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Hypoxic stress and cancer: Imaging the axis of evil in tumor
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Abstract

Tumors emerge as aresult of sequential acquisition of genetic, epigenetic, and somatic alterations
promoting cell proliferation and survival. The maintenance and expansion of tumor cellsrelies on
their ability to adapt to changes in their microenvironment, along with acquisition of the ability to
remodel their surroundings. Tumor cells interact with two types of interconnected
microenvironments, the metabolic cell autonomous microenvironment and the non-autonomous
cellular-molecular microenvironment comprising interactions between tumor cells and the
surrounding stroma. Hypoxiais a central player in cancer progression, affecting not only tumor
cell autonomous functions such as cell division and invasion, resistance to therapy and genetic
instability, but also non-autonomous processes such as angiogenesis, lymphangiogenesis and
inflammation, all contributing to metastasis. Closely related microenvironmental stressors,
affecting cancer progression include in addition to hypoxia, also elevated interstitial pressure and
oxidative stress. Non invasive imaging offers multiple means for monitoring the tumor
microenvironment and its consequences, and can thus assist in understanding the biological basis
of hypoxia and microenvironmental stressin cancer progression, and in development of strategies
for monitoring therapies targeted at stress induced tumor progression.
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Introduction

The sequential changes leading to transformation, known as the hallmarks of cancer involve
cell autonomous genetic and metabolic alterations along with non cell-autonomous changes
in the interaction of the cells with the surrounding stroma (1). Among the most prominent
alteration observed in cancer is the exposure of cellsto chronic and acute hypoxia. This
exposure to hypoxia affects tumor progression in multiple ways including the induction of
angiogenesis and a metabolic switch towards elevated glucose uptake and elevated
glycolytic fermentation even in the absence of hypoxia, namely the ‘Warburg effect’ (2,3).
The metabolism of cancer cellsis frequently significantly altered from that of the
surrounding normal tissue (4). In normal cells energy homeostasisis balanced by at least
three metabolic pathways including glycolysis, lipogenesis and the tricarboxylic acid (TCA)
cycle. In tumors, however, asignificant fraction of the cellular energy, even under normoxic
conditions, is produced by glycolysis (2,3,5). This metabolic transition was proposed to be
selected for in cancers, asit can contribute directly to tumor expansion and metastasis (6).
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Hypoxia in cancer

Oxygen deficiency, or hypoxia, is a central microenvironmental tumor stress that arises as a
conseguence of the expansion of solid tumors by cancer cell proliferation, which is
unmatched by the expansion and maintenance of the vasculature supply (Figure 1 A).

Deficienciesin oxygen transport due to chaotic structure and function of the microvessels
nourishing the tumor in addition to reduced oxygen transport capacity of the blood, result in
oxygen gradients within the tumor based on the distance from a functional blood vessel (7).
Thus, tumor cells surrounding functional blood vessels are generally better oxygenated,
whereas the tumor cells distant from the vessel are poorly oxygenated. The irregular blood
flow in tumors exposes tumor cells not only to chronic hypoxia, but also to acute hypoxiain
regions with intermittent blood flow. Hypoxia was recognized to induce gene instability (8),
and also to provide an important selective pressure resulting in increased tumor
aggressiveness and resistance to hypoxiainduced apoptosis. Hypoxia a so protects cells
from radiation and chemotherapy. Hypoxia was thus demonstrated in clinical trialsto be
associated with poor prognosis (9,10). In response to hypoxia, expanding tumor cellsinduce
the expression of key molecular programs that promote cell survival, angiogenesis, tumor
spread and apoptosis. Many of these pleiotropic actions are orchestrated by hypoxia-
inducible factor (HIF) responsible for both sensing and responding to changesin cellular
oxygen.

Methods of non-invasive imaging of Hypoxia

Given the importance of hypoxiain cancer progression and therapy, over the recent years
there has been a significant effort towards the development of noninvasive imaging methods
to detect and assess tumor hypoxia (11). Such imaging tools could potentially replace the
invasive pO, measurements using polarographic oxygen e ectrodes, which are considered
the “gold standard” (12). Imaging provides the opportunity to monitor the magnitude and
spatial pattern of tumor hypoxia over time during therapy (12). A number of tracers, (eg 2-
Nitroimidazoles based probes), which are reduced and retained in hypoxic regions, are
applied for imaging hypoxiausing PET and SPECT(13). Magnetic resonance-based methods
proposed for imaging of oxygen can be broadly categorized into three groups: electron
paramagnetic resonance (EPR) oximetry, 1%F MRI and blood oxygen level-dependent
(BOLD) contrast MRI (Figure 1 B-D; Figure 2).

EPR oximetry

EPR spectroscopy, which detects materials with unpaired electrons, can be used to provide
information about the local environment of the free radicals, including the level of oxygenin
the vicinity of paramagnetic materials (14). EPR oximetry relies on the fact that EPR
spectral line-width (Ry) is sensitive to changes in oxygen concentration (Figure 1 B). Thus,
guantitative oximetry can be made by calibration of the line broadening, which is directly
proportional to the concentration of oxygen (14). The measurement involves the
administration of either particulate or soluble oxygen-sensitive paramagnetic spin probes.
The particul ates are metabolically inert materials, such as lithium phthalocyanine (LiPc) and
indiaink, that contain un-paired electrons, distributed over many atomsin crystalline
materials. These are considered to be very stable spin probes, with a high sensitivity to
oxygen concentrations. An important advantage of the particulates probesis that, once
introduced, they allow repeated measurement from the same site for many years (15).
Soluble probes are more convenient for imaging purposes since they diffuse in the whole
tissue albeit exhibit less sensitivity to oxygen concentrations (15).
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Standard EPR spectrometers usually operate at much higher frequencies and lower fields
than NMR spectrometers, for example 9.5 GHz for amagnetic field of about 0.34 T (16).
One of the limitations for in-vivo applications of EPR oximetry isthat it suffers from poor
tissue penetration at high fields: at fields of 1GHz the penetration depth isabout 1 cm, asa
conseguence limiting the possibility of studying tumors which are not superficial using EPR
oximetry. At lower fields (~240 MHz) the penetration is less of a problem but the signal to
noiseratio (SNR) islower (15). Halpern et al reported in 1994 the measurement of oxygen
concentration using EPR oximetry in-vivo. Murine fibrosarcomas implanted in the mouse
leg were measured at low frequency of 250 MHz after the injection of the oxygen-sensitive
spin probe mMHCTPO (17). Since then, EPR oximetry has been engaged as a useful tool to
measure pO, physiological concentrationsin various tissues. EPR oximetry studies over the
recent years include the devel opment and testing of new paramagnetic spin probes (16,18),
pO, measurements in tumors (12,15-17,19), comparison to other methods (20), and
monitoring dynamic changes of oxygen in tumors by modifying the inhaled gases
(12,15,16,19,21) or by pharmacological interventions (22). Thus, the majority of the efforts
have concentrated on measuring oxygen tension in tumors, and monitoring pO, changes
during the course of therapy (12,15,16,19).

The development of high-spatial resolution multisite oximetry technique had further
expanded EPR utility by allowing the measurement of pO, simultaneously from several sites
within the sample (23). Recently, multisite EPR was successfully used to measure changes
in oxygen concentration in response to radiation and carbogen breathing in an orthotopic
tumor model developed upon inoculation of rat 9L and C6 glioma cell in the rat brain (21).
A significant increase in oxygen levels was induced by irradiation and carbogen breathing
only in the 9L gliomas, thus emphasizing the tumor-specific effect of irradiation on tumor
pO, and illustrating EPR capabilities of monitoring pO, dynamic changes in tumors at their
orthotopic position (21).

EPR offers agreat promise for future clinical applications by providing an accurate
measurement for tissue pO, thus, allowing follow-up of tumor oxygenation following
therapy. Currently, EPR oximetry has been applied to study superficial tumorsin humans
(19,24).

EPR allows monitoring of oxygen concentration but lacks complementary anatomical
information. Based on the Overhauser effect as combination of EPR and MRI, it is possible
to obtain co-registered anatomy with corresponding oxygen status (25). This method is
referred to in the literature as PEDRI (proton electron double resonance imaging) or OMRI
(overhauser magnetic resonance imaging) (25,26). A strong EPR pulseis used for saturating
the EPR resonance, resulting in dipolar coupling of electrons and protons, thus enhancing
the NMR proton signals. The amplification depends on the EPR line-widths of the free
radical spin probe, which in turn depends inversely on oxygen concentration in the
environment of the species (25,26). Field-cycled spectrometers are being used to allow EPR
irradiation at low fields, followed by increase in the field to allow acquiring the proton MRI
images with high SNR and resolution. This principle was demonstrated by Krishna ef &. in
2002, in tumor-bearing mice for simultaneous visualization of oxygenation maps and high-
quality morphologica images (26).

A recent study by Matsumoto ef &. reported the application of OMRI methodology to obtain
information on oxygen status, together with microvascular permeability (27). Using tumor
bearing mice and a soluble spin prabe, several OMRI images were collected with different
hyper-polarization levels. From the profile of the Overhauser enhancement it was possible to
determine the oxygen concentration (Figure 1 B). Regions with high vascular permeability
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co-localized with hypoxic regions. This technique demonstrates the ability to explore the
connection between permeability and hypoxia (27).

Notably, asimilar co-localization of vascular permeability and hypoxia was detected using
macromolecular BSA-GADTPA enhanced MRI and mapping of hypoxia by
bioluminescence imaging using a luciferase reporter gene driven by HIF-1 a (28). A
followup study demonstrated the correlation between hypoxic regions in orthotopic tumors
versus subcutaneous and the association with increased angiogenesis and metastasis (29).

19r NMR Oximetry

19F-based oxygen-sensitive probes rely on the linear correlation between 19F longitudinal
relaxation rate, Ry, and oxygen tension, pO, (30-32). Perfluoro-carbons (PFCs) are non-
toxic hydrophobic liquids, which form emulsions that can be infused intravenously into the
blood. These emulsions are capable of dissolving alarge amount of molecular oxygen
allowing their use as blood substitutes. They are chemically stable with an average life time
of around 10h, metabolically inert, and their primary clearance is by macrophages and by
the reticuloendothelial system (30). PFCs can be used to study tumor hypoxia since they can
penetrate through the leaky vasculature characterizing many tumors. It is possible to
perform 19F NMR with PFC combined with H MRI for anatomical information, thus
achieving areliable map of oxygen levels together with localization. Tumor pO, maps are
derived from a calibration curve, performed on PFC emulsions, in-vitro.

The choice of PFC is governed by many factors such as high sensitivity to oxygen
concentrations, lack or reduced dependence of temperature and complexity of the NMR
spectrum (32). Hexafluorobenzene (HFB) is the most widely used probe because of its many
advantages as an oxygen reporter: high sensitivity for oxygen concentrations, single and
narrow 19F NMR signal, lack of temperature dependence, low cost, easy storage and
availability. It does not form emulsions and can be directly injected into tumors, where it
remains for many hours (half-life time ~10h), thus allowing repeated measurements for
many hours (32). A new assay, FREDOM (fluorocarbon relaxometry using echoplanar
imaging for dynamic oxygen mapping), using HFB as areporter molecule, allows
simultaneous measurement of multiple sites within atumor. This approach revealed
dynamic changes in specific tumor locations as a result of interventions, such as hyperoxic
gas breathing (32). Validation studies have shown that oxygen tension levels measured with
FREDOM technique are similar to those obtained with the Eppendorf histograph (33), and
also showed correlation with NIR studies of oxygen probes (34). FREDOM approach has
been applied in arange of tumor models (32,35), and also used to show correlations between
pO2 at the time of irradiation and tumor growth delay in Dunning prostate rat tumors using
HFB as areporter molecule (36) (Figure 1 C). Recently, snapshot inversion recovery was
applied to improve the temporal resolution for 19F MR oximetry (37).

The major hurdle for clinical application of 19F NMR oximetry isthe lack of 19F channelsin
many clinical scanners, and also sensitivity limitations at low field (1.5T), along with alow
fraction of the emulsions taken up by the tumors (31). An analogous approach: PISTOL
(proton imaging of siloxanes to map tissue oxygenation levels), was applied for mapping
pO, in animal models using proton NMR (38,39).

Hexamethyldisiloxane (HMDSO) was identified as an oxygen-sensitive NMR probe. It has
similar propertiesto HFB, asingle NMR resonance with a distinct chemical shift well
separated from water and fat, minimal toxicity, and R; relaxation rate that is highly sensitive
to oxygen. PISTOL measurement of pO, in Dunning prostate tumorsin rats challenged by
breathing hyperoxic gas was compared to 19F oximetry using FB (Figure 1 D) (38)
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Hypoxia inducible factor (HIF-1)

The ability of cellsto sense and respond to changes in the concentration of oxygen can be
attributed largely to the hypoxia regulated transcription factor HIF-1. HIF-1isa
heterodimeric factor consisting of an oxygen inducible a subunit (HIF-1a) and a
constitutively expressed oxygen independent B subunit (HIF-18, ARNT) (40). Under normal
oxygen tension (21%), HIF1a isremarkably labile (half-life of five minutes) being
congtitutively expressed and degraded (Figure 2 A). The majority of HIFa degradation is
regulated by the hydroxylation of two prolyl residues in the oxygen-dependent degradation
domain (ODDD) of the protein by HIF prolyl hydroxylases (PHDs) (41). The hydroxylation
of HIFla causesinteraction with the von Hippel-Lindau (VHL) protein, a component of an
E3 ubiquitin ligase complex. Thisinteraction results in the covalent attachment of ubiquitin
chainsto lysine residues on HIF-1a thus, earmarking it for proteasome degradation (42).
Under hypoxic environment, this hydroxylation-mediated degradation pathway is blocked,
thereby allowing HIF-1a to accumulate and translocate in to the nucleus, where it bindsto
the constitutively expressed HIF-1p. The HIF-1a—HIF1-p dimer binds to hypoxia-
responsive-elements (HREs, 5 -RCGTG-3") located in numerous transcriptional target
genes that are implicated in systemic hypoxia responses, such as angiogenesis and
erythropoiesis, and cellular hypoxia responses involving energy metabolism, proliferation,
motility and autophagy (43).

HIF-1a is not only controlled by oxygen tension, but can be regulated by other factors such
as oncogene activation or loss of tumor suppressors. Thus, HIF-1a accumulates in tumor
cells even under normoxic conditions due to activation of oncogenes such as Ras, Src and
phosphoinositide 3-kinase (PI3K), or loss of tumor suppressors such as VHL or PTEN (44).
The pivotal role of HIF in cancer progression is based on the examination of human cancer
biopsy samples and experimental animal models. mmunohistochemical analysis has
demonstrated that HIF-1a is overexpressed in abroad range of human malignancies
including colon, lung, ovary, prostate, skin (melanoma), and stomach cancers Furthermore,
HIF-1a accumulation has been discovered in the majority of breast and colon cancer
metastases and has been associated with poor patient survival (45). This notion is further
supported by various experiments performed with murine and human cancer cell lines
deficient of HIF-1a.. HIF-1a deficiency resulted in delayed tumor initiation, decreased
angiogenesis and metastasis rate (46,47). Thus, HIF-1a protein levels can be used as a
prognosis marker in various cancers as well as a predictive biomarker when designing new
treatment regimes.

Imaging the role of HIF-1 using BOLD Contrast MRI

Blood-oxygen-level-dependent (BOLD) effect was first described by Ogawa et a for
imaging the blood oxygen level in rat brain (48,49). BOLD images reflect the changesin the
amount of oxygen bound to hemoglobin in blood and thus can be used for imaging acute and
chronic changesin blood flow and oxygenation in tumors.

Deoxygenated hemoglobin is paramagnetic and its compartmentalization in red blood cells
(RBC) creates magnetic susceptibility differences between RBC and plasmathus increasing
R2’, aterm sengitive to variationsin local magnetic susceptibility. The transverse relaxation
rate (R, = 1/To) may also increase if the size of the variationsis as large as the diffusion
path length (50). Overall, Ry* which isthe sum of R, and Ry, isincreased by
deoxyhemoglobin. Thus, it has been proposed that tumor Ry* measurements may provide a
sensitive index to tissue oxygenation (12). The functional dependence of To* on
oxygenation in atissue can be approximated by the following relation (Eqg. [1]):
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1
T—;a'(l—Y)b [1]

WhereY isthe fraction of oxygenated blood and b is the fractional blood volume (48). In
hypoxic tumorswhere 0 <Y < 0.2, the contrast produced by the method is primarily
dependent on fractional blood volume. BOLD-MRI has been used to study the role of
vascular endothelial growth factor (VEGF) in vessel maturation and the functional status of
the vascular bed in poorly oxygenated tumors such as subcutaneous models (51,52) and in
xenografts with random orientation of sprouting capillaries (53,54).

Maps of functional vasculature using BOL D-contrast showed reduced vascular function in
response to hyperoxia, as detected by BOL D-contrast MRI in HIF-1a. deficient tumors
(Figure 2 B) (55). This correlated with reduced expression of VEGF and reduced vessel
density in the HIF-1a—deficient tumors relative to the wild type (55). HIF-1p deficient
tumors showed large heterogeneity in BOLD contrast within each individual tumor, but
remarkably no consistent differences between wildtype (WT) and ¢4 Hif-1 beta deficient
tumors (Figure 2 C) (56).

Human Von Hippel-Lindau VHL tumors, in which HIF-1 is constitutively activated, were
studied by BOLD contrast MRI, showing significant response to anti-angiogenic treatment
with halofuginone (Figure 2 D) (57). The effect of inhibition of HIF-1 in tumor bearing mice
was investigated using dynamic contrast enhanced (DCE) and diffusion weighted (DW)
MRI, demonstrating a reduction in vascular volume and permeability, followed by decreased
tumor cellularity (58).

Metabolic shift in solid tumors

A magjor intracellular adaptation to severe hypoxiais the transition from oxidative
phosphorylation to glycolysis as the principal means of ATP generation. Thus, one of the
most important aspects of hypoxic HIF-1 isto compensate for the fact that glycolysis
generates twenty fold less ATP per mole of glucose compare to oxidative phosphorylation.
To balance ATP consumption HIF increases both glucose transfer and glycolysis rate
(Figure 3 A). Initially by transcriptional transactivation, HIF-1 el evates the expression of
two abundant glucose transporters GLUT1 and GLUT3. Since these transporters pump
glucose from its relatively high blood levelsto low intracellular levels, thus increasing their
protein level increases the flux of glucose into the hypoxic cell (59). To channel this mass of
glucose concentration into glycolysis, HIF-1 increases the amounts of key enzymes involved
in this process (60).

Thisincrease in the glycolytic rate is accompanied with mitochondrial oxidative
phosphorylation attenuation resulting through transcriptional activation of pyruvate
dehydrogenase kinase 1 (PDK1) (61). HIF-1 further decreases mitochondrial activity by
stimulating Bcl-2/E1B-19K-interacting protein 3 (BNIP3) expression, which selectively
triggers mitochondrial autophagy (62). The transition of tumorsto high glycolytic activity
can be used for tumor detection and monitoring by non-invasive imaging.

Imaging glucose uptake

The primary method for monitoring glucose uptake by tumors is the detection of the
accumulation of 2-18F-fluoro-2-deoxy-D-glucose (FDG) by positron emission tomography
(PET). The development of PET/CT (computed tomography) (6,63,64) and the recent
development of PET/MR (Figure 3 B) had enabled obtaining both molecular and
morphological information at the same time (65).
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FDG enters the cells by glucose transporters and then phosphorylated by hexokinase to
FDG-6-phosphate. The phosphorylation product does not enter the glycolysis pathway, but
remains inside the cells where it accumulates. The increased FDG uptake was found to result
from upregluation of glucose transporters, in particular the glucose transporter-1 (GLUT1).

Di Chiro reported the clinical use of FDG-PET by showing the correlation between FDG
uptake and the malignancy of cerebral tumors (66). These days, the vast majority of clinica
PET studies use FDG, and its main applications include the staging and diagnosis of various
malignancies, identification of metastatic |esions and monitoring of therapy (6,63,64).
Among the many clinical studies done over the recent years, the most established and agreed
upon are the staging of colorectal cancer, melanoma and lymphoma (67), lung cancers
staging (64) and response to therapy (68).

Recently anear infrared analog of 2-deoxyglucose (IRDye800CW 2-DG; Li-Cor
Biosciences, Lincoln, NB) was applied to allow optical imaging of glucose uptakein small
animals (69).

Monitoring tumor glycolysis by magnetic resonance

IH MRS was suggested for mapping lactate, the metabolic product of glycolysis (6). The
response to chemotherapy, can be detected showing a decrease in lactate levels (70).
However, 1H spectra of metabolites are often obscured by the large water signal and the
broad lipid resonances, thus presaturation of the water or fat resonances and phase cycling
are added to the pulse program to eliminate the lipid signals (71).

Magic angle spinning (MAS) had enabled the study of ex-vivo biopsies of tumors and their
metabolic profiles at high resolution. For example, using MAS of ex-vivo malignant lymph
nodes, a correlation was found between lactate levels and histopatholgical grades (72,73).

13C MRSiis useful for evaluating the kinetics of some of the metabolic pathwaysin cancer,
in particular, glycolysis. It is possible to determine the glycolysis rate by the rate of glucose
conversion to lactate using 13C MRS. However, these spectrawill usually suffer from low
SNR dueto 13C low natural abundance (64). The use of enriched 13C substrates may help
overcome this sensitivity issue, thus enabling the in-vivo measurements of glucose
metabolism in tumors (74). Another technique to increase the SNR of the spectrum is by the
indirect detection of 13C through heteronuclear Cross Polarization between 1H and 13C

(75). 13C-CP was applied in C3H murine mammary carcinomas in-vivo to study the
glycolytic rate under hypoxia, normoxia and hyperoxia Glucose and lactate clearance rates,
aswell as apparent glycolytic rate were determined, demonstrating the increase in glycolysis
with decrease in oxygenation, thus eval uating the relationship between oxygen status and
energy metabolism (75).

Dynamic nuclear polarization (DNP) technique had enabled the hyperpolarization of 13C
labeled molecules, thus obtaining signal enhancements of >10,000 times (76). The DNP
technique is based on the polarization of nuclear spins, at about 1 K, through their coupling
with the unpaired electrons that are introduced through the labeled free radical. At such a
low temperature, the high electron polarization is transferred to the nuclear spins by
microwave irradiation (76).

Due to the high enhancement ratio, this new technique, together with the development of
new 13C-based probes, has provided the base for studies of metabolic fluxesin afew
biochemical pathways (77-79). Hyperpolarized [1-13C]-pyruvate was one of the first
investigated biomarkers, because of itsrelatively long T1 and its being a key factor in
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several biochemical pathways (78). DNP studies performed in tumors have shown that the
labeled pyruvate is converted into lactate, alanine and bicarbonate (Figure 3 C) (77-79).

The consequences of the increased glycolysis and lactate production is the reduced
extracellular pH in cancer (6). The distribution of pH can be mapped elegantly by 13C MRI
using hyperpolarized bicarbonate (Figure 3 D) (80).

Application of DNP for analysis of tumor metabolism is limited by the decay of polarization
with T1 relaxation, limiting the analysis to seconds after administration. This limitation may
severely impact application particularly in regions of limited blood flow as expected for
hypoxic regions of tumors.

Hypoxia and genetic stability

Tumor cells are exposed to fluctuating and chronically low level of oxygen thus, resulting in
accumulation of DNA deletions and translocations (8). These alterations accumulation is
due to the reduced DNA repair capacity under hypoxia (81,82).

Recently, the role of hypoxia regulated microRNAs mir-210 and mir-373, on the expression
of DNA repair genes was demonstrated (83). Despite the importance of genetic instability to
cancer, development of non-invasive imaging tools for detection of genetic instability
remain a challenge.

Hypoxia induced angiogenesis: the role of VEGF

A major cellular response to hypoxic stress mediated by HIF-1 is the stimulation of VEGF
(Figure4 A). VEGF is a 34-46-kDa heparin-binding dimeric glycoprotein, which is
specifically mitogenic for endothelial cells (84). Theinitial step in VEGF action is binding
to either of two tyrosine kinase receptors, VEGFR-1 and VEGFR-2. VEGFR-2, however, is
the main receptor involved in activation VEGF signal transduction cascade of intracellular
events involving Raf/Mek/Erk (85) and phosphatidylinositol (PI)-3 kinase-Akt pathways.
Thus, leading to integrin-mediated cell adhesion, growth, proliferation, migration, survival,
and increased permeability of endothelial cells (86). The regulation of VEGF expression
during tumor progression may involve diverse mechanisms in addition to hypoxia, including
activated oncogenes, mutant or deleted tumor suppressor genes, cytokines and hormonal
modul ators (87).

Imaging of VEGF induced angiogenesis

Over the past years, there has been a surge in the devel opment of MRI techniques studying
tumor angiogenesis, with the main goal of monitoring the response to antiangiogenic therapy
(88). VEGF is considered a main regulator involved in the development of new
microvasculature thus many of the efforts over the past years have focused on the
development of non-invasive, accurate and quantitative MRI techniques for monitoring the
response to elevation in VEGF levels or to anti-VEGF treatment /n-vivo. Since one of the
early responses of VEGF stimulation isincreased vascular permeability, DCE-MRI is
considered to be one of the most effective techniques for the study of tumor angiogenesis
(27,58,89-93).

DCE-MRI using the small molecular weight GADTPA can detect changes in tumor
microvasculature properties, and is considered one of the most common clinical techniques
for monitoring changes in VEGF-induced permeability (94). Kinetic parameters such as the
influx and efflux are derived from the T4 relaxivity changes induced by the contrast agent
and used to determine the extravascular extracellular volume fraction and transcapillary
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transfer rates (95). The utility of these parameters in evaluating the efficiency of anti-VEGF
treatment has been studied (96). However, due to their fast rate of extravasation also from
normal vascular beds, low-molecular contrast agents are not ideal for studying vascular
permeability in tumors.

Enhanced permeability, associated with VEGF stimulation, leads to the extravasation of
plasma proteins, thus DCE-MRI using high-molecular-weight contrast agents can be used
for increased sensitivity and specificity in detection of vessel permeability (89). Albumin-
based contrast materials can be used to study tumor vascular volume fraction and vascular
permeability, from the dynamic T4 maps acquired before and after the administration of the
contrast materia (92).

Acute hyperpermeability induced by intradermal administration of VEGF165 was
demonstrated using albumin based contrast material (biotin-BSA-GdDTPA) (97). Early
local vasodilation and increased permeability in response to intradermal VEGF165 were
detected. Accumulation of the contrast material followed a single exponential saturation
behavior. Analysis of the saturation kinetics of contrast |eak provided noninvasive
quantification for the rapid kinetics of inactivation of VEGF in vivo (97). Chronic exposure
to VEGF was found to be associated with increased blood volume (Figure 4 B), increased
vessel permeability (Figure 4 C) and enhanced interstitial convection (Figure 4 D) (91).

Therole of VEGF in vascular plasticity and the importance of vascular maturation in
vascular resistance to VEGF withdrawal were measured by BOLD-contrast MRI (51).
Switchable, VEGF-overexpressing tumors implemented in nude mice displayed high
functionality as a response to hyperoxiawith high VEGF levels. Upon VEGF withdrawal,
only regions of immature blood vessels displayed significant vascular damage, whereas
mature tumor vessels were resistant to VEGF withdrawal, and showed no signal changesin
response to hypercapnia. This study demonstrated that VEGF is essential for survival of
immature neovasculature (51).

MRI of albumin—gadolinium-DTPA was combined with optical imaging to clarify the
relationship between vascular parameters and hypoxia (28,98). PC-3 human prostate cancer
xenografts were engineered to express enhanced green fluorescent protein under control of
hypoxia response element. Co-localized maps of vascular volume, permeability, and
enhanced green fluorescent protein demonstrated that hypoxic regions were characterized by
low vascular volume, and frequently by high permeability, consistent with hypoxiainduced
expression of VEGF (28).

Elevated interstitial fluid pressure, interstitial convection and lymphatic

drain

One of the consequences of the elevated vascular permeability along with inflammation,
lymphatic vessel abnormalities, fibrosis and contraction of the interstitial matrix is elevation
of theinterstitial fluid pressure (IFP) (99,100). DCE-MRI of orthotopically inoculated
invasive breast tumors revealed a discrepancy in outward and inward fluxes of the contrast
during tumor growth, with the outward exceeding the inward (101). Slow infusion of Gd-
DTPA into the blood of mice transplanted with ectopic human lung tumors yielded images
of the steady-state distribution of the contrast material, indicating that the transfer of
GdDTPA in tumors may be regulated by |FP (102).

The effects of tumor vascular hyperpermeability, induced by overexpression of VEGF, on

interstitial convection and lymphatic uptake were measured by DCE-MRI, confocal
microscopy and histology, using albumin triple-labeled with biotin, fluorescein, and

NMR Biomed. Author manuscript; availablein PMC 2013 January 29.



sydLosnue |\ Joyiny siepund D |ANd @doun3 ¢

syduosnue |\ Joyiny siepund DINd @doin3 ¢

Avni et al.

Page 10

GdDTPA (91). C6 gliomatumors engineered to overexpress VEGF165 under the switchable
tetracycline regulation (C6-pTET-VEGF165). DCE-MRI was applied after i.v.
administration of the contrast material, producing maps of blood plasmavolume (fBV:
Figure 4 B), vessel permeability (PSP; Figure 4 C) and interstitial convection (Time2max;
Figure 4 D), which were confirmed by fluorescent microscopy and histology. In order to
follow the lymphatic drain, avidin chase was applied, inducing rapid clearance of the
intravascular biotinylated contrast material, providing experimental separation between
vascular leak and lymphatic drain. This study demonstrated that VVEGF stimulation
increased not only vascular density and vascular hyperpermeability, but also interstitial
convection and lymphatic drain.

Heparanase-dependent vascular changes in lymph nodes and the initial stages of lymph node
infiltration were similarly detected by DCE-MRI following the administration of thetriple
labeled albumin (biotin-BSA-GdDTPA-FAM/ROX) (103). Heparanase-overexpressing
subcutaneous Eb mouse T-lymphoma tumors showed elevated vascular permeability in the
primary tumors as well asin the draining lymph nodes. Early enhancement was induced for
those lymph nodes draining the primary tumors, and enhancement was further elevated for
tumors overexpressing heparanase. These results further support the role of heparanase in
tumor metastasis to sentinel lymph nodes (103).

Heparanase proangiogenic and prometastai c properties were investigated by BOL D-contrast
MRI. Upon overexpression of a secreted form of heparanase in mouse lymphoma cells,
increased vessel density and increased functionality was observed as a response to hyperoxia
(104). The effects of lymphatic drain, reveaed by delayed enhancement and drain in BSA-
GdDTPA enhanced MRI and metastatic spread to sentinal lymphnodes was demonstrated
also for breast tumors (98).

Hypoxia, oxidative stress and inflammation

Intermittent blood flow leading to exposure of tumor cells to acute hypoxia and reperfusion,
along with the switch to glycolysis and changes in mitochondrial function, result in
generation of reactive oxygen species (ROS). Exposure to ROS can contribute to the
induction of inflammation, it can promote tumor cell invasion and it can stimulate
lymphangiogenesis, thereby facilitating lymphnode metastatic spread (Figure 5 A).

The inflammation—cancer link can be viewed as a defense mechanism (tumor
immunosurveillance) as well as tumor platform contributing to tumor initiation, growth and
invasiveness. Infiltrated inflammatory cells, such as neutrophils, lymphocytes and
macrophages help to establish a microenvironment promoting cancer devel opment, whereas
amalignant tumor feeds the inflammatory response and accelerates tumor growth. These
infiltrated immune cells secrete cytokines, chemokines and growth factors, such as TNFa,
TGFp, IL-6, fibroblast growth factor (FGF) and epidermal growth factor (EGF) (105),
which activate two key transcription factors NF-xB and STAT3 in response to
microenvironmental stress (106). Activation of NFxB plays a central rolein the activation of
numerous proinflammatory cytokinesin multiple cell types, including macrophages, T cells
and epithelial cells. NFxB promotes cancer cell migration and metastasis induced expression
of Bcl-2 to suppress apoptosis (107). Although STAT3 can be activated by various
cytokines, growth factors and oncogenicmolecules, its constitutive expression is often found
adjacent to infiltrated immune cells within the tumor (108). Furthermore inflammatory
signals also regulate the production and activation of various proteases, which degrade
extracellular matrix (ECM), and facilitate invasion and extravasation of cancer cells.
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The recruitment of macrophages and other inflammatory cells to tumors can be followed by
imaging using iron oxide labeling. Alternatively the cells can be [abeled with NIR
fluorescent dyes for fluorescence tomography (FMT; Figure 5 B) (109).

The pro-inflammatory environment in tumors stimulates cell motility and invasion. One of
the effects is the secretion of matrix metalloproteinases (MMPs), afamily of 23 zinc-
containing endopeptidases that cleave a broad range of components of ECM, basement
membrane, growth factors, and cell surface receptors (110). MMPs that are upregulated in
cancer progression, can act as oncogenes, and promote invasion and metastasis in most solid
tumors. MM Ps are synthesized by awide variety of cell types and are present in an inactive
form as secreted or cell surface proteins. Their activation is mediated by proteinases, such as
furin, plasmin (111) aswell as by ROS (112). The predominant MM Ps implicated in tumor
progression are MMP-2, -9, and -14 (113). Analysis of the mechanismsinvolved in the
tumor-induced angiogenic switch has identified MM P-9 as amajor contributor due to its
ability to break down basement membrane and release VEGF (114). Additionally, MMPs
were shown to be involved both in the inflammation and lymphangiogenesis processes of
the expending tumor (115). Imaging MMP activity in tumors was reported using a smart
activatable NIR probe (116) (Figure 5 C).

Oxidative stress and lymphangiogenesis

Summary

Oxidative stress induces multiple stress pathways. Recently, the role of lens epithelium
derived growth factor (LEDGF) was recognized as part of the response of mammalian cells
to oxidative stress. LEDGF induces expression of its target genes either through activation
of a stress response element (117) or by facilitating chromatin interaction of JPO2, the Myc-
interacting protein (118). VEGF-C, the primary growth factor inducing lymphangiogenesis
was implicated in lymph node metastasis in many cancers (119). VEGF-C mediates its
effect through the VEGFR-3 receptor on lymphatic endothelial cells, shows LEDGF-
induced expression in response to oxidative stress (as well as hormonal stimulation)
(120,121). The promoter of VEGF-C includes a, STRE enhancer that is conserved in
mammals and mediates LEDGF induced expression of VEGF-C. Intravital imaging
demonstrated the expansion of the peritumor lymphatic bed in response to LEDGF over
expression (120) (Figure 5 D).

Tumor cells evolve under selection pressure generated by the exhaustion of nutrient supply
and the exposure to chronic and acute hypoxia. Under these conditions, tumor cells adopt a
range of characteristic alterations that facilitate tumor progression and metastasis. Tumor
hypoxia was associated with genetic instability, elevated glycolysis and angiogenesis,
increased tumor acidosis and elevated interstitial pressure along with increased peritumor
convection and lymphatic drain. The ability to non-invasively image the many changes
associated with tumor hypoxia and its consequences, provides acritical role for imaging in
preclinical research and in clinical assessment of tumor progression.
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Figure 1.

Blood flow and tumor hypoxia.

A) Scheme showing the dynamic interaction of tumor perfusion, cell proliferation and cell
death. Oxygen variation between normoxia, and chronic and acute hypoxia affect tumor
progression through multiple mechanisms. B) EPR oximetry . Regiona tissue pO, from an
SCC tumor-bearing mouse obtained by OMRI at 0.015 mT overlaid ona7-T MRI. FOV =
32 mm. Reproduced from (27).

C) 19F MR oximetry. Partial pressure of oxygen (pO») maps obtained using FREDOM
(fluorocarbon relaxometry using echo planar imaging for dynamic oxygen mapping). Large
tumor (3.6 cm3; a-c), and asmall tumor (1 cm3; d-f). (a, d) Colorscale of 19F derived
hexafluorobenzene distribution. (b, €) pO, maps during air breathing. (c, f) pO, maps after
24 min oxygen breathing. Reproduced from (36).

D) 1H MR ‘PISTOL’ oximetry, showing pO2 maps of rat thigh muscle (a-€) and Dunning
prostate R3327 prostate MAT-Lu tumors (f-j) . (b, g) CHESS spin-echo images showing the
distribution of the injected HMDSO. The corresponding time course PISTOL pO, maps (c,
h, air; d, i, 30 min oxygen; €, j, 30 min after return to air). Reproduced from (38).
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Figure2.

HIF-1 as aregulator of cellular response to hypoxia

A) Scheme showing the hypoxic regulation of hif-1 by hypoxia, and the panel of responses
induced by stabilization of hif-lalphain hypoxic cells.

B) BOLD contrast MRI showing response to hyperoxiain Hif-1 alpha deficient ES-
teratomas, from (55).

C) Hif-1 beta deficient tumors: T2* maps from aWT (a) and a c4 hif-1 beta mutant (b)
tumor. Signal intensity, related to hemogl obin oxygenation, demonstrates the heterogeneity
within each individual tumor rather than consistent differences between the WT and c4
tumors. Reproduced from (56).

D) VHL tumors. BOLD contrast MRI of Hippel-Lindau VHL tumors showing vascular
response to hypercapnia and hyperoxia. Halo, treatment with hal ofuginone as antiangiogenic
therapy, reproduced from (57).
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Figure 3.

Hypoxia, glycolysis, and tumor acidosis.

A) Scheme showing the role of hypoxiain mediating tumor glycolytic activity, including
increased glucose uptake, lactate production and acidosis.

B) Mapping glucose uptake by simultaneousin vivo PET and MR imaging. Mouse FDG
tumor imaging: (Upper Left) PET image, (Upper Right) MR image, and (Lower) fused PET
and MR image. One transaxial image dlice is shown. Reproduced from (65).

C) 13C MRI mapping of lactate production from hyperpolarized pyruvate. Color scale maps
theintensity of lactate on the anatomical 1H image. The P22 tumor tissueisindicated by the
highest signal for lactate. Reproduced from (78).

D) 13C MRI pH mapping of a mouse with a subcutaneously implanted EL4 tumour (outlined
in white). The pH map was cal culated from the ratio of the H13COz-and 13CO, in 13C
chemical shift images acquired after intravenous injection of hyperpolarized H13COs.
Reproduced from (80).
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VEGF as aregulator of hypoxiainduced angiogenesis.

A) Scheme showing the acute effects of VEGF on vascular permeability. Sustained EGF
activation leads to vascular expansion by angiogenesis. Vascular permeability induced by
VEGEF serves as the driving force for interstitial convection.

B-D) Analysis of DCE-MRI using biotin-BSA-GdDTPA of aVEGF over expressing C6 rat
gliomatumor in a nude mouse. Reproduced from (91).

B) Blood volume fraction (fBV) maps, derived from the initial enhancement, show
increased blood vessel in the tumor rim.

C) Vessdl permeability, permesbility surface area product (PSP) map is derived from the
initial rate of accumulation of contrast mediain the interstitial space.

D) Interstitial convection, Time2max map shows the gradual outward flux of contrast media
from the tumor rim.
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Oxidative stress and metastasis.

A) Scheme showing the role of intermittent hypoxia and glycolysisin generation of reactive
oxygen species (ROS). Exposure to ROS can induce inflammation, promote tumor cell
invasion and stimulate lymphangiogenesis.

B) Imaging tumor inflammation, MRI-FMT of tumor associated macrophages. Reproduced
from (109).

C) Imaging MMP activity. In vivo NIRF imaging of HT1080 tumor-bearing animals. Top
row) raw image (700-nm emission). Untreated (left), treated with the MMP inhibitor
prinomastat (right). Bottom row) color-coded tumoral maps of MMP-2 activity. Reproduced
from (116).

D) Intravital imaging of peritumor lymphangiogenesis stimulated by LEDGF-induced
expression of VEGF-C. C6 rat gliomatumors (red) were inoculated in the edge of cd-1 nude
mouse ear. Lymphatic vessels (green) were detected by fluorescence
microlymphangiography. Blood vessels (blue) were detected by dynamic light scattering
imaging. Reproduced from (120).
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