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Abstract

Pancreatic ductal adenocarcinoma (PDAC) remains one of the most lethal solid tumors with an
overall five-year survival rate of that has only just reached 10%. The tumor microenvironment of
PDAC is characterized by desmoplasia, which consist of dense stroma of fibroblasts and
inflammatory cells, resulting in a hypoxic environment due to limited oxygen diffusion through
the tumor. Hypoxia contributes to the aggressive tumor biology by promoting tumor progression,
malignancy, and promoting resistance to conventional and targeted therapeutic agents. In depth
research in the area has identified that hypoxia modulates the tumor biology through hypoxia
inducible factors (HIFs), which not only are the key determinant of pancreatic malignancy but also
an important target for therapy. In this review, we summarize the recent advances in understanding
hypoxia driven phenotypes, which are responsible for the highly aggressive and metastatic
characteristics of pancreatic cancer, and how hypoxia can be exploited as a target for drug delivery.

1. Introduction

Pancreatic cancer, with a mortality rate close to its incidence rate, is one of the most lethal
cancer. The overall incidence of pancreatic cancer is predicted to be around ~420,000 by the
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year 2020, with an associated mortality of around 410,000 [1]. The 5-year survival rate just
reported by the American Cancer Society is 10% [2]. With surgery, which is the only
curative treatment due to metastatic spread and chances of recurrence, the survival rate may
increase to 35% [3]. By 2030 [4], pancreatic cancer is expected to be the second deadliest
cancer, second only to lung cancer. Pancreatic ductal adenocarcinoma (PDAC), is the most
frequent subtype of pancreatic cancer. The appalling numbers for PDAC, are a result of early
spread, development of micro-metastasis, and resistance to radio/chemo-therapies [4]. In-
depth analysis of genetic drivers of PDAC show frequent mutations including activated
KRAS and inactivating mutations in the tumor suppressor genes TP53, SMAD4 and
CDKNZ2A [5,6]. These mutations cause modifications to ductal cells which lead to pancreas
reorganization (Fig. 1). Despite substantial progress in identification of the genetics drivers,
we have not uncovered mutations which explain the improved biology in some patients
which survive compared to the majority of patients with PDAC [7,8]. The exome sequencing
of a cohort of very long-term survivors showed no difference of mutations in comparison to
short term survivors, suggesting that examining somatic mutations alone may not be
sufficient to understand the biological and clinical differences in PDAC tumors [9]. The
complexity of PDAC is intensified by the peculiar tumor microenvironment with the
abundant stroma which is mainly cancer-associated fibroblast (CAF), primarily derived from
pancreatic stellate cells (PSC) and inflammatory cells (Fig. 1). One of the most important
characteristics of PDAC is the stroma, which creates a barrier not only for the chemotherapy
but also for perfusion of nutrients and oxygen resulting in appearance of hypoxic zones.
Lack of oxygen creates a drastic environment where tumor cells have to adapt and rewire
their metabolism to survive. The cells that survive this harsh condition contribute to the
aggressiveness of PDAC. The identification of two stromal specific and two tumor specific
gene signatures that were independent predictors of progressions highlights the importance
of studying the stroma compartment with both tumor-promoting and tumor-inhibiting effects
[10]. This article aims to review the role of hypoxia on the complex and heterogeneous
molecular characteristics of PDAC and to discuss novel promising therapeutic agents and
delivery platforms exploiting it.

Hypoxia and PDAC

Hypoxia represents a lower oxygenation level below 1.5% compared to normoxia which
corresponds to atmospheric oxygen pressure or 20% oxygenation in cell culture [11]. Both
these terms are poorly defined, as 20% oxygen (160 mmHg) in the tissue culture is
significantly higher than the 14.5% (110 mmHg) oxygen level in the lung alveoli or 5% (38
mmHg) oxygen level in peripheral tissues [12]. Thus, tumor size and its density represent
various levels of oxygenation, with the lowest levels of oxygen seen within the core of the
tumor. To classify hypoxic regions, researchers have classified 2% oxygen or 15 mmHg) as
physiological hypoxia, a level expressed by most tumor tissues, and 1% oxygen (8 mmHg)
as pathological hypoxia, where the poor oxygenation disrupts normal homeostasis.
Pancreatic cancer is considered to be severely hypoxic, expressing a median oxygen level of
less than 0.7% (0-5.3 mmHg) compared to adjacent tissue 1.2-12.3% (9.3-92.7 mmHg) [12,
13].
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Tumor cells maintain their oxygen homeostasis by numerous changes in gene expression.
The pancreatic cells adapt to the hypoxic conditions by activating transcription factors such
as hypoxia-inducible factors (HIFs), which in turn stimulate the expression of related genes
involved in angiogenesis and glycolysis [14]. HIFs are heterodimeric transcription factors
composed of an oxygen regulated a subunit (HIFa) and a constitutively expressed B subunit
(HIF1p). There are three isoforms of HIFa (HIFla, HIF2a, HIF3a) and each can
heterodimerize with HIF1B. In normoxia, HIF1/2a protein subunits are rapidly degraded by
proteasomes and have a short half-life (<5 min). Under hypoxia, HIFa is stabilized and
translocates into the nucleus to bind with HIF1p, where the heterodimer can bind to the
regulatory regions of its target genes and adjusts their transcription [15]. HIF1a is a widely
used marker of hypoxia [16].

The clinical role of HIF1a in PDAC now ranges from being a predictor for a poor patient
outcome to defining early stages of the disease. For example, in a meta-analysis of eight
clinical studies the expression of HIF1a [16]correlated with lymph node metastasis and
advanced tumor stages resulting in poor survival [17-19]. Similarly, HIFla mRNA had a
sensitivity of 87% in predicting short-term versus long-term survival for PDAC patients [20].
Likewise, G1790A single nucleotide polymorphism in the HIF1a gene is significantly
higher in patients than in healthy volunteers [21]. HIF2a has been shown to express in early
pancreatic ductal lesions of both human and mouse models of pancreatic cancer and has
been implicated in increased progression of low-grade pancreatic intraepithelial neoplasia
(mPanIN) lesions to high-grade mPanINs, with a loss of B-catenin and SMADA4 [22]. These
studies along with extensive research in the field have established the role for HIF1a and
HIF2a as poor predictors for patient outcome in PDAC. However, a recent study has shown
that HIF3a expression is stimulated to a greater extent than either HIF1/2a under hypoxic
conditions in pancreatic cancer cells [23]. /n vitro and /n vivo data demonstrated that HIF3a
promotes invasion and metastasis by transcriptionally activating the RhoC—-ROCK1
signaling pathway [23]. Given the clinical importance of hypoxia and its effect on several
cellular pathways, we will discuss the role of hypoxia on metastasis (invasion and
migration), stroma and extracellular remodeling, metabolic reprogramming, immune system,
and chemoresistance (Fig. 2).

Hypoxia and metastasis

Metastasis is one of the main reasons behind the poor prognosis of PDAC. Hypoxia plays a
major role in causing the metastatic phenotype by induction of the metastatic cascade:
cancer cell invasion, including epithelial to mesenchymal transition (EMT) and invasive
migration through the remodeled extracellular matrix, survival in blood, extravasation,
colonization and finally growth of micrometastatic to macrometastatic disease [24]. To
acquire properties of migration and invasion, the pancreatic cancer cells undergo a cellular
program where they exchange their epithelial characteristics, such as apical-basal polarity
and cell-cell adhesion, for mesenchymal traits via a cellular program known as EMT [25].
Following induction of EMT, the mesenchymal phenotype not only has enhanced migratory
capacity, and invasiveness but also increased resistance to apoptosis and elevated production
of extracellular matrix (ECM) components [26]. EMT increases the survival of cancer cells
in blood and metastatic sites by induction of stem-cell like features and creating ECM tracks
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that other cancer cells can exploit [27-29]. Several studies have revealed that hypoxia
induces epithelial plasticity and migratory phenotypes through direct and indirect regulation
of hedgehog, nuclear factor kappa light chain enhancer of activated B cells and reactive
oxidative species [30-32]. Tumor hypoxia has been correlated well with metastatic burden in
both orthotopic xenografts of human pancreatic cell lines and patient derived xenografts [33,
34]. Moreover, only a small portion of tumor cells have cancer stem cell (CSCs) features
with the enhanced tumor initiating potential due to their self-renewal property and ability to
differentiate to multiple cell types. Accumulating evidence has shown that hypoxia selects
for CSC phenotypes and supports their generation and maintenance through regulation of
HIF-dependent genes such as c-MYC, NANOG, and SOX2 [35,36]. Recently, it was shown
that sustained and intermittent hypoxia induces CSC markers, and drives EMT in both CSC-
like cells and CSCs in PDAC [32]. The cells with high CSC-like phenotype showed higher
migratory capacity under hypoxia compared to cells with low CSC-like phenotype.
Whereas, CSC-high cells displayed migratory capacity in normoxia due to expression of
EMT markers like high vimentin, which gets augmented in hypoxia compared to CSC-low
cells that are slowly transformed to mesenchymal phenotype when exposed to hypoxia [32].
Therefore, hypoxia induced cellular pathways which trigger migratory, invasiveness and
CSC phenotypes contribute to the metastatic potential of PDAC.

2.2. Hypoxia and stroma-ECM

Stroma of PDAC is often hypoxic as confirmed by an increase in HIF1a expression in the
stromal cells of human tumors and in mice PDAC tumor xenografts by
immunohistochemical analysis approach using pimonidazole, a 2-nitroimidazole molecule
that is reductively activated specifically in hypoxic cells [33,37-39]. The stroma consist of
ECM produced by activated PSCs, which play a significant role in patient survival for
patients which have activated PSC-rich vs activated PSC-poor stroma [40]. /n-vitro studies
have shown that activated PSCs showed increased expression of HIF1a,, a-smooth muscle
actin, and increased ECM deposition as a result of synthesis and secretion of collagen,
periostin, and fibronectin [41]. Hypoxia also simulates the ligand for sonic hedgehog
pathway on the cancer cells which in a paracrine fashion binds to patched-1 receptor on
fibroblasts and further promotes secretion of collagen [42,43]. The stroma has decreased
blood supply making it hypoxic and the hypoxia stimulated PSCs increase endostatin
production by pancreatic cancer cells which further reduces blood flow [41]. Endostatin is a
20-kDa endogenous angiogenesis inhibitor that has recently been shown to inhibit the
expression of vascular endothelial growth factor (VEGF), an angiogenic growth factor. Thus,
a positive feedback loop is established due to increased activity of PSCs as an effect of low
oxygen conditions [43]. Taken together, there is a complex relationship between hypoxia and
stellate cell induced fibrotic stroma, which contribute to the aggressiveness of PDAC.

2.3. Hypoxia and metabolic reprogramming

Hypoxia results from insufficient blood supply and high oxygen demand as a consequence
of rapidly growing cells which typically triggers angiogenesis. However, in PDAC with its
unique stroma it causes less vascularization resulting in desmoplastic reaction and activation
of a metabolic switch. The switch results in activation of glycolysis instead of oxidative
phosphorylation and release of lactate in the cancer cells, which is used in their proliferation
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and metabolism of glutamine to glucose that helps cells survive in low oxygen levels [44].
Lactate is taken up by adjacent normoxic cells and promotes tumor symbiosis between
hypoxic and normoxic cells in which it is recycled as a fuel for growth [45]. Moreover, due
to continuous fluctuation of oxygen levels hypoxic cells may become normoxic at times
causing the warburg effect or aerobic glycolysis [46]. Due to the Warburg effect, hepatic
gluconeogenesis increases to recycle tumor-produced lactate to glucose, which when
released to the blood is processed by tumor cells for glycolysis again. In PDAC patients, the
glucose-lactate loop cannot meet the demand for glucose may cause skeletal muscle and
adipose tissues to undergo catabolic metabolisms to release more glucose contributing to
cancer cachexia. HIF1 a is shown to be essential for survival under prolonged hypoxia as it
sustains ATP production by switching to glycolysis from oxidative phosphorylation [47].
HIF also decreases the production of reactive oxygen species (ROS) by shunting glucose
away from mitochondria into lactate synthesis [47,48]. Cancer cells, by favoring glycolysis,
spare pyruvate for building carbon skeletons needed for cellular growth [48]. Thus, if the
Warburg effect decreases following an inhibition of cancer-induced HIF1a, cancer cachexia
may be reversed [49]. Although, these metabolic pathways in PDAC contribute towards
aggressiveness of the disease, they highlight the gap between the normal and pancreatic cell
metabolism, which could be exploited and eliminating the hypoxic areas could in turn limit
PDAC progression and metastasis.

2.4, Hypoxia and immune system

PDAC has a unique tumor microenvironment composed of myofibroblasts and immune cells
that often outnumber carcinoma cells resulting in a very hypoxic tumor [50]. Hypoxia
induces changes in the tumor microenvironment that encourage immunosuppression, which
may play a role in diminishing the efficacy of immunotherapy [51]. In PDAC, the cytokines
like IL-6, IL-1, TNF-a., TGF-B activates PSCs leading to produce ECM molecules resulting
in fibrosis. Increased fibrosis not only produces increased CXCL12 but also interferes with
chemokines used in T cell homing causing them not to reach the tumor cells [41,52]. In
PDAC cell lines, HIF2a increases survivin production which provides resistance to
apoptosis by tumor necrosis factor related apoptosis inducing ligand (TRAIL) [53]. Hypoxia
also upregulates carbonic anhydrase and GLUT1 and GLUT3 transporters in PSCs which
further contribute to immunosuppressive microenvironment [41,54]. Moreover, HIF1a
knockout in mouse pancreas showed an increase in the number of B cells in the tumor
microenvironment. HIF1a knockout PDAC mice model showed enhanced PanIN
progression at early stages, but depletion of B cells via anti-CD20 antibody reduced their
commencement in the early phase of life, prior to tumor appearance by increasing the T cell
infiltration into the tumor [55]. M2 macrophages are higher and show immunosuppressive
properties in hypoxic regions of PDAC [56]. HIF1a stabilization has been correlated to
increased PD-L1 expression on both macrophage and dendritic cell surfaces, along with
increased production of MMP-7, thus protecting neighboring cells from cell mediated
apoptosis [56]. Hypoxia was shown to decrease circulating dendritic cells with
corresponding increase in TNF-a and IL-6, and the absence of HIF1a showed less CD278
expression (expressed on activated T cells), and decreased production of granzyme B mRNA
by T cells in culture because of PI3K/Akt pathways [57,58]. Overall, there are conflicting
reports on the effects of hypoxia on the functioning of immature and mature dendritic cells
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within hypoxic tumor microenvironment. HIF1a also promotes differentiation of FOXP3*
cells via increased gene transcription and in presences of TGF-B, they become Tregs [59]. In
hypoxic conditions, T cell extravasation from blood vessels is reduced and ROS dependent T
cell apoptosis is increased [60]. Therefore, there are multiple mechanisms by which hypoxic
PDAC tumors inhibit antitumor immune responses.

The complex interplay of immune effectors is one of the great challenges in establishing
effective immunotherapies, which have so far failed in PDAC. Checkpoint blockade
therapies targeting PD-1/PDL1 and CTLA-4 have shown remarkable clinical success in
other malignancies but showed no activity in PDAC [61]. Their combination with
chemotherapy has also showed no significant activity compared to chemotherapy alone.
Other single agent therapies such as TGF inhibitors, miRNA inhibitors, and Treg depletion,
that are promising in other solid tumors have shown little success in PDAC [61]. Research
has now shifted to evaluating these therapies as combination therapies with chemotherapy
and radiation emphasizing the fact that the immune barrier in PDAC is different compared to
other tumors. Further, research has been directed towards vaccine strategies to prime tumor
specific T cells such as GVAX, an irradiated granulocyte—macrophage colony stimulating
factor (GM-CSF)-secreting allogeneic whole-tumor vaccine, which showed
immunomodulation in PDAC by stimulating an increase in T cell infiltrates and myeloid cell
activation [62]. The concept was further evaluated using CRS-207, a live attenuated
bacterium expressing mesothelin and its combination with cyclophosphamide and GVAX
resulted in expansion of a repertoire of mesothelin-specific T cells in the peripheral blood in
some patients [63]. Overall, the effects of vaccine therapies for PDAC are mild, suggesting
we still need to explore alternatives to reverse immunosuppressive environment of PDAC
[64].

2.5. Hypoxia and chemoresistance

Hypoxia can mediate chemotherapy resistance through extrinsic resistance resulting from
fibrosis due to CAFs and dense ECM components. Increased tissue tension and intratumoral
pressure causes a decrease in perfusion of chemotherapeutic agents and therapeutic response
[37]. Hypoxia also regulates drug efflux as HIF1 is able to stimulate the expression of the
multidrug resistance 1 (MDRL1) gene in response to hypoxia, a gene which can actively
transport a number of chemotherapeutic drugs [65]. Additionally, hypoxia influences
metabolic reprogramming as it induces up regulation of asparagine synthetase in response to
hypoglycemia mediated apoptosis which is also a method for cisplatin resistance [66].
BNIP3, a gene involved in hypoxia-mediated cell induced apoptosis is downregulated in
pancreatic cell lines. Loss of BNIP3 has been associated with resistance to gemcitabine and
5-fluorouracil [67]. Hypoxia modulates multiple signaling pathways which play an
important role in chemoresistance, for example; resistance to gemcitabine is increased in
hypoxia via the PI3K/Akt/NF-xB pathways that increases anti-apoptotic proteins such as
Bcel-XL and FLIP. HIF1 functions as a strong suppressor of apoptosis, it can modify
programmed cell death upon treatment with chemotherapeutic agents in PDAC. Also, HIF1
induces stemness, if CSCs are not eliminated during chemoradiotherapy, tumor recurrence
and subsequent clinical progression may manifest due to the drug resistance of CSCs.
Overall, tumor cell survival adapts in hypoxia to minimize apoptosis and increase resistance
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to chemotherapy. Hypoxia also promotes resistance to radiotherapy through decreased
production of DNA free radicals and increased DNA repair enzymes.

3. Targeting hypoxiain PDAC

Given the role and molecular characterization of hypoxia, it is a rational approach to target
HIF pathways for treatment of PDAC (Fig. 3). Efforts were directed to create anti-hypoxic
therapy to simulate oxygen levels by promoting oxygen dissociation from hemoglobin by
OXY111A, a synthetic allosteric effector of hemoglobin 4 [68], with a goal to increase
outcomes by combination of anti-hypoxic therapy with the standard cytotoxic treatment in
patients with PDAC. HIF, being the master regulator of hypoxia, an antisense
oligodeoxynucleotide that specifically targets HIF1a was tested in a pilot clinical trial, two
out of six patient’s biopsies showed a significant decrease in HIF1a protein levels but none
of them showed a decrease in HIF1a target gene expression [69]. The results led to interest
in decreasing HIF1a expression by using compounds that inhibited HIF1a synthesis in
PDAC. PX-478, melphalan derivative showed reduced tumor growth in preclinical studies by
inhibition of HIF1a expression and digoxin, a cardiac glycoside was shown to inhibit HIF
synthesis [70,71]. Minnelide, a water-soluble prodrug of triptolide, a natural compound, was
shown to decrease HIF1a as well as CSC features of pancreatic cancer. It is currently being
tested in advanced gastrointestinal cancers [72]. Considering the effect of HIF1a on
metabolic pathways, glycolytic inhibitors such as 3-bromopyruvarte have been studied. To
circumvent its toxicity, it was complexed with B cyclodextrin, which demonstrated strong
antitumor effect with no toxicity in an orthotopic pancreatic tumor model [73].

Another approach was selectively targeting hypoxic cells by compounds that get activated
under hypoxic conditions. Hypoxia activated prodrugs (HAPS), constitute a class of
molecules which are inactive in cells with normal oxygen levels but in hypoxic cells undergo
chemical reduction to the active compound. HAPs can be classified into chemical groups
that can be modified to serve as the as their backbones such as nitro groups, aromatic and
aliphatic N-oxides, quinones, and transition metals [74]. They can also be classified based
on the hypoxic threshold required for their activation into class | and class Il. Class I,
comprise of compounds such as benzotriazine, N-oxide, SN30000, and tirapazamine that
can be activated under relatively mild hypoxia and class Il comprise of PR-104 A and
TH-302, which are maximally activated under extreme hypoxia [75]. Tirapazamine, was the
first HAP studied to show promising results in preclinical studies but failed to show clinical
benefit in large randomized clinical trials when combined with chemotherapy and radiation
[76]. Thus, class Il HAPs have more potential to be used for targeting hypoxia due to the
ability to be activated under extreme hypoxic conditions, which would increase the
therapeutic window. Evofosfamide (TH-302), a 2-nitroimidazole-triggered HAP releases
bromoisophosphoramide mustard, a DNA crosslinker in hypoxic cells [77]. It is activated
through the release of a prodrug radical by reduction in hypoxic cells, which gets oxidized
back to the prodrug in oxygenated cells [76]. Promising preclinical trials/models for PDAC
led to phase 2 clinical trials of TH-302 alone or in combination of gemcitabine in advanced
PDAC. The results showed a significantly improved survival of 5.1 months with gemcitabine
+ TH-302 compared to 3.4 months with gemcitabine alone [76]. Unfortunately, in the phase
I11 trial that included untreated patients with advanced and metastatic PDAC randomized to
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TH-302 in combination with gemcitabine versus gemcitabine and placebo, no survival
benefit was revealed. This could be due to inclusion of both metastatic and locally advanced
disease patients in the study and also the comparison to gemcitabine as a single agent for
advanced disease when combination chemotherapy standard of care has changed to
FOLFIRINOX and gemcitabine/nab-paclitaxel for patients [76]. In addition, predicting the
sensitivity of individual tumors to HAPs is also a concern behind the lack of success of these
agents. Research now is focused on screening hypoxic PDAC patients for clinical trials to
increase the outcome of the studies. Continued research in this area of HAPSs involves
developing novel effective therapies in the future, such as tarloxotinib bromide, an EGFR
tyrosine kinase inhibitor that is activated in a hypoxic environment along with other HAP’s
such as vinblastine N-oxide prodrug developed by Cascade Prodrug Inc, Oregon [78,79].

Direct inhibition of HIF using drug acriflavine, which inhibits dimerization and transcription
of HIF by directly binding to HIF1a and or HIF2a., has still not been evaluated in PDAC but
indirect inhibition of HIF1a by its increased degradation has been studied in PDAC by
inhibition of heat shock protein HSP 90 [80,81]. Other transcriptional targets of HIF1
include, pH-regulating enzymes carbonic anhydrases - CA9. Its expression is a promising
therapeutic target in cancer as it is primarily driven by HIF1 activity, and is not detected in
most normal tissues [82]. After a successful phase I trial evaluating the CA9/12-selective
small molecule inhibitor SLC-0111 for safety and tolerability in patients with advanced solid
tumors (NCT02215850), a follow-up trial is evaluating SLC-0111 in combination with
gemcitabine for PDAC in patients with CA9-positive tumors (NCT03450018). HIF1
transcriptional activity is increased by redox signaling via Apurinic/Apyrimidinic
Endonuclease-1-Reduction/oxidation Effector Factor 1 (APE1/Ref-1), that converts HIF
oxidized transcription factor to a reduced state, leading to upregulation of tumor-promoting
genes [83]. APX3330, a direct small molecule inhibitor of APE1/Ref-1 is highly selective
for APE1/Ref-1 redox signaling activity in tumor cells [83]. An ongoing clinical trial
(NCT03375086) will establish its tolerability and appropriate dosing in patients with solid
tumors, including PDAC. CA9 expression has also been correlated with insulin-like growth
factor-1 (IGF1) expression in pancreatic specimens. Under hypoxia, CAFs were shown to
stimulate the invasion activity of PDAC cells through paracrine IGF1/IGF1R signaling,
which was shown to be inhibited using IGF1R inhibitors [84].

Natural products such as B-elemene (1-methyl-1-vinyl-2,4-diisopropenyl-cyclohexane), a
compound isolated from an extract of the traditional Chinese medicinal herb Curcuma
wenyujin has been shown to ameliorates malignant peritoneum effusion in pancreatic cancer
patients by inhibiting the HIFLA/VEGFA pathway [85]. Emodin (1,3,8-trihydroxy-6-
methylanthracene-9,10-dione) and rhein (4,5-dihydroxy-9,10-dioxoanthracene-2-carboxylic
acid), components of Rheum palmatum or Chinese rhubarb were shown to inhibit HIFla
expression in human pancreatic cancer cells by decreasing phosphorylation of protein
kinases B (p-AKT) and ERK1/2 (p-ERK1/2) in vitro and have been shown to attenuate
cancer cachexia /n vivothat is caused by high hepatic gluconeogenesis and skeletal-muscle
proteolysis [49].
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Hypoxia and drug delivery platforms

Conventional therapies have shown some success in the treatment of PDAC but overall
survival times of PDAC patients remain unconscionably low. This is attributed to
physicochemical properties of the therapeutic agents resulting in poor bioavailability,
toxicity and overall, reduced efficacy. Alternate platforms that can increase the efficacy and
reduce toxicity of chemotherapeutic agents is needed. Nanotechnology based drug delivery
platforms is a viable strategy as it provides the versatility to manipulate the loading capacity,
plasma profiles, and surface functionalization for targeting. The platform can be used to
deliver small molecules and well as macromolecules and can also be used to co-deliver
multiple therapeutic agents. Currently, there are two nanotechnology-based therapeutics
approved by the FDA, albumin-bound paclitaxel nanoparticles, Abraxane® or nab-
paclitaxel, and liposomal formulation of irinotecan, Onivyde™, that have been approved for
PDAC treatment in combinations with other chemotherapeutic agents [86]. Abraxane is a
human serum albumin-based encapsulation of paclitaxel, which allows for the enhanced
delivery of paclitaxel to the cancer cells leading to increased bioavailability and alleviated
toxicity to normal tissue compared to cremophor-based paclitaxel formulation [87]. Another
nanomedicine formulation approved for use as a second-line therapy for patients with
metastatic PDAC who progressed after gemcitabine-based chemotherapy is liposomal
irinotecan in combination with 5-FU and folinic acid [86]. However, these improve the
overall survival of patients only modestly. Having established the crucial role of hypoxia
above, novel approaches employing targeting hypoxia along with chemotherapeutic agents
will be discussed in this section.

Iron chelation results in stabilization and overexpression of HIF1a through the inhibition of
prolyl hydroxylases, iron-dependent enzymes responsible for HIF1a degradation. Abnormal
iron metabolism in pancreatic cancer is considered as a therapeutic target as significantly
higher iron content was found in clinical pancreatic cancer tissues compared to adjacent
tissues. Also, the expression of iron metabolism-related proteins by immunohistochemistry
in a tissue microarray consisting of 96 human pancreatic cancer specimens showed that the
pancreatic cancer cells possess an abnormally high level of intracellular iron, which
performs an important role in proliferation and that iron chelation may be an effective
therapeutic strategy to treat these tumors. Thus, a combination of a HIF1a inhibitor to block
the HIF1a overexpression that accompanies iron chelation was studied. Transferrin receptor
targeting liposomes loaded with iron chelator deferoxamine and lificiguat, a HIF1la
inhibitor, showed significant tumor growth reduction in both subcutaneous and orthotopic
pancreatic cancer xenografts [88].

Oxygen being essential in the process of cancer cell destruction makes it obvious for the
hypoxic tumor to be resistance to radiotherapy, chemotherapy, and photodynamic therapy
[74]. Tumor oxygenation, resulting in relieving or even reversing the hypoxic
microenvironment via delivering oxygen to hypoxic regions of solid tumors to further
attenuate resistance to various therapies has received considerable attention [89]. One such
platform is an oxygen-self-produced nanoplatform with a modified fluorocarbon (FC)-
chain-mediated oxygen delivery protocol established in the mesoporous organosilica
nanoplatform that can provide sufficient storage capacity and binding sites for
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sonosensitizers (IR780) and oxygen [89]. Based on the same principle of tumor
oxygenation, CaO2 NPs coated with a pH-sensitive polymer to enable the controlled
generation of molecular oxygen as a function of pH were prepared which were activated
only as a function of low pH in hypoxic regions of solid tumors. The polymer coated NPs
significantly increased the tumor pO2 levels in pancreatic xenograft tumors in a period of
10-30 min following administration [90]. Similarly, to increase the sensitivity of hypoxic
tumor cells to radiotherapy, a tungsten oxide nanoparticle (NP) modified with ligands
targeting the CCL-28, a chemokine overexpressed in the hypoxic microenvironment [91],
were formulated. The NPs were covalently bound using a matrix metalloproteinase-2
(MMP-2) cleavable peptide (ProLeu-Gly-Val-Arg-Gly) to increase size and thus the overall
plasma circulation. The particles were shown to be taken up due to the enhanced
permeability and retention (EPR) effect and the up-regulated expression of the MMP-2
enzyme in the tumor microenvironment triggered the destruction of the larger NPs to release
smaller NPs with the CCL-28 ligands, which facilitated deeper tumor penetration due to
their smaller sizes [91]. Ultrasound mediation of stimuli responsive microdroplet loaded
with LLL12, a small molecule STAT3 inhibitor and oxygen gas showed increased drug and
oxygen deposition in pancreatic cancer cells and enhanced therapeutic outcome [92]. To
minimize the risk involved with intravenous injection of microbubbles or droplets, an orally
delivered suspension of surfactant-stabilized oxygen nanobubbles was developed and tested
in a xenograft tumor model for human pancreatic cancer [93]. Single dose of these oxygen
nanobubbles showed a reduction of 75% and 25% in the transcriptional and translational
expression of HIF1a, respectively, along with a significant reduction in the expression of
vascular endothelial growth factor (VEGF) and corresponding increase in the expression of
arrest-defective protein 1 homolog A (ARD1A) [93]. Sonodynamic microbubbles loaded
with antimetabolite, 5-fluorouracil and oxygen also showed significant tumor reduction of
pancreatic tumors in mice compared to antimetabolite alone [94].

Lipid nanoparticles comprising a synthesized hypoxia-responsive, PEGylated lipid and an
iRGD peptide encapsulating the anticancer drug gemcitabine in the aqueous core were
formulated. The NP released 65% of the encapsulated contents under hypoxic conditions in
2 h and showed decreased cell viability with increased penetration to the hypoxic cores in
cultured pancreatic cancer cell spheroids [95]. Similarly, a hypoxia-responsive, diblock
copolymer poly(lactic acid)-azobenzene-poly(ethylene glycol), which self-assembled to
form polymersomes loaded with gemcitabine and erlotinib were formulated [96]. In three-
dimensional spheroid cultures of pancreatic cancer cells, polymersomes released the
anticancer drugs in 50 min under hypoxic condition compared to none in normoxia [96].

4. Conclusion

Despite the lack of success in treatment of PDAC due to the genetic mutations which lead to
its progression and aggressiveness, the contribution of tumor microenvironment to its poor
outcome is substantial. Hypoxia is a key determinant amongst the tumor microenvironment
driving pancreatic tumor malignancy. Extensive research has identified hypoxia to drive a
number of pathways in PDAC that lead to invasiveness, induction of EMT, metastasis,
promote ECM deposition, activation of macrophages, and stellate cells that contribute to
desmoplasia. Moreover, it is also a barrier to chemo- and radiotherapy. However, all these
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findings point to hypoxia as an important therapeutic target in PDAC, a disease in urgent
need of novel therapeutic approaches.
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Fig. 1.
Schematic representation of progression of PDAC. Most PDAC arise from normal acinar

cells (epithelial cells) that undergo metaplasia to duct-like cells, initially forming low-grade
pancreatic intra-epithelial neoplasia (PanIN) in response to an oncogenic stress, most
commonly KRAS mutation, which progress on to high-grade PanIN (2-3) accompanied by
accumulating genetic alterations such as loss of p16/CDKN2A, p53 and SMADA4. Recent
evidence also suggests a role of hypoxia in the progression of pancreatic ductal
adenocarcinoma (PDAC) along with decreased accessibility of the vasculature due to excess
ECM development. From left to right: a normal differentiated acinar cell, de-differentiates to
ductal state that progress through increasing hyperplastic PanIN grades and on to PDAC and
eventually progresses to invasive and metastatic PDAC. Figure created using
BioRender.com.
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Fig. 2.
Hypoxia in PDAC drives metastasis, metabolic reprogramming, therapeutic resistance,

immune evasion, angiogenesis, autophagy and stroma-ECM remodeling. Figure created
using BioRender.com.
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Restoring oxygen levels

Hypoxia activated prodrugs 1. Misonidazole
1. Evofosfamide (NCT017466979, NCT02402062, 2. OXY111A (NCT02528526,)
NCT00743379, NCT02047500, NCT02047500, 3. GC4419 (NCT03340974)

NCT01381822,NCT03098160)

2. Mitomycin C \ f
3.Tirapazamine

Targeting metabolic changes

4. Apaziquone s —~ / modulated by hypoxia

Hypoxia targeting therapies;‘

Targeting HIF / \ /

1. XL888 (NCT03095781)
2. Tanespimycin (NCT00577889 )

3. AUY922 (NCT01484860)

4. Acriflavine
Targeting immune cells modulated by hypoxia
1.BMS813160 (NCT03184870, NCT03767582)
2.BL8040 (NCT02907099, NCT02826486)
3.0laptesed (NCT03168139)
4.Plerixafor (NCT03168139)

Fig. 3.

Schematic of therapies targeting hypoxia in PDAC.
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1. BPM31510 (NCT02650804)
2.NIR178 (NCT03207867)

3. CPl444 (NCT03454451)

3. Zoledronic acid (NCT00892242)
4. Epacadostat (NCT03006302)

Targeting chemokines/cytokines
upregulated by hypoxia

1. Galunisertib (NCT02734160)
2. Vactosertib (NCT02154646)
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3. M7824 fusion protein

4. NIS793 mAB

5. Tocilizumab (NCT02767557)
6. Siltuximab (NCT00841191)



	Abstract
	Introduction
	Hypoxia and PDAC
	Hypoxia and metastasis
	Hypoxia and stroma-ECM
	Hypoxia and metabolic reprogramming
	Hypoxia and immune system
	Hypoxia and chemoresistance

	Targeting hypoxia in PDAC
	Hypoxia and drug delivery platforms

	Conclusion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.

