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REVIEWS I

pancreatic cancer

Nanomedicine strategies to overcome
the pathophysiological barriers of

Pancreatic ductal adenocarcinoma (PDAC), often
referred to more generally as pancreatic cancer, is an
aggressive form of cancer and is the fourth leading cause
of cancer-related death in the USA'. Cases of PDAC are
relatively infrequent compared with other cancers; in
2016, an estimated 53,070 patients will be diagnosed with
pancreatic cancer in the USA, compared with 249,260
new cases of breast cancer. Nevertheless, nearly 80%
of patients with PDAC die within a year of diagnosis?,
whereas more than 80% of patients with breast cancer
survive beyond the first year®. Several factors hinder the
survival of patients with PDAC. First, few clear clinical
signs or symptoms are evident at the early stages of the
disease, and early detection is extremely difficult, owing
to the absence of disease-specific biomarkers. Second,
the symptoms of advanced-stage disease are usually non-
specific, which can further delay diagnosis, resulting in a
poor prognosis — the 5-year survival rate among patients
with advanced-stage PDAC is less than 5%". Finally,
surgical resection is possible only in about 10-15% of
patients with PDAC, typically owing to the presence
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Abstract | Pancreatic ductal adenocarcinoma (PDAC) is one of the leading causes of cancer-
related deaths. PDAC remains one of the most difficult-to-treat cancers, owing to its unique
pathobiological features: a nearly impenetrable desmoplastic stroma, and hypovascular and
hypoperfused tumour vessels render most treatment options largely ineffective. Progress in
understanding the pathobiology and signalling pathways involved in disease progression is
helping researchers to develop novel ways to fight PDAC, including improved nanotechnology-
based drug-delivery platforms that have the potential to overcome the biological barriers of the
disease that underlie persistent drug resistance. So-called ‘nanomedicine’ strategies have the
potential to enable targeting of the Hedgehog-signalling pathway, the autophagy pathway, and
specific RAS-mutant phenotypes, among other pathological processes of the disease. These novel
therapies, alone or in combination with agents designed to disrupt the pathobiological barriers of
the disease, could result in superior treatments, with increased efficacy and reduced off-target
toxicities compared with the current standard-of-care regimens. By overcoming drug-delivery
challenges, advances can be made in the treatment of PDAC, a disease for which limited
improvement in overall survival has been achieved over the past several decades. We discuss the
approaches to nanomedicine that have been pursued to date and those that are the focus of
ongoing research, and outline their potential, as well as the key challenges that must be overcome.

of widespread metastases at diagnosis®. Moreover, cur-
rent chemotherapy and radiation treatments are largely
ineffective in most patients.

For decades, gemcitabine, a nucleoside analogue of
deoxycytidine that blocks DNA replication and several
forms of DNA repair, has typically been used as the
standard first-line therapy for PDAC®. In general, how-
ever, therapeutic responses with gemcitabine, either
alone or in combination with other cytotoxic agents,
have been disappointing for patients with PDAC”®. This
lack of effectiveness is attributed to the poor plasma
stability, inefficient cellular uptake, and complex intra-
cellular metabolism of gemcitabine’. In addition, cyti-
dine deaminase (CDA) within cells in the blood and
liver metabolizes gemcitabine to an inactive difluoro-
deoxyuridine (dFdU) metabolite, leading to low tissue
exposure and rendering the drug largely ineffective’.
Because of these unfavourable pharmacological prop-
erties, gemcitabine is often used at high doses and is
administered frequently, in attempts to improve the
effectiveness of therapy; however, intensive dosing also
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Key points

* A nearly impenetrable stroma and hypovascularity limit drug delivery to pancreatic
ductal adenocarcinoma (PDAC) cells and thus the effectiveness of treatments,
resulting in a very poor prognosis for patients

e Various nanoparticle-based approaches to overcome the biological barriers to drug
delivery that are characteristic of pancreatic cancer are being explored in order to
improve patient responses and outcomes

¢ Nanoformulations comprising albumin-bound paclitaxel (nab-paclitaxel) and
liposomalirinotecan (MM-398) are approved for the treatment of PDAC based on
survival benefits of 1.8-1.9 months

e Various signalling pathways (for instance, the MAPK/PI3K, Hedgehog, and autophagy
cascades), and the KRAS oncogene are involved in the progression of pancreatic
cancer and could serve as alternative therapeutic targets

e Strategies to overcome pathophysiological barriers and normalize the tumour matrix
(such as Hedgehog-pathway inhibitors) can relieve the solid stress and improve vessel
perfusion to increase nanoparticle penetration of the tumour

e Attributes of nanomedicine, such as small size, a high degree of drug encapsulation,
and controlled drug release, can improve drug delivery to the tumour by exploiting
novel endocytic routes that are independent of membrane transporters

increases the risk of toxic adverse effects. In addition,
several cancer-cell intrinsic (for example, genetic) and
cancer-cell extrinsic (for example, microenvironmental)
factors have been correlated with the poor prognosis of
patients treated with gemcitabine: decreased expression
of human equilibrative nucleoside transporter 1 (ENT1),
which is required for cellular uptake of gemcitabine;
attenuated levels of deoxycytidine kinase (dCK), lead-
ing to reduced metabolism of the gemcitabine prodrug
to form the active metabolite; increased expression of
ribonucleotide-diphosphate reductase subunits 1 and 2
(RRM1 and RRM2), which are associated with enhanced
resistance to gemcitabine; and epithelial-to-mesenchymal
transition (EMT), which suppresses the expression of the
ENT]1 transporter'®"". More recently, the redox-mediated
NREF?2 pathway has been implicated in gemcitabine resist-
ance in pancreatic cancer cell lines by enhancing the
expression of antioxidant response genes'2.

In 2011, in a trial of the four-drug combination
FOLFIRINOX, consisting of 5-fluorouracil, folinic acid
(leucovorin), irinotecan, and oxaliplatin, an unpre-
cedented median overall survival of 11 months was
reported for patients with metastatic PDAC, com-
pared to 6.8 months with gemcitabine treatment".
Unfortunately, the four-drug regimen was associated
with substantial increases in the incidence of grades 3-4
toxicities, including neutropenia, diarrhoea, and sensory
neuropathy”; thus FOLFIRINOX is recommended as a
first-line therapy only for patients who are able to endure
the toxicities. Several other molecularly targeted ther-
apies have been evaluated as treatments for metastatic
PDAC in combination with the standard-of-care treat-
ments, but most have been associated with limited or no
clinical benefit, and have failed to progress to advanced
stages of clinical evaluation.

The cancer-cell extrinsic pathological features that
characterize PDAC, such as the desmoplastic stroma and
compressed blood vessels, can also limit the therapeutic
effectiveness of treatments®. These features impede
the delivery of drugs from the circulation to the cancer

cells'® (BOX 1). These drug-delivery challenges for sys-
temic administration of chemotherapeutic agents, which
contribute to the poor effectiveness and overt toxicity
of treatment, can be successfully overcome, in part, by
exploiting nanotechnology-based strategies — so-called
nanomedicines'®. Such strategies can involve the use of
nanoparticle treatments alone or in combination with
agents that modify or ‘normalize’ the tumour stroma
(including angiotensin II receptor antagonists, recombi-
nant human hyaluronidase, and inhibitors of Hedgehog
signalling), or the tumour vasculature (such as anti-
angiogenic agents). Normalizing the tumour stroma
can reduce solid stress and improve tumour vessel per-
fusion, thus improving the delivery of the nanoparti-
cles'®'”. Nanoparticle carriers with appropriately tailored
physicochemical characteristics (including optimal size,
charge, shape, and drug loading and release), which can
protect their cargo (the drug) from premature release
and degradation, and can traverse the various biological
barriers to drug delivery, have the potential to improve
therapeutic efficacy in patients with PDAC (BOX 2).
Indeed, advances in nanotechnology have been lever-
aged for improved drug-delivery strategies for a variety
of therapeutic and diagnostic agents'®. For example, sev-
eral nanoformulations of gemcitabine have been evalu-
ated in preclinical and clinical studies'-*. Furthermore,
numerous other nanomaterials are currently undergoing
or have completed clinical evaluation for the treatment
and/or diagnosis of PDAC specifically (TABLE 1), and these
studies have led to new approvals of nanomedicines for
PDAC. In this Review, we explore the various signalling
pathways and pathological barriers to effective treat-
ment of PDAC, and discuss the nanotechnology-based
strategies that are currently being developed to address
these challenges and improve therapeutic outcomes for
patients with this devastating disease.

Approved nanomedicines for PDAC

In 2013, the FDA approved an albumin-bound nano-
formulation of paclitaxel, nab-paclitaxel, for use in com-
bination with gemcitabine as the frontline treatment
for patients with advanced-stage metastatic pancreatic
cancer?®’. In the phase III clinical trial of this combina-
tion***, a modestly improved 1-year survival rate was
demonstrated with the addition of nab-paclitaxel to
gemcitabine: 35% compared with 22% for gemcitabine
alone. Several different mechanisms have been suggested
to underlie the therapeutic activity of nab-paclitaxel; for
example, the concentration of paclitaxel in the tumour
might be increased as a result of active transport mechan-
isms mediated by the gp60 albumin receptor (albondin)
and/or SPARC (also known as secreted protein acidic and
rich in cysteine), or scavenging of extracellular proteins,
including albumin, by cells in nutrient-deprived tumours
in order to sustain growth”*. Other mechanisms that
have been proposed for the enhanced treatment out-
comes seen when combining nab-paclitaxel with gem-
citabine include nab-paclitaxel-mediated inhibition of
the gemcitabine-metabolizing enzyme CDA, thereby
increasing the intratumoural accumulation of gemcita-
bine, and/or depletion of the tumour stroma, resulting

2| ADVANCE ONLINE PUBLICATION

www.nature.com/nrclinonc

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



Box 1 |Pathophysiological barriers of PDAC

* Pancreatic ductal adenocarcinoma (PDAC) arises in an exocrine region of the pancreas
and is graded into various stages depending on the histology of the intraepithelial
neoplasms (PanIN-1-3); each PanIN stage is associated with unique histological
characteristics, and accumulation of mutations at each stage correlates with
disease progression’*°

PDAC is characterized by the presence of a dense desmoplastic stroma, consisting of
cellular (endothelial, nerve, and immune cells, and fibroblasts) and acellular (fibrin,
collagen, fibronectin, and hyaluronan) components, and has a high ratio of stromal to
neoplastic tissue’**'3!; neoplastic cells typically constitute <20% of the tumour mass

The desmoplastic nature of the stroma results in the generation of solid stress and/or
increased interstitial fluid pressure within the tumour, leading to vessel compression'*®*3!,
which in turn, results in inadequate perfusion and hypovascularity, rendering
approximately 80% of the vessels in the tumour nonfunctional

As a result of inadequate perfusion and hypovascularity, the tumour microenvironment
in PDAC is generally hypoxic!3°*3!

Pancreatic stellate cells within the tumour stroma can be activated by inflammatory
cytokines, such as IL-1 and IL-6, and growth factors, including tumour necrosis factor o
(TNFa) and transforming growth factor 1 (TGFB1), leading them to secrete copious
amounts of extracelleular matrix components that create a barrier to drug
extravasation into the tumour interstitium*’®

Matrix metalloproteinases (MMP-1 and MMP-9) secreted by stellate cells

degrade basement membrane proteins, resulting in the initiation of fibrosis and
cancer-cell invasion'”’

in increased tumour vascularization and thus intra-
tumoural gemcitabine concentrations?*. Additionally,
elimination of the solvent Cremophor EL used in the
standard paclitaxel formulation from the nab-paclitaxel
formulation also reduces the risk of off-target toxicities
(such as neutropenia) and, thereby, improves the effec-
tiveness of treatment?*. Nevertheless, the effectiveness of
therapeutic agents, such as nab-paclitaxel, that disrupt
the cell cycle has been shown to be limited as such agents
are cytotoxic to cells specifically undergoing the G,-M
phase transition, whereas most cancer cells in a tumour
are in the G,/G, quiescent phases of the cell cycle®.

In 2015, the FDA approved a second nanomedicine,
MM-398, for use in a combination regimen with
5-fluorouracil and folinic acid as a second-line therapy
for metastatic PDAC. MM-398 is a nanoliposomal for-
mulation of irinotecan, a topoisomerase 1 inhibitor that
is a component of the FOLFIRINOX regimen. In the
NAPOLI-1 trial involving patients with PDAC that had
progressed on gemcitabine-based therapy*', the median
overall survival among patients who received MM-398
plus 5-fluorouracil and folinic acid was 6.1 months (and
8.9 months for patients that received at least 80% of
the recommended dose), and 4.2 months among those
treated with 5-fluorouracil and folinic acid (P=0.012)3"%,
The successful clinical implementation of MM-398 was
facilitated by the high potency of irinotecan, a high level
of drugloading (80,000 irinotecan molecules in a 100 nm
liposomal nanoparticle), controlled drug release, and a
favourable pharmacokinetic profile achieved through
liposomal encapsulation®**. MM-398 monotherapy did
not result in any statistically significant improvement
in efficacy compared with 5-fluorouracil and folinic
acid: patients treated with MM-398 monotherapy had a
median overall survival of 4.9 months®.
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Thus, enhanced nanoparticle-mediated delivery of
potent cytotoxic agents (paclitaxel and irinotecan) to the
tumour site have led to improvements in progression-
free survival (PFS) and overall survival for patients with
PDAC. The superior performance of the FDA-approved
nanomedicines would, however, be best evaluated in
direct comparisons of combination regimens compris-
ing the nanoformulation versus similar regimens incor-
porating the legacy drug (that is, the original, free-drug
formulation) — in order to gain insight into whether the
improvements in efficacy can simply be explained by
the addition of an extra cytotoxic agent to the treatment
regimen. Neither the nab-paclitaxel clinical trial, nor
the NAPOLI-1 trial of MM-398 included the free-drug
combination treatment (that is, Cremophor EL formu-
lated paclitaxel plus gemicitabine, and free irinotecan
plus 5-fluorouracil and folinic acid, respectively) for
comparison. Nevertheless, evidence from independent
preclinical and clinical studies indicates that the nano-
formulations provide an advantage over the legacy for-
mulations by improving the pharmacokinetics of the
chemotherapeutic agent. Preclinically, nab-paclitaxel has
demonstrated enhanced antitumour activity, increased
tumour accumulation, and improved transcytosis (trans-
port across endothelial cells) compared with paclitaxel®.
Nab-paclitaxel achieved a 33% higher intratumoural
paclitaxel concentration, and endothelial transport was
increased compared with that observed with an equal
dose of the legacy formulation in mice bearing human
breast tumours®. Similarly, nanoliposomal irinotecan
was associated with enhanced inhibition of tumour
growth in comparison with free irinotecan in several
preclinical tumour models®. This improved effective-
ness was attributed to the 10-fold enhanced systemic
plasma and intratumoural concentrations of irinotecan
and its active metabolite, SN-38, compared with those
achieved using the legacy irinotecan formulation*. In
addition, although the results are not directly comparable,
an independent randomized clinical trial with the leg-
acy formulation of irinotecan, 5-fluorouracil, and folinic
acid (FOLFIRI) in patients with advanced-stage pancre-
atic cancer reported a median overall survival of only
3.9 months¥. Of note, however, a median overall survival
of 6.0 months was reported in a retrospective analysis of
40 patients with gemcitabine-refractory metastatic PDAC
treated with the FOLFIRI regimen®. These mixed clinical
findings suggest a need for large multicentre randomized
trials to further evaluate the efficacy of combination treat-
ments of cytotoxic drugs, and to identify the optimum
dosing regimens for patients with metastatic PDAC.

Improving the efficacy of gemcitabine

In efforts to improve the dismal outcomes of patients
with PDAC, gemcitabine has been evaluated clinically in
combination with a variety of other treatments, includ-
ing chemotherapies (such as cisplatin and oxaliplatin),
targeted therapies (including erlotinib, cetuximab, and
bevacizumab), and a farnesyltransferase inhibitor (tipi-
farnib) that inhibits RAS proteins, which frequently
harbour activating mutations in PDAC*. Only one such
treatment has received FDA approval: in 2005, erlotinib
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Box 2 | Advantages of nanomedicine approaches to drug delivery

* Nanoparticles can be used to increase drug accumulation in tumours by leveraging
the enhanced permeation and retention (EPR) effect (passive targeting), whereby

the leaky vasculature (gaps in the endothelial walls) and a dysfunctional lymphatic
system result in accumulation of circulating nanomedicines in tumour tissue'’>!7*

¢ To achieve even greater drug accumulation, nanoparticles can be modified with
specific targeting ligands and/or receptors that mediate homing to cognate
receptors and/or ligands expressed in the tumour (active targeting), thereby reducing
off-target toxicities**'’

* Nanoformulations can be exploited to improve the solubility of hydrophobic drugs with
unfavourable pharmacokinetics (for example, taxanes), affording a high concentration
of drug loading and controlled release of the active pharmaceutical agent

* Nanoformulations can further reduce or eliminate off-target toxicities by removing
solubilizing excipients, and have the potential to overcome immunotoxicities
associated with siRNA and other oligonucleotide therapies (gene therapy)!7417°

* Nanoparticles can be masked from immune recognition using surface modifications,
such as attachment of polyethylene glycol moieties (PEGylation), to improve systemic
circulation and reduce uptake by the mononuclear phagocyte system

* Physicochemical properties of nanoparticles, such as size, electric charge, and
hydrophobicity, can be tailored to improve the biodistribution, toxicity profiles, and
pharmacokinetic properties of the drug'®

was approved for use in combination with gemcitabine,
although the overall survival of patients treated with this
combination was only marginally superior to that of
patients in the gemcitabine plus placebo group (median
overall survival of 6.2 months versus 5.9 months)*.

Cellular uptake of gemcitabine is dependent on ENT1
activity'®""* In fact, differences in gemcitabine uptake
and therapeutic outcomes between patients with PDAC
are correlated with variation in the expression of ENT1
(REFS 42,44,45). A gemcitabine-5'-elaidic acid ester conju-
gate, CP-4126 (previously known as CO-101), was devel-
oped to overcome this dependence on ENT1 expression
in pancreatic tumours and thereby improve the expo-
sure of tumour cells to gemcitabine*: conjugation with
the elaidic acid, an unsaturated fatty acid, increases the
lipophilicity of gemcitabine, enabling it to passively enter
cells by diffusion, independently of ENT1. Unfortunately,
in a randomized phase II trial (LEAP)?, CP-4126 treat-
ment did not improve the survival of patients with meta-
static PDAC, in comparison to gemcitabine treatment,
irrespective of tumour ENT1 expression levels; rapid
extracellular metabolism of CP-4126 to gemcitabine,
owing to poor stability of the lipid-ester conjugate, has
been hypothesized to explain the lack of improvement in
overall survival with use of this agent*. A phase I trial in
patients with solid tumours (including those with PDAC)
revealed that the mean initial half-life of gemcitabine
formed from CP-4126 was double that of native gem-
citabine (T, ,, 15min versus 7 min), whereas no statisti-
cally significant difference in the area under the curve for
the dFdU:gemcitabine ratio was demonstrated””. These
data imply that further improving the half-life of the
gemcitabine-lipid conjugate, in addition to controlled
release of the drug, could translate to therapeutic benefit
in patients with PDAC.

In light of the disappointing result reported for
CP-4126, better stratification of patients for gemcitabine
treatment, potentially based on ENT1 expression levels,

might result in improved effectiveness. Findings of the
European Study Group for Pancreatic Cancer ESPAC-3
trial*® have suggested that gemcitabine treatment should
be reserved for patients with unresected primary
tumours expressing high levels of ENTI1. A proteomic
analysis of PDAC tissues taken from patients who had
received gemcitabine, however, did not demonstrate a
correlation between ENT1 expression and PFS*, empha-
sizing the uncertainty of using ENT1 as a marker of the
effectiveness of gemcitabine. Indeed, ENT1-independent
mechanisms — for example, those related to enzymes
involved in gemcitabine metabolism, including dCK,
CDA, and RRM1/2 — can also contribute to gemcitabine
resistance and might in part explain the limited clinical
efficacy of CP-4126. Protein expression levels of dCK,
which is involved in the phosphorylation of gemcitabine
to form the active monophosphate metabolite, were posi-
tively correlated with, and served as a good predictor of,
PFS in patients with PDAC treated with gemcitabine®.

The effectiveness of gemcitabine treatment is also
influenced by the presence of pathophysiological barriers
in PDAC, such as the desmoplastic stroma. To understand
the correlation between the desmoplastic stroma, ENT1
expression, and incorporation of gemcitabine into DNA,
a multiscale transport hypothesis has been proposed*'.
On the basis of mass-transport properties of tumours,
derived using CT scans, gemcitabine incorporation into
tumour DNA, as determined in resection specimens, was
positively correlated with ENT1 levels upon immuno-
histochemical analysis, and was inversely correlated with
stroma scores by Masson’s Trichrome staining in patients
with PDAC*"*2. The findings from a clinical trial® reveal
parameters, including factors relating to the tumour
microenvironment (vascular density, and collagen con-
tent of the extracellular matrix (ECM)), and gemcitabine
transport (ENT1 expression) that explain the variability
in treatment response observed in patients*!. All of these
parameters contribute to tumour heterogeneity, and sug-
gest that a framework of reliable biomarkers of vasculature
and stromal densities could help in stratifying the patient
population. The stratified patients could potentially be
treated with appropriate agents to overcome the patho-
physiological barriers and thus enhance nanomedicine
delivery. Important efforts are already underway to iden-
tify prevalent mutations using next-generation sequen-
cing of DNA from patient samples of PDAC isolated using
endoscopic ultrasonography and fine-needle aspiration,
in order to stratify patient populations™.

On the basis of the clinical success of the nab-
paclitaxel plus gemcitabine regimen in patients with
PDAC**, several other nanoformulations of gemcit-
abine have begun to emerge in the scientific literature.
For example, a novel targeted nanomedicine has been
developed, comprising a CKAAKN peptide — which
mediates efficient homing to pancreatic tumour
cells and angiogenic blood vessels via an unknown
mechanism — conjugated to squalene and co-nano-
precipitated with a squalenoyl prodrug form of gem-
citabine®. Treatment with this targeted nanoparticle
construct results in improved antitumour responses,
as evaluated by enhanced apoptosis, compared with
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Table 1| Pancreatic cancer clinical trials of nanomedicine strategies for drug delivery

Agent and nanotechnology
approach

TKM-080301:lipid nanoparticles
containing PLK1 siRNA

ATI-1123: liposomal docetaxel

Doxil: PEGylated liposomal
doxorubicin (in combination with
topotecan)

BIND-014: polymeric docetaxel
nanoparticle

siG12D-LODER: biopolymeric
cylindrical implant

Atu027: liposomal PKN3 siRNA

PEGPH20: recombinant human
hyaluronidase enzyme (with various
co-therapies)

SGT-53: liposomal p53 plasmid DNA
(with nab-paclitaxel+gemcitabine)

LE-DT: liposomal docetaxel

Genexol-PM (Cynviloq):
paclitaxel-loaded polymeric micelle
(alone or with gemcitabine)

CP-4126 (CO-101): lipid—drug
conjugate of gemcitabine

NC-6004 (Nanoplatin): micellar
polymeric nanoparticles
encapsulating cisplatin (with
gemcitabine)

Nab-paclitaxel (Abraxane):
albumin-bound paclitaxel
nanoparticles (with gemcitabine
or other agents, including the
Hedgehog-pathway inhibitors
vismodegib and sonidegib)*

MM-398 (Onivyde):
liposomalirinotecan
(with 5-FU/ folinic acid)

Target

PLK1

Tubulin

DNA

Tubulin

KRASGlZD

Silences PKN3
(a PKC-signalling
pathway molecule)

Hyaluronic acid
(ECM component)

p53

Tubulin
Tubulin

Nucleoside
analogue

DNA

Tubulin

Topoisomerase 1
inhibitor

Clinical Trial Identifier
(https://clinicaltrials.gov)

NCT01437007* (phase I)

NCT01041235 (phase )

NCT00252889 (phase I)

NCT01300533 (phase I)

* NCT01188785 (phase )
*NCT01676259 (phase Il)

NCT01808638 (phase I/1l)

* NCT01453153 (phase Ib/Il)
* NCT02241187 (phase )

* NCT01959139 (phase I/11)
* NCT01839487 (phase Il)

* NCT02487277 (phase Il)

NCT02340117 (phase Il)

NCT01186731 (phase Il)

* NCT00111904 (phase Il)
* NCT02739633 (phase Il)

NCT01124786 (phase Il)

* NCT00910741 (phase Il)
* NCT02043288 (phase Ill)

* NCT00844649 (phase IlI)
* NCT01431794 (phase I/11)
* NCT01088815 (phase Il)
* NCT02358161 (phase I/11)

NCT01494506 (phase IIl)

Status and relevant findings

Completed: no PDAC results reported’®

Completed: 29% reduction in tumour size from
baseline in 1 of 6 patients with PDAC*#?

Completed: not reported

Completed: no PDAC results reported*®*

* Phase | trial completed: decrease in levels of tumour
marker CA19-9 observed in 70% of patients; median
OS was 15.1 months®

¢ Phase Il trial ongoing

Ongoing

® Phase | trial (NCT01453153) completed

e Interim phase |l trial results (NCT01839487): greater
ORR and longer PFS than patients receiving
nab-paclitaxel+gemcitabine!**

Ongoing

Completed: no PDAC results reported*®*

* Completed (NCT00111904): disease control rate was
65% with a median OS of 6.5 months'>®

* NCT02739633: patients not yet recruited

Completed: no improvement in OS compared with
gemcitabine; development suspended?

* Phase Il trial completed: median OS of 8.2 months,
PFS of 3.8 months'®
 Phase lll trial ongoing

® Phase lll trial completed: improved ORR, PFS, and OS
versus gemcitabine alone*?

* Combination has been approved by the FDA as a
frontline treatment

e Phase I/l trials of combination therapies are ongoing

e Completed: improved ORR, PFS, and OS versus 5-FU/
folinic acid alone™

e Combination has received approval from the FDA for
use in the second-line setting

5-FU, 5-fluorouracil; ECM, extracellular matrix; ORR, objective response rate; OS, overall survival; PDAC, pancreatic ductal adenocarcinoma; PEG, polyethylene
glycol; PFS, progression-free survival; PKC, protein kinase C; PKN3, protein kinase N3; PLK1, polo-like kinase 1; siG12D-LODER, small-interfering RNA targeting
KRASC'?P local drug eluter; siRNA, small-interfering RNA. *Trial involved patients with liver cancer or with liver metastases from other cancers (including pancreatic
cancer). *Several ongoing clinical trials are examining various combination treatments; a keyword search of “Abraxane and pancreatic” revealed 190 clinical trials.

those observed with the squalenoyl prodrug of gem-
citabine only, or with gemcitabine alone in a RIP-Tag2
mouse model** that recapitulates the multistage tumori-
genesis process of pancreatic f-cell transformation in
the islets of Langerhans™. In addition, a lipid bilayer
mesoporous silica nanoformulation (LB-MSNP)

has been developed for simultaneous delivery of gem-
citabine and paclitaxel in an optimized synergistic ratio™.
In a tumour regression study conducted in murine Pancl
xenograft and orthotopic pancreatic cancer models, co-
delivery of gemcitabine and paclitaxel via the LB-MSNP
resulted in superior tumour shrinkage versus that
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observed for LB-MSNP loaded only with gemcitabine,
for free gemcitabine, and for free gemcitabine plus
nab-paclitaxel®*. Moreover, high-performance/pressure
liquid chromatography analyses of tumour tissues excised
following a single intravenous injection of LB-MSNP
revealed a 13-fold increase in intratumour levels of
active gemcitabine™, suggesting the nanoformulation
can overcome the pathological barriers to drug deliv-
ery, the dependence of this process on the expression
of transporters, and the rapid deamination of gem-
citabine by CDA. Other examples of nanoformulations
of gemcitabine that are under ongoing preclinical devel-
opment include squalenoyl gemcitabine nanoparticles,
which have been shown to passively diffuse into tumour
cells independent of the nucleoside transporter ENT1
(REF. 55), and a nanoformulation of gemcitabine and
paclitaxel conjugated to a linker that is hydrolysed under
mildly acidic conditions (pH 6), which should facilitate
intracellular release of the drug molecules following
endocytosis™. In addition, prolonged, controlled drug
release has been demonstrated for gemcitabine encap-
sulated in 130 nm poly(lactic-co-glycolic acid) (PLGA)
polymers or 150 nm liposomes®. Interestingly, treat-
ment of drug-resistant human Pancl cells with PLGA-
encapsulated gemcitabine resulted in greater induction
of cell death and apoptosis in vitro, compared with a
liposomal formulation or the free drug®. These and
other nanoformulations of gemcitabine are currently
being optimized in the preclinical setting as treatments
for PDAC™?".

Targeting PDAC signalling pathways

Focus has been placed on understanding the signal-
ling pathways that are activated in the pathogenesis
of PDAC in order to identify targets for therapy that
might improve clinical outcomes. In PDAC, various
signalling pathways, such as the RAS and/or PI3K, and
Hedgehog cascades, among others, have established
roles in tumorigenesis and disease progression™*® (FIC. 1).
Many of these signalling pathways are well studied, and
small-molecule inhibitors that target specific effectors
involved in transmitting the survival signals are cur-
rently in clinical development®-%*. More recently, another
signalling/metabolic pathway has also gained consider-
able attention as a target for treatments of pancreatic
cancer: the autophagy pathway®-°.

The RAS-PI3K pathway. The receptor tyrosine kinase
(RTK)-signalling pathways that encompass both the
RAS-MAPK and PI3K-AKT cascades have an impor-
tant role in PDAC development and progression. RTK
and PI3K proteins are not recurrently mutated in PDAGC;
however, the RAS and PI3K signalling pathways are
actively involved in PDAC via other mechanisms®. For
example, the RAS-MAPK pathway (also referred to as
the RAS/RAF/MEK/ERK pathway) is often activated in
this disease via binding of growth factors to their cog-
nate RTK®. Growth-factor receptors, such as EGFR and
VEGER, can be overexpressed in PDACs, and signalling
via these receptors results in activation of the RAS pro-
teins (FIC. 1). Moreover, >80% of patients with pancreatic

cancer have activating mutations in codon 12 of the
KRAS gene®. Mutations in KRAS, particularly of amino
acids G12 and/or G13, result in constitutive KRAS activ-
ity that is uncoupled from normal signalling fluxes initi-
ated by growth-factor receptors. Activated KRAS is able
to signal via downstream effector targets of the MAPK
pathway (FIC. 1), and components of the PI3K-AKT,
NEF-xB, WNT-p-catenin, Notch, and SMAD pathways.
Indeed, the complexity of the crosstalk and feedback
loops among these pathways is a major factor in resist-
ance to MAPK-pathway inhibitors®. The PI3K pathway
is known to regulate various cellular functions, such as
angiogenesis, proliferation, metabolism, survival, tran-
scription and protein synthesis, and apoptosis”™. This
pathway is upregulated in several cancers and is one of
the critical downstream pathways involved in mediating
oncogenic KRAS signalling that results in malignant
transformation of pancreatic duct epithelial cells” (FIG. 1).

Overall, more than 90% of patients with PDAC, as
well as 32% of patients with lung cancer, harbour RAS
mutations, leading to dysregulation of RAS-signalling
pathways”. This highlights the considerable potential to
target the RAS pathway and the predominant tumour
phenotypes resulting from expression of mutant RAS
proteins to combat cancers. This potential remains
largely untapped, although interest in targeting RAS
directly, and/or in targeting the phenotypes of RAS-
driven cancers, has resurged”"®. Inhibitors have been
designed to disrupt post-translational farnesylation or
geranylgeranylation (commonly referred to as preny-
lation) of the cysteine residue in the CAAX motif of
RAS proteins, and thereby interfere with the cellu-
lar localization and, consequently, the activity of this
protein in cell survival, proliferation, migration, and
metastasis’>”*. Unfortunately, two farnesyltransferase
inhibitors (lonafarnib and tipifarnib) that had advanced
to phase III clinical trials for the treatment of advanced-
stage PDAC, non-small-cell lung cancer (NSCLC), and
colorectal cancer (CRC) failed to show any improvement
either alone or in combination with the standard-of-care
therapies. This lack of efficacy is attributed to compensa-
tory prenylation mechanisms (via geranylgeranyltrans-
ferase) that can maintain the membrane localization of
RAS proteins despite farnesyltransferase inhibition’7>77.

Nanotechnology strategies for delivery of short-
interfering RNA (siRNA) that disrupts the produc-
tion of mutant RAS are being explored. For example,
effective delivery of KRAS siRNA using polyethylene
glycol (PEG)-poly-L-lysine in combination with a PEG-
poly-b,L-lactide nanoformulation of arsenic trioxide
has been demonstrated to increase apoptosis of Pancl
cells in vitro and in xenograft models in comparison to
either of the nanoparticle agents alone’. More recently,
a small biodegradable polymeric matrix has been shown
to protect encapsulated anti-KRAS'?P siRNA from
premature release and degradation’; this nanomed-
icine, siG12D-LODER, was developed to be inserted
into pancreatic tumours to achieve slow and prolonged
local release of the siRNA. Proof-of-principle in vivo
efficacy of this agent was demonstrated in an orthotopic
PDAC model using luciferase-expressing Pancl cells;
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Figure 1| Critical signalling pathways involved in PDAC pathogenesis. Critical signalling pathways associated

with initiation and progression of pancreatic ductal adenocarcinoma (PDAC): from left to right, the Hedgehog (HH),
PI3K/AKT, RAS/MAPK, and autophagy pathways. Each of these pathways can be exploited, independently or in
combination, to develop unique treatment strategies. The figure highlights several nanomedicine and/or small-molecule
agents, either FDA approved or in various stages of preclinical or clinical development, that are being pursued to inhibit
and/or interfere with the pathways involved in PDAC, in order to better combat the disease.

controlled release of anti-KRAS'*? siRNA from the pol-
ymeric matrix was observed, and resulted in prolonged
survival compared with that of mice treated with control
polymeric particles lacking siRNA. A phase I/IIb clini-
cal study of siG12D-LODER involving 15 patients with
locally advanced PDAC has been completed® (TABLE 1).
The patients received a single dose of siG12D-LODER,
up to 3mg (0.375 pg particles in 8 capsules), adminis-
tered near the tumour site using standard endoscopic
ultrasonographic guidance procedures®; the majority of
evaluable patients (10/12) treated with siG12D-LODER
had stabilization of tumour growth, and two patients had
a partial response to treatment®. If the immunological
toxicities resulting from exposure to siRNAs (for example,
cytokine expression, hypersensitivity, and fever) can be

overcome, delivery of these novel therapeutic agents using
nanotechnology has tremendous potential to improve
on current treatment outcomes. Indeed, the advantage
of localized delivery of siG12D-LODER at the tumour
site helped to circumvent the immunological toxicities
often observed in early phase clinical studies of other
systemically administered siRNA nanoformulations®*.
As alternatives to targeting RAS directly, researchers
are also developing inhibitors that act on signalling nodes
upstream and downstream of RAS. Overexpression
of EGFR (also known as ERBBI1) is detected in 90% of
patients with PDAC, while overexpression of HER2 (also
known as ERBB2) is detected in 21% of patients with this
disease®’. Overexpression of EGFR and enhanced EGFR
signalling is associated with metastasis and decreased

NATURE REVIEWS | CLINICAL ONCOLOGY

ADVANCE ONLINE PUBLICATION | 7

© 2016 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.




REVIEWS

survival in patients with pancreatic cancer, indicating that
targeting the EGFR signalling pathway might provide a
survival benefit®. Several clinical studies have been con-
ducted to investigate therapies targeting EGFR or VEGFR
in patients with advanced-stage solid cancers (including
PDAC, CRC, and NSCLC)*"¥. Unfortunately, for various
KRAS-mutated cancer types (NSCLC, PDAC, and CRC),
no clinically relevant improvement in patient survival has
been observed with the use of inhibitory antibodies (for
example, panitumumab and cetuximab for EGFR, and
bevacizumab for VEGF) or small-molecules inhibitors
(such as the EGFR inhibitors erlotinib and gefitinib)%".
Of note, although erlotinib in combination with gem-
citabine is approved for the treatment of PDAC, the
observed improvements in overall survival have been
minimal®, potentially owing to the very high prevalence
of mutations of RAS in these tumours. In a retrospective
analysis of KRAS status in patients with PDAC, a median
survival benefit of 9.7 months was reported for KRAS-
wild-type patients treated with gemcitabine and erlotinib,
compared with only 5.2 months for patients with mutant
KRAS®. Nevertheless, several alternative nanotechnol-
ogy strategies that specifically target EGFR or VEGFR
are currently being explored, and have been associated
with selective drug uptake and improved antitumour
activity in several receptor-positive cancer cell lines*>*.
For example, O-carboxymethyl chitosan (O-CMC)-
encapsulated, paclitaxel-containing nanoparticles con-
jugated to the anti-EGFR antibody cetuximab displayed
greater activity against EGFR-positive cancer cell lines
(A549, A431, and SKBR3 cells) than EGFR-negative cells
(Mia Paca-2)¥. In addition, enhanced in vitro anticancer
activity was observed with EGFR-targeted nanoparticles,
compared with that obtained with nanoparticles lacking
cetuximab, suggestive of receptor-mediated selective
uptake in EGFR-overexpressing cells*”. Importantly,
targeted nanomedicines such as these hold promise
in reducing off-target drug toxicities and improving
selective accumulation at the tumour site.

The Hedgehog pathway. The Hedgehog-signalling
pathway is primarily involved in morphogenetic signal-
ling during embryogenesis (for example, mediating the
development of the pancreatic gland, cell growth, mes-
enchymal condensation, and cell-fate determination),
but has also been shown to be reactivated during the
development of PDAC”-%*. Furthermore, whole-exome
sequencing of DNA from microdissected PDAC speci-
mens from 109 patients has revealed frequent genetic
alterations affecting the Hedgehog-signalling path-
way (such as transition/transversion mutations in the
Hedgehog-pathway genes GLI3, SMO, LRP2, GLI2, and
PTCH1)*. This pathway comprises three secreted pro-
tein ligands, Sonic hedgehog (SHH), Indian hedgehog
(IHH), and Desert hedgehog (DHH)*". In the absence of
ligands, the transmembrane Patched proteins (PTCH1
and PTCH2) inhibit the functionality of a second
transmembrane protein, Smoothened (SMO) — via a
mechanism that is poorly understood, but is thought
to involve sequestration and removal of oxysterol lipid
mediators that regulate SMO expression, membrane

localization, and/or signalling activity (FIC. 1). Binding
of Hedgehog ligands to PTCH1/2 blocks the inhib-
ition of SMO activity, which leads to dissociation of
Suppressor of Fused (SuFu)-GLI complexes, enabling
nuclear translocation of GLI transcription factors, and
thus expression of downstream Hedgehog-signalling
target genes®. Of note, clinical PDAC specimens that
harbour genetic mutations in KRAS and overexpression
of EGFR and HER2 commonly have increased mRNA
and protein expression of SHH, suggesting activation of
the Hedgehog-signalling pathway®".

Novel pharmacological strategies are being devel-
oped to target the Hedgehog-signalling pathway, in an
attempt to disrupt the desmoplastic stroma and enhance
drug delivery to cancer cells*. A number of small-
molecule inhibitors of Hedgehog-signalling target SMO”,
including saridegib (also known as IPI-926), which is a
derivative of cyclopamine — a potent SMO inhibitor.
When dosed orally in combination with gemcitabine in
a transgenic Pdx1-Cre; Kras*/-612b; Tp53R172H/+ (KPC)
mouse model, saridegib decreased stromal content
(levels of collagen I and a-smooth muscle actin, and
densely packed tumour cells), and increased mean ves-
sel density compared with gemcitabine alone®. Indeed,
tumours evaluated after 4 days of saridegib—gemcitabine
combination treatment exhibited an increase in mean
vessel density and CD31 staining, comparable to that
observed in non-cancerous pancreatic tissue. These
findings have implications for improving the delivery of
drugs to pancreatic cancers, particularly for nanoparticle
therapies. Saridegib has been evaluated in a phase I/II
trial in combination with gemcitabine®. This trial was
halted, however, owing to poor preliminary results:
in the interim analysis, patients who received placebo
lived longer in comparison to those given the experi-
mental therapy®. Subsequent studies in KPC rodent
models demonstrated that saridegib treatment resulted
in a more-aggressive cancer phenotype owing to a
decrease in the extent of the desmoplastic stroma, lead-
ing to decreased survival compared with vehicle-treated
mice, mimicking the survival trends observed in SHH-
deficient mice versus control mice'®. Similarly, poor
clinical responses — a low overall response rate, and
no improvement in PFS or overall survival — were
observed with another SMO inhibitor, vismodegib,
in combination with gemcitabine in a phase Ib/II
trial in patients with metastatic PDAC'". Nevertheless,
a second phase I trial investigating saridegib as a com-
bination treatment with FOLFIRINOX is ongoing'®,
based on the rationale that a reduction in the desmo-
plastic stroma followed by a more-potent combination
of cytotoxic drugs might improve the survival of patients
with PDAC. Results from a meta-analysis published
in 2016 have demonstrated that patients with locally
advanced pancreatic cancer treated with FOLFIRINOX
had a longer median overall survival (24 months) com-
pared with that of patients who received gemcitabine
(6-13 months)'®, suggesting that combination treatment
with saridegib could further improve survival.

Nanotechnologies have been used successfully to
improve the delivery of similar Hedgehog-pathway
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inhibitors by overcoming solubility issues, prolonging
their systemic half-life, increasing tissue exposure, and
thus enhancing treatment responses and reducing toxi-
city, in a preclinical setting'*. For example, encapsulation
of the hydrophobic SMO inhibitor cyclopamine and the
EGEFR inhibitor gefitinib using a micellar nanoformula-
tion (methoxy polyethyleneglycol-b-poly-(carbonate-
co-lactic acid)) resulted in synergistic antitumour activity
against the L3.6pl pancreatic cancer cell line, compared
with the activity of either agent alone'®. In addition, a
high drug-loading efficiency (94% for cyclopamine)
enabled a reduction in the dose of excipients in the for-
mulation!”®. Nanoformulation of HPI-1, an inhibitor that
acts on or downstream of GLI via a poorly understood
mechanism, using a polymeric platform (NanoHHI)
has been shown to improve antitumour responses in
an orthotopic pancreatic cancer cell (Pa03C) xenograft
model when used in combination with gemcitabine,
compared with the use of either of these agents alone'*.
Furthermore, NanoHHI, alone or in combination with
gemcitabine, decreased the population of cancer stem
cells (CSCs) in this model, as evaluated by analysis of a
well-studied marker of this cell type, aldehyde dehydro-
genase (ALDH)'*. This achievement in the preclinical
development of novel PDAC treatments is noteworthy,
as agents that are effective against CSCs could potentially
reduce recurrence of the disease.

Autophagy. Autophagy is a process that involves
sequestration of damaged organelles and aggregated
proteins into autophagosomes, which subsequently
fuse with lysosomes, leading to the degradation and
recycling of cellular components in order to maintain
cellular homeostasis'® (FIG. 1). Autophagy is activated in
response to various stressors (such as starvation, viral
infection, and different genotoxic agents), and malfunc-
tion of this process can lead to the development of sev-
era] diseases, including cancer'””'®. Evidence indicates
that high levels of autophagy are required to support
the development of PDAC®>. Interestingly, results of
a study published in 2015 (REF. 109) have demonstrated
that the induction of autophagy in PDAC is part of a
much larger transcriptional programme, mediated by
the microphthalmia/transcription factor E (MiT/TFE)
family of transcription factors that coordinates activa-
tion of lysosomal biogenesis and function, in addition
to nutrient scavenging.

Autophagy has been shown to be upregulated under
basal conditions in clinical pancreatic cancer specimens
and several pancreatic-cancer cell lines with activating
mutations in KRAS®, although findings of other studies
highlight the complexity in the induction of auto-
phagy'"®. Treatment of cells with the lysosomotropic
agent chloroquine blocks the maturation and/or deg-
radation of autophagosomes by inhibiting the fusion
of these organelles with lysosomes (FIG. 1), and sev-
eral studies in preclinical models have demonstrated
that abrogating autophagy using chloroquine inhibits
cancer-cell growth®''"!12_ A phase II study of the related
agent hydroxychloroquine as a monotherapy'", how-
ever, failed to show consistent inhibition of autophagy
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or therapeutic efficacy. Combination with cytotoxic
drugs has been proposed as a strategy to overcome the
need for complete inhibition of the autophagic response;
therefore, chloroquine and the related agent hydroxy-
chloroquine are now being used to target autophagy in
combination with cytotoxic agents (such as gemcitabine
and nab-paclitaxel) in a number of early phase clini-
cal trials in patients with PDAC®*!"41¢ (for example,
NCTO01494155 (REF. 117), NCT01506973 (REF. 118),
NCT01128296 (REF. 119), NCT01978184 (REF. 120) and
NCT01777477 (REF. 121)). The drawbacks of systemi-
cally administered chloroquine, however, include the
large volumes of distribution and long mean residence
time of the drug'#, owing to sequestration in various
tissues'?, leading to suboptimal efficacy and toxicity
upon administration of multiple doses.

By formulating chloroquine within nanoparticles, the
pharmacokinetic profile of the drug might be altered to
increase its concentration at the tumour site, thus lead-
ing to improved efficacy. Several chloroquine-containing
nanoformulations have been synthesized and character-
ized in vitro, but remain at the early, preclinical stages
of development'*'*>. Thorough pharmacokinetic ana-
lyses, examination of the pharmacodynamic effects on
the autophagy pathway (for example, via assessment of
autophagic vacuoles and/or microtubule-associated pro-
tein 1A/1B-light chain 3 phosphatidylethanolamine con-
jugate (MAP-LC3-II) accumulation as markers of stalled
autophagosome-lysosomal fusion)'?*'¥”, and explor-
ations of the in vivo efficacy in multiple pancreatic-
cancer models are needed to help gauge the therapeutic
potential of these novel nanoformulations.

Gemcitabine is a known inducer of autophagy via
modulation of transcription factor EB (TFEB), a mas-
ter regulator of autophagy and lysosomal gene expres-
sion'”, and via early induction of vacuole membrane
protein 1 (VMP1) expression, leading to apoptotic cell
death'®. As such, the therapeutic effectiveness of gem-
citabine could potentially be increased when used in
combination with autophagosome maturation inhibitors
(such as chloroquine, hydroxychloroquine, or vinblas-
tine); nanoformulations of gemcitabine with improved
pharmacokinetic and pharmacodynamic properties
might result in further improvements. Of note, lyso-
somes are a key intracellular target for modulation of
autophagy, and delivering therapeutic agents target-
ing these organelles selectively to cancer cells without
invoking systemic (dose-limiting) toxicity can be par-
ticularly challenging. Selectivity can partly be achieved
with use of nanoparticles that utilize clathrin-mediated
endocytosis, and that include targeting ligands selective
to cancer cells'®.

Overcoming pathobiological barriers

Important advances have been made in elucidating and
deciphering the pathology and genetic factors involved
in PDAC tumorigenesis'****2. The pathological barriers of
PDAC —the desmoplastic stroma, solid stress, interstitial
fluid pressure (IFP), and hypovascularity (BOX 1) — can
substantially affect the transport of systemic therapies
to the tumour cells. Hence, nanoparticle-mediated drug
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Figure 2 | Strategies to overcome the pathophysiological barriers impeding the effectiveness of treatments of PDAC.
a| Pancreatic ductal adenocarcinoma (PDAC) remains extremely difficult to treat, owing to several unique pathobiological
barriers that restrict drug delivery to tumour cells: a dense desmoplastic stroma, excessive extracellular matrix deposition,
increased interstitial fluid pressure, and compression of blood vessels. Nanomedicine drug delivery can be improved when
used in combination with several novel strategies to overcome these pathophysiological barriers. b | Vascular
normalization, whereby the tumour vessels become homogeneous, mature and less leaky, and interstitial fluid pressure is
reduced, can be achieved using antiangiogenic agents (such as the anti-VEGF antibody bevacizumab). The transient
improvement in vessel perfusion increases blood flow and can be exploited to increase nanomedicine delivery to the
tumour by convective transport. ¢ | Normalizing the solid stress by reducing the desmoplastic stroma (cellular and acellular
components) will increase vessel perfusion, which can enhance the delivery of nanomedicines to the tumour. d | Reduction

of extracellular matrix by depleting the acellular stromal components (such as collagen and hyaluronan) can reduce the
interactions of matrix with the nanomedicines and improve the homogeneous distribution in the tumour.

delivery, combined with strategies designed to alleviate
the solid stress and/or reduce the IFP within tumours
to improve vascular perfusion, have the potential to
improve the treatment of PDAC (FIC. 2).

Targeting the stromal compartment. Several strategies
to disrupt the physical barrier formed by the desmo-
plastic stroma that is characteristic of PDAC have been
tested, including pharmacological inhibition of the
Hedgehog-signalling pathway with saridegib and vis-
modegib, and systemic administration of PEGylated
hyaluronidase (an enzyme that degrades hyaluronan, a
major stromal matrix component)®*'°'*_ In two inde-
pendent studies'**'*, enzymatic depletion of hyaluronan

using PEGylated recombinant human PH20 hyaluroni-
dase (PEGPH20) increased tumour perfusion compared
with that observed in untreated tumours, resulting in
enhanced tumour delivery of the chemotherapeutic
agents doxorubicin and gemcitabine, as quantitated
by fluorescence and liquid chromatography-mass
spectrometry, respectively. In a separate study, deple-
tion of hyaluronan with PEGPH20 in a KPC mouse
model resulted in increased tumour accumulation of
fluorophore-conjugated high-molecular-weight dex-
trans (40kDa and 2 MDa)"*%; enhanced macromolecule
accumulation in the tumour tissue was attributed to
PEGPH20-induced increases in the size and number of
fenestrae and interendothelial gaps, as observed using
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scanning electron microscopy'*. In fact, both of these
strategies for targeting the pancreatic tumour stroma
result in modest short-term improvements in the deliv-
ery and efficacy of gemcitabine in preclinical models of
pancreatic cancer**1°13%; however, the failure to achieve
similar therapeutic improvements in the clinical setting
highlights the difficulties in predicting patient responses
based on preclinical data!®'. Of note, patients are often
found to have a very complex and heterogeneous tumour
microenvironment — influenced by both tumour-cell
(genetic and epigenetic) and stromal factors — compared
with that observed in preclinical models'*. In addition,
the use of animal models with a much simpler disease
biology and/or early stage tumours can result in over-
estimation of improvements in therapeutic efficacy,
contributing to the poor preclinical-to-clinical correla-
tion"**'¥. Thus, depletion of the desmoplastic stroma can
enhance drug accumulation at the tumour site; however,
this approach can also promote cancer-cell prolifera-
tion and compromise overall survival, exemplifying the
potential advantages and disadvantages of this treatment
strategy for PDAC!0M134138,

Compelling results obtained through either genetic
deletion of SHH or the myofibroblast cell lineage,
or pharmacological intervention with PEGPH20 or
Hedgehog-pathway inhibitors (saridegib and vismo-
degib), demonstrate that marked suppression of the
desmoplastic stroma increases PDAC aggressiveness
in mouse models'*1¥13110 — thus elucidating a role of
the stroma in restraining tumour growth, rather than
in supporting tumorigenesis. Notably, these independ-
ent preclinical studies revealed that stromal suppression
leads to enhanced tumour invasiveness and, ultimately,
worse survival outcomes via increased expression of
EMT markers, a greater abundance of undifferentiated
cells with CSC-like characteristics, and increased tumour
hypoxia'®"**13%14 Conversely, findings suggest that acti-
vation of the Hedgehog-signalling pathway results in
decreased cell proliferation (PanIN epithelial cells and
Pdx1-positive progenitor population) and enhanced
stromal hyperplasia (increased expression of colla-
gen 1 and a smooth muscle actin) that restrain tumour
growth'1¥713140 These findings have been further vali-
dated by the results of a retrospective analysis of the stro-
mal content of tumour samples, assessed by co-staining
of epithelial tumour cells and the stromal collageneous
matrix, from 66 patients with PDAC'2: a high stromal
density (defined as a high stromal area to total tumour
mass ratio) was associated with a better prognosis and
longer patient survival (25.1 months versus 14.4 months
for patients with a low stromal density)'*2. Interestingly,
depletion of myofibroblasts in transgenic mice with early
stage or late-stage pancreatic tumours has been associ-
ated with increased CTLA-4 expression; adminstration
of anti-CTLA-4 antibody markedly attenuated tumour
growth and improved survival of the mice by 60%!.

Despite the unexpected role of the desmoplastic
stroma in restraining PDAC progression, stroma-
disrupting agents might provide an avenue for improv-
ing drug delivery to pancreatic tumours, including the
delivery of large nanomedicines (>100 nm in diameter;
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for example, PEGylated liposomal doxorubicin and
MM-398 that have not been associated with therapeu-
tic benefit as monotherapies). Antagonists of Hedgehog-
signalling pathways and other interventions (such as
PEGPH?20) that disrupt the pancreatic tumour stroma
have been shown to improve vascularity®”***”13, which
might support increased delivery of cytotoxic agents to
the tumour interstitium. Nevertheless, the potency of
such combination regimens will require careful modu-
lation to ensure the degree of cancer-cell death caused
by the cytotoxic agents counteracts the proliferative
effects of stromal disruption on these cells, in order
to provide a net improvement in clinical outcome. Of
note, Hedgehog-pathway inhibition in combination
with gemcitabine chemotherapy was not associated with
marked improvements in therapeutic efficacy in preclin-
ical studies and clinical trials, but these findings might
be attributable to the poor potency and high metabolic
instability of gemcitabine'". In a small nonrandomized
clinical trial in 59 patients with untreated metastatic
PDAC, vismodegib combined with both gemcitabine
and nab-paclitaxel was well-tolerated and was associated
with a median PFES of 5.5 months and a median overall
survival of 10 months'”, which might be at least partly
related to the inclusion of a more-potent cytotoxic agent,
nab-paclitaxel, in the treatment regimen.

Similarly, in an ongoing clinical trial'®, investiga-
tors are evaluating the co-administration of gemcit-
abine, nab-paclitaxel, and PEGPH20. Interim results
from this study showed that patients with pancreatic
tumours containing high levels of hyaluronan had an
improved overall response rate (71%) and longer median
PFES (9.2 months) with the three-agent regimen, com-
pared with nab-paclitaxel plus gemcitabine only (over-
all response rate of 29%; median PFS of 4.3 months);
however, no substantial differences in the efficacy of
these regimens was observed in patients with tumours
containing low levels of hyaluronan'*, suggesting
that the benefit of adding PEGPH20 to treatment is
dependent on high intratumour levels of hyaluronan.

Treatment with losartan, an angiotensin II receptor
antagonist that inhibits production of both stromal col-
lagen and hyaluronan, was shown to result in decompres-
sion of tumour blood vessels, improved vessel perfusion,
and subsequent allieviation of solid stress in desmoplastic
tumour models (4T1 and Pan-02)'7'%. In the preclinical
setting, such depletion of desmoplastic stromal compo-
nents and improved vessel perfusion enables increased
delivery of larger nanoparticles to tumours; for exam-
ple, by reducing stromal collagen levels, losartan treat-
ment improved the therapeutic efficacy of 100 nm
nanoparticles of PEGylated liposomal doxorubicin
(Doxil/Caelyx)'. Thus, the lack of efficacy observed
with large nanomedicines, such as 100 nm liposomal
doxorubicin, when used as single agents in the clini-
cal treatment of pancreatic cancer might be attributed
in part to the solid stress imparted by the desmoplas-
tic stroma'**~'¥". Interestingly, in a retrospective analysis
of data from patients with advanced-stage pancreatic
cancer who were receiving renin-angiotensin pathway
inhibitors for the treatment of hypertension, gemcitabine
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therapy improved PES over that of patients who were not
receiving such antihypertensive treatment, which might
support the role of these agents in improving gemcitabine
delivery to pancreatic tumours'*. These findings provide
compelling evidence that strategies designed to overcome
the stromal barriers can open up avenues for efficient
delivery of anticancer therapies, including relatively
large nanoparticles that carry potent cytotoxic agents,
and thereby improve clinical outcomes. A phase II clini-
cal trial of losartan in combination with FOLFIRINOX
and radiation therapy in patients with pancreatic cancer
is ongoing'*’; however, additional clinical studies of the
use of angiotensin-pathway antagonists to improve
the efficacy of nanomedicines, specifically, are warranted.

Optimizing nanomedicine to exploit the tumour vascu-
lature. The hypovascular and hypoperfused vasculature
of PDAC is leaky owing to the presence of vascular pores
(pore sizes vary both within and between tumours),
resulting in a heterogeneous blood flow and vascular
permeability’*°. In addition, the collapse of the lym-
phatic network in the centre of the tumour caused by
uncontrolled tumour proliferation affects fluid drain-
age, leading to interstitial hypertension''. Besides these
physical barriers presented by the hostile tumour micro-
environment that hinder drug extravasation, the presence
of poorly differentiated regions (with a high vessel density
and relatively less stroma) and well-differentiated regions
(with a low vessel density and relatively more stroma) in
the same tumour can prevent homogeneous distribution
of the drug to cancer cells*>'®. These features all combine
to limit the effectiveness of therapy for pancreatic cancer.

In general, the vasculature of pancreatic cancer is
moderately permeable, with pore sizes in the range of
50-60nm'*. With this factor in mind, the physicochemi-
cal characteristics of nanomedicines — for example, their
size — can be tailored to improve the delivery of cyto-
toxic agents by exploiting the leakiness of the tumour
vasculature (FIG. 2). This possibility is exemplified by
the enhanced delivery of nab-paclitaxel in comparison
to larger nanoparticles (100 nm PEGylated liposomal
formulation of doxorubicin, for example). Delivery of
nab-paclitaxel to tumours is facilitated by rapid disinte-
gration of the injected 130 nm nanoparticles in plasma
to form smaller particles (approximately 10 nm in
diameter)*?*'%2, In addition, nab-paclitaxel has a satu-
rable distribution to the peripheral compartment that is
approximately ninefold larger than that of the cremophor
EL formulation of paclitaxel (1,650 versus 177L), con-
tributing to the deep tissue penetration and therapeutic
efficacy of nab-paclitaxel'. Similarly, Genexol-PM, a
20-50 nm PEG-poly(p,L-lactide) copolymer micel-
lar formulation of paclitaxel, has been associated with
improved therapeutic outcomes compared with those
of gemcitabine monotherapy in an orthotopic model
of gemcitabine-resistant pancreatic cancer'*. On the
basis of these encouraging results, a phase II trial of
Genexol-PM has been conducted in patients with locally
advanced or metastatic PDAC, with results demon-
strating a disease control rate of 65%, and a median
overall survival of 6.5 months'*. A phase II study of

Genexol-PM in combination with gemcitabine'** has
been initiated in patients with metastatic pancreatic
cancer. In another preclinical study, treatment with
20nm polymeric micelles encapsulating SN-38 resulted
in a similar extent of tumour regression in hypovascular
and more desmoplastic tumour (Capanl) models com-
pared with hypervascular and less desmoplastic tumour
(PSN1) models*7; the small size of these nanoparticles
enables them to more efficiently extravasate across the
moderately permeable vessel walls of PDACs*.

In seminal work by Kataoka’s group'*®, nanoparticle
size was shown to be critical for overcoming patho-
physiological barriers to efficient tumour penetration and
accumulation in order to improve therapeutic outcomes.
Diaminocyclohexane—-platinum-based drug micelles of
various sizes (30, 50, 70, and 100 nm) were evaluated for
antitumor efficacy in a hyperpermeable murine colon
C26 model (highly vascularized and low stromal con-
tent tumours) and a human pancreatic cancer BxPC3
model (poorly vascularized tumours, with reduced per-
meability and an extensive desmoplastic stroma)'*>¢°.
The antitumour activity of the 30 nm micelles in the
BxPC3 model was comparable to that observed with
all of the different sized micelles in the hyperpermeable
C26 colon tumours; however, the 70nm and 100 nm
nanoparticles did not result in tumour regression in the
BxPC3 model*'®. After fluorescent labelling of 30 nm
and 70 nm micelles with distinct fluorophores, similar
fluorescence intensities and colocalization of particles of
both sizes were observed 1h post co-injection in mice
bearing C26 tumours, confirming efficient extravasa-
tion, penetration, and accumulation in hypervascular
tumours'*®. In BxPC3 tumour-bearing mice, however,
the 30 nm micelles accumulated in deep tumour tissues,
but the 70 nm micelles remained in close proximity to
the vasculature’®. These study findings further empha-
size that small nanoparticles (<50 nm in diameter)
are able to more efficiently extravasate and penetrate
poorly permeable, hypovascular tumours than larger
nanoparticles. Extravasation of larger nanoparticles at
the tumour site can be increased in hypovascular and
hypopermeable tumours when used in combination
with different strategies — that is, agents that improve
vascular permeability, or vascular-normalizing agents.
For example, a low dose (1 mg/kg) of the transforming
growth factor p (TGFp) inhibitor LY364947, which has
been shown to temporarily decrease pericyte coverage
on the endothelium, improves tumour permeability in
the BxPC3 pancreatic tumour model, resulting in intra-
tumour accumulation of 70 nm micelles to levels com-
parable with those observed for the 30 nm micelles'*®.
Similar enhanced accumulation and antitumour activity
is observed with 100 nm liposomal doxorubicin when
used in combination with LY364947 (REF. 159).

Thus, nanomedicine approaches to drug delivery
can be improved by combining nanoparticle approaches
with strategies to overcome the transport barriers that
are present in solid tumours; for example, by normaliz-
ing either the tumour vasculature using antiangiogenic
agents, or the tumour ECM using agents that target the
stromal components (such as losartan, PEGPH20, or
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Hedgehog-pathway inhibitors)' (FIC. 2). Agents includ-
ing the anti-VEGF antibody bevacizumab, and the
VEGER tyrosine kinase inhibitors (TKIs) sunitinib and
sorafenib temporally decrease the blood-vessel density
and diameters, prune immature tumour vessels, and
reduce vascular permeability, thereby converting the
tumour vessel architecture to resemble that of normal
tissue'**!'*!. The improvement in tumour vessel perfu-
sion is, however, dependent on the dose of the antiangio-
genic agent used and the tumour type'®'. Treatment with
antiangiogenic agents can also reduce the tumoural IFP,
which can further improve vessel perfusion, leading to
enhanced transport and increased penetration of drugs
administered during the ‘vessel-normalization window’
into deeper regions of the tumour'¢-'%2,

Three clinical trials®'®*'** have been conducted to
investigate the ability of agents that target the VEGF path-
way (bevacizumab, the ‘VEGF trap’ aflibercept, and the
VEGEFR TKI axitinib) to improve the therapeutic efficacy
of gemcitabine in patients with advanced-stage PDAC,
based on the vascular-normalization concept. In all three
trials, adding the antiangiogenic agent to gemcitabine did
not improve overall survival®'63164 Despite these disap-
pointing results, some patients (<5%) survived more
than 2 years after starting combination therapy, suggest-
ing that VEGF-targeted drugs might be of therapeutic
benefit to selected patients®'*°. This finding further sig-
nifies the importance of patient stratification to nano-
particle treatments based on the presence of molecular
markers of angiogenesis and stromal content, in order
to improve clinical outcomes. For example, patients with
undifferentiated tumours that have a high vessel density
and low levels of stroma might be ideal candidates for
antiangiogenic therapy. By reducing the elevated IFP in
such tumours, the efficiency of vessels can be increased,
and convective transport of large nanoparticles could be
improved to achieve deeper tumour tissue penetration
(small molecules can diffuse rapidly regardless)!*'*.

Optimizing nanomedicine to circumvent the ECM.
The modest improvements in survival achieved to date
through the use of nanomedicines might be influenced
by the high binding affinity of nanoparticles to tumour
cells or the surrounding ECM. Binding to the ECM can
cause the nanoparticles to accumulate in close proxim-
ity to the sites of vessel extravasation, which could pre-
vent homogeneous distribution of the drug throughout
the entire tumour'®. In addition to size optimization
of the nanoparticles, one must, therefore, consider the
ideal surface charge (preferably neutral), which acts to
repel or attract components of the interstitial matrix and
thereby determine the degree of tumour penetration'*.
Tumours rich in collagen or sulfated glycosaminoglycan
can hinder the interstitial transport of charged nano-
particles'®”'%: collagen fibres are positively charged at
neutral pH and interact with anionic nanoparticles, and
negatively charged sulfated glycosaminoglycan fibres or
hyaluronan can bind to positively charged nanoparticles
to form aggregates, decreasing the interstitial transport
and leading to heterogeneous accumulation of nano-
particles'®”!%%. Such accumulation can be overcome, to
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some extent, by including targeting molecules on the
surface of nanoparticles that increase the specificity of
delivery to tumour cells through receptor-mediated
endocytosis, concomitantly reducing nonspecific uptake
by normal cells — thus also decreasing the risk of adverse
events related to off-target effects. Of note, addition of
targeting ligands can also impose further transport limit-
ations within the tumour, owing to the increased parti-
cle size and the creation of additional binding sites that
can mediate nanoparticle accumulation at certain loca-
tions®*'*°. Differences in receptor expression by cancer
cells within and across primary and metastatic tumour
sites are another important consideration. Despite these
limitations, the use of several nanoparticles comprising
a targeting moiety, as well as antibody-drug conjugates,
has been associated with improved intratumoural pene-
tration of the drug and greater therapeutic efficacy in
preclinical and clinical studies'®*'”.

Conclusions

Patients with PDAC typically have a dismal response
to therapy, and despite a considerable increase in our
understanding of the various mechanisms that are
involved in PDAC development and progression, only
modest improvements in patient survival outcomes have
been achieved over the past decades'”*. Several chal-
lenges limit drug accumulation at the tumour site and/or
therapeutic efficacy in patients with pancreatic cancer.
First, acquired drug resistance, which can be mediated
by induction of drug-detoxification mechanisms (such
as CDA expression)’. Second, intrinsic (de novo) drug
resistance that can result from a high degree of genomic
instability and heterogeneity within both primary and
metastatic tumours, and mutations in components of
several key functional pathway. Third, hypovascularity
and a dense desmoplastic stroma that create barriers that
restrict drug delivery to the tumour site'**13%'72,

PDAC presents a host of pathological features that
limit the therapeutic response to many treatments
(BOX 1), but nanotechnology-based drug delivery
offers alternative strategies for treating this devastating
disease. Anticancer nanomedicines have advantages
over small-molecule drugs; for example, nanoparticles
often preferentially accumulate in tumours owing to the
enhanced permeation and retention (EPR) effect!’>!7
(BOX 2). Over the past decade, nanomedicines have
entered clinical trials for a range of indications, includ-
ing pancreatic cancer. The selected studies described
herein clearly emphasize the importance of understand-
ing the tumour biology in tailoring nanomedicines to
improve on the therapeutic responses observed with
standard therapies and achieve clinical translation. First-
generation nanomedicines, such as nab-paclitaxel and
MM-398, have already been applied to modestly improve
the outcomes of pancreatic cancer treatments, and many
more novel nanotechnology strategies are being explored
in both clinical and preclinical settings. By overcoming
the limitations of conventional drug delivery, nanotech-
nology has the potential to improve the delivery of drugs
to the pancreatic-tumour interstitium, and then exploit
endocytic or surface receptors to enter tumour cells.
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Furthermore, by including targeting moieties (such as
arginylglycylaspartic acid (RGD) motifs, o, integrins, or
pentagastrin), nanoparticle internalization by endothelial
and pancreatic cancer cells might be further increased.
Many of the nanotechnology strategies described
herein can provide a modest, but statistically significant,
improvement in the survival of patients with PDAC.
Nanomedicine formulation strategies have been demon-
strated to increase drug uptake, decrease stromal content
and reduce toxicity, emphasizing the potential of nano-
technology-based approaches to circumvent the natural
pathological barriers that have hindered PDAC treatment
for decades. For improved internalization and distribu-
tion of nanoparticles in the tumour, nanoparticles should
have a smaller size (for better penetration), contain an
agent with high cytotoxic potency, enable controlled drug

release, increase the systemic half-life of the agent, and
bind with only low affinity to the ECM**'**!”*_ Even with
fine-tuning and manipulation of the properties of the
nanomedicine, the desmoplastic stroma and hypovascu-
larity of patients with PDAC continue to hinder the
efficient delivery of nanoformulated drugs in sufficient
concentrations to substantially improve patient responses
and survival rates. To achieve further therapeutic advan-
tages, appropriately tailored nanomedicines should cause
a shift in the balance between the antitumour effects of
the cytotoxic agents and the protumorigenic environ-
ment that prevails upon depletion of the tumour stroma.
Several clinical trials (TABLE 1), as well as ongoing preclini-
cal efforts, offer hope that nanotechnology will soon cre-
ate new treatment options for the thousands of patients
with PDAC around the world.
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