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Abstract

Nanomedicines achieve tumor-targeted delivery mainly through enhanced permeability and
retention (EPR) effect following intravenous (1) administration. Unfortunately, the EPR effect is
severely compromised in pancreatic cancer due to hypovascularity and dense desmoplastic stroma.
Intraperitoneal (IP) administration may be an effective EPR-independent local delivery approach
to target peritoneal tumors. Besides improved delivery, effective combination delivery strategies
are needed to improve pancreatic cancer therapy by targeting both cancer cells and cellular
interactions within the tumor stroma. Here, we described simple cholesterol-modified polymeric
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CXCR4 antagonist (PCX) nanoparticles (to block cancer-stroma interactions) for codelivery of
anti-miR-210 (to inactivate stroma-producing pancreatic stellate cells (PSCs)) and siKRASG12D
(to kill pancreatic cancer cells). IP administration delivered the nanoparticles to an orthotopic
syngeneic pancreatic tumors as a result of preferential localization to the tumors and metastases
with disrupted mesothelium and effective tumor penetration. The local IP delivery resulted in
nearly 15-fold higher tumor accumulation than delivery by 1V injection. Through antagonism of
CXCR4 and downregulation of miR-210/KRASC12D, the triple-action nanoparticles favorably
modulated desmoplastic tumor microenvironment via inactivating PSCs and promoting the
infiltration of cytotoxic T cells. The combined therapy displayed improved therapeutic effect when
compared with individual therapies as documented by the delayed tumor growth, depletion of
stroma, reduction of immunosuppression, inhibition of metastasis, and prolonged survival.
Overall, we present data that a local IP delivery of a miRNA/siRNA combination holds the
potential to improve pancreatic cancer therapy.
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Pancreatic ductal adenocarcinoma (PDAC) is among the most lethal human malignancies
with a 5-year survival of less than 8%.1:2 After decades of efforts to develop better
therapeutic approaches, conventional chemotherapy regimens offer only modest benefits.3
The failure of the current PDAC treatments has been in part due to their focus on cancer
cells without sufficient attention to the role of tumor stroma in PDAC progression. Dense
desmoplastic stroma is one of the hallmarks of PDAC.# Activated pancreatic stellate cells
(PSCs) are key drivers of desmoplasia via their production of excessive extracellular matrix
(ECM) components. Intricate PDAC stroma crosstalk regulates tumor cell growth, invasion,
metastasis, and immune escape through tumor—stroma interactions.>6 Moreover, the
hypovascularity of the nearly impenetrable desmoplastic stroma severely hampers
conventional vascular delivery of therapeutics into tumors, which further contributes to the
treatment failures.” Depletion of stromal desmoplasia has been reported to improve PDAC
therapy.8:9 However, some preclinical and clinical studies raise concerns that extensive
stromal depletion in PDAC may promote tumor progression, metastasis, and reduce survival
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because of the elimination of critical stromal components needed for tissue homeostasis.
6.10.11 Nevertheless, due to the key role of stroma in PDAC, targeting of cancer cells, stroma,
and cancer cell-stroma interactions is a promising approach for the development of
improved therapies.

Nanoscale vectors have been widely used to deliver drugs and nucleic acids to tumors of
various origins. These nanomedicines are typically injected intravenously (1V) into the body
and then rely on extravasation through leaky tumor blood vessels to accumulate in the
tumors based on the so-called enhanced permeability and retention (EPR) effect.12
Unfortunately, poor extravasation in the hypovascular PDAC tumors combined with the
systemic capture by the mononuclear phagocytic system (MPS) compromises the EPR effect
and results in suboptimal delivery of nanomedicines.13-14 Some studies have reported
strategies to overcome the stromal barriers in PDAC by engineering the carrier systems, but
that often leads to complexity that diminishes translational potential 1516 Local delivery
represents a potential strategy to overcome these limitations in PDAC drug delivery, but
there is a lack of versatile local delivery systems.1’ Intraperitoneal (IP) delivery has been
recently proposed as an alternative administration strategy to deliver nanomedicines to
peritoneal tumors including PDAC.18 IP delivery may maximize local efficacy while
limiting systemic side effects. IP injection can improve the retention of nanomedicines in the
peritoneal cavity and provide more opportunities for direct contact of tumors with high
therapeutic concentrations.2® It is believed that IP injected particles localize to peritoneal
tumors instead of normal organs due to differences in the surface mesothelium. Abdominal
organs are covered by peritoneum with intact mesothelium and submesothelial fibrous
connective tissue, which act as barriers against the adhesion and entry of nanoparticles
through the surface of the organs.29 In contrast, peritoneal tumors usually are devoid of these
surface coverings due to the disruption of peritoneal mesothelial cells during tumor
progression as a result of the interactions of cancer cells with the peritoneum.21-23 The
tumor targeting ability of IP-injected nanoparticles is also affected by the physicochemical
properties like surface charge, size, and presence of targeting ligands.24-26 Overall, local
delivery by IP administration provides an effective alternative to IV administration and holds
potential for tumor-specific localization of nanoparticles in PDAC.

PDAC is characterized by hypoxia, which affects both cancer cells and PSCs present in the
tumor. Hypoxia stimulates PSCs to induce fibrosis and promote desmoplasia.2”:28
MicroRNAs (miRNAs) are involved in the activation of PSCs.2° For example, hypoxia
induces the overexpression of miR-210, which regulates multiple related signaling
pathways, needed for better adaptation of the cells to the severe hypoxic environment.30
MIiR-210 regulates cancer cell proliferation, apoptosis, and metastasis.3! Silencing of
miR-210 in PSCs with miRNA inhibitor (anti-miR) can modulate PDAC stroma through
PSC inactivation.

Mutations of KRAS are key drivers of the tumor initiation, progression, and metastasis.32:33
Inhibition of the oncogenic KRAS with genetic manipulation inhibits PDAC progression in
mice,34 but there are no clinically effective small-molecule KRAS inhibitors available.3®
Small interfering RNA (siRNA) targeting KRAS®12D s an effective alternative to small-
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molecule KRAS inhibitors, and its use has been shown to improve overall survival in mouse
models of PDAC.36:37

The chemokine receptor CXCR4 and its primary ligand CXCL12 regulate cancer
development through tumor—stroma interactions. CXCL12 is secreted, among others, by
activated PSCs, and when it binds to CXCR4 on cancer cells, it activates multiple
intracellular signaling pathways that promote migration and invasion.38 CXCR4/CXCL12 is
also involved in cancer immune invasion by decreasing the tumor infiltration of cytotoxic
CD8* T-lymphocytes.3240 Inhibitors targeting the CXCR4/CXCL12 axis can block tumor—
stroma interactions and demonstrate therapeutic effect in PDAC through inhibition of
metastasis and augmentation of T cell immunotherapy.39:41:42

Despite the strong biological rationale for the combined CXCR4/miR-210/siKRASE12D
therapy of PDAC, such an approach is severely limited by the physical barriers posed by the
PDAC desmoplasia. In the present study, we describe the development of a local delivery
system for combination triple miRNA/siRNA nanotherapy based on our previously
described polymeric CXCR4 antagonist (PCX).4344 PCX was synthesized from a CXCR4
antagonist AMD3100 and conjugated with cholesterol to enhance the efficacy of the EPR-
independent delivery. Because of the critical roles of miR-210, KRASCG12D and CXCR4/
CXCL12 axis in PDAC, we hypothesized that combining silencing of miR-210/KRASCG12D
and blockade of CXCR4 would cooperatively enhance the PDAC therapy through PSC
inhibition, targeting cancer cells, and inhibiting tumor—stroma interactions in pancreatic
tumors (Scheme 1). To test this hypothesis, we prepared PCX nanoparticles coloaded with
anti-miR-210 and siKRASC12D and studied the efficacy of local IP delivery by comparing
their tumor delivery efficacy with IV injection. We further evaluated the effect of the
treatment on pancreatic tumor microenvironment and therapeutic outcomes in a murine
orthotopic PDAC model with dense desmoplasia.

RESULTS AND DISCUSSION

Inhibition of CXCR4 and Delivery of miRNA/siRNA Combination by PCX in Vitro.

AMD3100 is a cyclam-based CXCR4 antagonist that specifically inhibits CXCR4/CXCL12
signaling. We have utilized the cationic character of AMD3100 to synthesize PCX
polycations that maintain the CXCR4 inhibitory properties while being able to encapsulate
various nucleic acids in the form of nanosized particles (polyplexes). In this study,
nondegradable PCX was synthesized by Michael addition copolymerization of AMD3100
with hexamethylene bis(acrylamide). The parent PCX was covalently modified with an
optimized amount of cholesterol to improve the /n vivo stability and effectiveness of the IP
delivery of the PCX/RNA nanoparticles (Figure S1A).42:43.45 The composition and
molecular weight of PCX were characterized by 1H NMR and size exclusion
chromatography. The PCX used in the present study had a weight-average molecular weight
M, of 14.4 kg/mol and cholesterol weight content of 16.7% (Figure S1B,C).

CXCR4 antagonism of PCX was validated using a CXCR4 receptor redistribution assay
(Figure S2). PCX displayed a dose-dependent CXCR4 antagonism with complete inhibition
observed at 2 pg/mL (~140 nM). Negative control polyethylenimine (PEI) showed no
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CXCR4 inhibition, which excluded the possibility that CXCR4 antagonism of PCX is due to
nonspecific electrostatic binding of polycations to the negatively charged active site of the
CXCRA4 receptor.

Prior to examining encapsulation of the anti-miR/siRNA combination, we evaluated the
ability of PCX to inhibit migration of mouse and human PDAC cells. Surface expression of
CXCR4 receptor was first confirmed in murine KPC8060 cells (32.7% CXCR4") and
human COLO357 cells (55.6% CXCR4™") (Figure S3). To minimize the potential effect of
PCX cytotoxicity on cell migration, we used 2 tg/mL as a safe PCX concentration (Figure
S4). AMD3100 (300 nM) was used as a positive control. As shown in Figure 1A, CXCL12
induced migration of both KPC8060 and COLO357 cells. Both PCX and AMD3100 showed
nearly complete inhibition of the migration of KPC8060 cells at the tested concentrations.
Both PCX and AMD3100 also exhibited strong inhibitory activity in the human COLO357
cells. Control PEI failed to inhibit migration of either of the used cell lines.

The ability of PCX to form nanoparticles and encapsulate a combination of anti-miR and
siRNA was evaluated with agarose gel electrophoresis. The nanoparticles were prepared by
mixing various amounts of PCX with a mixture of anti-miR/siRNA containing equal molar
concentrations of the two RNAs. PCX fully condensed the anti-miR/siRNA mixture at and
above PCX/(anti-miR+siRNA) w/w ratios of 2 (Figure 1B). Nanoparticles showed sizes of
~57 nm with a dispersity index of 0.12 according to the dynamic light scattering
measurement (Figure 1C). The ¢ potential was 19 mV (Figure S5A). The nanoparticles
presented as uniform particles with a mostly spherical morphology based on observation
using transmission electron microscopy (TEM) and atomic force microscopy (AFM) (Figure
1D,E). Heparin displacement assay was used to evaluate the release of anti-miR and siRNA
from the nanoparticles. Nanoparticles completely released the anti-miR and siRNA
combination above 160 g/mL heparin (Figure S5B). Since poor stability in the presence of
serum and nucleases may limit the /n vivo application of RNA, the stability of the
nanoparticles against serum and RNase | was analyzed using gel electrophoresis. In
comparison with a mixture of naked anti-miR and siRNA, PCX nanoparticles improved the
stability of anti-miR/siRNA against both serum and RNase | degradation (Figure S5C).

We next examined the efficacy of the nucleic acid delivery to PDAC cells /n vitro. Since
anti-miR and siRNA share similar physiochemical properties, we prepared the PCX
nanoparticles using only the siRNA. Fluorescently labeled PCX (AF647-PCX) and siRNA
(FAM-siRNA) were used in this study to visualize the uptake, intracellular distribution, and
particle disassembly in KPC8060 cells. Both AF647-PCX (red) and FAM-siRNA (green)
were observed internalized in the cells, demonstrating effective uptake of the nanoparticles.
Separation of PCX and siRNA fluorescence signals in the cells indicated a disassembly of a
large portion of the nanoparticles (Figure 1F). Flow cytometry analysis showed that 86% of
the KPC8060 cells internalized both PCX and siRNA (Figure S6A). Endosomal escape of
the nanoparticles in KPC8060 was studied by staining endo/lysosomes with
LysoTrackerRed. The fluorescence of the FAM-siRNA (green) was found mostly
colocalized with endolysosomes (red) after incubation for 2 h. After 6 h, FAM-siRNA
localized predominantly in the cytoplasm with only a limited extent of colocalization with
the endo/lysosomes (Figure S6B). This result confirmed endosomal escape of the
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nanoparticles in KPC8060 cells. Similar effective cellular uptake and endosomal escape of
nanoparticles were also found in human COLO357 cells (Figure S7). Lastly, we analyzed
the penetration of the PCX nanoparticles into 3D multicellular tumor spheroids prepared
from KPCB8060 cells. The penetration was evaluated by measuring the fluorescence of FAM-
siRNA with confocal microscopy of the spheroids and flow cytometry of single cell
suspension prepared from the spheroids. PCX/FAM-siRNA nanoparticles showed effective
tumor-penetrating ability as suggested by the observed internalization in 76% of the cells in
the tumor spheroids (Figure 1G and Figure S7D).

Inhibition of Both Cancer Cells and Pancreatic Stellate Cells by Codelivery of Anti-
mMiR-210/siKRASC12P in Vitro.

After reaching the cytoplasm, therapeutic anti-miR and siRNA can downregulate targeted
miRNA and mRNA, respectively. The efficacy of the delivery was assessed from the
silencing of the target RNA using nanoparticles coloaded with anti-miR-210 and
SIKRASCG12D_ Control nanoparticles with negative control anti-miR-NC and siNC were also
used. PDAC cells were treated with the PCX nanopatrticles, and expression of miR-210 and
KRASCG12D mRNA was measured using qRT-PCR. Treatment with PCX/(anti-
miR-210+siNC) nanoparticles significantly downregulated the miR-210 expression (~51%
decrease) in KPC8060 cells but did not affect the KRAS expression. Likewise, PCX/(anti-
miR-NC+siKRASC12D) nanoparticles reduced KRASG12D mRNA levels (~40% decrease)
but did not affect miR-210 expression. Only treatment with PCX/(anti-
miR-210+siKRASC12D) nanoparticles downregulated both miR-210 and KRASG12D mRNA
levels (Figure 2A). Reduction of both miR-210 and KRASCG12D mRNA levels was also
found in human COLO357 cells after treatment with the PCX/(anti-miR-210+siKRASG12D)
nanoparticles (Figure 2B). Similarly, inhibition of CXCR4 alone (PCX/(anti-miR-NC
+siNC)) did not affect the expression of either miR-210 or KRAS.

Next, we studied the anticancer activity of the nanoparticles in PDAC cells. The effect of the
nanoparticles on PDAC cell apoptosis was analyzed by staining the cells with DAPI and
evaluating their nuclear morphology (Figure 2C and Figure S8A). Upon treatment with
PCX/(anti-miR-210+siK-RAS®12D) ‘more than 40% of the KPC8060 cells were apoptotic.
Nanoparticles with only single active RNA (PCX/(anti-miR-210+siNC) and PCX/(anti-miR-
NC+sikKRASC12D)) only induced apoptosis in ~9% and ~14% cells, respectively. The
observed combined pro-apoptotic effect of the PCX/(anti-miR-210+siKRASCG12D)
nanoparticles was also found in the human COLO357 cells. These findings were validated
by a cell viability assay (Figure 2D). PCX/(anti-miR-210+siK-RAS®12D) nanoparticles
exhibited significantly higher cell killing (~66%) in KPC8060 cells than PCX/(anti-
miR-210+siNC) nanoparticles (~30%) and PCX/(anti-miR-NC +siKRAS®12D) nanoparticles
(~45%). PCX/(anti-miR-210+siKRASCE12D) nanoparticles demonstrated a similar enhanced
combined killing effect in the COLO357 cells. Colony formation assay was used to evaluate
the tumorigenic potential of cancer cells after treatment with the nanoparticles (Figure 2E).
Treatment with PCX/(anti-miR-210+siK-RASCG12D) reduced colony formation in KPC8060
cells by ~70%. This inhibition effect was significantly higher than that of PCX/(anti-
miR-210+siNC) nanoparticles (~38%) and PCX/(anti-miR-NC+siKRASC12D) (~38%). The
combination PCX/(anti-miR-210+siKRASG12D) nanoparticles also inhibited colony
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formation in human COLO357 cells. Overall, results from the comprehensive in vitro
anticancer activity studies confirmed the combined anticancer activity of PCX/(anti-
miR-210+siKRASC12D) nanoparticles in pancreatic cancer cells through downregulation of
both miR-210 and KRAS®12D while indicating no direct cytotoxic effect of the CXCR4
inhibition.

We then studied the treatment effect on cultured human PSCs by gRT-PCR and
immunofluorescence (IF) staining of fibrosis markers. As shown in Figure S8B, significant
downregulation of miR-210 expression was only observed in PSCs cells after treatment with
PCX/(anti-miR-210+siNC) and PCX/(anti-miR-210+siKRASG12D) nanoparticles. As shown
in Figure 2F, activated PSCs (untreated G1 group) expressed high levels of a-smooth muscle
actin (aSMA) and collagen 1. The silencing of miR-210 by PCX/(anti-miR-210+siNC) and
PCX/(anti-miR-210+siKRASG12D) nanoparticles significantly decreased the expression of
both aSMA and collagen I in the human PSCs, indicating inactivation of PSCs by the
combined CXCR4 inhibition and miR-210 downregulation. As expected, delivery of
siKRASC12D failed to contribute to the inactivation of the PSCs.

Thus, the above /n vitro studies confirmed that silencing miR-210 and KRASCG12D py the
PCX nanoparticles leads to combined anticancer activity in PDAC cells through inducing
apoptosis and decreasing tumorigenesis. The nanoparticles also effectively inactivated
human PSCs /n vitro through miR-210 inhibition. Although the anticancer activity of the
individual anti-miR-210 and siKRASCG12D has been reported previously,36:46 the molecular
mechanism behind their effective combination in cancer cells and PSCs requires further
studies.

Improved Delivery of Nanoparticles to Orthotopic Pancreatic Tumor/Metastasis through IP

Injection.

KPC8060 cells with mutant KRASCG12D and p53 were orthotopically implanted in the tail of
the pancreas of immunocompetent C57BL/6 mice to establish orthotopic PDAC model. This
model mimics human disease with similar oncogene expression, tumor growth
characteristics, metastasis profile, and desmoplastic stroma reaction.10:36 Small pancreatic
tumors with limited metastases, except for local splenic invasion, were found as early as 2-3
weeks after cell implantation. Large primary tumors and widespread metastasis were
observed after 4-5 weeks (Figure S9).

Protein binding and stability in biological media are important factors in determining the /n
vivo fate of nanoparticles.” Before /n vivo analysis of the nanoparticles, we studied their
protein binding and stability in ascites and serum obtained from mice with established
KPC8060 tumors. PCX nanoparticles showed pronounced protein binding in both ascites
and mouse serum. However, the extent of protein binding was much lower than in the case
of control PEI particles. The abundant protein binding reversed the surface charge of the
nanoparticles to negative values. Importantly, PCX nanoparticles showed minimal signs of
disassembly or aggregation upon protein binding, exhibited good colloidal stability with
particle size maintained below 100 nm, and protected anti-miR/siRNA against ascites/serum
degradation (Figure S10).
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We first compared IP and IV administration of the nanoparticles in terms of the plasma
circulation time. Equal doses of AF647-PCX/FAM-siRNA nanoparticles were injected either
IV or IP in the PDAC tumor-bearing mice. The AF647-PCX fluorescence intensity in blood
was normalized by setting intensity at 2 min after IV injection as 100% (Figure 3A,B). After
IV injection, the blood fluorescence signal decreased rapidly to ~18% at 1 h postinjection,
and the signal almost disappeared by 24 h due to fast clearance of the nanoparticles from the
blood. Prolonged peritoneal retention and limited systemic absorption are important for
effective IP treatment.#8 When evaluating the peritoneal retention of IP-injected
nanoparticles, we observed widespread local retention of the nanoparticles at 4 h
postinjection. The observed amount was significantly reduced after 24 h (Figure S11).
Nanoparticles are expected to be absorbed into the blood from the peritoneal cavity.® The
diameter of the lymphatic ducts in the peritoneal cavity is about 1 zm.*® Nanoparticles may
further pass through lymph nodes and enter blood.>? The properties of the PCX
nanoparticles, even with the ascites proteins bound, suggested that they would be susceptible
to clearance from the peritoneal cavity mainly as a result of lymphatic drainage.*® As
expected, the content of the nanoparticles in blood increased after IP injection and reached
~17% at 1 h, which was followed by a complete clearance at 24 h. The fluorescence
intensity in blood after IP injection is a function of absorption from the peritoneal cavity and
MPS clearance from the blood. We estimated the area under the curve (AUC) for both IV
and IP administration and found that AUC(_o Of the IP injection was ~67% of the AUC
observed in the 1V injection. The results suggested that a significant portion of the IP-
injected nanoparticles was retained in the peritoneum and not absorbed into the blood
circulation.

To study the biodistribution of the nanoparticles, AF647-PCX/FAM-siRNA was injected 1V
or IP in mice with orthotopic pancreatic tumors. Following animal sacrifice at 4 and 24 h
post injection, we measured the fluorescence of the AF647-PCX in the isolated tissues. In
the mice given IV injection, the nanoparticles mainly accumulated in the liver and showed
poor distribution into tumors at both 4 and 24 h after injection. The nanoparticles were also
found in the spleen and the lungs (Figure S12 and Figure 3C-E). In the animals given IP
injection, significant accumulation of the nanoparticles in the orthotopic tumors was
observed. Mean fluorescence intensity (MFI) of AF647-PCX in the tumors was nearly five-
fold higher than in the case of the IV treatment at 4 h postinjection. The relative tumor
accumulation in the IP group further increased with time, reaching nearly a 15-fold higher
level relative to the IV group at 24 h (Figure 3C-E). In comparison with the 1V group, the IP
injected animals also showed substantially decreased hepatic and splenic accumulation of
the nanoparticles, most likely due to lower clearance by the MPS. Since an estimated 67% of
the IP injected nanoparticles were absorbed into the systemic circulation, it is interesting that
the hepatic distribution in the IP group was only 20% of the IV group. Besides the
limitations of fluorescence in quantifying biodistribution of nanoparticles,®! 1P
administration may result in engaging different metabolic routes, different protein adsorption
profile, and faster biliary excretion in comparison with IV injection,%2 which could lead to
lower liver accumulation of IP-injected nanoparticles.

To obtain detailed information about the distribution of the nanoparticles within the tumors,
frozen tumor sections were analyzed using confocal microscopy. Both AF647-PCX (red)
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and FAM-siRNA (green) fluorescence were present in the tumors of IP-injected mice,
suggesting delivery of assembled nanoparticles (Figure 3F). Importantly, the nanoparticles
were delivered to both peripheral and central regions of the pancreatic tumors. We observed
pronounced nanoparticle localization on the tumor surfaces but limited perivascular
distribution, which suggested that the nanoparticles penetrated the tumors directly from the
peritoneal cavity without any significant contribution of the blood-circulating particles
(Figure S13A). At higher magnification, we observed that only the polymer fluorescence but
not the siRNA was found in the nucleus (Figure S13B). These results show that the
polymers, rather than whole nanoparticles, enter the nucleus. After 24 h of administration, a
part of the nanoparticles disassembles and frees the polymers and siRNA. The size and
properties of the free polycations allowed them to cross nuclear pores (~5 nm), while the
nanoparticles (~57 nm) failed to do s0.53 In addition to the cancer cells within the tumors,
the nanoparticles were also found in activated PSCs, which expressed aSMA (Figure S13C).
Only weak AF647-PCX and FAM-siRNA fluorescence were found in the tumors of animals
treated with the IV injection (Figure 3F). Moreover, we observed the distribution of the
nanoparticles in the peritoneal metastatic lesions. A significant increase in the distribution of
the nanoparticles was found in local splenic invasion compared with normal spleen and
healthy pancreas (Figure 3G and Figure S14). These results confirmed the superior
capability of the IP-injected nanoparticles to deliver PCX and the RNA combination to
pancreatic tumors and peritoneal metastases.

To explore the reasons for the high tumor accumulation of the PCX nanoparticles, we
analyzed tumor surface peritoneum as a barrier for IP delivered nanoparticles.1923 We
examined the HE stained tissue slides of normal organs, primary pancreatic tumors, and
metastases in various organs including liver, kidney, spleen, diaphragm, and lung. We found
that, as compared to the normal organs like pancreas and kidney, primary pancreatic tumors
and other organs containing metastatic foci lacked the visceral peritoneum that is normally
composed of flat mesothelial cells (mesothelium/mesothelial lining). In some instances, we
observed the presence of a fibrous capsule. Some metastatic organs (e.g., liver) showed
broken mesothelial lining. In comparison with normal organs, tumors lacked a layer of
compact mesothelial cells, which likely contributed to the tumor localization of the
nanoparticles (Figure 3H). The characteristic lack of mesothelium on the tumor surfaces was
observed not only in orthotopically implanted tumors but also in spontaneously developed
tumors in genetically engineered KPC mice and in human PDAC patient samples (Figure
S15), suggesting applicability and clinical translatability of the findings to human medicine.

To evaluate if CXCR4-dependent tumor uptake was involved in the observed findings, we
have preinjected the animals with anti-CXCR4 antibody to block the CXCR4 receptor in the
tumor before nanoparticles injection. Biodistribution of the IP injected nanoparticles in the
mice with CXCR4 blockade was compared with that in mice without the blockade. We
found that the blockade of CXCR4 receptor did not reduce the tumor localization of the IP
injected nanoparticles (Figure 31). This result demonstrates that tumor accumulation of the
IP injected nanoparticles is independent of the CXCR4 receptor binding.

Dense stromal desmoplasia is a physical barrier for delivery of nanomedicines in PDAC.
Hypovascular pancreatic tumors limit the EPR-dependent delivery of IV administered
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nanoparticles.? We demonstrated that IP injection of the PCX nanoparticles targets the
tumors with minimal distribution to normal tissues. In contrast, IV injected nanoparticles
mainly distributed to the liver and showed negligible tumor accumulation. Both
physicochemical properties of the nanoparticles and biological characteristics of the tumor
appear to contribute to the enhanced and EPR-independent delivery of the nanoparticles.
First, effective peritoneal retention extended the exposure of the tumors to the high
concentration of the nanoparticles. PCX nanoparticles demonstrated good colloidal stability
upon protein binding in the ascites, which likely contributed to their widespread distribution
in the peritoneal cavity. Meanwhile, the absorption of the nanoparticles into systemic
circulation was still inevitable as a result of lymphatic drainage.*® Second, the nanoparticles
accumulated in the tumors due to the specific features of the peritoneal tumors. There is a
lack of mesothelium on the surface of the orthotopic tumors and metastases. In contrast,
abdominal organs are covered by compact peritoneum that prevents the entry of the
nanoparticles.1® Besides the lack of surface barrier, the higher metabolic activity of the
tumors was also reported to promote internalization of the nanoparticles.>2 Third,
nanoparticles penetrated deeply into the tumors directly from the tumor periphery to the
tumor center in a manner independent of the tumor blood vessels. The small particle size
and optimized hydrophobicity of the PCX nanoparticles possibly facilitated tumor
penetration of the nanoparticles.>* The hypovascular structure of PDAC tumors also reduced
the clearance of nanoparticles from the tumors, which further likely contributed to the
observed accumulation.®® Previous studies focused on the receptor-mediated targeting for
peritoneal tumor imaging or therapy after IP injection.25:26 Our study reports a more general
local delivery strategy that is based on the damaged mesothelial membrane on the tumor
surface and is independent of an EPR effect. The IP injection of the PCX nanoparticles
provides a mechanism of tumor delivery that is not dependent on the EPR effect and thus
may have better potential for successful clinical application. The existence of the EPR effect,
especially in human PDAC, has been under intense scrutiny and implicated in the clinical
failures of nanomedicines.56

Despite multiple promoting factors found, we do not fully understand the mechanism for the
unexpectedly high tumor delivery efficacy of the IP-injected PCX nanoparticles.
Optimization of the physicochemical properties of the nanoparticles will likely allow
improved IP delivery. For example, a large portion of PCX nanoparticles was absorbed into
systemic circulation. We aim to improve the bioadhesive properties of the nanoparticles to
extend their retention in the peritoneal cavity.*8 There are various types of cells in the
peritoneal cavity, which may be involved in the effective tumor penetration of the PCX
nanoparticles.197 It is conceivable that the tumor accumulation and penetration is a cell-
mediated process, most likely with involvement of peritoneal macrophages. The interactions
between nanoparticles and macrophages are complex and likely to determine the delivery
efficacy. To understand the interaction is very important for understanding the mechanism of
IP delivery and is also our future study direction. Moreover, we intend to further improve the
penetration ability of nanoparticles. Through the introduction of a tumor-penetrating peptide,
the penetrating depth can be increased further, which will expand the use of nanoparticles
for bigger tumors in large animal models and ultimately in humans.2%58 Quantitative
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analysis methods like stem-loop PCR will have to be deployed to fully understand the blood
absorption, IP distribution, metabolism, and secretion of the IP-injected nanoparticles.

Inhibition of Tumor Growth and Depletion of Desmoplasia without Increasing
Immunosuppression.

Treatment efficacy of the IP-administered nanoparticles was initially tested in the mice
bearing the KPC8060 orthotopic pancreatic tumor (Figure 4A). No changes in the body
weight during treatment (Figure 4B) confirmed that the PCX nanoparticles caused no gross
toxicity in the animals. Codelivery of anti-miR-210 and siKRASC12D effectively delayed
primary tumor growth according to semiquantitative ultrasound imaging analysis (Figure
S16). After treatment, primary pancreatic tumors were harvested for analysis. In comparison
with the PBS group, treatment with PCX/(anti-miR-NC +siNC) nanoparticles showed a
negligible effect on the primary tumor growth, confirming that CXCR4 inhibition by PCX
alone has no significant effect on tumor cell proliferation. Both PCX/(anti-miR-210+siNC)
and PCX/(anti-miR-NC +siKRAS®12D) inhibited primary tumor growth by ~45%. The
combination PCX/(anti-miR-210+siKRASCG12D) nanoparticles showed the best activity with
60% primary tumor growth inhibition (Figure 4C). Successful delivery of the two
therapeutic RNAs was confirmed from the levels of miR-210, and KRASCG12D quantified by
gRT-PCR and Western blot in the tumors of treated mice. IP treatment with the PCX/(anti-
miR-210+siKRASC12D) resulted in 76% downregulation of miR-210 and 74% silencing of
the KRASC12D expression in the isolated tumors (Figure 4D,E).

K;-67 immunohistochemical staining of the tumors was performed to study the
antiproliferative activity of the nanoparticles (Figure 4F). The PCX/(anti-miR-210+siK-
RASG12D) treatment showed the best antiproliferative activity, with only 26% of K;-67*
cells. In comparison, silencing of miR-210 or KRAS®12D alone resulted in modest
antiproliferative activity. PCX/(anti-miR-210+siKRASCE12D) nanoparticles also induced the
greatest necrosis in the tumor based on HE staining (Figure S17A). These results confirm
that IP delivery of anti-miR-210 and siKRASC12D by the PCX nanoparticles effectively
silenced both miR-210 and KRASG12D jn the tumor, which resulted in combined activity to
inhibit primary tumor growth through a cooperative antiproliferative effect.

Histological analysis of fibrosis markers was performed to study the effect of the PCX
nanoparticles on tumor desmoplasia (Figure 4G). Control PCX/(anti-miR-NC +siNC)
nanoparticles reduced the activation of PSCs (~21% aSMA™) in comparison with PBS
group (~30% aSMA™). Silencing of miR-210 by PCX/(anti-miR-210+siNC) nanoparticles
(~11% aSMA*) and PCX/(anti-miR-210+siK-RASC12D) nanoparticles (~9% aSMAY)
further significantly inhibited the activation of PSCs. Silencing of siKRAS®12D had no
additional effect on the activation status of PSCs in the tumors (~20% aSMA™).

Activated PSCs produce collagen which is the main component of ECM in PDAC. The
combined PCX nanoparticles decreased collagen content in the tumors to ~9% (Figure 4G).
PCX/(anti-miR-NC+siNC) nanoparticles (~16% collagen content) and miR-210
downregulation (~9% collagen content) also significantly decreased collagen in tumor
compared with PBS (~24% collagen). This result is consistent with the inhibition of
activated PSCs and confirms that PCX/(anti-miR-210+siKRASG12D) nanoparticles
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cooperatively reduced activation of PSCs and extent of tumor fibrosis through combined
CXCR4 blockade and miR-210 silencing. Activated PSCs are also a driver of angiogenesis.
21,59 pCX/(anti-miR-210+siKRASC12D) nanoparticles presented significant antiangiogenic
activity as indicated by reduced CD31* blood vessel density in the tumors (Figure S17B).
These results demonstrated that our nanoparticles have a combined ability to decrease
desmoplasia in PDAC through silencing of miR-210 and inhibition of CXCR4 signaling and
to decrease angiogenesis due to depletion of activated PSCs.2’

Tumor stroma contributes to the establishment of an immunosuppressive tumor
microenvironment in PDAC. Modulation of tumor stroma represents a therapeutic approach
to augment immunotherapy.50 The effect of depletion of tumor stroma on cancer immune
response remains controversial with both pro- and antitumorigenic roles identified. It has
even been reported that depletion of PSCs in the PDAC stroma enhanced
immunosuppression and promoted tumor progression through facilitating infiltration of
suppressive immune cells.8 Considering the risk of stromal depletion on the immune
response, we analyzed the effect of the nanoparticle treatment on the tumor immune
microenvironment. Dense desmoplasia is a physical barrier to the infiltration of cytotoxic T
lymphocytes. As shown in Figure 4H, treatment with CXCR4-inhibiting PCX/(anti-miR-NC
+siNC) nanoparticles increased CD8" T cells infiltration. Interestingly, downregulation of
miR-210 in the tumors further enhanced infiltration of CD8" T cells. These results
confirmed a combined effect of PCX/(anti-miR-210+siKRASG12D) nanoparticles on tumor-
accumulation of CD8* T cells. A recent study confirmed that reduction of desmoplasia by
CXCR4 blockade does indeed increase the tumoral infiltration of T cells.®! Silencing of
miR-210 increased CD8* T cells in the tumor possibly through regulation of T cell
differentiation.62 Moreover, significantly decreased levels of suppressive M2 tumor-
associated macrophages (CD206* M2 TAMs) were also observed in the tumors after
nanoparticle treatment (Figure 4H). Inhibition of the CXCR4/CXCL12 axis by PCX was
believed to contribute to the inhibition of M2 polarization of TAMs.63.64 This result
demonstrated the effect of the PCX nanoparticles on modulation of TAMS to reverse
immunosuppressive tumor microenvironment. We also determined the levels of intratumoral
cytokines to study the effect of nanoparticles on the tumor immunosuppressive
microenvironment. Pro-inflammatory cytokines IFN-y and TNF-a are mainly secreted by
cytotoxic T-cells and are involved in T-cell killing for tumor suppression.5® Treatment with
nanoparticles significantly increased the secretion of IFN-y and TNF-a (Figure S17C),
which further confirmed the immunostimulatory effect of the PCX nanoparticles.

Depletion of desmoplasia potentially induces cancer stem cell-like phenotype, which
possibly enhances tumorigenicity and decreases survival.8:56 Here, we compared the
stemness of the tumors after nanoparticle treatment with immunofluorescence analysis of
cancer stem cell markers aldehyde dehydrogenase 1-A1 (ALDH1A1) and CD44.5” The
treatment with PCX nanoparticles did not increase the ALDH1A1* and CD44™ cell
populations in the tumors. In fact, we have observed statistically significant decreases in the
different treatment groups. This result indicates that the treatment with the triple
nanotherapy did not increase cancer stemness in the tumors.
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Inhibition of Metastasis and Improvement of Survival.

Metastasis is widely seen in PDAC patients and is a main cause of cancer-related deaths.58
After establishing promising efficacy of the PCX nanoparticles on the inhibition of the
primary tumor growth and modulation of the tumor microenvironment, we set to investigate
the antimetastatic activity of the particles. The used PDAC tumor model is highly metastatic
as evidenced by local invasion and widespread metastases found in the untreated animals
(group G1). We observed macroscopic metastases in the liver, spleen, kidney, intestine,
stomach, abdominal wall, and diaphragm. Treatment with the CXCR4-inhibiting PCX/(anti-
miR-NC+siNC) nanoparticles showed clear antimetastatic activity, indicated by the reduced
metastatic frequencies in the broad range of examined tissues when compared with the G1
group (Figure 5A). The delivery of anti-miR-210 and siKRASC12D fyrther improved the
antimetastatic activity of the PCX nanoparticles, with PCX/(anti-miR-210+siKRASG12D)
completely inhibiting the metastasis to all observed tissues except pancreas-adjacent splenic
invasion. Importantly, the PCX/(anti-miR-210+siKRASCG12D) nanoparticles completely
inhibited liver metastasis, which is the major metastatic site in PDAC patients (Figure 5B
and Figure S18). Nanoparticle treatment started at a late tumor stage (2 weeks) when the
local splenic invasion occurred. This led to the failure of nanoparticles to inhibit splenic
invasion. HE staining showed a decrease in the metastasis area in tissues of animals treated
with the PCX nanoparticles (Figure 5C). These results confirmed the combined
antimetastatic activity of PCX/(anti-miR-210+siKRAS®12D) nanoparticles through
inhibition of CXCR4 and silencing of miR-210 and KRASG12D,

PCX/(anti-miR-210+siKRAS®12D) nanoparticles inhibited primary tumor growth,
modulated stromal microenvironment, and inhibited widespread metastasis. We thus next
studied the effect of nanoparticle treatment on survival in the orthotopic PDAC model. In
comparison with the PBS group, even the CXCR4 inhibition alone with the PCX/(anti-miR-
NC+siNC) treatment significantly increased median survival by 19%. PCX/(anti-
miR-210+siNC) and PCX/(anti-miR-NC+siK-RASG12D) further prolonged the animal
survival by 31% and 34%, respectively. PCX/(siKRAS+miR-210) nanoparticles achieved a
cooperative activity to improve survival by 50% (Figure 5D).

Toxicity evaluation of the IP-injected nanoparticles was performed. No obvious tissue
damage was found in comparison with the PBS group according to HE staining of major
organs (Figure S19). Blood was collected from mice on day 28 for whole blood analysis and
blood biochemistry. PCX/(anti-miR-NC+siKRAS®12D) nanoparticles treatment did not alter
white blood cell, lymphocyte, monocyte, neutrophil, or red blood cell count when compared
with the PBS group, which suggested no adverse hematologic effects, such as hemolytic
anemia caused by the nanoparticles (Table S1). Liver enzymes and renal function
biomarkers were also measured. The concentrations of AST, ALT, BUN, and creatinine were
within the normal range (Table S2). These results confirmed the overall safety of IP injected
PCX nanoparticles.

Overall, our approach demonstrated the benefits of the triple combination therapy strategy in
comparison with individual nucleic acid drug therapies. Despite the confirmed improved
antitumor activity both /n vitroand in vivo, the detailed analysis of signaling pathways
involved in these combined therapeutics need to be studied in advanced culture models of
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pancreatic cancer cells/PSCs. Our approach will also benefit from combining with
conventional chemotherapy and immunotherapy such as T cell checkpoint antagonists®1.69
due to the reduced delivery barrier of stromal desmoplasia and stimulated immune
microenvironment after nanoparticle treatment.

No anticancer treatment has been approved by the U.S. Food and Drug Administration
specifically for IP administration, but multiple clinical studies of IP injected therapeutics are
carried out to treat patients with peritoneal cancers. The results demonstrate the potential of
IP delivery to improve treatment efficacy and to lower systemic toxicity.1970.71 There are
currently several methods of regional IP delivery used in the treatment of human cancers, the
most common of them being hyperthermic intraperitoneal chemotherapy.1® While the
current methods use only traditional chemotherapeutics, there is a growing realization that
IP delivery of other types of therapies, such as the one described here, may bring advantages
not seen with systemic delivery.’2.73

CONCLUSION

This study demonstrates the benefits of EPR-independent delivery of nanomedicine by IP
administration for PDAC therapy and provides an alternative to conventionally used EPR-
dependent delivery by 1V injection. Triple-targeting of cancer cells, stroma, and their
interactions by nanotherapy represents a safe and effective approach for combination PDAC
therapy.

MATERIALS AND METHODS

Materials.

Dulbecco’s phosphate buffered saline (PBS), Dulbecco’s modified Eagle medium (DMEM),
fetal bovine serum (FBS), trypsin, penicillin, and streptomycin were purchased from
Thermo Scientific (Waltham, MA). miR-210-3p-Hairpin Inhibitor (anti-miR-210, mature
miRNA sequence: CUGUGCGUGUGACAGCGGCUGA), negative control miRNA
inhibitor (anti-miR-NC, mature miRNA sequence:
UCACAACCUCCUAGAAAGAGUAGA), siRNA targeting KRASG12D (sikRASC12D,
sense sequence, 5 -GUUGGAGCUGAUGGCGUAGTAT-3"), negative control SiRNA
(siNC, sense sequence, 5'-UCACAACCUCCUAGAAAGAGUAGA-3"), and
carboxyfluorescein (FAM) labeled siRNA (FAM-siRNA) were from Dharmacon (Lafayette,
CO). Average M, of anti-miRNA is 18 500 g/mol. Average M, of siRNA is 13 300 g/mol.
AMD3100 was provided by Biochempartner (Shanghai). Real-time (RT)-PCR primers were
from Invitrogen (Carlsbad, CA). Other reagents were provided by Fisher Scientific and used
as received unless stated otherwise.

Synthesis and Characterization of Polymer.

PCX was synthesized and characterized as previously described.#345 Michael polyaddition
of AMD3100 and HMBA resulted in the polymeric AMD3100. The equal molar ratio of
HMBA (1 mmol) and AMD3100 (1 mmol) were dissolved in 9 mL of methanol/water (7:3
v/v) mixture. The glass vial with the reactants was purged with nitrogen and the reaction was
carried out at 37 °C for 3 days in the dark. Then an additional 0.1 mmol of AMD3100 was
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added to consume the residual acrylamide groups. The reaction mixture was dialyzed against
methanol (3500 MWCO) for 1 day. Then methanol was evaporated, and polymeric
AMD3100 was further dried in vacuum. The overall yield is around 91%. The structure of
polymeric AMD3100 was confirmed by *H NMR using Varian INOVA (500 MHz). The
molecular weight was determined by gel permeation chromatography (GPC) using Agilent
1260 Infinity LC system with a miniDAWN TREOS multiangle light scattering detector and
an Optilab T-rEX refractive index detector (Wyatt Technology, Santa Barbara, CA). TSKgel
G3000PWy_-CP column (Tosoh Bioscience LLC, PA) was used at a flow rate of 0.5 mL
min~ (sodium acetate buffer, pH 5). Astra 6.1 software was used to analyze results.

Cholesterol was conjugated to polymeric AMD3100 by reaction with cholesteryl
chloroformate. Polymeric AMD3100 (650 mg) and DIPEA (346.6 mg, 2.68 mmol) were
dissolved in anhydrous methylene chloride. Cholesteryl chloroformate (140.5 mg, 0.31
mmol) was dissolved in anhydrous methylene chloride and added dropwise into the
polymeric AMD3100 solution in ice-bath. The reaction was carried out overnight, and the
product was purified by dialysis against methanol (3500 MWCO) for 1 day, followed by
dialysis against HCI solution (pH = 4) for 1 day and deionized water for another day. The
final PCX product was obtained as a hydrochloride salt through lyophilization. The yield of
PCX is around 78%. The structure of PCX and the amount of conjugated cholesterol were
characterized by TH NMR on Varian INOVA (500 MHz). Succinimidyl ester of Alexa Fluor
647 carboxylic acid (Life Technologies, OR) was conjugated to PCX to obtain AlexaFluor
647 labeled PCX (AF647-PCX) following the manufacturer’s protocol.

Primary tumor cell line KPC8060 derived from KPC PDAC mouse model (Kras-SL-G12D/+:
Trp53LSL-R172H/*- pdx-1-Cre) was provided by Dr. Hollingsworth at UNMC. The human
cell line of metastatic pancreatic cancer COL0O357 was kindly provided by Dr. Batra at
UNMC. Both cell lines were cultured in high-glucose DMEM with 10% FBS, penicillin
(100 U/mL), streptomycin (100 g/mL) at 37 °C with 5% CO5 in a humidified chamber.
Human pancreatic stellate cells (Catalog #: 3830) were purchased from ScienCell Research
Laboratories (CA, USA) and cultured in Stellate Cell Medium (SteCM, Cat. #5301) at 37 °C
with 5% CO» in a humidified chamber.

CXCR4 Antagonism Assay.

CXCR4 redistribution assay was employed to determine the CXCR4 antagonism efficacy of
compounds. U20S cells with the EGFP-CXCR4 fusion protein (Fisher Scientific) were
cultured in DMEM with 2 mM L-glutamine, 10% FBS, 1% Pen-Strep, and 0.5 mg/mL
G418. Cells were seeded in black 96-well microplates 24 h before treatment. Cells were
washed with assay buffer before treatment and then treated with tested compounds for 30
min. CXCL12 was added for another 1 h incubation. Cells were fixed and stained with
Hoechst 33258. Quantification of the internalization of the CXCR4 receptors was performed
with Cellomics ArrayScan V High Content Analysis Reader (Thermo Scientific) and
SpotDetectorVV3 BioApplication software. Dose—response curves were obtained based on %
CXCR4 internalization calculated relative to the AMD3100 group (100%) and CXCL12
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only group (0%). EC50 value (concentration inducing 50% CXCR4 antagonism) of tested
compounds was calculated with Prism GraphPad software.

Cytotoxicity of PCX was tested by CellTiter-Blue Cell Viability Assay. Cells were treated
with 100 g of polymer solutions with various concentrations in culture medium for 24 h.
The medium was then replaced by a mixture of 100 4L of media and 20 /L of CellTiter-Blue
reagent. The fluorescence [F] (Ex = 560 nm, Em =590 nm) was measured using Microplate
Reader (Molecular Devices, CA) after 2 h incubation. The relative cell viability (%) was
expressed as [F]sample/[FJuntreated x 100. The 1C50 values (50% cell growth inhibition)
were obtained from a dose—response analysis in GraphPad Prism.

Analysis of CXCR4 Expression on Cell Surface.

Cells were incubated with allophycocyanin (APC) labeled CXCR4 antibody (BD
Biosciences, CA) for 1 h at 4 °C. The isotype-matched antibody was employed to assess the
background fluorescence. Cells were subjected to a FACS Calibur (BD Bioscience, Bedford,
MA) and results were analyzed by FlowJo software (Tree Star Inc., OR).

Transwell Migration Assay.

Cells were trypsinized, washed with PBS, and resuspended in medium without serum. Cells
pretreated with tested compounds for 15 min or without treatment were added in the cell
culture inserts (8.0 zm pores, BD Biosciences) in 300 £ of serum-free medium (3 x 10°
cells per insert). The lower transwell chamber was filled with 600 z1 of serum-free medium
containing 20 nM CXCL12. After 20 h incubation, removal of cells in the top chamber was
done using cotton swabs. Migrated cells were fixed, stained with 0.2% Crystal Violet, and
observed under an EVOS xI microscope. The results were calculated as the percentage of
migrated cells relative to PBS-treated cells/imaging field + SD (n= 3).

Preparation and Characterization of Nanoparticles.

PCX/(anti-miR+siRNA) nanoparticles were prepared by mixing a predetermined volume of
PCX with an anti-miR and siRNA equal molar solution (20 xM in pH 7.4 HEPES) and
vortexing for 10 s. Agarose gel electrophoresis was performed to test the ability of PCX to
condense anti-miR and siRNA. Nanoparticles at various polycation-to-(anti-miR+siRNA)
weight ratios were loaded in the gel (0.5 g/mL ethidium bromide) and ran in 0.5 x Tris/
Borate/EDTA buffer for 15 min (100 V). The gels were observed with KODAK Gel Logic
100 imaging system. Dynamic light scattering (DLS) was used to measure the
hydrodynamic diameter and zeta potential of the nanoparticles using ZEN3600 Zetasizer
Nano-ZS (Malvern Instruments Ltd., Massachusetts, USA). Nanoparticle morphology was
visualized using TEM (Tecnai G2 Spirit, FEI Company, USA) with NanoVan negative
staining (Nanoprobes, USA) and MultiMode AFM NanoScope IV system (Bruker
Instruments, Santa Barbara, CA) operating in tapping mode. Heparin displacement assay
was applied to analyze anti-miR and siRNA release from nanoparticles. Nanoparticles (w/w
= 2) were incubated with heparin solution for 30 min, then assayed by gel electrophoresis.
For the enzyme stability test, free anti-miR+siRNA solution and nanoparticles were
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incubated with FBS (50% v/v) or RNase | (2 U/4L) at 37 °C, respectively. The samples were
collected at predetermined time points, treated with heparin, and analyzed by gel
electrophoresis.

Cellular Uptake and Intracellular Trafficking.

Cells were seeded in 12-well plates 24 h before treatment. Cells were treated by
nanoparticles prepared with AF647-PCX and FAM-siRNA (w/w = 2, 100 nM FAM-siRNA)
for 4 h in the presence of FBS. Cells were washed by PBS, detached with trypsin and
analyzed on a FACS Calibur (BD Bioscience, Bedford, MA). Subcellular distribution of
nanoparticles was observed by confocal microscopy. Cells were seeded on a 20 mm glass-
bottom culture dish (Nest) 24 h before treatment. AF647-PCX/FAM-siRNA nanoparticles
were added and incubated for 4 h. Cells were washed, stained with Hoechst 33258, and
visualized under an LSM 800 Laser Scanning Microscope (Zeiss, Jena, Germany). To
observe the endo/lysosomal release, cells were treated by nanoparticles for 2 or 6 h. Then
cells were stained with LysoTracker Red DND-99 (Life Technology, USA) and visualized
with a confocal microscope.

Tumor Penetration in Multicellular Tumor Spheroids.

KPC8060 cells were seeded in ultralow attachment 24-well plates (Corning, New York) at a
density of 5 x 10 cells per well. The spheroid diameter reached about 300 zm after
culturing for 10 days. AF647-PCX/FAM-siRNA nanoparticles were incubated with
spheroids for 12 h. Spheroids were washed with PBS, fixed with 4% paraformaldehyde and
observed with a confocal microscope (z-stack with 10 gm intervals). Fluorescence images
were transformed to surface plots by ImagelJ software. The spheroids were also trypsinized
to single-cell suspension for flow cytometry analysis.

Quantitative Real-Time Polymerase Chain Reaction (QRT-PCR).

Cancer cells were incubated with PCX nanoparticles (anti-miR 50 nM, siRNA 50 nM) for
48 h in the presence of FBS. Total RNA was extracted from cultured cells using the mirVana
miRNA lIsolation Kit (Ambion, USA). MiRNA level was measured by TagMan gRT-PCR.
RNA (10 ng) was converted to cDNA by TagMan miRNA reverse transcription kit (Applied
Biosystems) and primers for miR-210 or Z30 (internal control) (Applied Biosystems, CA).
PCR reaction was conducted on Rotor-Gene Q (QIAGEN) using TagMan Universal Master
Mix and primers for miR-210 or Z30 (Applied Biosystems). Expression of KRASG12D was
quantified using SYBR Green RT-PCR. RNA (0.5 1g) was reverse-transcribed to cDNA with
QuantiTect reverse transcription kit (Qiagen). PCR reaction was performed on Rotor-Gene Q
(QIAGEN) using the QuantiFast SYBR Green PCR kit (Qiagen). The GAPDH primer assay
(QIAGEN) was used following the manufacturer’s protocol. KRASG12D primer (forward 5’-
CGCAGACTTACTTCCCCGGC; reverse, 5'-CGCTCAATTCCTCAACCACG) was used.
Relative miRNA or mRNA levels were calculated according to the comparative threshold
value (Ct) method. Human PSCs were also treated with nanoparticles in serum free medium
for 48 h. Then total RNA was extracted for analysis of miR-210 level in cells using gRT-
PCR assay described above.
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Apoptosis Assay by DAPI Staining.
Cells were treated with nanoparticles (50 nM anti-miR, 50 nM siRNA) for 48 h. Cells were
stained with 2 zg/mL of DAPI (4’, 6-diamidino-2”-phenylindole dihydrochloride) and
observed under EVOS xI fluorescence microscope (Thermo, US). Apoptotic nuclei
(condensed and fragmented morphology) were counted and presented as a percentage of
total nuclei per observation field.

Cell Killing Assay.

Cytotoxicity of the nanoparticles was evaluated by CellTiter-Blue assay. Cells were treated
with nanoparticles (50 nM anti-miR, 50 nM siRNA) for 48 h. The medium was then
replaced by a mixture of 100 zL of media and 20 ¢ of CellTiter-Blue reagent. After 2 h of
incubation, fluorescence [F] (Ex = 560 nm, Em = 590 nm) was measured using Microplate
Reader (Molecular Devices, CA). The relative cell viability (%) was expressed as [F]sample/
[FJuntreated x 100.

Colony Formation Assay.

Cells were treated with nanoparticles (50 nM anti-miR, 50 nM siRNA) for 4 h. Cells were
seeded to 12-well plates (KPC8060 cells 200/well, COLO357 cells 600/well). After growth
for 12 days, cells were fixed, stained with Crystal Violet (0.2%), washed with water, and
photographed. Colony number in each well was counted.

Immunofluorescence of Stromal Markers in PSCs.

Human PSCs were seeded in eight-well chambered cover glass (Thermo Fisher) and treated
with nanoparticles in serum free medium for 48 h. After that, cells were fixed in 4%
paraformaldehyde for 15 min, permeabilized in 0.2% Triton X-100 for 1 h, and blocked with
5% bovine serum for 30 min. aSMA or Collagen | primary antibodies in 1% BSA were
diluted and incubated with cells at 4 °C overnight, respectively. Cells were washed several
times with PBS after the primary antibody incubation and changed with antirabbit IgG
Alexa Fluor 488 secondary antibody (Thermo Fisher) for 1 h. The nuclei were
counterstained with Hoechst 33342 for 15 min. Images were acquired using the Zeiss LSM
800 confocal microscope.

Orthotopic Pancreatic Cancer Model.

Animal experiment protocols have been approved by the University of Nebraska Medical
Center Institutional Animal Care and Use Committee. Orthotopic KPC-derived pancreatic
cancer model was established by injection of KPC8060 cells into the pancreas. Briefly,
KPC8060 cells were trypsinized and resuspended in 1:1 mixture of PBS/Matrigel. Female
C57BL/6 mice (6 weeks old) from Charles River Laboratories were anesthetized by IP
injection of ketamine/xylazine solution. An incision (~1 cm) was made in the peritoneum at
the midabdomen region below the sternum. For this, 2.5 x 10% of KPC8060 cells (40 /1)
were injected into the tail of the pancreas. The abdomen was closed with a two-layer suture
with 5-0 chromic catgut and soft staple. The staples were removed 7 days after surgery.
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Blood Circulation Time.

Orthotopic pancreatic tumor-bearing mice (3 weeks after tumor implantation, tumor
diameter ~10 mm) were IV or IP administrated with 200 /L of AF647-PCX/FAM-siRNA
nanoparticles (5 mg/kg AF647-PCX, 2.5 mg/kg FAM-siRNA). At 2 min, 0.25, 1, 4, and 24 h
post injection, about 100 z4 of blood from the retro-orbital venous plexus of each mouse
was collected in heparin-treated tubes and imaged with Xenogen IVIS 200 (Ex = 640 nm,
Em = 680 nm), which was followed by fluorescence analysis by the instrument software.

Biodistribution.

Orthotopic pancreatic tumor-bearing mice (tumor diameter ~10 mm) were 1V or IP injected
with 200 L of AF647-PCX/FAM-siRNA nanoparticles (5 mg/kg AF647-PCX, 2.5 mg/kg
FAM-siRNA). At 4 and 24 h post injection, mice were sacrificed and imaged using Xenogen
IVIS 200 (Ex = 640 nm, Em = 680 nm). Tumors and major organs were also harvested for
ex vivo fluorescence imaging. For CXCR4 receptor competition assay, anti-CXCR4
antibody (UMB2, Abcam) was IP injected into mice (100 yg/mouse) 30 min before
nanoparticles administration. The instrument software was used to analyze the fluorescence
signal from each tumor or organ. Tumors were embedded in an OCT compound, cut into 10
um frozen sections, stained with CD31 antibody (Cy3), and observed using a confocal
microscope. Moreover, tumors were also stained with aSMA antibody (Cy3) to label PSCs
and visualized under a confocal microscope. Moreover, we performed HE staining to study
the mesothelium of tissues and tumors of the orthotopic KPC model. We also analyzed
mesothelium in KPC mice with spontaneously developed tumors and in samples from
human PDAC patients. Section slides from the wild-type (WT) KPC mice were provided by
Dr. Hollingsworth at UNMC. The WT KPC mice carry the PDX-1-Cre transgene, the LSL -
KRASS12D knock-in mutation, and the LSL-Trp537172H knock-in mutation. Sections were
collected from WT KPC mice at age of 19-21 weeks at which stage the animals develop
primary pancreatic tumor and peritoneal metastasis. The section slides of healthy human
pancreas and liver tissues, and PDAC patient primary pancreatic tumor and liver metastases
were obtained from the UNMC Rapid Autopsy Program with informed consent from all
patients and approval from Institutional Review Board.

Antitumor Activity in vivo.

Mice were randomly assigned to five groups (7= 5) and IP injected with PBS, PCX/(anti-
miR-NC+siNC), PCX/(anti-miR-210+siNC), PCX/(anti-miR-NC+siKRAS®12D) and PCX/
(anti-miR-210+siKRASC12D) respectively. PCX/(anti-miRNA +siRNA) nanoparticles (5
mg/kg PCX) were injected at days 14, 16, 18, 20, 22, 24, and 26 post tumor-implantation.
Mouse body weight was recorded during treatment. Tumor growth was monitored using a
Vevo 3100 ultrasound system (Fujifilm, VisualSonics, Toronto, ON) with an MX550D
transducer (40 MHz center frequency, 40 M axial resolution) in B-mode. Briefly, mice
were anesthetized using isoflurane and placed on a stationary, heated platform equipped with
a motorized transducer adapter to acquire 3D images. Vevo Lab software was used to
reconstruct tumor shapes and assess tumor volumes. On days 28, blood was harvested from
retro-orbital venous plexus of the mouse for whole blood analysis and serum biochemistry
test. Mice were sacrificed, and primary tumor weight and metastatic sites were evaluated in
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each experimental group. Total RNA in the tumor was isolated using mirVana miRNA
Isolation Kit. Protein was also harvested from tumor tissues by RIPA Lysis buffer. Tumors
and major organs were fixed in 4% paraformaldehyde and sectioned for histochemical
analysis. Survival analysis was performed on mice with the same treatment method but using
nine mice per group.

Western Blot.

Protein concentration was measured by BCA kit (Promega, USA). The protein solution was
denatured, loaded to 10% SDS-PAGE electrophoresis gel (running 2 h at 120 V), and
transferred to a nitrocellulose membrane (running 1 h at 300 mA). The membrane was
blocked, incubated with primary antibody overnight at 4 °C, washed, and incubated with
IgG HRP-linked antibody (Cell Signaling Technology, USA). Finally, membranes were
visualized using Pierce ECL Western Blotting Substrate (Thermo Scientific, USA). Western
blot bands were quantified with ImageJ software.

Histochemical Analysis.

Tumor or organ sections were analyzed with HE and Masson’s trichrome staining (collagen
coverage percentage in each observation field was quantified by ImageJ software). Antigen
retrieval was conducted. K;-67 immunohistochemical staining was performed to study the
proliferation of tumor cells. For immunofluorescence staining, tumor slides were treated
with endogenous peroxidase inhibitor, incubated with primary antibody at 37 °C for 32 min,
incubated with horseradish peroxidase (HRP)-conjugated secondary antibody at 37 °C for 32
min, and incubated with Discovery FITC Kit (Roche). Sections were also counterstained
with DAPI for nucleus visualization. Immunchistochemistry images were taken on the
EVOS xI microscope (Thermo, US). Immunofluorescence slides were mounted with
antifade reagent and observed using a confocal microscope (LSM 800).

Blood Chemistry Analysis.

Blood was withdrawn in heparin tubes and analyzed using Vetscan VS (Abaxis). Creatinine,
urea (BUN), alanine transaminase (ALT), and aspartate transaminase (AST) were measured
by assay kit (Bioassay Systems, CA, USA) according to the protocol.

Statistical Analysis.

Results are presented as mean + SD. ANOVA was used to analyze differences among
multiple groups followed by Tukey’s multiple comparison test. Student’s t test was used to
analyze the statistical significance between the two groups. < 0.05 was considered as a
minimal level of significance. All statistical analysis was performed with GraphPad Prism
V5.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
PCX inhibits CXCR4 and delivers anti-miR/siRNA combination /n vitro. (A) Inhibition of

CXCL12-induced PDAC cell migration. KPC8060 and COLO357 cells were treated with
AMD3100 (300 nM), PCX (2 pg/mL), or PEI (2 pg/mL) and cultured in a transwell
membrane insert (3 x 10° cells) with CXCL12 (20 nM) as chemoattractant. Migrated cells
were observed under a microscope. Scale bar, 200 xm. Data are shown as mean + SD (n=
3). ***P < 0.001. (B) Analysis of the condensation of anti-miR and siRNA by PCX using
agarose gel electrophoresis (equal molar ratio of anti-miR and siRNA). (C) Measurement of
hydrodynamic size of PCX/(anti-miR+siRNA) nanoparticles (w/w = 2) by dynamic light
scattering. (D) TEM and (E) AFM images of PCX/(anti-miR+siRNA) nanoparticles (w/w =
2). (F) Confocal microscopy observation of KPC8060 cells after treatment with AF647-
PCX/FAM-siRNA nanoparticles for 4 h. Scale bar, 20 /m. (G) Surface plot of KPC8060
multicellular spheroids after treatment with free FAM-siRNA or PCX/FAM-siRNA for 12 h.
Flow cytometry analysis of KPC8060 cells digested from multicellular spheroids.
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Figure2.

Nanoparticles inhibited both pancreatic cancer cells and PSCs in vitro. (A) Levels of
miR-210 and KRAS®12D mRNA in KPC8060 cancer cells after treatment with PCX
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nanoparticles (50 nM anti-miR, 50 nM siRNA) for 48 h. (B) Levels of miR-210 and
KRASC12D mRNA in COLO357 cancer cells after treatment with PCX nanoparticles (50
nM anti-miR, 50 nM siRNA) for 48 h. (C) Cell apoptosis assay by DAPI staining. (D) Cell
viability assay by CellTiterBlue after PCX nanoparticles treatment (50 nM anti-miR, 50 nM
siRNA) for 48 h. (E) Colony formation assay of cells after treatment by nanoparticles. (F)
Immunofluorescence staining of aSMA and collagen | in human PSCs after treatment with
PCX nanoparticles (50 nM anti-miR, 50 nM siRNA) for 48 h. The relative expression levels
(mean fluorescence intensity) of fibrosis marker were quantified using ImageJ software.
Data are shown as mean + SD (7= 3). *P< 0.05, **P< 0.01, ***P< 0.001.
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Figure 3.
Improved delivery of nanoparticles to orthotopic pancreatic tumor/metastasis through IP

administration. Orthotopic pancreatic tumor-bearing mouse-derived from KPC8060 cells
were administered with the same dose of AF647-PCX/FAM-siRNA nanoparticles (5 mg/kg
AF647-PCX, 2.5 mg/kg FAM-siRNA) via IV or IP injection. (A) Blood fluorescence
(AF647) over time after IV or IP injection. Blood was drawn from mice after IV or IP
injection with AF647-PCX/FAM-siRNA nanoparticles at various times and imaged under a
fluorescence imaging system (Ex = 640 nm, Em = 680 nm). The fluorescence intensity at 2
min in the 1V group was set as 100%. Results are expressed as relative fluorescence intensity
+ SD (n=3). (B) Curves of relative fluorescence intensity in blood over time. (C)
Biodistribution of AF647-PCX/FAM-siRNA nanoparticles in mice at 24 h after injection.
Mice were sacrificed and imaged using a fluorescence imaging system (Ex = 640 nm, Em =
680 nm). Photos of mice were also taken (circles indicate tumor). (D) Ex vivo fluorescence
images of the tumors and tissues at 24 h after injection. (E) Semiquantitative analysis of
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fluorescence intensity in the tumors and tissues. Results are expressed as mean fluorescence
intensity = SD (n= 3). **P< 0.01, ***P< 0.001.(F) Confocal microscopy images of frozen
tumor sections at 24 h after injection. PCX is shown in red (AF647), siRNA in green (FAM),
blood vessels in white (Cy3), and the nuclei in blue (DAPI). (G) Distribution of
nanoparticles in the spleen with tumor invasion at 24 h after IP injection. £x vivo
fluorescence images of spleens were taken using Ex = 640 nm, Em = 680 nm. Photos of
spleen were also taken (circles indicated tumor). (H) HE staining of (1) normal pancreas with
mesothelial lining (black arrow), scale bar = 100 gm, (11) normal kidney (without metastasis)
with mesothelial lining (black arrow), scale bar = 100 x4m, (111) normal pancreas with
mesothelium (black arrow) and tumor with capsule (red arrow) but no mesothelium in single
section, scale bar = 100 pm, (1V) primary pancreatic tumor with capsule (red arrow) but no
mesothelium, scale bar = 100 xm, (V) liver metastasis without mesothelium, scale bar = 100
um, (V1) spleen metastasis without mesothelium, scale bar = 500 zm. (1) Comparison of the
distribution of nanoparticles in the tumor at 24 h after IP injection in mice with/without
pretreatment with the anti-CXCR4 antibody.
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Figure 4.

IP delivery of nanoparticles reduced stromal desmoplasia without induction of
immunosuppression for orthotopic pancreatic cancer treatment. (A) Orthotopic tumor-
bearing mice received multiple IP injections of PCX/(anti-miR+siRNA) nanoparticles (5
mg/kg PCX). (B) Relative mouse body weight (%) during treatment. (C) Weight of the
primary tumor from the mouse after treatment. Data are shown as mean + SD (7=15). (D)
Levels of miR-210 in tumors after treatment analyzed by gRT-PCR analysis. Data are shown
as mean + SD (7= 3). (E) Expression of KRAS12D in tumors after treatment analyzed by
Western blot. (F) Immunohistochemistry analysis of Kj-67 in tumors after treatment. Scale
bar = 100 zm. (G) Tumor-associated fibrosis analysis in tumors after treatment. Masson’s
trichrome staining and aSMA immunofluorescence analysis (shown as green) in tumors
after treatment. Scale bar = 100 zm. aSMA* or collagen™ area (percentage) in each field
was quantified by ImageJ software. (H) Immunofluorescence analysis of CD8* and CD206*
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(shown as green) in tumors after treatment. Scale bar = 100 zm. Twelve to fifteen visual
fields were randomly captured from three tumor sections in five mice per each group for
quantification. Data are shown as mean + SD *P< 0.05, **P< 0.01, ***P< 0.001.

ACS Nano. Author manuscript; available in PMC 2021 January 28.



1duosnuepy Joyiny

1duosnuely Joyiny

Xie et al. Page 32

A B
G1 G2 G3 G4 G5 .
Liver 4
spleen = G1,PBS
Kidney @ G2, PCX/(anti-miR-NC+siNC)
Intestine| g | - . G3, PCX/(anti-miR-210+siNC)
.
Stomach 2 5. G4, PCX/(anti-miR-NC+siKRASG120)
Abdominal wall 5 G5, PCX/(anti-miR-210+siKRAS6120)
Diaphragm 60 5 0
o 2 T T U T T
Metastasis | B G1 G2 G3 G4 G5
frequency 100% 0%
C Liver Spleen Lung D
;, e 2 > > = 100 | Median survival
. (days)
S 804
G1 e E G1 ::
o L8 > G2
= 90+ G3| 42
H — Ga| 43
£ 401 G5 | 48
[
L
G5 g 204
ol bbbl

¥ T T T 1 1
0 16 20 25 30 35 40 45 50 55
Days post-tumor im plantation

Figureb.
IP delivery of nanoparticles inhibited metastasis and improved survival in orthotopic

pancreatic cancer-bearing mice. (A) Heat map of tumor metastasis frequency in tissues and
organs. (B) Macroscopic metastatic nodules in the liver after treatment. Data are shown as
mean £ SD (n=5). *P<0.05, **P< 0.01. (C) HE analysis of metastasis in tissues/organs.
(D) Kaplan—Meier survival graph of orthotopic pancreatic tumor-bearing mice after
treatment. Arrows indicate injections of nanoparticles. Nine mice per group. Log-rank
Mantel-Cox test, ***P < 0.001.
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Scheme 1.

Proposed Mechanism of EPR-Independent Delivery of miRNA/siRNA Nanotherapy in
Pancreatic Cancer Treatment?

4P administration delivers PCX nanoparticles to orthotopic pancreatic tumor in an EPR-
independent manner. PCX nanoparticles are retained in the peritoneal cavity, localize to
peritoneal tumors lacking surface mesothelium, and penetrate deep into tumor. The
nanoparticles modulate desmoplastic stroma, reduce immune suppression, and inhibit
metastasis through simultaneously inactivating PSCs, inhibiting cancer cells, and blocking
cancer—stroma interaction.
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