively in hypoxic tumor cells (Rauth et al., 

1984). However, these nitroaromatic hypoxic cell radiosensitizers were only weakly 

cytotoxic, having only moderate (about ten-fold) selective toxicity for hypoxic cells over 

oxygenated cells (Sutherland et al., 1982). Subsequent drug development around the 

nitroimidazole platform led to the first agent, RSU1069, with marked enhancement in 

hypoxia selectivity (Stratford et al., 1986). Two other promising nitro compounds are the 

bioreductive prodrugs PR-104 and TH-302. The former gives rise upon nitro reduction to 

cytotoxic metabolites which result in DNA interstrand cross-links (Guise et al., 2012). The 

latter, a 2-nitroimidazole-based nitrogen mustard prodrug, releases bromoisophosphoramide 

mustard (Duan et al., 2008) and shows significant selectivity for hypoxic cells (Meng et al., 

2012). The most advanced of the aromatic N-oxides class of bioreductive agents is 

tirapazamine (Ahn & Brown, 2007). This agent has shown HCR values of up to 200 in 

murine and 50 in human cell lines (Zeman et al., 1986). Another group of compounds that 

has shown potential as bioreductive drugs are the aliphatic N-oxides. The agent which best 

represents this class is the bis-N-oxide banoxantrone AQ4N (Patterson & McKeown, 2000). 

AQ4N is reduced under hypoxic conditions to yield the cytotoxic product AQ4 which has 

high DNA binding affinity and also acts as a topoisomerase II inhibitor (Patterson & 

McKeown, 2000).
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Although some have shown in vivo activity on their own, bioreductive prodrugs are ideally 

combined with therapies that target relatively well oxygenated tumor cells such as ionizing 

radiation and chemotherapeutic agents, because their modes of action will be 

complementary (i.e., bioreductive prodrugs have the potential to eliminate the hypoxic 

tumor cells that are resistant to the conventional therapies). Indeed in vivo studies 

demonstrate that bioreductive agents such as RSU1069, tirapazamine, and AQ4N, could 

enhance the response to single and fractionated dose radiotherapy irrespective of whether 

the drug was given before or after radiotherapy (McKeown et al., 1995; Stratford et al., 

2003). Furthermore, preclinical in vivo combination studies with AQ4N, tirapazamine, and 

nitroheterocyclics also have shown that these agents can enhance the anti-tumor effects of 

conventional anticancer drugs, most notably alkylating chemotherapy (Patterson & 

McKeown, 2000; Siemann & Mulcahy, 1986; Siemann, 1995). Similarly, PR-104 has 

recently been reported to enhance the efficacy of several established anticancer drugs, 

including docetaxel and gemcitabine (Patterson et al., 2007). Importantly preclinical 

investigations suggest that potential bioreductive agent therapy benefits may not be confined 

to primary tumors but also impact the control of metastatic disease (Siemann & Alliet, 1987; 

Lunt et al., 2005).

While the presence of hypoxia is typically considered to be a detrimental factor in the 

curability of tumors, this property of a tumor may be exploitable in therapies designed 

specifically to attack the hypoxic cell subpopulation. The fact that very low levels of oxygen 

are unique to solid tumors provides an excellent basis for tumor selectivity which continues 

to drive the preclinical development and clinical evaluation of this therapeutic approach 

(Table 1; Wilson & Hay, 2011).

4.5. Hyperthermia

Another, less conventional yet clinical applied therapy, in which the poor pathophysiological 

characteristics of tumors is actually beneficial, is hyperthermia. Blood flow is one of the 

major mechanisms by which heat is dissipated from tissues, and this will affect the ability to 

heat tumors (Horsman et al., 2006); the poorer the blood supply the easier it should be to 

heat. This has been demonstrated in vivo when blood flow was compromised using agents 

that could reduce tumor blood flow (Voorhees & Babbs, 1982; Horsman et al., 1989). In 

vitro studies have also reported cells under hypoxic conditions to be more sensitive to killing 

by hyperthermia than cells in well oxygenated environments (Overgaard & Bichel, 1977; 

Gerweck et al., 1979). However, this is not a consequence of hypoxia per se because under 

well-defined nutrient conditions, acute hypoxia does not significantly alter cellular response 

to heat (Gerweck et al., 1979). However, cells under prolonged oxygen deprivation will 

show an increased sensitivity to heat, an effect that is the result of chronically hypoxic cells 

becoming acidic (Overgaard & Bichel, 1977). The significance of pH in influencing 

response to hyperthermia has led to attempts to modify tumor pH and thereby increase 

efficacy. This can be achieved by administration of glucose (Urano, 1994) and the potential 

of this approach has been shown to improve heat response (Hiroaka & Hahn, 1990). 

Interestingly, such an approach can enhance the anti-tumor effect of certain chemotherapy 

agents when used alone or combined with hyperthermia (Urano, 1994).
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Furthermore, numerous preclinical studies have shown both in vitro and in vivo (for review 

see Horsman & Overgaard, 2007) that irradiating tumors and heating with temperatures up 

to 43°C at or near the same time substantially enhanced radiation response (Figure 8D). The 

exact mechanism by which heat sensitizes cells to radiation is not known, but most evidence 

suggests that heat primarily interferes with the cells ability to cope with radiation-induced 

DNA damage (Kampinga & Dikomey, 2001; Roti Roti, 2004). Because this will occur in 

both tumors and normal tissues, a therapeutic benefit will only be obtained if tumors can be 

preferentially heated. Furthermore, when a time interval is introduced between irradiating 

and applying heat, the degree of enhancement is reduced (Figure 8D), reaching a plateau 

with an interval of 2–4 hours depending on the tumor type and the heat treatment applied 

(Horsman & Overgaard, 2007). In this situation, the enhancement that remains is believed to 

be simply a result of the heat killing the radiation resistant hypoxic cell population, and 

since normal tissues do not contain hypoxia the effect is tumor specific and results in a clear 

therapeutic benefit (Horsman & Overgaard, 2007). In the clinic, a meta-analysis of all 

published trials (1861 patients from 23 trials), in which patients were randomized to 

radiation or radiation plus heat, demonstrated significant improvements in local tumor 

control, the most relevant endpoint for such locally applied treatments, in a number of 

distinct cancer sites including chest wall, cervix, rectum, bladder, melanoma, and head and 

neck (Horsman & Overgaard, 2007). In some of these clinical studies improvements in 

overall survival also were observed (Horsman & Overgaard, 2007). Despite these positive 

clinical results, hyperthermia has not become an established adjuvant for radiation therapy. 

This is partly because of the difficulty in achieving and maintaining adequate tumor heating, 

especially in deep seated tumors, but is also due to the need to establish equipment and 

personnel dedicated to the application of hyperthermia.

4.6. Exercise

As described in the previous sections, a variety of strategies have been undertaken to 

diminish or eliminate tumor hypoxia. Although these approaches showed merit and a meta-

analysis confirmed the efficacy of hypoxia-directed treatments, outcomes have been largely 

disappointing for reasons that include failure to preselect patients with hypoxic tumors, 

physiologic counter responses to high oxygen content gases, or dose-limiting side effects of 

hypoxic sensitizers and bioreductive agents. One approach that has not been investigated is 

the application of exercise to alter whole body hemodynamics in order to increase tumor 

oxygen delivery and decrease tumor hypoxia.

Exercise elicits many health benefits (Centers for Disease Control and Prevention, 2013) 

including improvements in aerobic capacity, lowered body fat, reduced depression, and 

increased immune function. With respect to the latter, evidence is accumulating that 

physical exercise can modulate the cells of the immune system to have positive effects on 

their function and response to pathogens (Pedersen & Hoffman-Goetz, 2000; Cheng et al., 

2013; Gholamnezhad et al., 2014). Exercise investigations in cancer have focused primarily 

either on cancer development/prevention or its application to ameliorate complications and 

wellness in cancer survivors. The idea that exercise may prevent cancer development was 

first postulated early in the 20th century (Cherry, 1922). Indeed, several investigators have 

reported that cancer mortality (all sites) was inversely related to the amount of exercise/
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physical activity performed (Garfinkel & Stellman, 1988; Paffenbarger et al., 1986), though 

with respect to particular cancer types, the effects of exercise on cancer incidence often are 

equivocal. As to the cancer patient or survivor, the adoption of appropriate exercise 

regimens appears even more important. For example, studies on breast and prostate cancer 

patients have shown that exercise performed during the course of radiation therapy 

decreases treatment related side effects, rendering the therapy more tolerable (Hwang et al., 

2008; Windsor et al., 2004; Mustian et al., 2009). Similar modulations of chemotherapy side 

effects have also been reported (van Waart et al., 2010; Brown et al., 2012). Indeed, the 

National Cancer Institute has recently provided a bulletin to urge exercise for cancer patients 

and survivors (Phillips et al., 2012; Schmitz et al., 2010). Notwithstanding this 

recommendation and despite the fact that physical activity is a fundamental component of 

our daily life, surprisingly little is known about the effects of either a single bout or a 

sustained exercise program on the tumor microenvironment or the responses to conventional 

anticancer therapies such as radiation and chemotherapy. Yet an understanding of how 

exercise affects tumor perfusion, blood flow, and hypoxia may offer unique opportunities to 

enhance cancer treatment outcomes and improve optimal cancer patient care.

Existing data concerning the effect of exercise on established tumor growth and perfusion in 

rodent tumor models remains controversial; appearing to be particularly influenced by the 

choice of tumor implantation site in preclinical investigations. Since rodent skin and 

immediate subcutaneous tissue has a very low blood flow (Armstrong & Laughlin, 1985), it 

is possible that subcutaneously transplanted tumors may actually become hypoxic during 

exercise. However, studies in which tumors were grown at the site of origin (orthotopic 

implantation) have reported that low intensity exercise does not affect tumor growth (Jones 

et al., 2012) and reduces the incidence of metastasis (Cohen et al., 1992). These latter 

findings are consistent recent observations which showed no evidence of increased 

metastasis or enhanced primary tumor growth in exercised animals bearing orthotopically 

implanted prostate tumors (McCullough et al., 2013). Furthermore, these studies 

demonstrated that exercise increased prostate tumor blood flow (>200%) in the absence of 

blood flow changes in normal prostate tissue (Figure 9); a result due at least in part to an 

inability of the tumor vasculature to vasoconstrict (McCullough et al., 2014). Importantly 

the increase in tumor blood flow resulted in a significant reduction in tumor hypoxia (Figure 

10). The ability to modulate tumor hypoxia by exploiting the systemic effects of exercise 

and the dysfunctional vasculature of solid tumors have recently been duplicated in rodent 

mammary tumor models grown in the mammary fat pads (Betof et al., 2015; Lee et al., 

2015).

The diminished ability of the tumor vasculature to vasoconstrict in response to the systemic 

effects of exercise on arterial pressure, venous return and cardiac output, results in an 

enhanced delivery of oxygen to the tumor. Furthermore, tumor blood vessels in animals 

undergoing several weeks of exercise display increased stiffness (McCullough et al 2013) 

suggesting that such an exercise regimen may lead to normalization of the tumor vasculature 

and the establishment of more aerobic microenvironments. Although clearly encouraging, 

variables that may confound preclinical exercise and cancer results including intensity, 

duration, and type of exercise, as well as tumor models and animals used, remain to be 

thoroughly examined. Still, taken together, the application of aerobic exercise may provide a 
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novel, non-toxic means to overcome tumor microenvironment-associated therapy resistance 

and hence improve cancer treatment outcomes.

5.0. Summary and perspectives

Solid tumor masses typically exhibit abnormal blood vessel networks associated with 

heterogeneous blood flow. A consequence of the spatial and temporal heterogeneity of the 

microcirculation is a failure to provide adequate and homogeneous nutritional support to all 

regions of the tumor. Cancer cells existing in areas of poor oxygenation, acidic pH, and high 

interstitial pressure not only display resistance to radiation and chemotherapy but emerging 

evidence suggests that such microenvironmental conditions may also profoundly affect the 

efficacy of cell signaling target interventions and immunotherapy.

Not only does the microenvironment participate in therapeutic resistance, but molecular 

investigations have revealed other important consequences in tumors. For example, stress 

responses to hypoxia involve mechanisms that clearly favor cell survival and malignant 

progression. Furthermore, molecular links between hypoxia and invasive, metastatic cancer 

cell characteristics continue to emerge. Given that upwards of 90% of cancer patient deaths 

are due to metastasis (McCord et al., 2009; Sleeman & Steeg, 2010; Siegel et al., 2012) 

coupled with the growing body of evidence that hypoxia exacerbates the metastatic 

phenotype, the ramifications for cancer patient treatment outcomes are severe. 

Consequently, therapeutic intervention strategies designed to overcome deleterious tumor 

microenvironments are clearly needed to provide more effective treatment options for cancer 

patients. Given the significant heterogeneity in tumor perfusion and oxygenation observed in 

human tumors it is paramount that such initiatives incorporate methodologies such as non-

invasive imaging, immunohistochemical staining, and/or molecular signatures to evaluate 

individual tumors and identify patients at risk prior to initiation of the treatment. We believe 

that the development of novel treatment strategies aimed at turning the pathophysiological 

characteristics that distinguish tumors from normal tissues and confer treatment resistance 

into a therapeutic advantage will provide unique opportunities to overcome cancer treatment 

failures and improve patient care.
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IFP interstitial fluid pressure

HIF-1 hypoxia inducible factor 1

VEGF vascular endothelial growth factor

TIC tumor initiating cell

CTSL cysteine protease cathepsin L

CTL cytotoxic T lymphocyte
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PD-L1 programmed cell death ligand-1

AI angiogenesis inhibitor

VDA vascular disrupting agent

EPO erythropoietin

HCR hypoxic cytotoxic ratio
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Figure 1. 
A. Vascular casts illustrating the differences in vasculature between normal tissues (colon, 

subcutis, and skeletal muscle) and malignant tumors (colon, melanoma, and sarcoma). 

Reprinted with permission from Vaupel. (2004). Tumor microenvironmental physiology and 

its implications for radiation oncology. Seminars in Radiation Oncology, 14, 198–206. B. 

Illustration of tumor cells growing as a cord around blood vessels from which they obtain 

oxygen and nutrients. The left side illustrates oxygen diffusion and utilization from the 

vessel resulting in the development of chronically hypoxic cells at the outer edge of the 

cord. The right side shows perfusion through the vessel that has been transiently 

compromised and results in the development of acute hypoxia; examples of the types of 

flow/oxygen changes reported during a 60 minute period are illustrated in the 4 panels 

below. Reprinted with permission from Horsman et al. (2012). Imaging hypoxia to improve 

radiotherapy outcome. Nature Reviews. Clinical Oncology, 9, 674–687.
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Figure 2. 
A. Micro-regional distribution of hypoxia in SiHa cervix xenograft illustrating co-

localization between the bioreductive nitroimidazole agent EF5 (green) and increased 

expression of the endogenous hypoxia marker HIF-1 (red) at a distance from blood vessels 

(CD31, blue). Image courtesy of D. Hedley. B. An example of a patient with a FAZA PET 

positive oropharyngeal cancer Reprinted with permission from Mortensen et al. (2012). 

FAZA PET/CT hypoxia imaging in patients with squamous cell carcinoma of the head and 

neck treated with radiotherapy: results from the DAHANCA 24 trial. Radiotherapy and 

Oncology, 105, 14–20.
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Figure 3. 
The invasive capacity of both TIC and non-TIC sorted from DU145 and PC-3ML human 

prostate cancer cells increased significantly upon exposure to hypoxia (1% O2, 24 hours). 

Columns, mean; bars, SD (n=4); **, p<0.01, ***, p<0.001 (t-test).
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Figure 4. 
A. and B. CTSL secreted levels in PC-3ML cells exposed to hypoxic (1% O2) or acidic 

conditions (pH 6.8) for the indicated durations followed by reoxygenation or restoration of 

neutral pH conditions for a total time of 24 h. Secreted CTSL levels were determined by 

ELISA on cell conditioned media and normalized to cell numbers. Shown are mean and 

standard error values calculated from three independent experiments. *, p<0.05, **, 

p<0.005, ***, p<0.001. C. and D. Invasive capacities of PC-3ML cells exposed to hypoxia 

or acidic pH for indicated durations. Mean and standard error are shown. *, p<0.05, **, 

p<0.005, ***, p<0.001. Modified from Sudhan et al. (2013). Cathepsin L inhibition by the 

small molecule KGP94 suppresses tumor microenvironment enhanced metastasis associated 

cell functions of prostate and breast cancer cells. Clinical & Experimental Metastasis, 30, 

891–902.
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Figure 5. 
Four clinical trials showing the relationship between tumor oxygenation and outcome of 

therapy. A. Progression free survival (PFS) for 90 patients with nasopharyngeal tumors 

treated with chemoradiotherapy and stratified for whether their tumors were hypoxic (high 

expression of HIF-1α and CA IX) or non-hypoxic. Reprinted with permission from Hui et 

al. (2002). Coexpression of hypoxia-inducible factors 1alpha and 2alpha, carbonic anhydrase 

IX, and vascular endothelial growth factor in nasopharyngeal carcinoma and relationship to 

survival. Clinical Cancer Research, 8, 2595–2604. B. Freedom from biochemical failure for 

57 prostate patients treated with brachytherapy in which the prostate/muscle (P/M) mean 

pO2 ratio estimated using the Eppendorf electrode was above or below 0.10. Reprinted with 

permission from Turaka et al. (2012). Hypoxic prostate/muscle PO2 ratio predicts for 

outcome in patients with localized prostate cancer: long-term results. International Journal 

of Radiation Oncology, Biology, Physics, 82, e433–439. C. Disease-free survival in 40 

patients with head & neck squamous cell carcinoma (SCC) based on the pre-radiation 

therapy estimate of hypoxia as determined by a tumor-to-muscle ratio of > 1.4 from [18F] 

FAZA PET measurements. Reprinted with permission from Mortensen et al. (2012). FAZA 

PET/CT hypoxia imaging in patients with squamous cell carcinoma of the head and neck 

treated with radiotherapy: results from the DAHANCA 24 trial. Radiotherapy and 

Oncology, 105, 14–20. D. Overall survival in 98 patients with cervical cancer in which the 

level of perfusion measured with DCE-MRI was either high pre-radiation, low at pre-

radiation and subsequently increasing during therapy, or persistently low. Reprinted from 

Mayr et al. (2010). Longitudinal changes in tumor perfusion pattern during the radiation 
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therapy course and its clinical impact in cervical cancer. International Journal of Radiation 

Oncology, Biology, Physics, 77, 502–508.
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Figure 6. 
Inherent characteristics of the aberrant tumor blood vessel network result in oxygen and 

nutrient depravation which negatively impact anticancer therapies and promote tumor cell 

dissemination resulting in enhanced treatment failures.
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Figure 7. 
Bright field images and corresponding hemoglobin saturation and blood supply time (BST) 

maps of an untreated Caki-2 renal cell tumor and a tumor receiving daily administration of 

Sunitinib (oral gavage, 100 mg/kg) over time. Treatment with Sunitinib resulted in an 

inhibition of tumor vessel development and higher microvessel oxygenation values in 

comparison to controls. In addition, treatment with Sunitinib resulted in faster BST values in 

comparison to controls, indicating the formation of a more organized vascular network. 

Modified from Lee et al. (2014). In vivo spectral and fluorescence microscopy comparison 

of microvascular function after treatment with OXi4503, Sunitinib and their combination in 

Caki-2 tumors. Biomedical Optics Express, 5, 1965–1979.
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Figure 8. 
C3H mammary carcinomas in CDF1 mice were locally irradiated with single doses of 

radiation and the percentage of animals showing tumor control within 90 days were 

recorded. The radiation dose-response curve, determined from logit analysis, is shown as the 

dashed line in each figure. Each figure also shows how this radiation response curve is 

modified by various treatments. A. within 1-hour after irradiating i.p. injecting 50 mg/kg 

OXi4503 (●) or 20 mg/kg DMXAA (○); B. carbogen breathing for 5 minutes before and 

during irradiation (●) or an intraperitoneal (i.p.) injection with 1000 mg/kg nicotinamide 30 

minutes before irradiating (○); C. i.p. injecting 500 mg/kg nimorazole (○) or doranidazole 

(●) 30 minutes prior to irradiating; D. irradiating (Rad) tumors in the middle (0h) of heating 

(HT) at 42.5°C for 60 minutes (●) or irradiating (Rad) tumors and heating (HT) at 42.5°C 

for 60 minutes 4-hours (4h) later (○). Modified from Horsman et al. (2011). Impact on 

radiotherapy. In D. W. Siemann (Ed.), Tumor Microenvironment (pp. 353–376). Chichester: 

John Wiley & Sons, Ltd.
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Figure 9. 
Blood flow measured at rest and during exercise in rat prostate or rat prostate tumor tissue. 

*p<0.05 tumor in exercised vs resting host; †p<0.05 tumor vs prostate in exercised host. A 

two-way analysis of variance with repeated measures was used to compare within-group 

(rest vs exercise) and between-group (control vs tumor-bearing) differences in blood flow. 

Modified from McCullough et al. (2014). Modulation of blood flow, hypoxia, and vascular 

function in orthotopic prostate tumors during exercise. Journal of the National Cancer 

Institute, 106, dju036.
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Figure 10. 
Representative fluorescence photomicrograph of a prostate tumor cross section following 

injection of EF5 (red; 30 mg/kg) and Hoechst-33342 (blue; 40 mg/kg) to illustrate hypoxia 

(red) and patent vessels (blue) in sedentary (A) and exercise-trained (B) orthotopic rat 

prostate tumors. C. and D. are graphic representations of the fraction of tissues bound by 

EF5 and patent vessel counts respectively. *p<0.05 between groups. Reprinted with 

permission from McCullough et al. (2013). Effects of exercise training on tumor hypoxia 

and vascular function in the rodent preclinical orthotopic prostate cancer model. Journal of 

Applied Physiology, 115, 1846–1854.
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Table 1

Bioreductive prodrugs of DNA-reactive cytotoxins recently or currently in clinical development (modified 

from Wilson & Hay, 2011)

Prodrug Current clinical status Company or institution Chemical class Mechanism of cytotoxicity

Tirapazamine (SR 4233) Phase III, cervix (closed) SRI International/NCI Aromatic N-oxide Complex DNA damage

Apaziquone (E09) Phase III, bladder (closed) Spectrum Quinone ICL

TH-302 Phase I/II, multiple (active) Threshold Nitro ICL

PR-104 Phase I/II, leukaemia 
(active)

Proacta and University of 
Auckland

Nitro ICL

Banoxantrone (AQ4N) Recent Phase I/II Novacea Aliphatic N-oxide TOPOII

Caricotamide (EP-0152R) 
plus tretazicar (CB1954)

Phase II, HCC 
(discontinued)

BTG Nitro ICL

RH1 Recent Phase I CRUK Quinone ICL

NLCQ-1 Preclinical Evanston Hospital Nitro TOPOII or multiple?

SN30000 (CEN-209) Preclinical Centella and University of 
Auckland

Aromatic N-oxide Complex DNA damage

SN29730 Preclinical University of Auckland Nitro Adenine N3 alkylation

KS119W Preclinical Yale University Nitro Guanine O6 ICL

CRUK, Cancer Research UK; HCC, hepatocellular carcinoma; ICL, DNA interstrand crosslink; NCI, US National Cancer Institute; TOPOII, 
topoisomerase II

Used with permission from Wilson et al (2011) Targeting hypoxia in cancer therapy. Nature Reviews. Cancer, 11, 393–410.
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