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Preface

I am pleased to introduce the book entitled Hypoxia and Cancer Metastasis
in the Advances in Experimental Medicine and Biology series. The latest
books on hypoxia and cancer, edited by Celeste Simon in 2010 and Giovanni
Melillo in 2014, offered an excellent overview for scientists interested in the
role of hypoxia in cancer biology. The current book aims to provide an update
with a specific focus on hypoxia and metastasis. I am thankful that each
contributor wholeheartedly welcomed the invitation to contribute chapters to
provide a comprehensive (to-date) understanding of the role of hypoxia in
metastasis. Each of the contributors has spent their career focused on
understanding the role of hypoxia in human disease, in particular, cancer.

Metastasis is the leading cause of cancer death. Of all the processes
involved in tumorigenesis, local invasion and the formation of metastases are
the most clinically relevant because they result in deaths attributed to cancer.
Intratumoral hypoxia is found in a majority of solid tumors and is associated
with an increased risk of metastasis and cancer treatment failure. This has
prompted the need for intensive investigation by cancer biologists, clinicians,
and scientists, alike. Therefore, the purpose of this book is to provide a review
of clinical and preclinical studies that explore the influence of hypoxia in the
metastatic process. The first chapter provides an introduction and lays the
groundwork for the book. Chapter 2 provides an up-to-date review on the
clinical and preclinical methods used to quantify hypoxia in tumors. The
chapters that follow examine the role of hypoxia in integral steps that are
required for metastatic disease including the role of hypoxia in angiogenesis
and lymphangiogenesis, secreted factors that influence homing and migration,
and metabolic programming to enhance cell fitness and promote tumor
heterogeneity. The closing chapters discuss the role of hypoxia in immune
suppression and resistance to therapy. The final chapter discusses current
clinical trials and emerging therapies aimed at targeting hypoxic cells.

The book is designed for researchers both new and heavily engaged in
hypoxia research. The overall goal is to encourage the development of
matched biomarkers and therapeutics for cancers in which hypoxia plays a
detrimental role.

Baltimore, MD, USA Daniele M. Gilkes
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Hypoxia Mediates Tumor
Malignancy and Therapy

Resistance

Weibo Luo and Yingfei Wang

Abstract

Hypoxia is a hallmark of the tumor microenvi-
ronment and contributes to tumor malignant
phenotypes. Hypoxia-inducible factor (HIF)
is a master regulator of intratumoral hypoxia
and controls hypoxia-mediated pathological
processes in tumors, including angiogenesis,
metabolic reprogramming, epigenetic repro-
gramming, immune evasion, pH homeostasis,
cell migration/invasion, stem cell pluripo-
tency, and therapy resistance. In this book
chapter, we reviewed the causes and types of
intratumoral hypoxia, hypoxia detection
methods, and the oncogenic role of HIF in
tumorigenesis and chemo- and radio-therapy
resistance.
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Reduced O, availability, known as hypoxia, is a
hallmark of the tumor microenvironment. This
biological phenomenon was initially observed in
lung carcinoma by Thomlinson and Gray in
1950s [146]. Accumulating studies have demon-
strated that hypoxia exists in all solid tumors
including breast, pancreas, brain, liver, lung,
stomach, cervix, ovary, head-and-neck, prostate,
bladder, kidney, skin, and colon tumors [6, 7, 14,
77,118, 146, 151, 166], and that up to 50-60% of
tumor regions exhibit much lower O, levels than
their tissues of origin [152]. For example, the
median partial pressure of O, (pO,) is about 10
mmHg in breast tumors, which is significantly
less than 65 mmHg in normal breast tissues
[152]. While the presence of intratumoral hypoxia
is independent of tumor size, grade, stage, or his-
tology [106], hypoxia regulates many pathologi-
cal processes to promote tumor malignancy and
is significantly correlated with poor clinical out-
come in cancer patients.
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Definition of Intratumoral
Hypoxia

1.1

Intratumoral hypoxia is the result of an imbal-
ance of reduced O, supply by abnormal tumor
vessels and increased O, consumption by highly
proliferative cancer cells. The tumor blood ves-
sels are often occluded and leaky [19], resulting
in transient perfusion-limited hypoxia within a
tumor, also known as acute hypoxia. The time
frame of acute hypoxia is variable in tumors, and
it can last for several minutes to days [13].
Hypoxia also causes the significant morphologi-
cal changes of endothelial cells in the tumor ves-
sels, which functionally reduces O, diffusion to
the surrounding tumor tissues [44]. As a result,
the area within 70-100 pm away from the blood
vessel is relatively oxygenated but oxygen diffu-
sion is dramatically impaired beyond 100—
150 pm distance to the blood vessel, leading to
hypoxia or even anoxia in the necrotic regions.
This type of intratumoral hypoxia has been
termed ‘diffusion-limited’ hypoxia or chronic
hypoxia. Chronic hypoxia exists from several
hours to weeks in tumors [13]. Emerging studies
showed that the pO, levels may fluctuate by
cyclic hypoxia and reoxygenation within a tumor,
which is defined as intermittent hypoxia [103].
Several studies have reported fluctuations of
blood flow in human and murine tumors using

Blood vessel

Oxygenated g%

Fig. 1.1 Heterogeneity of intratumoral hypoxia
Solid tumors display t he gradient pO, levels. The tissues
surroundin g the blood vessel are relatively oxygenated,

laser Doppler and O, microelectrode approaches
[61, 74, 115]. Intermittent hypoxia may robustly
increase oxidative stress in tumors [94]. Martinive
P et al. showed that intermittent hypoxia makes
tumor cells and endothelial cells more resistant to
apoptosis and radiotherapy [97]. Cancer cells
exposed to intermittent hypoxia have been shown
to be more aggressive and increase ability in
tumor initiation and metastasis in xenograft mice
[28, 123]. Overall, solid tumors suffer the tempo-
ral and spatial changes of pO,, which lead to het-
erogeneous and gradient O, distribution
(Fig. 1.1). Three types of hypoxia trigger the dis-
tinct intracellular signaling pathways in tumor
cells by altering O, concentration and flux time
duration and have a significant pathological role
in tumorigenesis.

Detection of Intratumoral
Hypoxia

1.2

As hypoxia drives tumorigenesis and also medi-
ates resistance to chemo- and radio-therapy, the
measurement of intratumoral hypoxia has great
value for the basic cancer research and clinical
prognosis/diagnosis in cancer patients. Many
invasive and non-invasive approaches have been
developed to detect and quantify the pO, levels
within a tumor in experimental conditions as well

but O, diffusion is significantly impaired beyond 100 pm
distance to the blood vessel, which leads to hypoxia or
even anoxia in the necrotic regions
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Table 1.1 Methods in detection of intratumoral hypoxia

‘ Application ‘ References
Invasive methods
Polarographic oxygen electrode Direct method [36]
Luminescence-based optical sensor Direct method [33]
Pimonidazole Immunohistochemistry [57]
HIF-1a Immunohistochemistry [125]
Carbonic anhydrase IX Immunohistochemistry [125]
18F-2-nitroimidazolpentafluoropropylacetamiede (EF5) Immunohistochemistry [57]
Non-invasive methods
18F-fluoromisonidazole (18F-FMISO) PET [76]
2-deoxy-2-(18F)fluoro-D-glucose (18F-FDG) PET [138]
18F-fluoro-erythronitroimidazole (18F-FETNIM) PET [34]
18F-fluoro-azomycin-arabinoside (18F-FAZA) PET [114]
18F-2-nitroimidazolpentafluoropropylacetamiede (EF5) PET [168]
18F-EF3 PET [92]
18F-FRP170 PET [70]
18F-flortanidazole (HX4) PET [150]
[(68) Ga]-HP-DO3A-nitroimidazole PET [159]
Cu-ATSM PET [64]
BI-TAZGP PET [120]
897r-labeled ¢G250-F(ab’), PET [63]
123]-lodoazomycin arabinoside SPECT [113]
9mTc-cyclam-2-nitroimidazole Planar scintigraphy [4]
%Ga-metronidazole MRI [101]
Oxygen-enhanced MRI MRI [110]
Dynamic contrast-enhanced MRI MRI [43]
Blood oxygen level-dependent MRI MRI [110]
Tissue oxygen level dependent MRI MRI [8]

as the clinical settings (Table 1.1). The eppendorf
polarographic needle electrode is the most direct
method that utilizes the electrochemical reduc-
tion of O, at the cathode to measure pO, [36]. The
electrode is sensitive and can rapidly detect pO,
changes in tumors. However, this invasive
approach measures local pO, levels surrounding
the electrode, which cannot represent the entire
tumor due to the heterogeneity of intratumoral
hypoxia. The electrode itself consumes O, during
measurement, leading to the overestimation of
tumor hypoxia. Therefore, this method has limi-
tations for clinical application.
Immunohistochemical methods have been
also developed to detect intratumoral hypoxia in
preclinical cancer models and biopsies from can-
cer patients (Table 1.1). Pimonidazole, which
was originally developed as a hypoxic cell radio-
sensitizer for clinical use [108], binds to thiol
groups from proteins, peptides, and amino acids

specifically in viable hypoxic cancer cells.
Pimonidazole-positive cells can be visualized by
an antibody-based immunohistochemical assay
under microscopy [57]. Likewise, hypoxia-
inducible factor (HIF)-la, a subunit of the
hypoxia regulator HIF, and its target gene car-
bonic anhydrase IX are also frequently used as
hypoxia markers to detect hypoxic regions in
tumors by the immunohistochemical approach
[125]. Therefore, immunohistochemical staining
generates the high-resolution hypoxic regions at
a single cell level within a tumor. Although
immunohistochemical methods have been widely
employed to quantify hypoxic regions in solid
tumors, the disadvantage of these methods is that
they display a static but not dynamic hypoxia sta-
tus in tumors.

The non-invasive imaging methods including
positron emission tomography (PET), single
photon  emission computed tomography
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(SPECT), and magnetic resonance imaging
(MRI) have been widely employed in clinical
diagnosis. These approaches are considered as
the practical, sensitive, and reproducible hypoxia
imaging methods. A number of hypoxia PET
radiotracers have been developed for the repeti-
tive measurement of intratumoral hypoxia in the
animal models and cancer patients (Table 1.1).
The current hypoxia PET radiotracers are classi-
fied into two major families, 18F-labelled
nitromidazole analogs and Copper(Il)-labelled
diacetyl-bis(N*-methythiosemicarbzaone)
(Cu-ATSM) analogs. 18F-fluoromisonidazole
(18F-FMISO) is the first PET tracer for hypoxia
detection in the clinical studies [76]. Like other
2-nitroimidazole analogs, 18F-FMISO is metab-
olized into reactive intermediates, and these
intermediates are further reduced to the nitro-
radical anion that can bind to intracellular macro-
molecules in hypoxic cells. In contrast,
18F-FMISO intermediates are re-oxidized into
the original compound under normoxia. As such,
18F-FMISO is irreversibly trapped and accumu-
lated in viable hypoxic cells below 10 mmHg,
which can be detected by a PET scanner for
quantification of spatial and temporal pO, levels
in many human cancers, including breast, brain,
lung, head-and-neck, prostate, and kidney can-
cers [33, 65,76, 119, 149]. However, 18F-FMISO
has little clinical value in rectal and pancreatic
cancers because of their non-specific accumula-
tion in normoxic colon tissues or no accumula-
tion in pancreatic tumors [122, 128].

Cu-ATSM is another class of hypoxia PET
radiotracer that is used for clinical prognosis in
cancer patients. Cu offers a series of radioiso-
topes (60Cu, 61Cu, 62Cu, 64Cu, and 67Cu) and
64Cu is often used for PET imaging due to its
appropriate half-life (12.7 hr) and good imaging
resolution [64]. 64Cu-ATSM is highly membrane
permeable and requires less time to enter the cell,
compared to 2-nitroimidazole analogs. After
uptaken to the cell, Cu(Il)-ATSM is reduced to
Cu(I)-ATSM" by intracellular thiols. Reduced
Cu(I)-ATSM- can be re-oxidized back to Cu(Il)-
ATSM by O, and then exits from the cell under
normoxia. However, Cu(I)-ATSM- is dissociated
under hypoxia and free Cu(l) is trapped within

hypoxic cells, where the acidic environment
facilitates destabilization of Cu(I)-ATSM and
cellular Cu(I) trapping [40]. The application of
the Cu-ATSM approach for prognostic evaluation
has been studied in patients with head-and-neck
cancer, cervical cancer and lung cancer [41, 51,
144].

18F-fluorodeoxyglucose (18F-FDG) is a
D-glucose analog and has been extensively used
as a hypoxia marker in preclinical and clinical
cancer studies. The rationale of this radiotracer is
that hypoxia increases the expression of the glu-
cose transporters and glycolytic enzymes, and
shifts glucose oxidation towards glycolysis in
cancer cells [129]. Therefore, cancer cells rely on
increased glucose uptake for their growth under
hypoxia. 18F-FDG is accumulated in the cytosol
after entering the cell through the glucose trans-
porters because of lack of a 2-hydroxyl group and
its phosphorylation by hexokinases, which blocks
its degradation via the glycolytic pathway and
prevents leave from cancer cells, respectively.
18F-FDG has a short half-life (110 min) and has
been used for diagnosis in patients with colorec-
tal cancer, breast cancer, head-and-neck cancer,
kidney cancer, or lung cancer [52, 59, 60, 68,
107]. However, the cellular concentration of 18F-
FDG is also very high in normal cells with high
glucose consumption, such as normal cerebral
cortex and basal ganglia in the brain, which gen-
erates a rather high background in the PET image
[11].

MRI is another non-invasive imaging method
that is increasingly being used to measure the
temporal and spatial pO, levels in tumors because
of its high spatial resolution and relatively low
cost. It utilizes a large external magnetic field to
image nuclei of atoms (such as 'H, 'F, or 13C) in
the body and pO, can be quantified in the pres-
ence of the contrast agent. Several functional
MRI techniques, including blood oxygen level
dependent (BOLD) MRI, tissue oxygen level
dependent (TOLD) MRI, dynamic contrast
enhanced (DCE) MRI, and oxygen enhanced
(OE) MRI, have been developed to quantify pO,
changes in tumors [8, 43, 110]. MRI has been
applied to assess tumor hypoxia for prediction of
outcome in the pre-clinical and clinical radiation
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studies [35]. Please see Chap. 2 by Dewhirst and
colleagues for a review of the clinical and pre-
clinical methods for quantifying the extent of
hypoxia in human tumors.

1.3  HIF Is a Master Regulator
in Response to Intratumoral

Hypoxia

Numerous studies have demonstrated that intra-
tumoral hypoxia promotes angiogenesis, glycol-
ysis, cell invasiveness, cell survival, and immune
evasion, leading to cancer progression and metas-
tasis [131]. These cellular adaptive responses to
intratumoral hypoxia are mainly mediated by a
family of HIFs [130]. HIF is a heterodimeric
transcription factor, consisting of a and p sub-

HIF-1a

Fig. 1.2 Regulation of HIF transcriptional activity in
cancer cells

HIF-a is prolyl hydroxylated by PHDs and targeted by the
ubiquitin E3 ligase complex Cul2-ElonginB/C-VHL for
proteasomal degradation under normoxia. HIF-a is also
hydroxylated on the asparagine residue by FIH-1, which
blocks the recruitment of the coactivators p300/CBP,
leading to HIF inactivation. Under hypoxia, the enzy-
matic activity of PHDs and FIH-1 is impaired due to
reduced O, and increased ROS. As a result, HIF-a escapes
from proteasomal degradation and dimerizes with HIF-1p.

units [154]. So far, three HIF family members
(HIF-1, HIF-2, and HIF-3) have been identified
in mammals [53, 135, 147]. HIF-1a is ubiqui-
tously expressed in most cell types, whereas
HIF-2a expression is limited to certain cells,
such as endothelial cells [147]. While a total of
19 distinct HIF-3a transcripts have been identi-
fied in the human genome database due to alter-
native mRNA splicing mechanisms, only 8
variants may encode HIF-3a protein [91]. HIF-1
and HIF-2 are the most well-studied members
and mediate many common and unique biologi-
cal responses to intratumoral hypoxia [132]. The
functions of HIF-3 are diverse as different HIF-3a
isoforms appear to be a gene activator or repres-
sor through distinct mechanisms [99, 165].
HIF-a is regulated by the O,-dependent
ubiquitin-proteasome mechanism (Fig. 1.2) [91].

\

The heterodimer binds to the hypoxia response element
and cooperates with epigenetic regulators including p300,
ZMYNDS, BRD4, and JMJD2C to activate the target
genes whose protein products mediate angiogenesis, met-
abolic reprogramming, epigenetic reprogramming, inva-
sion/metastasis, pH homeostasis, cell survival, autophagy,
maintenance of stem cells, and immune evasion. The
methyltransferases G9a/GLP methylate lysine 674 on
HIF-1a to inhibit HIF-1 transcriptional activity in glio-
blastoma cells
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In well-oxygenated cells, HIF-a is hydroxylated
on the proline (Pro) residues (e.g., Pro 402 and
564 on human HIF-1a) by a family of prolyl
hydroxylases (PHDs) with O, as the substrate
[66]. PHD2 is mainly responsible for prolyl
hydroxylation of HIF-1a [16]. The Von Hippel-
Lindau (VHL) protein recruits prolyl hydroxyl-
ated HIF-a to the ubiquitin E3 ligase complex
Cullin2/Elongin-B/C, leading to HIF-a polyubiq-
uitination and subsequent protein degradation in
the 268 proteasome [98]. Under hypoxia, PHDs’
enzymatic activity is robustly reduced and HIF-a
fails to be prolyl hydroxylated, so that HIF-o pro-
tein escapes from proteasomal degradation and
dimerizes with HIF-1f to enhance the transcrip-
tion of hundreds of genes, whose protein prod-
ucts regulate  angiogenesis, metabolism,
epigenetics, pH homeostasis, stem cell pluripo-
tency, cell survival, cell migration/invasion,
immune evasion, and tumor growth and metasta-
sis (Fig. 1.2). The enzymatic activity of PHDs is
also inhibited by reactive oxygen species (ROS),
whose production is significantly increased under
hypoxia (Fig. 1.2) [23]. Therefore, multiple lay-
ers of molecular regulation have been shown to
control HIF transcriptional activity in cancer
cells.

1.4  HIF and Tumor Angiogenesis

Previous studies demonstrated that HIF-1a,
HIF-2a, and HIF-1p knockout mice all are
embryonic lethal due to defective vasculariza-
tion, indicating an essential role of HIF-1 and
HIF-2 in vascular remodeling [67, 78, 95]. This
scenario has been also documented in tumors.
HIF-1 and HIF-2 are the key regulators of
hypoxia-induced angiogenesis in tumors [80]. It
has been well-known that HIF-1 and HIF-2
directly induce the expression of many genes
involved in multiple steps of angiogenesis,
including VEGFA, VEGFR2, PDGFB, bFGE,
ANGPTI, ANGPT2, ANGPT3, ANGPT4, TEK,
MMP-1, SDF-1, and CXCR4 [1, 2,20,47,62,71,
96, 109, 127, 137, 161]. Multiple cell types
including cancer cells, endothelial cells, and reg-
ulatory T cells are involved in the hypoxia-

induced release of angiogenic factors in tumors
[47, 50, 96]. Thus, HIF-1 and HIF-2 actively par-
ticipate in vascular permeability, endothelial cell
proliferation, basement membrane degradation,
sprouting, cell migration, and tube formation,
leading to new blood vessel formation in tumors.
New blood vessel formation is required to sup-
port rapidly proliferating cancer cells with O, and
nutrients, thereby promoting tumor formation,
development, and metastasis. Inhibition of angio-
genesis by VEGF or VEGF receptor inhibitors
impairs tumor growth in the experimental mouse
models of human cancers as well as in cancer
patients [124]. Please see Chap. 5 for an exten-
sive review of hypoxic signalling in angiogenesis
and lymphangiogenesis.

1.5 HIF and Metabolic

Reprogramming in Tumors

Otto Warburg observed the high rate of glycoly-
sis in tumor tissues even in the presence of oxy-
gen, a phenomenon known as the Warburg effect
[155]. HIF-1 represents one of the molecular
mechanisms of the Warburg effect in renal cancer
[129]. HIF-1 induces the expression of glucose
transporters and glycolytic enzymes to enhance
glucose uptake and oxidation (Fig. 1.3) [133].
Many glycolytic enzymes including hexokinase
2 and phosphofructokinase 1 appear to be onco-
genes that mediate tumor initiation and growth
[157, 163]. Pyruvate dehydrogenase kinase
(PDK) 1 and PDK3 are also the direct HIF-1 tar-
get genes and induced by hypoxia to phosphory-
late and inactivate pyruvate dehydrogenase
complex, thereby shifting pyruvate metabolism
towards lactate in cancer cells [72, 87]. Induction
of lactate dehydrogenase A (LDHA) by HIF-1
further promotes glycolytic flux into lactate in
cancer cells [133]. Lactate is secreted into the
extracellular space by the monocarboxylate
transporter (MCT) 4 [42]. High lactate levels in
tumors are positively correlated with increased
metastasis in head-and-neck cancer patients [18].
Interestingly, it was shown that extracellular lac-
tate can be transported into oxygenated tumor
cells by MCT1 and, as a fuel, supports the tricar-



1 Hypoxia Mediates Tumor Malignancy and Therapy Resistance 7

Glucosegy,

ExfraCe.'Mar Sbag
e

Glucose;,
HK §
Glucose-6-phosphate
PGI}
Fructose-6-phosphate
PFK1}

Cytosgy

i ALDOA
Fructose 1,6-biphosphate — Dihydroxyacetone phosphate

ALDOA}

Glyceraldehyde 3-biphosphate

GAPDH}
1,3-Biphosphoglycerate
PGK}
3-Phosphoglycerate
PGM}
2-Phosphoglycerate
ENO1
Phosphoenopyruvate
PKM2) LD

HA
Pyruvate ‘ Lactate @

PDK1—] PDH |

Acetyl-CoA — Lipid

It
/, Citrate ‘\\.

Oxaloacetate

/ TCA

Malate

Fumarate

N e =

Fig. 1.3 HIF-dependent metabolic reprogramming in
cancer cells

HIF directly induces the expression of the glucose trans-
porters and glycolytic enzymes to upregulate glucose
uptake and oxidation in cancer cells. PDK1 is also upreg-
ulated by HIF-1 in cancer cells and promotes the meta-

Succinate

boxylic acid (TCA) cycle and respiration in these
neighboring cancer cells [139]. These findings
have been also observed in human patients with
non-small-cell lung cancer [45]. Targeting MCT1
by the small molecule inhibitor blocks the growth
of lung tumors in xenograft mice [116].

Recent studies uncovered the feedback role of
the glycolytic enzymes in HIF-dependent gly-
colysis in multiple types of cancer cells. Pyruvate
kinase M2 enhances the transcriptional activity
of HIF-1 and HIF-2 to promote the expression of
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bolic shift towards lactate production by inactivating
PDH. The extracellular lactate is transported via MCT1
into the neighboring cancer cells as a fuel to support their
survival. HIF also enhances reductive glutamine metabo-
lism to sustain the TCA cycle and to increase lipogenesis
in cancer cells

the glucose transporter GLUTI1 and glycolytic
enzymes LDHA and PDKI, thereby increasing
glucose uptake and glycolysis in renal and cervi-
cal cancer cells [90]. Aldolase A (ALDOA)
increases HIF-la protein stability through
lactate-mediated PHD inhibition to promote HIF
transcriptional activity in lung cancer cells [27].
ALDOA activates HIF to increase MMP9 expres-
sion, thereby promoting lung cancer metastasis.
In contrast, fructose-1,6-bisphosphatase 1
(FBP1) inhibits HIF-1 to decrease glycolysis in
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renal cancer cells [83]. The FBPI gene is lost in
human clear cell renal cell carcinoma and loss of
FBP1 promotes renal cancer progression by
increasing HIF-dependent glycolysis. Therefore,
the glycolytic enzymes regulate HIF to control
glycolysis and tumor malignancy.

Glucose donates the carbon to generate acetyl-
CoA, which enters the TCA cycle for the synthe-
sis of ATP, intermediate metabolites, and amino
acids. Activation of HIF leads to increased gly-
colysis but decreased glycolytic flux into the
TCA cycle in cancer cells (Fig. 1.3) [72, 134].
Although glucose-derived carbon source is sig-
nificantly reduced in hypoxic cells, HIF enhances
glutaminolysis to sustain the TCA cycle and lipo-
genesis, which are necessary for cancer cell sur-
vival under hypoxia [102, 156]. Isocitrate
dehydrogenase (IDH) 1/2 are responsible for the
reductive carboxylation of glutamine-derived
a-ketoglutarate for de novo lipogenesis under
hypoxia, although it is unclear how hypoxia pro-
motes the reductive activity of IDH1/2 in cancer
cells. HIF-1 also increases the ubiquitin E3 ligase
SIAH2-mediated ubiquitination and subsequent
degradation of the EI1 subunit of the
a-ketoglutarate dehydrogenase complex, thereby
facilitating reductive glutamine metabolism in
hypoxic cells [142]. Therefore, activation of HIF
reprograms the cellular metabolic pathways to
supplement the intracellular metabolites that are
necessary for cancer cell growth under hypoxia
(Fig. 1.3). Chapter 5 contains further discussion
of hypoxia and metabolic reprogramming in
cancer.

1.6  HIF and Epigenetic

Reprogramming in Tumors

Hypoxia mediates reprogramming of the chro-
matin landscape by inducing many HIF-
dependent epigenetic regulators in cancer cells
[91]. It has been reported that hypoxia induces
the global increases in histone modifications
including dimethyl lysine 4 of histone H3
(H3K4me2), trimethyl lysine 4 of histone H3
(H3K4me3), dimethyl lysine 9 of histone H3
(H3K9me2), dimethyl lysine 79 of histone H3
(H3K79me?2), acetyl lysine 14 of histone H3

(H3K14ac), and dimethyl arginine 3 of histone
H4 (H4R3me2) in hepatoma-derived Hepa 1-6
cells, but inhibits acetyl lysine 5 of histone H4
(H4K5ac), acetyl lysine 12 of histone H4
(H4K12ac), and acetyl lysine 5 of histone H2A
(H2AK5ac) in breast cancer cells [69, 158].
H3Kl14ac and acetyl lysine 16 of histone H4
(H4K16ac) at the local hypoxia response element
is also elevated by hypoxia in breast cancer cells
[32]. Hypoxia upregulates many members of the
histone demethylase Jumonji domain-containing
protein (JMJD) family in cancer cells in a HIF-1-
and/or HIF-2-dependent manner (Table 1.2).
Although O, is required for the catalytic activity
of the JMJD family members [136], several
JMID family members including JMIDIA,
JMJD2B, and JMJD2C are reported to be active
in hypoxic cells, which may be due to the com-
pensatory mechanism by increased protein levels
of these enzymes under hypoxia [49, 79, 89].
JIMID2C selectively demethylates trimethyl
lysine 9 of histone H3 (H3K9me3) but not tri-
methyl lysine 36 of histone H3 (H3K36me3) at
the hypoxia response element to increase HIF-1
binding and HIF-1 target gene expression in
breast cancer cells (Fig. 1.2) [89]. JMID2C is
highly amplified in breast cancer and knockdown
of JMJD2C inhibits triple-negative breast tumor
growth and metastasis to lungs in mice [85, 89].
Likewise, JIMJD1A (also named as KDM3A) is
recruited to the promoter of the SLC2A3 gene by
HIF-1a and demethylates H3K9me2 to induce
SLC2A3 expression in endothelial cells [104].
JMID1A knockdown reduces colon cancer
growth in mice [79]. It was also reported that
JMID2B demethylates H3K9me3 at the pro-
moter of hypoxia-inducible genes SLC2AI,
UCAI, ELF3, and IFI6 to increase their expres-
sion in HCT116 cells [49]. In contrast, the
demethylase activity of JMJD3 and JARID1A/B
is impaired under hypoxia, leading to increased
trimethyl K27 and trimethyl K4 of histone H3,
respectively [26]. Histone deacetylase 3 is also
induced by HIF-1 and decreases H3K4ac in
breast cancer cells, which promotes H3K4me?2
and H3K4me3 by recruiting the methyltransfer-
ase WDRS [158]. Hypoxia induces the methyl-
transferase G9a at both transcriptional and
post-translational levels in cancer cells, which is
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Table 1.2 Hypoxia-induced JIMJD family members in cancer cells

JMIJD family members Substrates HIF regulation References
KDM2A H3K36mel/2 HIF-1 [5, 12, 160]
KDM2B H3K36mel/2 HIF-1 [5, 12, 160]
JMIDIA H3K9mel/2 HIF-1 and HIF-2 [5, 117, 162]
JMID1B H3K9mel/2 Indirect [17, 117, 160]
IMIDIC H3K9mel/2 Indirect [73, 117, 160]
JMID2A H3K9me?2/3; H3K36me2/3 Indirect [5, 117]
JMJD2B H3K9me?2/3; H3K36me2/3 HIF-1 and HIF-2 [5, 162]
IMID2C H3K9me?2/3; H3K36me2/3 HIF-1 [5, 117, 160]
IMJID2D H3K9me?2/3 Indirect [5,117]
UTX (KDM6A) H3K27me?2/3 ND [5, 160]
JMID3 (KDM6B) H3K27me?2/3 HIF-1 and HIF-2 [5, 81, 54]
JARIDIA H3K4me?2/3 ND [5, 160]
JARID1B H3K4mel/2/3 HIF-1 [5, 160]
JARID1C H3K4me2/3 ND [5, 160]
JARID1D H3K4me?2/3 ND [5, 160]
JARID2 No demethylase activity ND [84, 160]
IMJID6 H3R2me2 HIF-1 [3,24, 160]
H4R3me2
PHF8 H3K4me3 HIF-1 and HIF-2 [93, 148, 160]

ND not determined

responsible for increased H3K9me2 under
hypoxia [22, 29, 82]. Recent studies revealed that
GYa and its paralog G9a-like protein directly
methylate HIF-1a at lysine 674 to inhibit HIF-1
transcriptional activity and migration of glioblas-
toma cells (Fig. 1.2) [9]. The epigenetic reader
ZMYNDS is upregulated in breast cancer cells by
hypoxia in a HIF-1- and HIF-2-dependent man-
ner [32]. ZMYNDS increases the recruitment of
another epigenetic reader BRD4 to the hypoxia
response element through its lysine acetylation
by p300 and promotes the expression of the
majority of HIF target genes in breast cancer
(Fig. 1.2) [31, 32]. ZMYNDS8 mediates breast
cancer progression and metastasis in mice, which
requires HIF-1 and HIF-2 [32]. Together, mutual
regulation of HIF and epigenetic regulators con-
tributes to the malignant phenotype in human
cancers.

1.7  Intratumoral Hypoxia
and Therapy Resistance

Researchers in the early twentieth century uncov-
ered a critical role of O, in radiosensitivity and
subsequently discovered the existence of hypoxia

in the tumor microenvironment [39]. Now it is
well-known that hypoxia is a key factor that
mediates resistance to radiotherapy in tumors
[153]. O, is a potent radiosensitizer and oxidizes
radiation-induced radicals to form more harmful
molecules including ROS that can target DNA
and enzymes to induce cell death. Radiosensitivity
robustly decreases about threefold in cancer cells
exposed to <10 mmHg compared to those under
atmosphere conditions [121]. Many clinical trials
have been conducted to increase O, levels in
tumors by the use of normobaric or hyperbaric O,
or the hypoxic cell radiosensitizer nitroimid-
azoles before or during irradiation to overcome
radiotherapy resistance [100, 112]. However, O,
modification has little impact on the clinical out-
come in cancer patients [111].

Hypoxia confers resistance of cancer cells to
radiation therapy by regulating angiogenesis/vas-
culogenesis, DNA damage response, energy
metabolism, stem cell maintenance, and autoph-
agy. Previous studies have shown that irradiation
induces activation of HIF-1 by increasing ROS
and HIF-1 is required for resistance to radiother-
apy [56, 105, 164]. HIF-1-induced VEGFA and
bFGF promote survival of endothelial cells to
reduce radiosensitivity in tumors, and blockade
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of HIF-1 activity by its inhibitor YC-1 enhances
irradiation-mediated antitumor efficacy in xeno-
graft mice [105]. It was also shown that HIF-1
increases the recruitment of bone marrow-derived
cells into glioblastoma in mice upon irradiation
by inducing stromal cell-derived factor-1 and its
receptor CXCR4, leading to vasculogenesis and
tumor recurrence [75]. HIF-2a is highly expressed
in CD133* lung cancer stem cells and may regu-
late radioresistance in lung cancer [141]. Several
groups have reported that HIF-1-dependent
autophagy contributes to hypoxia-induced resis-
tance to radiation therapy in human osteosarcoma
and breast cancer cells [46, 58].
HIF-independent mechanisms also contribute
to hypoxia-mediated radioresistance. Severe
hypoxia causes DNA replication stress, which
leads to activation of ataxia telangiectasia and
Rad3-related (ATR) and ataxia telangiectasia
mutated (ATM) kinases and their downstream
signaling cascades in cancer cells [15, 55].
Although it was reported that activation of the
ATM downstream kinase Chk2 in hypoxic tumor
regions increases sensitivity to irradiation in a
mouse glioma model [140], another study showed
that Chk1/2 are activated in CD133* human gli-
oma stem cells upon irradiation and contribute to
radioresistance [10]. Recent studies demon-
strated that the ribonucleotide reductase subunit
RRM2B is induced by severe hypoxia, which
requires p53 but is independent of HIF-1, and
maintains ongoing DNA replication to prevent
accumulation of DNA damage in cancer cells
under severe hypoxia [48]. RRM2B is a p53 tar-
get gene and also phosphorylated by ATM at ser-
ine 72 to increase its protein stability [25, 145].
Thus, RRM2B may regulate genome integrity
leading to hypoxia-induced radioresistance.
Chemotherapy is currently one of the standard
treatments for cancer patients. Hypoxia enhances
chemotherapy resistance in human cancers.
Diffusion of chemotherapeutic drugs in the
hypoxic regions is significantly reduced due to
abnormal blood vessels. Hypoxia induces the
expression of the multidrug resistance proteins

MDR1 and MRP1 in a HIF-1-dependent manner
leading to decreased cellular uptake of the che-
motherapeutic drugs and increased drug resis-
tance of cancer cells [30, 37, 86, 143, 167]. On
the other hand, chemotherapeutic drugs such as
doxorubicin upregulate HIF-1a [21], and thus
provide a feedback loop amplifying drug resis-
tance responses in tumors. Previous studies also
showed that chemotherapeutic drugs increase the
enrichment of breast cancer stem cells, where
HIF contributes to their survival [88, 126].
Pharmacological inhibition of HIF reduces the
resistance of breast cancer cells to chemothera-
peutic drugs paclitaxel or gemcitabine in vitro
and in mice [126]. Graham and colleagues dis-
cuss the role of hypoxia in therapy resistance in
Chap. 9.

1.8  Conclusions

Intratumoral hypoxia plays a crucial role in
tumorigenesis and mediates resistance to chemo-
and radio-therapy in both HIF-dependent and
-independent manner. HIF mediates various path-
ological processes in response to hypoxia in
tumors and promotes the initiation and progres-
sion of human cancers. Targeting HIF (also see
Chap. 10) may reduce tumorigenesis and over-
come therapy resistance. Indeed, a HIF-2 inhibi-
tor, which blocks heterodimerization of HIF-2«
and HIF-1p, is currently undergoing a clinical
trial for the treatment of clear cell renal cell car-
cinoma [38]. Therefore, hypoxia/HIF is a
valuable factor for prognosis and treatment of
human cancers.
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Abstract

Hypoxia, a prevalent characteristic of most
solid malignant tumors, contributes to dimin-
ished therapeutic responses and more aggres-
sive phenotypes. The term hypoxia has two
definitions. One definition would be a physio-
logic state where the oxygen partial pressure
is below the normal physiologic range. For
most normal tissues, the normal physiologic
range is between 10 and 20 mmHg. Hypoxic
regions develop when there is an imbalance
between oxygen supply and demand. The
impact of hypoxia on cancer therapeutics is
significant: hypoxic tissue is 3x less radiosen-
sitive than normoxic tissue, the impaired
blood flow found in hypoxic tumor regions
influences chemotherapy delivery, and the
immune system is dependent on oxygen for
functionality. Despite the clinical implications
of hypoxia, there is not a universal, ideal
method for quantifying hypoxia, particularly
cycling hypoxia because of its complexity and
heterogeneity across tumor types and individ-
uals. Most standard imaging techniques can
be modified and applied to measuring hypoxia
and quantifying its effects; however, the ben-
efits and challenges of each imaging modality
makes imaging hypoxia case-dependent. In

A. G. Rickard - G. M. Palmer - M. W. Dewhirst (C<])
Department of Radiation Oncology, Duke University,
Durham, NC, USA

e-mail: mark.dewhirst@duke.edu

© Springer Nature Switzerland AG 2019

this chapter, a comprehensive overview of the
preclinical and clinical methods for quantify-
ing hypoxia is presented along with the advan-
tages and disadvantages of each.

Keywords
Hypoxia - Quantification - Cycling hypoxia -
MRI/EPR - Optical imaging - PET

2.1 Introduction

Hypoxia, a prevalent characteristic of most solid
malignant tumors, contributes to diminished
therapeutic responses and more aggressive phe-
notypes [1, 2]. The term hypoxia has two defini-
tions. One definition would be a physiologic state
where the oxygen partial pressure is below the
normal physiologic range. For most normal tis-
sues, the normal physiologic range is between 10
and 20 mmHg. However, portions of some nor-
mal tissues exist at oxygen pressure <10 mmHg,
such as thymus [3], the kidney [4] and the peri-
central vein tissues of the liver [5]. For these tis-
sues, hypoxia would be an oxygen level that is
much less than 10 mmHg. Hypoxic regions
develop when there is an imbalance between
oxygen supply and demand. There are a number
of physiologic factors that contribute to restricted
oxygen delivery, which have been reviewed in
detail [6].
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Radiobiologically, hypoxia is defined an oxy-
gen partial pressure of less than 10 mmHg in a
local tissue volume [7]. Fully hypoxic cells are
three times less sensitive to radiation than aerobic
cells and hypoxia is very prevalent in nearly all
solid tumors [1]. However, hypoxia contributes
to a worse response to chemotherapy and even
immunotherapy [8, 9]. Thus, hypoxia is predicted
to be a nearly ubiquitous cause for treatment fail-
ure and worse overall outcome.

Several papers have been published showing
that presence of hypoxia in human tumors pre-
dicts for worse response to radiotherapy and
worse overall survival [1, 10-12]. Despite the
widespread evidence for hypoxia being a source
for treatment resistance and more aggressive
behavior, hypoxia measurement has not been
used in clinical trials testing the value of hypoxia
modification, nor is it a part of routine clinical
practice [13]. Multiple clinical trials failed for the
hypoxic-targeting cytotoxin tirapazamine when
combined with other therapies; while tirapaza-
mine might not be effective despite convincing in
vitro results, a significant factor is that none of
these trials screened for patients with a high
hypoxic tumor fraction nor did they monitor
changes in hypoxia before, during or after treat-
ment [14]. Measuring hypoxia could have wide-
spread impacts, and there are number of different
imaging methods that can measure hypoxia. The
purpose of this review is to indicate which fea-
tures of tumor hypoxia these methods measure, if
they are quantifiable and to compare the pros and
cons of each.

2.2  Causes of Hypoxia

To critically evaluate hypoxia imaging methods,
it is first necessary to discuss the key physiologic
features that lead to its development. At its most
simple level, hypoxia at the cellular level is the
result of imbalance between oxygen supply and
demand. However, the deficiencies in oxygen
delivery are complex and need to be discussed in
some detail. Further, the influence of oxygen
delivery vs demand on hypoxia are quite
different.

2.2.1 The Relationship
Between Hypoxia and Tumor

Vasculature

Hypoxia is highly dependent on the pathophysi-
ology of tumor vasculature. These features have
been summarized as having seven components,
and Fig. 2.1 demonstrates some of the physiology

Normoxia
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Anoxia

Normoxia

Hypoxia

Anoxia

Normoxia

Hypoxia
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Normoxia
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2mim

Anoxia

Fig. 2.1 (a) A blood vessel surrounded by tumor cells
with a color bar representing the decrease in pO, (red is
well-oxygenated and blue is hypoxic) as the distance from
the blood vessel increases. At this scale, only optical
imaging can quantify the gradient of pO,. (b) At a larger
scale than (a), optical imaging is still the only imaging
modality that can measure the small hypoxic (blue) areas.
(c) At this scale, MR methods in addition to optical imag-
ing are able to quantify the hypoxic areas; however, some
of the detail between vessels will likely be lost due to a
lack of resolution. (d) At the largest scale, PET is able to
quantify larger hypoxic and normoxic areas; however, the
singular blood vessels (white arrow) will likely be lost due
to partial volume artifacts, and a pixel size of 3 mm-5 mm
will mask many hypoxic details
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[6]. (1) Lack of sufficient arteriolar supply. When
the arterial supply to a tumor is too scant, tumor
microvessels become poor avenues for oxygen
delivery as they become sparse and distant from
arterial sources [15-17]. (2) Low vascular den-
sity. Tumor blood vessel density is inconsistent
with inefficient organization of blood vessels
leading to pockets of well-oxygenated areas and
highly-hypoxic regions. The diffusion distance of
oxygen is 180-200 pm, and in tumors, the dis-
tance between vessels can be much larger than
the diffusion distance; regions with >180 pm
between vessels will be hypoxic [18]. (3)
Inefficient organization of vessels. Similarly, the
chaotic organization of vasculature leads to
extreme variations in the tissue pO,. This leads to
an inefficient oxygen delivery system and pock-
ets of hypoxia [19, 20] (4) Variations in red blood
cell flux. Vascular hypoxia occurs when there are
large variations in the red blood cell (RBC) flux
or when there are few or no RBCs in the vascula-
ture [21]. (5) Hypoxic RBCs. Hypoxic red blood
cells can affect this as they shrink, stiffen, and
become sluggish, decreasing RBC flux and
affecting the distribution of RBCs across vessel
bifurcations [22]. Functional by-passes also
affect RBC distribution in branching vessels. (6)
Functional _ shunts. Large-diameter  shunts
between arteries and veins shuttle blood away
from the tumor. These shunts are dynamic and
problematic as they are constantly remodeling
and disrupting consistent oxygen delivery [23].
(7) Oxygen supply and demand. Hypoxia results
from the demand for oxygen being higher than
the supply [24]. Microscopic hypoxic sub-regions
are beyond the resolution of most measurement
devices. As such, researchers are limited to a
macroscopic fields and effects, which has hin-
dered a complete understanding of the complex
kinetics of hypoxia [25].

2.2.2 Chronic and Cyclical Hypoxia

Because of these dynamic changes in a tumor
microenvironment, hypoxia is broken up into two
categories: chronic and cyclical hypoxia (previ-
ously described as “acute” and “intermittent”) [6,

26, 27]. Chronic hypoxia is defined by a tumor
region that experiences pO, values of less than
10 mmHg for a long period of time [28, 29].
Cycling hypoxia, on the other hand, is dynamic.
It has been established that this phenomenon is
caused by instabilities in red cell flux in the
microvessel network of tumors [30]. The insta-
bilities of red cell flux lead to fluctuations in pO,
that occur with multiple frequencies. The fastest
frequency is in the range of 2-3 cycles per hour
[31]. Slower fluctuations, on the order of hours
have also been described [32]. Spatially, cyclical
hypoxia is generally dependent on networks of
microvessels instead of a large single vessel; this
leads to larger cycling pockets of hypoxia across
the tumor [27, 28]. This heterogeneous, temporal
hypoxia is currently a subject of study, as it is
challenging to measure. Preclinical models have
provided much of the data on cycling hypoxia,
including the verification of many of the probes
used clinically. However, as will be described
below, certain MRI methods have been able to
capture this dynamic behavior in human head and
neck cancers [33].

2.3  Effects of Hypoxia
2.3.1 The Impact of Hypoxia
on Therapy

Tumor hypoxia has a detrimental effect on the
efficacy of cancer therapy. Hypoxic tumor areas
are three times less radiosensitive than well-
oxygenated sub-volumes [34, 35]. Until recently,
this knowledge was not applied in radiation ther-
apy planning; however, with the implementation
of intensity-modulated radiotherapy (IMRT),
“dose-painting” specific, small structures in
tumors is possible [36]. However, the presence of
cycling hypoxia may cause a mismatch between
the hypoxic subvolume and the IMRT Plan,
unless the time interval between the imaging and
treatment delivery is short (20-30 min).
Clinicians are currently lacking a reliable imag-
ing metric and subsequent model to measure and
predict hypoxic volumes in tumors; thus,
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targeting these hypoxic areas are exceedingly dif-
ficult [27].

Chemotherapy is also negatively impacted by
the presence of hypoxia. Well-oxygenated tissue
is characteristic of efficient perfusion and vascu-
lature, a feature that hypoxic tumors lack [21].
Nutrient and oxygen delivery are modulated by a
set of complex signals that cause the formation
and remodeling of vasculature [37, 38].
Chemotherapies depend on vasculature to travel
and diffuse into cancerous tissue; therefore,
hypoxic areas with poor perfusion and inefficient
vasculature respond poorly to therapy [39].
Tromberg et al. demonstrated that hypoxia is
associated with worse response to chemotherapy
in breast cancer patients. Using diffuse optical
spectroscopic imaging, they measured the base-
line saturated oxygen and reported that an opti-
mal tumor oxygenation threshold of pO, =76.7%
was associated with a complete pathological
response [40].

2.4 Imaging Hypoxia

To image hypoxia, the modality must meet sev-
eral requirements: (1) The system must be able to
distinguish between hypoxia, normoxia and
necrosis. A necrotic area of a tumor will invari-
ably be hypoxic; however, it would not be a treat-
ment target. Similarly, an aerobic tumor subregion
would not benefit from a hypoxia modification
strategy. (2) The system must be sensitive to
hypoxic pO, values (0—15 mmHg) [7]. (3) The
oxygen gradient between the microvessel and the
surrounding tissue is very steep. Oxygenation
can drop from normoxia to radiobiologic hypoxia
within a few cell layers [28]. So, methods that
measure primarily vascular pO, will underesti-
mate the extent of hypoxia in tissue [28, 41].
Identifying oxygenated versus deoxygenated
vasculature can be useful when modeling chaotic
and dysfunctional vessels in the tumor microen-
vironment. However, cellular pO, depends on the
diffusion distance from vasculature and measur-
ing this gradient is the target [21]. Ideally, (4) the
spatial resolution would be high enough to
resolve the diffusion distance of oxygen (80—

100 pm) [18]. Because this is generally unattain-
able, the limitations of volume averaging over a
heterogeneous landscape of tumor hypoxia must
be considered since the more severely hypoxic
regions would contribute disproportionately to
treatment resistance and recurrence and hetero-
geneous, diffusion limited hypoxia may not be
accurately characterized with a large voxel size
[13]. (5) To capture cycling hypoxia, the imaging
method would need to obtain multiple measure-
ments within an hour to capture the highest fre-
quency of fluctuations which are in the range of
2-3 cycles per hour. (6) Hypoxia is known to
occur in all solid tumors, so imaging methods
that are not restricted by depth of tumor location
would be the most broadly applicable. (7) Finally,
the system should also be noninvasive and repeat-
able. Available imaging systems and their techni-
cal and practical considerations are summarized
in Table 2.1.

The approach to imaging oxygen varies
greatly, but can be placed in two categories:
direct or indirect measurements. Direct measure-
ments are calibrated to a pO, value while indirect
measurements are either reflective of a surrogate
measure like hemoglobin (Hb) saturation mea-
surements that reflect relative differences.

Both direct and indirect methods can be quan-
tified with absolute, comparable measurements
for each subject; although, quantitative imaging
is still a future goal for many systems. This is one
of their main limitations as disease severity and
treatment require standardized data instead of
qualitative and subjective interpretations. For
instance, the response evaluation criteria in solid
tumors (RECIST) is the metric used to determine
the clinical trial treatment outcome for solid
tumors — apart from hepatocellular carcinomas
that use mRECIST and follow a contrast-
enhanced imaging protocol for assessing viable
tumor tissue [42, 43]. The outcomes of RECIST
depend heavily on anatomical changes in tumor
burden, which do not account for endpoints that
indicate functional or microscopic changes.
FDG-PET is the only functional modality recom-
mended; however, it is solely recommended for
use in determining metastatic burden and identi-
fying positive lymph nodes [42]. Further
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FDG-PET is not a surrogate for hypoxia, because
avid glucose uptake by tumors can be driven by
aerobic glycolysis (Warburg effect).

2.4.1 Standard Imaging Techniques

in the Clinic

The six standard imaging methods utilized world-
wide are x-ray imaging, computed tomography
(CT), ultrasound imaging (US), optical imaging,
nuclear imaging (including positron and single-
photon emission tomography) and magnetic res-
onance imaging (MRI). Apart from nuclear
imaging, these imaging modalities primarily
focus on anatomical imaging with vastly differ-
ent approaches; however, with the push for func-
tional imaging capable of describing diseases and
their severity via biomarkers, many clinics have
adapted their existing systems to perform func-
tional imaging. For instance, dynamic vascular
imaging is made possible by the addition of a
contrast agent such as iodine (for CT) or gado-
linium (for MRI) [44, 45]. Ultrasound utilizes the
Doppler effect to measure blood flow [46].
Positron emission tomography (PET) and single-
photon emission tomography (SPECT) inher-
ently image functional information by introducing
radioactive compounds into the body that mimic
biological processes. The most common radio-
tracer used in PET is fluorodeoxyglucose (FDG);
a glucose-analog that used to measure tumor
metabolism where an increased metabolism cor-
relates with an active and aggressive cancer [47].

2.5 Positron Emission

Tomography

PET is the modality most commonly used in both
clinical trials and the clinic for measuring
hypoxia; at the time of this review there are 49
active clinical trials using PET to image hypoxia
in cancer (clinicaltrials.gov). PET exploits the
beta-decay of radioactive compounds to form a
3D image of specific functional processes. Its
signal-to-noise ratio is limited by the pharmaco-
kinetics of the injected radioisotope. In PET, this

noise can be significant: the radiotracer is meant
to accumulate in specific areas; however, all tis-
sue will generally collect some of the isotope.
This can make it difficult to isolate areas of high
signal. If the PET scanner does not have a high
spatial and temporal resolution, the coincidence
events become difficult to localize. This can be
mitigated — in part — by increasing the scan dura-
tion so more photons can be accumulated.

Despite these challenges, PET-CT is a highly
useful imaging system. For hypoxia, there are
several radiotracers that have been featured in
clinical trials (Fig. 2.2e). Isotopes containing
oxygen-sensitive nitroimidazoles metabolize dif-
ferently in aerobic vs anaerobic conditions [48].
The nitro group is reduced in a single-electron
process that is oxidized back to the native drug in
a normoxic environment. Under hypoxic condi-
tions and in the presence of the protein nitrore-
ductases, nitroimidazoles accumulate in the
tissue and undergoes a 6-electron reduction.
During this reduction, highly reactive species
interact with biomolecules, forming covalent
bonds and accumulating in areas of hypoxia.
Interestingly, because metabolism is required for
this reaction, apoptotic and necrotic cells do not
accumulate these drugs. Thus, nitroimidazoles
are an ideal candidate for revealing areas of via-
ble hypoxia [49, 50].

2.5.1 ['"®F]F-FMISO

8F-labeled fluoromisonidazole (['*F]F-FMISO)
is the most widely studied PET hypoxia radio-
tracer and has been the most commonly used
hypoxic marker in clinical trials [51, 52]. After an
accumulation time of approximately 2-3 h, ['*F]
F-FMISO is no longer affected by perfusion,
making it specific to hypoxic areas, not just the
well-vascularized areas of the tumor [53]. ['*F]
F-FMISO is sensitive to pO, between 2 and
10 mmHg [50] in viable cells, with a low radia-
tion dose of 3.7mBq/kg [50, 54, 55]. This radio-
tracer has been used in 49 clinical trials at the
time of writing, and has been studied in an exten-
sive number of cancer types: head and neck [56,
57], non-small cell lung cancer [58], soft tissue
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Fig. 2.2 Examples of PET imaging of hypoxia along
with structural formulae of common hypoxic radio-
tracers. (a) Comparison of *F-EF5 uptake with EF5
binding and hypoxia in PC3 tumor model. Chitneni et al.
studied various xenograft tumor models. EF5 is a gold-
standard immunohistochemical hypoxia marker that can
be used to measure hypoxic tumor areas in an ex vivo
tumor section. To translate this technology to be used with
PET imaging, the radioactive PET tracer F was conju-
gated with EF5. In (a), the appearance of the immunohis-
tochemical EF5 marker in a tumor section is shown in
green. Perfusion distribution was observed by injecting
Hoechst 33342 intravenously which stains cells around
perfused vessels (shown in blue). Scale bar = 2 mm. (b) A
strong correlation of r = 0.95 between *F-EF5 and posi-

sarcoma [59], renal tumors [60] and brain tumors
[61].

Currently, investigators are focusing [!*F]
F-FMISO research on two major areas: 1) The
feasibility of IMRT planning based on hypoxic
subvolumes in tumors [56, 57] and 2) prognostic
imaging to predict the therapeutic outcome based
on the hypoxic fractions [62—-64]. Hendrickson
et al. studied how RT boosts to hypoxic subvol-
umes in head and neck cancer patients could
improve the local tumor control. Using ['8F]
F-FMISO to determine hypoxic sub-volumes for
RT-boost planning, they created example IMRT
plans for 10 patients with a simultaneous inte-
grated boost to the hypoxic sub-volumes. They
predict an average improvement of 17% to the
tumor control probability with a modest boost in

100 150 200 250
'®F.EF5 (DAR)

tive EF5 signal (averaged over 3 animals) shows a linear
relationship between the two. This correlation validates
the PET modality as a valid hypoxic-measuring tech-
nique. (¢) The PET image with the *F-EF5 radiotracer
shows uptake that agrees with EF5 uptake in (a). (d)
Spatial correlation analysis showing close correlation
between EF5 binding with immunohistochemistry and
/SF-EF5 uptake in tumor sections, as measured using auto-
radiography a and ¢ (r = 0.74). Each point in scatterplot
represents 126-pm pixel and corresponding marker values
on co-registered image (Reprinted with permission by
[69]). (e) The structural formula of /*F-EF5, [18]FFMISO
and Cu-ATSM, the most common PET radiotracers for
monitoring hypoxia in the clinic

radiation to hypoxic areas and no increased com-
plications; however, they did not actually use
these plans clinically [57]. Rischin et al. investi-
gated the association between tumor hypoxia,
treatment regimen, and locoregional failure
(LRF) in patients with squamous cell carcinoma
of the head and neck. They found that for 8 out of
13 patients with a high hypoxic fraction had a
higher risk of LRF (p = 0.038 and hazard ratio of
7.1). Patients were placed in two groups: those
treated with chemotherapy and with or without
tirapazamine [65].

BFE_EF5 is another nitroimidazole radiotracer,
based on the efficacy of the standard immunohis-
tochemistry hypoxia marker EF5. EF5, when
injected prior to tumor removal, is inversely — but
directly — related to pO, through intracellular
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metabolism [66]. When EF5 is labeled with '®F, it
can be used in PET imaging. Most of the research
on this radiotracer has been limited to pre-clinical
studies; however, researchers have been success-
ful in providing early treatment responses and
outcome predictions in chemoradiation therapy
[67] and radiation therapy [68]. Figure 2.2a—d
shows data from a study by Chitneni et al. where
they verified that '®F-EF5 correlated with EF5 in
several murine tumors [69]. Figure 2.2a shows a
PC3 tumor with EF5 in green. They accounted
for perfusion effects by injecting Hoechst 33342
intravenously which stains cells around perfused
vessels (shown in blue). Figure 2.2b shows the
PET image, and its signal appears to correlate
well with Fig. 2.2a. Figure 2.2¢, d shows the
actual correlation between average EF5 and '8F-
EFS5 signals is linear and high (r = 0.95) (2C) and
in the tumor sections 2A and 2C. This study vali-
dated ®*F-EF5 as a reasonable marker for hypoxia
by showing that it correlates well with EF5 [69].
In a clinical study by Qian et al. '8F-EF5 PET was
found to be capable of imaging hypoxia in 40%
of patients with non-small cell lung cancer and
that hypoxic tumors correlated with an increase
in local tumor recurrence after conformal radio-
therapy. Thirty percent of patients with image-
able hypoxic tumors suffered a local recurrence
in 12 months versus 0% recurrence for patients
without hypoxic tumors (p < 0.01) [70].

2.5.2 Cu-ATSM

Cu-ATSM is a metal-chelated compound instead
of a nitroimidazole-derivative like ['*F]F-FMISO
and '8F-EF5. A small molecule with high perme-
ability to the cell membrane, copper has four
positron-emitting radionuclides (**Cu, °'Cu, %*Cu,
and %Cu) suitable for PET imaging [71].
Cu-ATSM redox chemistry results in it being
trapped in viable hypoxic cells at approximately
10 mmHg [51]. With a faster clearing time than
both [®F]JF-FMISO and "F-EF5, Cu-ATSM
requires a much shorter imaging time, mitigating
cost and discomfort for patients. There is some
controversy and conflicting data in Cu-ATSM
that shows that inexplicably, some tumor types

do not show hypoxia selectivity; Lapi et al. sum-
marize the data in their review [72]. A clinical
study on patients with lung cancer report that
Cu-ATSM uptake predicted treatment response
[73]. This same group did a small study on
patients with advanced squamous cell carcinoma
of the cervix and found that tumor uptake of
Cu-ATSM was inversely related to progression-
free (log-rank test p = 0.0005) and overall sur-
vival (log-rank test p = 0.015) [74]. Overall,
Cu-ATSM could be a powerful hypoxia marker,
but still requires assays to determine the exact
method of tumor retention for each cancer type
particularly because they may not identify all
areas of hypoxia. A possible solution that Zhang
et al. proposed is combining both the hypoxia
marker ®“Cu-ATSM with a perfusion marker
©2Cu-PTSM. In a pilot study with 10 patients,
they found that normalizing “Cu-ATSM-PET
images with ®?Cu-PTSM perfusion could provide
a feasible method for obtaining more hypoxic
information in a single scan [75].

PET imaging is a powerful and well-studied
technique for imaging hypoxia. It has been
proven to be highly selective and sensitive to
hypoxic tissue, quantitative, and useful in pre-
dicting therapeutic outcomes in patients. It is not
without some challenges, including high cost,
long scan times, patient exposure to radiation,
and low tumor/blood or tumor/muscle ratios.
The latter is a significant problem in obtaining
enough signal to conclusively define hypoxic
regions. Furthermore, PET imaging is unable to
monitor cyclical hypoxia effectively. ['3F]
F-FMISO and “F-EF5 both have slow blood
clearing times — up to 3 h — which delays
hypoxic-sensitive imaging. This significantly
hinders the ability to monitor the high-frequency
hypoxia changes and impacts IMRT planning
based on hypoxia subvolumes. Moreover, PET
imaging has a low spatial resolution with large
voxels, causing issue with partial volume effects.
Therefore, a small hypoxic region in the middle
of voxel may not be detected [13]. Despite this,
PET is still an excellent candidate for hypoxic
imaging; however, depending on the clinical
indication, another modality might be more use-
ful or practical.
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2.6 Magnetic Resonance

Imaging

Magnetic resonance imaging (MRI) is another
nuclear imaging technique; however, unlike PET,
its source of contrast is not radiation but rather
the proton. It is non-invasive, with a high spatial
resolution (<1 mm?) and high soft-tissue contrast,
making it a highly competitive modality for
PET. Briefly, MRI harnesses the energy emitted
from hydrogen nuclei excited under the presence
of an oscillating magnetic field. The contrast
depends on the rate that the excited nuclei relax
back into their equilibrium state. A reconstructed
MRI image is a 3D map of where protons (i.e.:
hydrogen) are localized in the body. However,
different sequences of the magnetic pulses and
gradient fields have varying effects on the image
with contrast dependent on high water content,
high fat content, areas of high diffusion, etc. In
functional MRI (fMRI), other compounds are
excited by their specific resonant frequencies.
While standard MRI images inherently have high
SNR due to the abundance of hydrogen in the
body, fMRI may require clever pulse sequences
and reconstruction techniques to obtain a high
enough signal for compounds other than
hydrogen.

Hypoxia imaging via MRI has focused on sev-
eral key techniques: blood oxygen level depen-
dent (BOLD) MRI (also referred to
intrinsic-susceptibility (IS)-MRI), oximetry, and
oxygen-enhanced (OE) MRI. These are indirect
oxygen imaging techniques and they mainly cor-
relate with vascular or interstitial pO,, respec-
tively. The inference of tissue pO, based on
vascular values is complex and not always
straightforward, and an additional MRI scan
using dynamic contrast-enhanced techniques is
necessary to eliminate necrotic regions from
analysis.

2.6.1 BOLDImaging

BOLD imaging is a powerful imaging technique
that uses clinical MRI scanners, and most
MR-based hypoxia imaging has used this method.

At the time of writing, BOLD imaging is part of
14 active clinical trials focusing on hypoxia
imaging in prostate cancer, sarcoma, glioblas-
toma and head and neck squamous cell carci-
noma (clinicaltrials.gov). A functional MRI
technique, BOLD imaging exploits the intrinsic
magnetic properties of hemoglobin. Oxygenated
hemoglobin is weakly diamagnetic without
unpaired electrons; conversely, deoxygenated
hemoglobin, with 4 unpaired electrons exposing
the iron center, is strongly paramagnetic [76].
The BOLD technique is sensitive to the local
magnetic field distortions that deoxygenated
hemoglobin causes in the tissue proximate to the
blood vessels [77]. In a BOLD MR image, oxy-
genated and deoxygenated hemoglobin result in
areas of high signal and low signal, respectively.
These images can be quantified by measuring the
T,* relaxation time. The T,*-relaxation parame-
ter is the source of image contrast for the gradient
pulse echo technique. It separates the diffusion
effects of hemoglobin from static signal such as
iron content in the muscle or fibrotic structures,
and provides the basis for the linear relationship
between R,* and hemoglobin saturation (note: 1/
T,* = R,*) [55, 76, 78]. BOLD imaging and sub-
sequent R,*-based hemoglobin saturation mea-
surements require knowledge of the blood
volume and hematocrit for quantification [55].
This modality cannot provide absolute, direct
pO, values, though the relative changes in R,*
can be quantified.

Several studies have linked direct pO, mea-
surements with R,* values [79-81]. Chopra et al.
compared the BOLD R,*signal with polaro-
graphic electrodes for nine patients with prostate
cancer. They observed a trend to negative correla-
tion between R,* and pO, (r = —0.66, p = 0.07)
and a positive correlation between R,* and a
hypoxic fraction (defined as regions <5 mmHg;
r = 0.76, p = 0.02) [80]. This suggests that
hypoxic tumors tend to exhibit higher R,* values.
Panek et al. conclusively demonstrated for the
first time that cycling hypoxia occurs in human
tumors used the BOLD MRI method. In patients
with head-and-neck cancer, serial BOLD-MRI
acquisitions monitored temporal oscillations in
levels of paramagnetic deoxyhemoglobins
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(Fig. 2.3b—d) [33]. Spontaneous R,* fluctuations
with a median periodicity of 15 min were
recorded which could be correlated with areas of
impaired tumor vasculature, decreased perfusion
and intermittent blood flow. This study illustrates
the utility of BOLD-MRI to expand our under-
standing of cycling hypoxia which previously
had not been confirmed conclusively in human
tumors. In another human study, 36 patients with
varying tumor types reported a BOLD intensity
change in 56% of patients when breathing carbo-
gen (95% O,, 5% CO,) gas during image acquisi-
tion [82]. This study also confirms that BOLD
can detect hypoxic changes over time. Jian et al.
tested the BOLD method on nine breast cancer
patients before, during, and after chemotherapy.
They found that the patients with complete path-
ological response had a significantly higher
BOLD signal, corresponding to a well-
oxygenated tumor [83].

These positive results have encouraged
researchers to continue to study and employ this
imaging technique. However, the intrinsic limita-
tions of BOLD imaging must be considered. As
previously mentioned, BOLD measurements
reflect vascular pO, and the tissue immediately
surrounding a vessel, which is not a direct tissue
pO, measurement. When these R,* changes are
recorded under a hyperoxic breathing challenge,
it is assumed that the perfusion and hematocrit do
not change when the subject goes from air to car-
bogen or oxygen breathing. However, Neeman
et al. showed that in response to hyperoxia, the
hematocrit decreased while plasma flow increased
[84]. Dunn et al. also described vasoconstriction
as an effect of hyperoxic and hypercarbic gas on
tumor blood flow [85]. These findings suggest
that hyperoxic breathing challenges may not be
effective in changing large solid tumor oxygen-
ation. Another limitation is the restricted ability
to map the entire tumor at the required temporal
resolution, which confines cycling hypoxia mea-
surements to a single region of the tumor [33].
Echo-planar imaging (EP-MRI), which has been
previously combined with BOLD-MRI, could
improve this constraint [86]. Finally, although
BOLD-MRI signal fluctuations indicating
cycling hypoxia correlate with areas of impaired

perfusion, they do not correlate well with areas of
chronic hypoxia [33]. Combining multiple MRI
methods, including a breathing challenge, could
provide both chronic and cycling hypoxia infor-
mation. Nonetheless, BOLD continues to be an
option for noninvasively imaging patients and
determining — to some extent — their hypoxic
tumor burden.

2.6.2 Magnetic Resonance
Spectroscopy

Magnetic resonance spectroscopy (MRS) is used
to measure the presence of chemical compounds
and their concentration in a region of interest. For
hypoxic measurements, MRS utilizes the addi-
tion of compounds to increase the signal. While
there are many compounds being investigated,
most MRS oxygen measurements utilize
YF-labeled compounds for two reasons: (1) there
is a lack of endogenous °F in the body; therefore,
when it is introduced in high enough quantities, it
accumulates in tissue and causes bright “hot-
spots” and (2) in NMR, "°F has 83% the sensitiv-
ity of 'H allowing for high sensitivity [87]. In the
PET imaging section, we introduced
nitroimidazole-based hypoxic imaging. For
MRS, instead of being labeled with radioactive
8F, nitroimidazole compounds are labeled with
F. Despite the success in PET-hypoxic imaging,
due to the heterogeneity of tumor vasculature, the
difficulty in quantifying accumulation based on
pO, outweighs the benefits. Therefore, ’F MRS
is more often achieved using perfluorocarbon-
based compounds (PFCs).

PFC probes provide absolute pO, measure-
ments [88]. MRS measures the spin-lattice relax-
ation rate (R;), which is linear with dissolved
oxygen concentration [88]. PFC are also advanta-
geous in that they are generally not affected by
blood, pH, common proteins or other compounds
found in the microenvironment. Several probes
have been developed, including perfluoro-15-
crown-5-ether and hexafluorobenzene. The latter
is inexpensive, sensitive to oxygen and widely
available, making it the PFC of choice [71]. The
main challenge with these compounds is their
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Fig. 2.3 Quantifying hypoxia via magnetic reso-
nance imaging (MRI) and electron paramagnetic
imaging (EPR)I. (a) Oxygen-enhanced MRI correlates
the longitudinal relaxation coefficient R, to oxygenation.
Shown is the R; map of a murine 786-0-R xenograft
while the mouse breathed air (top row), 100% oxygen
(middle row) and back to air (bottom row). As R,
increases (yellow), oxygenation across the tumor
increases, as expected. This validates oxygen-enhanced
MRI as a method for detecting and quantifying change in
tumor oxygenation via changes in R;. This method has
been validated with other standard methods (Reprinted

with permission by [94]). (b) In blood-oxygen level
dependent (BOLD) MRI, R,* values correlate with the
levels of O, saturation in hemoglobin. In the image, a
BOLD MR image of a patient’s head and neck tumor
with the R,* map. Note, the tumor is delineated in blue.
(c) and (d) The R,* time series showing non-random
fluctuations in R2* values within the tumor over time.
This demonstrates that hypoxia can be quantified on a
pixel-by-pixel basis, and information about cycling
hypoxia can be revealed over time (Reprinted with per-
mission by [33]). (e) Electron paramagnetic resonance
requires the injection of a spin trap to obtain a high
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extreme hydrophobicity. Therefore, in vivo stud-
ies generally inject the PFC directly into the tis-
sue of interest [88-91]. In addition to absolute
pO,quantification, "F-labeled PFC have been
used in longitudinal monitoring of hypoxia. In a
preclinical study, PFC-loaded alginate capsules
were co-injected with tumor cells into the flanks
of rats [91]. These biocompatible capsules
shielded the PFC during tumor growth, minimiz-
ing migration and immune system response, and
allowing for repeated measurements [91]. A sig-
nificant limitation in this method is that the signal
is restricted to the region of the probe. Though
still predominantly a preclinical probe, 'F-PFC
MRS is a promising modality for directly mea-
suring and quantifying hypoxia in vivo.

2.6.3 Oxygen-Enhanced MRI

Oxygen-Enhanced (OE) MRI is an emerging
technique to measure hypoxia in tumors. It mea-
sures the longitudinal relaxation rate (R,), which
is sensitive to the oxygen concentration in inter-
stitial fluid and blood plasma [92, 93]. O’Connor
et al. were the first to validate OE-MRI and to
quantify spatial variations in hypoxia. Under a
breathing challenge, well-perfused areas obtain
higher levels of dissolved oxygen in the intersti-
tial tissue, and blood plasma remains hyperoxic,
both of which increase the R, value (Fig. 2.3a)
[94]. This change in R; (AR)) is theoretically pro-
portional to the change in dissolved oxygen in a
given voxel. However, several preclinical studies
observe the opposite in tumor subregions:
because the hemoglobin has a low oxygen satura-
tion, incoming O, molecules bind preferentially
to them. This does not alter the plasma pO, or the
AR;; therefore, hypoxic areas are refractory and
can be identified and quantified as areas with a
AR; < 0 [95-98]. O’Connor’s group tested this

hypothesis by localizing the AR, values against
the hypoxia marker pimonizole in three murine,
xenografted tumor cell lines. They describe a lin-
ear correlation between pimonizole binding and
AR;, and they used dynamic-contrast enhanced
(DCE)-MRI to correct for perfusion in tumors
with extensive necrosis [94]. Finally, by treating
the animals with hydralazine, a vasoactive drug
that is known to decrease perfusion and increase
hypoxia [13], they reported a significant increase
(p = 0.045) in the hypoxic fraction (AR, = 0)
17.3% to 30.5% compared to untreated mice
[94]. In this way, OE-MRI was demonstrated to
be a feasible method for mapping hypoxia in
tumors.

One advantage of this system is its ability to
repeat measurements in the same area without
having altered the microenvironment or intro-
duced exogenous agents. Repeated, longitudinal
measurements enable assessment of cycling
hypoxia and hypoxia-modifying therapies [13].
Moreover, the spatial resolution in MRI is high
compared to PET where partial volume artifacts
can obscure smaller — though still important —
hypoxic regions. The inclusion of DCE-MRI in
standard OE-MRI acquisitions is time-consuming
but doable in a single session, and, compared to
BOLD-MRI, OE-MRI is not influenced by hemo-
globin saturation and the vasoactive effects of
hyperoxic gas breathing refractory to a change in
blood oxygenation [84, 85]. Finally, the concept
of the refractory change in hemoglobin satruation
in hypoxic tumor regions and its physiological
basis has been discussed in-depth in a commen-
tary by Dewhirst and Birer [13]. They conclude
that the study described above by O’Connor et al.
[94] and others [99-103] confirm the effects of
longitudinal oxygen gradients [13]. As blood tra-
verses from the lungs through the body, arteries
are constantly losing oxygen; 80% of oxygen is
lost before entering vascular beds. However, due

Fig. 2.3 (continued) signal. This EPR image of a murine
SCCVII tumor xeno graft shows areas of normoxia (yel-
low) and hypoxia or anoxia (blue). This oxygen map was
obtained every 3 min during a total acquisition time of
30 min. Images shown are at 3 min, 18 min, and 27 min.
Cycling hypoxia, normally challenging to image due to
timing constraints, is demonstrated by changing values

in the ROIs and placement of hypoxic areas. (f) pO,
assessed and quantified in ROIs compare open circles
(chronic hypoxia) and closed circles (cycling hypoxia)
over time. This demonstrates the high resolution (spatial
and temporal) that allows for quantification of both
chronic and cycling hypoxia in mice. (Reprinted with
permission by [121])
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to redundancy in arterioles and microvessels,
normal tissue does not experience any lack of
oxygen. Tumors, conversely, often experience a
lack of sufficient oxygen due to this effect and
inadequate arteriole supply. Therefore, tumor tis-
sue distant from arterioles are both hypoxic and
refractory, resisting a change in R, after a breath-
ing challenge, and the OE-MRI method could
provide a much-needed method for clinical mea-
surements of hypoxia in tumors [13, 103].

2.7  Electron Paramagnetic

Resonance Imaging

Electron paramagnetic resonance (EPR) spec-
troscopy and imaging is unique in its ability to
sustain real-time assessment of hypoxia over the
course of several hours [104]. It is an emerging
modality in its application to clinical hypoxia;
however, it is making quick progress in expand-
ing from EPR spectroscopy to EPR imaging and
combining with clinical MRI scanners [105].
EPR oximetry is sensitive to unpaired electrons,
which are not abundant in the body. Therefore,
the addition of a paramagnetic spin probe (like a
contrast agent) is necessary to obtain a high sig-
nal [106, 107]. Once these probes have been
injected, they can remain in the site for months,
enabling repeated measurements with some
probes reporting an oxygen-sensitivity of
<0.2 mmHg [108]. The interactions between
unpaired electrons and the spin probe result in
changes to the T, relaxation time; an increase in
oxygenation results in a (usually linear) increase
in the spin-spin relaxation rate R, (R, = 1/T,)
[109]. In EPR spectroscopy, this R, signal pro-
duces a spectrum, which results in a change in the
width of the spectral peaks: an increase in oxygen
concentration produces a broader peak [109].
EPR spectroscopy cannot provide anatomical
information nor can it measure past a depth of
10 mm [106]. Despite these limitations, EPR
oximetry has been used extensively in preclinical
animal studies [110-112] including tumor reoxy-
genation in murine tumors after RT [113, 114],
vascular changes inducing tumor oxygenation
changes [115, 116], and the dependency of post

radiotherapy cure rates on hypoxic fractions
[117, 118].

Extending EPR oximetry to practical EPR
imaging with reasonable acquisition times is a
challenge; however, high-resolution, quantitative
pO, maps have been produced with the introduc-
tion of triarylmethyl (TAM) radical probes [119].
Elas et al. performed a preclinical study compar-
ing sequences of tumor pO, values from EPR
oxygen images with sequences of oxygen mea-
surements made along a track with an Oxylite
oxygen probe. They report a high spatial resolu-
tion (~1 mm) and high hypoxic sensitivity of
3 mmHg in FSa fibrosarcoma xenografts in
murine models [120]. The correlation between
calibrated EPR images and pO, measurements by
the Oxylite showed a good correlation in both
pO, magnitude and spatial distribution patterns,
validating EPRI as a reasonable method for map-
ping tumor oxygenation. Cycling hypoxia has
also been demonstrated (Fig. 2.3e, f) [121]. In a
preclinical murine SCCVII tumor xenograft, sub-
jects were imaged every 3 min for 30 min.
Figure 2.3e shows the change in hypoxia (blue)
over time at 3 min, 18 min and 27 min. Figure 2.3f
shows a quantification of specific ROIs delin-
eated in 2E — open circles are areas of chronic
hypoxia and closed circles indicated cycling
hypoxia. Over time, the hypoxic areas were
tracked and showed that EPR can obtain the spa-
tial and temporal resolution needed to monitor
hypoxia [121].

EPRI has also shown utility in tracking longi-
tudinal oxygen measurements and localizing
oxygen maps to anatomy via MRI. A study by
Matsumoto et al. used pulsed EPRI combined
with MRI to obtain quantitative, 3D maps of pO,
in mice [122]. In an air/carbogen (95% O, plus
5% CQO,) breathing cycle, they studied the rela-
tionship between tumor blood perfusion and pO,.
They found that significant hypoxia existed even
in regions that exhibited blood flow, which pro-
vides in vivo confirmation of hypoxia character-
istics [122]. Matsumoto et al. treated mice with
the multi-tyrosine kinase inhibitor sunitinib and
by monitoring pO, and vascular density over time
via EPR and MR imaging, they demonstrated
vascular normalization of tumor [123]. They
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further report that, during a window of enhanced
tumor oxygenation, radiation and sunitinib com-
bination therapy resulted in a synergistic delay in
tumor; moreover, during this time, cycling
hypoxia was also suppressed [123]. This study
demonstrates the capabilities of EPR to track
temporal changes in hypoxia and potentially
identify a target time when radiation therapy can
be most effective. At the time of writing, there are
three, recruiting clinical trials utilizing EPRI or
EPR oximetry (clinicaltrials.gov).

2.8 Optical Methods

Optical imaging encompasses a wide array of
methods capable of measuring hypoxia.
Wavelengths between 100 nm and 1 mm describe
the range of the optical spectrum, and researchers
have developed many methods to harness oxygen
detection in this range including oxygen-sensing
electrodes, fluorescent lifetime sensors, diffuse
reflectance spectroscopy, hyperspectral imaging,
diffuse optical topography and tomography, pho-
toacoustics, structured illumination, etc. [71].
These technologies share a common method:
they obtain oxygen measurements by quantifying
intrinsic sources of optical absorption, scattering,
and fluorescence in tissue. Optical imaging or
spectroscopy are advantageous in their high spa-
tial and temporal resolution. Limitations in opti-
cal methods lie primarily in penetration-depth
restrictions due to relatively high tissue absorp-
tion and scattering.

2.8.1 Near-Infrared Spectroscopy

Near-infrared spectroscopy (NIRS) measures the
absorption and scattering events for light between
780 and 2500 nm. It has vast applications in
many fields; however, in medicine, it provides
information on hemoglobin oxygen saturation.
Optical imaging does not always require an exog-
enous compound to measure oxygenation.
Hemoglobin saturation has different absorption
properties depending on if it is oxygenated
(HbO,) or deoxygenated (Hb) [124]. Hemoglobin

is the foremost absorber in tissue, and in any
given vessel, there is some mix of HbO, and Hb.
The fraction of HbO, can be determined by mea-
suring the absorption properties of the tissue
across various wavelengths, and the vascular pO,
can be determined through a hemoglobin disas-
sociation curve (Fig. 2.4g) [125, 126]. NIRS is
one method capable of differentiating oxygen-
ated from deoxygenated hemoglobin.

While NIRS is not strictly an imaging method
as it only provides precise, quantitative point-
measurements in tissue, it can be expanded to
obtain 3D information that can map an entire
area. Diffuse optical tomography (DOT) is the
3D imaging version and has been studied in glio-
mas [127] and breast cancer [128—131]. In a clin-
ical study, Gunther et al. monitored 40
breast-cancer patients receiving neoadjuvant che-
motherapy [130]. Two weeks after treatment
began, dynamic DOT images were acquired.
After a 5-month treatment follow-up, researchers
report that DOT identified patients with a patho-
logical complete response with a positive predic-
tive value of 70.6% (12 of 17), a negative
predictive value of 94.1% (16 of 17), a sensitivity
of 92.3% (12 of 13), and a specificity of 76.2%
(16 of 21) based on their Hb saturation and their
water and lipid content [130]. This study high-
lights the feasibility of predicting treatment out-
come based on these biomarkers using DOT. The
main advantages of DOT and NIRS, in general, is
its quantitative, precise measurements. It has
high temporal and reasonable spatial resolution,
making it one of the few systems to feasibly mea-
sure cycling hypoxia. While NIRS experiences
less attenuation effects of tissue than lower opti-
cal wavelengths, it is still limited to measuring
superficial tumors. Moreover, Hb saturation mea-
surements are an indirect method of measuring
vascular hypoxia and can potentially miss impor-
tant hypoxic information in tumor cells.

2.8.2 Phosphorescence-Lifetime
Imaging

Phosphorescence-lifetime ~ imaging  (PLIM)
involves the injection into the tissue or vasculature
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Fig. 2.4 Direct and indirect methods of quantifying
hypoxia using optical imaging methods. (a) Image of
boron nanoparticles (BNP) (BF2dnm(I)PLA 9b (NPI)) in
air (fluorescence) and N, (fluorescence + phosphores-
cence) at A, = 354 nm. (b) Spectra of BNPs at varying
oxygen concentrations (0-21%). The arrow indicates
decreasing phosphorescence with increasing %0, Note
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that fluorescence does not change, allowing for ratiomet-
ric (F/P) imaging. (c¢) The fluorescence to phosphores-
cence (F/P) ratio with a linear fit in the 0-5.3% O, range.
The BNP are most sensitive and linearly and directly cor-
relate to oxygen values in hypoxic values. (d) A filter sys-
tem attached to the microscope was used to split the
wavelengths and determine the F/P ratio. At two different
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and recording the phosphorescence. These
injected phosphors generally use nanoparticle
technology to encapsulate phosphorescent dye,
preventing degradation in the harsh microenvi-
ronment. This phosphorescence emission can be
recorded by many modalities and emit in all opti-
cal wavelengths, though preferentially near IR
[71]. Oxygen-sensing phosphors rely on molecu-
lar oxygen quenching the excited phosphor in its
triplet state [132]. This principle is competitive to
phosphorescence intensity, providing a straight-
forward and direct calibration between increas-
ing O, and decreasing phosphorescent intensity.

Oxygen-sensitive boron nanoparticles (BNP)
are dual-emissive with both fluorescence and
oxygen-sensitive phosphorescence; the ratio of
fluorescence to phosphorescence (F/P) normal-
izes the measurements and corrects for inter-
subject differences, variations in detector
sensitivity and fluctuations in light intensity
[133]. Once calibrated to a F/P versus oxygen
tension curve, these BNPs provide a direct, abso-
lute tissue oxygen measurement. These ratiomet-
ric sensors BNPs have been used in in vivo
preclinical studies in murine dorsal-skin-fold
window chambers to study the relationship
between hemoglobin saturation and tissue oxy-
genation [134]. Palmer et al. describe how
changes in hemoglobin saturation in 4T1 tumors
drive fluctuations in tissue oxygenation with a
reportedly high correlation (r = 0.77) (Fig. 2.4a—
f) [134]. This study highlights BNP’s unique
ability to report tissue oxygenation instead of Hb
saturation measurements. While BNPs are not
used clinically, its data is invaluable in the pursuit
to understand the complexities of hypoxia in the
tumor microenvironment.

<

Sergei Vinogradov’s group has investigated
lifetime fluorescent imaging using an Oxyphor
probe, and used it in a study involving R3230Ac
tumors growing in dorsal flap window chambers
in rats [135]. The Oxyphor R2 probe has an inter-
esting capability due to dual phosphorescent
peaks (419 nm and 524 nm) with different life-
times. The 419 nm excitation measures pO, in a
layer less than 50um from the surface whereas
the 524 nm excitation can image at deeper layers.
This allows “optical sectioning” of tumor oxy-
genation. Using this technique, they determined
that the tumor was much more hypoxic than the
surrounding tissue and confirmed previous results
that the growing edge of the tumors exhibit a
lower pO, than at the central core of the tumor
[135]. In a similar study Cardenas-Navia et al.
sought to measure the spatial and temporal het-
erogeneity in rat fibrosarcomas, 9 L gliomas, and
R3230 mammary adenocarcinomas grown in
dorsal skin-fold window chambers [136]. Using
phosphorescence-lifetime imaging, they quanti-
fied fluctuations in vascular pO,, imaging every
2.5 min for a duration of 60—90 min. Their results
confirmed the variability of oxygen tumor deliv-
ery and, more importantly, demonstrated that
perfusion-limited or diffusion-limited hypoxia
are extreme cases of O, delivery or metabolism
dominant areas in tumors [136].

2.9 Conclusion

Hypoxia is one of the most important factors in
clinical outcomes for cancer therapies. Functional
imaging of hypoxia, however, has not been incor-
porated into clinical practice. Further, there are

Fig. 2.4 (continued) oxygen concentrations, it shows dif-
ferent trends in mouse tumor microenvironments over
45 min. (e) Filtered microscope images of 4T cells under
normoxic conditions over 45 min. Color bar indicates F/P
ratio, which correlates to oxygenation. Note that over
time, the values stay in the same range. (f) Filtered micro-
scope images of 4T cells as they transition from 0.5% O,
to normoxia over 45 min. The microenvironment starts
hypoxic, slowly increasing in oxygenation back to base-
line. This suggest that the BNPs are sensitive enough to
measure cycling hypoxia and directly quantify oxygen
from the F/P ratio (Reprinted with permission by [133]).

(g) Hemoglobin saturation, an indirect measurement of
tissue oxygenation, is shown with high hemoglobin oxy-
gen saturation in red and low hemoglobin oxygen satura-
tion is shown in blue. A 4T1 tumor, colored white, is
centered in the image. Transcriptional activity of hypoxia-
inducible factor 1 alpha (HIF1A), an indicator of hypoxia,
is shown in green. Note the longitudinal gradient of hemo-
globin saturation along the vasculature, with lower satura-
tions around the upper right pole of the tumor, which also
shows increased HIF-1 expression. Refer to [138] for
methods regarding hemoglobin saturation imaging and
the murine tumor model
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no widely approved methods to reduce hypoxia.
In a way, this is a chicken and egg dilemma.
Without a validated and proven method to mea-
sure hypoxia, it is a challenge to prove that reduc-
tion of hypoxia has any therapeutic value. This is
aptly seen in the extensive review by Overgaard
and Horsman. In reviewing the clinical literature,
they identified over 70 randomized trials, con-
ducted since the 1960s in which methods to
reduce the influence of hypoxia on radiotherapy
response were tested. Hypoxia imaging was not
used as a selection tool in any of these prior trials
and with the exception of head and neck cancer,
no tumors demonstrated a benefit from modifica-
tion of tumor hypoxia [137].

A significant challenge to using hypoxia
imaging is the cost of implementing a new sys-
tem, both in money and in time. PET and MR
imaging — two powerful modalities for quantita-
tively imaging hypoxia — are also the most expen-
sive systems and cost thousands of dollars per
imaging session. Incorporating functional imag-
ing with longer sessions, adding technology to
clinical machines, and changing the workflow
and analysis all deliver significant hindrances.
However, these problems have motivated the
drive for more inexpensive and available sys-
tems, particularly in optics. Although many of
these optical systems are still being validated pre-
clinically, the field has an opportunity to provide
direct, quantitative, inexpensive and non-invasive
systems for measuring hypoxia for tumors where
there is an optical window. As more data is being
produced describing the benefits of characteriz-
ing tumor hypoxia and potential therapeutics, the
need for clinical hypoxia imaging will eclipse the
cost and continue to move the technological
research forward.

Another challenge in hypoxia imaging affects
the outcomes of clinical trials: patients are not
pre-screened for tumors with a high hypoxic frac-
tion prior to being included in a hypoxia-
modification clinical trial. Executing
well-planned clinical trials with proper patient
selection will maximize the possibility of achiev-
ing a positive result from future clinical trials
with hypoxia modification treatments. Positive
trials will subsequently provide rationale for

including hypoxia imaging as part of clinical
staging.

Overall, quantitatively imaging hypoxia and
understanding its effects can significantly benefit
patients. Hypoxia influences disease progression,
therapeutic efficacy and prognosis. This has gar-
nered the attention of researchers across the
world who are investigating molecular effects of
hypoxia in preclinical models and monitoring
hypoxia in the clinic.
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Abstract

Intratumoral heterogeneity is an important
factor contributing to metastasis and therapy
resistance. The phenotypic diversity of cancer
cells within the tumor microenvironment is
strongly influenced by microenvironmental
factors such as hypoxia. Clinically, hypoxia
and the hypoxia inducible transcription fac-
tors HIF-1 and HIF-2 are associated with can-
cer stem cells, metastasis and drug resistance
in multiple tumor types. Experimental models
have demonstrated an important functional
role for HIF signaling in driving CSC, meta-
static and drug resistant phenotypes in vitro
and in vivo. Here we will review recent studies
that highlight novel mechanisms by which
hypoxia promotes cancer stem cell, metastatic
and drug resistant phenotypes.
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3.1 Introduction

It is well established that tumors are composed of
a heterogeneous population of tumor cells that
are morphologically and phenotypically distinct.
The phenotypic diversity of cancer cells within
the tumor microenvironment is thought to be a
major diver of metastasis and therapy resistance.
There are multiple mechanisms driving tumor
heterogeneity including genetic, epigenetic and
microenvironmental factors [1]. Accumulating
evidence suggests that hypoxia is an important
microenvironmental factor that influences tumor
heterogeneity by promoting cancer stem cell,
metastatic and drug resistant phenotypes.

Areas of hypoxia, or low oxygen tensions, are
commonly found in solid tumors. Hypoxia devel-
ops when there is an imbalance between oxygen
delivery and oxygen consumption [2]. Within the
tumor microenvironment, oxygen delivery is
impaired due to the irregular vasculature charac-
terized by distended capillaries with leaky and
sluggish blood flow [2]. In addition, oxygen con-
sumption rates are increased by proliferating
tumor cells and infiltrating immune cells. The
hypoxia inducible transcription factors HIF-1
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and HIF-2 coordinate the adaptive cellular
response to low oxygen tensions by activating
gene expression programs controlling glycolysis,
angiogenesis, cell survival, invasion, immune
suppression, the cancer stem cell phenotype,
metastasis and resistance to conventional therapy
[3]. In the presence of oxygen, the a-subunits of
HIF-1 and HIF-2 are rapidly degraded through
the cooperative actions of prolyl hydroxylase
enzymes (PHDI, 2, and 3) and the E3 ubiquitin
ligase substrate recognition component VHL [4].
Under hypoxia, HIF-1 and HIF-2 are stabilized
and activate the expression of genes containing
hypoxia response elements (HRE) [5]. Over 200
genes are activated in response to HIF-1 and
HIF-2 that allow cells to survive and adapt to low
oxygen tensions.

3.2  Hypoxia and Cancer Stem

Cells

Cancer stem cells (CSCs) are a rare subpopula-
tion of tumor cells within the tumor microenvi-
ronment that are thought to mediate tumor
initiation, metastasis and therapy resistance.
Cancer stem cells were first described in AML
and have subsequently been identified in many
solid tumor types including breast, colorectal,
brain, pancreatic and ovarian cancers [6].
Functionally, CSC are defined by their unlimited
self-renewal, clonal tumor initiation and clonal
long-term repopulation capacity [7]. Recent evi-
dence suggests that CSCs exist in a state of plas-
ticity where they can transition between stem and
non-stem cell states. Accumulating data suggests
that cellular and molecular factors within the
tumor microenvironment play a key role in deter-
mining CSC self-renewal, promote their meta-
static potential as well as protect them from
chemotherapy and radiotherapy [8]. Here we will
review recent literature describing how hypoxia
and HIF signaling within the tumor microenvi-
ronment influences the CSC phenotype.
Clinically, HIF-1 and HIF-2 are highly
expressed in CSCs. Immunohistochemical analy-
sis of HIF-1 and HIF-2 with CSC markers such as
CD133 or CD44 revealed high levels of HIF-1
and HIF-2 expression within CSC pools in gli-

oma, acute myeloid leukemia (AML), and breast
cancer [9-11]. In experimental models, HIF sig-
naling is required to maintain the CSC phenotype
in vitro and in vivo. Samanta et al. observed that
paclitaxel or gemcitabine treatment of triple nega-
tive breast cancer cell lines induced HIF expres-
sion and activity and enriched the breast CSC
population [12]. In this model, coadministration
of HIF inhibitors reduced the breast CSC resis-
tance to paclitaxel and gemcitabine resulting in
increased tumor control [12]. In the polyoma
virus middle T antigen (PyMT) transgenic model
of breast cancer, genetic inactivation of HIF-1
reduced the number of CD133+ breast CSCs and
decreased the CSC pool in limiting dilution stud-
ies in vivo [13]. Moreover, Cecil et al. utilized an
immunization approach to test the hypothesis that
HIF-1 is immunogenic in triple negative breast
cancer and active immunization against HIF-1
could impact tumor growth and CSCs in a basal
model of breast cancer. Indeed, HIF-1 vaccination
reduced the CSC population and growth of basal
mammary tumors [14]. Knockdown of HIF-1 or
HIF-2 in CSCs is also sufficient to reduce glioma
CSC survival and suppress CSC-mediated tumor
growth [11]. Similarly, genetic or therapeutic tar-
geting of HIF-1 abrogated the colony-forming
unit (cfu) ability of mouse lymphoma and human
AML CSCs [10]. In chronic myeloid leukemia
stem cells, deletion of HIF-1 inhibits CML pro-
gression by impairing cell-cycle progression and
inducing apoptosis of LSCs [15]. Collectively,
these studies demonstrate that HIF-1 and HIF-2
are highly expressed within human and mouse
CSCs where they play an important functional
role in mediating CSC growth and survival. These
findings suggest that therapeutic strategies target-
ing HIF-1/HIF-2 may be efficacious in reducing
CSCs and promote therapeutic responses to con-
ventional chemo radiation therapy.

Mechanisms of HIF-
Mediated CSC Phenotype

3.3

There are multiple mechanisms by which hypoxia
and HIF signaling promote CSC growth and sur-
vival including upregulation of CSC surface
markers, induction of pluripotency factors,
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stemness pathways, metabolism, epithelial to
mesenchymal transition (EMT), and mediating
CSC crosstalk with their niche. Here we will
review the recent literature identifying mecha-
nisms by which HIF signaling promotes the CSC
phenotype.

3.3.1 HIF Signaling and CSC Surface

Marker Expression

There has been much interest in the identification
of unique markers expressed by CSCs, as these
markers have the potential to be exploited as both
prognostic factors and therapeutic targets.
Currently, there are approximately 30 CSC sur-
face markers that have been identified across
multiple tumor types [16]. Most of the CSC cell
surface markers are glycoproteins including
CD133, CD24 and CD44 [16]. More recently,
there has been interest in the identification of
metabolic CSC markers. For example, Li et al.
identified an increase in lipid unsaturation levels
as a marker of ovarian cancer stem cells (CSCs)
compared to non-CSCs. Importantly, they found
that lipid unsaturation, mediated by the lipid
desaturase SCD1, is important to maintain CSC
stemness and tumor formation indicating that
lipid unsaturation levels may be an functional
marker of ovarian CSCs [17]. Future studies are
needed to determine if increased unsaturated
lipid are found in additional CSC populations.
Given the important role of hypoxia and HIF
signaling in maintaining CSCs, multiple CSC
markers have been shown to be regulated by
hypoxia. CD133 is an cell surface glycoprotein
that is associated with CSCs in a variety of can-
cers including the brain, prostate, liver, pancreas
and colon cancer [18]. Multiple studies observed
that CD133 expression on CSCs is induced by
hypoxia and HIF [19-22]. Molecular analysis of
the CD133 (PROM1) promoter revealed that
HIF-1 and HIF-2 bind to the PROM1 promoter
at an ETS transcription factor binding site.
PROMI1 expression mediated by HIF likely

occurs through an association with ETS-family
transcription factors [22]. In support of this
notion, immunoprecipitation studies identified a
physical interaction between HIF-1 and ETS
transcription factor ELK1 [22]. CD24 is another
cell surface protein that is associated with a CSC
phenotype and plays and particularly important
role in the progression of hepatocellular carci-
noma and male urothelial cancers [23, 24].
Combined analysis of HIF-1 and CD24 expres-
sion in a cohort of 101 human urothelial cancer
specimens revealed a statistically significant
association with reduced overall survival sug-
gesting an coordinate regulation between HIF-1
and CD24 [25]. Functional studies demonstrated
that HIF-1 is both necessary and sufficient for
the hypoxic induction of CD24 in multiple cell
lines. Moreover, a functional hypoxia-respon-
sive element was identified in the promoter of
CD24 demonstrating a direct regulation of CD24
by HIF-1 [25]. Importantly, genetic inactivation
of HIF-1 reduced primary and metastatic growth
that could be rescued in part by CD24 overex-
pression [25]. These suggest that the CSC mem-
brane protein CD24 as an important effector of
HIF-1 activity. In the glioma stem cell niche,
CD44 expression correlates with hypoxia
induced gene signatures. CD44 is a glycoprotein
transmembrane receptor and CSC markers that
binds to osteopontin. Osteopontin binding to
CD44 results in cleavage of the CD44 intracel-
lular domain (ICD) that promotes glioma growth
and a stem cell-like phenotype in a HIF-2 depen-
dent manner. Mechanistically, the CD44 ICD
enhances the transcriptional activity of HIF-2 in
a CBP/p300 dependent manner to promote stem
cell marker gene expression and facilitate tumor
growth [26]. Future studies are needed to eluci-
date the mechanisms by which the CD44 ICD
promotes HIF-2 activity. A recent report sug-
gests that CD44 ICD directly interacts with HIF-
2, but not HIF-1, to promote stabilization of the
HIF-2 CBP/p300 complex [27]. Collectively,
these data identify a functional link between
hypoxic signaling and CSC stem cell markers.
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3.3.2 HIF Signaling
and Pluripotency
Transcription Factors

The core pluripotency transcription factors
OCT4, SOX2, NANOG and KLF4 are required
to maintain embryonic stem cell pluripotency
and self-renewal [28, 29]. Similar to embryonic
stem cells, CSCs express OCT4, SOX2, NANOG
and KLF4 to maintain a stem cell phenotype and
tumor growth [30-35].

Hypoxia and HIF signaling play an important
role in stem cell proliferation and differentiation
during development and cancer. During develop-
ment, germline inactivation of Arnt, the common
binding partner for Hif-1a and Hif-2a results in
embryonic lethality at E9.5-E10.5 due to defec-
tive placental vascularization and trophoblast lin-
eage differentiation [36]. Analysis of trophoblast
stem cells revealed that HIF activity is required to
induce the expression of Mash2, a bHLH protein
that is directs specific trophoblast lineages [36].
Similar results were observed in Hif-1/Hif-2 dou-
ble knockout mice demonstrating a critical role
for HIF transcriptional activity in trophoblast lin-
eage determination [36]. Covello et al. utilized an
elegant genetic knock-in strategy to compare the
relative contribution of Hif-1 and Hif-2 on stem
cell function during development. Interestingly,
Hif-2 knock-in into the Hif-1 locus resulted in
embryonic lethality at an earlier timepoint
(E6.5-E7.5) compared to the Hif-1/Hif-2 defi-
cient embryos. In this setting, embryonic lethal-
ity was associated with developmental patterning
defects and increased expression of Oct-4 [37].
This observation lead to the identification of
Oct-4 as a novel Hif-2 target. Importantly, knock-
down of Oct-4 was sufficient to rescue some of
the hematopoietic defects in Hif-2 knock-in cells
indicating that Hif-2 modulates stem cell func-
tion through Oct-4 during development [37].

In cancer, HIF activity has been shown to
regulate the expression of multiple pluripotency
factors. In prostate tumors, HIF-1, NANOG,
OCT4 and SOX2 staining co-localize indicating
a co-regulation of these factors in human tumors
[38, 39]. Indeed, HIF signaling can promote the

expression of the core pluripotency transcription
factors in cancer cells through direct and indirect
mechanisms [19, 38]. As described above, a
direct role for HIF-2 in the regulation of OCT4
has been demonstrated through the identification
of a functional hypoxia response element in the
Oct-4 promoter [37]. Hypoxic regulation of Oct4
has been detected in multiple cancer cell lines
[38, 40]. Data suggest that HIF-1 and HIF-2
indirectly promote SOX2 expression through the
regulation of NOTCHI1 signaling [39, 41].
NANOG expression is regulated by HIF in can-
cer cells through transcriptional and posttran-
scriptional mechanisms. In breast cancer cells,
HIF-1 can promote NANOG expression by
upregulating the expression of adenosine recep-
tor 2B (A2BR) resulting in an increase in ade-
nosine signaling and activation of protein kinase
C-0 leading to STAT3-mediated activation
Nanog transcription [42]. In addition, HIF-
mediated increase in the expression of the cys-
tine transporter XCT and the regulatory subunit
of glutamate-cysteine ligase (GCLM) results in
an increase in intracellular glutathione levels
that act to suppress mitogen activated protein
kinase kinase (MEK) through copper chelation.
MEK-ERK inhibition leads to the nuclear trans-
location of the FoxO3 transcription factor and
activation of its target Nanog [43]. HIFs can also
increase NANOG levels in cancer cells by con-
trolling Nanog mRNA stability. HIF-1 transacti-
vation of ALKBHS5, an N°-methyladenosine
demethylase, results in HIF dependent demeth-
ylation of N®-methyladenosine of Nanog mRNA
[44]. While m°A modifications of mRNA can
control protein binding, mRNA splicing, transla-
tion, stability and degradation; m®A modifica-
tions on pluripotency factors such as Nanog
results in reduced mRNA stability [45, 46].
Indeed, HIF-mediated ALKBHS promotes
Nanog m°A demethylation and mRNA stability
leading to increased Nanog and enhanced breast
cancer stem cell enrichment [44]. Together these
data illustrate multiple mechanisms by which
HIF activity can promote the CSC phenotype
through the activation of pluripotency factor
gene expression.
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3.3.3 HIF Signaling and CSC
Signaling Pathways

Similar to embryonic or tissue stem cells, CSCs
activate conserved signaling pathways that pro-
mote development and tissue homeostasis includ-
ing Notch, Hedgehog and Wnt pathways (for a
recent review [47]). Hypoxia and the activation
of HIF signaling plays an important role in main-
taining stem cell signaling in development and in
cancer [48]. For example, Notch signaling is an
evolutionary conserved pathway controlling cell
fate in most metazoan species [49]. Gustafsson
et al. discovered that hypoxia promotes an undif-
ferentiated cell state through the activation of
Notch signaling. They discovered that the Notch
intracellular domain interacts with HIF-1a and
HIF-1a is recruited to Notch-responsive promot-
ers under hypoxic conditions to enhance the acti-
vation of downstream Notch target genes [50]. In
human glioblastoma, hypoxia promotes the
tumorigenic capacity of glioma stem cells
through the activation of HIF and Notch signal-
ing [11, 51]. HIF-1 may augment Notch signal-
ing under hypoxic conditions by increasing the
expression of vasorin, a protein that binds to
Notchl at the cell membrane to prevent its degra-
dation [52]. In AML, HIF promotes CSC self-
renewal by inhibiting the Notch negative
feedback loop mediated by Hesl [10]. Thus,
there are multiple mechanisms by which HIF sig-
naling controls Notch signaling to maintain a
CSC phenotype in tumor cells. In addition to the
Notch pathway, hypoxia has also been shown to
promote the self-renewal properties of CSCs
through activation of the Wnt/B-catenin [53, 54],
JAK/STAT3 [55], NF-kB [56], PI3K/AKT and
Hippo-YAP pathways [57].

3.3.4 HIF Signaling and CSC
Metabolism

Altered metabolism is a hallmark of cancer [58].
There is growing interest in understanding the
metabolic heterogeneity of CSCs and how meta-
bolic stressors such as hypoxia affect the CSC
phenotype. Samanta et al. observed that meta-

bolic adaptation is required for the hypoxic
induction of breast cancer stem cells [59]. Under
hypoxic conditions, BCSCs upregulate the
expression of multiple genes controlling meta-
bolic adaptation including phosphoglycerate
dehydrogenase (PHGDH), an enzyme that shunts
glucose metabolites into the serine synthesis
pathway. Genetic inactivation of PHGDH
resulted in increased oxidant levels, apoptosis,
loss of BCSCs and reduced tumorigenic and met-
astatic potential of BCSCs [59]. Luo et al
recently observed that the transition of breast
cancer stem cells (BCSCs) from a quiescent
mesenchymal-like (M) state to a proliferative
epithelial-like (E) state is regulated by the redox
state within the cell. They found that ROS-
induced BCSC transition from the M to E state is
facilitated by activation of HIF-1 and Notch sig-
naling [60]. This finding is consistent with
another report demonstrating that MYC and
MCLI1 amplification in TNBC promotes CSC
enrichment and tumor growth through ROS-
mediated accumulation of HIF-1 [61]. These
studies identify a molecular link between cellular
redox status and CSC maintenance mediated by
HIF-1.

3.3.5 HIF Signaling, EMT and CSC

The epithelial to mesenchymal (EMT) program
is a key pathway driving the CSC phenotype. In
human clinical samples, CSC populations express
high levels of the EMT transcription factors
(Slug, Snail, Zebl) or mesenchymal markers
(vimentin, N-cadherin and reduced E-cadherin)
relative to non-CSC populations. Moreover,
experimental manipulation of the EMT program
through knockdown of EMT transcription factors
such as Snail in CSC populations can signifi-
cantly reduce the CSC phenotype in vitro and
in vivo (for a recent review [1]). Conversely,
overexpression of EMT transcription factors such
as TWIST is sufficient to promote and CSC-like
phenotype [62].

Hypoxia is an important microenvironmental
factor promoting EMT. Hypoxic signaling pro-
motes EMT in cancer cells through direct and
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indirect mechanisms. For example, the expres-
sion of the EMT transcription factors Twistl,
Zeb1/2, and Snail are directly induced by hypoxia
in and HIF-dependent manner through the activa-
tion of hypoxia response elements (HREs) within
regulatory elements of these genes [63-65]. HIF
signaling has also been shown to indirectly pro-
mote EMT through the activation of Notch, Wnt,
TGFpp, integrin-linked kinase (ILK), and the
receptor tyrosine kinase AXL (for a recent review
[66]). Thus, hypoxia and HIF signaling have the
potential to influence CSC populations through
the regulation of EMT. In support of this hypoth-
esis, hypoxia induced CSC EMT and tumor for-
mation through HIF-1 mediated activation of
Snail in gastric cancer cell lines [67].

3.3.6 HIF Signaling and CSC
Crosstalk in their Niche

Similar to normal stem cells, CSCs reside within
specialized niches where they rely on stromal
derived factors to maintain stemness, protect
them from the immune system and facilitate their
metastatic potential [8]. For example, cancer
associated fibroblasts are an important cellular
component of the CSC niche. They secrete fac-
tors that promote stem cell signaling pathways
such as Wnt, Notch, and Hedgehog [8]. In
colorectal cancer, CAFs secrete TGF-B2, which
activates the expression of GLI2, a transcription
factor involved in the Hedgehog pathway.
Interestingly, hypoxia cooperates with CAFs to
further induce GLI2 expression in colorectal can-
cer cells resulting in robust resistance to chemo-
therapy [68].

Peritoneal metastases are commonly found in
ovarian and gastric cancer patients, where CSC
rich spheroids present in malignant ascites fluid
are abundant sources for peritoneal dissemina-
tion, distant metastasis to peritoneal organs and
therapy relapse [69]. A recent study suggests that
the hypoxic peritoneal milky spots (PMS) at the
omentum may create an ideal CSC niche for gas-
tric cancer engraftments [70]. In animal models,
gastric CSCs preferentially localized to hypoxic
regions of PMS, and these engraftments expressed

high levels of stem genes. Moreover, inhibition
of HIF-1 in gastric cancer cells significantly
reduced peritoneal dissemination and self-
renewal [70]. Future studies are needed to under-
stand how hypoxia is induced and maintained
within milky spots and whether hypoxia influ-
ences other cell compartments of peritoneum sur-
face (macrophages, adipocytes and mesenchymal
cells, etc.) to support CSC stemness through
paracrine signaling or cell-to-cell contact.

A growing area in CSC research is under-
standing the immunobiological properties of
CSCs and how these properties are modulated by
the tumor microenvironment. Cancer stem cells
have been shown to inhibit both innate and adap-
tive immune responses through multiple mecha-
nisms (for a recent review [71]). In addition, the
hypoxic microenvironment promotes an immu-
nosuppressive phenotype through inhibition of
natural killer cell mediated antitumor responses,
promoting resistance to T cell mediated killing,
inhibition of macrophage phagocytosis, recruit-
ment of regulatory T cells, and inhibition of T
cell effector functions [66]. Recent studies have
focused on understanding how hypoxia potenti-
ates CSC immune suppression. In B16-F10 mel-
anoma tumors, hypoxia-induced Nanog promotes
a CSC phenotype, but also promotes the infiltra-
tion of regulatory T cells through the upregula-
tion of TGF-B1 providing a molecular link
between the hypoxic induction of the CSC and
immunosuppressive phenotype [72]. In glioblas-
toma, hypoxia enhanced glioblastoma CSC abil-
ity to inhibit T cell proliferation and activation as
well as macrophage phagocytosis. The immuno-
suppressive effects of hypoxia in this model were
mediated through the activation of STAT3 and
HIF-1 [73]. Another mechanism by which HIF
signaling couples immune suppression with a
CSC phenotype is through the activation of
CD47. CD47 is a cell surface protein that inhibits
macrophage mediated phagocytosis by binding
to signal regulatory protein SIRPo macrophages
[74]. CD47 also regulates the breast cancer CSC
phenotype through mechanisms that remain
unclear [75]. Zhang and colleagues discovered
that HIF-1 directly activates the expression of
CDA47 to promote a CSC phenotype and inhibit
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macrophage-mediated phagocytosis [75]. In
addition, HIF signaling activates the expression
of the immunosuppressive factors CD73 and
PDL1 to promote chemotherapy-induced
immune evasion in TNBCs [76]. Together, these
studies suggest that HIF signaling is an important
pathway coupling innate and adaptive immune
suppression with a CSC phenotype.

3.4  HIF Signaling, CSC

and Metastasis

Metastasis remains the leading cause of cancer
related deaths. Metastatic disease is thought to
arise from disseminated cancer cells, or cancer
stem cells, that retain the ability to reinitiate
tumor growth at a distant tissue site [3]. There are
multiple proposed models to explain how meta-
static stem cells accumulate at distant sites. For
example, it is thought that in some cases such as
colorectal cancer, the metastatic CSCs originate
from the primary tumor where they travel to dis-
tant tissue sites and resume their regenerative
potential [3]. Another model is metastatic stem
cells at distant sites arise through phenotypic
plasticity and regain tumor initiating capacity [3].
Regardless of their origin, the tumor microenvi-
ronment at both the primary and distant meta-
static sites plays an important role in promoting
the metastatic phenotype of CSCs [3].

In addition to regulating the CSC phenotype,
hypoxia plays an important role in metastasis.
Hypoxia and the activation of HIF signaling is
associated with metastasis and poor survival in
variety of cancer patients [5, 66, 77, 78].
Moreover, preclinical studies have shown that
hypoxia and HIF signaling promote multiple
steps within the metastatic cascade and have been
reviewed extensively elsewhere [66]. Here we
will focus our review on recent literature that has
identified a link functional link between hypoxic
signaling, the CSC metastatic phenotype and
metastasis.

As described above, Notch signaling plays an
important role in stem cell self-renewal. This
pathway is activated by HIF signaling through
multiple mechanisms to promote a CSC pheno-

type. In breast cancer patients, the Notch ligand
Jagged 2, correlates with poor overall and
metastasis-free survival. Xing and colleagues
discovered that breast cancer cells activate Notch
signaling under hypoxic conditions to promote
metastasis and a CSC phenotype. They found
that Jagged 2 expression and activation of Notch
are activated within the hypoxic invasive front of
breast cancer specimens. Mechanistically,
hypoxia increases the expression of Jagged 2 and
Notch signaling to promote tumor cell EMT, sur-
vival and CSC-like phenotype, indicating that
hypoxia may facilitate metastatic and CSC phe-
notype through the activation of Notch signaling
[79]. Another mechanism by which hypoxia may
coordinate the metastatic and CSC phenotype is
through the activation of CD24 expression. In
hepatocellular carcinoma, CD24 is an important
functional CSC marker that is required to main-
tain self-renewal, differentiation and metastasis
[24]. Thomas et al. discovered that CD24 is a
direct HIF-1 target that promotes HIF-1 driven
metastasis in preclinical models of bladder and
prostate cancer [25]. Pang et al. recently linked
hypoxia with the CSC phenotype and metastasis
through the induction of integrin-like kinase
(ILK). ILK is a kinase that transmits signals from
the Bl-integrin and the extracellular matrix to
promote tumor cell migration, invasion, prolifer-
ation and angiogenesis [80]. Pang et al. found
that hypoxia and stiff microenvironments upreg-
ulated the expression of Bl-integrin and ILK to
promote a CSC phenotype in invasive breast can-
cer cell lines suggesting an link between hypoxia,
the ECM and the CSC metastatic phenotype [81].
A recent study utilized a genetic model of pan-
creatic ductal adenocarcinoma (PDAC) to iden-
tify a subpopulation of cancer cells with enhanced
metastatic potential. Within this population, they
found elevated levels of the transcription factor
BLIMPI1 and hypoxic gene signatures suggesting
that BLIMP1 may be a hypoxia induced gene.
Indeed BLIMPI1 is a novel HIF-1 target that is
required for the metastatic potential of PDAC
metastatic stem cells. Interestingly, approxi-
mately 35% of hypoxia regulated genes within
this metastatic population were regulated by
BLIMP1 under hypoxic conditions suggesting
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that BLIMP1 is an hypoxia regulated factor that
potentiates a subset of hypoxia inducible genes
within metastatic cell populations. These data
suggest that hypoxia promotes the metastatic
behavior of PDAC cells through the activation of
BLIMP1 [82]. Collectively, these studies identify
an important role for hypoxia and HIF signaling
in promoting metastatic stem cell phenotypes.

3.5 HIF,CSCs

and Chemoresistance

Chemoresistance is a major clinical challenge in
the treatment of cancer. Experimental evidence
suggests that cancer stem cells are enriched in
cancer populations that persist following chemo-
therapy and facilitate the regrowth of disease in
the recurrent setting. There are multiple mecha-
nisms by which CSCs can mediate chemoresis-
tance including upregulation of drug efflux
pumps, enhanced DNA-repair capacity, enhanced
protection against reactive oxygen species and
induction of an quiescent state (for a recent
review [7]). Hypoxia is an important microenvi-
ronmental factor that facilitates chemoresistance.
Clinically, hypoxia and HIF expression is associ-
ated with therapeutic resistance or decreased sur-
vival ~ following ionizing radiation  or
chemotherapy [83—-85]. There are multiple mech-
anisms by which hypoxia and HIF signaling pro-
mote chemoresistance including upregulation of
drug efflux, induction of autophagy, hypoxia-
driven selection of tumor cells with reduced
apoptotic capacity and inhibition of DNA dam-
age, metabolic reprogramming EMT and the
CSC phenotype (for a recent review [86]). Here
we will focus our discussion on recent studies
that have identified a role of HIF in promoting
chemoresistance associated with a CSC
phenotype.

Advanced stage colorectal cancers are com-
monly resistant to chemotherapy. Cancer stem
cells have been implicated in colorectal cancer
relapse. Hypoxia is also known to promote che-
moresistance in colorectal cancer cells although
the mechanisms by which this occurs remain
unclear. Tang et al. propose that one mechanism

by which hypoxia facilitates chemoresistance in
colorectal cancer occurs through an interaction
with the CSC niche. Cancer associated fibro-
blasts are a key cellular component of the colorec-
tal CSC niche and produce multiple factors
including Wnts, HGF, and IL-11 to promote
colorectal CSCs and metastasis. Under hypoxic
conditions, CAFs secrete the growth factor TGF-
B2 leading to the induction of the hedgehog tran-
scription factor GLI2 in colorectal cancer cells.
Notably, GLI2 expression in colorectal cancer
cells is required for chemoresistance induced by
CAFs and hypoxia. Clinically, HIF-1/TGF-B2/
GLI2 expression are associated with relapse and
poor patient survival suggesting that targeting
these pathways in combination may be effica-
cious to sensitize resistant colorectal tumors to
chemotherapy [68]. Future studies are needed to
determine whether hypoxic signaling in addi-
tional stromal cell populations may enhance CSC
and chemoresistance phenotypes.

Triple negative breast cancer (TNBC) is com-
monly treated with cytotoxic chemotherapeutic
agents given the lack of known molecular targets.
The development of recurrent chemoresistant
disease is a leading cause of mortality in women
diagnosed with TNBC. Cancer stem cells are
thought to be a rare population of cells in TNBC
patients that are resistant to chemotherapy and
drive relapse following adjuvant chemotherapy
[87]. Current research efforts are focused on elu-
cidating the mechanisms by which breast cancer
stem cells facilitate recurrence and metastasis.
Multiple groups have observed that chemother-
apy induces the normoxic expression of HIF-1
and/or HIF-2 to drive breast cancer stem cell
enrichment and drug resistance [12, 43, 88, 89].
There are likely multiple mechanisms by which
chemotherapy induces the normoxic accumula-
tion of HIF. Cao et al. found that doxorubicin
induced the expression of HIF in a STATI-
dependent manner. STAT1 activation by chemo-
therapy resulted in the activation of iNOS and the
accumulation of intracellular nitric oxide, which
can impair the normoxic degradation of HIF-1
[88]. Another mechanism by which HIF-signaling
is activated in TNBC following chemotherapy is
mediated through the induction of MYC and
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Fig. 3.1 Mechanisms of hypoxia induced tumor het-
erogeneity. The hypoxic tumor microenvironment facili-
tates cancer stem cell, metastatic and therapy resistant
phenotypes through multiple mechanisms. Both HIF-
dependent and independent mechanisms drive the selec-
tion of cancer stem cells within the hypoxic tumor

MCLI. MYC and MCL1 are commonly coampli-
fied in drug resistant TNBC following neoadju-
vant  chemotherapy. MYC and MCLI
cooperatively promote mitochondrial oxidative
phosphorylation and the generation of ROS. In
this setting, increased ROS enhances the nor-
moxic stabilization of HIF-1 to promote CSC
enrichment in chemotherapy resistant TNBC
[61]. Once stabilized, HIF promotes the BCSC
phenotype and chemoresistance through multiple
mechanisms including increased IL-6 and IL-8
signaling, increased expression of multidrug
resistance 1 gene expression and the activation of
pluripotency factors [12, 43, 89].

3.6 Conclusion

Together the findings presented in this review
highlight the central role for hypoxia and HIF
signaling in coordinating CSC, chemoresistant
and metastatic phenotypes in cancer (Fig. 3.1).

Endothelial cells (< 1)

Stromal-derived
factors
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Tumor Metastasis
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microenvironment that contribute to metastatic disease
and therapy relapse. Additionally, the selection of chemo-
resistant clones can stabilize HIF under normoxic condi-
tions to further promote stemness and metastatic
phenotypes

With the clinical development of HIF inhibitors,
it will be important to investigate the combina-
tion of these agents with chemotherapy and/or
targeted therapies aimed at the inhibition of CSC
signaling pathways.
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Hypoxia and the Tumor Secretome
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Abstract

Metastasis remains the leading cause of
cancer-related deaths. To date, there are no
specific treatments targeting disseminated dis-
ease. New therapeutic options will become
available only if we enhance our understand-
ing of mechanisms underlying metastatic
spread. A large body of literature shows that
the metastatic potential of tumor cells is
strongly influenced by microenvironmental
cues such as low oxygen (hypoxia). Clinically,
hypoxia is a hallmark of most solid tumors
and is associated with increased metastasis
and poor survival in a variety of cancer types.
Mechanistically, hypoxia influences multiple
steps within the metastatic cascade and par-
ticularly impacts the interactions between
tumor cells and host stroma at both primary
and secondary sites. Here we review current
evidence for a hypoxia-induced tumor secre-
tome and its impact on metastatic progression.
These studies have identified potential bio-
markers and therapeutic targets that could be
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integrated into strategies for preventing and
treating metastatic disease.
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4.1 Introduction
Metastasis is a complex process that selects for
highly aggressive tumor cells able to dissemi-
nate from their primary tumor, survive in the
circulation, and grow in foreign environments.
This process involves a reciprocal interplay
between tumor cells and host stroma at both pri-
mary and secondary sites, and the metastatic
potential is profoundly influenced by microen-
vironmental factors such as hypoxia. Among the
diverse ways by which hypoxia promotes metas-
tasis, the regulation of tumor cells’ secretome is
emerging as a key mechanism. Hypoxia-induced
tumor secretome impacts almost all steps in the
metastatic cascade and presents significant
opportunities for therapeutic intervention
(Fig. 4.1).

The term ‘secretome’ was first coined in
2000 in a study on bacterial secretory pro-
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Fig. 4.1 Hypoxia Induced Tumor Secretome in the
Metastatic Cascade Hypoxia promotes primary tumor
cell growth, blood vessel formation, immune escape, and
local invasion by up-regulating the expression and secre-
tion of factors such as VEGF, TGFp, MMPs, and PLOD?2.
As tumor cells intravasate into and extravasate out of the
blood vessels, hypoxia increases endothelial permeability
and facilitates transendothelial migration. Hypoxia also
protects disseminating tumor cells against immunolysis

through factors such as ADP that can activate and recruit
platelets to shield malignant cells. In distant target organs,
hypoxia fosters the formation of a premetastatic niche and
the metastatic outgrowth through the secretion of factors
such as LOX and tenascin C. Abbreviation: VEGF vascu-
lar endothelial growth factor, TGFp transforming growth
factor B, MMPs matrix metalloproteinases, PLOD2
Procollagen-lysine,2-oxoglutarate 5-dioxygenase 2, LOX
lysyl oxidase
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cesses, and was later re-defined as ‘the global
group of proteins secreted into the extracellular
space by a cell, tissue, organ, or organism
through known and unknown mechanisms
involving constitutive and regulated secretory
organelles [1, 2]. Secreted proteins can be
released into the extracellular space through at
least two mechanisms: the classical and non-
classical secretory pathways. In the former
pathway, proteins targeted for extracellular
release are synthesized as protein precursors
that wusually contain N-terminal signal
sequences; these signal sequences allow traf-
ficking to the rough endoplasmic reticulum
(ER) and subsequently to the Golgi apparatus,
following which the proteins are released into
the extracellular space in Golgi-derived secre-
tory vesicles [3, 4]. In the non-classical secre-
tory pathways, proteins can be exported through
ER/Golgi-independent mechanisms such as
exosomes and ectosomes (a.k.a. shedding vesi-
cles, microvesicles, exosome-like vesicles,
nanoparticles, microparticles, and oncosomes)
[5]. In the exosomal pathway, cargos are carried
in exosomes (30-120 nm diameter) derived
from the exocytosis of multivesicular bodies
(MVB); whereas in ectosome shedding, cargos
are released in ectosomes (100-1000 nm diam-
eter) generated by plasma membrane budding
and pinching off [5-7]. Importantly, it is now
evident that contents released by these alterna-
tive mechanisms include not only proteins but
also non-protein cargos such as lipids, micro-
RNAs (miRNA), and messenger RNAs
(mRNA). Here we use the term ‘secretome’ to
describe all kinds of molecules released by
tumor cells regardless of secretory pathways.
We will provide an overview of the hypoxia-
induced tumor secretome and discuss the mech-
anisms by which the secreted factors 1) allow
tumor cells to survive and adapt to low oxygen
tensions, and 2) confer changes in the microen-
vironment that dramatically affect immune sur-
veillance, invasion/migration, and metastatic
colonization. Finally, we will discuss how the
hypoxia-induced tumor secretome may guide
new areas of research into therapeutic strategies
designed to prevent and treat metastasis.
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4.2  Acquisition of Pro-metastatic
Traits at the Primary Site

4.2.1 Promotion of Cell Survival

Hypoxia is a hallmark of the microenvironment
of most solid tumors. In the harsh hypoxic milieu
unfavorable for rapid tumor expansion, tumor
cells rewire their signaling programs to permit
cell survival and raise metastatic propensity. One
way to achieve this is to secrete proteins to the
tumor microenvironment to activate pro-
proliferative and/or anti-apoptotic pathways via
autocrine mechanisms. For instance, in breast
cancer cells, hypoxia induces the secretion of
heat shock protein-90a (HSP90a) that helps
tumor cells survive the hostile environment
through the LDL receptor-related protein-1
(LRP1) receptor [8]. As the HSP90 family pro-
teins are upregulated in a variety of tumor types
[9-11], the HSP9O-LRP1 pathway and its pro-
survival role are likely not only limited to breast
cancer but may also be implicated in other cancer
types. In colon cancer, hypoxia induces the secre-
tion of periostin. Periostin is overexpressed in
more than 80% of human colon cancers exam-
ined, with the highest expression in metastatic
tumors. Molecularly, secreted periostin enhances
colon cancer growth by activating the protein
kinase B (PKB/AKT) signaling pathway through
integrin avp3 [12]. Another integrin-interacting
protein secreted by tumors in response to hypoxia
is the matrix glycoprotein osteopontin (OPN).
OPN has been shown to facilitate metastasis and
has prognostic value in several types of malig-
nancies, including gastric and ovarian cancers.
Mechanistically, similar to periostin, OPN acti-
vates AKT to enhance cell survival, and it also
promotes angiogenesis [13, 14].

In addition to proteins, the secretion of exo-
somes represents an important and effective
mechanism for communication between tumor
cells and their microenvironment to enhance sur-
vival. In bladder cancer, hypoxia induces the
tumor cells to secrete oncogenic long non-coding
RNA-urothelial cancer-associated 1 (UCAI)
through exosomes. Highly expressed in bladder
cancer tissues, InRNA-UCA1 promotes cell
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proliferation by regulating several downstream
targets, including cAMP response element-bind-
ing protein (CREB), chromatin remodeling factor
BRG1, phosphoinositide 3-kinase (PI3K), AKT
and WNT pathways [15]. Similarly, in prostate
cancer, hypoxia upregulates exosomes rich in lac-
tate; inhibition of the exosome release impaired
the survival of the prostate tumor cells, although
the underlying mechanism is unclear [16].

Induction of Blood Vessel
Formation

4.2.2

Blood vessel formation involves multiple steps.
During embryogenesis, blood vessel formation is
initiated de novo by vasculogenesis where bone
marrow-derived endothelial progenitor cells
(EPC) form an immature vascular plexus [17].
EPCs differentiate into endothelial cells (ECs),
which interact with the extracellular matrix
(ECM) creating a tight barrier between the blood
and tissue. Following vasculogenesis, angiogene-
sis occurs, where new blood vessels are generated
from pre-existing vasculature. There are two types
of angiogenesis: sprouting and intussuscepted
angiogenesis. Both types occur in utero and in
adults and are thought to occur in essentially all
tissues and organs [17]. Sprouting angiogenesis is
initiated when oxygen sensing machineries detect
a state of hypoxia and thus demand new blood
vessel formation to meet the metabolic require-
ments of parenchymal cells [18]. As implied by its
name, sprouting angiogenesis is characterized by
sprouts composed of endothelial cells that migrate
across ECM in response to pro-angiogenic sig-
nals, allowing for vessel sprouting to occur [17].
Sprouting angiogenesis can, therefore, add blood
vessels to parts of tissues previously containing
no blood vessels. In contrast, in intussuscepted
angiogenesis, the capillary wall extends into the
lumen of an existing vessel, forms a pillar that
expands and splits a single vessel into two. Post
angiogenesis, newly formed vessels then undergo
maturation by interacting with smooth muscle
cells and pericytes [17].

As a tumor rapidly proliferates, it outgrows the
blood supply leaving regions within the tumor

low in nutrients and oxygen. Tumor cells, in
response to hypoxia and hypoxia-inducible factor
(HIF) signaling, produce and release pro-
angiogenic growth factors and enzymes that affect
all steps of blood vessel formation, rapidly gener-
ating abundant but disordered blood vessels.
Hypoxic tumor cells secrete vascular endothelial
growth factor (VEGF), which is a highly specific
and potent mitogen for endothelial cells; VEGF
contributes to the EPCs’ recruitment from the
bone marrow and the induction of their differen-
tiation into ECs [19-23]. Several other HIF tar-
gets, including the stromal-derived factor-1
(SDF-1), fibroblast growth factors (FGFs), and
monocyte chemoattractant protein-1 (MCP-1),
also act as chemoattractive signals and recruit
bone marrow-derived cells to sites of vasculogen-
esis [24-26]. Overexpressed in breast cancer and
glioma, stem cell factor (SCF) is another HIF-1a
transcriptional target that mediates neovascular-
ization by enhancing EC survival, migration, and
EPC mobilization [27-30]. Hypoxic tumors also
secrete enzymes such as matrix metalloprotein-
ases (MMPs) to split the pre-existing vessels to
allow new vessels to form. Finally, hypoxia sup-
ports vessel maturation via induction and secre-
tion of angiopoietin 1 (ANG-1), platelet-derived
growth factor (PDGF), and transforming growth
factor p1 (TGF-B1) by recruiting supporting cells
such as smooth muscle cells and pericytes and
thereby creating mature and stable blood
vessels [31-33].

In addition to increasing pro-angiogenic fac-
tors, hypoxic tumors also reduce the production
of angiogenesis inhibitors. For instance, hypoxic
tumor cells decrease the levels of thrombospon-
din, a secreted adhesive glycoprotein that is anti-
angiogenic; attenuation of thrombospondin
expression thus removes an important brake on
angiogenesis [34].

Recent studies have highlighted the role of
hypoxia-induced exosomes in angiogenesis. In
glioblastoma multiforme (GBM), exosomes
mediate hypoxia-dependent stimulation of angio-
genesis through the activation of paracrine sig-
naling in endothelial cells and pericytes;
hypoxia-resistant multiple myeloma (HR-MM)
cells release and transfer exosomal miR-135b to
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endothelial cells to enhance angiogenesis [35].
Hypoxic lung cancer cells produce exosomes
containing miR-23a that can increase angiogen-
esis by targeting prolyl hydroxylase and tight
junction protein zonula occludens 1 (ZO-1) [36].
Also, exosomes derived from hypoxic leukemia
cells enhances the tube formation in human
umbilical vein endothelial cells (HUVECS) via
miR-210 [37]. Moreover, hypoxic non-small cell
lung cancers (NSCLCs) produces exosomal miR-
494 that promotes angiogenesis by downregulat-
ing phosphatase and tensin homolog (PTEN) and
activating the AKT/eNOS pathway in ECs [38].

Notably, the transdifferentiation of tumor cells
into endothelial cells has emerged as another
mechanism of tumor-induced angiogenesis.
Several studies demonstrate that stem cell-like
cells in glioblastoma, which frequently contains
hypoxic regions, can transdifferentiate into vas-
cular endothelial cells [39—41]. Interestingly,
hypoxia appears to be an important factor in this
transdifferentiation process that is independent of
VEGEF [41]. Later studies revealed that the endo-
thelial transdifferentiation of tumor cells is medi-
ated through the Twist1-Jagged1/KLF4 axis [42].
Inhibition of the y-secretase, which is responsible
for the cleaving and release of membrane-bound
Jaggedl to extracellular space as a free ligand,
blocks the transdifferentiation [42]; therefore, it
is an interesting speculation that hypoxia may
promote this process by producing soluble
Jaggedl.

4.2.3 Immune Escape

During Invasion

During dissemination, tumor cells commonly
escape the immune surveillance using a complex
set of mechanisms that prevent the immune sys-
tem from mounting an effective response.
Hypoxic microenvironment induces tumor cells
to produce chemoattractants and other soluble
factors that recruit myeloid-derived suppressor
cells (MDSC), T cells, and macrophages to tumor
sites.

Through the secretion of chemokines and
cytokines, including CC-chemokine ligand 5

(CCL5), C-X-C motif chemokine ligand 12
(CXCL12 or SDF-1), VEGF, and endothelins,
hypoxic tumor cells recruit MDSCs that are
potent suppressors of CD8+ T cells, natural killer
(NK) cells, dendritic cells, and macrophages.
[43-50] Similarly, the secreted VEGF, CCL22,
CCL28, and TGF-f, inhibit effector T-cell
response and promote the generation and recruit-
ment of immunosuppressive Tregs [51-53]. Once
in the tumor microenvironment, Tregs promote
immune tolerance and angiogenesis and thus
facilitate metastasis. Hypoxic tumor-secreted
interleukin 10 (IL10) and TGF-f, induce the dif-
ferentiation of tumor-associated macrophages
(TAM) into immunosuppressive M2 macro-
phages [54]. Moreover, the production of VEGF
and TGF-P the maturation and function of den-
dritic cells (DCs) [53, 55]. VEGF can also
increase the expression of the programmed death
ligand 1 (PD-L1) in DC, which is inhibitory for
T-cell function [56].

Hypoxia was also shown to induce immuno-
suppression by upregulating COX-2 expression
and subsequently prostaglandin E2 (PGE2)
production in tumor cells. COX-2 is a proin-
flammatory enzyme that converts arachidonic
acid into PGE2. The latter causes immunosup-
pression by promoting adenosine-cAMP sig-
naling in activated T cells and thereby restrains
their effector function [57]. PGE2 secreted by
tumor cells can also inhibit the maturation of
DCs [58]. Also, PGE2 supports the differentia-
tion of Tregs and enhances their suppressive
activity [59]. Finally, PGE2 can stimulate the
immunosuppressive functions of MDSCs by
binding to EP-4 receptors on these cells [60].

In addition, HIF-1a activation is associated
with an increase in the expression of metallopro-
teinase ADAMI0; this enzyme is required for the
hypoxia-induced shedding of MHC class I chain-
related molecule A (MICA), a ligand that triggers
the cytolytic action of immune effectors [61].
Removal of MICA from the tumor cell surface
thus leads to tumor cell resistance to lysis medi-
ated by innate immune effectors. Exosomal
microRNAs have emerged as a new way that can-
cer cells use to evade the immune surveillance. In

epithelial ovarian cancer, hypoxia induces
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increased expression of exosomes rich in miR-
940, and thereby promotes macrophage polariza-
tion towards an immunosuppressive M2
phenotype [62]. Similarly, in pancreatic cancer,
hypoxia induces exosomal miR-301a, and thus
mediates M2 macrophage polarization via PTEN/
PI3Ky [63]. Also, hypoxic tumor-derived
microvesicles can transfer TGF-B1 and miR-23a
to NK cells, which causes the latter to decrease
the expression of the activating receptor NKG2D
and CD107a respectively, thereby inhibiting the
NK-cell function [64]. Moreover, in nasopharyn-
geal carcinoma (NPC) cells, hypoxia induces
exosomal miR-24-3p, which inhibits T cell pro-
liferation and Th1l and Th17 differentiation, and
promotes the differentiation of Tregs [65].

4.2.4 Local Invasion Through ECM
Remodeling and Cell Motility
Enhancement

One of the initial phases in the metastatic cascade
is the local invasion of tumor cells from the pri-
mary lesion site into the adjacent tissue paren-
chyma. Invasion is a multi-step process: first, the
migrating cell polarizes and elongates; a cell pro-
trusion (lamellipodia, filopodia, pseudopod or
invadopodia) then forms and attaches to the ECM
substrate; next, the leading edge of the cell or the
entire cell body contracts, thereby generating a
traction force that pulls the cell body and the tail-
ing edge to gradually glide forward [66].

Tumor cells utilize a variety of mechanisms to
promote local invasion and most of these mecha-
nisms are regulated by hypoxia and hypoxic
tumor-derived proteins or factors. For instance, in
response to hypoxia, tumor cells increase the
expression and secretion of extracellular prote-
ases such as MMPs and cathepsins that break
down the ECM to promote tumor invasion [67,
68]. In multiple tumor models, hypoxia upregu-
lates the expression and secretion of the matrix-
modifying enzyme lysyl oxidases (LOX).
Secreted LOX is required for the focal adhesion
between cell and matrix at the leading edge of
invasive pseudopod protrusions, and this adhe-

sion is critical for the acquisition of cell motility
[69]. Another collagen modification enzyme and
HIFla target, procollagen-lysine, 2-oxoglutarate
5-dioxygenase (PLOD?2), originally thought to
reside exclusively within the cell, can also be
secreted [70]. Earlier works including ours dem-
onstrate that PLOD2 hydroxylates telopeptide
lysine residues on collagen to promote the forma-
tion of collagen crosslinks that, upon release to
extracellular space, facilitate metastasis in multi-
ple tumor models [71, 72]. Recently, using cells
lines and human lung cancer samples, it has been
shown that PLOD?2 can also be secreted by tumor
cells; secreted PLOD2 closely associates with
type I collagen fibrils, indicating that this enzyme
is capable of modifying collagen in the extracel-
lular space [70]. It is intriguing that PLOD?2 per-
forms the same enzymatic function both
intracellularly and extracellularly. It remains to
be studied whether secreted PLOD?2 plays other
moonlighting roles in addition to its lysyl hydrox-
ylase activity to promote invasion and later steps
in metastasis.

In addition to the direct effects on ECM, HIF
signaling in tumor cells also induces the expres-
sion of chemokines and cytokines. These chemi-
cal signals then recruit macrophages and
mesenchymal stem cells (MSCs) into the tumor
microenvironment to support tumor cell invasion
and migration [73, 74]. Moreover, hypoxic
tumors can recruit platelets through secreted ade-
nosine diphosphate [75]. The communication
between platelets and tumor cells may allow the
loading of platelets with tumor-derived factors,
which could further promote tumor cell migra-
tion and metastasis.

Moreover, hypoxia can also induce tumor
cells to secrete factors promoting the formation
of invasive cell protrusions. It has been demon-
strated that in multiple cancer cell lines, hypoxia
increases protease-dependent shedding of the
membrane-anchored ligand heparin-binding
EGF-like growth factor (HB-EGF) through acti-
vation of Notch signaling. Soluble HB-EGF, in
turn, can induce the formation of invadopodia in
an autonomous manner by activating the epider-
mal growth factor (EGF) receptor [76].
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Finally, an increasing number of studies pro-
vide novel evidence that under hypoxic condi-
tions, the migration and invasion ability of cancer
cells can be enhanced by hypoxia-induced exo-
somes. In prostate cancer, hypoxia-induced exo-
somes promote the invasiveness of prostate
cancer cells by targeting the adherence junction;
these exosomes cause the loss of E-cadherin in
PC3 cells along with an increase in cytoplasmic
and nuclear B-catenin expression [77]. Further,
hypoxia upregulates exosomes rich in miR-21 in
oral squamous cell carcinoma (OSCC) cells; the
exosomes derived from hypoxic OSCC cells, in
turn, downregulate a pool of genes in normoxic
cells and induce their epithelial-mesenchymal-
transition (EMT) [78].

4.3 Distant Metastasis

4.3.1 Immune Evasion
in the Circulation

Once in the circulation, tumor cells face many sur-
vival challenges, including immunological attack,
shear forces, and apoptosis. Less than 0.1% of cir-
culating tumor cells (CTCs) survive while the
majority of them die [79]. One way to evade the
immune system is to interact with platelets. Tumor
cells cause tumor cell-induced platelet aggregation
(TCIPA) by direct contact or through the release of
agonistic mediators, such as ADP, thrombin,
thromboxane A2 (TXA2) and tumor-associated
proteinases [80—82]. As hypoxia leads to increased
ADP and tissue factor-mediated thrombin
production by tumor cells [75, 83], intratumoral
hypoxia likely plays an important role in TCIPA
formation. Platelets are activated in TCIPA and
attach to the surface of CTCs through p-selectin
and a GPIIb-IIla-fibrinogen bridge [84].

Work in recent years has revealed that the
tumor-platelet interaction protects the tumor cells
in a number of ways. Adhered platelets can pre-
vent tumor cells from being recognized and lysed
by NK cells [85, 86]. This protective effect can be
mediated by soluble factors derived from plate-
lets, including TGF-f and PDGF that inhibit NK
cell activity, and by the physical shield composed

of a platelet cloak and deposited fibrinogen
around cancer cells [87-89]. In addition to NK
cells, platelet-derived VEGF may also inhibit the
maturation of dendritic cells, the major antigen-
presenting cells in the immune system [90].
Furthermore, activated platelets can transfer the
major histocompatibility complex (MHC) to
CTCs, which in turn can mimic host cells and
escape immune surveillance [91].

Hypoxic signaling in primary tumors can also
educate neutrophils via CCL2 secretion, giving
rise to tumor-educated neutrophils [92]. In nor-
mal physiology, neutrophils are the first line of
defense against infections. However, in metasta-
sis, neutrophils play multifactorial roles, and
whether they promote or curb disease progres-
sion is context-dependent. Although neutrophils
infiltrated to primary tumors exert immunosup-
pressive functions, tumor-educated neutrophils
appear to accumulate in the circulation and in the
lungs of tumor-bearing mice prior to metastatic
progression and have been found to prevent can-
cer cells from seeding in the lungs [92]. Therefore,
engineering neutrophils by entraining them with
CCL2 may be exploited therapeutically for the
prevention of metastatic disease.

4.3.2 Endothelium Permeability

Intravasation and extravasation during metastasis
require tumor cells to pass through the endothe-
lial wall in a process termed transendothelial
migration (TEM) [93]. HIF activity in tumor
cells results in the release of factors that modu-
late endothelial cell-endothelial cell and endothe-
lial cell-tumor cell interactions to permit
TEM. HIF strengthens tumor cell-endothelial
cell interactions through the activation of L1 cell
adhesion molecule (L1CAM) [94]. Hypoxia-
induced secretion of VEGF, angiopoietin 2
(ANG2), angiopoietin-like 4 (ANGPTLA4),
MMPs, ADAMI2, placental growth factor
(PGF), and CCL2 in multiple tumor models are
capable of destabilizing the vascular wall prior to
the arrival of tumor cells, thereby facilitating the
subsequent intravasation and extravasation [93,
95-98]. This priming effect by the same mole-
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cules that also promote angiogenesis and inva-
sion demonstrates that traits advantageous in the
early phase of primary tumor invasion may also
be useful at later steps in the metastasis cascade.

As noted before, platelets can adhere to tumor
cells and exert protective effects. Once activated
by cancer cells, platelets can also signal to nearby
endothelial cells. Tumor cells elicit ATP secretion
from activated platelets, which can increase the
vasculature permeability by targeting P2Y2
receptors on endothelial cells [99].

Chemokines regulated by HIF signaling can
also weaken the barrier integrity of lymphatic
walls. For instance, in breast cancer, IL-6 secre-
tion by hypoxic tumors activates signal trans-
ducer and activator of transcription 3 (STAT3)
signaling in lymphatic endothelial cells localized
within the lung and lymph node; the STAT3 sig-
naling, in turn, promotes lung vascular permea-
bility, lymph node angiogenesis and recruitment
of tumor cells into the lymphatic system [100].

4.3.3 Metastatic Colonization
Through Microenvironment
Remodeling

The vast majority of cancer cells that extravasate
into the distant “foreign” parenchyma will die,
but a minority of these cells may enter dormancy
and survive for months to decades. From this dor-
mant population, a small number of cancer cells
may revive and establish a full-fledged tumor at
the distant site in a process termed the “metastatic
colonization”. Although hypoxic tumor cells will
have been exposed to the physiologically normal
amount of oxygen by the time they leave the pri-
mary site, factors they secrete prior to dissemina-
tion can establish a premetastatic niche at the
distant locations prior to tumor arrival. Therefore,
the early molecular changes at the premetastatic
niche due to the hypoxic primary tumor are one
of the rate-limiting steps of metastasis.
Understanding the mechanism of hypoxia-
induced tumor secretome in the regulation of the
premetastatic niche is likewise an area of intense
investigation.

Hypoxic tumors secret multiple types of ECM
remodeling enzymes; these enzymes are critical
for establishing a second home favorable for
tumor growth. In breast cancer, the hypoxia-
induced secretion of LOX is significantly associ-
ated with bone-tropism and disease relapse.
Mechanistically, LOX is secreted by hypoxic
ER~breast cancer cells and it disrupts the balance
between bone formation and destruction such
that there is a greater overall bone loss. The
site(s) of damaged bone presents a pre-metastatic
niche favorable for disseminated breast cancer
cells, thereby facilitating the formation of bone
metastasis [101]. Similarly, tumor secretion of
LOX-like proteins, downstream of hypoxia and
HIF signaling, also supports metastatic coloniza-
tion. For example, LOXL2 has been shown to
play a critical role for niche formation in hepato-
cellular carcinoma [102].

In addition to the matrix remodeling enzymes,
HIF activation also promotes the secretion of
other proteins to facilitate colonization. In breast
cancer cells, hypoxia induces the secretion of
parathyroid hormone-related protein (PTHrP)
that preconditions the bone marrow microenvi-
ronment for colonization [103, 104]. In breast
and pancreatic cancers, tumor-derived Angpt2
appears to foster the metastatic colonization by
enhancing the ability of infiltrating myeloid cells
to promote the vascularization of metastatic nod-
ules [105]. The ECM protein tenascin C, secreted
by hypoxic breast cancer cells, promotes meta-
static colonization in the lung via perturbation of
the Notch and Wnt signaling [106]. Finally, in
colon cancer, metastatic tumor cells in liver adapt
to the metabolic stress within the hypoxic milieu
by releasing creatine kinase brain-type (CKB)
into the extracellular space; CKB generates phos-
phocreatine in the microenvironment, which can
be imported back to the tumor cells and used as a
source of ATP production [107, 108].

4.4  Concluding Remarks

The studies described above demonstrate that
systemic cellular and molecular signals through
hypoxia-regulated tumor secretome profoundly
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Table 4.1 Hypoxia-induced secreted factors with effects
at the primary site

Table 4.2 Hypoxia-induced secreted factors with effects
at the distant site

Functions Secreted molecules

Functions Secreted molecules

HSP90« lactate, INRNA-UCALI,
OPN, periostin

Growth/survival

Immune evasion ADP, CCL2, proteinases,

thrombin, TXA2

Blood vessel ANG-1, FGFs, miR-23a,

formation miR-135b, miR-210, miR-494,
MMPs, OPN, PDGF, SCF,
SDF-1, MCP-1, TGF-1, VEGF

Transdifferentiation | Jaggedl, miR-21

Intravasation and ADAMI12, ANG2, ANGPTLA,

extravasation ATP, CCL2, IL-6; MMPs, PGF,
VEGF

Metastatic ANG?2, CKB, LOX, tenascin C,

colonization PTHrP

Immune evasion CCL5, CCL22, CCL28,
CXCL12, endothelins, IL10,
MICA, miR-23a, miR-24-3p,
miR-301a, miR-940, PGE2,
SDF-1, TGF-p1, VEGF

ADP, p-catenin, cathepsins,
HB-EGF, LOX, MMPs, PLOD2

ADP adenosine diphosphate, ANG-1 angiopoietin 1, CCL5
CC-chemokine ligand 5, CCL22 CC-chemokine ligand 22,
CCL28 CC-chemokine ligand 28, CXCLI2 or SDF-1
C-X-C motif chemokine ligand 12, FGFs fibroblast growth
factors, HB-EGF heparin-binding EGF-like growth factor,
HSP90a heat shock protein-90a, /LI0 interleukin 10,
InRNA-UCA1 long non-coding RNA-urothelial cancer-
associated 1, LOX lysyl oxidases, MCP-1 monocyte che-
moattractant protein-1, MICA MHC class I chain-related
molecule A, MMPs matrix metalloproteinases, OPN osteo-
pontin PDGF platelet-derived growth factor, PGE?2 prosta-
glandin E2, PLOD2 procollagen-lysine, 2-oxoglutarate
5-dioxygenase, SCF stem cell factor, SDF-/ stromal-
derived factor-1, TGF-f transforming growth factor pl,
VEGF vascular endothelial growth factor

Invasion and
migration

influence both the early and late stages of metas-
tasis. Within the primary tumor, factors secreted
by hypoxic tumor cells promote survival and
blood vessel formation, increasing the propen-
sity of tumor cells to metastasize (Table 4.1).
During local invasion and transendothelial
migration, hypoxic tumor-secreted factors
enhance tumor cell motility by ECM remodeling
and facilitate the entry into and exit from the vas-
culature by weakening barrier integrity. During
late phases of metastasis, factors derived from
hypoxic primary tumor promote the establish-
ment of a pro-metastatic environment within the
secondary organs (Table 4.2). At multiple steps
in the metastatic process, hypoxia-regulated
tumor secretome assists tumor cells in immune
escape by promoting immune suppression and
tumor resistance. In addition, enzymes secreted

ADAM12 disintegrin snd metalloproteinase domain-
containing protein 12, ANG2 angiopoietin 2, ANGPTL4
angiopoietin-like 4, ATP adenosine triphosphate, CCL2
CC-chemokine ligand 2, CKB creatine kinase brain-
type, IL-6 interleukin 6, MMPs matrix metalloprotein-
ases, LOX lysyl oxidases, PGF placental growth factor,
PTHrP parathyroid hormone-related protein, 7XA2
thromboxane A2

by secondary tumors in response to hypoxia play
an important role in selecting for metastatic cells
that can survive the metabolic stress. However,
the secretome of hypoxic tumors and how it
impacts metastasis remains understudied and
warrants continued investigation. As the list of
tumor-derived cytokines, proteins, extracellular
particles expands, so will the opportunities to
discover novel biomarkers and therapeutic
targets.

The outstanding questions are: Are the types
of tumor secretome associated with specific
locations of distant metastasis? Given the direct
and indirect tumor-platelet interactions associ-
ated with hypoxia, do platelets act as the mes-
sage carriers for tumor-derived factors, such that
the primary tumor can efficiently relay informa-
tion to the secondary organs? What are the
molecular mechanisms within the hypoxic tumor
that regulate exosome content and release?
Similarly, what are the mechanisms of target cell
selection by hypoxic tumor-derived exosomes?
Elucidating these questions is an essential pre-
requisite for the development of treatment
strategies.
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Hypoxia-Dependent Angiogenesis
and Lymphangiogenesis in Cancer

Luana Schito

Abstract

Hypoxia (low O,) is a ubiquitous feature of
solid cancers, arising as a mismatch between
cellular O, supply and consumption. Hypoxia
is associated to metastatic disease and mortal-
ity owing to its ability to stimulate the forma-
tion of blood (angiogenesis) and lymphatic
vessels (lymphangiogenesis), thereby allow-
ing cancer cells to escape the unfavorable
tumor microenvironment and disseminate into
secondary sites. This review outlines molecu-
lar mechanisms by which intratumoral
hypoxia regulates the expression of motogenic
and mitogenic factors that induce angiogene-
sis and lymphangiogenesis, whilst discussing
their implications for metastatic cancers.

Keywords
Angiogenesis - HIF - Hypoxia -
Lymphangiogenesis - Metastasis

5.1 Introduction

Failure to control metastatic dissemination is the
most common cause of mortality in patients bear-
ing solid cancers, a direct result of the develop-
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ment of chemo(radio)therapy resistance. Recent
advances in our understanding of the molecular
underpinnings of the metastatic sequence have
revealed that low O, (hypoxia) is a key microen-
vironmental factor promoting therapy resistance
and cancer cell (CC) dissemination. The main
focus of this chapter is to address the molecular
mechanisms whereby hypoxia promotes the
development of new blood (angiogenesis) and
lymphatic (lymphangiogenesis) vessels, both
essential phenomena required for the escape of
CCs into metastatic sites. In addition, I will out-
line emerging evidence suggesting that other
non-canonical vascular mechanisms can support
metastasis through hypoxia-sensitive signaling
pathways, whilst summarizing the implications
of these insights for cancer therapy.

5.2  Pathophysiology of Tumor

Hypoxia

Sustained proliferation and evasion from cellular
death signaling, two major traits of human cancer
pathogenesis [1], enable CCs to expand into an
avascular mass that is exquisitely dependent upon
O, diffusion [2]. This process becomes inefficient
once the tumor reaches a diameter > 1000-2000 pm
unless the primary lesion encounters sufficient host
vessel density to warrant further expansion;
in addition, tumoral regions located more than
160-180 pm from the nearest vessel become poorly
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oxygenated, typically encountering O, levels
between ~ 0.7% and 1.8% [3, 4]. These hypoxic
microregions present steep O, gradients (up to
0.84% O,/100 um) [35, 6], and a heterogenous spa-
tiotemporal distribution which is dynamically reg-
ulated by intrinsic and extrinsic cues such as
cellular O, consumption, composition and hydro-
static pressure of the inferstitium, vessel density
and vascular tree geometry [3, 7]. Importantly,
circa half of all locally advanced solid tumors con-
tain regions of hypoxia [8] which have been recog-
nized as major contributors of tumor progression
and resistance to therapy [3, 9]. Indeed, direct
assessment of oxygenation in human cancers iden-
tified tumor hypoxia as an adverse prognostic fac-
tor that is independent of tumor stage, histological
grade, and lymph node status [10].

5.3  Hypoxia-Inducible Factors

Hypoxia is transduced to the nucleus of cancer and
stromal cells as activation of a transcriptional pro-
gram mediated by hypoxia-inducible factors
(HIFs), a family of evolutionary conserved bHLH-
PAS heterodimers, consisting of an O,-regulated
HIFa subunit (designated as HIF-1a, HIF-2a, or
HIF-30) and a constitutively expressed HIF-1§
subunit [11]. HIF-1a is expressed in all nucleated
cells, whereas HIF-2a exhibits a cell-type specific
expression, with high levels in the vascular endo-
thelium [12—-15]; consistently, patients presenting
HIF-2a stabilization under non-hypoxic conditions
are predisposed to hypervascular tumors such as
hemangioblastomas, hemangiomas, and renal cell
carcinomas (RCCs) [16]. By contrast, HIF-3a is
present only in mammalian cells where it acts as a
dominant negative regulator of HIF-1a function
[17]. For simplicity, I will henceforth refer to HIFa
when responses are mediated by both HIF-1a and
-2a. Under non-hypoxic conditions (>2% O,),
HIFa subunits undergo enzymatic hydroxylation
by prolyl-4-hydroxylases (PHDs) that contain non-
heme-reduced Fe?* in their catalytic center and uti-
lize O, and a-ketoglutarate as substrates [18-22];
this posttranslational modification creates binding
sites for the von Hippel-Lindau (VHL) tumor
suppressor which ubiquitinylates HIFa, thereby

triggering its proteasomal degradation [23-26].
Substrate (O,) limitation impairs the catalytic
activity of PHDs and allows HIFa to accumulate,
dimerize with HIF-1$ and translocate to the
nucleus, thereby promoting the expression of target
genes involved in critical aspects of cancer pathobi-
ology, including the formation of blood and lym-
phatic vessels [27, 28]. Likewise, clinical
immunohistochemical analyses have identified sig-
nificant correlation among HIF-loe expression,
blood and lymphatic vessel density, as well as
hematogenous and lymphogenous metastasis in
breast cancer [29-34], pancreatic cancer [35], oral
squamous cell carcinoma [36], and esophageal
cancer [37].

5.4 Hypoxia and Tumoral

Angiogenesis

Judah Folkman provided seminal evidence lead-
ing to the hypothesis that nutrient and O, avail-
ability critically limit tumor growth above
volumes of ~1-2 mm?, thus predicting the exis-
tence of a molecular mechanism allowing tumors
to co-opt vessel formation [2, 38]. This hypoth-
esis was subsequently shown to be correct, since
angiogenesis (the budding of new capillaries
from existing vessels) is an adaptive pathobio-
logical response hijacked by CCs to promote O,
delivery, an essential process for hematogenous
metastasis. Importantly, intratumoral hypoxia
stimulates the expression of several angiogenic
factors with motogenic and mitogenic function,
primarily via HIFa-dependent transcriptional
activity; additionally, hypoxia activates HIFa-
independent pro-angiogenic pathways such as
the mechanistic target of rapamycin (mTOR)
and unfolded protein response (UPR) (reviewed
in [39]). It is worth to mention that, whilst physi-
ological angiogenesis leads to the generation of
functional vessels that enhance perfusion,
tumoral angiogenesis induces an unharmonious
angiogenic profile, that typically gives rise to
vessels that are structurally unsound (i.e., dilated,
tortuous, disorganized and often containing
blind ends), and functionally abnormal (i.e.,
excessively permeable, leading to an edematous
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interstitium) [40]. Consequently, the overall
effect of tumoral angiogenesis is a paradoxical
decrease in perfusion that aggravates hypoxia in
a feed-forward loop promoting HIFa stabiliza-
tion and transactivity; likewise, it follows that
vascular disruption by antiangiogenic agents
could contribute to therapy resistance and meta-
static progression by upregulating alternative
HIFa-dependent and -independent hypoxia-
sensitive angiogenic signaling [41].

5.4.1 Hypoxia-Inducible Angiogenic

Pathways

I will hereby delineate angiogenic mechanisms
downstream of canonical pro-angiogenic HIFa
gene targets including vascular endothelial growth
factor-A (VEGF-A), placenta growth factor
(PGF), angiopoietin-2 (ANGPT2), chemokine
(C-X-C motif), ligand (CXCL) 12 (also known as
SDF-1), hepatocyte growth factor (HGF), and
platelet-derived growth factor-B (PDGF-B) [42].

5.4.1.1 Vascular Endothelial Growth
Factor-A

VEGF-A, initially referred to as vascular perme-
ability factor, is an endothelial cell (EC) mito-
genic and angiogenic factor, and the prototypical
molecule of the VEGF family that in mammals
includes VEGF-B, -C, -D and PGF [43-45].
Characteristically, VEGF-A signal transduction
occurs upon binding to its cognate receptor tyro-
sine kinases (RTKs), VEGFR1 and VEGFR2
expressed by ECs [46—-48], leading to the activa-
tion of downstream cellular events enhancing
proliferation, survival, migration, extracellular
matrix (ECM) degradation, vascular permeabil-
ity and vessel branching into the organ paren-
chyma (reviewed in [49]). Importantly, both
VEGF-A and its receptors VEGFR 1 and VEGFR2
are dependent upon HIFa transcriptional activity
under hypoxia [50-53]. Likewise, VEGFR1 post-
receptor signal transduction is potentiated by
phosphodiesterase PDE4A and PDE4D, which
increase cAMP levels, resulting in augmented
tumoral VEGF-A levels [54].

5.4.1.2 Placenta Growth Factor

PGF is a member of the VEGF family and a
hypoxia inducible HIFa target that upon binding
to its cognate receptor VEGFRI1, commonly
expressed by ECs, stimulates endothelial and
mural cell proliferation, whilst upregulating the
expression of several angiogenic factors such as
VEGF-A, PDGEF-B and fibroblast growth factor-
2 (FGF-2), or matrix metalloproteinases promot-
ing ECM remodeling (reviewed in [55]). In
addition, PGF induces the recruitment of hema-
topoietic progenitor cells into the tumor micro-
environment, whilst promoting CC motility and
stromal invasion [56]. Interestingly, PGF
can promote dilation and structural reinforce-
ment of angiogenic capillaries (referred to as
‘vessel normalization’), a phenomenon that
improves tumor perfusion and oxygenation,
thereby resulting in sensitization to anti-VEGF
or anti-VEGFR?2 therapies; in this context, PGF
targeting might counteract the beneficial effect
of VEGF—VEGFR2 blockade [41, 57, 58].
Importantly, studies suggest that
supraphysiological levels of PGF might promote
desensitization to anti-PGF therapies, thus
prompting careful evaluation of the angiogenic
cytokine profile in patients as a necessary
requirement for effective PGF targeting [59].

in Vvitro

5.4.1.3 Angiopoietin-2

ANGPT?2 is a HIFa target gene bearing an hypoxia
response element (HRE) sequence within the first
intron of the Angptr2 gene [60]. ANGPT2 plays a
critical role in tumor angiogenesis by disrupting
the adhesive interactions between endothelial and
perivascular mural cells [61]. Consequently,
ANGPT2 — TIE2 signaling has been shown to
promote VEGF-A-dependent EC proliferation
within hypoxic tumor regions, thereby disrupting
vascular wall integrity [62—65].

5.4.1.4 CXCL12 — CXCR4 Signaling

CXCLI12 and its cognate receptor CXCR4 are
two well-characterized HIFa targets activating
an autocrine/paracrine loop that is essential for
homing and migration of vascular and hemato-
poietic progenitor cells into the tumor
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microenvironment [66, 67]. More recently, sig-
nificant cross-talk between VEGF-A and the
CXCL12 - CXCR4 has been uncovered, since
the former enhances CXCR4 expression in
ECs, thereby synergizing with CXCL12 to
induce angiogenesis [68]. Consequently, the
simultaneous induction of CXCL12 and
VEGF-A upstream of CXCL12 — CXCR4 pro-
vides significant pathobiological reinforce-
ment of angiogenesis within the hypoxic tumor
microenvironment.

5.4.1.5 HGF — MET Signaling

HGF is a potent regulator of angiogenesis
enhancing the proliferation and motility of ECs
expressing its cognate receptor MET [69, 70]
under non-hypoxic conditions. In the malignant
context, HGF - MET—PI3K — ERK signaling
promotes IL-8 and VEGF secretion in glioma and
head and neck carcinoma cell lines [71, 72]. In
addition, HGF represses the antiangiogenic fac-
tor thrombospondin-1, known to induce EC
apoptosis and inhibit EC proliferation [73, 74].
Importantly, these molecular mechanisms are
thought to be further activated under hypoxia via
HIF-1a-dependent transcription of MET, which
in turn sustains hypoxic HIF-1la protein transla-
tion, thereby establishing a closed feed-forward
signaling loop facilitating tumor angiogenesis
and CC invasion [75, 76].

5.4.1.6 PDGF-B — PDGFRp Signaling
PDGF-B is a dimeric factor and a potent mitogen
for mesenchymal cells and fibroblasts, inducing a
variety of angiogenic effects including recruitment
of PDGFRf* pericytes to the wall of newly formed
tumor vessels via the CXCL12 — CXCR4 axis,
and VEGEF-A induction [77, 78]. Of relevance for
the hypoxic tumor microenvironment, PDGF-B
expression was shown to be directly upregulated
by HIF-1a, owing to the presence of an intronic
HRE in the Pdgfb gene; moreover, PDGFRf has
been shown to be induced by hypoxia in lymphatic
endothelial cells (LECs) [33].

5.4.1.7 Nitric Oxide
A critical mediator of angiogenesis is nitric oxide
(NO), a gaseous molecule generated from

L-arginine by three distinct nitric oxide synthase
(NOS) isoforms (NOS-1, -2 and -3), which are reg-
ulated by HIF-1a in a cell-type specific manner [79,
80]. NO mediates multiple vascular processes
including vasodilation, cell proliferation and migra-
tion; moreover, NO establishes a positive feedback
loop that further promotes tumor vascularization by
inducing VEGF-A and FGF-2 [81, 82]. These pro-
cesses depend on NO gradients established within
the tumor microenvironment [83].

5.4.2 Bone Marrow-Derived
Angiogenic Cells

Bone  marrow-derived  angiogenic  cells
(BMDACSs) are a heterogeneous population of
myeloid-derived cells exerting paracrine pro-
angiogenic functions, also proposed to fulfill an
endothelial progenitor cell role equivalent to
embryonic hemangioblasts [84-86]. Tumor
angiogenesis relies upon the mobilization of
BMDAC:Ss into the circulation that subsequently
home into the tumor parenchyma; nonetheless,
multiple lines of evidence show that adult
BMDACSs include myelomonocytic and mesen-
chymal stem cells exhibiting pro-angiogenic roles
upon activation of the CXCL12 — CXCR4,
ANGPT2 — TIE2 and SCF — c¢-KIT axes [86,
87], followed by their recruitment into the hypoxic
tumor microenvironment [27, 88]. Additionally,
the HIF-1a-dependent secretion of VEGF-A and
CXCLI12 by hypoxic CCs increases the abun-
dance of circulating CD34*, c-kit* or Scal* angio-
genic cells, a mobilized BMDAC subtype
recruited into the tumor microenvironment [88].

5.4.3 Non-angiogenic Mechanisms

Notwithstanding the well-established role of
angiogenesis in cancer progression, recent stud-
ies indicate that solid tumors can acquire a
microcirculation through two distinct, non-
angiogenic mechanisms: vessel co-option and
vasculogenic mimicry.
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5.4.3.1 Vessel Co-option

CC proliferation in richly vascularized organs
such as the brain, liver and lungs, relies upon ves-
sel co-option, a pathological phenomenon
wherein expanding and invading CCs hijack ves-
sels from the surrounding normal tissue to extract
O, and nutrients (reviewed in [89]). Additionally,
a mechanism of non-angiogenic tumor growth
resembling vessel co-option has been recently
identified in lymphatic metastases which were
able to survive within lymph nodes by utilizing
preexisting intranodal vasculature [90, 91]. Taken
together, these studies suggest vessel co-option
as a clinically relevant mechanism countering the
oncolytic effect of anti-angiogenic therapies [92—
94]. Importantly, a recent preclinical study utiliz-
ing a liver cancer model uncovered that
actin-related protein (Arp)-2/3 complex was nec-
essary for vessel co-option and metastasis [93].
Intriguingly, Arp2/3 complex is a key mediator of
actin filament nucleation and branching that initi-
ates invadopodia, a process known to be induced
by hypoxia (reviewed in [95]), thereby providing
a plausible mechanistic basis for the pathogenic
role of hypoxia in vessel co-option.

5.4.3.2 Vasculogenic Mimicry

Malignant tumors arising in mesoderm-derived
organs are thought to engage in vasculogenic
mimicry (VM), the de novo formation of perfus-
able, CC-lined pseudovessels that promote hema-
togenous metastases [96].

VM channel-forming CCs express genes
belonging to embryonic/stem cell, vascular, and
hypoxia signaling pathways, the latter occurring
via HIFa-dependent upregulation of TWIST, a
critical mediator of epithelial-to-mesenchymal
transition (EMT) [97-99]. Interestingly, hypoxia
and HIFa-dependent induction of VM have been
described in melanoma [100, 101], hepatocellu-
lar carcinoma cells [99], and Ewing sarcoma cells
[102]; moreover, CCs engaged in VM recruit
pericytes via PDGF-B — PDGFRf signaling,
thus facilitating sprouting as well as providing
structural support to nascent VM pseudovascular
networks [103]. Consequently, it seems likely
that hypoxia/EMT-driven genetic programs,
recapitulating a mesenchymal phenotype in CCs,

might underlie VM-dependent metastatic
dissemination.
5.5  Structural Features

of the Lymphatic System

The lymphatic system consists of capillaries, col-
lecting vessels, lymphoid organs, trunks and
ducts, configuring a unidirectional network that
drains fluid, proteins, pathogens and migrating
cells (i.e., lymph) from the interstitial space to
the blood circulation. In contrast to the closed
circulatory system, the lymphatic system is open,
endowed with blind-ended and fenestrated ves-
sels lacking a continuous basement membrane,
pericytic/smooth muscle coverage, and tight cell
junctions. These morphological features allow
lymphatic vessels to balance osmotic and hydro-
static pressure, key factors driving the Starling
forces governing fluid, nutrient and cellular
movement in and out of tissues.

Compared to physiological lymphangiogene-
sis, tumoral lymphangiogenesis generates vessels
with even wider lumina and further loosened
intercellular spacing [104]. Consequently, CC
intravasation into lymphatics is facilitated by the
absence of a basement membrane and widened
LEC<LEC junctions. These morphological fea-
tures occur in parallel with an hypoxic LEC
microenvironment; indeed, O, measurements in
the mesenteric lymphatic microvasculature show
levels <3% O,, reaching anoxic levels in paren-
chymal regions devoid of surrounding blood cap-
illaries [105, 106].

5.5.1 Molecular LEC Markers

The identification of molecular markers specifi-
cally expressed by LECs allowed to distinguish
lymphatic from blood vessels, and subsequently
understand their role in health (e.g., regulation of
interstitial pressure, immune surveillance, and
dietary fat absorption), and disease (e.g., lymph-
edema, inflammatory diseases, and cancer metas-
tasis) [107]. The markers characterizing LECs
include: first, PROX-1, a homeobox transcription
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factorimplicated in lymphovascular development,
and a HIF-1a and -2« target; second, podoplanin-
1, a transmembrane glycoprotein; and third, lym-
phatic vascular endothelial-cell hyaluronan
receptor-1 (LYVE-1), a homolog of the CD44
hyaluronic acid receptor [108—113].

5.5.2 Specific Lymphangiogenic
Signals:
VEGF-C/—D — VEGFR3

A considerable body of data established a cen-
tral role for VEGF-C and VEGF-D on lymphan-
giogenic signaling carried out through binding
to their receptor VEGFR3 in LECs [114-118];
however, similar to other members of the VEGF
family, VEGF-C and VEGF-D can bind
VEGFR?2, thereby also inducing EC prolifera-
tion and migration [116, 119]. Nonetheless,
lymphangiogenic  pathway  specificity is
achieved to the fact that VEGF-C and VEGF-D
do not activate VEGFR1 and VEGFR?2 in ECs.
In addition to LEC proliferation and sprouting,
tumor-derived VEGF-C and VEGF-D can cause
structural changes within lymphatic vessels
located at the tumor periphery, such as increased
diameter and/or cell size [120-122], or induce
dilation of draining lymphatics located proxi-
mal or distal to sentinel lymph nodes [115,
123]. Immunohistochemical studies indicate a
significant association between VEGF-C/D and
HIF-1a expression in various human cancers
[32, 124]. At the molecular level, genome wide
analysis uncovered that hypoxia (1% O,)
induced VEGF-C and VEGF-D mRNA expres-
sion in LECs [125], whereas recent data indi-
cate that HIF-1a regulates VEGF-C expression
via an HRE located within the Vegfc promoter
in macrophages [126]. Moreover, it has been
shown that hypoxia can induce VEGF-C mRNA
translation via an internal ribosome entry site-
dependent mechanism, irrespective of HIF-1a
signaling [127]. In addition to CCs, VEGF-C
and VEGF-D can be expressed by tumor-asso-
ciated fibroblasts and immune cells, thereby

contributing to tumor progression within the
hypoxic tumor microenvironment [128, 129].

VEGFR3 is a transmembrane tyrosine kinase
receptor for VEGF-C and VEGF-D, whose
expression is restricted to adult LECs and induced
in lymphovascular progenitors during embryonic
development [111, 114, 116, 117, 130, 131].
Importantly, human cancers can mimic the onto-
genic expression of VEGFR3 by inducing its
expression within ECs and LECs during tumori-
genesis [132, 133].

Following the characterization of VEGF-C
and VEGF-D as LEC mitogens [116, 134, 135],
several studies documented the expression of
VEGEF-C and VEGF-D, as well as the occurrence
of lymphangiogenesis in a variety of solid can-
cers [32, 124, 136-139]. It is now well estab-
lished that VEGF-C and VEGF-D are major
drivers of tumor lymphangiogenesis and meta-
static dissemination, predicting adverse clinical
outcomes [140-146]. Consistently, VEGF-C and
VEGF-D expression levels are positively corre-
lated with metastatic dissemination [136],
whereas inhibition of lymphangiogenesis via
VEGF-C or VEGFR3 blockade prevents lymph
node and distant metastases in preclinical models
[144]. Of relevance, lymphangiogenesis can also
occur in sentinel lymph nodes where it precedes
and contributes to distant metastasis [137, 142,
147, 148].

5.5.3 Lymphatic—Vascular
Crosstalk: VEGF-A and PDGF-B

Similar to tumor angiogenesis, induction of tumor
lymphangiogenesis relies on the interplay of sev-
eral growth and motogenic factors; as a result, a
significant overlap exists between the spectrum of
cytokines exerting angiogenic and lymphangio-
genic properties. In preclinical studies, tumor-
derived VEGF-A was shown to stimulate
lymphangiogenesis and lymphatic metastasis
[149]; moreover, in a manner analogous to solid
tumors, VEGF-A positively correlated with
VEGEF-C and lymphatic vessel density in malig-
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nant lymphomas [118, 150-152]. Of relevance,
VEGFR3 neutralizing antibody was not able to
inhibit VEGF-A-induced lymphangiogenesis, thus
suggesting that VEGF-A-stimulated lymphatic
vessel growth via VEGFR2 signaling is indepen-
dent of VEGF-C — VEGFR3 and
VEGE-D — VEGFR3 activation [150, 151]. These
data were subsequently corroborated by the obser-
vation that tumor LECs expressed VEGFR2 in
addition to VEGFR3 [153]. Notwithstanding,
direct evidence linking VEGF-A with hypoxia/
HIFa within the context of tumoral lymphangio-
genesis is currently lacking, regardless of the well
documented role of HIFu— VEGF-A signaling in
tumor angiogenesis.

Pioneering studies showed that PDGF-B over-
expression induced tumoral lymphangiogenesis
and lymph node metastasis in a preclinical fibro-
sarcoma mouse model [154], whereas PDGF-B
and PDGFRp expression was associated with
lymphatic metastasis in patients with gastric can-
cer [155]. Intriguingly, PDGF-B mRNA was
upregulated by hypoxia and HIF-1a in a number
of non-malignant and cancer cell lines [64, 65,
156, 157]. The molecular mechanism underlying
PDGF-B-dependent lymphangiogenesis and
lymphovascular metastasis was subsequently
characterized through an exhaustive bioinfor-
matic screening of the Pdgfb gene promoter
region, thereby identifying a functional HRE
located 9622 bp upstream of the translation start
site. This non-canonical intronic HRE was neces-
sary and sufficient to mediate hypoxic
HIF-1ao — PDGF-B signaling, whilst promoting
the migration of hypoxic CCs towards PDGFR*
LECs [33]. Consistently, HIF-1a« or PDGF-B
inhibition via digoxin or imatinib administration,
respectively decreased intratumoral lymphangio-
genesis and breast CC nodal invasion.
Importantly, immunohistochemical analysis fol-
lowed by multiple linear regression showed that
HIF-1a, PDGF-B expression, and lymphatic ves-
sel area were linearly correlated and predicted the
Scarff-Bloom-Richardson histopathological
prognosis index in a small cohort of breast cancer
patients, thus illustrating the clinical importance
of the HIFo—PDGF-B signaling [33].

5.5.4 Other Pleiotropic
Lymphangiogenic Modulators

Recent data suggest that signaling mechanisms
not traditionally considered to participate in vas-
cular or lymphovascular homeostasis can support
these processes in hypoxic cancers. The potent
vasoconstrictor peptide endothelin (ET)-1, sig-
naling through the endothelin-B receptor (ETgR),
represents one such pathway underlying lym-
phangiogenesis and lymphatic —metastasis.
Mechanistically, ET-1 — ETgR promotes LEC
growth and differentiation via HIF-1a-dependent
expression of VEGF-A and VEGF-C [158].
Importantly, ET-1 is known to stabilize HIF-1a
(reviewed in [159]), whereas HIF-la directly
controls ET-1 expression, owing to the presence
of an HRE on the Ednl gene [160], therefore
indicating the existence of a feedback mecha-
nism synergistically promoting lymphangiogen-
esis and lymphatic metastasis. Likewise,
ET-1-dependent HIF-la activity augments the
expression of CCR7, whose signal transduction
(CCL21 — CCR7) contributes to lymphatic
metastasis [161, 162]. Similarly, the hypoxia-
dependent CCL21 — CXCR4 system reinforces
tumor lymphangiogenesis and metastasis [163].
In addition, insulin-like growth factors-1
and -2 promote lymphangiogenesis by stimulat-
ing LEC proliferation and migration [150, 151],
whereas hypoxia can induce the expression of
PGF in LYVEI" tumor vessels [164], thus
pointing to a role for the PGF — VEGRI1 axis in

lymphangiogenesis and/or lymphatic
metastasis.
5.6 Therapeutic Implications

and Concluding Remarks

Hypoxia-induced angiogenesis and lymphangio-
genesis have recently emerged as essential mech-
anisms supporting the dissemination of CCs from
the primary tumor to distant, secondary sites.
Examination of hypoxic angiogenic and
lymphangiogenic signaling pathways within the
tumor microenvironment have revealed multiple
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auto/paracrine feedback mechanisms that repre-
sent potential therapeutic targets to halt malig-
nant progression. Current data suggest that
targeted therapies blocking angiogenic- and
lymphangiogenic-dependent metastasis should
be aimed, in principle, at two hypoxia-inducible
molecular hubs: HIFx and VEGFRs; in particu-
lar, VEGFR3 emerges as a promising target in
early, localized malignancies, since it holds the
potential  of  impeding  lymphovascular
metastasis.

Conversely, PDGF-B and VEGF-A targeting,
in combination with HIFa inhibition, might
simultaneously impede hematogenous and lym-
phogenous CC dissemination, in advanced malig-
nancies that rely upon both mechanisms.
Importantly, uncovering the molecular nodes
enabling the hypoxic crosstalk between angiogen-
esis and lymphangiogenesis can help in the design
of targeted therapeutics blocking functional
redundancies in said pathways, thereby prevent-
ing resistance, recurrence and metastatic-disease
related mortality.
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Abstract

The hypoxic microenvironment is one of the
major features of solid tumors, which regu-
lates cell malignancy in multiple ways. As a
response to hypoxia, a large number of target
genes involved in cell growth, metabolism,
metastasis and immunity are activated in can-
cer cells. Hypoxia-inducible factor 1 (HIF-1),
as a heterodimeric DNA-binding complex, is
comprised of a constitutively expressed
HIF-1B subunit and an oxygen sensitive
HIF-1o subunit, thus, adapts to decreased
oxygen availability as a transcriptional factor.
HIF-1 regulates many genes involved in
tumorigenesis. Here, we focus on cancer cell
metabolism and metastasis regulated by
hypoxia.
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6.1 Hypoxia and Metabolism

Hypoxia has profound effects on cellular metabo-
lism, including glycolysis, glycogen synthesis, oxi-
dative phosphorylation and lipid metabolism.
Tumor cells utilize glucose more often than normal
cells. Under hypoxic conditions, HIF-1 directly
promotes the expression of most genes involved in
glycolysis, including glucose transporters (GLUT1
and GLUT3) and glycolytic enzymes (HK1/2,
GPI, PFKL, ALDOA, TPI, GAPDH, PGKI,
PGAMI, ENOI, PKM2 and LDHA) [1]. Thus,
HIF-1 pathway increases glucose uptake and lac-
tate secretion by upregulating GLUT1, GLUT3
and LDHA, respectively. Enhanced LDHA medi-
ates the conversion of pyruvate to lactate, accom-
panied by the recycle of cytosolic NAD* that is
necessary for further glycolysis. Consequently,
accumulated lactate in hypoxic cells together with
H* are exported via monocarboxylate transporter
1/4 (MCT-1/4), carbonic anhydrase (CA9), and
Na*/H* exchanger (NHE-1) which are all activated
by HIF-1 under hypoxia [2]. In addition, cancer
cells reserve glucose by activating glycogen syn-
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thesis pathway. HIF-1 upregulates the expression
of glycogen synthase (GYS1), UDP-glucose pyro-
phosphorylase (UGP2) and 1.4« glucan branching
enzyme (GBEI), resulting in hypoxic tolerance via
enhancing glycogen synthesis. Furthermore, HIF-1
targeted PP1-complex phosphatase PPP1R3C acti-
vates GYS1 while decreasing glycogen breakdown
by inhibiting glycogen phosphorylase (PYGL) [3].
Accumulated glycogen can be utilized as a source
of glucose under nutrient starvation.

As is known, cancer cells often exhibit reduced
mitochondrial respiration to avoid the cell dam-
age induced by the accumulated mitochondrial
ROS. Under hypoxic conditions, HIF-1 regulates
the mitochondrial respiration through different
ways. First, HIF-1 directly promotes the expres-
sion of PDK1 that phosphorylates and inactivates
PDH, which results in decreased acetyl-CoA into
the TCA cycle [4]. HIF-1 reduces PGC-1§-
mediated mitochondrial biogenesis by upregulat-
ing MXI-1, which decreases mitochondrial
respiration [5]. HIF-1 also modulates respiratory
chain function by switching from COX4-1 (high
activity, high ROS) to COX4-2 (low activity, low
ROS) [6]. HIF-1 activates BNIP3 and
BNIP3Lwhich trigger mitochondrial autophagy,
leading to down-regulated mitochondrial mass
and function [7, 8]. Furthermore, hypoxia also
affects mitochondrial complex activity. On one
hand, HIF-1 suppresses mitochondrial complex I
activity by activating NADH dehydrogenase la
sub-complex subunit 4-like 2 (NDUFA4L2) [9].
On the other hand, hypoxia inhibits mitochondrial
ROS generation through inducing miR-210 which
represses the expression of the Fe-S cluster
assembly proteins ISCU-1 and ISCU-2 [10].
Thus, HIF-1 mediates adaptive responses of can-
cer cells to hypoxia by regulating glucose metab-
olism as well as mitochondrial activity.

Besides the important regulation of glucose
metabolism, hypoxia plays important roles in
lipid metabolism, such as, fatty acids uptake, de
novo fatty acids synthesis and fatty acids oxida-
tion. FABP3 and FABP7 mediate fatty acids
uptake and ADRP is required for the formation of
lipid droplet (LD). It has been shown that FABP3,
FABP7 and ADRP are induced by HIF-1a, thus

leading to LD accumulation under hypoxia.
Accumulation of lipid droplets protects against
ROS and maintains survival of cells under
hypoxia-reoxygenation conditions [11].
Regarding the de novo fatty acid synthesis,
hypoxic cells exhibit increased rates of glutamine
uptake to recover the decreased entry of glucose-
derived carbons into mitochondria. Specifically,
HIF-1a-dependent induction of the ubiquitin
ligase STAH2 triggers proteasomal degradation of
2-oxoglutarate dehydrogenase (OGDH), which
blocks Suc-CoA generation and promotes de
novo fatty acid synthesis by increasing citrate
substrate [12]. Recently, several interesting stud-
ies have shown that hypoxic cancer cells absorb
acetate from plasma to generate acetyl-CoA by
acetyl-CoA synthetase 2 (ACSS2), then acetyl-
CoA is utilized for anabolic metabolism including
the de novo lipid synthesis. On the other hand,
HIF-1 suppresses fatty acids oxidation (FAO) by
inhibiting the medium- and long-chain acyl-CoA
dehydrogenases (MCAD and LCAD) expression,
resulting in reduced ROS and suppression of
PTEN pathway, thus promoting cancer cell prolif-
eration [13]. To eliminate cellular ROS, cancer
cells also generate more NADPH from serine bio-
synthesis pathway (SSP) under hypoxia by acti-
vating phosphoglycerate dehydrogenase
(PHGDH) and serine hydroxymethyl transferase
2 (SHMT2) [14, 15]. In summary, lipid metabo-
lism and serine biosynthesis pathways not only
eliminate ROS but also provide lipids and nucleo-
tides for cancer cell proliferation (Fig. 6.1).
There are many other kinds of cells, such as
T cells, NK cells, cancer-associated fibroblasts
(CAFs), tumor-associated macrophages (TAMs)
and mesenchymal stem cells (MSCs), which
surround cancer cells in the tumor microenvi-
ronment. Therefore, it is unavoidable for cancer
cells to compete with other cells for nutrients
and metabolites. Cancer cells have stronger
competition ability for glucose, while T cells
are restricted in glucose uptake. The restricted
glucose uptake leads to a drop in the production
of glycolytic intermediate phosphoenolpyruvate
in T cells, which shuts down T cell receptor-
mediated calcium signaling, eventually dimin-
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Fig. 6.1 Hypoxia regulated metabolic reprogramming.
HIF-1 plays important roles in glucose metabolism,
regulation of mitochondrial respiration, lipid metabolism

ishing the anti-tumor responses of T cells [16].
On one hand, as one of the major metabolite in
cancer cells, lactate is used for bioenergetics
and also serves as a signaling metabolite.
LDHA-associated lactic acid production from
human melanoma cells leads to immune evasion
by impairing cytokine production, in particular
IFN-y in tumor-infiltrating T cells and NK cells,
which promotes tumor growth [17]. This study
suggests that lactic acid is a potential signaling
molecule in regulation of tumor immune escape.
On the other hand, lactic acid generated by
tumor cells induces the expression of vascular
endothelial growth factor (VEGF) and arginase
1 (Argl), which polarizes macrophages to an
M2-like state that is critical for tumor growth
[18]. Further, lactate produced from hypoxic

and pentose phosphate pathway. Genes marked with red
color are upregulated by HIF-1, while genes marked with
blue color are downregulated by HIF-1

cancer cells and cancer-associated fibroblasts
(CAFs) feeds the cancer cell populations that
are within the same tumor but are proximal to
the vasculature [19]. All in all, the interaction
between tumor cells and surrounding cells in the
microenvironment emerges as critical events in
cancer progression.

6.2 Hypoxia and Metastasis

Tumor metastasis leads to more than 90% of can-
cer patients’ death. Hypoxia affects multiple
steps of metastasis, including epithelial-
mesenchymal transition (EMT), intravasation,

extravasation and pre-metastatic niche formation
(Fig. 6.2).
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Fig. 6.2 Hypoxic regulation of cancer metastasis. Hypoxia influences multiple steps within the metastatic cascade,
including EMT, intravasation, extravasation and metastatic niche formation. HIF-1 target genes are shown in red

6.2.1 Hypoxia and EMT

EMT has been regarded as the first step in the
process of metastasis and is characterized by the
loss of epithelial cell-cell contact and the
acquisition of mesenchymal features [20]. Cell
adhesions are mediated by cadherin proteins
expressed at intercellular junctions. Loss of
E-cadherin reduces adherent junctions of cells.
On the other hand, mesenchymal protein vimentin
reorganizes the cytoskeleton to promote cell
motility. Hypoxia is sufficient to induce EMT
and invasion through both direct and indirect
mechanisms. For instance, HIF-1 directly induces
the transcription of Snail, ZEB1, TWIST and
TCF3 [21]. In breast cancer cells, HIF-1 activates
EMT through ZEB1-MYB-E-cadherin signaling
axis [22]. The HIF-1 pathway also indirectly
promotes EMT via other signaling pathways,
including TGF-pB, Notch, tyrosine kinase
receptors, Wnt signaling pathway and so on.

6.2.2 Hypoxia and Intravasation

In order to invade the surrounding tissues and
infiltrate into blood vessels, cancer cells firstly
need to degrade the surrounding basement mem-
brane (BM). Proteinases contribute to collagen
degradation, mainly including the matrix metal-
loproteinases (MMPs), which are a family of
zinc-dependent enzymes. Hypoxia is associated

with an increase of the expression of type IV col-
lagen-degrading enzymes (MMP2 and MMP9)
via HIF-1 dependent mechanism [23]. HIF-2 pro-
motes the expression of membrane-bound mem-
brane-type 1| MMP (MMP14) [24]. In addition to
collagen degradation by MMPs, HIF-1 also acti-
vates the expression of urokinase plasminogen
activator surface receptor (PLAUR), which pro-
motes cell invasion by altering the interactions
between integrins and the extracellular matrix
(ECM) [25].

On the other hand, collagen deposition and
biogenesis are very important for cell migration.
P4AHA1 and P4HA2 are required for collagen
deposition and tumor fibrosis and stiffness, while
PLODI1 and PLOD?2 are important for collagen
fiber crosslinking. Recent studies showed that
HIF-1 plays a critical role in regulating collagen
biogenesis by activating prolyl 4-hydroxylase
a-subunit isoform 1 and 2 (P4HA1 and P4AHA?2)
and procollagen-lysine 2-oxyglutarate 5-dioxy-
genase | and 2 (PLOD1 and PLOD2) [26].

6.2.3 Hypoxia and Extravasation

Extravasation is a limiting step in the metastatic
process, only 0.1% of cancer cells entering the
vascular system establish a metastatic lesion. To
extravasate, cancer cells must first adhere to
endothelial cells (ECs), and disrupt the interaction
between vascular ECs. Hypoxia facilitates the
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extravasation of cancer cells to promote the
metastasis of breast cancer cells to the lung
tissues via HIFl-regulated LICAM and
ANGPTLA4 [27]. LICAM promotes the adhesion
of cancer cells to EC monolayers via hemophilic
interactions or heterophilic interactions with
neuropilin 1 (NRP1), integrins and CD24.
Meanwhile, ANGPTL4 inhibits EC-EC
interaction, facilitating the extravasation of the
breast cancer cells into the lung parenchyma.
Moreover, HIF-1-regulated SDF-1/CXCR4 also
contributes to the adhesion of cancer cells to ECs
[28]. Thus, hypoxia promotes the extravasation
of cancer cells through inhibiting EC-EC
interaction and accelerating the adhesion of
cancer cells to EC monolayers.

6.2.4 Hypoxia and Metastatic Niche
Formation

The late stages of metastasis comprise of the colo-
nization and growth of cancer cells within the dis-
tant tissue microenvironment. During metastasis,
bone marrow-derived cells (BMDCs) are recruited
to metastatic sites that are colonized by metastatic
cancer cells. Furthermore, cancer cells produce
lysyl oxidase (LOX), an enzyme that crosslinks
extracellular matrix proteins such as collagen,
which promotes breast cancer metastasis. In
breast cancer cells, HIF-1 induces the expression
of multiple members of the lysyl oxidase (LOX),
including LOX, LOXL2 and LOXLA4. Therefore,
HIF-1 also contributes to premetastatic niche for-
mation. A clinical study revealed that LOX was
associated with metastases of breast cancer
patients and it demonstrates that a monoclonal
antibody directed against LOX might be useful
for breast cancer therapy [29, 30].

Recent studies demonstrate that hypoxia pro-
motes the formation of the premetastatic niche by
exosomes. Exosomes carry and transfer mole-
cules including proteins, lipids, microRNAs and
mRNAs, and are involved in the premetastatic
niche formation that promotes vascular
permeability and BMDC recruitment [31].
Recent studies showed that exosomes from the
glioblastoma multiforme (GBM) patients contain

hypoxia-regulated proteins, including MMP9,
MMPS, platelet-derived growth factor (PDGF),
and insulin-like growth factor-binding protein 3
(IGFBP3), suggesting that hypoxia regulates
metastasis via altering exosome cargo contents
[32]. Moreover, hypoxia promotes microvesicle
shedding by up-regulating guanosine
triphosphatase RAB22A to accelerate invasion
and metastasis [33].Thus, hypoxia plays multiple
roles in regulation of cancer metastasis.

6.3  Metabolic Reprogramming
During Metastasis

Under Hypoxia

Although metabolic reprogramming is a hall-
mark of cancer cells, little is known about the
relationship between metabolic alterations and
metastasis. Energy supply is a pivotal factor for
cancer metastasis. The liver microenvironment is
hypoxic and glucose imbalanced, especially in
the interstitial space due to competition from
neighboring hepatocytes. For instance, to
overcome the shortage of oxygen and glucose,
colon cancer cells that metastasize to the liver
must use alternative energy sources other than
glucose. Loo et al. [34] demonstrates that colon
cancer cells secrete a kinase that acts
extracellularly to generate phosphocreatinine, a
metabolite that directly fuels colon cancer growth
and facilitates their metastasis to the liver.
Mechanistically, in metastatic colon cancer cells,
reduced miR-483 and miR-551a levels elevated
the expression of their target protein, creatine
kinase (CKB), which is secreted and
phosphorylates extracellular creatine produced
by hepatocytes to generate phosphocreatine.
Extracellular phosphocreatine is imported into
colon cancer cells by the transporter SLC6AS8
and is used to generate ATP for metastasized
colon cancer cells. In this way, metastatic colon
cancer cells obtain sufficient energy to overcome
metabolic stress for further liver colonization.

As is known, ovarian cancer cells preferen-
tially metastasize to adipose tissue, but the
molecular mechanisms are still elusive. Nieman
et al. found that adipocytes provide an energy
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source for ovarian cancer cells by inducing lipol-
ysis in adipocytes and p-oxidation in cancer cells
[35]. Fatty acid-binding protein 4 (FABP4) trans-
ports fatty acids from the adipocyte to ovarian
cancer cells and accelerates the B-oxidation of
fatty acids in cancer cells. FABP4 deficiency
impaired metastatic tumor growth in mice, indi-
cating that FABP4 has an important role in
metastasis of ovarian cancer cells. Hypoxia pro-
motes FABP4 expression via suppression of
miR-409-3p, suggesting the important role of
hypoxia in ovarian cancer metastasis by regulat-
ing lipid metabolism [36]. Another study has
revealed that knockdown of the respiratory
enzyme citrate synthetase (CS) promotes cervical
cancer cell metastasis and proliferation by inhib-
iting p53/TIGAR and SCO2 pathway due to
decreased ATP production [37].

Hypoxia regulates tumor metastasis by alter-
ing the expression of metabolic enzymes.
Dupuy et al. [38] found that liver metastatic
breast cancer cells are highly dependent on gly-
colysis for survival and metastasis in compari-
son to cells metastasized to bone or lung tissues.
Liver metastatic cells are with lower oxidative
glutamine metabolism, however, increased glu-
tamine uptake and glutamine-derived TCA
cycle intermediates are found in bone and lung
metastatic cells. The metabolic reprogramming
of liver-metastatic breast cancer cells is attrib-
uted to activated pyruvate dehydrogenase
kinase (PDK1), a known target of HIF-1. PDK1
blocks the conversion of pyruvate to acetyl-
CoA and inhibits the TCA cycle by inactivating
pyruvate dehydrogenase (PDH), leading to gly-
colysis accompanied with repressed mitochon-
drial function. Therefore, liver metastases of
breast cancer cells rely on a HIF-1/PDK1 axis
for their metabolic reprogramming to acceler-
ate their efficient colonization and growth in
the liver. Mechanistically, Wnt/p-catenin sig-
naling induces vessel growth by facilitating the
delivery of oxygen and nutrient upon PDKI1-
driven glycolytic metabolism. Similar to breast
cancer cells, colorectal cancer cells also

undergo metabolic reprogramming when they
metastasize to the liver. Colon cancer cells
metastasized to the liver tissue possess high
levels of aldolase B (ALDOB), one enzyme that
enhances fructose metabolism to fuel glycoly-
sis, gluconeogenesis and pentose phosphate
pathway. Targeting ALDOB significantly
reduces liver metastases of the colorectal can-
cer but shows no effect on primary tumors,
highlighting the importance of fructose metab-
olism and microenvironment during cancer
metastasis [39] (Fig. 6.3).

On the other hand, some metabolic enzymes
or metabolites regulate metastasis via HIF-1
pathway. Mutations of genes encoding succinate
dehydrogenase (SDH), fumarate hydratase (FH)
and isocitratedehydrogenase (IDH1 and IDH2)
lead to the accumulation of succinate, fumarate
and 2 hydroxyglutarate (2-HG), respectively.
These metabolites stabilize HIF-1a by inhibiting
prolyl-hydroxylases (PHDs), which accelerates
multiple steps of metastasis [40]. Similarly,
proinflammatory protein transglutaminase 2
(TG2) activated nuclear factor NF-kB binds to
the HIF-1a promoter and induces its expression
in mammary epithelial cells [41]. Monoamine
oxidase A (MAOA), a mitochondrial enzyme that
degrades monoamine neurotransmitters and
amines, induces EMT by generating ROS that
inhibits PHD3 activity and stabilizes HIF-1a. As
a result, MAOA-mediated HIF-10/VEGF/
FOXO1/TWIST1 pathway was activated, which
drives prostate cancer tumorigenesis and
metastasis [42]. Luo et al. found that pyruvate
kinase 2 (PKM?2), a glycolytic enzyme, interacts
with HIF-la and promotes the expression of
HIF-1 target genes by recruiting p300 to hypoxia
response  elements [43]. Further study
demonstrates that PKM2 is hydroxylated on
proline-403/408 by prolyl hydroxylase 3 (PHD3),
which enhances its binding activity to HIF-1a.
Therefore, some metabolic enzymes promote
metastasis by stabilizing HIF-1a and may serve
as new biomarkers and therapeutic targets for
metastatic disease.
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6.4  Perspectives and Summary
Hypoxia plays important roles in metabolism and
metastasis. Hypoxia regulates glycolysis,
glycogen synthesis, lipid metabolism and
oxidative phosphorylation to promote cell
survival and proliferation. Moreover, hypoxia
regulates both the early and late stages of
metastasis. Herein, we summarized the recent
progress of hypoxia and metabolism in metastasis.
On one hand, current studies demonstrate that
hypoxia reprograms energy supply or nutrient
metabolism by regulating metabolic enzymes,
which are essential for efficient metastatic
colonization. For example, colon cancer cells
release CKB into the extracellular space to
generate ATP to adapt to the metabolic stress
within the hypoxic liver, while breast cancer cells
adapt to hypoxic liver by increasing the expression
of PDK1. On the other hand, some metabolic
enzymes regulate metastasis via HIF-1 pathway,
such as SDH, FH, IDH and PKM2. More detailed
mechanisms between metabolism and metastasis
are still elusive and are inviting more in-depth
studies in this field. The identification of new
biomarkers from the perspective of metabolism
and hypoxia would be valuable for the treatment
of tumor metastasis.
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Hypoxia and the Metastatic Niche

Cerise Yuen-Ki Chan, Vincent Wai-Hin Yuen,
and Carmen Chak-Lui Wong

Abstract

Metastasis is considered the latest stage of
cancer development; however, metastasis
occurs earlier than it can be detected.
Metastatic sites are actively remodeled by
secretory factors including growth factors,
chemokines and cytokines, extracellular
matrix (ECM) enzymes, and exosomes pro-
duced by the primary cancer tissues. Many of
the associated-secretory factors are abun-
dantly induced by inflammation and hypoxia.
These secretory factors modify the ECM,
immune composition, and blood vessel per-
meability of the future metastatic sites, a pro-
cess termed ‘metastatic niche formation.” In
general, ECM is modified to enhance the
attachment of other cell types or cancer cells
to establish a growth-factor rich metastatic
niche. Immune-suppressive cells such as
tumor-associated macrophages (TAMs) and
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regulatory T cells (Tregs) dominate the meta-
static niche to allow metastatic cancer cells to
bypass immune surveillance and propagate.
Endothelial cell-to-cell junctions of blood
vessels are loosened to enhance the penetrance
of metastatic cancer cells to the metastatic
sites. Different metastatic tissues have unique
ECM constituents, resident immune cells, and
anatomical positions linked with the circula-
tory system; therefore, many cancer types
have their own metastatic pattern, and they
favor metastasis to specific organs. Some of
the remodeling events represent the earliest
step of metastasis, even preceding the detach-
ment of cancer cells from the primary tumor
site. Understanding how the metastatic niche
is formed is important for the development of
drugs to prevent the earliest step of metastasis
and advance our understanding of organotro-
phic metastasis. This review summarizes the
major findings in the field of metastatic niche
highlighting the role of hypoxia.
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7.1 Seed and Soil Theory

The concept of the metastatic niche was first pro-
posed by Stephen Paget in 1889. He proposed that
successful metastatic colonization of cancer cells
(seeds) is determined by the permissive microen-
vironment of the metastatic organ (soil). However,
in the 1930s, James Ewing argued that metastatic
colonization is determined by the physiologies of
the circulatory system including the vascular and
the lymphatic systems. Isaiah Fidler later chal-
lenged that, in addition to the blood flow, metasta-
sis could be completed only in specific organs for
many cancer types. Each type of cancer has its
non-random and particular patterns of metastasis,
highlighting the concept of organotropism.

7.2  Metastasis Pattern

Autopsies revealed that lymph nodes and lungs
were the most frequent metastatic sites for mela-
noma while bone, lung, liver are the most com-
mon metastatic organs for breast cancer [1, 2].
Esophageal cancer tends to metastasize to gastric
organs, lungs, and livers [3, 4]. Gastric metasta-
ses are poor prognostic indicators for esophageal
cancer patients and are also associated with the
aggressiveness of the tumors including size and
differentiation status of the tumors [5]. Upper
esophageal cancer tends to metastasize to lungs
while lower esophageal cancer tends to metasta-
size to the liver [6]. In colorectal cancer, 50% of
patients are diagnosed with metastasis in the
lymph nodes, lungs, livers, and the peritoneal
cavities [7]. Hepatocellular carcinoma tends to
metastasize to portal veins, bones, the diaphragm,
and peritoneal cavities. Ovarian cancer tends to
metastasize to the omentum and peritoneum.
Cervical cancer often metastasizes to the vagina,
parametria, bladder, and pelvic lymph nodes.

Metastatic Niche and Pre-
metastatic Niche (PMN)

7.3

‘Metastatic niche’ refers to the soil, or the micro-
environment, of the secondary site of the same
organ or distant organs where metastasis occurs.

Pre-metastatic niche (PMN) however refers to
the formation of a microenvironment in the future
metastatic site which favors the attachment, sur-
vival, colonization, and propagation of cancer
cells. PMN is primarily formed by four factors:
(1) inflammation, (2) immune suppressive cells,
(3) extracellular matrix (ECM), (4) exosomes
(Fig. 7.1). The formation of PMN in lung, bone,
and liver has been described more extensively
than other organs. The lung is a frequent meta-
static site. PMN formation in lung tissues starts
with the modification of ECM by secretory fac-
tors produced by primary cancer cells, accumula-
tion of bone marrow-derived cells (BMDCs)
which create a growth factor-rich environment
for subsequent colonization of cancer cells
(Figs. 7.1 and 7.2). The modification of the ECM
and the arrival of BMDCs precedes the arrival of
cancer cells. BMDCs are indispensable compo-
nents of the PMN in lung tissues [§—13]. BMDCs
at PMN potentiate metastasis in several ways.
First, BMDCs at the metastatic sites are associ-
ated with increased expression of chemokines
such as SDF-1, which attracts CXCR4* tumor
cells to the metastatic sites [10]. Second, BMDC
cells, particularly CD11b* BMDCs (myeloid-
derived suppressor cells, MDSCs), are essential
for the development of neovessels in the meta-
static lesion supporting cancer cell growth [9, 12,
13]. Third, CD11b* BMDCs suppress natural
killer cell-dependent immune responses in tumor-
bearing animals, supporting cancer cell mainte-
nance [11]. Bone is another common metastatic
site, especially for breast cancer. Bone is actively
remodeled and regenerated through bone forma-
tion and resorption carried out by osteoblasts and
osteoclasts, respectively. Osteoblasts reside on
the surface of the bone and produce a variety of
growth factors and enzymes such as TGFp, IGFs,
osteocalcin, collagen, and collagenases. After
osteoblasts generate bone matrix, they produce
RANKL which stimulates osteoclasts through
RANK-RANKL signaling. Osteoclasts are bone-
resorbing cells which dissolve minerals and
degrade the matrix of the bone. The homeostatic
balance of osteoblast-mediated bone formation
and osteoclast-mediated bone degradation is dis-
rupted by cancer cells. Breast cancer cells stimu-
late osteoclasts, bone resorption, and osteolysis
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(Fig. 7.3). Cancer cells secrete factors to induce
bone marrow cells to create a permissive PMN
which favors bone resorption and, subsequently,
cancer cell colonization. The liver is a common
metastatic site for pancreatic and colorectal can-
cers. The liver is a highly vascularized organ.
Many pathogens in the blood pass through the
liver. The liver is protected from pathogens by the
resident macrophages known as Kupffer cells.
Exosomes secreted by primary cancer cells acti-
vate Kupffer cells which in turn secrete TGFf to
activate fibronectin secretion in hepatic stellate
cells, favoring the recruitment of tumor-
associated macrophages (TAM) to the liver.

7.4 Macrophages

Macrophages are derived from myeloid progeni-
tor cells. In mice, macrophages are defined as
CDl11b, F4/80, and colony-stimulating factor-1
receptor (CSF-1R/CD115) positive and Grl neg-
ative cells. In humans, macrophages are defined
as CD68, CD163, CD16, CD132, and CDI115
positive cells. Macrophages are heterogeneous

and consist of many subpopulations. Although
the re-classification of macrophages is underway,
macrophages are still generally classified as M1
macrophages, or classically activated macro-
phages, and M2 macrophages, or alternatively
activated macrophages [14]. M1 macrophages
are pro-inflammatory. They are responsible for
the eradication of pathogens and foreign cells
through direct phagocytosis followed by present-
ing antigens to type I helper T (Thl) cells. M2
macrophages are anti-inflammatory and are
responsible for wound healing and tissue repair
by ‘switching off’ the immune system. Clinical
evidence has demonstrated that macrophages can
promote cancer development [15]. In cancer,
macrophages are found in primary tumors and at
metastatic sites [15]. A majority of publications
have shown that an increased number of macro-
phages found in the primary tumor is associated
with cancer aggressiveness [15]. Tumor-
associated macrophages (TAMs) are generally
thought to be M2 macrophages. They have been
consistently found in thyroid, lung, and liver can-
cers. Patients with an increased number of mac-
rophage have poor survival rates [16-18]. A
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and hypoxia-mediated HIF activations which drive the
transcriptions of genes involved in ECM modification,
vascular permeability, and chemokine-driven immune
cell recruitment. Blood stream carries these secretory
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tissues. LOX, LOXL2, LOXL4 cross-linked collagen at
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microenvironments. CCL2 and CSF1 attracted TAMs to
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tors. VEGF and ANGPTL4 increased the permeability
of blood vessels, facilitating the circulating cancer cells
to extravasate. Lung metastatic niche is rich in oxygen
(0,). However, deletion of O, sensor PHD switched off
the HIF-1-mediated glycolytic mode of T cells, favoring
the development of Treg, an immune suppressive popu-
lation of T cells. Other inflammatory factors that were
enriched in lung tissues included S100A8, SI00A9, and
SAA. Increased MMP9 was hypothesized to facilitate
the liberation of growth factors from the ECM of lung
tissues. Fibronectin (FN) was shown to increase in lung
tissues which also facilitated the adhesion of BMDC
and cancer cells
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Fig. 7.3 Formation of metastatic bone niche. Cancer
cells disrupt the homeostatic balance of osteoclast and
osteoblast through tumor secretory factors such as LOX,
OPN, HSPE, PTHrP, RANKL. Genes expressed on cancer

transcriptomic analysis demonstrated that a mac-
rophage gene signature was prognostic in follicu-
lar lymphoma [19]. Whereas, the TAM gene
signature was not associated with survival in
human breast cancer [20, 21].

Macrophages not only support tumor growth
but are also an important component of the PMN
that facilitates the attachment, colonization, and
growth of metastatic cancer cells [15]. The dif-
ferentiation, expansion, and motility of macro-
phages are generally driven by some key growth
factors including Colony Stimulating Factor 1
(CSF-1), granulocyte-macrophage (GM-CSF),
and (C-C Motif Chemokine Ligand 2 (CCL2)
which are often abundantly produced by cancer
cells [15]. Macrophages respond to CSF-1 and
GM-CSF through CSF-1 receptor (CSF-1R) and
respond to CCL2 through the CCR2 receptor
[15]. CSF-1 up-regulation was a prognostic indi-

cells which facilitate their attachment to the bone matrix
include JAGI, integrin a VB3, RANK, CXCR4, MMPI1,
IL11. Cancer cells favor osteoclast development which
drives bone resorption and osteolytic lesion

cator for more aggressive breast, endometrial,
ovarian, prostate, liver, and colorectal cancers
[18, 22-27]. CCL2 up-regulation was also a
prognostic indicator for more aggressive breast,
colorectal, thyroid, and cervical cancers [24, 28—
32]. The knockout of CSF-1 in mice reduced
macrophage infiltration into tumors and sup-
pressed cancer growth and metastasis in breast,
colorectal cancer, and osteosarcoma mouse
models [33, 34]. Therapeutically, CSF-1 or
CSF-1R blockade by antibodies prevented mac-
rophage homing to the tumor and suppressed
growth and metastasis [35, 36]. Systemic deple-
tion of macrophages by clodronate also sup-
pressed growth and metastasis of different types
of mouse cancers [15]. Macrophages promote
cancer development mainly through two major
mechanisms. TAMs are mostly immune suppres-
sive. TAMs also secrete a large panel of growth
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and angiogenic factors as well as ECM enzymes
to support the seeding and growth of cancer cells
at the PMN [15]. Hypoxia produced tumor-
necrosis factor (TNF), TNF receptor, and inter-
leukin one expression in macrophages [37-39].
Hypoxia is known to induce CD11b (aM integ-
rin) and CD18 (P2 integrin) expression in macro-
phages, facilitating their migration through the
vasculature into hypoxic tissues and contributing
to an M1 phenotype [40]. CCL2 has been reported
to be induced by hypoxia in other tissue types
[41]. On the other hand, hypoxia has been shown
to be an unfavorable growth condition for macro-
phages in vitro and hypoxia has been shown to
mitigate the phagocytic capability of macro-
phages [39, 42]. Therefore, further research is
required to carefully determine the role of

hypoxia in macrophage polarization and
function.
7.5 Immunologically Permissive

Metastatic Niche

In order to propagate at the metastatic site, cancer
cells need to evade immune surveillance. A study
showed that proly-hydroxylase (PHD) protein
suppressed differentiation and development of T
cells (Th1) and induced immune suppressive reg-
ulatory T cells (Treg) at lung tissues, creating an
immunologically favorable metastatic niche
(Fig. 7.2). PHD is an oxygen sensing protein
which hydroxylates hypoxia-inducible factor
(HIF)-1a leading to degradation of the HIF com-
plexes [43]. T cell-specific PHD KO mice have
hyper-activated T cells in lungs and prevented
colonization of melanoma cells in the lungs as
compared to wildtype mice [43]. Adoptive trans-
fer of T cells treated with PHD inhibitor, DMOG,
was able to exert a greater suppressive effect in
lung metastasis [43]. T cells in lung tissues
receive a high level of O,, an environment that
favors PHD-mediated enrichment of Tregs and
suppression of T cells, therefore, favoring the
propagation of melanoma cells [43]. Interestingly,
it was shown that PHD-mediated immune toler-

ance in the metastatic niche was HIF-1 dependent
[43]. Activated T cells are more dependent on
glycolysis as compared to Tregs because glycoly-
sis supports the nutrients required for the rapid
expansion of effector T cells upon stimulation
[43]. Tregs are quiescent and are relatively less
metabolically active. HIF-1 activates glycolysis
while PHD counteracts glycolysis through HIF-1
inactivation [43]. Therefore, it is proposed that
PHD restricted T-cell expansion by reducing gly-
colytic activity of T cells through HIF-1 inhibi-
tion (Fig. 7.2). In other words, hypoxia, or low
oxygen (O,), and HIF-1 expression promoted T
cell proliferation and suppressed metastasis in
the metastatic lung niche in this model.

7.6  The Permeability

of Metastatic Tissues

Cancer cells tend to colonize and form metasta-
ses at regions of secondary organs with higher
permeability [44]. Conditioned medium from
breast and lung cancer cells were able to induce
vascular hyperpermeability in lung tissues [44].
Injection of Evan’s blue (EB) dye through the tail
vein followed by injection of metastatic cancer
cells demonstrated that cancer cells tend to local-
ize at lung regions with higher permeability [44].
Lodging of cancer cells in lung tissues with
hyper-permeability was blocked by anti-VEGF
antibody treatment, suggesting that VEGF might
be one of the tumor-secreting factors responsible
for making endothelial cells in the lung tissues
more permeable [44]. It was later demonstrated
that VEGF activated the Src-FAK complex in the
endothelial cells to induce E-selectin. Enriched
E-selectin expression in endothelial cells allows
cancer cells to adhere to the lung endothelium
[44]. A comparison of lung regions with high and
low permeability based on EB intensity in mice
injected with EB through the tail vein revealed
that CCR2 was highly induced in hyper-
permeable lung tissues, suggesting that CCR2/
CCL2 signaling might play a role in vascular per-
meability in metastatic niche [45]. Knockout of
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CCL2 or CCR2 impaired lung permeability in
mice inoculated with Lewis lung tumors [45]. It
was found that CCR2 induction in lung tissues
was induced by MD2, a coreceptor for Toll-like
receptor four which is important for innate
immune signaling [45]. It was further shown that
CCR2-CCL2 signaling induced the secretion of
permeability factors including amyloid A3 and
S100A2 [45]. Knockout of MD2 or CCR2
blocked cancer cell attachment in the metastatic
niche. A recent study showed that immune cells
from a third organ apart from the organ where the
primary tumor is formed and the organ where
metastases are formed might be involved in meta-
static niche formation [46]. In the study, the
authors showed that breast cancer, lung cancer,
and melanoma induced hepatic
B220*CD11c¢*NK1.1* (Natural Killer, NK) cells
to increase coagulation factor which blocked
fibrinogen depositions at the metastatic site
(lung), thereby preventing cancer cell attachment
in lung tissues. VEGF is one of the most well-
described transcriptional targets of HIFs while
CCL2 has also been reported to be induced by
hypoxia [47]. Hypoxia is therefore speculated to
increase the permeability of metastatic sites.

7.7  Secretory Factors
from Primary Cancer
7.7.1 TGFB-ANPGPTL4

The inflammatory factor, TGFf, was found to be
associated with lung metastasis in a large cohort
of 368 patients. Breast cancer cells treated with
TGFp had an increased ability to colonize lung
tissue in mice (Fig. 7.2). TGFp induced SMAD-
mediated transcription of ANGPTL4 which func-
tioned to disrupt the endothelial junction of lung
tissues enabling extravasation [48]. This explains
why the TGFP gene signature in breast cancer
patients is only correlated with the presence of
lung metastasis but not bone metastasis.
ANGPTLA4 is also a downstream transcriptional
target of hypoxia-inducible factors (HIFs) which
are stabilized during hypoxia [49]. HIF regulation

of ANGPTLA4 also increased extravasation by dis-
rupting endothelial junctions in lung tissues [49].

7.7.2 VEGF

A critical component of the PMN is bone marrow-
derived hematopoietic progenitor cells or
BMDCs. In melanoma and Lewis lung cancer
mouse models, VEGFR1* BMDCs arrived at
metastatic sites before the arrival of cancer cells
[10]. The VEGFR1* BMDCs also expressed inte-
grin oyP; which facilitate their binding to fibro-
nectin in the metastatic niche. Since cancer cells
specifically secrete growth factors that induced
fibronectin, cancer cells remotely facilitated the
anchoring of BMDCs to the metastatic sites.
These VEGFR 1" BMDCs also expressed ID3 and
it was shown that reconstitution of VEGFR*ID3*
BMDCs in mice was able to restore PMN and
metastasis in Id3 knockout mice. Another impor-
tant experiment was carried out using condi-
tioned media from melanoma and Lewis lung
cancer cells demonstrated that the conditioned
media from these cancer cells could control the
metastatic profile regardless of the type of pri-
mary cancers formed in mice. Specifically, the
conditioned medium of melanoma cells was pre-
injected into mice followed by implantation of
Lewis lung cancer cell line. Reversely, the condi-
tioned medium of Lewis lung cancer cells was
pre-injected into mice followed by implantation
of melanoma cells. Injection of conditioned
medium of melanoma cells redirected Lewis lung
cancer cells to metastasize to common metastatic
sites of melanoma including kidney, spleen,
intestine, and oviduct in mice and vice versa [10].
These interesting results highlighted that the
secretory profiles of primary cancers determine
where the metastases are formed. Therapeutically,
inhibition of VEGFR1 by VEGFR1 antibody or
depletion of VEGFRI1* blocked PMN formation
and subsequent metastasis [10]. VEGF and
VEGFRI are known to be induced by hypoxia
and HIF-1, suggesting that hypoxia might be as
well involved in the VEGF/VEGFRI1-associated
PMN formation.
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7.7.3 S100A8 and S100A9

Gene expression profiles of lung tissue from nor-
mal, benign, malignant, and metastatic cancer-
bearing mice demonstrated that S100A8 and
S100A9 were significantly induced in pre-
metastatic lungs [50]. SI00A8 and S100A9 are
pro-inflammatory factors which could simultane-
ously induce migration and recruitment of mac-
rophages and tumor cells. SIO0A8 and S100A9
attract Macl* (macrophage antigen 1) myeloid
cells to be recruited to premetastatic lungs [50].
Meanwhile, SI0O0A8 and SI00A9 induced migra-
tion, invasion, and invadopodia formation in
tumor cells through activation of the MAPK
pathway [50]. Depletion of tumor-secreted fac-
tors such as VEGF-A, TNFa«, and TGFp blunted
the induction of ST00A8 and SI00A9 in the PMN
in vitro and in vivo, suggesting that SI00A8 and
S100A9-mediated PMN was initiated by the pri-
mary tumor [50]. Blockade of S100A8 and
S100A9 by antibodies prevented the Macl*
myeloid cell recruitment and metastatic coloniza-
tion in the lungs of mice [50]. It was later reported
that SI00A8 and S100A9 induced Serum amy-
loid A (SAA) 3 in the pre-metastatic lungs to
induce NFxB pathway in macrophages through
Toll-like receptor (TLR)4 which responds to
SAA3 ligands [51]. Neutralizing SAA3 antibody
suppressed Macl* myeloid cell recruitment and
cancer cell colonization in metastatic lung tissues
of wildtype but not TLR4 knockout mice.
Interestingly, this phenotype could not be
observed in liver tissues, again suggesting organ-
otropism. Interestingly, S100A8 and S100A9
were also found to be secreted by hypoxic normal
prostate epithelial cells and prostate cancer cells.
Ectopic expression of HIF-1« increased S100A8
and S100A9 expression [52]. Chromatin immu-
noprecipitation assay identified the binding loca-
tions of HIF-1 on S/00A8 and S100A9 while
luciferase reported assay further demonstrated
these hypoxia response elements are functional
in prostate cancer cell lines [52]. These findings
suggested that SI00A8 and S100A9 are very
likely to be induced in hypoxic tumors and meta-
static niches.

774 MMP9

MMP?Y in the pre-metastatic lung tissues (endo-
thelial and macrophages) was induced in the
wildtype but not VEGFR1 knockout mice [53].
Tumor secretory factors, the VEGF and PIGF
ligands, stimulated MMP9 expression in pre-
metastatic lung tissues through VEGFR1 [53].
Increased MMPO expression in lung tissues facil-
itated the invasion of Lewis lung cancer and mel-
anoma cells [53]. Although the mechanisms have
not been clarified, it is reasonable to hypothesize
that MMP9 cleaves the ECM of the lung tissues
to remove the physical barrier during cancer cell
invasion and to liberate growth factors and other
soluble molecules that were trapped in the ECM
to stimulate colonization and propagation of can-
cer cells at the metastatic site. Clinically, lung tis-
sues from patients carrying hepatocellular
carcinoma, pancreatic cancer, esophageal cancer,
colon cancer, cholangiocarcinoma, gastric can-
cer, melanoma, lymphoma, and ovarian cancer
expressed a higher level of MMP9 than non-
tumor-bearing patients [53]. MMP13 expression
induced by HIF-1a-dependent manner [54] was
reported to activate MMP9 by cleaving pro-
MMPY that promotes osteolytic breast cancer
bone metastasis [55].

7.7.5 Lysyl Oxidase (LOX)

7.7.5.1 LOX and Lung Metastasis

The lysyl oxidase (LOX) family consists of LOX
and LOXL1-4. LOX enzymes oxidatively deami-
nate lysine residues of collagen causing cross-
linking of collagens which allow collagen fiber
formation. This modification of collagen mole-
cules increases stiffness and promotes adhesion
and invasion of cells on the ECM. Cross-linked
collagen provides an invasive track for cancer
cells. The LOX family has been shown to be
mainly induced by HIFs, in a hypoxia-dependent
manner, and inflammation associated TGF-
SMAD pathways [56]. It was shown that miR-
26a and miR-29 also negatively regulated
LOXL2 in liver cancer model [56]. Studies
showed that LOX and LOXL2 cross-linked and
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stiffened the ECM of primary cancer tissue,
thereby activating the focal adhesion formation
and activation of the phosphatidylinositol
3-kinase signaling pathway, pathways that pro-
mote invasion of cancer cell [57]. Apart from
influencing the microenvironments of primary
cancer sites, secreted LOX enzymes could reach
distant metastatic sites through the bloodstream
to create a permissive metastatic niche. LOX,
LOXL2, LOXL4 secreted by breast cancer cells
increased cross-linked collagens in lung tissues
[8, 58]. Cross-linked collagens facilitated the
attachment of CDI11b* bone marrow-derived
cells (BMDCs) in the lung tissues prior to the
arrival of cancer cells [8]. BMDCs acted as the
source of angiogenic factors and MMP2 in the
metastatic niche to promote cancer invasion and
growth [8]. LOXL2 antibody also inhibited
tetrachloride-induced  liver  fibrosis  and
bleomycin-induced lung fibrosis in mice [59].
LOX inhibitor (f-aminopropionitrile (BAPN) or
LOX antibody prevented fibrosis caused by col-
lagen cross-linking in a mouse breast cancer
model [57]. HIF inhibitors, digoxin and acrifla-
vine, also suppressed PMN formation and metas-
tasis, through LOX inhibition, in mice with breast
and liver cancers [56, 60].

7.7.5.2 LOX and Bone Metastasis

A proteomics study using SILAC demonstrated
that LOX was also the most induced secreted pro-
teins in hypoxic ER-breast cancer cells [61].
ER-negative breast cancer patients with bone
relapse have higher LOX expression as compared
to those patients without bone relapse [61]. LOX
secreted by the tumors was found to disrupt the
balance of bone remodeling causing osteolytic
lesion formation [61]. Bone remodeling is per-
formed by osteoblasts which generate bones tis-
sues and osteoblasts which degrade bone tissues.
LOX secreted by the tumors entered bone tissues
and inhibited osteoblasts and activated osteo-
clasts causing extensive bone resorption creating
a favorable microenvironment for breast cancer
cell colonization [61]. LOX-mediated bone
resorption through activating NFATc1 to promote
osteoclastogenesis [61] (Fig. 7.3). Neutralizing
LOX antibody and LOX inhibitor,

B-aminopropionitrile (BAPN) were able to allevi-
ate osteolytic bone lesions to repress bone metas-
tasis [61].

7.7.6 CCL2

Macrophages are often found in microenviron-
ments of both primary tumors and metastatic
sites. Intriguingly, primary tumors and metasta-
ses recruited distinctive macrophage populations.
An interesting study has reported that inflamma-
tory monocytes were recruited to the metastatic
niche via the CCL2-CCR2 axis [62]. Metastatic
sites attracted inflammatory monocytes but not
other types of immune cells such as T and B cells.
Mouse monocytes were defined as CD11b and
CD115 positive cells. These monocytes were fur-
ther subdivided into resident monocytes lacking
Grl and Ly6C and inflammatory monocytes
expressing Grl and Ly6C. Adoptive transfer of
both populations of monocytes in breast cancer-
bearing mice revealed that resident monocytes
were specifically recruited by primary tumors
whereas inflammatory monocytes were specifi-
cally recruited by lung metastases [62]. Lung
metastases  particularly  recruited CCR2-
expressing monocytes which were attracted by
chemokines CCL2 expressed by metastatic cells
and other stromal tissues in the lungs [62]. CCR2
is highly expressed in inflammatory monocytes
but not resident monocytes [62]. CCL2 neutral-
izing antibody was able to suppress inflammatory
monocyte recruitment and lung metastasis and
extend the survival of tumor-bearing mice [62].
CCR2-expressing cells were found to secrete
VEGF which increased the permeability of blood
vessels to promote the extravasation of breast
cancer cells [62]. VEGF-knockout bone marrow
cells were not able to increase permeability [62].
Interestingly, other CCR2-expressing immune
cells such as T cells were not influenced by CCL2
antibody treatment [62]. Why CCL2 only
recruited CCR2* monocytes to the metastatic
niche but not other CCR2* immune cells remain
to the elucidated. CCL2 has been shown to be
regulated by HIF-1 in lung epithelial cells [47].
CCL2 is one of the senescence-associated secre-
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tory phenotypes induced by senescent cells [41].
Hypoxia causes cell cycle arrest and senescence.
Whether CCL2 is induced in hypoxic tumors
directly through HIFs or indirectly through
senescence remains to be determined.

7.7.7 Secretory Factors that
Support Bone Metastasis

Cancer cells secreted a soluble form of RANKL
to activate osteoclasts. Cancer cells secreted
osteopontin (OPN) to mediate bone marrow cell
migration and cancer cell growth [63]. Cancer
cells also secreted heparanase (HPSE) to reduce
the length of the heparin sulfate chain in the ECM
to expedite bone resorption [64]. Cancer cells
also secrete a parathyroid hormone-related pro-
tein (PTHrP) which also activated bone resorp-
tion and increased CCL2 expression in the bone
[65]. Interestingly, bone degradation caused the
release of growth factors that are stored in bone
matrix, such as TGFp, which can in turn pro-
moted tumor growth [66]. Cancer cells expressed
avp3 integrin which facilitated cancer cell adhe-
sion to bone niche [67]. Osteoblasts secreted
CXCLI12 to attract CXCR4-expressing cancer
cells to the bone [68]. Cancer cells expressing
MMPI, interleukin (IL)-11, and connective tis-
sue growth factor (CTGF) also tend to metasta-
size to bone [69]. MMP1 and IL-11 enhanced
RANKL production while CTGF drove osteo-
clast activation [69]. Together, these cancer-
secreted factors drive bone resorption and
formation of an osteolytic lesion (Fig. 7.3).
Notably, some of the above factors were reported
to be induced by hypoxia. For example, hypoxia-
induced RANKL and its cognate receptor RANK
in breast cancer cells in HIF-1a dependent man-
ner [70]. PTHrP transcription was enhanced by
HIF-2o¢ in multiple human cancer cells [71].
Breast cancer cell lines with high propensity to
metastasize to bone expressed high level of Notch
ligand, JAG1 [72]. When breast cancer cells
entered the bone niche, JAG1 on breast cancer
cells interacted with NOTCH receptors on osteo-
blasts and osteoclasts. JAG1-NOTCH binding

activates  y-secretase-mediated cleavage of
NOTCH receptor, allowing the intracellular
domain of the NOTCH (NCID) to be translocated
to the nucleus to activate transcription of genes
such as HEY I/HES [72]. Co-culturing of JAGI-
over-expressing breast cancer cells with osteo-
blasts induced NOTCH/HEY 1-mediated
transcription and secretion of interleukin 6 (IL6)
by osteoblasts [72]. IL6 promoted proliferation
of breast cancer cells. In addition, JAG1 on breast
cancer cells bound to osteoclasts in the bone met-
astatic niche to drive the differentiation of osteo-
clasts, causing osteolytic lesions and growth of
bone metastases [72]. Meanwhile, it was found
that JAG1 upregulation in breast cancer cells was
mediated by SMAD4 which responded to TGFp
secreted by osteoclasts [72]. Therefore, JAGI-
NOTCH interaction between breast cancer cells
and bone cells formed a paracrine feed-forward
signaling through IL6 and TGFp [72]. MRKO003,
a y-secretase inhibitor which prevents the cleav-
age and activation of the NOTCH pathway, inhib-
ited osteolytic lesion formation and bone marrow
metastasis in JAG1-over-expressing breast can-
cers [72]. JAGI antibody prevented osteolytic
lesion and bone metastasis in mouse breast can-
cer model. JAG1 antibody also sensitized breast
cancer to chemotherapy treatment [73].

7.8 Exosomes

Exosomes are defined as extracellular vesicles
(EVs) budded from the membranes of cells with
size range from 30 to 150 nm. Exosomes could
be detected in biological fluids including blood
and urine. Exosomes are packed with a wide vari-
ety of molecules including cytokines, growth fac-
tors, extracellular matrix components, DNA,
mRNA, non-coding RNA, proteins, and lipids.
Given their circulating nature, exosomes have
been shown by multiple studies for the roles in
long-range cell-cell communications by transfer-
ring the above biomolecules (Fig. 7.1).
Interestingly, recent studies showed that hypoxia-
induced the release of exosomes from tumor cells
that modulates tumor microenvironment to facili-
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tate angiogenesis and metastasis [74]; therefore,
hypoxia might be involved in the exosome-
related pro-metastatic roles below. Exosomes
also serve as diagnostic and prognostic indicators
for cancer stages and metastasis in different
cancers.

7.8.1 Pro-metastatic Roles

of Exosomes

In stage 4 melanoma patients, it was shown that
that high exosome content in plasma was corre-
lated with shorter survival in patients. Exosomal
proteins including TYRP2, VLA-4, HSP70
showed a step-wise increase in patients with
advancing stages of melanoma from stage 1 to 4
[75]. In patients with stage 3 melanoma, TYRP2
was significantly increased in patients with
metastasis [75]. Similarly, total exosomes from
highly metastatic melanoma cells were more
abundant as compared to non-metastatic mela-
noma cells [75]. Injection of exosomes from met-
astatic melanoma cells could induce S100AS8/
S100A9 in lung tissues of mice, suggesting that
the metastatic site has been altered and primed to
be pro-inflammatory [75]. Intravenous injection
of exosomes from B16-F10 (highly metastatic
melanoma cells) followed by injection of the
same cell line increased formation of metastasis
burden as compared to mice injected with control
exosome particles or with exosomes derived from
B16-F1 (lowly metastatic melanoma cells) [75].
Adoptive transfer of bone marrow cells that were
pre-treated with B16-F10-derived exosomes
increased homing of bone marrow cells to meta-
static sites and increased metastatic burden [75].
Unlike CD11b*, CD11b*Grl1*, F4/80* myeloid
cells or VEGFRI* bone marrow cells which
responded to and were mobilized by tumor-
secreted growth factors and chemotactic mole-
cules, exosomes mainly mobilized pro-angiogenic
c-Kit*Tie2* bone marrow cells to PMN [75].
Intriguingly, exosomes transferred oncoprotein
MET horizontally from melanoma cells to bone
marrow cells to enhance their homing ability to

PMN [75]. Exosomes from melanoma cells with
MET knockdown failed to educate bone marrow
cells and promote metastasis [75]. Ablation of
proteins involved in the exosome biogenesis cas-
cades (RAb27a) was able to block exosome pro-
duction and bone marrow cell-mediated PMN
formation [75]. Hypoxic stress is able to change
the contents and functions of exosomes. Hypoxic
exosomes derived from glioma cells were
enriched with hypoxia-related proteins including
MMPs and LOX, which were associated with
tumor progression and metastasis [76].
Pancreatic ductal adenocarcinoma (PDAC)
cells frequently metastasize to the liver. Injection
of exosomes isolated from metastatic PDAC cells
prior to the injection of PDAC in mice was able
to increase liver metastases [77]. Flow cytometry
analysis coupled with imaging demonstrated that
PDAC-derived exosomes were mainly localized
in liver and were specifically taken up by Kupffer
cells instead of other resident cells such as fibro-
blasts, endothelial, and epithelial cells [77].
Transcriptome sequencing of Kupffer cells fur-
ther revealed that PDAC exosomes triggered the
liver fibrosis gene signature with significant
induction of CTGF, EDN, IGF, PDGF, and TGF(
[77]. TGFp would subsequently activate hepatic
stellate cells to produce fibronection [77].
Immunofluorescent analysis demonstrated that
fibronection expression was markedly induced
by PDAC exosomes in the liver [77]. Fibronectin-
rich microenvironment favored the recruitment
of F4/80 macrophage in the liver [77]. Depletion
of macrophages by diphtheria toxin abrogated
the effects induced by PDAC-derived exosomes
and liver metastatic burden, suggesting these
macrophages are probably tumor-associated
macrophages (anti-inflammatory) [77]. PDAC-
derived exosomes are rich in macrophage migra-
tion inhibitory factor (MIF). Exosomal MIF
expression was significantly higher in mice with
more advanced stages of PDAC [77]. Inhibition
of MIF in PDAC cells could abolish the PMN-
shaping effects of PDAC exosomes, suggesting
that exosomal MIF played an essential role in
pancreatic cancer metastasis to the liver [77].
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7.8.2 Exosomes
and Organotropisms

Recent evidence has highlighted that exosomes
secreted by cancer cells determine which meta-
static organs where cancer cells eventually colo-
nize [78]. This relationship of exosomes and
organotropism was simply and elegantly demon-
strated in breast cancer cell lines which incline to
form metastases in lungs and pancreatic cell lines
which incline to form metastases in liver [78].
Exosomes from breast cancer cells were able to
promote pancreatic cancer cells to metastasize to
lungs while exosomes from pancreatic cell lines
were able to promote breast cancer cells to metas-
tasize to livers of mice [78]. A large scale of exo-
somal proteomic profiling revealed that the
exosomal integrin profiles of cancer cell lines could
predict the metastatic organ specificity [78].
ITGa6, ITGP4, ITGP1 were highly expressed in
exosomes that favor lung metastasis [78]. ITGpS5,
ITGaV were highly expressed in exosomes that
favor liver metastasis [78]. ITGPB3 was highly
expressed in exosomes that favor brain metastasis
[78]. ITGa2p1, however, was generally expressed
by all metastatic cancer cells. Fluorescence-labeled
exosomes from different cancer cell lines were
injected into mice and their metastatic organs were
analyzed to identify the recipient cells [78]. This
experiment has consolidated two important hypoth-
eses. First, it was found that exosomes have the
propensity to localize back to their favorable meta-
static organs, suggesting that different integrin
members might interact with the specific extracel-
lular matrix substrates in their favorable metastatic
niches. Second, it was found that different types of
resident cells were responsible for the uptake of
specific integrin-expressing exosomes. Lung
metastasis-specific exosomes were taken up by
S100A4-expressing fibroblasts and surfactant pro-
tein C (SPC)-expressing epithelial cells in lung tis-
sues while pancreatic metastasis-specific exosomes
were taken up by Kupffer cells in liver tissues [78].
Brain metastasis-specific exosomes were taken up
by CD31-positive endothelial cells in the brain.
ITGa6 and ITGp4 facilitated exosomal attachment
to laminin-rich lung tissues whereas ITGB5 and
ITGaV facilitated exosomal attachment to fibro-

nectin-rich liver tissues [78]. Gene expression stud-
ies further identified the genes that were altered by
exosomes in the resident cells. Apart from genes in
cell motility and migration, SI00A4, S100A6,
S100A10, S100A11, S100A13, and S100A16
were induced in PMN of lungs while SI00A8 and
S100P were induced in PMN of livers [78].
Clinically, exosomal ITGaV was associated with
lung metastasis in breast cancer patients while exo-
somal ITGB4 was associated with liver metastasis
in pancreatic cancer patients [78]. Blockade of spe-
cific integrins using specific decoy peptides abol-
ished exosome attachment to their integrin and
organ-specific metastatic organs. An interesting
piece of data from this study showed that the
expressions of integrins in cancer cells and their
exosomes do not necessarily correlate, indicating
that the exosome packaging may influence the final
levels of exosomal integrins which later play an
important role in metastatic organotropism [78].

7.8.3 Exosomes Elicited Immune
Surveillance

While most studies have shown that highly meta-
static cancer cells secrete exosomes to establish
niche favorable to metastasis, a recent study con-
troversially reported that non-metastatic cancer
cells secreted specific exosomes which sup-
pressed metastasis through igniting innate
immune cells. Exosomes from melanoma cells
with different degrees of metastatic capability
were injected into mice followed by inoculation
of syngeneic melanoma cells [79]. Interestingly,
less extensive metastasis was found in mice
which were pre-injected with exosomes from
non-metastatic melanoma cells (Exo™) as com-
pared to exosomes from metastatic melanoma
cells (ExoM) [79]. Exosomes injected into the
animals were primarily located in lymph nodes,
lungs, livers, and bone marrows [79]. PEDF on
the surfaces of Exo™ enriched the
CX3CRI1*Ly6C*™ patrolling monocytes and
increased their Nr4al and ITGB2 expression in
the bone marrow [79]. PEDF also induced TRAIL
and IL12 in CX3CR1*Ly6C™" patrolling mono-
cytes to promote their differentiation into macro-
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phages which later migrate to the metastatic site
with enhanced cancer cell-killing capability [79].
Although less mechanistic details were provided,
it was shown in the same study that ExoNM also
promoted NK cell activity in tumor cell clearance
[79]. Clinically, exosomal PEDF level in blood of
melanoma patients was positively correlated with
was associated with the survival length of patients
[79]. Injection of sera of non-metastatic mela-
noma patients into nude mice followed by injec-
tion of melanoma cells resulted in less lung
metastasis as compared to injection of sera of
metastatic melanoma patients [79]. These data
demonstrated that exosomes from cancer cells
with different metastatic capabilities might have
diverse effects on the metastatic niches by influ-
encing the extracellular matrix and eliciting
immune cell surveillance.
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Abstract

Long-term studies of anti-pathogen and anti-
tumor immunity have provided complemen-
tary genetic and pharmacological evidence for
the immunosuppressive and immunomodula-
tory effects of Hypoxia-HIF-1a and adenosine-
mediated suppression via the A2A adenosine
receptor signaling pathway (Hypoxia-A2A-
adenosinergic). This pathway is life saving
when it protects inflamed tissues of vital
organs from collateral damage by overactive
anti-pathogen immune cells or enables the dif-
ferentiation of cells of adaptive immunity.
However, the Hypoxia-A2A-adenosinergic
immunosuppression can also prevent tumor
rejection by inhibiting the anti-tumor effects
of T and NK cells. In addition, this suppres-
sive pathway has been shown to mask tumors
due to the hypoxia-HIF-a-mediated loss of
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MHC Class I molecules on tumor cells. It is
suggested that it will be impossible to realize
the full anti-tumor capacities of current cancer
immunotherapies ~ without  simultaneous
administration of anti-Hypoxia-A2A-
Adenosinergic drugs that inactivate this
tumor-protecting mechanism in hypoxic and
adenosine-rich tumors.

Here, we overview the supporting evidence
for the conceptually novel immunotherapeutic
motivation to breathe supplemental oxygen
(40-60%) or to repurpose already available
oxygenation agents in combination with cur-
rent immunotherapies. Preclinical studies pro-
vide strong support for oxygen immunotherapy
to enable much stronger tumor regression by
weakening immunosuppression by A2A ade-
nosine receptors and by the Hypoxia=>HIF-1a
axis. The results of these studies emphasize
the value of systemic oxygenation as clini-
cally feasible, promising, and as a valuable
tool for mechanistic investigations of tumor
biology and cancer immunology. Perhaps the
most effective and feasible among individual
members of this novel class of anti-tumor
drugs are oxygenation agents.
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Narrative

The uncovering of the Hypoxia-HIF-1a-mediated
mechanism of immunosuppression highlighted
the clinical need to eliminate hypoxia in tumors
as the root of major problems that negate thera-
peutic efficacy of current cancer immunothera-
pies. This, in turn, pointed toward the
immunotherapeutic use of systemic oxygenation
that has been shown to be effective in the elimi-
nation of solid tumors and metastases in preclini-
cal studies.

8.1 Hypoxia-A2-Adenosinergic

Suppression

The exquisite balance between the immunostim-
ulatory and immunosuppressive mechanisms
weakens the excessive collateral damage to non-
infected tissues, preventing autoimmunity while
allowing for the elimination of pathogens.
However, this balance often needs to be therapeu-
tically disturbed in patients undergoing cancer
therapies to allow for immunotherapeutic
destruction of cancerous tissues, even at the risk
of manageable autoimmunity. The studies
described here were motivated by the need to
identify pathophysiological negative regulators
of immunity in order to devise therapeutic
approaches that prevent the inhibition of the anti-
tumor immune response and develop therapeutic
strategies  that achieve complete tumor
regression.

We summarize the reasoning behind our
approach and conclusions reached as a result of
parallel biochemical, immunological and
genetic studies of the role of hypoxia-HIF-1a

and cAMP-elevating adenosine receptors. While
there are four subtypes of adenosine receptors,
the high affinity A2A receptor has been reported
as the most critical in the regulation of immune
cells. It is now established that tissue hypoxia is
associated with the accumulation of extracellu-
lar adenosine, which signals through intracellu-
lar cAMP-elevating A2A adenosine receptors to
inhibit effector functions of immune cells
including cytotoxicity and the secretion of
important proinflammatory cytokines (e.g.
IFNy, TNFo) [1, 3, 8, 9].

Initial studies provided experimental support
for the immunosuppressive role of hypoxia-
HIF-1oe and A2A adenosine receptor-mediated
(hypoxia-adenosinergic) signaling pathway in
inflamed and cancerous tissues [1-10], reviewed
in [11-13]. Hypoxia-A2A-adenosinergic immu-
noregulation is also implicated in the control of
autoimmunity, B cell differentiation and antibody
affinity maturation in germinal centers [14—16].
Our observations were confirmed and greatly
extended by others investigating the role of
adenosine-generating enzymes [17-20] such as
Smyth, Stagg, Zhang and co-authors in studies of
immunotherapeutic targeting of CD73 [21, 22]
and Robson and others investigating CD39 [23].
This, in turn, has accelerated the interest of the
pharmaceutical industry and has led to ongoing
clinical trials of anti-hypoxia-adenosinergic
treatments to prevent the inhibition of anti-tumor
T cells and NK cells.

The Hypoxia-HIF-loa and A2A adenosine
receptor-cAMP axis has been implicated in
tumor-protection by experimental approaches
based on the inhibition of hypoxia-adenosinergic
immunosuppression [1, 3-5, 12]. These studies
provided conclusive evidence for the important
role of this pathway and a feasible approach to
weaken immunosuppression in order to increase
anti-pathogen or anti-tumor immune responses.
The observations of enhanced tumor rejection
after genetic or pharmacological blockade of
Hypoxia-HIF-1o or Adenosine=>A2A-mediated
signaling provided conclusive evidence for the
power of this suppressive pathway in hypoxic
and adenosine-rich tumors.
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8.2 DirectInvivo Evidence that
Hypoxia Is
Pathophysiologically
Immunosuppressive

in Inflamed Tissues

Evidence that pathophysiological hypoxia is
immunosuppressive due to the accumulation of
extracellular adenosine and A2A adenosine
receptor signaling were initially obtained in a
model of T cell-mediated viral and autoimmune
fulminant hepatitis [24]. In mice with ongoing
hepatitis, tissue hypoxia was increased by plac-
ing mice in hypoxic (10% oxygen) or normoxic
(21% oxygen) conditions for 8 h followed by
evaluation of inflammation and liver damage.
Systemic hypoxic intervention resulted in signifi-
cant reduction of liver damage and decreased lev-
els of proinflammatory cytokines. These data are
in agreement with earlier demonstrations that
genetic inactivation of the A2A adenosine recep-
tor resulted in a dramatic increase of inflamma-
tory damage in the same autoimmune and viral
hepatitis model [1]. Mechanistically, these data
demonstrated that systemic hypoxia-triggered
immunosuppression protects inflamed tissues
and that hypoxia (upstream) and A2AR (down-
stream) function in the same immunosuppressive
and tissue-protecting pathway.

Similar conclusions were reached in studies of
lung damage during acute respiratory distress
syndrome (ARDS) [25]. These experiments
examined whether the weakening of hypoxia by
systemic oxygenation (breathing 60% oxygen) in
mice with acute lung inflammation would
enhance inflammatory lung damage by disengag-
ing this tissue-protecting mechanism. Indeed,
oxygenation decreased hypoxia and led to the
strong exacerbation of lung injury. The immuno-
suppressive effects of hypoxia in lungs were also
shown to be mediated by A2AR since no addi-
tional oxygenation-induced exacerbation of
inflammation was observed in mice with A2AR
blockade [25]. In agreement with this molecular
understanding, the treatment of mice with an
A2AR agonist prevented the oxygenation-
induced exacerbation of lung injury [25].

8.3 Direct In vivo Evidence that
Hypoxia ls
Pathophysiologically
Immunosuppressive

in Cancerous Tissues

It has been established that hypoxic areas of
tumors are immunosuppressive and tumor-
protecting. This was confirmed in studies demon-
strating the anti-immunosuppressive effects of
systemic oxygenation [8], where tumor-bearing
mice were housed in hyperoxia chambers infused
with 60% oxygen. This resulted in the i) dramatic
reduction of areas of low oxygen tension
(hypoxic) in the TME (tumor microenvironment)
and ii) prevention of immunosuppression in the
previously hypoxic TMEs. Indeed, supplemental
oxygenation was accompanied by a significant
decrease in the intratumoral levels of hypoxia,
despite original doubts that abnormal and leaky
tumor microvasculature would not be able to pro-
vide sufficient oxygenation in chaotically grown
tumor tissues.

Parallel proteomics studies revealed that
breathing 60% oxygen reduced the protein
expression of known HIF-1a targets and resulted
in the downregulation of hypoxia- and HIF-1a-
related gene products, confirming previous data
obtained on the mRNA level [26]. These studies
also point to the use of systemic oxygenation pro-
tocols as a tool in proteomics screens to identify
relationships between molecules of the hypoxia-
adenosinergic pathway and tumor progression.
The confidence in using such a technique was
strengthened by findings of the reduction in other
hypoxia-dependent pathways including carbohy-
drate catabolic and metabolic processes and glu-
coneogenesis pathway, which are known to be
regulated by oxygen tension. This decrease in the
levels of HIF-la in tumors after breathing 60%
oxygen justifies follow up careful investigation of
other novel proteins with similar hypoxia-
dependency. These studies are consistent with
demonstrations of the immunosuppressive and
immunoregulatory effects of HIF-1a. The patho-
physiologically immunosuppressive role of
hypoxiais supported by observations of decreased



116

S. Hatfield et al.

protein levels of other tested immunosuppressive
molecules in mice where intatrumoral hypoxia
was reduced or eliminated by oxygenation [8, 9].

8.4  Physiologically
Immunoregulatory
and Pathophysiologically

Immunosuppressive HIF-1a

HIF-1a-mediated signaling has now been firmly
implicated in the upstream events that trigger the
anti-inflammatory CD39/CD73=>
[Adenosine]"s">A2AR suppressive pathway
[12, 27]. However, the first direct and conclusive
evidence that HIF-1a is immunosuppressive and
immunoregulatory was provided in studies of
Rag-2-deficient  blastocyst complementation
Hifla”~ — Rag2~~ chimeric mice. These mice
are characterized by T cell and B cell targeted
knockout of HIF-1a [2]. The absence of HIF-1a
resulted in the loss of inflammatory control and
dramatic autoimmunity in these mice. This sug-
gested that when HIF-1a is present, it functions
to prevent autoimmunity by recruiting a powerful
immunosuppressive mechanism that is likely to
control endogenous immune cells even in the
absence of immunostimulatory signals. Signs of
autoimmunity included the accumulation of anti-
dsDNA antibodies and rheumatoid factor in
serum and deposits of IgG and IgM in kidney and
proteinuria. These studies also revealed that
HIF-1a deficiency in T and B cells results in dra-
matic and cell lineage-specific defects, which
include appearance of abnormal peritoneal B-1-
like lymphocytes, with high expression of CD45
receptor-associated protein tyrosine phosphatase
as well as abnormal maturation of B-2 lympho-
cytes in bone marrow.

Subsequent biochemical studies indicated that
HIF-1a-enabled glycolysis during B cell devel-
opment is required in a developmental stage-
specific manner since the glycolytic pathway in
HIF-1a-deficient B220(+) bone marrow cells is
much less functionally effective than in wild-type
control cells [14]. Increased expression levels of
respiratory chain-related genes and TCA cycle-
related genes detected in HIF-la-deficient cells

might be a possible compensatory adaptation to
the defect of glycolysis in the absence of HIF-1a.
Interestingly, it was also noticed that HIF-1a-
deficient cells used pyruvate more efficiently
than wild-type cells.

However, direct evidence was still needed to
implicate HIF-1la in the regulation of TCR-
antigen activated T cells in vivo. This was
investigated in mice with the Cre-lox-P-
targeted deletion of the HIF-1a gene in a model
of bacterial sepsis [28]. In these studies it was
possible to overcome limitations in interpreta-
tions since HIF-la has such a critical role in
the development of cells of the immune system
[29]. The deletion of the HIF-1a gene led to
higher levels of pro-inflammatory cytokines,
stronger anti-bacterial effects and much better
survival of mice, which was partially explained
by significantly increased NF-kB activation in
TCR activated HIF-1a deficient T cells [28].
The important implication of these studies was
that activated T cells can be recruited to more
powerfully contribute to the anti-pathogen
immune response by relief from inhibition by
HIF-1a. These experiments uncovered the
unappreciated reserve of anti-bacterial capac-
ity of T cells and suggested novel therapeutic
anti-pathogen and anti-tumor strategies based
on targeted deletion or inhibition of HIF-1a in
T cells [28].

These observations of immunosuppressive
and T cell-autonomous functions of HIF-1a were
further confirmed in studies of the genetic dele-
tion of the HIF-1a isoform I.1 in T cells, which
demonstrated enhanced antibacterial immunity
and improved survival in a murine peritonitis
model [30]. Subsequent studies of HIF-1a
revealed that activated T cells preferentially
express the novel alternative isoform [.3 of
HIF-1ae [31]. This novel mRNA isoform of
human HIF-la is upregulated in peripheral T
lymphocytes after T-cell receptor stimulation and
it encodes a protein that is 24 amino acids longer
than the ubiquitous HIF-1a isoform. This mRNA
isoform [.3 of HIF-la is expressed in a
tissue-specific manner with the highest expres-
sion found in peripheral blood leukocytes and the
thymus.
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Taken together, these mechanistically comple-
mentary observations in studies of i) bacterial
superantigen T cell-mediated immunity in in vivo
sepsis models [28]; ii) HIF-1a induced autoim-
munity [2] and iii) anti-tumor immunity in cancer
immunology models [8, 9, 32] provided strong
genetic and pharmacological evidence for the
immunosuppressive role of the hypoxia-HIF-1a
and Adenosine-A2A Adenosine receptor axis. It
was also demonstrated that the hypoxia-HIF-1a
stage is indeed upstream and feeds into the
Adenosine-A2A-Adenosinergic signaling down-
stream to inhibit the anti-tumor response [9].

An important advance in understanding of the
immunosuppressive effects of Hypoxia-HIF-1a
and Adenosine-A2AR signaling was the implica-
tion of the Hypoxia Response Element (HRE)
and cAMP Response Element (CRE), which gov-
ern immunosuppressive transcription via HIF-1a
(HRE) and cAMP (CRE) [7, 8]. The HRE directs
the intermediate stages of the hypoxia-A2A-
adenosinergic pathway by increasing adenosine-
generating enzymes, with CD73 and CD39
attracting the most attention. CD39 and CD73
function in tandem to generate extracellular ade-
nosine and therapeutic targeting of these ecto-
enzymes has also reached the clinical stage.
Important proof of principle and promise of the
inhibition of adenosine-generating enzymes was
provided in studies of the blockade of CD73 [17-
22] as well as in studies of CD39 [23].

8.5 HIF-1a Prevents Tumor
Recognition by the TCR

on Tumor-Reactive T Cells

It was recently reported that Hypoxia-HIF-1a
can prevent the recognition of tumor cells by
down-regulating the expression of antigenic
peptide-presenting MHC molecules [33]. This
was explained by the observation that low oxy-
gen tension (hypoxia) in the TME negatively
regulates MHC expression in a HIF-dependent
manner by downregulating antigen presenting
proteins (e.g. TAP 1/2 and LMP7) that are
required for the surface display of peptide-MHC
complexes. This conclusion is supported by the

decreased MHC class I levels in tumor cells with
constitutive expression of HIF-1a due to genetic
loss of von Hippel-Lindau (VHL) and increased
MHC class I levels in tumor cells with geneti-
cally down-regulated expression of HIF-1a [33].
It was shown that tumor cells that were more
hypoxic in vivo also had lower levels of MHC
class I expression [8]. This is in agreement with
the view that intratumoral hypoxia may serve as
the trigger that lowers MHC class I levels, mak-
ing tumor cells less recognizable and thereby
promoting tumor evasion.

HIF-1a is at the “top of the pyramid” of other
immunosuppressive molecules in hypoxic tissue
microenvironments. Many data now support the
view that the hypoxia-adenosinergic pathway
has the potential to regulate all other known
immunosuppressive molecules (e.g. IL-10,
TGF-beta, COX-2) since the elimination of
hypoxia also strongly decreases levels of these
proteins and overall immunosuppression [7-9].
Since Hypoxia=2HIF-la is upstream of
CD73->Adenosine=>A2AR, it was a very
important finding that Adenosine=>A2AR sig-
naling — and by implication the upstream
Hypoxia=>HIF-1a signaling — trigger the gen-
eration of other immunosuppressors, including
immunological negative regulators (e.g.
CTLA4, PDI1, LAG-3, Foxp3*LAG-3* regula-
tory T cells) [34, 35].

8.6 New Immunotherapeutic
Paradigm in Targeting

Hypoxia and HIF-1x

It has been proposed that maximal tumor rejection
during immunotherapy will occur only in combi-
nation with inhibitors of HIF-1a. While the tumor-
promoting and protecting role of HIF-1a is well
established [36, 37], it was the uncovering of the
role of HIF-1a as a powerful orchestrator of indi-
vidual immunosuppressive mechanisms [2, 8, 9,
28, 30] that postulated the need to combine HIF-1a
inhibitors with immunotherapeutic protocols that
induce sufficient numbers of anti-tumor T cells. In
the absence of tumor-reactive T cells, the anti-
tumor effects of eliminating HIF-o will likely not
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be observed since the reprogramming of an immu-
nosuppressive TME into an immunopermissive
TME will only lead to clinical benefits with exist-
ing anti-tumor immunity. This advance in under-
standing suggests that adoptive cell transfer might
be the best clinical immunotherapy protocol to
combine with inhibitors of HIF-1a to accomplish
maximal tumor rejection [12].

8.7 Conceptually Novel Anti-A2-
Adenosinergic
Immunotherapeutic
Motivation for Systemic

Oxygenation

It is critical to address the acute medical need in
preventing the inhibition of anti-tumor T and NK
cells by eliminating the tumor hypoxia-driven
immunosuppression. Extrapolating from the data
reviewed above, this can be achieved by systemic
oxygenation via hyperoxic breathing (60% oxy-
gen). The choice of 60% oxygen was justified by
its extensive clinical use with human patients as
well as by our earlier studies where we estab-
lished the anti-immunosuppressive effects in
acute inflammation models [25]. However, this
conceptually novel method of reprogramming the
TME from immunosuppressive to immunoper-
missive by decreasing hypoxia and adenosine lev-
els required additional investigation. Therefore, it
was tested whether systemic oxygenation was
sufficient to inhibit the tumor hypoxia-HIF-1a-
driven processes, specifically the CD39/CD73-
mediated accumulation of extracellular adenosine
in tumors. Immunostaining of regions of low oxy-
gen tension in the TME confirmed that breathing
60% oxygen does decrease hypoxia in cancerous
tissues.

These data were confirmed by biochemical
and proteomic studies of the oxygenation-
induced effects, which compared whole cell pro-
teomics analyses of the TME in mice breathing
21% (normoxic) or 60% oxygen. It was shown
that 60% oxygen increases local oxygen tension,
decreases hypoxia, and thereby destabilizes
HIF-1a. The degradation of HIF-1a resulted in 1)
amarked decrease in protein expression of known

HIF-1o downstream targets and ii) downregula-
tion of many hypoxia-and HIF-1a-governed gene
sets [8].

Interestingly, these assays also implicated
other novel proteins which were not yet included
among those that are dependent on hypoxia-
HIF-1a signaling. As an example, Four and a
Half LIM domain-1 protein (FHL-1), a known
inhibitor of the HIF-la-mediated pathway [26],
was identified in proteomics screens of the TME
as the most strongly upregulated in the physioxic
(non-hypoxic) regions of tumors in mice breath-
ing 60% oxygen. Since there are hypoxic mark-
ers, but no molecular markers of oxygenated
TME, it was suggested to investigate the use of
FHL-1 protein expression as an important identi-
fier of oxygenated and immunopermissive TMEs
[8]. One of the mechanisms by which FHL-1
might mediate the immunoenhancing effects of
60% oxygen is by preventing association of
HIF-1a with its co-activator p300/CBP. In addi-
tion to FHL-1, the proteomics screen of the TME
also identified Factor Inhibiting HIF-1 (FIH-1)
and von Hippel-Lindau (VHL) as markers of
those TME that have physioxic levels of oxygen
[38].

Since systemic oxygenation was shown to
decrease levels of Hypoxia=>HIF-1a, and the
adenosine-generating enzyme CD73 is regulated
by HIF-1a expression, it was proposed that levels
of adenosine would also decrease with oxygen
tension in the TME. Indeed, parallel studies were
able to quantify levels of extracellular adenosine
by HPLC-MS using samples withdrawn from
equilibrium microdialysis probes placed in ran-
domly selected areas in growing tumors. Mice
breathing ambient 21% oxygen established the
heterogeneity of hypoxia and extracellular ade-
nosine levels in intra-tumoral microenviron-
ments. In agreement with previous observations,
the levels of extracellular adenosine in tumors
were dramatically elevated compared with nor-
mal tissues [3, 39].

In more detailed studies, extracellular adenosine
levels were measured in several areas of tumors in
mice breathing 21% or 60% oxygen. It was demon-
strated that while some TMESs were adenosine-rich,
others were adenosine-poor, with levels of adenos-
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ine ranging from ~1400 nM to virtually undetect-
able (similar to the very low levels of adenosine in
the normal tissue next to the tumor). Importantly,
breathing 60% oxygen dramatically decreased lev-
els of adenosine in the majority of tested TMEs.
However, in a minority of probed areas of the TME,
remaining levels of adenosine were reduced but
still sufficiently high to activate the high affinity
A2A adenosine receptor (but not the low affinity
A2B receptor). These observations justify further
research to clarify the ability of an A2AR antago-
nist to complement the effects of oxygen in reliev-
ing immunosuppression in the TME.

8.8  Multidirectional Weakening
of Inmunosuppression
in Tumors by Supplemental

Oxygen

Systemic oxygenation may be the most powerful
blocker of Hypoxia-A2A-Adenosinergic signal-
ing as well as other immunosuppressive mecha-
nisms. Oxygenation not only blocks CD39/
CD73-mediated accumulation of immunosup-
pressive extracellular adenosine in the TME, but
also the expression of (i) CD39/CD73; (ii) A2A
and A2B adenosine receptors; (iii) other anti-
inflammatory molecules; and iv) pro-tumor
angiogenesis molecules. Using systemic oxygen-
ation as a tool to uncover the mechanism of
immunosuppression in tumors revealed that
oxygen-mediated decrease in extracellular ade-
nosine in the TME is due to the decreased expres-
sion of the adenosine-generating ectoenzymes
CD39 and CD73 on both tumor cells and on
tumor-infiltrating CD8 and CD4 T cells [8].
Along with CD73/CD39 and A2A/A2B ade-
nosine receptors, hyperoxic breathing also caused
the downregulation of other immunosuppressive
molecules such as prostaglandin E synthase-2
(COX-2). This provides additional independent
evidence to support earlier reports that COX-2 is
regulated by both hypoxia and A2A receptor-
mediated induction of cAMP in tumors [40, 41].
The downregulation of both the levels of adenos-
ine in the TME and A2A/A2B adenosine recep-
tors by oxygenation is of additional mechanistic

significance when considering the absence of
A2A adenosine receptor reserve [42]. Indeed, it
has been demonstrated that lower expression of
A2AR will mediate smaller increases in intracel-
lular cyclic AMP.

Thus, oxygenation powerfully weakens all
known stages of the CD39/CD73-adenosine-
A2AR/A2BR-cAMP pathway. Additionally, oxy-
genation also decreases the intensity of upstream
hypoxia=> HIF-la signaling by preventing the
actions of HIF-la-regulated downstream targets
in the TME, such as angiogenesis factors like
VEGEF [8]. In studies of mice breathing 60% oxy-
gen, the decreased levels of VEGF was conse-
quential since it altered the neovascularization of
tumors as reflected by a significant decrease in the
expression of the intra-tumoral angiogenic marker
(PECAM-1) [8]. In addition, oxygenation also
prevented the escape of tumor cells from recogni-
tion by anti-tumor T cells. Oxygenation resulted
in a higher expression of antigen-presenting MHC
class I molecules on the surface of tumors, thereby
increasing their recognition and susceptibility to
cytotoxic T lymphocytes [8].

8.9  Conclusion

Future Translational Studies
of the Therapeutic Potential
Of Systemic Oxygenation

8.9.1

Taken together, these data show that oxygenation
allows better recognition and lethal hit delivery to
tumors by anti-tumor T cells. This, in turn,
enhances tumor regression and improves survival
of tumor-bearing mice.

The simplicity of using systemic oxygenation
both as a therapeutic agent and as a valuable tool
for mechanistic investigations of tumor biology
and cancer immunology allowed for the discovery
that oxygenation converts the TME from immu-
nosuppressive to immunopermissive. Systemic
oxygenation and/or oxygenation agents can be
utilized to convert the hypoxic, adenosine-rich
and tumor-protecting TME into a physioxic and
extracellular adenosine-poor TME, thereby facil-
itating tumor regression.
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The oxygenation-mediated inhibition of
established tumor growth together with the
genetic evidence for the anti-immunosuppressive
mechanisms demonstrated the therapeutic poten-
tial of systemic oxygenation. We propose the
exploration of therapies combining supplemental
oxygen with existing immunotherapies of cancer.
It is now important to test and confirm clinically
the anti-tumor effects of systemic oxygenation in
patients that are refractory to immunotherapies of
cancer. Oxygenation and oxygenation agents
may well be the drugs that address the well-
recognized need to eliminate tumor hypoxia, an
established poor prognosis factor. Recently,
ongoing clinical trials by several pharmaceutical
companies have demonstrated tumor-regression
following blockade of the downstream A2A-
adenosine receptor pathway [43]. This has pro-
vided proof of principle for the promise of
targeting hypoxia-HIF-1a-mediated upstream
events by oxygenation agents.
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Abstract

A major barrier to the successful management
of cancer is the development of resistance to
therapy. Chemotherapy resistance can either
be an intrinsic property of malignant cells
developed prior to therapy, or acquired follow-
ing exposure to anti-cancer drugs. Given the
impact of drug resistance to the overall poor
survival of cancer patients, there is an urgent
need to better understand the molecular path-
ways regulating this malignant phenotype. In
this chapter we describe some of the molecu-
lar pathways that contribute to drug resistance
in cancer, the role of a microenvironment defi-
cient in oxygen (hypoxia) in malignant pro-
gression, and how hypoxia can be a significant
factor in the development of drug resistance.
We conclude by proposing potential therapeu-
tic approaches that take advantage of a hypoxic
microenvironment to chemosensitize therapy-
resistant tumours.
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9.1 Drug Resistance in Cancer

9.1.1 Intrinsic Drug Resistance

The development of drug resistance in cancer is
complex and multifactorial; moreover, several
mechanisms of drug resistance appear to be clini-
cally relevant. Some of these mechanisms oper-
ate at the single cell level and include the
overexpression of drug efflux proteins such as the
multidrug resistance protein (MRP1; and related
MRP2 and MRP3), as well as the P-glycoprotein
(P-gp) efflux pump [2]; increased levels of
detoxification and DNA repair enzymes
such as glutathione-S-transferase (GST) and
06-alkylguanine DNA alkyltransferase [3, 4];
and mechanisms interfering with drug-induced
apoptosis [1, 5]. Alternatively, drug resistance
can occur at the multicellular level, where the
tumour architecture plays an important role. In
this case, cells can acquire resistance to several
classes of drugs (multidrug resistance or MDR)
via multiple mechanisms [6-9].

Cancer cell ‘stemness’ has emerged as a major
contributor to drug resistance and recurrence.
Cancer stem cells (CSCs) are capable of limited
differentiation, self-renewal, and tumourigenicity,
and exhibit enhanced proliferation [10] and sur-
vival [11] in response to chemotherapy.
Importantly, resistance of these tumour initiating
cells to both chemotherapy and radiation therapy
[12] results in selective enrichment of heteroge-
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neous subpopulations [12, 13]. Acquisition of
drug resistance in CSCs can arise as a result of
multiple cell intrinsic mechanisms (Reviewed by
Abdullah and Chow [14]). Most critically though,
drug resistance in CSCs is dependent on mainte-
nance of pluripotency, which contributes to
tumour heterogeneity —a feature of MDR. Recent
work has additionally highlighted the importance
of autophagy in conservation of pluripotency [15]
such that inhibition of autophagy sensitizes
tumour cells to chemotherapy and thus represents
a potential strategy to overcome drug resistance
[16].

Role of the Tumour
Microenvironment in Drug
Resistance

9.1.2

Until relatively recently, tumour cell intrinsic
pathways were the focus of mechanistic drug
resistance studies. Accumulating evidence now
shows that the tumour microenvironment (TME)
plays a pivotal role in facilitating acquired drug
resistance. Contributing to the TME is a network
of fibroblasts, immune cells, host microbes,
lymphatics and vasculature [17]. These cellular
constituents reside within a complex stromal
scaffolding made up of extracellular matrix
(ECM) proteins often within an environment
deficient in oxygen [18]. The TME contributes to
drug resistance in a multifactorial manner. In the
following paragraphs we describe some of the
mechanisms by which elements of the TME can
mediate drug resistance.

(a) Biomechanical and biophysical properties

Tissue architecture, including cellular organi-
zation, polarity [19] and deposition and composi-
tion of the ECM [20] can regulate apoptotic
responses to chemotherapy. Relative to normal
tissue architecture, the ECM of solid tumours is
often rigid. The biomechanical properties of this
stiffened ECM regulate and direct malignant

cellular behaviours [21] including migration and
invasion [22], dormancy, proliferation and che-
mosensitivity [20]. Increased tumour stiffness is
predictive of neoadjuvant chemotherapy response
in breast cancer [23] and is linked to chemoresis-
tance in pancreatic cancer [24, 25]. High intersti-
tial pressure resulting from a rigid ECM in solid
tumours can also lead to drug resistance by pre-
venting the transport of chemotherapeutic agents
away from blood vessels (Reviewed by Munson
and Shieh [26]). Poor delivery of molecules
resulting from high interstitial pressure and inad-
equate blood perfusion can lead to a hypoxic
environment and a deficit in nutrients such as glu-
cose. Glucose deprivation was shown to induce
resistance to doxorubicin and etoposide in
Chinese hamster ovary cells, as well as human
colon and ovarian cancer cell lines [27-29].
Similarly, changes in the pH of the tumour micro-
environment resulting from increased anaerobic
respiration and decreased removal of toxins
cause alterations in cell membrane permeability,
which in turn can limit cellular uptake of chemo-
therapeutic agents [30, 31].

Biomechanical properties of the ECM can
also be altered by neoplastic progression. For
example, tumour cell expression of the intra-
cellular protein tyrosine kinase focal adhesion
kinase (FAK) regulates local tissue fibrosis and
promotes an immunosuppressive TME associ-
ated with therapy resistance in pancreatic duc-
tal adenocarcinoma [25]. Indeed, stromal
depletion has been utilized as an approach to
enhance delivery of chemotherapeutic agents
to desmoplastic tumours and has been success-
ful at improving survival in mouse studies
[32, 33].

(b) Host microbiome

The potential role of the microbiome in the
modulation of therapy responses in cancer is an
area of investigation that has received a great deal
of attention in recent years [34], but is still a rela-
tively new concept. It is becoming evident that



9 Hypoxia-Induced Resistance to Chemotherapy in Cancer 125

gaining an understanding of pharmacomicro-
biomics, the study of interactions between host
microbes and drugs, is important to implement-
ing effective cancer treatments [35]. While much
of the work currently under way focuses on pro-
moting a favourable intestinal microbiome for
successful immune therapy [36], there is also evi-
dence that intratumoural bacteria metabolize che-
motherapeutic agents and thus contribute to
chemoresistance [37].

(¢) Immune microenvironment

Tumours are described as wounds that do not
heal [38] and tumour-promoting inflammation is
now widely accepted as a hallmark of cancer
[39]. The tumour immune microenvironment
(TiME) is dynamic and consists of innate and
adaptive immune cells as well as humoral factors
that are largely immunosuppressive [40]. Immune
cells within the tumour microenvironment are
functionally distinct from their counterpart
immune cells of the adjacent normal stroma and
are often described as being pro-tumourigenic.
These tumour promoting immune cells within the
TME negatively influence responses to radiother-
apy and chemotherapy (Reviewed by Medler
et al. [41]), in part by preventing tumour cell
apoptosis [42]. Myeloid cells, including tumour
associated macrophages (TAMs), neutrophils
and myeloid-derived suppressor cells (MDSCs)
are well-studied immune cells contributing to
chemoresistance (Reviewed by Cotechini et al.
[43]). However, cells of the adaptive immune
system, including B cells and CD4* T cells, also
contribute to chemoresistance and radioresis-
tance in part by regulating the mobility and anti-
tumour functions of cytotoxic CD8" T cells
(CTL) [44-406].

An important signalling axis regulating
immune cell activity and, in particular, CD8*
cytotoxic T cell responses, is the immune check-
point Programmed Death Receptor 1 (PD-1)/
Programmed Death Ligand 1 (PD-L1). PD-1is a
monomeric transmembrane receptor present on

activated T cells, B cells, dendritic cells, NK cells
and monocytes. Binding of PD-1 to its cognate
ligands, PD-L1 or PD-L2, renders T cells hypore-
sponsive to antigen stimulation and manifests as
inhibition of proliferation and dampened effector
(cytotoxic) functions [47-49]. PD-L1 is
expressed by many different cell types, including
epithelial cells, B cells, T cells, monocytes and
antigen presenting cells [50]. Importantly, tumour
cells from wvarious cancers including breast,
colorectal, ovarian, bladder and lung cancers, as
well as glioblastomas, lymphomas, melanomas
and leukemias express PD-L1, and expression of
this immune checkpoint is predictive of poor
clinical prognosis [51-59].

There is recent evidence from our work [60]
and that of others [61], that the PD-1/PD-L1 sig-
nalling axis is bi-directional and that reverse sig-
nalling endows tumour cells with enhanced
resistance to conventional anti-cancer drugs. In
vitro work from Azuma and colleagues revealed
that PD-L1 overexpressing mouse mastocytoma
(B7-H1/P815) cells are resistant to PD-1* CTL-
mediated killing as well as to Fas and drug-
mediated apoptosis [61]. Using in vitro and in
vivo approaches, we recently discovered that
PD-1/PD-L1 signalling endows human and
mouse prostate and breast cancer cells with resis-
tance to conventional chemotherapeutic agents
likely via signalling through PI3K-AKT-mTOR
and MEK-ERK pathways [60]. Importantly, our
group has also shown that hypoxia induces
PD-L1 expression in murine and human tumour
cells leading to immune escape [158]. Hypoxia is
a characteristic of solid tumours and occurs as a
result of an imbalance between oxygen consump-
tion and oxygen availability [62]. While a reduc-
tion in the local amount of oxygen can be initially
detrimental to rapidly-proliferating cells, tumour
cells adapt to hypoxia by activating oxygen sen-
sitive transcription factors (described below).
Tumour cells co-opt physiological adaptations to
hypoxia in order to evade immune destruction
and survive radiotherapy and chemotherapy.
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9.2 Hypoxia and Malignant
Progression
9.2.1 HIF-1: A Mediator of Hypoxia-

Induced Malignant
Phenotypes

The most well characterised transcription factor
responsible for many cellular adaptations to
hypoxia is the hypoxia-inducible transcription
factor (HIF), a dimeric protein consisting of a
constitutively active subunit (HIF-1p) as well as
an oxygen-sensitive subunit (HIF-la) [63].
Under well-oxygenated conditions, HIF-1a is
unstable and rapidly degraded. HIF-1a is hydrox-
ylated by the oxygen-dependent enzyme prolyl
hydroxylase domain 2 (PHD2) and interacts with
the von Hippel-Lindau tumour suppressor pro-
tein (pVHL). This interaction leads to the recruit-
ment of E3 ubiquitin ligase that mediates the
polyubiquitination of HIF-la, which ultimately
leads to the proteasomal degradation of HIF-1a
[64, 65]. HIF-1a is also hydroxylated by factor
inhibiting HIF-1 (FIH-1), which prevents binding
of its coactivator p300/CBP and inhibits tran-
scriptional activity [66, 67]. Due to the oxygen
requirement for PHD?2 activity, hypoxia prevents
the hydroxylation of HIF-1a, thereby allowing it
to bind to HIF-1p and mediate the transcription
of hypoxia-inducible genes [63].

Many HIF-1 gene targets encode proteins
involved in promoting tumour growth and malig-
nant phenotypes such as angiogenesis, glucose
metabolism, ECM remodelling, epithelial-to-
mesenchymal transition, cell survival, and prolif-
eration [68]. Glucose transporter 1 (glut-1) is a
HIF-1 target gene and is involved in regulation of
glucose uptake [69]. HIF-1 regulates angiogene-
sis by activating various genes, most notably vas-
cular endothelial growth factor (VEGF), a master
regulator of neo-vessel formation [70], as well as
genes that mediate endothelial cell and pericyte
proliferation, migration, adhesion, and matura-
tion, vascular permeability and vasoactivity [71].
Despite activation of angiogenesis in response to
hypoxia, blood vessels within the TME are tortu-
ous and leaky and do not function in a normal
capacity [72]. Hypoxia is also a central regulator

of lymphatic vessel formation or lymphangio-
genesis [73]. In addition to the presence of lym-
phatic  vessels  being  associated  with
lymphogenous spread of disease, recent work
examining lymphatic vessel density (LVD) in
human melanoma revealed a positive correlation
between LVD and the presence of immunosup-
pressive factors within the TME and tumour-
draining lymph nodes [74]. Taken together,
hypoxia enables tumour growth by promoting the
classical hallmarks of cancer [39, 75].

9.2.2 Hypoxia and Radioresistance

As early as the 1950s, radiobiologists were
aware that hypoxia within solid tumours reduces
the efficacy of radiation therapy [76]. Gray and
colleagues discovered that tumour cells were
three times more sensitive to radiation under nor-
moxic conditions compared to those in anoxia
[76, 77]. Successful radiotherapy depends on the
presence of relatively high levels of oxygen
required for the generation of free radicals that
cause irreversible DNA damage, and hence
tumour cell death [78]. To overcome hypoxia-
induced radio-resistance, studies have focused
on developing therapeutics that function to
increase oxygen delivery via improving blood
flow, mimicking oxygen or targeting and destroy-
ing hypoxic cells [79]. Studies combining frac-
tionated radiotherapy with oxygen mimetics
such as 2-nitroimidazoles, or use of cytotoxic
agents that specifically target hypoxic cells have
shown increased tumour cell killing during
radiotherapy [80]. However, despite decades of
strong evidence revealing that modification of
hypoxia is clinically efficacious in radiotherapy,
it has yet to become a standard of care [81].
Similarly, it was discovered that many chemo-
therapeutic agents (e.g. carmustine and alkylat-
ing agents) display reduced cytotoxicity toward
hypoxic tumour cells, as these drugs also require
oxygen for maximal activity [82]. These early
observations led to the development of novel
chemotherapeutic bioreductive agents which are
cytotoxically active only under limited levels of
oxygen [82].
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9.2.3 Hypoxia and Cancer
Metastasis

Studies have demonstrated that hypoxia within
the tumour mass is an independent marker of a
poor prognosis for patients with various types of
cancers such as carcinoma of the cervix [83], soft
tissue sarcoma [84], carcinoma of the head and
neck [85], cutaneous melanoma [86] and pros-
tatic adenocarcinoma [87, 88]. In some of the
above studies, disease-free survival for patients
with tumours having median pO, values of less
than 10 mmHg was found to be significantly
lower than for patients with tumours having
higher pO, values. Moreover, clinical studies
now have provided evidence that low tumour
oxygen levels are associated with increased
tumour growth and metastasis [83, 84] and with
biochemical relapse and recurrence of prostate
cancer following radiotherapy [89].

Local tumour hypoxia is a serious impediment
to the successful treatment of cancer in part as a
result of hypoxia-mediated acquisition of malig-
nant phenotypes that promote the spread of
tumour cells. Experimental evidence in support
of hypoxia having a direct stimulatory effect on
metastasis was initially provided by the work of
Hill and co-workers using various cell lines [90—
93]. Their earlier studies demonstrated that expo-
sure of mouse fibrosarcoma cells to hypoxia
induces DNA over-replication and selects for
tumour cell variants with increased metastatic
potential [92]. More recently, we and others
showed that hypoxia (both in vitro and in vivo)
rapidly and transiently increases the invasiveness
and metastatic potential of various tumour cell
lines [90, 91, 93-99]. Our studies linked the
hypoxia-mediated invasive ability of tumour cells
to elevated expression of metastasis-associated
molecules such as the urokinase plasminogen
activator receptor (uUPAR: a cell surface glycopro-
tein necessary for tumour cell invasion through
the extracellular matrix) and the plasminogen
activator inhibitor 1 as well as with decreased
expression of tissue inhibitor of metalloprotein-
ases 1 [95, 100, 101]. In support of these observa-

tions, Rofstad et al. reported that hypoxia
promotes lymph node metastasis in human mela-
noma xenografts by up-regulating uPAR expres-
sion [102].

The above-mentioned hypoxia-associated
tumour intrinsic mechanisms contributing to
metastasis are often described as ‘seed factors’
[103] in relation to Stephen Paget’s ‘Seed and
Soil” hypothesis [104]. It is becoming evident
that the metastatic niche is an important factor to
consider when discussing metastasis and meta-
static potential since this fertile soil contributes
to the metastatic microenvironment (MME).
Similar to the TME, the MME is a hypoxic,
immunosuppressive milieu consisting of dysreg-
ulated cellular and acellular components.
Metastatic tumour cells often exhibit organotro-
pism with respect to dissemination to secondary
sites. For example, breast cancer frequently
metastasizes to the lungs. There is evidence,
using human breast cancer cells and metastatic
murine models, that HIF-1 orchestrates meta-
static programs driving lung-specific metastasis
through various mechanisms [105]. In general,
the MME favours seeding and outgrowth of dis-
seminated metastatic tumour cells and thus con-
tributes to malignancy. However, it is also
important to consider the role of the pre-meta-
static niche. This unique microenvironment is
established prior to the dissemination of tumour
cells and is primed by transformed cells within
the primary neoplasm to enable colonization of
metastatic cells. Indeed, recent work has shown
that factors secreted by hypoxic tumour cells
support the establishment of an immunosuppres-
sive pre-metastatic niche [106, 107].

9.2.4 Role of Hypoxia in Autophagy

Autophagy — a cell-intrinsic process of ‘self-
eating’ that maintains cellular homeostasis — is
regulated by numerous stimuli and pathways, one
of which is hypoxia [108]. Both HIF-1-dependent
and HIF-1-independent mechanisms are known
to control this process [109]. HIF-1-independent
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pathways tend to be activated in more severe
hypoxic conditions, and work in concert with
other cell stressors such as metabolic stress and
nutrient starvation [109]. One important HIF-1a-
independent pathway of hypoxia-induced
autophagy is the unfolded protein response
(UPR). Rouschop et al. demonstrated that
hypoxia activates transcription of microtubule-
associated protein 1 light chain 3 (MAPILC3B)
and autophagy-related gene 5 (ATG5) in multiple
tumour cell lines via the UPR [110]. MAPILC3B,
encoding microtubule-associated protein light
chain 3 (LC3B), and ATGS5 are important for
autophagosome formation and thus play impor-
tant roles in autophagic processes. Similar results
were shown by Rzymski et al., who reported that
autophagy-related gene 4 acts on MAPILC3B
transcription by directly binding to a cyclic AMP
(cAMP) response element binding site in the pro-
moter [111]. Both studies indicate that the
increased  transcriptional  activation  of
MAPILC3B leads to a replenishment of the
LC3B pool, thus prolonging autophagy and
allowing cells to survive through extended peri-
ods of hypoxia [110, 111]. There is also evidence
that 5’-AMP-activated protein kinase (AMPK)
regulates hypoxia-induced autophagy. In a study
of androgen-dependent prostate cancer, it was
discovered that hypoxia and androgen depriva-
tion lead to activation of autophagy through
AMPK and a mechanism partially mediated by
Beclin-1 [112]. Similarly, Papandreou et al.,
showed that hypoxia increases autophagy in
tumour cells via activation of AMPK, in a man-
ner independent of HIF-1 and its target genes
[113]. Recent studies have also shown an emerg-
ing role for micro-RNAs (miR) in regulating
hypoxia-induced autophagy. For example,
expression of miR-96, which can either promote
or inhibit autophagy, is increased in response to
hypoxia in prostate cancer cells [114].
Activation of autophagic processes provides a
survival advantage to cancer cells subjected to
hypoxic stress. HIF-1-dependent mechanisms of
hypoxia-induced autophagy are thought to
require the expression of Bcl-2/adenovirus E1B
19 kDa interacting protein 3 (BNIP3) as well as a

similar protein, BNIP3L (also known as Nix)
[115, 116]. It has been proposed that these mole-
cules lead to autophagy by releasing Beclin-1 (a
key mediator of autophagy) from Bcl-2/Beclin-1
or Bcl-XL/Beclin-1 complexes [117]. Tracy et al.
showed that hypoxia-induced autophagy was
dependent on HIF-1-mediated activation of
BNIP3 [118]. HIF-1 has also been shown to
induce autophagy via activation of miR-210,
leading to a downregulation of Bcl-2 [119].
HIF-1 also stimulates autophagy in hypoxia via
the p27-E2F1 pathway in esophageal cancer cells
[120]. It is important to note that there is some
controversy regarding whether hypoxia-induced
autophagy is a cell survival or a cell death-
inducing mechanism [121]. However, in the con-
text of hypoxia-induced drug resistance in cancer
cells, autophagy acts as a survival mechanism.

9.3  Mechanisms of Hypoxia-

Induced Drug Resistance

As stated previously, many chemotherapeutic
agents exhibit reduced cytotoxicity toward
hypoxic tumour cells as such drugs often require
oxygen for maximal activity [82]. Regardless of
the oxygen requirement for anti-cancer drug
activity, studies have also revealed that pre-
incubation of certain human and non-human
tumour cell lines under hypoxia alters their phe-
notype such that they transiently increase their
resistance to drugs such as etoposide, and doxo-
rubicin [4, 122-127]. Some explanations sug-
gested for this form of resistance have included
the upregulated expression of glucose- and
oxygen-regulated  proteins, = DNA
replication, cell cycle arrest, altered cellular
metabolism, increased drug efflux pumps and
greater genetic instability [82].

Various hypoxia-inducible genes with well-
established roles in resistance to anticancer
agents have been identified. For example, func-
tional HIF-1 target hypoxia response elements
(HREs) have been identified in genes encoding
the multidrug resistance 1 protein (MDRI1/
ABCBI1) and breast cancer resistance protein

over-
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(Bcrp/ABCG2), which are members of the ATP-
binding cassette (ABC) transporter family that
confer resistance through active efflux of a wide
range of anti-cancer agents [128, 129]. As
observed for most HRE-containing genes,
increased HIF-1 binding activates the MDR1 or
Berp gene promoters, resulting in increased
expression of these drug transporters under
hypoxic conditions [130].

Chemotherapeutic agents can trigger tumour
cell death through the induction of pro-apoptotic
pathways. However, it is important to recognise
that tumour cells that have undergone drug-
induced DNA damage can also be eliminated via
other forms of programmed cell death such as
autophagy, mitotic catastrophe, and necrosis
[131]. Moreover, certain anti-cancer drugs are
known to induce senescence in tumour cells
[132-137], and drug-induced senescence and
mitotic catastrophe may, in fact, be more promi-
nent than apoptosis [132, 136]. Senescence is
characterized by an irreversible arrest of the cell
cycle and can be induced by various stresses
including telomere dysfunction, oxidative dam-
age, DNA damage, and aberrant expression of
oncogenic proteins such as Ras [138]. Senescence
is categorized as either replicative senescence, a
physiological process triggered to limit the life
span of non-malignant cells, or accelerated
senescence, associated with a rapid onset of ter-
minal proliferation arrest in response to cell dam-
age such as drug- or radiation-induced DNA
damage [138]. A study from our laboratory
revealed that hypoxia-induced resistance to anti-
cancer drugs is associated with decreased tumour
cell senescence and that it requires HIF-1 activity
[139]. While there is evidence that hypoxia can
inhibit replicative senescence by increasing
telomerase activity [140-143], it is doubtful that
increased telomerase activity accounts for the
hypoxia-mediated resistance to drug-induced
senescence. It is rather likely that a lack of drug-
induced senescence in hypoxic tumour cells is
indirectly a result of hypoxia-triggered inhibition
of DNA damage, as evidenced by another study
from our group [144]. In that study we demon-
strated that hypoxia prevents etoposide-induced

DNA damage in cancer cells through a still to be
characterised mechanism involving HIF-1a
[144].

As mentioned previously, hypoxia is an
important driver of autophagy. Although autoph-
agy has been shown to have both pro-apoptotic
and pro-survival roles in tumour cells, there is a
link between hypoxia-induced autophagy and
drug resistance [121]. As a protective response
against chemotherapy- and radiotherapy-induced
apoptosis, tumour cells undergo autophagic pro-
cesses that degrade damaged cellular components
[145]. For example, in response to cisplatin, gli-
oma cell lines stimulate protective autophagic
responses via up-regulation of AMPK and subse-
quent down-regulation of mammalian target of
rapamycin (mTOR) [146]. It was subsequently
revealed that hypoxia amplifies cisplatin-induced
autophagy in a HIF-1-dependent manner and that
inhibiting a crucial autophagy mediator, ATGS,
restored sensitivity to cisplatin in lung cancer
cells [147]. Similar results were observed in non-
small cell lung cancer cells, where inhibition of
LC3B restored cisplatin sensitivity under hypoxic
conditions [145]. Hepatocellular carcinoma cells
cultured in hypoxia also exhibited increased
resistance to cisplatin, epirubicin, gemcitabine
and mitomycin via hypoxia-mediated autophagic
processes [148]. Furthermore, bladder cancer
cells exposed to gemcitabine exhibit increased
autophagy, which is augmented by hypoxia in a
manner dependent on the HIF-1o0/BNIP3/
Beclin-1 signaling pathway [149]. The anti-
cancer effects of other drugs, including pacli-
taxel, were also shown to be decreased under
hypoxic conditions in a manner dependent on
HIF-1 and autophagy [150, 151]. A study by
Notte et al. showed that taxol induces the UPR in
hypoxic breast cancer cells, and that upregulation
of ATF4 leads to hypoxia-induced autophagy, as
well as increased resistance to taxol [152].

While hypoxia-induced autophagy mediates
resistance to conventional chemotherapeutic
agents, there is also evidence that hypoxia-
induced autophagy mediates resistance to anti-
angiogenic agents in a HIF-1o/AMPK dependent
manner [153], as well as resistance to ionizing



130

L. M. Minassian et al.

radiation via the HIF-10/miR-210/Bcl-2 pathway
[119, 154].

In addition to the tumour-cell intrinsic mecha-
nisms of hypoxia-mediated drug resistance
described above, there are also tumour-cell
extrinsic factors contributing to therapy resis-
tance. The recent successes of immune therapy
combined with the recognition that tumour-
associated inflammation is a potentiator of
malignant progression have led to recent explo-
ration of links between hypoxia, the TIME and
drug resistance. For example, hypoxic niches
within the TME harbour CSCs [155], and thus
contribute to cellular heterogeneity and drug
resistance. In addition, hypoxia-induced release
of macrophage chemoattractants results in
recruitment of TAMs to the TME. These myeloid
cells subsequently release factors that promote
tumour cell survival and amplify resistance to
therapy [156]. In addition, chemotherapy- and
radiotherapy-induced immunogenic cell death,
which is characterized by antigen-specific
immune responses against dead-cell antigens, is
hindered by the presence of TAMs [157].
Cytotoxic CD8* T cell responses against tumour
antigens are dampened by checkpoint molecules
expressed on immune cells and tumour cells
within the TME [41]. Our group discovered that
hypoxia is an important driver of PD-L1 expres-
sion in various human and mouse tumour cells.
We found that HIF-la-induced expression of
PD-LI results in resistance to CTL-mediated tar-
get cell lysis thus enabling immune escape [158].
Work by Noman and colleagues revealed that
HIF-1a binds directly to the HRE in the proximal
promoter of the PD-L1 gene and results in
increased PD-L1 expression on various immune
cells including macrophages, MDSCs and den-
dritic cells [159]. In addition, our more recent
work describes a novel mechanism by which
reverse signalling of PD-1/PD-L1 confers che-
moresistance to tumour cells [60]. Thus, hypoxia
within the TME drives an immunosuppressive
phenotype, limits cytotoxicity, and promotes
chemoresistance, which altogether potentiate
malignancy and promote metastasis.

9.4 Therapeutic Opportunities

9.4.1 Nitric Oxide Mimetic Agents
There is evidence that cellular adaptations to
hypoxia, such as the acquisition of malignant
properties by tumour cells, are in part a conse-
quence of a hypoxia-mediated inhibition of the
nitric oxide/cyclic guanosine monophosphate
(cGMP) signalling pathway [96, 97, 160-165].
The generation of nitric oxide results from the
conversion of L-arginine into L-citrulline [166—
168] (Fig. 9.1). This reaction is catalyzed by the
enzyme nitric oxide synthase (NOS), of which
there are three known isoforms: NOS-1, -2, and -3.
Production of nitric oxide depends on the avail-
ability of several co-factors and co-substrates,
including nicotinamide adenine dinucleotide
phosphate (NADPH), flavin adenine dinucleotide
(FAD), tetrahydrobiopterin, and oxygen [166,
169-171]. Consequently, the process of endoge-
nous nitric oxide production is complex. Moreover,
in the absence of oxygen, as it is the case in solid
tumours, endogenous production of nitric oxide is
limited [170, 171]. Under well-oxygenated condi-
tions, nitric oxide generated by NOS binds to and
activates soluble guanylyl cyclase (sGC), which in
turn catalyzes the conversion of guanosine tri-
phosphate (GTP) into cGMP. The latter is a known
regulator of ion channel conductance, glycoge-
nolysis, and apoptosis. It also causes smooth mus-
cle relaxation and vasodilation. An important
function of cGMP is the activation of protein
kinase G (PKG), a serine/threonine-specific
kinase that phosphorylates a number of biologi-
cally important targets.

Limited availability of cGMP under hypoxia
leads to decreased activation of PKG and reduced
protein phosphorylation, an important aspect of
cellular adaptations to hypoxia. Our research has
revealed that pharmacological inhibition of NOS,
soluble guanylyl cyclase, or PKG in well oxy-
genated tumour cells results in the acquisition of
phenotypes similar to those induced by hypoxia,
such as increased invasive and metastatic ability
[96, 97], as well as drug resistance [162, 172].
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Fig. 9.1 Generation of
nitric oxide (NO) and
the NO/cGMP signalling
pathway. NO is
produced during the
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guanylyl cyclase (sGC),
which in turn leads to
the activation of protein
kinase G (PKG) and the
phosphorylation of
target proteins.
Inhibition of this
pathway due to hypoxia
leads to adaptive
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Furthermore, pharmacological activation of solu-
ble guanylyl cyclase with various nitric oxide
mimetic agents, such as glyceryl trinitrate (GTN;
nitroglycerin), diethylenetriamine nitric oxide
adduct (DETA-NO) and sodium nitroprusside,
blocks the acquisition of malignant properties in
tumour cells exposed to hypoxia [96, 97, 158,
162, 172]. A similar inhibition of hypoxia-
induced acquisition of malignant phenotypes is
achieved by direct activation of PKG using the
non-hydrolysable cGMP analogue, 8-bromo-
cGMP [96, 97, 172].

There is evidence that nitric oxide signalling
interferes with tumour cell adaptations to hypoxia
by inhibiting HIF-la accumulation [173-175].
While high concentrations (>1 pM) of nitric
oxide are capable of stabilizing HIF-1a during
normoxic conditions, low concentrations of nitric
oxide (<400 nM) have been reported to facilitate
HIF-1a degradation thereby impairing HIF-1 sig-
nalling [176]. There is also evidence that under
mildly hypoxic conditions inhibition of mito-
chondrial respiration by nitric oxide leads to a
redistribution in intracellular oxygen and activa-
tion of the PHD enzymes responsible for HIF-1a
degradation [174].
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Thus, it appears that tumour cell adaptations
to hypoxia are tightly regulated by nitric oxide
and HIF-1 activity. These observations have led
to the design of studies aimed at determining
whether nitric oxide mimetic agents can delay
disease progression or chemosensitize tumours in
the clinical setting. We completed a phase 1II trial
on prostate cancer patients with biochemical
recurrence showing that continuous transdermal
delivery of low doses (0.03 mg/h) of GTN may
be effective at delaying disease progression
[177]. This finding revealed that activation of
nitric oxide signalling may have cancer inhibi-
tory properties independent of potential chemo-
sensitizing effects. Yasuda er al. reported
improved response rates to vinorelbine plus cis-
platin therapy in lung cancer patients treated with
GTN for angina pectoris compared with patients
without angina who did not use GTN [178]. This
observation prompted subsequent studies to
determine therapeutic benefits associated with
clinical use of nitric oxide mimetics as adjuvants
to chemotherapy. A Phase II trial involving
patients with previously untreated stage IIIB/IV
non-small-cell lung cancer revealed that, com-
pared with patients treated with a placebo trans-
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dermal patch, transdermal delivery of GTN
combined with vinorelbine and cisplatin was
associated with significantly increased response
rate and median time to progression [178]. A
follow-up study revealed a lower incidence of
cells immunoreactive for HIF-la, P-gp, and
vascular endothelial growth factor (VEGF), in
lung adenocarcinomas from GTN treated patients
relative to tumours from non-treated patients
[179].

9.4.2 Checkpoint Inhibitors

Interfering with the PD-1/PD-L1 signalling axis
using monoclonal antibodies has shown promis-
ing and unprecedented results for many types of
cancers [180]. At the time of writing, there were
two US Food and Drug Administration-approved
anti-PD-1 therapies (Nivolumab and
Pembrolizumab) and three anti-PD-L1 therapies
(Atezolizumab, Durvalumab and Avelumab) for
treatment of patients with melanoma, non-small
cell lung cancer, metastatic urothelial bladder
cancer, renal cell carcinoma, Hodgkin’s lym-
phoma, advanced gastroesophageal cancer, meta-
static colorectal cancer, hepatocellular carcinoma
and Merkle cell carcinoma [181]. It is important
to note, however, that most of these checkpoint
inhibitors have not yet been approved for use as
first-line therapy and, as such, patients will have
received, or will concurrently be receiving,
standard-of-care chemotherapy and radiotherapy.
In addition, despite the successes of immune
therapy, only a fraction of patients has shown
durable responses. Therefore, targeting addi-
tional mechanisms of drug resistance may be
important for achieving higher response rates in
individuals receiving checkpoint blockade ther-
apy. One such approach could involve simultane-
ous inhibition of HIF-la in combination with
PD-L1/PD-1 blockade. The findings from our
own work and those of others discussed above
call upon additional studies to elucidate the
mechanism(s) behind the hypoxia-driven PD-L1
expression and its significance in cancer develop-
ment. It is important to note that PD-L1 expres-
sion is known to be driven by several oncogenic

pathways [50] of which hypoxia is an important
regulator.

9.5 Conclusion

Here we have outlined tumour-cell intrinsic and
extrinsic (microenvironmental) mechanisms by
which hypoxia contributes to malignancy and
drug resistance. It is clear that tumour hypoxia is
an impediment to the successful management of
cancer. An important challenge in developing
successful therapeutic options to mitigate
hypoxia-induced acquisition of malignant pheno-
types is to identify therapies that selectively tar-
get hypoxic tumour cells and/or other cells in the
tumour microenvironment that contribute to the
acquisition of  malignant phenotypes.
Furthermore, identifying patients likely to
respond to treatment and mechanisms of hypoxia-
induced drug resistance is critical. Important
also is the need to identify and to better under-
stand what role, if any, hypoxia might have in
patients that fail to respond to therapy. Thus, it is
evident that more basic research is required to
determine mechanisms by which hypoxia is asso-
ciated with development of resistance to therapy.
While relying on basic, pre-clinical research to
inform and guide drug development and clinical
trials is important, it is also worth noting that
adopting a bedside-to-bench approach is an
invaluable translational opportunity and will be
beneficial in the design of strategies to overcome
drug resistance.
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Abstract

Patients with the low levels of O, (hypoxia) in
their primary tumors have a higher risk for
metastasis and death, indicating a need to
therapeutically inhibit the effectors of hypoxia.
Many strategies have been developed and
investigated to block the hypoxic response.
For example, inhibitors of HIF-1 and HIF-2
function by altering the transcription, transla-
tion, dimerization, nuclear translocation,
DNA-binding, or ubiquitination of the HIF
proteins. Hypoxia-activated prodrugs inhibit
the hypoxic response through hypoxia-
mediated reduction of an inactive, or mini-
mally active, chemical to a cytotoxic agent.
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Most hypoxia-activated prodrugs function by
inducing DNA damage, but others with more
novel functions, including prodrugs that
release EGFR/HER2 inhibitors also exist.
Despite the existence of many therapeutics to
combat the hypoxic response, there has been
very little success in late phase clinical trials,
potentially due to a lack of biomarkers that
can be used to stratify patients who would
benefit from a hypoxia-targeted therapy.

Keywords
HIF targeting - Hypoxia targeting - Hypoxia-
activated prodrugs

10.1 Introduction

Given that patients with poorly oxygenated pri-
mary tumors have a higher risk for metastasis and
death [1, 2], there exists a need to therapeutically
target the effectors of hypoxia. As a result, many
therapies which target components of the hypoxia
inducible factor (HIF) pathway have been devel-
oped over the past two decades [3, 4]. Many
inhibitors are known to affect both HIF-1 and
HIF-2, but specific HIF-1 and HIF-2 inhibitors
exist as well. Furthermore, the HIF pathway can
be enhanced or activated by oxygen-independent
signaling mechanisms such as the protein kinase
B (AKT) and mTOR pathways [5, 6], and the
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mutation of the von Hippel Lindau (VHL) tumor
suppressor protein. This chapter will focus on
inhibitors of HIFs as well as hypoxia-activated
prodrugs (HAPs). HAPs are therapeutics designed
to become activated under hypoxia and are prov-
ing to be another class of drugs that can reduce or
inhibit the detrimental effects of hypoxia. These
therapies not only reduce tumor progression
directly through targeting hypoxic cancer cells or
components of the HIF pathway, but also may
play an important role in preventing inflammation
in the tumor microenvironment as well [7].
Despite the wide variety of inhibitors available,
many are still in the early stages of development
[8]. This chapter will serve as an introduction to
the current progress in the development of thera-
peutic strategies to block the hypoxic response.
We will review the mechanisms, results, and sta-
tus of agents targeting various components of the
HIF pathway. Refer to Fig. 10.1 for a summary
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schematic demonstrating how the discussed HIF
inhibitors and HAPs interfere with the hypoxic
response. See Table 10.1 for a review of their sta-
tus in clinical development.

10.2 HIF-Directed Therapies

HIFs themselves are the most widely targeted pro-
teins in therapies aimed at inhibiting the hypoxic
response. Chemical and nucleic-acid-based forms
of HIF-targeting agents affect HIF functionality
and expression at multiple levels (Fig. 10.1).

10.2.1 Inhibitors of HIF
Transcriptional Activity

3-(5’-hydroxymethyl-2’-furyl)- 1-benzylindazole
(YC-1) is a small molecule inhibitor that inter-
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Fig.10.1 Therapeutic inhibition of the hypoxic response.
(a) Schematic of HIF-1a and/or HIF-2a mRNA and protein
regulation under normal oxygen levels. (b) Schematic of the
HIF-1 and/or HIF-2 protein regulation under hypoxia. The
unique way in which each discussed drug affects HIF regula-
tion and the hypoxic response is also displayed.
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Table 10.1 Summary of therapeutic strategies to block the hypoxic response

Name Target Clinical Status References

YC-1 HIF-1 No current clinical trials registered. -

HIF-2

Chetomin HIF-1 No current clinical trials registered. -

HIF-2

Vorinostat HIF-1 FDA-approved for the treatment of cutaneous T cell lymphoma. | [65, 66]

HIF-2 No ongoing or completed trials specifically investigating the NCTO01720602
role of inhibiting HIFs on drug efficacy. Several ongoing and NCT01059552
completed trials. NCT00268385

Digoxin HIF-1 Active phase II trial examining the effects of digoxin on NCT01763931

HIF-2 HIF-1 in breast cancer tissues.

Acriflavine HIF-1 No current registered clinical trials for cancer. -

HIF-2

PX-12 HIF-1 Phase II study for advanced pancreatic cancer terminated due to | [49, 50]
lack of significant antitumor activity and low baseline Trx-1
levels. Phase Ib trial for advanced gastrointestinal cancers
suggests further development as an intravenous infusion is not
feasible. No currently ongoing trials.

Bortezomib HIF-1 FDA-approved for the treatment of multiple myeloma that has [52]
progressed on prior therapy. A trial studying combination of NCTO01522872
TH-302 with bortezomib has yet to post results.

Echinomycin HIF-1 Many phase II trials demonstrated toxicities along with minimal | [20-22]
or no antitumor effects. No currently ongoing trials.

EZN-2968 HIF-1 Completed phase I study for advanced solid tumors or NCTO00466483
lymphoma and phase Ib proof-of-mechanism, open label study | NCT02564614
for hepatocellular carcinoma with no results posted. No
currently ongoing trials.

Ganetespib HIF-1 Failure to meet endpoints in a phase III study for non-small cell | [40, 41]
lung cancer and two-phase II studies for metastatic prostate and | NCT01798485
breast cancer. Phase I combination trial with a secondary NCT02192541
outcome investigating the modulation of HIF-1 was terminated
due to supplier’s suspension of further clinical development.

Geldanamycin | HIF-1 Tested in several trials, but none investigating its role as a NCTO00088374
mediator of HIF. Its derivative, 17-AAG, was investigated in a
completed phase II trial of kidney cancer with a secondary
endpoint of HIF modulation in resected tumor tissue.

PX-478 HIF-1 Phase I dose-escalation trial for advanced solid tumors [31]
demonstrated acceptable tolerability and HIF-a inhibition
proportional to dosage. No ongoing trials.

Topotecan HIF-1 Phase I trial for advanced solid tumors demonstrated capability | [62]

HIF-2? to reduce expression of HIF-1a. Another phase I trial with a NCT00388089
secondary outcome involving hypoxia-induced plasma proteins
completed with no results posted. Currently being used in other
clinical trials outside the scope of the hypoxic response.

PT-2385 HIF-2 Phase I dose-escalation trial demonstrated good tolerance and [74]
no dose-limiting toxicity. Phase II trials for recurrent NCT03216499
glioblastoma and clear cell renal cell carcinoma are ongoing. NCT03108066

PT-2399 HIF-2 No current registered clinical trials. -

PT-2977 HIF-2 Ongoing phase I multiple-dose, dose-escalation and expansion [76]
trial for advanced solid tumors and phase II open-label study for | NCT02974738
clear cell renal cell carcinoma. Early phase I results show NCT03401788

acceptable tolerance with signs of clinical activity.

(continued)
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Table 10.1 (continued)

Name Target Clinical Status References
TPZ Hypoxic | Several phase III trials in which combination with other [83-85]
cells therapies didn’t show additional benefit. Ongoing early phase NCT02174549
trials for hepatocellular carcinoma. A phase I trial investigating | NCT03145558
for cervical cancer with a secondary outcome measurement of NCT03259867
hypoxia has completed with results yet to be posted. NCT00098995
SN300000 Hypoxic | No current registered clinical trials. -
cells
TH-302 Hypoxic | Failure to meet endpoints in two phase III studies of [96, 97]
cells combination with other therapies for soft-tissue sarcoma and NCT02402062
pancreatic ductal adenocarcinoma. Ongoing and recruiting for NCT03098160
early phase trials. NCT01497444
NCT02342379
TH-4000 Hypoxic | Two phase II trials using TH-4000 as a monotherapy were NCT02454842
cells terminated early due to lack of efficacy. No ongoing trials. NCT02449681
EO9 Hypoxic | Two phase III trials completed without reaching a primary NCT00598806
cells endpoint of significant difference in 2-year tumor recurrence. NCT00461591
Three phase III trials were terminated for business or sponsor NCTO01410565
decisions. One phase III trial remains active and another is NCTO01469221
recruiting. NCT01475266
NCT02563561
NCT03224182
PR-104 Hypoxic | Several early phase trials indicated poor tolerance and dose- [109, 110]
cells limiting toxicities. No currently registered trials. NCT00862082
AQ4N Hypoxic | Three early phase trials for glioblastoma, non-Hodgkin’s NCT00394628
cells lymphoma and leukemia, and solid malignancies and non- NCT00109356
Hodgkin’s lymphoma currently of unknown status. NCT00090727

feres with the transcriptional activity of HIFs,
potentially indirectly by preventing the binding
of coactivator, p300, to HIF-1« [9]. HIF-2 protein
levels and functional activities are affected by
YC-1 as well. YC-1 is effective in suppressing
vascular endothelial growth factor (VEGF)
expression and tumor development in mouse
models of breast cancer [10]. YC-1 treatment also
reduces gastric carcinoma cell line invasion in
Matrigel invasion assays and reduces metastasis
in murine xenograft models of hepatoma and
non-small cell lung cancer [11]. Interestingly,
YC-1 treatment after radiotherapy suppresses
upregulation of HIF-1 activity and delays tumor
growth in murine xenografts of human cervical
cancer, however YC-1 treatment before radiation
leads to an increase in hypoxia which diminishes
the radiotherapy’s beneficial effects [12]. Most
recently, low-dose YC-1 in combination with glu-
cose and insulin has been shown to induce apop-
tosis in hypoxic gastric carcinoma cells by
inhibiting anaerobic glycolysis [13]. The combi-
nation also inhibits tumor growth in xenograft

models. There are currently no registered clinical
trials investigating the use of YC-1 treatment in
humans.

Chetomin is a small molecule inhibitor which
disrupts the structure of the CH1 domain of p300
and therefore suppresses its ability to interact
with HIFs [14]. Chetomin treatment reduces
VEGF and carbonic anhydrase IX transcription
under hypoxia and radiosensitizes hypoxic fibro-
sarcoma cells in vitro [15]. Chetomin reduces the
hypoxia-induced radioresistance of malignant
glioma cell lines as well [16]. Binding of p300 to
both HIF-1a and HIF-2« is affected by chetomin
treatment, and in xenograft models chetomin
reduces both tumor growth and erythropoietin
enhancer-controlled luciferase activity [14].
Despite preclinical results, a clinical trial for
chetomin has yet to be registered on clinicaltrials.
gov.

Echinomycin is a small-molecule inhibitor
which intercalates DNA and potently inhibits
HIF-1 activity by blocking the binding of HIF-1o/
HIF-1p dimer to hypoxia response element
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(HRE) sequences in DNA [17]. It has been noted
that although echinomycin reduces HIF-1 activ-
ity under hypoxia in liver cancer cell lines, the
effect is nonspecific and affects other transcrip-
tion factors as well [18]. Additionally, a small
increase in HIF-1 activity under normal oxygen
concentrations with low concentrations of echi-
nomycin is observed, suggesting a dual-effect.
Effects of echinomycin on HIF-2 have not been
described. A derivative of echinomycin,
YK-2000, also demonstrates apoptotic activity in
colon cancer cells preclinically [19]. Echinomycin
was clinically studied in the 1990s, with many
trials launched in multiple cancers [20-22].
Unfortunately, toxicities, most commonly nausea
and vomiting, along with minimal or no antitu-
mor effects were observed. Currently, echinomy-
cin is not being actively investigated in a
registered clinical trials.

Acriflavine is another small molecule that
functions by inhibiting the dimerization of both
HIF-1a and HIF-2a with HIF-1p, and has been
shown to reduce tumor growth and vasculariza-
tion in prostate cancer xenografts [23]. Acriflavine
blocks lysyl oxidase (LOX) and lysyl oxidase-
like protein 1 (LOXL) expression, collagen
cross-linking, bone-marrow derived cell recruit-
ment, and lung metastasis in orthotopic breast
cancer models [24]. In addition, acriflavine inhib-
its hypoxia-mediated, coculture-induced signal-
ing between mesenchymal stem cells and breast
cancer cells [25]. Similar to the other inhibitors
described in this section, no clinical trials for
acriflavine have been registered on clincaltrials.
gov.

10.2.2 Inhibitors of the Transcription
& Translation of HIFs

S-2-amino-3-[4-N,N,-bis(2-chloroethyl)amino]
phenyl propionic acid N-oxide dihydrochloride
(PX-478) is an experimental inhibitor which
affects HIF-1a at the mRNA and protein level by
reducing HIF transcription, translation, and deu-
biquitination [26]. PX-478 enhances radiosensi-
tivity of prostate carcinoma cells, although the
effectiveness varies between cell lines [27]. The

combination of gemcitabine with PX-478 reduces
tumor growth in pancreatic ductal adenocarci-
noma murine models [28]. The number of infil-
trating T-lymphocytes present increases with
combination therapy, suggesting PX-478 medi-
ates gemcitabine-induced immunogenic cell
death. Antitumor activity of PX-478 is also
observed in esophageal squamous cell cancer, as
the drug inhibits proliferation and epithelial-to-
mesenchymal transition in vitro as well as murine
xenograft tumor growth in vivo [29]. PX-478
treatment of mice with colon cancer xenografts
does not affect HIF-2a levels in tumor macro-
phages [30]. Despite positive preclinical results,
only one clinical trial involving PX-478 has been
reported to date. The Phase I dose-escalation for
advanced solid tumors demonstrated acceptable
tolerance for PX-478, and inhibition of HIF-1a in
peripheral blood mononuclear cells was propor-
tional to drug dosage [31].

EZN-2968, also known as RO7070179, is a
locked nucleic acid RNA antagonist designed to
bind to HIF-1aa mRNA and prevent protein trans-
lation [32]. EZN-2968 reduces HIF-1 mRNA and
protein levels under both normal oxygen and
hypoxic conditions in human prostate and glio-
blastoma cells in vitro, as well as inhibits tumor
growth in murine prostate cancer xenografts.
EZN-2968 harbors a 3-base pair mismatch in the
nucleotide sequence of HIF-2a and therefore
downregulates HIF-2a mRNA minimally both in
vitro and in mouse models. A 2014 pilot trial of
EZN-2968 for patients with refractory solid
tumors demonstrated reduced HIF-la mRNA
levels in post-treatment tumor biopsies compared
to pre-treatment biopsies in 4 of 6 patients [33].
Two patients from this study also presented
reduced HIF-1 target gene mRNA expression.
However, this trial closed prematurely due to sus-
pension of clinical development by the pharma-
ceutical sponsor. Although there are not active
clinical trials for EZN-2968, a Phase I study in
adult patients with advanced solid tumors or lym-
phoma (NCT00466483) and a Phase 1b, proof-
of-mechanism, open label study in adult patients
with hepatocellular carcinoma (NCT02564614)
have been completed with results yet to be
published.
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Digoxin is a cardiac glycoside that has FDA-
approval for the treatment of heart disease, but
also inhibits the translation of both HIF-1a and
HIF-2x and decreases the growth of tumor xeno-
grafts [34]. Digoxin treatment inhibits lung
metastasis of breast cancer cells in orthotopic
models, in part by blocking the expression of
angiopoietin-like 4 and L1 cell adhesion mole-
cule, both of which are regulated by HIF-1 [35].
HIF-dependent transcriptional activation of LOX
and LOXL expression, collagen cross-linking,
bone-marrow derived cell recruitment, and lung
metastasis are also blocked by digoxin treatment
in an orthotopic breast cancer model [24]. Several
clinical trials utilizing digoxin alone or in combi-
nation for the treatment of several cancers such as
head and neck cancer (NCT02906800) and
Kaposi’s sarcoma (NCT02212639) are ongoing
or recruiting patients. One active Phase II trial
(NCTO01763931) will examine the effect of
digoxin on HIF-1 expression after 2 weeks of
daily oral digoxin therapy, compared to no study
drug, as measured by immunohistochemistry
(IHC), in surgically resected breast cancer
tissue.

10.2.3 HIF Protein Stability &
Degradation

STA-9090 (ganetespib) is a small molecule
inhibitor of the HIF-chaperone, heat shock pro-
tein 90 (HSP90) [36]. HSP9O stablizes HIF-1ot
by preventing its degradation [37]. Ganetespib
reduces HIF-1a, but not HIF-2a, protein levels
and HIF-1 transcriptional activity, as well as
inhibits tumor growth, vascularization, stem cell
maintenance, invasion, and metastasis in ortho-
topic murine models of triple-negative breast
cancer [38]. Ganetespib reduces HIF-mediated
angiogenesis in colorectal cancer models as
shown through reduced Matrigel plug vascular-
ization and inhibits tumor xenograft growth [39].
Because of preclinical success, ganetespib, alone
or in combination with other therapies, has been
tested in several clinical trials. However, a recent
Phase III study combining ganetespib with
docetaxel for advanced non-small cell lung can-

cer was terminated early after a first interim anal-
ysis due to futility (NCT01798485). A Phase II
study for ganetespib in patients with docetaxel-
pretreated, metastatic, castrate-resistant prostate
cancer was terminated at interim analysis as no
patient attained 6-month progression free sur-
vival [40]. A Phase II trial for metastatic breast
cancer patients also failed to reach specified cri-
teria for overall response rate, but did demon-
strate clinical activity in human epidermal growth
factor receptor 2 (HER2)-positive and triple-
negative patients [41]. A Phase I trial combining
the use of ganetespib with ziv-aflibercept for the
treatment of refractory gastrointestinal carcino-
mas, non-squamous non-small cell lung carcino-
mas, urothelial carcinomas, and sarcomas
included a secondary outcome measurement to
investigate the level of HIF-1 (NCT02192541)
after treatment but was terminated early due to
the drug supplier’s suspension of further clinical
development of ganetespib. No currently regis-
tered clinical trials utilizing ganetespib are inves-
tigating the effects of the drug on HIF-1 as an
endpoint.

Geldanamycin is an HSP90 inhibitor that
reduces HIF-1a protein levels and transcriptional
activity in cancer cells in vitro [37, 42]. In addi-
tion to promoting HIF-1 protein degradation and
VEGF mRNA reduction, geldanamycin treat-
ment reduces the ability of conditioned media
from hypoxic prostate cancer cells to stimulate
invasion in vitro [43]. Additionally, low-dose gel-
danamycin treatment decreases in vitro bladder
cancer cell invasion stimulated by treatment with
hepatocyte growth factor, cobalt chloride, and
phenanthroline [44]. The effects of geldanamycin
on HIF-2 have not been reported. Although gel-
danamycin has been investigated in clinical trials,
the ability for the drug to modulate HIF levels in
vivo has not been reported. Tanespimycin (17-
AAQG), a derivative of geldanamycin, has been
studied in a completed Phase II trial
(NCT00088374) in patients with kidney tumors
characterized as having VHL mutations. HIF-
modulation was considered as a secondary out-
come in this trial, but results have not been
reported.
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10.2.4 Indirect HIF Inhibitors

I-methylpropyl 2-imidazolyl disulfide (PX-12) is
an inhibitor of thioredoxin-1 (Trx-1), a small
redox protein known to increase HIF-1a protein
levels in cancer [45]. One study suggests PX-12
treatment reduces HIF-la levels, through a
mechanism independent of Trx-1 inhibition, by
inducing spermidine/spermine N(1)-acetyl trans-
ferase 1 expression which leads to enhanced
HIF-1 ubiquitination and therefore degradation
[46]. PX-12 decreases the hypoxic induction of
HIF-1a and VEGF expression in vitro in human
breast and colon cancer cell lines [47]. Breast
cancer murine xenografts also exhibit lower lev-
els of HIF- 1o and VEGF protein in PX-12 treated
mice. Additionally, PX-12 treatment lowers
VEGF levels in cancer patient plasma [48].
Whether or how PX-12 might affect HIF-2 has
not yet been described. A randomized Phase II
study of 3-hour intravenous PX-12 treatment
daily for 5 days on 21-day intervals in patients
with advanced pancreatic cancer was terminated
early due to a lack of significant antitumor activ-
ity and low baseline Trx-1 levels [49]. A Phase 1B
trial utilizing a 24-h, continuous, intravenous
infusion of PX-12 once every 7 or 14 days for
advanced gastrointestinal cancers demonstrated
no significant changes in VEGF, which is induced
by Trx-1 through HIF-la, after treatment [50].
There are no current clinical trials registered for
the treatment of cancer with PX-12.

Bortezomib is a proteasome inhibitor that
interferes with HIF-1a activity and exhibits anti-
tumor effects [51]. Bortezomib is Food & Drug
Administration (FDA)-approved for the treat-
ment of multiple myeloma that has progressed on
prior therapy [52]. Several mechanisms of action
have been proposed for HIF regulation by bort-
ezomib, including affecting the HIF-la
C-terminal activation domain, reducing HIF-1a
protein translation through elF2a phosphoryla-
tion, and inhibiting protein expression and
nuclear accumulation through inhibition of the
phosphatidylinositol-4,5-bisphosphate 3-kinase/
protein kinase B (PI3K/Akt) and mitogen-
activated protein kinase pathways [51, 53, 54].
Bortezomib reduces HIF-1, but not HIF-2-

mediated transcription in vitro [55]. HIF-la
expression enhances the bortezomib-induced
apoptosis of of human umbilical vein endothelial
cells [56]. Bortezomib is cytotoxic against
hypoxic tumor cells in vitro by inducing endo-
plasmic reticulum stress [57]. There are nearly
200 active or recruiting clinical trials utilizing
bortezomib alone or in combination with other
anticancer drugs. One trial (NCT01522872) is
studying the effects of the HAP TH-302 (evofos-
famide) in combination with bortezomib and
other agents in relapsed/refractory multiple
myeloma, although the current status of the trial
is unknown. As a secondary outcome measure-
ment, the trial will investigate the relationship
between hypoxia in the bone marrow and
response to the drug regimens using hypoxia-
markers such as pimonidazole. Evofosfamide
will be discussed in greater detail in Sect. 10.4.

Topotecan is a topoisomerase I inhibitor used
as an anticancer agent which demonstrates the
ability to inhibit the translation of HIF-la [58].
HIF-2a protein levels are also strongly affected
by topotecan in neuroblastoma cells [59]; how-
ever, endothelial cells demonstrate minimal
HIF-2a reduction upon treatment [60]. Daily
administration of topotecan in glioblastoma
xenografts inhibits HIF-la protein expression
and significantly reduces tumor growth and
HIF-1 target gene expression in tumor tissue
[61]. Topotecan blocks hypoxia-induced VEGF
expression in human neuroblastoma cells [59]. A
Phase I pilot trial of oral topotecan demonstrated
that topotecan decreases HIF-la expression in
vivo [62]. In the study, 4 of 16 patients that had
detectable HIF-1a nuclear staining prior to treat-
ment had undetectable HIF-1o after treatment.
Four patients had decreased levels of VEGF and
GLUT-1 mRNA when comparing pre- and post-
treatment tumor biopsies. Another Phase I study
investigating both topotecan and bortezomib in
advanced solid tumors (NCT00388089) with a
secondary outcome plasma measurement to
detect hypoxia-inducible proteins has been com-
pleted with results yet to be posted. Outside the
scope of hypoxia, topotecan is being utilized in
many other clinical trials for the treatment of
cancer.
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8-(hydroxyamino)-8-oxo-N-phenyl-octan-
amide (vorinostat) is a histone deacetylase inhib-
itor which nonspecifically decreases HIF-1la
protein levels. Vorinostat modulates HIF-la at
several levels, including translational repression,
reduced nuclear translocation, and enhanced
ubiquitination [63, 64]. Vorinostat treatment also
reduces HIF-2 protein levels [64]. Currently,
vorinostat is FDA-approved for the treatment of
cutaneous T cell lymphoma [65]. A recent Phase
I/II trial for metastatic clear-cell renal cell carci-
noma (ccRCC) patients previously treated with
chemotherapy utilized vorinostat with a VEGF
inhibitor, bevacizumab, and noted the combina-
tion is relatively well tolerated and results in an
objective response rate of 18%, suggesting clini-
cal activity [66]. Although no currently listed tri-
als are evaluating the role of vorinostat on HIF
levels after treatment, many clinical trials for
vorinostat alone or in combination with other
anti-cancer agents are ongoing or recruiting
patients for multiple types of malignancies
including metastatic breast cancer
(NCTO01720602), non-small cell lung cancer
(NCT01059552), and malignant gliomas
(NCT00268385).

10.2.5 Emerging HIF Inhibitors

Even though many established HIF inhibitors
exist, investigation and development of new ther-
apeutics is ongoing. Lee et al. synthesized and
evaluated a variety of derivatives of the HIF-1a
inhibitor, oltipraz, to optimize its antagonist
potential [67]. The group ultimately established a
derivative that reduces insulin-induced levels of
HIF-1ao mRNA and protein levels in a human
colon cancer cell line to a greater extent than
YC-1 treated controls. mRNA transcripts of HIF
target genes, VEGF and glucose transporter 1
(GLUT-1), are also reduced by treatment with the
derivative.

Koivunen et al. determined that 3-oxoglutarate,
an analog of 2-oxoglutarate which acts as a co-
factor for prolyl hydroxylases (PHD), reduces
HIF-1a levels under normal oxygen concentra-
tions in several cancer cell lines independent of

PHD [68]. Combination of 3-oxoglutarate with
the anticancer drug, vincristine, induces apopto-
sis in vitro in several cancer cell lines and reduces
tumor growth in murine colon cancer xenografts
better than vincristine alone. Wang et al.
has developed a novel chalcone derivative which
reduces HIF-1a mRNA and protein expression in
a hepatoma cell line [69]. This derivative is also
able to inhibit the VEGF-induced migration of
endothelial and hepatoma cells in vitro and
reduces tumor growth and angiogenesis in murine
xenografts.

10.3 HIF-2 Specific Therapeutics

ccRCC is the most common form of kidney can-
cer. Inactivation of the VHL tumor suppressor
and consequently the deregulation of HIF-2a is a
common event [70], although VHL is known to
regulate HIF-1a as well. HIF-2a may also play a
pro-tumorigenic role in neuroblastoma as well
[71]. As such, several HIF-2a specific inhibitors
are currently being developed and investigated
for clinical efficacy.

Developed by Peloton Therapeutics, PT-2385
is a small-molecule antagonist that functions by
allosterically blocking the dimerization of
HIF-2a, but not HIF-1a, with HIF-1f, thus spe-
cifically preventing formation of a functional
HIF-2 protein [72]. Recent preclinical testing in
ccRCC cell lines and murine xenografts demon-
strate reduced expression of HIF-2« target genes
with PT-2385 treatment. Additionally, PT-2385
treatment causes tumor regression in mice. In
advanced HCC, sorafenib is used as a standard
treatment and has been shown to be more potent
in the presence of the androgen receptor (AR);
however, sorafenib has a side effect of induc-
ing HIF-2«a, which transcriptionally suppresses
AR [73]. Therefore, PT-2385 can enhance
sorafenib efficacy by preventing AR inhibition.
This has been demonstrated in hepatocellular
carcinoma (HCC) cell lines both in vitro and in
xenograft models. A Phase I dose-escalation trial
of PT-2385 in patients with previously treated
advanced ccRCC demonstrated that PT-2385 is
well-tolerated as no dose-limiting toxicity was
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observed at any given dosage [74]. In this study,
52% of patients demonstrated stable disease as
best response, with 2% and 12% achieving a
complete or partial response, respectively. In
addition, all doses of PT-2385 treatment resulted
in decreases in plasma erythropoietin reductions,
indicating biologic activity as erythropoietin is
regulated by HIF-2. Currently, PT-2385 is being
studied in a Phase II trial for patients with recur-
rent glioblastoma (NCT03216499) and an open-
label Phase II trial of VHL disease-associated
ccRCC (NCT03108066).

The HIF-2 inhibitor PT-2977, also developed
by Peloton Therapeutics, demonstrates increased
potency in preclinical tumor models of ccRCC
compared to PT-2385 [75]. A potential interac-
tion between HIF-1 and PT-2977 has not yet been
demonstrated. Two clinical trials utilizing
PT-2977 are already underway. The first trial
(NCTO02974738) is a Phase I multiple-dose, dose-
escalation and expansion trial in patients with
advanced solid tumors. Early results from the
trial demonstrate that the inhibitor is well toler-
ated with signs of clinical activity in the treat-
ment of ccRCC [76]. A second trial utilizing
PT-2977 (NCTO03401788) is a Phase II open-
label study for the treatment of patients with a
germline VHL alteration.

Another product of Peloton Therapeutics, and
close analogue of PT-2385, PT-2399 also inhibits
HIF-2 by preventing the dimerization of HIF-2a
with HIF-1p by disrupting necessary hydrogen
bonds and hydrophobic interactions [77]. Cho
et al. has shown that PT-2399 causes tumor
regression in mouse models of primary and meta-
static VHL-defective ccRCC [78]. Xenograft
models in this study demonstrated decreased cir-
culating tumor-derived VEGF and decreased
angiogenesis. ccRCC cell lines have variable sen-
sitivity to PT-2399, and more sensitive ccRCC
lines have higher HIF-2a levels than insensitive
lines and exhibit greater suppression of HIF tar-
get genes. The variability in cell lines likely
reflect differences in dependence on HIF-2a
rather than drug efficacy. Chen et al. found that
PT-2399 suppresses tumorigenesis in 10 out of
18 ccRCC cell lines, and that some VHL-mutant
ccRCCs are resistant despite dissociation of the

HIF-2 dimer, suggesting variability in depen-
dence on HIF-2 as Cho et al. described [79].
Chen et al. also noted that PT-2399 treatment
leads to resistance and found two mutations in
HIF-2a and HIF-1p which prevent PT-2399-
induced dissociation. This study demonstrates
that PT-2399 specifically disassembles HIF-2,
but not HIF-1, dimers and affects HIF-2, but not
HIF-1, transcriptional target regulation. Despite
these preclinical studies of PT-2399, no clinical
trials utilizing the drug have been registered. The
recent developments and trials involving these
specific HIF-2 inhibitors have provided promis-
ing results for the blockade of the hypoxic
response through HIF-2; however, the develop-
ment of therapeutic strategies to block the
hypoxic response through methods other than
targeting HIFs are also being developed and
investigated.

10.4 Hypoxia Activated Prodrugs
(HAPs)

As mentioned above, HAPs are initially inactive
drugs that become chemically reduced, and acti-
vated, under low oxygen conditions. In the con-
text of cancer, under low oxygen HAPs are
reduced to an activated, cytotoxic, DNA-
damaging agent which inhibits the ability of
nearby hypoxic cells to proliferate [7]. HAPs can
be divided into five classes of reducible chemical
compounds: nitro groups, quinones, aromatic
N-oxides, aliphatic N-oxides, and transition met-
als [80]. The compounds are generally reduced
by one-electron or two-electron oxidoreductases
which function as catalysts for the reaction. One-
electron oxidoreductases generate an oxygen-
sensitive radical intermediate. This reversible
reaction allows the HAP to return to an inacti-
vated state, mitigating the occurrence of HAP
activation in more-oxygenated regions and pre-
venting damage to non-hypoxic tissues. Two-
electron oxidoreductases do not generate
intermediates, causing an irreversible reduction
and increasing the likelihood of oxygen-
independent or off-target activation. As such, two
strategies in the design and consideration of
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potential HAPs exist: activation at intermediate
hypoxia and activation at severe hypoxia [81].
The oxygen state required for activation can be
quantified by a HAP’s quantitative oxygen
dependence (K, ), with lower K, (~0.1 pM O,
in cell culture medium) indicating activation in
severe hypoxia and higher K, (1-10 pM O,) for
intermediate hypoxia. As expected, a HAP with a
lower K, is more likely to accurately target
tumor hypoxia instead of off-target activation in
healthy, physiologically low oxygen regions;
however, HAPs with higher K, will affect more
tumor cells that experience at least some degree
of hypoxia. To offset this effect, low K, HAPs
are generally desired to produce activated forms
which can diffuse to nearby regions of higher
oxygenation and affect neighboring cells as well,
a phenomenon known as the bystander effect.
This section will introduce and summarize sev-
eral cancer-targeting HAPs that have been devel-
oped, investigated preclinically, and studied in
clinical trials.

Tirapazamine (TPZ) is one of the earliest
and most studied HAPs. An aromatic N-oxide,
TPZ functions, as most HAPs do, by reducing
under hypoxic conditions to an agent which
can cause DNA damage through single and
double-stranded breaks. TPZ was studied most
extensively in the 1980s and 1990s, and dem-
onstrated preclinical anti-cancer activity when
combined with both radiation and chemother-
apy, most notably cisplatin and carboplatin
[82]. As such, TPZ moved quickly to clinical
trials, where many successful early phase trials
established that TPZ alone and in combination
with cisplatin and other chemotherapies is gen-
erally well-tolerated and warranted further
study. However, in the 2000s several Phase 11
trials of TPZ in combination with other anti-
cancer agents failed to demonstrate additional
benefit [83], although one of these trials was
later criticized for lack of stratification based
on patients with hypoxic tumors as well as
issues with radiation delivery [84]. In addition,
a more recent Phase III trial of cisplatin and
irradiation versus cisplatin, TPZ, and irradia-
tion in cervical carcinoma demonstrated that
although the combination of TPZ and cisplatin
is tolerable at the starting dose, it is not more

effective than cisplatin alone in promoting pro-
gression free or overall survival [85]. Despite
setbacks, research with TPZ continues. The
addition of TPZ enhances the efficacy of irino-
tecan in hepatocellular carcinoma both in vitro
and in liver cancer xenograft models. This may
be related to a correlation between high levels
of HIF-1a and topoisomerase I inhibitor resis-
tance [86]. Three clinical trials (one Phase I,
two Phase II) utilizing TPZ in the treatment of
hepatocellular carcinoma are also currently
recruiting patients (NCT02174549,
NCT03145558, NCT03259867). One Phase I
trial investigating TPZ, cisplatin, and radiation
in cervical cancer (NCT00098995) with a sec-
ondary outcome measurement of hypoxia by
8F-azomycinarabinoside PET scan has com-
pleted with results yet to be posted.

SN30000 is an analog of TPZ which was
developed to improve TPZ half-life and diffusion
in tumors [84]. SN30000 is reduced selectively
under hypoxia in vitro by colon cancer cells with
an oxygen dependence similar to TPZ [87].
Diffusion of SN30000 across multicellular layers
of both colon and cervical cancer cell lines is
faster than TPZ. Human tumor murine xenografts
also demonstrate increased efficacy of SN30000
with radiation compared to TPZ with radiation.
The diflavin one-electron reductases POR,
MTRR, NOS2A, and NDORI1 have been identi-
fied as reducing agents of SN30000 [88].
Preclinical ~ pharmacokinetic ~ research  of
SN30000 in NIH-III mice demonstrate that the
drug confers acute toxicity, induces kidney toxic-
ity comparable to another well-known HAP (TH-
302), and can actually be reduced in normal
tissues despite displaying cytotoxic selectivity
for tumor tissue [89]. The drug has yet to be
tested clinically.

TH-302 is another well studied and clinically
active HAP. In human breast and prostate cancer
murine xenografts, TH-302 induces maximum
toxicity in hypoxic and near-hypoxic regions, but
also demonstrates activity in vascularized tumor
tissue [90]. This study also indicated that TH-302
enhances the efficacy of both doxorubicin and
docetaxel. The combination of TH-302 and pacli-
taxel is more effective than paclitaxel alone in
reducing tumor growth in both the mammary
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gland and bone in osteolytic breast cancer murine
models [91]. In human lung carcinoma murine
xenografts, TH-302 has both a more favorable
safety profile and, at equal hematoxicity levels,
superior antitumor activity than the FDA-
approved agent ifosfamide [92]. Additionally, in
human neuroblastoma and rhabdomyosarcoma
murine xenografts, the combination of TH-302
with topotecan enhances tumor response and
increases animal survival compared to monother-
apy [93]. Despite much preclinical and early
phase clinical trial success [94, 95], TH-302
recently endured failures in two Phase III studies
which combined TH-302 with doxorubicin to
treat soft-tissue sarcoma (NCT01440088, did not
improve overall survival) and with gemcitabine
in the treatment of pancreatic ductal adenocarci-
noma (NCT01746979, difference in overall sur-
vival time was not statistically significant) [96,
97]. These failures suggest that improved identi-
fication of patients which would benefit most
from HAP therapies is warranted and requires
additional investigation. Despite these setbacks,
early phase trials utilizing drug regimens includ-
ing TH-302 are ongoing and recruiting patients
(NCT02402062, NCT03098160, NCT01497444,
NCT02342379).

Tarloxotinib bromide (TH-4000) functions
differently than most HAPs, as its reduced form
releases an irreversible epidermal growth factor
receptor (EGFR)/HER2 inhibitor rather than a
DNA damaging agent [98]. As such, TH-4000
has been applied to non-small cell lung cancer
(NSCLC), in which HIF-dependent mechanisms
upregulate wild-type EGFR and EGFR tyrosine
kinase inhibitor resistance is observed [99]. In
preclinical models, TH-4000 demonstrates more
antiproliferative potential than the EGFR inhibi-
tor, erlotinib, against human cancer cell lines in
vitro as well as the ability to silence wild type
EGFR signaling in human xenograft models [98].
Another study determined that TH-4000 alone or
in combination with erlotinib is more effective in
achieving tumor regression than erlotinib alone
in NSCLC mice models [99]. However, TH-4000
has not yet achieved clinical success. A Phase 11
study of EGFR mutant NSCLC (NCT02454842)
and a Phase II study on recurrent or metastatic

squamous cell carcinoma of the head, neck, or
skin (NCT02449681) using TH-4000 as a mono-
therapy were both recently terminated early due
to a lack of efficacy. As such, there are no other
currently recruiting or ongoing clinical trials for
TH-4000.

Apaziquone (EO9) is another HAP which was
studied preclinically in the 1990s and early
2000s, with many results demonstrating prefer-
ential cytotoxicity towards hypoxic cells along
with antitumor activity or enhanced efficacy in
combination with radiation in animal models
[100, 101]. Early clinical trials of EOQ9 failed to
show activity with intravenous delivery, and it
was determined that EO9 has poor avascular tis-
sue penetration and undergoes rapid removal
from the body [102]. To address this issue, EO9
was tested in clinical trials of bladder cancer with
intravesical delivery directly into the bladder.
This method of drug delivery is well tolerated
and demonstrated positive results in early phase
trials [103, 104]. However, EO9 has undergone
several Phase I1I trials without success. Two trials
(NCT00598806, NCT00461591) completed
without reaching a primary endpoint of signifi-
cant difference in 2-year tumor recurrence [105].
Three more Phase III trials were later terminated
due to Dbusiness reasons (NCTO01410565,
NCT01469221) or sponsor decisions
(NCTO01475266). Despite these setbacks, one
Phase III trial remains active (NCT02563561)
and another is currently recruiting patients
(NCT03224182).

PR-104 is another HAP which shows more
activity against both hypoxic and non-hypoxic
xenografts of multiple cancer types than TPZ,
and demonstrates efficacy both as a monotherapy
and in combination with chemotherapy and
radiotherapy [106]. PR-104 prolongs survival
and decreases leukemia burden in mice bearing
primary acute lymphoblastic leukemia xenografts
[107]. However, PR-104 has experienced several
problems in early phase clinical trials. A random-
ized Phase I/Il open-label trial (NCT00862082)
of PR-104 in combination with sorafenib for the
treatment of HCC was terminated due to poor tol-
erance. Although a Phase I trial for solid tumors
with triweekly intravenous infusion demon-
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strated tolerability [108], another later Phase I
trial for solid tumors with weekly infusion dem-
onstrated thrombocytopenia and neutropenia as
dose-limiting toxicities [109]. As thrombocyto-
penia occurred with a delayed-onset, PR-104 was
only recommended for a short course of treat-
ment. Additionally, a Phase Ib study on PR-104
in combination with gemcitabine or docetaxel in
patients with advanced solid tumors concluded
that the combinations cause dose-limiting and
severe myelotoxicity, although prophylactic
granulocyte colony stimulating factor treatment
allows PR-104 escalation with docetaxel [110].
Clinical trials to test PR-104 are not currently
active or recruiting.

Banoxatrone (AQ4N) is a unique HAP which
functions by reducing to AQ4, a potent topoisom-
erase II inhibitor, under hypoxic conditions
[111]. AQ4N in its non-reduced form demon-
strates relatively low cytotoxic activity, and pre-
clinical studies have demonstrated that the
reduced form may enhance the antitumor efficacy
in combination with radiation and chemotherapy.
A study on the treatment of pancreatic mouse
model xenografts with AQ4N demonstrated
reduced tumor growth and progression at a level
comparable to gemcitabine treatment [112]. This
study also determined that AQ4N is rapidly
cleared from circulation but also quickly accu-
mulates in tumor tissues at high levels. AQ4N is
efficiently reduced and activated by CYP2S1, an
extrahepatic P450 enzyme expressed at higher
levels in hypoxic cells [113]. Three early phase
trials for the study of AQ4N treatment in glio-
blastoma (NCT00394628), non-Hodgkin’s lym-
phoma and leukemia (NCT00109356), and solid
malignancies and non-Hodgkin’s lymphoma
(NCT00090727) were initiated in the mid-2000s
but results were never reported. No other regis-
tered clinical trials for AQ4N are currently active
or recruiting patients.

Even with extensive development and clinical
trials for established HAPs, newer HAPs con-
tinue to be designed and investigated. TAT-ODD-
procaspase-3 (TOP3) is a recently developed
fusion protein utilizing a human immunodefi-
ciency virus-derived TAT domain to enhance cell
penetration and an oxygen-dependent degrada-

tion domain from HIF-la to increase hypoxia
specificity [114]. TOP3 combination with gem-
citabine and TS-1 improves efficacy under
hypoxia in vitro and enhances survival of mice in
an orthotopic pancreatic cancer xenograft model.

Zhang et al. has created a catalase-loaded
cisplatin-prodrug-constructed liposome which
relieves hypoxia through catalase degradation of
hydrogen peroxide to water and oxygen and
simultaneously delivers chemotherapy through
cisplatin [115]. Combination treatment of the
liposomes with radiation therapy results in
reduced tumor growth in murine models with
4T1 tumors.

OCT1002 is a HAP which operates through a
two-electron reductase and reduces tumor growth
and lung metastases in combination with bicalu-
tamide in prostate cancer xenograft models [116].
A further study of OCT1002 determined it also
enhances the efficacy of abiraterone, cabazitaxel,
and docetaxel in vivo [117]. As the aforemen-
tioned three HAPs are relatively new in develop-
ment, none have reached the stage of clinical
trials yet.

The plethora of emerging and established
HAPs provide hope that targeting hypoxia can
become a clinically achievable therapeutic strat-
egy. However, the variability of tumor hypoxia
between patients and a lack of predictive bio-
markers for hypoxia-targeted therapies create
concern over the use of HAPs and where they
could be most effectively applied in the clinical
setting [118]. Despite this, the preclinical trend
of both HAPs and HIF-directed therapies improv-
ing the efficacies of common chemotherapies and
radiotherapy cannot be understated, and further
investigation of these strategies is warranted to
assist clinical development.

10.5 Summary & Conclusions

This chapter briefly reviewed several established
and emerging therapies for blocking tumor
response to hypoxia. Molecularly, most hypoxia-
targeting therapies are designed to block HIF
function. This effect is achieved by inhibiting
HIF transcription, translation, dimerization,
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nuclear transport, DNA-binding, and even degra-
dation. Specific HIF-2 inhibitors largely function
through inhibition of dimerization of the HIF-2a
and HIF-1p subunits. HAPs are another method
for blocking the hypoxic response. HAPs are
chemicals which exist in an inactive or minimally
active form in higher oxygen conditions but are
reduced to cytotoxic agents under hypoxia. Most
HAPs function by inducing DNA damage in their
reduced form such that the cell can no longer
divide, thereby targeting cells that experience
hypoxia as well as their neighbors if the drug can
diffuse locally. Some HAPs have more novel
abilities as well, including but not limited to
reduction to a topoisomerase II inhibitor or
reduction to an EGFR/HER?2 inhibitor. Although
not discussed in this chapter, the hypoxic response
has been shown to be indirectly blocked through
targeting the PI3K/AKT pathway upstream of
HIF, which may also serve as a potential thera-
peutic strategy [119, 120]. Preclinical research
into these therapeutic strategies shows that they
can often enhance the efficacy of pre-existing
chemotherapeutic agents or radiotherapy, dem-
onstrating the real potential for blocking the
hypoxic response in the clinical setting. Despite
many existing hypoxia-targeting strategies and
preclinical data, there has been very little late
phase clinical trial success. This is potentially
due to the lack of biomarkers for patients who
would benefit from hypoxia-directed therapies as
well as large variability in tumor hypoxia between
patients. Further research into this area is war-
ranted for a future where hypoxic status and

treatment can be integrated into cancer
treatment.
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