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Abstract

Hypoxia in cancers has evoked significant interest since 1955 when Thomlinson and Gray postulated the presence of hypoxia in
human lung cancers, based on the observation of necrosis occurring at the diffusion limit of oxygen from the nearest blood vessel,
and identified the implication of these observations for radiation therapy. Coupled with discoveries in 1953 by Gray and others
that anoxic cells were resistant to radiation damage, these observations have led to an entire field of research focused on
exploiting oxygenation and hypoxia to improve the outcome of radiation therapy. Almost 65 years later, tumor heterogeneity
of nearly every parameter measured including tumor oxygenation, and the dynamic landscape of cancers and their microenvi-
ronments are clearly evident, providing a strong rationale for cancer personalized medicine. Since hypoxia is a major cause of
extracellular acidosis in tumors, here, we have focused on the applications of imaging to understand the effects of hypoxia in
tumors and to target hypoxia in theranostic strategies. Molecular and functional imaging have critically important roles to play in
personalized medicine through the detection of hypoxia, both spatially and temporally, and by providing new understanding of
the role of hypoxia in cancer aggressiveness. With the discovery of the hypoxia-inducible factor (HIF), the intervening years have
also seen significant progress in understanding the transcriptional regulation of hypoxia-induced genes. These advances have
provided the ability to silence HIF and understand the associated molecular and functional consequences to expand our under-
standing of hypoxia and its role in cancer aggressiveness. Most recently, the development of hypoxia-based theranostic strategies
that combine detection and therapy are further establishing imaging-based treatment strategies for precision medicine of cancer.
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1 Introduction tensions are encountered during mammalian development and

embryogenesis [1], in heart disease [2], in chronic obstructive

Oxygen is critically important for cellular metabolism and en-
ergy production in mammalian cells. Imbalances in oxygen
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pulmonary disorders [3], in wound healing [4], and in cancers
[5]. In cancers, the uncontrolled proliferation of cancer cells in
combination with the chaotic neovasculature results in the de-
velopment of chronic diffusion-limited hypoxia [6]. Immature
blood vessels and increased tumor interstitial pressure can also
result in vascular collapse causing acute or intermittent hypoxia
[6]. Intermittent hypoxia has been identified as a potential driver
of somatic evolution and a cause of tumor genetic and physio-
logic heterogeneity [7]. Hypoxia results in the upregulation of
vascular endothelial growth factor (VEGF) [8] leading to in-
creased angiogenesis, neovascularization, and reoxygenation of
hypoxic regions. Reoxygenation also occurs due to therapy-
induced cell death because increased nutrients and oxygen be-
come available to the remaining cells [9-12].

Oxygen homeostasis in mammalian cells is maintained
through transcriptional activation by the hypoxia-inducible
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factor (HIF) [13], a heterodimer that is composed of two sub-
units HIF-1x and HIF-1{ [14], as shown in the schematic in
Fig. 1. HIF-1« is ubiquitinated under well-oxygenated condi-
tions by the von Hippel-Lindau (VHL) protein. The VHL
protein binds to hydroxylated proline residues, recruiting
ubiquitin ligase to degrade HIF-1c in the oxygen-dependent
degradation domain of HIF-1x [15]. Under hypoxic condi-
tions, HIF-1 is stabilized due to the inhibition of prolyl hy-
droxylases [16]. Stabilized HIF-1c binds to HIF-1 and is
translocated into the nucleus. In the nucleus, HIF functions
as a transcription factor by recognizing and binding to the
hypoxia response element (HRE) that consists of the core
sequence 5-RCGTG-3' on the promoter region of target genes
such as carbonic anhydrase IX (CAIX) [14, 17]. Two addi-
tional isoforms, HIF-2« and HIF-3«, have also been identi-
fied [15, 18]. HIF-1« transcriptional activation is triggered by
short-term hypoxia of 2-24 h with oxygen tensions <0.1%
0,, while HIF-2« transcriptional activation occurs under
milder hypoxic conditions (< 5% 0O,) and is active over a
period of 48—72 h [19, 20]. As shown in the schematic in
Fig. 1, HIF transcriptionally activates select genes that assist
cancer cells to adapt to hypoxia by increasing angiogenesis,
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Fig. 1 Schematic figure summarizing the HIF pathway and the
transcriptional regulation by HIF of genes related to angiogenesis,
metabolism, survival/proliferation, metastasis, stemness, and the ECM.
Top right: Box and line diagram representing the domain structure of
HIF-1« (above) and HIF-1f3 (below) proteins. Oxygen sensing is achieved
by hydroxylation of proline residues present in the oxygen-dependent deg-
radation (ODD) domain of the HIF-1« protein. Further recruitment of VHL
and ubiquitin proteins to the hydroxylated protein results in the proteosomal
degradation of HIF-1o under normoxia. The schematic on the left shows
the transcriptional activity of HIF in response to hypoxia resulting in the
activation of proteins that actively play a role in tumor progression.
ANGPT1/2/4, angiopoietin-1/2/4; FGF3, fibroblast growth factor receptor
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modifying metabolism, and increasing survival and prolifera-
tion [21, 22]. An increase of HIF can also occur due to onco-
genic mutations in phosphatase and tensin homolog (PTEN),
succinate dehydrogenase [23], fumarate hydratase, genetic
mutation or loss of both alleles of the VHL gene [24, 25],
activation of phosphoinositide 3 kinase (PI3K)/Akt/mamma-
lian target of the rapamycin apoptosis pathway [26], or due to
epigenetic changes [27, 28]. Several preclinical and human
studies have identified the role of hypoxia in tumor aggres-
siveness, resistance to chemo and radiation therapy, remodel-
ing of the extracellular matrix (ECM), invasion, and metasta-
sis [29-33]. Radiosensitivity starts to decrease at oxygen ten-
sions below 15 mmHg or 2% O, [34].

Hypoxia is a major cause of the acidic extracellular pH
(pHe) of tumors due to increased glycolysis that, coupled with
the poor perfusion in hypoxic tumor areas, leads to an accu-
mulation of H* ions ([35] and the references therein).
However, acidic pHe can occur independently of hypoxia
due to increased expression of H-ATPases and Na*/H" ex-
changers ([36] and the references therein). Extracellular aci-
dosis results in increased cancer invasion in pathways both
dependent and independent of hypoxia [35]. HIF-2¢ has been
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identified as regulating the metabolic adaptation to acidosis
whereas HIF-1x has been found to be downregulated with
acidosis ([35] and the references therein). Hypoxia and acido-
sis have also been identified as playing a role in immune
suppression ([37] and the references therein).

Different molecular and functional imaging techniques are
available or are being developed to detect hypoxia in human
cancers and in cancer models. Such techniques can be used to
identify cancers that may benefit from targeting hypoxia and
hypoxia related pathways for precision medicine. Imaging can
provide new insights into the relationship between hypoxia,
vascularization, metabolism, the ECM, stromal cells, invasion
and metastasis. Such insights can advance understanding of
the role of hypoxia in cancer progression, and identify thera-
peutic interventions to reduce cancer aggressiveness. Here we
have presented an overview of the applications of molecular
and functional imaging to detect hypoxia, and the insights that
have been gained from the applications of imaging studies to
understand the causes and the consequences of hypoxia in
cancer. We have also presented new directions in exploiting
hypoxia for theranostic imaging strategies.

2 Molecular and functional imaging
techniques to detect hypoxia

Several noninvasive imaging modalities, many of which are
clinically translatable, are currently available to detect hypoxia
in tumors. While early studies with electrodes to detect hyp-
oxia in cancers were valuable in demonstrating the presence of
hypoxia in human cancers and animal models [38, 39], the
drawbacks of electrode measurements included potential tis-
sue damage, limited and highly localized sampling of tissue,
and requirement of tumor accessibility to the electrodes. With
noninvasive imaging, the entire tissue can be sampled, and
depending upon the imaging modality and the technique used,
both spatial and temporal information can be obtained from
anywhere within the body. Techniques available to detect hyp-
oxia can be broadly categorized based on the different imag-
ing modalities such as positron imaging tomography (PET),
magnetic resonance imaging (MRI/electron paramagnetic res-
onance imaging, EPRI), optical imaging (OI), and photo-
acoustic imaging (PAI). Advantages and limitations of these
methods have been extensively reviewed [40—43].

2.1 PET imaging

Observations that '*C-labeled derivatives of N-alkyl-2-
nitroimidazoles were trapped in cells that were hypoxic
[44-48] formed the basis of the development of 2-
nitroimidazoles as hypoxia imaging agents using radioactive
tracers. Currently, 8E_fluromisonidazole (ISF-FMISO) is the
most widely used PET tracer for detecting hypoxia in human

studies. Its limitations are a spatial resolution of ~ 5 mm and slow
uptake and washout kinetics [49]. This has led to the develop-
ment of '®F tracers such as '®F-fluoroazomycin-
arabinofuranoside ('*F-FAZA) that has improved tracer kinetics
and higher hypoxia-based contrast [50]. 'F-FAZA has been
found to be useful in patient stratification and response evaluation
to hypoxic cytotoxins in head and neck cancers [51]. Additional
fluorine-based radiotracers from the nitroimidazole family that
are currently being evaluated include '*F-fluoroetanidazole
("*F-FETA), '®F-2-nitroimidazol-pentafluoropropyl acetamide
("®F-EF5), '®F-flortanidazole (‘*F-XH4), and 1-(2-['*F]-fluoro-
1-[hydroxymethyl]ethoxy)methyl-2-nitroimidazole (‘*F-RP-
170) [50]. Other PET tracers include copper-labeled
thiosemicarbazones such as ®?Cu-ATSM (copper diacetyl-
bis(N*-methylthiosemicarbazone)). Although the specificity of
2Cu-ATSM to hypoxia has been demonstrated, one potential
problem is that this may be cell-line specific [49]. Efforts are also
being made to use the detection of CAIX that is upregulated with
hypoxia as a marker of hypoxia using small molecules developed
as CAIX inhibitors [49, 52]. These include novel sulfonamide-
containing compounds, such as 2-[18F ]-3,5,6-trifluoro-3'-
sulfamoylbenzanilide ("®E-TFSB), and a low molecular weight
dual motif PET ligand [**Cu]XYIMSR-06 targeting CAIX.

2.2 Magnetic resonance imaging

MRI methods such as oxygen-enhanced MRI (OE-MRI), also
known as tumor oxygenation level-dependent (TOLD) MRI,
and blood oxygenation level-dependent (BOLD) MRI detect
hypoxia based on changes in water T; or T,*, respectively
[53]. In OE-MRI, oxygen breathing in combination with dy-
namic contrast-enhanced (DCE) MRI is used to identify hyp-
oxic tumor regions based on changes in T;. In BOLD MRI,
differences in oxygenated and deoxygenated hemoglobin gen-
erate a signal that reflects blood oxygen saturation. However,
to derive tissue oxygenation, knowledge of blood volume and
oxygen consumption is required. Advantages of BOLD MRI
include the use of intrinsic contrast that does not require in-
jection of a contrast agent, and avoidance of the complications
of radioactive tracers. BOLD MRI has been applied in several
human tumor studies [54-57]. Significant changes in BOLD
contrast were detected in head and neck cancer patients
breathing hyperoxic gas [58]. BOLD response to breathing
oxygen before chemotherapy was significantly different in
tumors with good therapeutic outcome compared to those with
poor response [59], whereas traditional DCE-MRI failed to
identify differences. OE-MRI or TOLD contrast is also in-
creasingly being used to detect oxygenation in preclinical
[60, 61] and human studies [62—64].

Another approach to detect hypoxia with MR spectroscop-
ic imaging (MRSI) is with the use of compounds such as
perfluorocarbons or hexamethyldisoloxane (HMDSO) that
have oxygen-dependent relaxivity. Oxygen tensions can be
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determined from changes in relaxivity of perfluorcarbons (*°F
MRSI) or HMDSO (‘H MRSI) obtained using spectroscopic
MRI of the tumor following intratumoral injections [65, 66].
These approaches have been used to understand the role of
hypoxia in resistance to radiation therapy in preclinical
models [67] but have not been attempted in human studies.

2.3 Optical imaging

HRE-driven expression of luciferase or fluorescent proteins
has been extensively used to detect biological hypoxia with
bioluminescent imaging (luciferase) or optical imaging (green
or red fluorescence protein), respectively [68—71]. The biolu-
minescence generated by the action of luciferase on the
injected substrate, luciferin, requires ATP and O,, but even
under exceedingly low PO,, there is sufficient oxygen to in-
duce bioluminescence. Recently, an HRE-driven imaging
strategy that combined the hypoxia-driven expression of two
reporters, luciferase and enhanced green fluorescence protein
(EGFP), that have significantly different half-lives was devel-
oped to detect temporal changes in hypoxia and HIF activity
in tumors [72]. These HRE-driven systems are valuable in
mechanistic studies designed to understand the relationship
between hypoxia, acidic pH, the ECM, vascularization, and
stromal cells but are not clinically translatable.

2.4 Photoacoustic imaging

PALI is a recently developed hybrid technology that has signif-
icant promise for several applications in cancer discovery and
treatment [73]. Compared to optical imaging, PAI provides sig-
nificantly higher resolution at imaging depths of up to 4 cm
resulting in an improved translatable capability, when scaling
from mice to humans. PAI combines the molecular sensitivity
of optical imaging with the high-resolution (up to 100 times
greater) and real-time aspects of ultrasound and overcomes
the depth issues of strictly optical techniques. In PAI, a
narrow-pulse-width laser is used to excite tissue, where it is
absorbed and converted to heat, causing thermal expansion that,
in turn, generates an acoustic signal that is measured with an
ultrasound transducer. Hemoglobin in the blood is the dominant
endogenous absorber of near-infrared (NIR) light. The oxygen
saturation determines if hemoglobin is bound to oxygen (oxy-
hemoglobin, HbO,) or unbound (deoxyhemoglobin, HHD).
HbO, and HHb have characteristic absorption spectra that af-
fect the PA signal at a given wavelength. After linear unmixing
of the PA signal, the relative concentration of each hemoglobin
type can be determined to derive blood oxygen saturation (SO,)
that reflects oxygenation. PAI devices are available for animal
studies [73], with commercially available devices being devel-
oped for human applications [74-76].

@ Springer

3 Applications of imaging cancer hypoxia
3.1 Hypoxia targeting

The major applications of imaging in cancer hypoxia have
been for the purpose of identifying patients who may benefit
from hypoxia-targeted therapies. Hypoxia-targeted therapies
include use of radiation sensitizers such as misonidazole, in-
creasing oxygen delivery, decreasing oxygen consumption,
using hypoxia-activated prodrugs, and radiation therapy
dose-painting strategies to increase dose to hypoxic regions
[77]. These hypoxia-targeted therapies have shown mixed re-
sponses. Theoretically, such therapies will only be effective if
patients with hypoxic tumors are selected for treatment. For
instance, it is likely that a set of trials with evofosfamide failed
because patients with hypoxia were not stratified [78-80].
Using gene signatures associated with hypoxia in biopsy sam-
ples is one option being pursued to identify patients with hyp-
oxic tumors [81-83]. However, such approaches only provide
a “snap-shot” of a continually changing landscape. Imaging is
therefore being integrated into many of the clinical trials in-
corporating these hypoxia-targeting strategies [84]. Some tri-
als have confirmed that hypoxia predicted for locoregional
failure [85], but many of these trials such as those for non-
small cell lung cancer are still ongoing including radiation
painting to boost radiation therapy in hypoxic tumor regions
[84].

3.2 Hypoxia and vascularization

Since inadequate perfusion is a major cause of tumor hypoxia,
establishing the relationship between tumor vascularization
and hypoxia would allow the use of clinically translatable
perfusion-based methods such as DCE-MRI to predict for
hypoxia in tumors.

In a recent multiparametric MRI study of 20 patients with
breast lesions, quantitative BOLD (qBOLD) and vascular ar-
chitecture mapping (VAM), MRI biomarker maps of oxygen
extraction fraction (OEF), metabolic rate of oxygen (MRO,),
and mitochondrial oxygen tension (mitoPO,) were used to
measure tissue hypoxia and neovascularization including vas-
cular architecture parameters such as micro-vessel radius
(VSD), density (MVD), and type (MTI). High OEF was asso-
ciated with low MVD and vice versa, and MRO, values
showed spatial congruence with VSI. Invasive ductal carcino-
mas were found to consume more oxygen and were more
hypoxic and neovascularized than benign tumors [86].

A relationship between DCE-MRI and hypoxia, detected by
pimonidazole staining, was also observed in untreated and
sunitinib-treated pancreatic ductal adenocarcinoma (PDAC) xe-
nografts. Results from these studies suggest that K™ (volume
transfer constant) obtained from DCE-MRI may provide an in-
dex of tumor vascular density and hypoxia in untreated as well
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as sunitinib-treated PDACs [87]. Using PAI, together with an
oxygen gas challenge to visualize the spatiotemporal heteroge-
neity of tumor vascular function, oxygenation dynamics were
found to be significantly different in prostate cancer models with
markedly different vascular function [88]. In another study,
combined vascular DCE-MRI and optical imaging was per-
formed to understand the relationship between hypoxia and vas-
cularization in a human prostate cancer model engineered to
express EGFP under hypoxia. MRI measurements showed that
vascular volume was significantly lower in fluorescing regions
(Fig. 2a). These regions also frequently exhibited high perme-
ability. These observations are consistent with the possibility that
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regions of low vascular volumes are hypoxic, which induces
increased expression of functionally active VEGF, a potent vas-
cular permeability factor [70].

However, in a study with glioblastoma multiforme (GBM),
tumors with higher uptake of '*F-FMISO also showed higher
cerebral blood volume (CBV), suggesting that tumor
hypervascularization in GBM, as assessed by the CBV on
MRI, did not result in effective tissue oxygenation [92].
Oxygen consumption will also affect tissue oxygenation that
may explain the results observed here. As multiplexed PET-
MR scanners become increasingly available for preclinical
and human studies, these combined approaches of using
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Fig. 2 Examples of the applications of imaging to understand the
relationship between hypoxia and vascularization, hypoxia and the ECM,
hypoxia and metastasis, and hypoxia and cancer stem cells. (A)
Representative maps of (1) vascular volume (VV), and (2) permeability
surface area product (PS) MRI parameters obtained from the central slice of
an HRE-EGFP PC-3 tumor (180 mm®). VV ranged from 0 to 344 uL/g and
PS from 0 to 24 pL/g min. (3) Fluorescent microscopy image of a fresh
tissue slice obtained from the MR-imaged slice, obtained using a Nikon
TS100-F microscope (1% objective) with a wavelength of 512 nm. Co-
localization is observed between the fluorescing hypoxic tumor region in
the optical image and regions of low vascular volume and higher perme-
ability in the MRI images. Adapted from [70]. (B) (1) Ex vivo 1x bright
field and overlaid fluorescence image showing the location of hypoxic
regions on the tumor section. 3D visualization of Coll fibers in (2) hypoxic
and (3) normoxic fields of view. Hypoxic regions are displayed in red and
Coll fibers in green. On the right are displayed 3D reconstructed images of
a representative tumor with hypoxic regions displayed in pink (top), and an
overlay of the hypoxia mask on the vascular volume map (middle), and
permeability map (bottom). Fewer Coll fibers and macromolecular trans-
port are detected in hypoxic tumor regions. Adapted from [89]. (C)
Representative anatomic and functional images of an orthotopic and a
subcutaneous PC3-HRE-EGFP tumor. The orthotopic tumor is delineated
by a white line in the anatomic image. Representative maps of vascular
volume and draining (red) and pooling (green) voxels from the orthotopic
tumor (top) and subcutaneous tumor (bottom) are shown together with
representative images of Coll fibers (red) overlaid with EGFP expression

(green), and «-SMA-immunostained sections showing the presence of
CAFs marked by arrows. More Coll fibers and CAFs are detected in
metastatic orthotopic tumors compared to nonmetastatic subcutaneous tu-
mors. Adapted from [90]. (D) Representative in vivo images from an
orthotopic and subcutaneous PC3-HRE-EGFP/HRE-ODD-luc/tdTomato
tumor with a peritoneal metastatic lesion revealing patterns of green fluo-
rescence protein (EGFP) and bioluminescence (luc) expression in primary
and metastatic lesions. Optical images are from (1) tdTomato expression to
identify cancer cells, (2) HRE-driven EGFP expression, and (3) HRE-
driven luc expression. Scale bar 0.5 cm. The primary tumor had a focus
of EGFP expression indicative of long-term exposure to hypoxia that was
also identified with bioluminescent imaging but with a smaller area, sug-
gesting that the hypoxia may have been resolving. In contrast, there was an
extensive area of BL in the primary and as well as the metastatic lesion that
was not identified in the EGFP image that suggested that this region was
newly hypoxic. Adapted from [91]. (E) (1) /n vivo co-registration of RFP
expression from optical images (blue), and SPECT images (yellow) show-
ing the overlap of a hypoxic region of high fluorescence with high CD44
antibody localization. Inset shows ex vivo SPECT (left) and optical (right)
images of a fresh 2-mm slice from the tumor. (2) /n vivo SPECT imaging of
a SCID mouse bearing MDA-MB-231-HRE-tdTomato RFP tumor was
performed in 64 projections at 30 s/projection. A representative trans-
axial slice of decay-corrected, volume-rendered SPECT/CT images at
48 h demonstrate a region of high intensity that co-localized with a red
fluorescing hypoxic tumor region in the corresponding ex vivo optical
image. Adapted from [71]

@ Springer



56

Cancer Metastasis Rev (2019) 38:51-64

PET imaging for hypoxia and DCE-MRI to map vascular
parameters will provide additional insights into the evolution
of hypoxia in tumors, and the vascular characteristics that
drive the formation of hypoxia in cancers.

3.3 Hypoxia, metabolism, the ECM, invasion and,
metastasis

Imaging has been applied to understand the relationship be-
tween hypoxia, metabolism, the ECM, invasion, and metasta-
sis in studies using intact perfused cells in microfluidic de-
vices or cell perfusion systems that allow carefully controlled
regulation of oxygen tensions, and in human tumor xeno-
grafts. Examples of imaging applications to understand the
relationship between hypoxia and vascularization, the ECM,
macromolecular transport, CD44 expression, and detecting
patterns of hypoxia and reoxygenation in metastatic and
nonmetastatic tumors are presented in Fig. 2a—e.

3.3.1 Metabolism

In a recent MRS and multiphoton optical imaging study, a
microfluidic model that recapitulated the ductal carcinoma in
situ (DCIS) microenvironment was developed to understand
the development of hypoxia in DCIS. A DCIS cell line was
grown inside a luminal mammary duct model, embedded in a
3D hydrogel with mammary fibroblasts in the microdevice.
Hypoxia and nutrient starvation were detected in the DCIS
resulting in an altered metabolism of glycolysis and other
hypoxia-associated pathways that were in good agreement
with patient genomic profiles. Additionally, the hypoxia-
activated prodrug tirapazamine selectively destroyed hypoxic
DCIS cells [93].

In an intact cell perfusion study, triple (estrogen receptor/
progesterone receptor/HER2neu) negative, invasive MDA-
MB-231 and SUM149 human breast cancer cells were
engineered to silence the expression of HIF-1«, HIF-2«, or
both isoforms of HIF-c«. An imaging compatible cell perfu-
sion system was used to determine the effects of HIF silencing
on metabolism and invasion under carefully controlled
normoxic and hypoxic conditions [94]. HIF-2« played a ma-
jor role in altering cell metabolism. Lipids and lipid droplets
were significantly reduced in HIF-2« and double silenced
MDA-MB-231 and SUM149 cells, implicating HIF in their
regulation [94]. In addition, lactate production and glucose
consumption were reduced. Metabolic changes detected in
the intact cell perfusion system were also identified in solid
tumors derived from these cells, using noninvasive metabolic
imaging and high-resolution 'H MRS of tumor extracts [95].
These imaging studies identified new metabolic targets of HIF
and demonstrated the divergent consequences of silencing
HIF-1x and HIF-2« individually on some of these targets.
Such studies expand our understanding of the metabolic
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pathways regulated by HIFs and the adaptive metabolic re-
sponse of cancer cells to hypoxia that may lead to novel
metabolism-based therapeutic targets for triple negative breast
cancer.

3.3.2 ECM, invasion, and metastasis

The tumor ECM contains proteoglycans and fibrous protein
such as collagen, elastin, fibronectin, and laminin [96]. HIFs
transcriptionally regulate several genes and pathways that
shape the ECM to facilitate invasion and metastasis [30, 31,
97-101]. Various isoforms of matrix metalloproteinases
(MMPs), urokinase plasminogen activator (uPA) and its re-
ceptor, cathepsin D, tissue inhibitors of metalloproteinases
(TIMPs), and lysyl oxidase (LOX) are hypoxia-inducible
and regulated by HIF [99, 102]. Applications of noninvasive
imaging using intact cell systems avoid the complexities of
in vivo tumors with careful control of oxygen tensions [94],
without changes in pH or substrate delivery that typically ac-
company the inadequate vascularization that causes hypoxia.
Studies with an imaging-compatible cell perfusion that quan-
tifies invasion over time revealed that silencing HIF-1 alone
was not sufficient to attenuate invasiveness in MDA-MB-231
and SUM149 cancer cells. A significant reduction of metasta-
tic burden was observed in single (HIF-1o or HIF-2) and
double x-isoform-silenced cells. This reduction was most ev-
ident when both HIF-1x and HIF-2x were silenced, suggest-
ing that in vivo, cells in or near hypoxic regions are likely to be
more invasive. The data also suggested that targeting HIF-1x
alone was not sufficient to attenuate invasiveness, and that
both HIF-1« and HIF-2« played a role in the metastatic cas-
cade [94].

In an in vivo optical imaging study, a novel fluorescent
mCherry hypoxia-responsive marker was used in real-time
imaging to specifically and sensitively identify hypoxic cells
at single-cell resolution. Hypoxic MDA-MB-231 cells
showed a more persistent slow migration phenotype with
abundant invadopodia, as compared to normoxic cells in the
same field in vivo, and moved to congregate near flowing
blood vessels. Cell populations that migrated toward human
epithelial growth factor gradients in vivo were enriched with
hypoxic cancer cells with increased collagen degradation and
intravasation activity, characteristic of dissemination, and me-
tastasis competent tumor cells [103].

The relationship between hypoxia, collagen 1 (Coll) fibers,
and macromolecular transport was also investigated with mo-
lecular and functional imaging of the MDA-MB-231 tumor
model [89]. The influence of hypoxia on macromolecular
transport in tumors, and the role of Coll fibers in mediating
this transport were investigated using an MDA-MB-231
breast cancer xenograft model engineered to express red fluo-
rescent protein under hypoxia. MRI of macromolecular trans-
port was combined with second harmonic generation (SHG)
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microscopy of Coll fibers. Consistent with the increased col-
lagen degradation reported earlier [103], hypoxic tumor re-
gions displayed significantly decreased Coll fiber density
and volume, as well as significantly lower macromolecular
draining and pooling rates, than normoxic regions. Results
from these studies suggest that Col1 fibers may facilitate mac-
romolecular transport in tumors, and their reduction in hypox-
ic regions may reduce this transport. Reduction of macromo-
lecular transport in hypoxic regions may also contribute to
poor drug delivery. These studies also reported higher Coll
fiber density around hypoxic regions that may facilitate the
escape of aggressive hypoxic cancer cells along aligned Coll
fiber tracks [104].

In a separate study identifying the role of HIFs in modify-
ing the ECM and the tumor microenvironment (TME), tumors
derived from MDA-MB-231 cells with HIF-1x or HIF-2x or
both HIF-1 and HIF-2« silenced contained higher percent
fiber volume and lower interfiber distance, as detected by
SHG microscopy, compared to tumors derived from empty
vector MDA-MB-231 cells, together with changes in Coll-
degrading enzymes, and enzymes involved in Coll synthesis
and deposition [31]. A reduction in LOX protein expression in
HIF-down-regulated tumors suggested that more non-cross-
linked fibers were present [31].

Patterns of hypoxia in the primary tumor and metastatic en-
vironments of a human prostate cancer were recently investigat-
ed using an imaging strategy based on the HRE-driven expres-
sion of long-lived EGFP and short-lived luciferase (luc) fused to
the oxygen-dependent degradation (ODD) domain in prostate
cancer PC-3 cells [91]. This “timer” strategy was used to pro-
vide information on the temporal evolution of HIF activity and
hypoxia in metastatic PC-3 tumors implanted orthotopically in
the prostate and non-metastatic PC-3 tumors implanted subcu-
taneously. By combining long-lived EGFP and a short-lived luc,
identification of normoxic (EGFP—/luc—), hypoxic (EGFP+/
luc+) or (EGFP—/luc+), and reoxygenated (EGFP+/luc—) tumor
microenvironments was possible. Results from these studies
suggested that hypoxia followed by reoxygenation may result
in a more metastatic phenotype, and that hypoxia alone was not
sufficient to permit metastasis.

An additional role of hypoxia in cancer aggression includes
regulation of CD44, a transmembrane glycoprotein that plays
multifaceted roles in tumor progression and metastasis and is
associated with a stem-like phenotype in many cancers [105].
In vivo imaging studies with tumor xenografts derived from
MDA-MD-231 cells engineered to express HRE-driven
tdTomato red fluorescence protein expression identified co-
localization between hypoxic fluorescent regions and high
CD44 expressing regions identified by '*’I-radiolabeled
CD44 antibody [71].

In studies of GBM [106], the invasive margin was defined by
the region with 5-aminolevulinic acid (GliolanTM) fluorescence
at surgery beyond the T, enhancing region on MRI. Aldehyde

dehydrogenase 1 (ALDHI1) and Nestin immunohistochemistry
were used as a measure of stem-like properties. Analysis of the
core, rim, and invasive regions showed significantly increased
fibroblast growth factor (FGF) and ALDHI1 expression and de-
creased Nestin expression in the invasive zone, with elevated
HIF-1« in the rim region, adjacent to the hypoxic core. These
studies highlight the heterogeneity in tumors and the distinct
molecular composition of the heterogeneous invasive margin
compared to the tumor core and the importance of sampling
the invasive margin compared to the tumor core when develop-
ing targeted agents for residual GBM.

Another mechanism by which hypoxia can regulate cancer
aggression includes modification of pHe. CAIX, a hypoxia-
inducible tumor-associated cell surface enzyme, is thought to
acidify the TME by hydrating CO, to form protons and bicar-
bonate. Cancer cells can also trigger activation of CAIX on
cancer-associated fibroblasts (CAFs) to help increase extracellu-
lar acidification [107, 108]. CAIX on CAFs has been shown to
promote cancer progression by driving the epithelial-
mesenchymal transition and is a better predictor of treatment
outcome compared to CAIX expressed by cancer cells [109].
CAIX detected on CAFs in hypoxic environments in lung ade-
nocarcinoma contributed to a more aggressive phenotype [110].

In a recent '"H MRS imaging study, CAIX-expressing tu-
mors had 0.15 pH-unit lower median pHe than control tumors,
suggesting that CAIX maintains an acidic tumor pHe that is
tolerated by cancer cells and favors invasion and metastasis
[111]. In another recent study with amide proton transfer MRI
that provides a pH-dependent signal, a reduction of tumor
hypoxia was associated with a shift in tumor pH [112].

4 Theranostic strategies exploiting hypoxia

Theranostics is a recent, largely nanomedicine-driven, field at
the interface of diagnosis and therapy that holds significant
promise for precision medicine of cancer [113]. In theranostic
strategies, detection and imaging are combined to visualize the
delivery of therapy to the target of interest in an effort to induce
minimal toxicity in normal tissues (Fig. 3). Radiation therapy
dose painting, where a boost of radiation is delivered to hypoxic
tumor regions, identified by imaging, is one example of hypoxia
theranostics. However, increasingly, there is a trend to develop
novel nanoparticles (NPs), or targeted small molecules with -
or 3-emitters for hypoxia-based radiotheranostics [114].

There is a major effort to target hypoxia by using CAIX-
binding agents since CAIX is expressed by hypoxic cells
[115]. By using a low molecular weight bivalent
ureidosulfonamide scaffold that binds to CAIX, complexed
with ""In for single-photon emission computed tomography
(SPECT) imaging to detect CAIX, and °°Y for radionuclide
therapy, significantly delayed HT-29 tumor growth was ob-
served [116]. Hypoxia-targeted gold nanorods (GNRs)
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Fig.3 Schematic representing the
concept of hypoxia-targeted
theranostic strategies. Displayed
in the schematic are NPs targeting
CAIX and hypoxic tumor micro-
environments. Adapted from
[113]

fibroblast

conjugated to a CAIX antibody for cancer photothermal ther-
apy were recently described [117]. In vivo biodistribution was
performed with hyperspectral imaging, and NIR ablation
using the GNRs eliminated CAIX expressing cells in tumors
that showed regression following treatment. Other CAIX-
binding approaches include using a “click-chemistry” ap-
proach to deliver an apoptosis inducer [118].

In another approach, a molecular probe, IR1048-MZ, was
synthesized by conjugating a nitro imidazole group as a
hypoxia-specific trigger with IR1018 as a NIR/PA signal re-
porter for PAI and photothermal therapy [119]. An additional
strategy for hypoxia targeting includes delivery of hypoxia-
responsive lipid-poly-(hypoxic radiosensitized polyprodrug)
NPs that were tested in a glioma model [120]. Theranostic
liposomes with the hypoxia activatable prodrug AQ4N
showed toxicity only in the hypoxic region of 4T1 breast
tumors [121]; ex vivo immunofluorescence staining with
pimonidazole was used to confirm hypoxia status.

The availability of NPs to deliver cDNA [122] creates the
possibility of delivering ¢cDNA coding for HRE-driven
prodrug enzyme expression, to specifically target hypoxic
cells. Advances in HRE-driven expression of prodrug/
suicide gene enzymes thymidine kinase (TK) and cytosine
deaminase (CD) were demonstrated by hypoxia-driven ex-
pression of the triple suicide gene TK/CD/UPRT expression
that enhanced cytotoxicity to ganciclovir (GCV) and 5-
fluorocytosine (5-FC) and sensitized human colorectal
HCT8 cancer cells to radiation in vitro and in vivo [123].
HCTS cells expressing hypoxia-inducible vectors (HRE-TK/
eGFP and HRE-CD/UPRT/mDsRed) were established. The
distribution of TK/eGFP and CD/UPRT/mDsRed expression,
visualized with fluorescence microscopy, co-localized with
the hypoxia marker pimonidazole-positive staining cells.
Administration of 5-FC and GCV in mice in combination with
local irradiation resulted in tumor regression, as compared
with prodrug or radiation treatments alone.

@ Springer
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While all of the hypoxia-based theranostic strategies are
currently in the discovery stage, the CAIX-targeted
radiotheranostic strategies have the possibility of rapid trans-
lation, whereas the NPs have a higher barrier to clear for
translation. Since most of the NPs are cleared through organs
such as the liver and spleen, toxicity should be carefully eval-
uated. Future hypoxia-targeting studies should also evaluate if
extracellular acidosis is reversed with treatment, and if the
effects of extracellular acidosis on invasion and metastasis
are attenuated.

5 Conclusions

While considerable advances have been made in the applica-
tions of imaging to understand the causes and consequences of
hypoxia in cancers, several areas are still relatively unex-
plored, especially within the context of invasion and metasta-
sis. Recent advances in immune checkpoint inhibitors and
their success in some cancers but not in others highlight the
importance of imaging programmed death-ligand 1 (PD-L1)/
programmed cell death protein 1 (PD-1) expression within the
complex TME to understand the role of hypoxia, acidic pH,
vascularization, metabolism, and the ECM in immune cell
trafficking and immune checkpoint expression. Similarly,
CAFs play an important role in several aspects of cancer ag-
gression [90, 124—126]. The ability to dynamically image
CAF trafficking within the context of hypoxia, acidic pH,
and the TME would advance our understanding of the role
of hypoxia and CAFs in cancer invasion and metastasis.

Another area where imaging can contribute significantly is
in understanding the premetastatic niche and the role of hyp-
oxia in establishing the premetastatic niche. Recent studies
have used label-free Raman spectroscopy to detect stromal
changes in the premetastatic lung niche in a breast cancer
model [127].
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The development of artificial intelligence algorithms to
identify aggressive habitats in cancers from radiogenomics
data [128] will provide new approaches to understand and
exploit hypoxia in cancers for detection and treatment.

Lastly, little is known about the mechanical cues that make
cancer cells migrate [129—131]. Applications of molecular and
functional imaging techniques to investigate in vivo
mechanotransduction pathways such as those mediated by focal
adhesion kinase (FAK) [132, 133] within hypoxic and acidic
environments are unexplored. Future imaging studies that in-
vestigate mechanotransduction pathways through FAK or other
molecular pathways imaging to visualize mechanotransduction
responses to Coll fiber patterns, oxygenation, and CAF traf-
ficking will provide a unique window into a critical element of
the metastatic cascade.
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