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Abstract

Gold nanoparticles have received much attention recently as carriers for anticancer drugs and
therapeutic oligonucleotides, but little research has investigated their potential to act as stand-alone
therapeutics. Previous studies interrogating their short- and long-term systemic toxicity have found
that although gold nanoparticles accumulate within and clear slowly from the liver and spleen,
they do not appear to exert toxic effects in these organs. Interestingly, gold nanoparticles innately
exhibit the ability to modulate the tumor microenvironment specifically by interfering with
crosstalk between tumor cells and stromal cells. In this issue of ACS Nano, Mukherjee and
colleagues demonstrate that bare gold nanoparticles can disturb crosstalk between pancreatic
stellate cells and pancreatic cancer cells by modulating the cellular secretome to reduce the growth
of desmoplastic tissue and inhibit tumor growth. In this Perspective, we highlight opportunities for
anticancer targeting within the tumor microenvironment and discuss gold nanoparticles as
potential mediators of microenvironment-targeted therapy.
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In 1889, Stephen Paget observed that tumor metastases appear to follow nonrandom patterns
and proposed the hypothesis that tumor cells, or “seeds”, preferentially metastasize to organs
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that optimally support their growth, or the best “soil”.} Therefore, metastatic events can only
occur if viable tumor cells reach a supportive microenvironment. This hypothesis has since
withstood more than a century of scientific testing and continues to direct and to illuminate
modern cancer research, both in the context of metastasis and in the context of primary
tumorigenesis. Several decades of research have demonstrated that malignant cancer cells
are capable of transforming stromal cells to produce growth factors and cytokines that
cooperate to support tumor cell proliferation, recruit vasculature, and enable immune
evasion. Thus, it has been illustrated that the seed fertilizes the soil to promote tumor
growth.2 Consistently, current frontline cancer treatment strategies often incorporate the use
of agents to modulate the tumor microenvironment, such as anti-angiogenic therapeutics, in
order to target both the seed and the soil. Accordingly, there has been a movement in the
field of cancer nanomedicine to understand basic interactions between nanomaterials and
both tumor cells and the tumor microenvironment to refine nanoparticle design criteria and
maximize tumor eradication.3 In this Perspective, we briefly overview the current
understanding of therapeutic targeting opportunities within the tumor microenvironment and
describe recent advances and the future outlook of nanomedicine exploiting the tumor
micro-environment.

In order to exploit therapeutic opportunities within the tumor microenvironment, it is
imperative first to understand its biology. The tumor microenvironment is defined by several
cellular and extracellular components that act in concert to promote tumor growth.# The
most prominently studied cellular components that characterize the tumor microenvironment
include fibroblasts, endothelial cells, and immune cells. Fibroblasts within the tumor
microenvironment, known as cancer-associated fibroblasts (CAFs), take on an “activated”
phenotype distinct from normal fibroblasts and are characterized by alpha-smooth muscle
actin (a-SMA) expression, increased proliferation, and increased soluble factor secretion.
These CAFs promote tumor growth by secreting growth factors, pro-angiogenic factors, and
matrix metalloproteinases (MMPs) to enable tumor cell invasion and ultimately metastasis.
Additionally, endothelial cells are recruited to the tumor site largely by vascular endothelial
growth factors (VEGFs) secreted from tumor cells, fibroblasts, and immune cells. Vascular
endothelial growth factor-mediated angiogenesis produces leaky vasculature that promotes
hypoxic conditions characteristic of the tumor microenvironment. Immune cells within the
tumor microenvironment, including tumor-associated macrophages and neutrophils,
upregulate hypoxic signaling and promote angiogenesis through the release of soluble
factors. Importantly, these stromal cells cooperatively maintain the tumor microenvironment
through multidirectional crosstalk with tumor cells.

In epithelial cancers, the prevailing understanding of tumor—stroma interactions suggests that
mutated, precancerous epithelial cells induce transformation in local fibroblasts through
mechanisms that remain poorly understood, which trigger fibroblast production of several
families of growth factors, most notably including transforming growth factor-g (TGF-p),
fibroblast growth factor (FGF), epidermal growth factor (EGF), and insulin-like growth
factor (IGF).> These factors promote further epithelial transformation and proliferation to
induce carcinogenesis. Therefore, disruption of tumor—stroma crosstalk by interfering with
growth factor signaling may represent a promising strategy to halt tumor progression. In this
issue of ACS Nano, Mukherjee and colleagues report that bare gold nanoparticles (AuNPS)
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can modulate the tumor microenvironment to inhibit the proliferation and migration of both
tumor and stromal cells in pancreatic ductal adenocarcinoma (PDAC) (Figure 1).8 This work
suggests that AUNPs exhibit innate properties that can be exploited to interrogate crosstalk
mechanisms within the tumor microenvironment and disrupt these communications to
produce a therapeutic outcome.

Pancreatic ductal adenocarcinoma is characterized by its desmoplastic microenvironment, in
which dense fibrous connective tissue envelops the tumor cells. Although research is only
beginning to delineate the role of desmoplastic tissue in PDAC progression, increased
desmoplasia has been linked to poorer prognosis and is potentially responsible for
chemotherapy resistance;’ this underscores the significance of the microenvironment as a
therapeutic target in PDAC.8 Opportunities to target the PDAC desmoplastic
microenvironment largely arise from crosstalk between pancreatic stellate cells (PSCs) and
pancreatic cancer cells (PCCs). Pancreatic stellate cells are fibroblasts that normally
maintain the extracellular matrix (ECM) of the pancreas through the regulation of matrix
proteins and MMPs. During PDAC tumorigenesis, PCCs recruit and transform PSCs to
exhibit a myofibroblast-like phenotype. Activated PSCs then display increased proliferation,
ECM production, soluble factor production, and migration. The effects of activated PSCs, in
turn, induce PCC proliferation and apoptosis evasion. Further, activated PSCs may regulate
epithelial-to-mesenchymal transition in PCCs, which increases their ability to migrate.®
Although crosstalk between PSCs and PCCs remains under investigation, several growth
factors and cytokines have been implicated in their cooperative signaling, including TGF-5,
FGF, connective tissue growth factor (CTGF), interleukin-15, VEGF, and sonic hedgehog
(Shh). Using AuNPs as a platform to investigate and to manipulate signaling between PSCs
and PCCs, Mukherjee and colleagues report several interesting findings regarding the use of
AuNPs as both stand-alone therapeutics and tools for crosstalk analysis.®

While most investigations of AuNPs in anticancer strategies simply use them as bioinert
carriers for therapeutic cargo (chemotherapy drugs, nucleic acids, efc.), the current research
has identified exciting novel properties of AuNPs as stand-alone cancer therapeutics for
PDAC.® These results are particularly interesting because AuNPs were demonstrated to exert
this therapeutic behavior specifically within populations of cancer cells but not
nonmalignant cells. For example, AuNPs (20 nm diameter) were found to reduce
proliferation in PSCs and PCCs significantly but not in normal human pancreatic ductal
epithelial cells or nonmalignant NIH3T3 fibroblasts.® These observations are in good
agreement with previous findings that AUNPs do not modulate the proliferation of normal
ovarian epithelial cells1911 and do not induce systemic toxicity following 3-4 weeks of
repeated injections.10:11 This reduction in proliferation was determined to result, at least in
part, from suppression of mitogen-activated protein kinase (MAPK) signaling, which
mediates growth-factor-induced proliferation. Further, AuNP-treated PSCs return to a more
quiescent phenotype, indicated by decreased ECM protein production, reduced a-SMA
expression, and restored lipid metabolism.®

Significantly, AUNPs were found to disrupt PCC-PSC crosstalk and ultimately to impair
PCC-mediated PSC activation. These experiments were conducted by harvesting
conditioned media (CM) from PCCs and PSCs treated with AuUNPs. Pancreatic cancer cells
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and PSCs cultured in CM from AuNP-treated PSCs or PCCs, respectively, exhibited reduced
proliferation and migration relative to cells cultured in CM from untreated PSCs/PCCs.6
Mechanistically, the authors reported that AUNP treatment reduced the expression of several
key autocrine and paracrine signaling factors in both PCCs and PSCs. As a result of
decreased soluble factor secretion, CM from AuNP-treated PCCs impaired PSC production
of ECM proteins and reduced PSC a-SMA expression. Thus, AUNP-mediated crosstalk
suppression may prevent the activation of PSCs and reduce their tumor-promoting behavior.

These findings may be surprising under current assumptions in the field that AuNPs are
bioinert and do not induce systemic toxicity. However, several reports have indicated that
nanoparticles adsorb a number of proteins under physiological conditions that may largely
determine their interactions with cells (Figure 2).1213 Consistent with this understanding,
the authors of the current research have previously reported that one mechanism by which
AuUNPs interfere with cellular crosstalk is by adsorbing heparin-binding growth factors such
as VEGF165, FGF-2, and PIGF, which, in turn, changes their conformations to suppress
their signaling.10:14 In the present study, they identify key signaling molecules that mediate
PSC/PCC crosstalk in PDAC. They found that AuNPs sequester anti-angiogenic, pro-fibrotic
molecules secreted by both PSCs and PCCs, as evidenced by decreased levels of these
factors present within CM from AuNP-treated PSCs and PCCs. However, mRNA encoding
these specific signaling molecules was also reduced in both PSCs and PCCs, indicating that
AuNPs interfere with cellular crosstalk by additional mechanisms beyond protein
adsorption. Interestingly, AuNPs were also found to induce endoplasmic reticulum (ER)
stress, which consequently activated Irel-dependent decay of mRNAs (RIDD) to modulate
the PSC/PCC secretome. Pancreatic stellate cells and PCCs treated with AuNPs for 48 h
showed increased expression of proteins that mediate RIDD, whereas this behavior was not
present in cells with impaired RIDD. These results were further corroborated by the use of a
predictive computational model to elucidate the downstream consequences of suppressing
PSC-PCC crosstalk in PDAC. This model revealed a number of “hub” proteins, which
exhibited maximal regulation over other pathways, including Activin A, THBS1, PLAU,
IL-8, SERPINEL, and PTX3. Overall, this model demonstrated that AUNP-mediated
crosstalk depletion produces a complex series of molecular events defined by autocrine and
paracrine signaling, which is, in turn, regulated by several hub proteins.®

Finally, the capability of AuNPs to disrupt crosstalk between PSCs and PCCs was tested in
an orthotopic model of PDAC.8 Initial studies validated the significance of crosstalk in
promoting PDAC tumor growth; tumors established by co-implantation of both PSCs and
PCCs were larger than tumors established by implantation of PCCs alone. Interestingly,
intraperitoneally injected AuNPs suppressed the growth of both PCC only and PSC + PCC
tumors. Supporting these findings, AuNP-treated tumors exhibited decreased Ki67 staining
and increased TUNEL staining, indicating that AUNPs also decrease proliferation of PSCs
and PCCs /n vivo and that this impaired crosstalk actually promotes apoptosis in malignant
cells. This action was attributed to a specific therapeutic effect within the tumor rather than
overall systemic toxicity because there was no significant change in animal weight across
treatment/control groups nor evidence of toxicity in major organs by hematoxylin and eosin
immunohistochemical staining. Further, the authors demonstrated that AUNPs’ ability to
reverse the activated phenotype of PSCs /n vitro does prevail in vivo, and this phenotype
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reversal was found to translate to decreased desmoplasia within the tumor. Tumors treated
with AuNPs exhibited decreased a-SMA expression relative to controls as well as decreased
staining for fibronectin and collagen. The observed decrease in desmoplastic indicators was
accompanied by an increase in CD31-positive vessels in AuNP-treated PSC + PCC tumors.
This effect was particularly impressive given the additional proteins and tissue micro-
environments likely encountered by the AuNPs after intraperitoneal injection relative to the
proteins present in controlled, /n vitro experiments.®

Taken together, these results underscore the importance of PSC-PCC crosstalk in PDAC
progression and reveal the therapeutic opportunities posed by the tumor microenvironment.
This work also suggests that bare AuUNPs may be a promising tool to investigate and to
perturb cellular crosstalk in various disease models. It is remarkable that such a significant
therapeutic effect was observed using such a simple technology. Much of the focus in the
field of cancer nanomedicine has shifted to nanocomposites that interact with biological
systems through some cooperative behavior across multiple components, for example, to
release a payload or to undergo a therapeutic conformational change. However, this work
suggests that there is still more to learn about the simple individual components of more
complex systems. Similarly, there have been extensive efforts toward designing anticancer
nanomaterials that target one signaling pathway with high specificity.1>16 While these
materials have been successful in preclinical testing, few have advanced to clinical trials, and
those that have been tested clinically have shown little benefit. One possible reason for this
discrepancy between preclinical and clinical efficacy is that cancer is the result of complex
interplay between many signaling pathways, as demonstrated by the computational model in
the current research. Accordingly, therapeutic strategies that target just a single pathway are
susceptible to inevitable resistance as cancer cells utilize alternative pathways to compensate
for suppression of one pathway. The work by Mukherjee and colleagues suggests that
suppressing multiple oncogenic signaling pathways may produce greater therapeutic
outcomes and warrants further investigation.®

OUTLOOK AND FUTURE CHALLENGES

Until now, few studies have explored the potential for bare AUNPS to act as bioactive, stand-
alone therapeutics. In this issue of ACS Nano, Mukherjee and colleagues provide evidence
that AuNPs can disrupt crosstalk between PSCs and PCCs to halt the progression of PDAC
tumors and reduce the growth of associated desmoplasia.® This effect was attributed to
growth factor and cytokine adsorption by AuNPs and AuNP-induced ER stress, which
modulated the secretome of both PSCs and PCCs. This research opens up several interesting
avenues of investigation for future studies of the use of nanomaterials to interrupt disease-
promoting cellular crosstalk.

One of the most striking results of this research is that while AuNPs can sequester signaling
molecules to disrupt PSC/PCC crosstalk /in7 vitro, this effect is maintained /n vivo following
intraperitoneal injection of AuNPs. This result was consistent with the authors’ previous
findings investigating the antiangiogenic properties of AuNPs, which also demonstrated that
modifying the AuNP surface with charged ligands prevents AuNP-mediated heparin-binding
growth factor inhibition.1914 Additional work investigating NP—protein interactions has
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demonstrated that NPs exposed to biomolecules develop both a “hard” corona and a “soft”
corona, where the hard corona consists of biomolecules with high affinity to the NP
surface.12 Importantly, the hard corona is quite stable, so even after the NP is introduced to a
new environment containing different biomolecules, the NP hard corona largely remains the
same and will continue to dictate NP interactions with subsequently encountered
environments.12 In this context, we can question: how does the route of AuNP
administration affect their ability to modulate the signaling efficacy of heparin-binding
growth factors? In the current research, AuUNPs were delivered intraperitoneally, so they may
have quickly reached the tumor site to modulate PSC/PCC crosstalk.b It is reasonable to
hypothesize that intratumoral delivery strategies, if possible, may achieve the highest degree
of crosstalk suppression. However, much research aims to deliver NPs intravenously, so NPs
are exposed to serum proteins before reaching their target site. One study revealed that
AUNPs incubated in undiluted human serum adsorb 71 + 22 distinct serum proteins based on
the AuNP diameter and surface chemistry, and the composition of the resulting protein
corona defined the cellular interaction of the AuNPs.13 Therefore, researchers may be able
to tune AuNP cellular interactions by altering their route of administration.

These results lead to another interesting avenue of future investigation: how do the
physicochemical properties of AuNPs, such as size, shape, and surface chemistry, influence
their ability to disrupt the tumor microenvironment? The authors’ previous work investigated
a range of AuNP sizes (5-100 nm) and found that 20 nm AuNPs maximally disrupted
heparin-binding growth-factor-mediated signaling.1% One potential reason for this could be
that this particular size efficiently balances the increased radius of curvature offered by
smaller NPs, which maximizes biomolecule loading density, with maintaining sufficient
surface area to facilitate ligand binding. This increased surface biomolecule density may, in
turn, promote cellular uptake to mediate ER stress-related secretome modulation. Similarly,
much research has been dedicated to comparing cellular interactions among various NP
shapes, including spheres, rods, cylinders, cubes, and prisms. This work has revealed that
NP size and shape are coupled in their effects on cellular interactions,1’ suggesting that
AUNPs larger than 20 nm of different shapes may exert similar or greater abilities to
suppress cellular crosstalk. Finally, surface chemistry is known to impact NP—cellular
interactions significantly and may play a role in regulating cellular crosstalk. One of the
most common NP surface modifications is the addition of polyethylene glycol (PEG) to
prevent protein adsorption, to increase blood circulation time, and to enhance NP
biocompatibility. However, this behavior is highly dependent on PEG molecular weight and
grafting density.1® Because PEGylation is often required to prevent intravenously injected
NPs from immediate phagocytic clearance,1” the ability of AuNPs modified with variable
PEG coatings to regulate cellular crosstalk poses an interesting question for future work in
this area. As researchers investigate how the physicochemical properties of AuNPs influence
their ability to regulate the tumor microenvironment, we will learn the answer to two
important questions. First, are the parameters that maximize crosstalk inhibition consistent
across tumor types? Second, how do cancer cells versus normal cells perceive AuNPs to
enable manipulation of the tumor microenvironment without perturbing normal tissues?

Finally, much exciting research has investigated the potential for NP systems to potentiate
the toxicity of additional therapies to produce a synergistic anticancer effect. Because
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desmoplasia acts as a significant barrier to drug delivery in PDAC,1° mitigating the
desmoplastic reaction may improve the transport of chemotherapeutics to tumor cells and
improve overall tumor reduction. Therefore, we encourage researchers to investigate
whether changes in the tumor microenvironment afforded by AuNPs, such as reduced
desmoplasia and increased angiogenesis, can be exploited for enhanced drug delivery and
tumor regression. Others have shown that increasing tumor permeability by targeting the
vasculature or disrupting the tumor ECM can enhance intratumoral drug delivery. For
example, photothermal therapy can increase both vascular and cellular permeability to
enhance the delivery of additional therapeutics.29-22 These studies suggest that AUNP-
mediated reprogramming of the tumor microenvironment will have similar effects.
Moreover, it is possible that combining AuUNP-mediated crosstalk suppression to target the
tumor micro-environment with traditional chemotherapies to target tumor cells directly may
further expand the ability to inhibit tumor growth, as it will enable manipulation of multiple
oncogenic signaling pathways simultaneously, as well as inhibition of multiple tumor-
associated cells.

Few strategies have been developed to overcome therapeutic challenges posed by the tumor
microenvironment in PDAC. The exciting work reported by Mukherjee and colleagues®
demonstrates the merit of a simple NP system in suppressing multiple signaling pathways
required to support the progression of a devastating disease. Further, this work underscores
the importance of carefully characterizing the biological consequences that are contributed
by individual components of more complex nanomedicine systems. In this context, we have
proposed a number of questions to further elucidate the capability of AuNPs to suppress
crosstalk and to impair the tumor microenvironment. Answering these questions will reveal
the optimal design parameters for such systems, aid the rational design of synergistic
combination treatment strategies, and ultimately improve patient outcomes.
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Figurel.
Schematic illustrating AUNP-mediated inhibition of pancreatic cancer cell (PCC) -

pancreatic stellate cell (PSC) crosstalk. In the absence of treatment, PCCs and PSCs undergo
bidirectional crosstalk by secreting growth factors and cytokines that promote disease
progression. Gold nanoparticle treatment disrupts the crosstalk between PCCs and PSCs by
altering the cellular secretome, leading to reduced migration, proliferation, and tumor
growth.
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Figure 2.
Gold nanoparticles delivered into biological systems are rapidly coated with proteins, which

stabilize the AuNPs to prevent aggregation. AuNP binding also alters protein conformation
to inhibit protein function.
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