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Simple Summary: Despite access to a vast arsenal of anticancer agents, many fail to realise their full
therapeutic potential in clinical practice. One key determinant of this is the evolution of multifaceted
resistance mechanisms within the tumour that may either pre-exist or develop during the course
of therapy. This is particularly evident in pancreatic cancer, where limited responses to treatment
underlie dismal survival rates, highlighting the urgent need for new therapeutic approaches. Here,
we discuss the major features of pancreatic tumours that contribute to therapy resistance, and how
they may be alleviated through exploitation of the mounting and exciting promise of nanomedicines;
a unique collection of nanoscale platforms with tunable and multifunctional capabilities that have
already elicited a widespread impact on cancer management.

Abstract: The development of drug resistance remains one of the greatest clinical oncology challenges
that can radically dampen the prospect of achieving complete and durable tumour control. Efforts to
mitigate drug resistance are therefore of utmost importance, and nanotechnology is rapidly emerging
for its potential to overcome such issues. Studies have showcased the ability of nanomedicines
to bypass drug efflux pumps, counteract immune suppression, serve as radioenhancers, correct
metabolic disturbances and elicit numerous other effects that collectively alleviate various mecha-
nisms of tumour resistance. Much of this progress can be attributed to the remarkable benefits that
nanoparticles offer as drug delivery vehicles, such as improvements in pharmacokinetics, protection
against degradation and spatiotemporally controlled release kinetics. These attributes provide scope
for precision targeting of drugs to tumours that can enhance sensitivity to treatment and have formed
the basis for the successful clinical translation of multiple nanoformulations to date. In this review,
we focus on the longstanding reputation of pancreatic cancer as one of the most difficult-to-treat
malignancies where resistance plays a dominant role in therapy failure. We outline the mechanisms
that contribute to the treatment-refractory nature of these tumours, and how they may be effectively
addressed by harnessing the unique capabilities of nanomedicines. Moreover, we include a brief
perspective on the likely future direction of nanotechnology in pancreatic cancer, discussing how
efforts to develop multidrug formulations will guide the field further towards a therapeutic solution
for these highly intractable tumours.

Keywords: nanomedicine; pancreatic cancer; resistance

1. Introduction

Pancreatic cancer (PaCa) is a highly aggressive malignancy that is almost universally
fatal. Of the various types of pancreatic tumours, the majority are classified as ductal ade-
nocarcinomas that originate in the enzyme-producing exocrine tissues [1,2]. The prognosis
for these tumours is exceptionally poor, with a 5-year survival rate of approximately 5%
that has remained virtually unchanged over several decades [3]. This dismal outlook is
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partly attributed to a largely asymptomatic presentation and a lack of detection biomarkers,
meaning that diagnoses are often not confirmed until an advanced stage when curative
surgical resection is no longer feasible. Treatment options are then mainly confined to
conventional chemotherapy that typically involves a combination of two or more agents.
However, even if patients can endure the debilitating side-effects of these drug regimens,
they are only likely to experience marginal and transient improvements at best as resistance
mechanisms often prevail. Thus, there is an urgent unmet need for more effective strategies
to treat PaCa.

In the strive to address this need, nanomedicine is rapidly gaining traction as a leading
approach with much potential to reform the management of PaCa [4–16]. This discipline
involves the medical application of nanoparticle technologies, which have undergone
an extensive and vibrant history of development spanning many disease settings. Most
recently, this has included the ongoing SARS-CoV-2 pandemic, where nanoparticles have
earned widespread recognition for their integral contribution to vaccine design [17,18].
Although a consensus definition for nanoparticles has not been established, they are
generally considered as having at least one dimension in the range of 1–100 nm and
encompass a broad range of platforms with diverse structures, material composition and
physicochemical properties (Figure 1).

Efforts to develop nanoparticles have largely concentrated on oncology indications,
where they have demonstrated much promise in tumour imaging, diagnosis and treat-
ment [19–21]. In particular, their ability to bypass mechanisms of tumour resistance to
therapy has been a key driving factor in their success [22–26]. Several nanoformulations
have progressed to clinical evaluation in PaCa patients, of which two have been approved
to date. Firstly, Abraxane, which is an albumin-bound nanoformulation of paclitaxel,
gained FDA authorisation in 2013 as a first-line treatment for metastatic PaCa in combi-
nation with gemcitabine. The basis for this approval was founded on the results of the
phase 3 MPACT trial, which showed an enhancement in overall survival upon addition of
Abraxane to standard-of-care gemcitabine monotherapy [27]. Secondly, and more recently,
positive outcomes from the phase 3 NAPOLI-1 trial highlighted the clinical efficacy of
a liposomal preparation of irinotecan in PaCa patients, marketed under the trade name
Onivyde [28]. Based on these observations, the FDA sanctioned the use of Onivyde in 2015
as a second-line option alongside 5-fluorouracil (5-FU) and leucovorin in metastatic PaCa
patients that have responded poorly to gemcitabine alone. Despite the seemingly modest
impact on survival in both trials (8.5 vs. 6.7 months in MPACT and 6.1 vs. 4.2 months in
NAPOLI-1), these improvements were in fact highly encouraging given that the patient
cohorts had already experienced metastatic onset, at which stage the median duration of
survival can be as little as two months [29]. The approval of Abraxane and Onivyde has
now propelled nanomedicine to the forefront of clinical management strategies for PaCa,
providing patients with a wider repertoire of treatment options and stimulating intense
efforts to further build upon this success. Below, we provide an overview of the various
benefits afforded by nanomedicine that have attracted widespread interest throughout the
scientific community. We discuss attempts to exploit nanotechnology for PaCa therapy,
focusing on those studies where the unique features of nanoparticles have been leveraged
to override drug resistance.
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Figure 1. Selected examples of organic and inorganic nanoparticles. (A) Organic materials used for nanoparticle construction
include lipids and polymers of natural or synthetic origin. Nanoparticles within this class are commonly exploited as
drug delivery vehicles and may be functionalised with ligands to enhance targeting to cell surface receptors, as shown for
polymeric nanoparticles. (B) Inorganic materials used for nanoparticle construction include carbon, silica and metals such
as gold, silver and iron oxide. Nanoparticles within this class are commonly exploited for diagnostic and imaging purposes,
although they may also be deployed as therapeutics given their capacity for drug loading and their unique physicochemical
properties that facilitate approaches such as photothermal tumour ablation. As illustrated in (A), targeting ligands may
be similarly conjugated to inorganic nanoparticles. Although selected examples are shown, many other types of organic
(e.g., polymersomes and solid lipid nanoparticles) and inorganic (e.g., quantum dots and lanthanide-doped upconversion
nanoparticles) platforms have been developed for wide-ranging biomedical applications. Much diversity exists between the
various types of nanoparticles, particularly with regard to size. For example, diameters of <100 nm are typically observed
for dendrimers, micelles and gold nanoparticles, whereas liposomes and polymeric nanoparticles often measure >100 nm.
Many of the clinically approved nanomedicines fall within the latter size range, with diameters of 110 nm and 130 nm
reported for Onivyde and Abraxane, respectively.

2. Advantages of Nanoparticle-Based Therapies

Nanoparticles possess a number of desirable attributes that have led to their extensive
application throughout the field of oncology. One of the primary motives for the use
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of nanoparticles in cancer therapy stems from their exceptional utility as drug delivery
vehicles [30,31]. Many of the constraints of conventional drug administration can be
overcome through entrapment within nanoparticles, such as poor aqueous solubility [32],
unfavourable pharmacokinetics [33–37], unacceptable toxicity [38,39], and limited stability
due to metabolic or enzymatic degradation [40–42]. Moreover, with cancer therapy typically
involving combinations of drugs with dissimilar pharmacology, this can complicate dosing
and hinder efforts to coordinate their tumour delivery at synergistic ratios. These issues can
be alleviated through co-formulation within a single nanoparticle platform to synchronise
the pharmacokinetics and biodistribution of each component drug [43,44].

Drug delivery to tumours can also be enhanced using nanoparticles [45,46], which
demonstrate a unique ability to exploit the ‘leaky’ vasculature and impaired lymphatics
that are often found in undifferentiated tumour tissues. These characteristics facilitate the
‘passive’ accumulation of nanoparticles within tumours, allowing payloads to be preferen-
tially deposited at the target site in a phenomenon known as the ‘enhanced permeability
and retention (EPR) effect’ [47–49]. Tumour retention of nanoparticles can then be further
improved through surface functionalisation with targeting ligands such as antibodies and
peptides [50,51]. This concept, referred to as ‘active’ targeting, promotes nanoparticle
engagement with tumour cells and has been widely applied to many receptor–ligand
pairings [52–59]. In addition, it is now possible to engineer ‘smart’ nanoparticles that
release their payload upon stimulation, providing yet another level of control over tu-
mour drug delivery. Common stimuli employed to date include the external application
of light [60–63], ultrasound [64,65] or X-ray irradiation [66]. Alternatively, drug release
may be triggered endogenously through construction of nanoparticles with pH- [67],
redox- [68–70], hypoxia- [71,72] or enzyme-responsive [73] properties. The combined po-
tential for tumour-selective drug delivery via these mechanisms can lead to several benefits,
including a reduction in off-target effects that often manifest as intolerable, treatment-
limiting toxicities in those receiving conventional therapy [74–76].

Other benefits can be derived from the diverse materials used to fabricate nanopar-
ticles. Phospholipids show excellent biocompatibility and biodegradability and can be
readily assembled into liposomal vesicles with high drug-loading capacity, which constitute
the bulk of clinically approved nanomedicines to date. While metallic nanoparticles can
provide useful contrast enhancement for imaging and diagnostic purposes, they are also
highly valued as therapeutics due to their unique thermal [77–81] and radiosensitising [82]
capabilities [83]. With the use of polymers for nanoparticle construction, controlled release
of entrapped cargo is possible and can be tailored to the required specification. For example,
polylactic-co-glycolic acid (PLGA) contains biodegradable ester groups and its degradation
rate is largely dictated by the ratio of its component monomers. For PLGA composed
of a 50:50 monomeric ratio, hydrolytic breakdown will occur more rapidly compared to
other grades containing a higher proportion of either of the two units [84]. Thus, the
release kinetics of nanoencapsulated drugs may be finely tuned through alteration of the
type or composition of polymer. Moreover, hydrophilic polymers can impart a ‘stealth’
coating onto nanoparticles that effectively conceals them from immune recognition as
foreign material. Polyethylene glycol (PEG) is particularly effective in this context and is
routinely incorporated into most present-day nanoformulations [85]. Taken together, it is
clear that these materials, alongside many others, each offer unique properties that allow
for significant versatility in nanoparticle design and application.

3. Addressing Therapy Resistance in PaCa Using Nanoparticle-Based Platforms

Pancreatic tumours are renowned for their intractable response to many therapeutic
interventions, including molecularly targeted agents, chemotherapy and radiotherapy.
The processes that contribute to the treatment-refractory nature of PaCa are multifactorial,
involving both intrinsic features of the tumour cell population, together with extrinsic
factors from the surrounding microenvironment [86–88]. These can either pre-exist prior
to therapy induction, or instead emerge after an initial period of treatment sensitivity,
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representing primary or acquired mechanisms of resistance, respectively. In the following
sections, we outline several resistance traits of pancreatic tumours that predispose patients
to therapy failure and discuss how these can be effectively surmounted through use of
nanotechnology. While radioresistance is a common feature of PaCa and there are nano-
based strategies to tackle this issue, it is beyond the scope of this current article and
discussed in more detail elsewhere [89–91].

3.1. Alterations in Drug Transport

Insufficient drug uptake and/or enhanced drug efflux represent two of the most
common chemoresistance mechanisms in PaCa that can particularly impact upon front-
line therapy with gemcitabine. As a hydrophilic molecule, gemcitabine does not readily
diffuse across the lipid bilayer of cell membranes and is thus dependent on the presence
of nucleoside transporters for intracellular entry. These include members of the solute
carrier (SLC) superfamily, such as the human concentrative nucleoside transporters (hCNT)
and the human equilibrative nucleoside transporters (hENT), with reports suggesting that
hENT1 is primarily responsible for gemcitabine uptake [92–94]. However, downregulation
of nucleoside transporters such as hENT1 is frequently observed in PaCa and has also
been shown to correlate with reduced survival in gemcitabine-treated patients [95–97].
This resistance mechanism may be effectively bypassed through drug formulation within
nanoparticles, whose internalisation is not contingent on nucleoside transporter expres-
sion but instead proceeds via pathways such as macropinocytosis and clathrin-mediated
endocytosis, amongst others [98,99]. In agreement, Guo and co-authors showed that
hENT1 inhibition in PaCa cells reduced their sensitivity to gemcitabine, which could be
restored through nanoformulation of the drug [100]. In further studies, nanoencapsu-
lated gemcitabine has also demonstrated superior tumour cytotoxicity over free drug,
again indicating that drug intracellular uptake can be enhanced through packaging within
nanoparticles [101–103].

As with uptake transporters, alterations in the expression and activity of transmem-
brane efflux pumps can contribute to chemoresistance. Cellular drug expulsion is pre-
dominantly mediated by the adenosine triphosphate-binding cassette (ABC) superfamily,
encompassing members such as P-glycoprotein, multidrug resistance proteins and breast
cancer resistance protein [104]. These proteins counteract the inward diffusion of molecules
across the lipid bilayer by shuttling them back into the extracellular space, leading to a
reduction in the intracellular drug reservoir that limits therapeutic efficacy. On the con-
trary, nanoparticle-based drug vehicles tend not to be recognised by efflux pumps and
so provide a highly effective means of subverting this resistance mechanism. In support
of this, photodynamic treatment efficacy was shown to negatively correlate with ABCG2
expression in PaCa models, which could be overcome by entrapping the photosensitiser
within polymeric nanoparticles [105].

Nanoparticles have also been exploited as carriers for therapeutics that can modulate
the expression and activity of membrane transporters [106,107]. Many of these studies
have involved the delivery of nucleic acids such as small interfering RNA (siRNA) and
antisense oligonucleotides, which are ideal candidates for nanoencapsulation since this can
protect against premature degradation by nucleases in the circulation [108]. In addition,
nanotechnology can overcome many limitations of viral-based vectors that have tradi-
tionally been used for delivery of genetic material, such as low packaging capacity and
immunogenicity. Several reports have demonstrated efficient knockdown of efflux trans-
porter expression in tumour cells using nano-enabled approaches, resulting in enhanced
sensitivity to co-encapsulated chemotherapies [109–111]. Alternatively, similar principles
could be applied to reconstitute the expression of uptake transporters in PaCa cells; for
example, through encapsulation of a hENT1-encoding DNA plasmid. Thus, formulation of
dual-loaded nanoparticles, combining standard-of-care agents such as gemcitabine with
chemosensitisers that regulate bidirectional drug flux across the cell membrane, represents
a promising avenue for future exploration in the PaCa setting.
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3.2. Hypoimmunogenicity

Unlike other ‘hot’ tumour types such as melanoma and lung carcinoma, PaCa is
renowned for its ‘cold’ immune contexture that markedly impairs response to revolutionary
immuno-oncology (IO) therapies such as checkpoint inhibitors. This characteristic largely
results from the low mutational burden and limited neoantigen expression of pancreatic
tumours and is further exacerbated by the immunosuppressive actions of resident stromal
cells, as discussed in subsequent sections. Efforts to stimulate tumour immunity include
the application of chemotherapeutics that are known inducers of immunogenic cell death
(ICD) [112]. For example, polymeric nanoformulations of oxaliplatin and doxorubicin were
shown to upregulate the expression of damage-associated molecular patterns (DAMPs)
in PaCa models, which triggered dendritic cell maturation and downstream engagement
of adaptive immune elements [103]. Both nanoformulations repressed the growth of
established Pan02 allografts and were also successfully deployed as part of a prophylactic
vaccine strategy. Here, prior inoculation of animals with nanoparticle-treated PaCa cells
offered superior protection against a subsequent tumour re-challenge, when compared
to free drug treatment. Clearly, vaccines represent a foremost solution to overcome the
hypoimmunogenicity of PaCa and it is evident from these studies and others [113,114] that
nanotechnology can significantly bolster their immunostimulatory effects. Beyond this
unique ability, nanoparticles can also protect labile vaccine components such as peptides
and nucleic acids from degradation [115], can be formulated using materials with adjuvant
properties [116], and can efficiently target antigen-presenting cells through active or passive
means [117]. Despite these advantages, vaccine-based approaches for PaCa have shown
limited integration of nanotechnology to date. However, the widespread promise shown
by nanovaccines in other tumour settings [118–121] provides much incentive for future
translation to PaCa models.

3.3. Stromal Desmoplasia

A defining feature of PaCa is the development of an extensive fibrotic stroma, known
as desmoplasia, which can account for up to 90% of the total tumour mass [122] (Figure 2).
This microenvironment is composed of multiple non-neoplastic cell subsets embedded
within largely impenetrable networks of extracellular matrix (ECM) proteins, such as
collagen, fibronectin and hyaluronan. Collectively, these elements confer resistance to
treatment via multiple physical and biological mechanisms, which constitute targets for
nanomedicine-based therapeutic strategies, as discussed below.

3.3.1. Physical Barriers

Pancreatic tumours are often poorly perfused due to their inherent hypovascularity,
which forms a major impediment to drug delivery. This challenge is exacerbated by
dense deposits of ECM and unchecked growth of tumour cells in a compact tissue space,
creating overwhelming stresses and compressive forces that render much of the vasculature
non-functional due to collapse. Moreover, plasma leakage from hyperpermeable vessels
is not effectively drained by the dysfunctional tumour lymphatics, leading to further
increases in interstitial pressure. Together, these abnormalities contribute to treatment
resistance by hindering multiple aspects of drug transport, such as delivery into the tumour,
extravasation across the endothelium and passage through the interstitium [123].
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Figure 2. Cellular and acellular elements of PaCa stroma with established roles in treatment resistance. PaCa is characterised
by an abundant desmoplastic stroma populated by non-malignant cells such as macrophages, fibroblasts and regulatory
T cells. The biological actions and interplay of these cells create a nurturing environment for tumour growth that can
markedly limit the effectiveness of therapy. Response to treatment is further impaired by a lack of functional vasculature
and fibrotic deposits of ECM throughout the stroma, which pose physical barriers to drug delivery. Collectively, these
features highlight the significance of the stroma as a rich source of actionable targets for overcoming PaCa resistance.

Attempts to counteract this pathophysiology include strategies aimed at disrupting
the stroma to provide a window of opportunity for enhanced drug penetrance [124–130].
Fibroblasts, and their pancreatic stellate cell (PSC) precursors, have formed common
targets for such approaches, given their instrumental role in orchestrating the desmoplastic
response through production of ECM elements. These cells exist in a quiescent state under
homeostatic conditions; becoming activated during pancreatic carcinogenesis in response
to paracrine and contact-mediated cues from tumour cells and other stromal constituents.
Nano-inspired efforts to interfere with PSC and fibroblast activation have demonstrated
success through multifaceted mechanisms such as PI3K or MAPK inhibition [131,132],
lipid regulation [133], Wnt 16 downregulation [134] and reconstitution of relaxin or TRAIL
expression [135,136]. However, most studies have focused on the TGF-β and Shh signalling
cascades, which play a major role in shaping the pro-fibrotic secretome of these cells.
Nanoformulated inhibitors targeting both pathways have been shown to downregulate
PSC and fibroblast activation markers in PaCa models, leading to remodelling of the
stromal architecture that enhances the delivery and efficacy of chemotherapeutics [137–143].
For example, stromal collagen content was significantly reduced by polymeric micelles
encapsulating the Shh inhibitor vismodegib, resulting in higher intratumoral deposition of
a co-entrapped SN-38 payload and greater retardation of tumour growth [144]. With data
also confirming controlled release of SN-38 from these micelles, this further highlights the
benefits of nanomedicine in ensuring sustained exposure of tumour cells to therapeutic
drug levels that discourages the selection of resistant clones.

Despite these promising preclinical observations, stromal depletion has yielded disap-
pointing outcomes in PaCa patients, and has now become highly contentious following
conflicting evidence that it can enhance tumour aggressiveness and metastatic dissemina-
tion [145–150]. These insights emphasise the need for caution when disrupting the stroma,
which is now being reflected in the latest nanomedicine research. For example, Chen
et al. exploited the pH differential throughout the stroma to selectively disrupt the inner
core through triggered release of nanoencapsulated drugs under acidic conditions, whilst
simultaneously preserving the outermost regions [151]. This work provides an excellent
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example of how unique stimuli-responsive properties may be integrated into nanoparticles
to allow careful disruption of defined areas of the stroma, ensuring that any protective role
of the stroma in restraining PaCa is not compromised.

Other efforts to overcome the physical barriers posed by the PaCa microenvironment
have focused on targeting the vasculature to restore vessel patency and intratumoral drug
perfusion [152,153]. Although the hyperpermeability of neovasculature can favour drug
access to solid tumours, the endothelial lining of PaCa vessels often features a relatively
high coverage of pericytes. These cells can block vascular fenestrations and thus impede
the extravasation of drugs from the circulation into the tumour bed. With research indicat-
ing that TGF-β signalling plays a dominant role in mediating pericyte interactions with
endothelial cells [154], interference with this pathway could potentially enhance tumour
drug entry. This strategy was pursued by Meng et al., who showed that complexation of a
TGF-β inhibitor to mesoporous silica nanoparticles could perturb the colocalisation of peri-
cytes and endothelial cells [155]. Pre-treatment of pancreatic BxPC-3 xenografts with these
nanoparticles led to enhanced penetrance of a sequentially administered nanoformulation
of gemcitabine, resulting in significant retardation of tumour growth. Notably, free versus
nanoformulated drug comparisons confirmed the superior ability of the latter to overcome
this chemoresistant property, with the added benefit of reduced toxicity.

3.3.2. Biological Barriers Leading to Immunosuppression

Even if physical hurdles can be overcome, therapeutics often encounter further resis-
tance arising from the complex and dynamic biological interplay between stromal elements
and the neoplastic epithelium. Key players in this respect are the cell subsets that popu-
late the stroma, comprising fibroblasts as discussed previously, as well as immune cells
from both lymphoid and myeloid lineages for example. Much progress has been made
in unravelling the molecular cross-talk and communication channels that exist between
these cells, which has highlighted their pivotal involvement in tumour progression and
resistance to therapy [156]. In particular, accumulating evidence points to their influential
role in sculpting the immunosuppressive microenvironment of PaCa that can desensitise
patients to IO therapies. This knowledge has informed the design of therapeutic strategies
focused on modulating stromal cell biology [157,158], many of which have been facilitated
by nanotechnology.

In addition to their role in driving desmoplasia, fibroblasts can contribute to therapy
resistance by dampening immune surveillance in the pancreatic tumour microenvironment.
One of the key mechanisms by which they achieve this is via secretion of the CXCL12
chemokine, which facilitates immune evasion by blocking T cell trafficking to the vicinity
of tumour cells [159]. To intervene with this process, nanoparticles have been designed to
restore antitumour immunity through sequestration of CXCL12 [160,161]. These comprise
of liposome-encapsulated plasmid DNA encoding a fusion protein that binds to CXCL12
with high affinity. Treatment with this formulation trapped CXCL12 and altered the
immune landscape of orthotopic KPC allografts, most notably through the induction of a
pronounced CD8+ T cell infiltrate that primed tumours for checkpoint inhibition with a co-
delivered PDL1 trap. In contrast, combination trap therapy in a non-encapsulated format
showed limited efficacy, confirming an important role for nanotechnology in overcoming
the intractability of PaCa to immunotherapies. Rather than targeting CXCL12 directly,
another report described the entrapment of a small molecule antagonist of its CXCR4
receptor within polyplex nanoparticles [162]. By interrupting tumour–PSC interplay via
the CXCL12/CXCR4 axis, these nanoparticles induced multiple immunostimulatory effects,
including CD8+ T cell recruitment and a proportional reduction in M2 macrophages, which
were potentiated upon co-loading of a microRNA that restored PSC quiescence. This
transformation of the tumour microenvironment into an immunogenic milieu holds much
potential to sensitise PaCa to IO agents such as checkpoint inhibitors.

Stromal macrophages have also received considerable attention, given their unique
functional plasticity that is highly amenable to therapeutic manipulation [163,164]. During
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pancreatic carcinogenesis, macrophages adopt a pro-tumour M2-like phenotype, leading
to adaptations in their secretomes and surface marker profiles that foster immune suppres-
sion. However, reports have shown that anti-tumour immunity can be restored through
re-education of macrophages, using diverse approaches such as Toll-like receptor (TLR)
agonism and kinase inhibition to induce M1-like polarisation [165–170]. This strategy
has proven successful in various PaCa models, where nano-enabled reprogramming of
macrophages has been achieved through direct targeting of these cells or as a downstream
consequence of other immunotherapeutic approaches [171–173]. Of note, nanoparticles
are ideally suited for macrophage targeting given that they are often susceptible to phago-
cytosis by these cells [174,175]. Exploitation of this vulnerability can therefore allow for
the selective delivery of entrapped M1 polarising agents to macrophages. Despite this ad-
vantage, potential hurdles exist in that it is now standard practice to formulate therapeutic
nanoparticles with a ‘stealth’ PEG corona to evade macrophage recognition and clearance
from the circulation. Engineering of nanoparticles with environmentally-responsive prop-
erties could provide an innovative solution to this challenge, whereby protective coatings
such as PEG are designed to remain intact in the bloodstream followed by detachment upon
reaching the tumour site [176–179]. As demonstrated by Han et al., this can be achieved
by grafting PEG chains onto nanoparticles via matrix metalloproteinase-9 (MMP-9)-labile
linkers, which are cleaved upon encountering high levels of the protease in the pancreatic
tumour microenvironment [180]. Although the purpose of PEG removal in this study was
to expose an underlying RGD targeting motif for improved internalisation by tumour
cells, the same principles could be applied to unmask M1-polarising nanoparticles in the
pancreatic stroma and promote their engulfment by macrophages. Continued efforts to
harness the unique capabilities of nanotechnology to re-educate macrophages will form an
important future research direction, given that M2-like programming is a poor prognostic
indicator in PaCa patients [181–184].

Other cell populations present within the pancreatic tumour stroma include myeloid-
derived suppressor cells (MDSCs) and regulatory T cells (Tregs). Despite being of relatively
low abundance, these cells can disproportionately contribute to drug resistance via diverse
mechanisms that converge in tumour immune escape, such as induction of T cell anergy,
M2 skewing of macrophages and suppression of dendritic cell activity [185,186]. Direct
targeting of both cell subsets has not been widely pursued by the nanomedicine field,
although alterations in their tumour composition have been noted as a secondary effect of
other nano-based strategies, leading to favourable outcomes in PaCa models [131,187–190].
Thus, a clear rationale exists for developing nanoparticles that directly modulate the
immunosuppressive functionalities of MDSCs and Tregs, which could effectively prime
pancreatic tumours for therapy with IO agents.

3.4. Cancer Stem Cells (CSCs)

CSCs comprise a small pool of pluripotent cells within tumours that are characterised
by their unique ability to self-renew and give rise to differentiated progeny. These cells
exhibit a remarkably resistant phenotype that can withstand multiple modes of treatment,
and their persistence within tumours is believed to sustain malignant growth that eventu-
ally results in more aggressive and metastatic relapse. As such, CSCs have been proposed
as major drivers of oncogenesis and are considered crucial targets if durable tumour con-
trol is to be achieved. Progress in targeting CSCs has been aided by the development
of nanomedicines that interfere with CSC biology [191–193]. These include a polymeric
nanoformulation of the natural xanthonoid α-mangostin, whose application as a free agent
is otherwise limited by poor aqueous solubility. Testing of the α-mangostin nanoformu-
lation in the KPC model of PaCa led to reductions in molecular signatures associated
with pluripotency and stemness, including CD24, CD133, c-Myc, Oct4 and Nanog protein
expression [194]. This was accompanied by a reduction in tumour burden with complete
absence of metastatic hepatic nodules. Elsewhere, a variety of other nanoformulations have
been shown to alleviate the stem-like characteristics in PaCa models, including copper
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oxide nanoparticles [195] and superparamagnetic iron oxide nanoparticles loaded with cur-
cumin [196] or a leptin inhibitor [197]. Several formulations have also been functionalised
with ligands that engage CSC surface markers such as CD44 and CD133, leading to notable
improvements in CSC targeting selectivity [198–201]. Although these developments are
encouraging, nano-assisted strategies for tackling the CSC population are generally lacking
throughout the published literature. Intensified research in this area will therefore be of
key importance moving forwards for lasting suppression of PaCa.

3.5. Altered Physiology

Tumours exhibit a range of physiologic alterations compared to normal tissue, such
as a reduction in extracellular pH that renders the microenvironment mildly acidic. This
largely results from metabolic adaptations of cancer cells, which show an enhanced propen-
sity to fuel their energy demands through aerobic glycolysis to yield the acidic end product
lactate (termed the ‘Warburg effect’). One of the major repercussions of microenvironmen-
tal acidification is a reduction in cellular drug influx that can lead to therapy resistance.
Weakly basic drugs, which account for a sizeable proportion of all anticancer agents, are
particularly affected as they become protonated under acidic conditions to an ionised form
that does not readily diffuse across the cell membrane. Clear scope therefore exists for
the use of nanoparticle vectors that can shield entrapped cargo from the acidic milieu and
provide a route of intracellular entry. In many instances, these have been engineered with
‘smart’ features that take advantage of tumour acidosis to achieve spatiotemporal control
over drug delivery. For example, studies by Han et al. showed that surface functionalisa-
tion of gemcitabine-loaded nanoparticles with a pH-responsive peptide could markedly
improve their binding affinity to tumour cells [202]. This resulted from a conformational
change in the peptide upon exposure to low pH, allowing it to form a stable transmembrane
helix across the tumour cell bilayer that facilitated nanoparticle uptake. Other studies have
also exploited tumour acidity as a release stimulus for nanoencapsulated payloads that
could help to overcome resistance due to off-target drug distribution [203–212].

Oxygen deprivation is a further hallmark that commonly distinguishes tumour, from
normal, tissue. This characteristic is prominent in PaCa, where hypovascularity together
with stroma-mediated compression of existing vasculature create barriers to blood flow
that reduce oxygenation. It is well established that hypoxic conditions give rise to many
of the major mechanisms of drug resistance, such as anti-apoptotic signalling, immune
suppression and induction of EMT [213,214]. Restoration of tumour normoxia has therefore
been investigated as a potential therapy, and many studies have shown that nanotechnology
can play a vital role in the success of this approach [215–219]. For example, a report by Chen
and colleagues described the adsorption of oxygen to fluorocarbon chains on the surface
of mesoporous silica nanoparticles, which effectively relieved hypoxia when delivered to
PANC-1 pancreatic xenografts [220]. Resistance to sonodynamic therapy could be largely
overcome as a result, which relies on sufficient oxygen supply for generation of cytotoxic
reactive oxygen species. Similarly, others have shown that hypoxia reversion using calcium
peroxide nanoparticles can attenuate resistance to oxygen-dependent photodynamic and
sonodynamic therapy in PaCa models [221,222]. These nanoparticles were coated with a
pH-responsive polymer that remained intact during circulation but degraded under acidic
conditions, ensuring selective exposure of their oxygen-generating core in the locality of
the tumour. Taken together, nanotechnology can clearly help to offset resistance either
by correcting physiological alterations in tumours, or by exploiting them for on-demand
drug release. Aside from pH and oxygen status, interest in other tumour features, such
as elevated glutathione levels, has also produced encouraging results that are worthy of
further investigation [223–227].

3.6. Metabolic Factors

Of the drugs used for PaCa therapy, gemcitabine is particularly vulnerable to metabolic
processes that contribute to the emergence of resistance [228,229]. While in systemic circu-
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lation, gemcitabine is rapidly inactivated by the enzyme cytidine deaminase, resulting in a
half-life of only 15–20 min [230]. To achieve sufficient biological activity, frequent infusions
at high dosage are necessary at the expense of increased toxicity. This challenge could be
circumvented by coupling gemcitabine to the amphiphilic polymer tocopherol polyethy-
lene glycol succinate (TPGS), to generate a prodrug that spontaneously assembled into
micelles under aqueous conditions [231]. Following incubation with recombinant cytidine
deaminase, the authors observed a time-dependent degradation of native gemcitabine,
with only 11% of the original amount detected after 30 min. By contrast, the deamination
of micellar gemcitabine was significantly less pronounced, with 90% remaining at end-
point. Similar findings were also noted elsewhere [180,232–234], highlighting the ability of
nanotechnology to effectively shield gemcitabine from metabolic inactivation. Interestingly,
cytidine deaminase expression can be inhibited by the paclitaxel nanoformulation Abrax-
ane, which may partially account for the improved clinical outcomes upon combining this
agent with gemcitabine [235].

A further obstacle associated with gemcitabine therapy is the requirement for intracel-
lular processing of the drug to a pharmacologically active conformation. This involves a
series of phosphorylation events mediated by several enzymes whose expression is often
dysregulated in PaCa. Hence, multiple opportunities exist for insufficient drug processing,
leading to chemoresistance. In particular, monophosphorylation of gemcitabine by deoxy-
cytidine kinase (dCK) is regarded as the critical rate-limiting step towards production of
the bioactive triphosphate metabolite [236]. Given that dCK downregulation is a frequent
occurrence in PaCa that correlates with gemcitabine insensitivity [237], studies have en-
deavoured to bypass this step through direct delivery of gemcitabine monophosphate to the
tumour site. This gemcitabine derivative has been successfully formulated within a range
of nanoparticle platforms that have demonstrated significant antitumour efficacy in PaCa
models [151,189,238]. It is also notable that, even in cases where the parent gemcitabine
molecule has been entrapped in nanoparticles, both high and prolonged accumulation of
the active triphosphate metabolite has been achieved in tumour tissue compared to the free
drug [180,232]. These observations are a likely reflection of the improvements in metabolic
stability, tumour localisation and cellular uptake of gemcitabine when loaded within
nanoparticles. Similarly, resistance often results from inefficient conversion of irinotecan to
bioactive SN-38 due to limited expression of the metabolising enzyme carboxylesterase
in humans. However, studies have shown that direct delivery of SN-38 within nanopar-
ticles leads to carboxylesterase-independent efficacy in PaCa models, while overcoming
solubility and toxicity issues that limit the application of SN-38 in free format [239].

Rewiring of amino acid metabolism in PaCa can also induce resistance to many IO
therapies by exerting suppressive effects upon antitumour immunity. Enhanced tryptophan
catabolism represents a classic example of metabolic reprogramming in PaCa, which mainly
results from overexpression of indoleamine 2,3-dioxygenase-1 (IDO1) that catalyses the
breakdown of this essential amino acid to kynurenine. In turn, local tryptophan depletion,
combined with accumulating levels of metabolites, leads to a dampening of both innate
and adaptive antitumour responses [240,241]. Efforts to remedy this metabolic alteration
have yielded a wealth of nanoplatforms encapsulating IDO1-targeted agents, such as small
molecule inhibitors or siRNA, often in combination with another immunomodulatory
cargo [242–245]. These have proven highly effective in mobilising antitumour immunity,
as demonstrated by the development of a hybrid lipid-mesoporous silica nanoformulation
encapsulating the IDO1 inhibitor indoximod and the ICD-inducer oxaliplatin [190]. Treat-
ment of orthotopic KPC allografts with this nanoformulation increased the ratio of CD8+ T
cells to Foxp3+ Tregs, leading to significant reductions in tumour volume and metastatic
foci. Importantly, these effects translated into a survival benefit versus free drug treatment,
which could be explained by data confirming the enhanced circulation half-life and tumour
biodistribution of the nanoparticles.
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3.7. Suboptimal Receptor Agonism

There is an ever-increasing emphasis on multivalency in the development of new
therapies as many targets require receptor clustering to achieve sufficient agonism and
aid internalisation. Indeed, receptor clustering has been suggested, as this is a way cells
may regulate their response to certain stimuli and potentially develop resistance [246,247].
Nanoparticles offer a convenient platform for attachment of existing monovalent therapies
in close enough proximity to induce receptor clustering [248]. This has been observed
with various multimeric receptors, including epidermal growth factor receptor (EGFR).
Attachment of EGFR targeting ligands to the surface of nanoparticles has been shown to
aid the targeting of a given payload [249,250]. Numerous antagonistic antibodies targeting
EGFR, such as cetuximab, are on the market but only a small proportion of patients respond
to therapy [251]. An anti-EGFR liposome containing doxorubicin is currently undergoing
clinical trials, therefore it will soon be ascertained if the multivalent targeting of EGFR aids
internalisation of an entrapped payload and translates to clinical benefit [252].

Receptor-targeted nanoparticles can also enable novel immunotherapy strategies.
Perica et al. used iron dextran nanoparticles that could activate a T cell receptor (TCR)
in T cells via a magnetic field, generating proliferating T cells that recognised a grafted
tumour and blocked its development in vivo [253]. In a different approach, Smith et al.
described a method of rapidly programming T cells in vivo using TCR-targeting nanopar-
ticles containing a DNA payload coding for a chimeric antigen receptor (CAR). Use of
these nanoparticles resulted in complete elimination of the tumours in animal models [254].
Given the immunosuppressed nature of PaCa it is likely that such CAR technologies
targeting antigens could offer benefits [255].

Perhaps the best examples of therapeutics that have taken advantage of multivalency
have been antibodies and recombinant proteins targeting death receptor 5 (DR5). The
endogenous ligand of DR5, Tumour Necrosis Factor α-related apoptosis-inducing ligand
(TRAIL), exists in both membrane bound and soluble forms in nature with the former
being much more potent than the latter. Multiple formats of monovalent or bivalent death
receptor targeting therapies have gone to clinical trial but failed to produce adequate
benefit to warrant use in the clinic [256]. Recent attempts at therapeutically targeting DR5
mostly involve presenting the ligand in a multivalent format to encourage DR5 clustering.
Nanoparticles offer a convenient platform to attach mono- or bivalent ligands in close
proximity to encourage receptor clustering (Figure 3). Collectively this work demonstrates
improved antitumour effects in multiple cancer models, including using TRAIL itself or the
anti-DR5 antibody conatumumab [257–261]. In the case of PaCa, it has been demonstrated
that targeting DR5 on tumour-associated endothelium can reduce interstitial fluid pressure
facilitating increased delivery of nanoformulations [262]. Many other targets may also
exhibit an increased signal when targeted with a multivalent ligand where conjugation
of a monovalent ligand to a nanoparticle could offer a convenient platform to create
multivalency [263,264].

3.8. Antiapoptotic Proteins

Chemoresistance can result from the overexpression of antiapoptotic proteins within
the DR5 pathway, such as Fas-associated death domain (FADD)-like IL-1b-converting
enzyme-inhibitory protein (FLIP) [265]. FLIP is overexpressed in many cancers and is
associated with a poor prognosis. Its overexpression is associated with reduced efficacy
of chemotherapeutics used in the clinic, such as oxaliplatin and 5-FU [266]. High FLIP
expression also causes resistance to apoptosis targeting therapies such as TRAIL receptor
agonists [267]. Numerous therapies have been shown to downregulate FLIP, resulting in
increased sensitisation to chemotherapies and TRAIL receptor-targeting therapies [265].
Nanoparticles can help to overcome this resistance and have been used to deliver FLIP
downregulating agents, such as camptothecin, aiding sensitisation to therapy [259,261,268].
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Figure 3. Multivalent antibody presentation on the surface of nanoparticles facilitates receptor activation. Insufficient
agonism of target receptors represents a common mode of resistance to many therapies, as observed with antibodies directed
against DR5, for example. (A) When applied in free format, antibodies show limited ability to induce oligomerisation and
cross-linking of DR5 to the extent required for downstream signal transduction. (B) However, the concentrated display of
antibodies on a nanoparticle surface allows for multivalent engagement of DR5 beyond the threshold needed for receptor
activation. Signalling is initiated in response, involving recruitment of FADD and activation of initiator and executioner
caspases that mediate apoptotic cell death.

B cell lymphoma 2 (Bcl-2) and myeloid cell leukaemia (Mcl-1) are antiapoptotic mem-
bers of the Bcl-2 family of proteins that bind to their proapoptotic family members, thereby
preventing mitochondrial outer membrane permeabilisation (MOMP), the release of cy-
tochrome c and second mitochondrial activator of caspase (SMAC) [269]. The antiapoptotic
members of the Bcl-2 family are attractive targets for cancer therapy. In 2020, the Bcl-2
specific inhibitor venetoclax was approved for use by the FDA for the treatment of chronic
lymphocytic leukaemia and small lymphocytic lymphoma [270], whereas earlier attempts
at more broad-spectrum inhibition of antiapoptotic Bcl-2 family members showed much
higher levels of toxicity [271]. Nanotechnology can offer benefit through limiting systemic
toxicity; Tannan et al. demonstrated that the use of the Mcl-1 specific inhibitor S63845 and
venetoclax as free drug co-therapies caused haematological toxicities and weight loss in
mouse models. They successfully mitigated these toxicities through entrapment of these
agents in nanoparticles while also allowing for a 3.5- to 6.5-fold reduction in overall drug
dose [272]. While the full potential of nanotechnology in this field has not been realised,
clearly this approach offers a useful strategy to reduce systemic toxicities, which should
increase the demographic of patients able to receive the entrapped payloads, ultimately
resulting in better survival outcomes.
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4. Conclusions and Future Perspectives

As one of the most difficult-to-treat malignancies with a survival rate that has scarcely
improved over several decades, the identification of new therapeutic strategies for PaCa
remains a leading priority. The application of nanomedicine represents a significant step
towards realising this goal, which has proven capability to overcome mechanisms of resis-
tance that ultimately lead to therapy failure and relapse in PaCa patients. Efforts in this
area to date have resulted in two clinically approved nanomedicines for PaCa therapy,
with numerous others demonstrating promise at various stages of development. One
commonality across many of these platforms is their containment of a sole chemothera-
peutic payload, such as paclitaxel and irinotecan in the case of Abraxane and Onivyde,
respectively, which will be subject to much adaptation moving forwards. Initiatives to
co-load multiple cargoes within a single nanoparticle platform are expected to gather pace,
to overcome issues with current combination regimens in the clinic and also allow for the
simultaneous and aggressive targeting of multiple aspects of PaCa pathophysiology. This
will be greatly facilitated by the breadth of core materials now available for nanoparticle
construction, and hybrid compositions may soon take precedence to enable packaging
of drugs with disparate structural and physicochemical properties. However, although
the formulation of multidrug nanoparticles offers clear benefits, these are partially offset
by the inherent complexity of the final product and the need for extensive optimisation
to achieve precise ratiometric control over drug loading. A key consideration will be to
ensure that manufacturing practices for these nanoparticles provide a sufficient degree of
homogeneity and reproducibility, to satisfy regulatory requirements and expedite their
clinical translation. Another important objective of future work will involve payload
diversification. While conventional chemotherapies will continue to hold a fundamental
role in treatment, other payloads will be increasingly explored in line with our evolving
understanding of PaCa biology and the processes that contribute to resistance. Leading
candidates in this respect will include agents with immunostimulatory properties, driven
by the unprecedented success of IO approaches such as checkpoint inhibition that have
revolutionised cancer care in recent years. Moreover, attention must also be centred on the
development of appropriate preclinical models in which to test these nanoformulations.
Recent modelling advances include those based on 3D organoids and humanised mice
that can recapitulate many features of PaCa, and continued innovation in this area will
assist the translation of novel nanoformulations to the clinic. Collectively, these efforts
will establish a rich pipeline of therapeutic nanomedicines that, with time, could lead to a
radical transformation in the outlook for PaCa patients.
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57. Öztürk, K.; Esendağlı, G.; Gürbüz, M.U.; Tülü, M.; Çalış, S. Effective targeting of gemcitabine to pancreatic cancer through
PEG-cored Flt-1 antibody-conjugated dendrimers. Int. J. Pharm. 2017, 517, 157–167. [CrossRef]

58. Yoo, J.; Park, C.; Yi, G.; Lee, D.; Koo, H. Active Targeting Strategies Using Biological Ligands for Nanoparticle Drug Delivery
Systems. Cancers 2019, 11, 640. [CrossRef] [PubMed]

59. Kamaly, N.; Xiao, Z.; Valencia, P.M.; Radovic-Moreno, A.F.; Farokhzad, O.C. Targeted polymeric therapeutic nanoparticles:
Design, development and clinical translation. Chem. Soc. Rev. 2012, 41, 2971–3010. [CrossRef] [PubMed]

60. Yang, C.; Chan, K.K.; Xu, G.; Yin, M.; Lin, G.; Wang, X.; Lin, W.-J.; Birowosuto, M.D.; Zeng, S.; Ogi, T.; et al. Biodegradable
Polymer-Coated Multifunctional Graphene Quantum Dots for Light-Triggered Synergetic Therapy of Pancreatic Cancer. ACS
Appl. Mater. Interfaces 2018, 11, 2768–2781. [CrossRef]

61. Oluwasanmi, A.; Al-Shakarchi, W.; Manzur, A.; Aldebasi, M.H.; Elsini, R.S.; Albusair, M.K.; Haxton, K.J.; Curtis, A.D.M.; Hoskins,
C. Diels Alder-mediated re-lease of gemcitabine from hybrid nanoparticles for enhanced pancreatic cancer therapy. J. Control.
Release 2017, 266, 355–364. [CrossRef] [PubMed]

62. Spring, B.Q.; Sears, R.B.; Zheng, L.Z.; Mai, Z.; Watanabe, R.; Sherwood, M.E.; Schoenfeld, D.A.; Pogue, B.; Pereira, S.; Villa,
E.; et al. A photoactivable multi-inhibitor nanoliposome for tumour control and simultaneous inhibition of treatment escape
pathways. Nat. Nanotechnol. 2016, 11, 378–387. [CrossRef]

63. Luo, D.; Carter, K.A.; Razi, A.; Geng, J.; Shao, S.; Giraldo, D.; Sunar, U.; Ortega, J.; Lovell, J.F. Doxorubicin encapsulated in stealth
liposomes conferred with light-triggered drug release. Biomaterials 2015, 75, 193–202. [CrossRef] [PubMed]

64. Wang, B.; Zhai, Y.; Shi, J.; Zhuang, L.; Liu, W.; Zhang, H.; Zhang, H.; Zhang, Z. Simultaneously overcome tumor vascular
endothelium and extracellular matrix barriers via a non-destructive size-controlled nanomedicine. J. Control. Release 2017, 268,
225–236. [CrossRef] [PubMed]

65. Dwivedi, P.; Kiran, S.; Han, S.; Dwivedi, M.; Khatik, R.; Fan, R.; Mangrio, F.A.; Du, K.; Zhu, Z.; Yang, C.; et al. Magnetic Targeting
and Ultrasound Activation of Liposome–Microbubble Conjugate for Enhanced Delivery of Anticancer Therapies. ACS Appl.
Mater. Interfaces 2020, 12, 23737–23751. [CrossRef]

66. Manoharan, D.; Chang, L.C.; Wang, L.C.; Shan, Y.S.; Lin, F.C.; Wu, L.C.; Sheu, H.-S.; Su, W.-P.; Yeh, C.-S. Synchronization
of Nanoparticle Sensitization and Radiosensitizing Chemotherapy through Cell Cycle Arrest Achieving Ultralow X-ray Dose
Delivery to Pancreatic Tumors. ACS Nano 2021, 15, 9084–9100. [CrossRef]

67. Kong, C.; Li, Y.; Liu, Z.; Ye, J.; Wang, Z.; Zhang, L.; Kong, W.; Liu, H.; Liu, C.; Pang, H.; et al. Targeting the oncogene kras
mutant pancreatic cancer by synergistic blocking of lysosomal acidification and rapid drug release. ACS Nano 2019, 13, 4049–4063.
[CrossRef]

68. Li, Y.; Wang, H.; Wang, K.; Hu, Q.; Yao, Q.; Shen, Y.; Yu, G.; Tang, G. Targeted Co-delivery of PTX and TR3 siRNA by PTP Peptide
Modified Dendrimer for the Treatment of Pancreatic Cancer. Small 2017, 13, 1602697. [CrossRef] [PubMed]

69. Lim, W.Q.; Phua, S.Z.F.; Zhao, Y. Redox-Responsive Polymeric Nanocomplex for Delivery of Cytotoxic Protein and Chemothera-
peutics. ACS Appl. Mater. Interfaces 2019, 11, 31638–31648. [CrossRef] [PubMed]

70. Singh, A.; Xu, J.; Mattheolabakis, G.; Amiji, M. EGFR-targeted gelatin nanoparticles for systemic administration of gemcitabine in
an orthotopic pancreatic cancer model. Nanomed. Nanotechnol. Biol. Med. 2016, 12, 589–600. [CrossRef]

71. Confeld, M.I.; Mamnoon, B.; Feng, L.; Jensen-Smith, H.; Ray, P.; Froberg, J.; Kim, J.; Hollingsworth, M.A.; Quadir, M.; Choi, Y.;
et al. Targeting the Tumor Core: Hypoxia-Responsive Nanoparticles for the Delivery of Chemotherapy to Pancreatic Tumors.
Mol. Pharm. 2020, 17, 2849–2863. [CrossRef] [PubMed]

72. Kulkarni, P.; Haldar, M.K.; Katti, P.; Dawes, C.; You, S.; Choi, Y.; Mallik, S. Hypoxia Responsive, Tumor Penetrating Lipid
Na-noparticles for Delivery of Chemotherapeutics to Pancreatic Cancer Cell Spheroids. Bioconjug. Chem. 2016, 27, 1830–1838.
[CrossRef]

73. Li, H.; Wang, P.; Deng, Y.; Zeng, M.; Tang, Y.; Zhu, W.H.; Cheng, Y. Combination of active targeting, enzyme-triggered release and
fluorescent dye into gold nanoclusters for endomicroscopy-guided photothermal/photodynamic therapy to pancreatic ductal
adenocarcinoma. Biomaterials 2017, 139, 30–38. [CrossRef]

74. Wu, L.; Zhang, F.; Chen, X.; Wan, J.; Wang, Y.; Li, T.; Wang, H. Self-Assembled Gemcitabine Prodrug Nanoparticles Show
Enhanced Efficacy against Patient-Derived Pancreatic Ductal Adenocarcinoma. ACS Appl. Mater. Interfaces 2020, 12, 3327–3340.
[CrossRef]

75. Huang, C.; You, X.; Dai, C.; Xu, Q.; Li, F.; Wang, L.; Huang, X.; Wang, J.; Li, S.; Gao, Z.; et al. Targeting Super-Enhancers via
Nanoparticle-Facilitated BRD4 and CDK7 Inhibitors Synergistically Suppresses Pancreatic Ductal Adenocarcinoma. Adv. Sci.
2020, 7, 1902926. [CrossRef]

76. Aibani, N.; Nesbitt, H.; Marino, N.; Jurek, J.; O’Neill, C.; Martin, C.; Di Bari, I.; Sheng, Y.; Logan, K.; Hawthorne, S.; et al.
Electroneutral polymersomes for combined cancer chemotherapy. Acta Biomater. 2018, 80, 327–340. [CrossRef]

77. Sun, H.; Zhang, Y.; Chen, S.; Wang, R.; Chen, Q.; Li, J.; Luo, Y.; Wang, X.; Chen, H. Photothermal Fenton Nanocatalysts for
Synergetic Cancer Therapy in the Second Near-Infrared Window. ACS Appl. Mater. Interfaces 2020, 12, 30145–30154. [CrossRef]

http://doi.org/10.1038/s41467-018-03705-y
http://doi.org/10.1021/acs.biomac.8b00507
http://doi.org/10.1016/j.ijpharm.2016.12.009
http://doi.org/10.3390/cancers11050640
http://www.ncbi.nlm.nih.gov/pubmed/31072061
http://doi.org/10.1039/c2cs15344k
http://www.ncbi.nlm.nih.gov/pubmed/22388185
http://doi.org/10.1021/acsami.8b16168
http://doi.org/10.1016/j.jconrel.2017.09.027
http://www.ncbi.nlm.nih.gov/pubmed/28943195
http://doi.org/10.1038/nnano.2015.311
http://doi.org/10.1016/j.biomaterials.2015.10.027
http://www.ncbi.nlm.nih.gov/pubmed/26513413
http://doi.org/10.1016/j.jconrel.2017.10.029
http://www.ncbi.nlm.nih.gov/pubmed/29054372
http://doi.org/10.1021/acsami.0c05308
http://doi.org/10.1021/acsnano.1c02283
http://doi.org/10.1021/acsnano.8b08246
http://doi.org/10.1002/smll.201602697
http://www.ncbi.nlm.nih.gov/pubmed/27762495
http://doi.org/10.1021/acsami.9b09605
http://www.ncbi.nlm.nih.gov/pubmed/31389684
http://doi.org/10.1016/j.nano.2015.11.010
http://doi.org/10.1021/acs.molpharmaceut.0c00247
http://www.ncbi.nlm.nih.gov/pubmed/32521162
http://doi.org/10.1021/acs.bioconjchem.6b00241
http://doi.org/10.1016/j.biomaterials.2017.05.030
http://doi.org/10.1021/acsami.9b16209
http://doi.org/10.1002/advs.201902926
http://doi.org/10.1016/j.actbio.2018.09.005
http://doi.org/10.1021/acsami.0c07013


Cancers 2021, 13, 6175 18 of 26

78. Wang, P.; Shi, Y.; Zhang, S.; Huang, X.; Zhang, J.; Zhang, Y.; Si, W.; Dong, X. Hydrogen Peroxide Responsive Iron–Based
Nanoplatform for Multimodal Imaging–Guided Cancer Therapy. Small 2019, 15, 1803791. [CrossRef] [PubMed]

79. Zhao, R.; Han, X.; Li, Y.; Wang, H.; Ji, T.; Zhao, Y.; Nie, G. Photothermal Effect Enhanced Cascade-Targeting Strategy for Im-proved
Pancreatic Cancer Therapy by Gold Nanoshell@Mesoporous Silica Nanorod. ACS Nano 2017, 11, 8103–8113. [CrossRef]

80. Jiang, T.; Zhang, B.; Shen, S.; Tuo, Y.; Luo, Z.; Hu, Y.; Pang, Z.; Jiang, X. Tumor Microenvironment Modulation by Cyclopamine
Improved Photothermal Therapy of Biomimetic Gold Nanorods for Pancreatic Ductal Adenocarcinomas. ACS Appl. Mater.
Interfaces 2017, 9, 31497–31508. [CrossRef]

81. Brero, F.; Albino, M.; Antoccia, A.; Arosio, P.; Avolio, M.; Berardinelli, F.; Bettega, D.; Calzolari, P.; Ciocca, M.; Corti, M.; et al.
Hadron Therapy, Magnetic Nanoparticles and Hyperthermia: A Promising Combined Tool for Pancreatic Cancer Treatment.
Nanomaterials 2020, 10, 1919. [CrossRef] [PubMed]

82. Wason, M.S.; Lu, H.; Yu, L.; Lahiri, S.K.; Mukherjee, D.; Shen, C.; Das, S.; Seal, S.; Zhao, J. Cerium oxide nanoparticles sensitize
pancreatic cancer to radiation therapy through oxidative activation of the JNK apoptotic pathway. Cancers 2018, 10, 303. [CrossRef]

83. Zhang, F.; Han, X.; Hu, Y.; Wang, S.; Liu, S.; Pan, X.; Wang, H.; Ma, J.; Wang, W.; Li, S.; et al. Interventional Photothermal Therapy
Enhanced Brachytherapy: A New Strategy to Fight Deep Pancreatic Cancer. Adv. Sci. 2019, 6, 1801507. [CrossRef]

84. Lü, J.M.; Wang, X.; Marin-Muller, C.; Wang, H.; Lin, P.H.; Yao, Q.; Chen, C. Current advances in research and clinical applications
of PLGA-based nanotechnology. Expert Rev. Mol. Diagn. 2009, 9, 325–341. [CrossRef] [PubMed]

85. Suk, J.S.; Xu, Q.; Kim, N.; Hanes, J.; Ensign, L.M. PEGylation as a strategy for improving nanoparticle-based drug and gene
delivery. Adv. Drug Deliv. Rev. 2016, 99, 28–51. [CrossRef]

86. Schober, M.; Jesenofsky, R.; Faissner, R.; Weidenauer, C.; Hagmann, W.; Michl, P.; Heuchel, R.L.; Haas, S.L.; Löhr, J.-M. Desmoplasia
and Chemoresistance in Pancreatic Cancer. Cancers 2014, 6, 2137–2154. [CrossRef]

87. Dauer, P.; Nomura, A.; Saluja, A.; Banerjee, S. Microenvironment in determining chemo-resistance in pancreatic cancer: Neighbor-
hood matters. Pancreatology 2016, 17, 7–12. [CrossRef] [PubMed]

88. Adamska, A.; Elaskalani, O.; Emmanouilidi, A.; Kim, M.; Razak, N.B.A.; Metharom, P.; Falasca, M. Molecular and cellular
mechanisms of chemoresistance in pancreatic cancer. Adv. Biol. Regul. 2018, 68, 77–87. [CrossRef]

89. Clement, S.; Campbell, J.M.; Deng, W.; Guller, A.; Nisar, S.; Liu, G.; Wilson, B.C.; Goldys, E.M. Mechanisms for Tuning Engineered
Nanomaterials to Enhance Radiation Therapy of Cancer. Adv. Sci. 2020, 7, 2003584. [CrossRef] [PubMed]

90. Chen, Y.; Yang, J.; Fu, S.; Wu, J. Gold Nanoparticles as Radiosensitizers in Cancer Radiotherapy. Int. J. Nanomed. 2020, 15,
9407–9430. [CrossRef] [PubMed]

91. Penninckx, S.; Heuskin, A.-C.; Michiels, C.; Lucas, S. Gold Nanoparticles as a Potent Radiosensitizer: A Transdisciplinary
Approach from Physics to Patient. Cancers 2020, 12, 2021. [CrossRef]

92. Marcé, S.; Molina-Arcas, M.; Villamor, N.; Casado, F.J.; Campo, E.; Pastor-Anglada, M.; Colomer, D. Expression of human
equilibrative nucleoside transporter 1 (hENT1) and its correlation with gemcitabine uptake and cytotoxicity in mantle cell
lymphoma. Haematologica 2006, 91, 895–902.

93. García-Manteiga, J.; Molina-Arcas, M.; Casado, F.J.; Mazo, A.; Pastor-Anglada, M. Nucleoside Transporter Profiles in Hu-man
Pancreatic Cancer Cells: Role of hCNT1 in 2’,2’-Difluorodeoxycytidine-Induced Cytotoxicity. Clin. Cancer Res. 2003, 9, 5000–5008.
[PubMed]

94. Mackey, J.R.; Mani, R.S.; Selner, M.; Mowles, D.; Young, J.D.; Belt, J.A.; Crawford, C.R.; Cass, C.E. Functional nucleoside
transporters are required for gemcitabine influx and manifestation of toxicity in cancer cell lines. Cancer Res. 1998, 58, 4349–4357.
[PubMed]

95. Farrell, J.J.; Elsaleh, H.; Garcia, M.; Lai, R.; Ammar, A.; Regine, W.F.; Abrams, R.; Benson, A.B.; Macdonald, J.; Cass, C.E.; et al.
Human Equilibrative Nucleoside Transporter 1 Levels Predict Response to Gemcitabine in Patients With Pancreatic Cancer.
Gastroenterology 2009, 136, 187–195. [CrossRef] [PubMed]

96. Giovannetti, E.; Del Tacca, M.; Mey, V.; Funel, N.; Nannizzi, S.; Ricci, S.; Orlandini, C.; Boggi, U.; Campani, D.; Del Chiaro, M.;
et al. Transcription Analysis of Human Equilibrative Nucleoside Transporter-1 Predicts Survival in Pancreas Cancer Patients
Treated with Gemcitabine. Cancer Res. 2006, 66, 3928–3935. [CrossRef]

97. Spratlin, J.; Sangha, R.; Glubrecht, D.; Dabbagh, L.; Young, J.D.; Dumontet, C.; Cass, C.; Lai, R.; Mackey, J.R. The absence of
human equilibrative nucleoside transporter 1 is associated with reduced survival in patients with gemcitabine-treated pancreas
adenocarcinoma. Clin. Cancer Res. 2004, 10, 6956–6961. [CrossRef]

98. Rennick, J.J.; Johnston, A.P.R.; Parton, R.G. Key principles and methods for studying the endocytosis of biological and nanoparticle
therapeutics. Nat. Nanotechnol. 2021, 16, 266–276. [CrossRef]

99. Kushwah, V.; Agrawal, A.; Dora, C.P.; Mallinson, D.; Lamprou, D.; Gupta, R.C.; Jain, S. Novel Gemcitabine Conjugated Albumin
Nanoparticles: A Potential Strategy to Enhance Drug Efficacy in Pancreatic Cancer Treatment. Pharm. Res. 2017, 34, 2295–2311.
[CrossRef]

100. Guo, Z.; Wang, F.; Di, Y.; Yao, L.; Yu, X.; Fu, D.; Li, J.; Jin, C. Antitumor effect of gemcitabine-loaded albumin nanoparticle on
gem-citabine-resistant pancreatic cancer induced by low hENT1 expression. Int. J. Nanomed. 2018, 13, 4869–4880. [CrossRef]

101. Jaidev, L.R.; Krishnan, U.M.; Sethuraman, S. Gemcitabine loaded biodegradable PLGA nanospheres for in vitro pancreatic cancer
therapy. Mater. Sci. Eng. C 2015, 47, 40–47. [CrossRef]

102. Utama, R.H.; Jiang, Y.; Zetterlund, P.B.; Stenzel, M.H. Biocompatible Glycopolymer Nanocapsules via Inverse Miniemulsion
Periphery RAFT Polymerization for the Delivery of Gemcitabine. Biomacromolecules 2015, 16, 2144–2156. [CrossRef] [PubMed]

http://doi.org/10.1002/smll.201803791
http://www.ncbi.nlm.nih.gov/pubmed/30569479
http://doi.org/10.1021/acsnano.7b02918
http://doi.org/10.1021/acsami.7b09458
http://doi.org/10.3390/nano10101919
http://www.ncbi.nlm.nih.gov/pubmed/32993001
http://doi.org/10.3390/cancers10090303
http://doi.org/10.1002/advs.201801507
http://doi.org/10.1586/erm.09.15
http://www.ncbi.nlm.nih.gov/pubmed/19435455
http://doi.org/10.1016/j.addr.2015.09.012
http://doi.org/10.3390/cancers6042137
http://doi.org/10.1016/j.pan.2016.12.010
http://www.ncbi.nlm.nih.gov/pubmed/28034553
http://doi.org/10.1016/j.jbior.2017.11.007
http://doi.org/10.1002/advs.202003584
http://www.ncbi.nlm.nih.gov/pubmed/33344143
http://doi.org/10.2147/IJN.S272902
http://www.ncbi.nlm.nih.gov/pubmed/33262595
http://doi.org/10.3390/cancers12082021
http://www.ncbi.nlm.nih.gov/pubmed/14581375
http://www.ncbi.nlm.nih.gov/pubmed/9766663
http://doi.org/10.1053/j.gastro.2008.09.067
http://www.ncbi.nlm.nih.gov/pubmed/18992248
http://doi.org/10.1158/0008-5472.CAN-05-4203
http://doi.org/10.1158/1078-0432.CCR-04-0224
http://doi.org/10.1038/s41565-021-00858-8
http://doi.org/10.1007/s11095-017-2238-8
http://doi.org/10.2147/IJN.S166769
http://doi.org/10.1016/j.msec.2014.11.027
http://doi.org/10.1021/acs.biomac.5b00545
http://www.ncbi.nlm.nih.gov/pubmed/26027950


Cancers 2021, 13, 6175 19 of 26

103. Zhao, X.; Yang, K.; Zhao, R.; Ji, T.; Wang, X.; Yang, X.; Zhang, Y.; Cheng, K.; Liu, S.; Hao, J.; et al. Inducing enhanced immunogenic
cell death with nanocarrier-based drug delivery systems for pancreatic cancer therapy. Biomaterials 2016, 102, 187–197. [CrossRef]

104. Robey, R.; Pluchino, K.M.; Hall, M.D.; Fojo, A.T.; Bates, S.E.; Gottesman, M.M. Revisiting the role of ABC transporters in
multidrug-resistant cancer. Nat. Rev. Cancer 2018, 18, 452–464. [CrossRef]

105. Roh, Y.J.; Kim, J.H.; Kim, I.W.; Na, K.; Park, J.M.; Choi, M.G. Photodynamic therapy using photosensitizer-encapsulated polymeric
nanoparticle to overcome ATP-binding cassette transporter subfamily G2 function in pancreatic cancer. Mol. Cancer Ther. 2017, 16,
1487–1496. [CrossRef]

106. Wang, H.; Liang, Y.; Yin, Y.; Zhang, J.; Su, W.; White, A.M.; Jiang, B.; Xu, J.; Zhang, Y.; Stewart, S.; et al. Carbon nano-onion-
mediated dual targeting of P-selectin and P-glycoprotein to overcome cancer drug resistance. Nat. Commun. 2021, 12, 1–14.
[CrossRef] [PubMed]

107. Sun, L.; Wang, D.; Chen, Y.; Wang, L.; Huang, P.; Li, Y.; Liu, Z.; Yao, H.; Shi, J. Core-shell hierarchical mesostructured
silica nanoparticles for gene/chemo-synergetic stepwise therapy of multidrug-resistant cancer. Biomaterials 2017, 133, 219–228.
[CrossRef] [PubMed]

108. Yhee, J.Y.; Song, S.; Lee, S.J.; Park, S.-G.; Kim, K.-S.; Kim, M.G.; Son, S.; Koo, H.; Kwon, I.C.; Jeong, J.H.; et al. Cancer-targeted
MDR-1 siRNA delivery using self-cross-linked glycol chitosan nanoparticles to overcome drug resistance. J. Control. Release 2015,
198, 1–9. [CrossRef] [PubMed]

109. Patil, Y.; Swaminathan, S.K.; Sadhukha, T.; Ma, L.; Panyam, J. The use of nanoparticle-mediated targeted gene silencing and drug
delivery to overcome tumor drug resistance. Biomaterials 2010, 31, 358–365. [CrossRef]

110. Meng, H.; Liong, M.; Xia, T.; Li, Z.; Ji, Z.; Zink, J.I.; Nel, A.E. Engineered design of mesoporous silica nanoparticles to deliver
doxorubicin and p-glycoprotein siRNA to overcome drug resistance in a cancer cell line. ACS Nano 2010, 4, 4539–4550. [CrossRef]
[PubMed]

111. Wang, H.; Ellipilli, S.; Lee, W.-J.; Li, X.; Vieweger, M.; Ho, Y.-S.; Guo, P. Multivalent rubber-like RNA nanoparticles for targeted
co-delivery of paclitaxel and MiRNA to silence the drug efflux transporter and liver cancer drug resistance. J. Control. Release
2020, 330, 173–184. [CrossRef]

112. Liu, X.; Jiang, J.; Liao, Y.; Tang, I.; Zheng, E.; Qiu, W.; Lin, M.; Wang, X.; Ji, Y.; Mei, K.; et al. Combination Chemo-Immunotherapy
for Pancreatic Cancer Using the Immunogenic Effects of an Irinotecan Silicasome Nanocarrier Plus Anti-PD-1. Adv. Sci. 2021, 8,
2002147. [CrossRef]

113. Liu, L.; Kshirsagar, P.; Christiansen, J.; Gautam, S.K.; Aithal, A.; Gulati, M.; Kumar, S.; Solheim, J.C.; Batra, S.K.; Jain, M.; et al.
Polyanhydride nanoparticles stabilize pancreatic cancer antigen MUC4β. J. Biomed. Mater. Res. Part A 2021, 109, 893–902.
[CrossRef]

114. Banerjee, K.; Gautam, S.K.; Kshirsagar, P.; Ross, K.A.; Spagnol, G.; Sorgen, P.; Wannemuehler, M.J.; Narasimhan, B.; Solheim, J.C.;
Kumar, S.; et al. Amphiphilic polyanhydride-based recombinant MUC4β-nanovaccine activates dendritic cells. Genes Cancer
2019, 10, 52–62. [CrossRef] [PubMed]

115. Geall, A.J.; Verma, A.; Otten, G.R.; Shaw, C.A.; Hekele, A.; Banerjee, K.; Cu, Y.; Beard, C.W.; Brito, L.A.; Krucker, T.; et al. Nonviral
delivery of self-amplifying RNA vaccines. Proc. Natl. Acad. Sci. USA 2012, 109, 14604–14609. [CrossRef]

116. Lebre, F.; de Lima, M.P.; Lavelle, E.; Borges, O. Mechanistic study of the adjuvant effect of chitosan-aluminum nanoparticles. Int.
J. Pharm. 2018, 552, 7–15. [CrossRef] [PubMed]

117. Lorkowski, M.E.; Atukorale, P.U.; Bielecki, P.A.; Tong, K.H.; Covarrubias, G.; Zhang, Y.; Loutrianakis, G.; Moon, T.J.; Santulli,
A.R.; Becicka, W.M.; et al. Immunostimulatory nanoparticle incorporating two immune agonists for the treatment of pancreatic
tumors. J. Control. Release 2021, 330, 1095–1105. [CrossRef]

118. Baharom, F.; Ramirez-Valdez, R.A.; Tobin, K.K.S.; Yamane, H.; Dutertre, C.A.; Khalilnezhad, A.; Reynoso, G.V.; Coble, V.L.; Lynn,
G.M.; Mulè, M.P.; et al. Intravenous nanoparticle vaccination generates stem-like TCF1+ neoantigen-specific CD8+ T cells. Nat.
Immunol. 2021, 22, 41–52. [CrossRef]

119. Li, X.; Wang, X.; Ito, A.; Tsuji, N.M. A nanoscale metal organic frameworks-based vaccine synergises with PD-1 blockade to
potentiate anti-tumour immunity. Nat. Commun. 2020, 11, 1–15. [CrossRef]

120. Gong, N.; Zhang, Y.; Teng, X.; Wang, Y.; Huo, S.; Qing, G.; Ni, Q.; Li, X.; Wang, J.; Ye, X.; et al. Proton-driven transformable
nanovaccine for cancer immunotherapy. Nat. Nanotechnol. 2020, 15, 1053–1064. [CrossRef]

121. Kuai, R.; Ochyl, L.J.; Bahjat, K.S.; Schwendeman, A.; Moon, J.J. Designer vaccine nanodiscs for personalized cancer immunother-
apy. Nat. Mater. 2017, 16, 489–496. [CrossRef] [PubMed]

122. Christenson, E.S.; Jaffee, E.; Azad, N.S. Current and emerging therapies for patients with advanced pancreatic ductal adenocarci-
noma: A bright future. Lancet Oncol. 2020, 21, e135–e145. [CrossRef]

123. Provenzano, P.; Hingorani, S. Hyaluronan, fluid pressure, and stromal resistance in pancreas cancer. Br. J. Cancer 2013, 108, 1–8.
[CrossRef]

124. Vennin, C.; Murphy, K.J.; Morton, J.P.; Cox, T.R.; Pajic, M.; Timpson, P. Reshaping the Tumor Stroma for Treatment of Pancreatic
Cancer. Gastroenterology 2018, 154, 820–838. [CrossRef] [PubMed]

125. Zinger, A.; Koren, L.; Adir, O.; Poley, M.; Alyan, M.; Yaari, Z.; Noor, N.; Krinsky, N.; Simon, A.; Gibori, H.; et al. Collagenase
Nanoparticles Enhance the Penetration of Drugs into Pancreatic Tumors. ACS Nano 2019, 13, 11008–11021. [CrossRef] [PubMed]

126. Ho, W.J.; Jaffee, E.M.; Zheng, L. The tumour microenvironment in pancreatic cancer—Clinical challenges and opportunities. Nat.
Rev. Clin. Oncol. 2020, 17, 527–540. [CrossRef] [PubMed]

http://doi.org/10.1016/j.biomaterials.2016.06.032
http://doi.org/10.1038/s41568-018-0005-8
http://doi.org/10.1158/1535-7163.MCT-16-0642
http://doi.org/10.1038/s41467-020-20588-0
http://www.ncbi.nlm.nih.gov/pubmed/33436622
http://doi.org/10.1016/j.biomaterials.2017.04.028
http://www.ncbi.nlm.nih.gov/pubmed/28441616
http://doi.org/10.1016/j.jconrel.2014.11.019
http://www.ncbi.nlm.nih.gov/pubmed/25481438
http://doi.org/10.1016/j.biomaterials.2009.09.048
http://doi.org/10.1021/nn100690m
http://www.ncbi.nlm.nih.gov/pubmed/20731437
http://doi.org/10.1016/j.jconrel.2020.12.007
http://doi.org/10.1002/advs.202002147
http://doi.org/10.1002/jbm.a.37080
http://doi.org/10.18632/genesandcancer.189
http://www.ncbi.nlm.nih.gov/pubmed/31258832
http://doi.org/10.1073/pnas.1209367109
http://doi.org/10.1016/j.ijpharm.2018.09.044
http://www.ncbi.nlm.nih.gov/pubmed/30244149
http://doi.org/10.1016/j.jconrel.2020.11.014
http://doi.org/10.1038/s41590-020-00810-3
http://doi.org/10.1038/s41467-020-17637-z
http://doi.org/10.1038/s41565-020-00782-3
http://doi.org/10.1038/nmat4822
http://www.ncbi.nlm.nih.gov/pubmed/28024156
http://doi.org/10.1016/S1470-2045(19)30795-8
http://doi.org/10.1038/bjc.2012.569
http://doi.org/10.1053/j.gastro.2017.11.280
http://www.ncbi.nlm.nih.gov/pubmed/29287624
http://doi.org/10.1021/acsnano.9b02395
http://www.ncbi.nlm.nih.gov/pubmed/31503443
http://doi.org/10.1038/s41571-020-0363-5
http://www.ncbi.nlm.nih.gov/pubmed/32398706


Cancers 2021, 13, 6175 20 of 26

127. Hosein, A.N.; Brekken, R.A.; Maitra, A. Pancreatic cancer stroma: An update on therapeutic targeting strategies. Nat. Rev.
Gastroenterol. Hepatol. 2020, 17, 487–505. [CrossRef]

128. Li, L.; Yang, Z.; Fan, W.; He, L.; Cui, C.; Zou, J.; Tang, W.; Jacobson, O.; Wang, Z.; Niu, G.; et al. In Situ Polymerized Hollow
Mesoporous Organosilica Biocatalysis Nanoreactor for Enhancing ROS-Mediated Anticancer Therapy. Adv. Funct. Mater. 2019,
30, 1907716. [CrossRef]

129. Chaudhuri, T.R.; Straubinger, N.L.; Pitoniak, R.F.; Hylander, B.L.; Repasky, E.A.; Ma, W.W.; Straubinger, R.M. Tumor-Priming
Smoothened Inhibitor Enhances Deposition and Efficacy of Cytotoxic Nanoparticles in a Pancreatic Cancer Model. Mol. Cancer
Ther. 2015, 15, 84–93. [CrossRef]

130. Wang, J.; Chan, D.K.W.; Sen, A.; Ma, W.W.; Straubinger, R.M. Tumor priming by SMO inhibition enhances antibody delivery and
efficacy in a pancreatic ductal adenocarcinoma model. Mol. Cancer Ther. 2019, 18, 2074–2084. [CrossRef]

131. Zhang, X.; Shen, L.; Liu, Q.; Hou, L.; Huang, L. Inhibiting PI3 kinase-γ in both myeloid and plasma cells remodels the suppressive
tumor microenvironment in desmoplastic tumors. J. Control. Release 2019, 309, 173–180. [CrossRef] [PubMed]

132. Saha, S.; Xiong, X.; Chakraborty, P.K.; Shameer, K.; Arvizo, R.R.; Kudgus, R.A.; Dwivedi, S.K.D.; Hossen, M.N.; Gillies, E.M.;
Robertson, J.D.; et al. Gold Nanoparticle Reprograms Pancreatic Tumor Microenvironment and Inhibits Tumor Growth. ACS
Nano 2016, 10, 10636–10651. [CrossRef]

133. Hossen, N.; Rao, G.; Dey, A.; Robertson, J.D.; Bhattacharya, R.; Mukherjee, P. Gold Nanoparticle Transforms Activated Cancer-
Associated Fibroblasts to Quiescence. ACS Appl. Mater. Interfaces 2019, 11, 26060–26068. [CrossRef]

134. Cun, X.; Chen, J.; Li, M.; He, X.; Tang, X.; Guo, R.; Deng, M.; Li, M.; Zhang, Z.; He, Q. Tumor-Associated Fibroblast-Targeted
Regulation and Deep Tumor Delivery of Chemotherapeutic Drugs with a Multifunctional Size-Switchable Nanoparticle. ACS
Appl. Mater. Interfaces 2019, 11, 39545–39559. [CrossRef] [PubMed]

135. Hu, M.; Wang, Y.; Xu, L.; An, S.; Tang, Y.; Zhou, X.; Li, J.; Liu, R.; Huang, L. Relaxin gene delivery mitigates liver metastasis and
synergizes with check point therapy. Nat. Commun. 2019, 10, 1–13. [CrossRef]

136. Miao, L.; Liu, Q.; Lin, C.M.; Luo, C.; Wang, Y.; Liu, L.; Yin, W.; Hu, S.; Kim, W.Y.; Huang, L. Targeting Tumor-Associated
Fibroblasts for Therapeutic Delivery in Desmoplastic Tumors. Cancer Res. 2016, 77, 719–731. [CrossRef] [PubMed]

137. Mardhian, D.F.; Vrynas, A.; Storm, G.; Bansal, R.; Prakash, J. FGF2 engineered SPIONs attenuate tumor stroma and potentiate the
effect of chemotherapy in 3D heterospheroidal model of pancreatic tumor. Nanotheranostics 2020, 4, 26–39. [CrossRef] [PubMed]

138. Chen, X.; Jia, F.; Li, Y.; Deng, Y.; Huang, Y.; Liu, W.; Jin, Q.; Ji, J. Nitric oxide-induced stromal depletion for improved nanoparticle
penetration in pancreatic cancer treatment. Biomaterials 2020, 246, 119999. [CrossRef] [PubMed]

139. Feng, J.; Xu, M.; Wang, J.; Zhou, S.; Liu, Y.; Liu, S.; Huang, Y.; Chen, Y.; Chen, L.; Song, Q.; et al. Sequential delivery of
nanoformulated α-mangostin and triptolide overcomes permeation obstacles and improves therapeutic effects in pancreatic
cancer. Biomaterials 2020, 241, 119907. [CrossRef] [PubMed]

140. Pei, Y.; Chen, L.; Huang, Y.; Wang, J.; Feng, J.; Xu, M.; Chen, Y.; Song, Q.; Jiang, G.; Gu, X.; et al. Sequential Targeting TGF-β
Signaling and KRAS Mutation In-creases Therapeutic Efficacy in Pancreatic Cancer. Small 2019, 15, 1900631. [CrossRef] [PubMed]

141. Li, Y.; Zhao, Z.; Liu, H.; Fetse, J.P.; Jain, A.; Lin, C.-Y.; Cheng, K. Development of a Tumor-Responsive Nanopolyplex Targeting
Pancreatic Cancer Cells and Stroma. ACS Appl. Mater. Interfaces 2019, 11, 45390–45403. [CrossRef] [PubMed]

142. Mardhian, D.F.; Storm, G.; Bansal, R.; Prakash, J. Nano-targeted relaxin impairs fibrosis and tumor growth in pancreatic cancer
and improves the efficacy of gemcitabine in vivo. J. Control. Release 2018, 290, 1–10. [CrossRef]

143. Zhao, J.; Wang, H.; Hsiao, C.-H.; Chow, D.S.-L.; Koay, E.J.; Kang, Y.; Wen, X.; Huang, Q.; Ma, Y.; Bankson, J.; et al. Simultaneous
inhibition of hedgehog signaling and tumor proliferation remodels stroma and enhances pancreatic cancer therapy. Biomaterials
2018, 159, 215–228. [CrossRef]

144. Wang, L.; Liu, X.; Zhou, Q.; Sui, M.; Lu, Z.; Zhou, Z.; Tang, J.; Miao, Y.; Zheng, M.; Wang, W.; et al. Terminating the criminal
collaboration in pancreatic cancer: Nanoparticle-based synergistic therapy for overcoming fibroblast-induced drug resistance.
Biomaterials 2017, 144, 105–118. [CrossRef] [PubMed]

145. van Cutsem, E.; Tempero, M.A.; Sigal, D.; Oh, D.Y.; Fazio, N.; MacArulla, T.; Hitre, E.; Hammel, P.; Hendifar, A.E.; Bates, S.E.; et al.
Randomized phase III trial of pegvorhyaluronidase alfa with nab-paclitaxel plus gemcitabine for patients with hyaluronan-high
metastatic pancreatic adeno-carcinoma. J. Clin. Oncol. 2020, 38, 3185–3194. [CrossRef] [PubMed]

146. Jiang, H.; Torphy, R.J.; Steiger, K.; Hongo, H.; Ritchie, A.J.; Kriegsmann, M.; Horst, D.; Umetsu, S.E.; Joseph, N.M.; McGregor,
K.; et al. Pancreatic ductal adenocarcinoma progression is restrained by stromal matrix. J. Clin. Investig. 2020, 130, 4704–4709.
[CrossRef] [PubMed]

147. Catenacci, D.V.T.; Junttila, M.R.; Karrison, T.; Bahary, N.; Horiba, M.N.; Nattam, S.R.; Marsh, R.; Wallace, J.; Kozloff, M.; Rajdev,
L.; et al. Randomized Phase Ib/II Study of Gemcitabine Plus Placebo or Vismodegib, a Hedgehog Pathway Inhibitor, in Patients
With Metastatic Pancreatic Cancer. J. Clin. Oncol. 2015, 33, 4284–4292. [CrossRef] [PubMed]

148. Rhim, A.D.; Oberstein, P.E.; Thomas, D.H.; Mirek, E.T.; Palermo, C.F.; Sastra, S.A.; Dekleva, E.N.; Saunders, T.; Becerra, C.P.;
Tattersall, I.; et al. Stromal Elements Act to Restrain, Rather Than Support, Pancreatic Ductal Adenocarcinoma. Cancer Cell 2014,
25, 735–747. [CrossRef] [PubMed]

149. Özdemir, B.C.; Pentcheva-Hoang, T.; Carstens, J.L.; Zheng, X.; Wu, C.C.; Simpson, T.R.; Laklai, H.; Sugimoto, H.; Kahlert, C.;
Novitskiy, S.V.; et al. Depletion of carcinoma-associated fibroblasts and fibrosis induces immunosuppression and accelerates
pancreas cancer with reduced survival. Cancer Cell 2014, 25, 719–734. [CrossRef] [PubMed]

http://doi.org/10.1038/s41575-020-0300-1
http://doi.org/10.1002/adfm.201907716
http://doi.org/10.1158/1535-7163.MCT-15-0602
http://doi.org/10.1158/1535-7163.MCT-18-0354
http://doi.org/10.1016/j.jconrel.2019.07.039
http://www.ncbi.nlm.nih.gov/pubmed/31362079
http://doi.org/10.1021/acsnano.6b02231
http://doi.org/10.1021/acsami.9b03313
http://doi.org/10.1021/acsami.9b13957
http://www.ncbi.nlm.nih.gov/pubmed/31617997
http://doi.org/10.1038/s41467-019-10893-8
http://doi.org/10.1158/0008-5472.CAN-16-0866
http://www.ncbi.nlm.nih.gov/pubmed/27864344
http://doi.org/10.7150/ntno.38092
http://www.ncbi.nlm.nih.gov/pubmed/31911892
http://doi.org/10.1016/j.biomaterials.2020.119999
http://www.ncbi.nlm.nih.gov/pubmed/32247201
http://doi.org/10.1016/j.biomaterials.2020.119907
http://www.ncbi.nlm.nih.gov/pubmed/32120315
http://doi.org/10.1002/smll.201900631
http://www.ncbi.nlm.nih.gov/pubmed/31033217
http://doi.org/10.1021/acsami.9b15116
http://www.ncbi.nlm.nih.gov/pubmed/31769963
http://doi.org/10.1016/j.jconrel.2018.09.031
http://doi.org/10.1016/j.biomaterials.2018.01.014
http://doi.org/10.1016/j.biomaterials.2017.08.002
http://www.ncbi.nlm.nih.gov/pubmed/28837958
http://doi.org/10.1200/JCO.20.00590
http://www.ncbi.nlm.nih.gov/pubmed/32706635
http://doi.org/10.1172/JCI136760
http://www.ncbi.nlm.nih.gov/pubmed/32749238
http://doi.org/10.1200/JCO.2015.62.8719
http://www.ncbi.nlm.nih.gov/pubmed/26527777
http://doi.org/10.1016/j.ccr.2014.04.021
http://www.ncbi.nlm.nih.gov/pubmed/24856585
http://doi.org/10.1016/j.ccr.2014.04.005
http://www.ncbi.nlm.nih.gov/pubmed/24856586


Cancers 2021, 13, 6175 21 of 26

150. Lee, J.J.; Perera, R.M.; Wang, H.; Wu, D.C.; Liu, X.S.; Han, S.; Fitamant, J.; Jones, P.D.; Ghanta, K.S.; Kawano, S.; et al. Stromal
response to Hedgehog signaling restrains pancreatic cancer progression. Proc. Natl. Acad. Sci. USA 2014, 111, E3091–E3100.
[CrossRef]

151. Chen, X.; Zhou, W.; Liang, C.; Shi, S.; Yu, X.; Chen, Q.; Sun, T.; Lu, Y.; Zhang, Y.; Guo, Q.; et al. Codelivery Nanosystem Targeting
the Deep Microenvironment of Pancreatic Cancer. Nano Lett. 2019, 19, 3527–3534. [CrossRef] [PubMed]

152. Cao, J.; Yang, P.; Wang, P.; Xu, S.; Cheng, Y.; Qian, K.; Xu, M.; Sheng, D.; Li, Y.; Wei, Y.; et al. ‘Adhesion and release’ nanoparticle-
mediated efficient inhibition of platelet activation disrupts endothelial barriers for enhanced drug delivery in tumors. Biomaterials
2021, 269, 120620. [CrossRef] [PubMed]

153. Kunjachan, S.; Kotb, S.; Pola, R.; Pechar, M.; Kumar, R.; Singh, B.; Gremse, F.; Taleeli, R.; Trichard, F.; Motto-Ros, V.; et al. Selective
Priming of Tumor Blood Vessels by Radiation Therapy Enhances Nanodrug Delivery. Sci. Rep. 2019, 9, 1–14. [CrossRef]

154. Zonneville, J.; Safina, A.; Truskinovsky, A.M.; Arteaga, C.L.; Bakin, A.V. TGF-β signaling promotes tumor vasculature by
enhancing the pericyte-endothelium association. BMC Cancer 2018, 18, 670. [CrossRef] [PubMed]

155. Meng, H.; Zhao, Y.; Dong, J.; Xue, M.; Lin, Y.S.; Ji, Z.; Mai, W.X.; Zhang, H.; Chang, C.H.; Brinker, C.J.; et al. Two-wave
nanotherapy to target the stroma and optimize gemcitabine delivery to a human pancreatic cancer model in mice. ACS Nano
2013, 7, 10048–10065. [CrossRef]

156. Huber, M.; Brehm, C.U.; Gress, T.M.; Buchholz, M.; Alhamwe, B.A.; von Strandmann, E.P.; Slater, E.P.; Bartsch, J.W.; Bauer, C.;
Lauth, M. The immune microenvironment in pancreatic cancer. Int. J. Mol. Sci. 2020, 21, 7307. [CrossRef] [PubMed]
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