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Therapeutic success in the treatment of pancreatic ductal adenocarcinoma (PDAC) is hindered by the extensive
stroma associated to this disease. Stroma is composed of cellular and non-cellular components supporting and
evolving with the tumor. One of the most studied mediators of cancer cell-stroma crosstalk is sonic hedgehog
(SHh) pathway leading to the intense desmoplasia observed in PDAC tumors. Herein, we demonstrate that the
use of mesoporous silica nanoparticles (MSNs) containing an SHh inhibitor, cyclopamine (CyP), and the com-
bination of chemotherapeutic drugs (Gemcitabine (Gem)/cisplatin (cisPt)) as the main delivery system for the
sequential treatment led to the reduction in tumor stroma along with an improvement in the treatment of PDAC.
We synthesized two versions of the MSN-based platform containing the SHh inhibitor (CyP-MSNs) and the drug
combination (PEG-Gem-cisPt-MSNs). In vitro and in vivo protein analysis show that CyP-MSNs effectively
inhibited the SHh pathway. In addition, the sequential combination of CyP-MSNs followed by PEG-Gem-cisPt-
MSNs led to effective stromal modulation, increased access of secondary PEG-Gem-cisPt-MSNs at the tumor
site, and improved therapeutic performance in HPAF II xenograft mice. Taken together, our findings support the

potential of drug delivery using MSNs for stroma modulation and to prevent pancreatic cancer progression.

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) has a poor prognosis with
a 5-year survival rate of 9%. Moreover, this dismal prognosis is further
reduced to 3% for patients diagnosed with advanced disease [1-3].
Several factors explain the therapeutic failure in PDAC including late
detection, lack of biomarkers, aggressive local invasion, early metastatic
nature, and resistance to systematic therapies. In particular, the pres-
ence of desmoplastic stroma that can account for up to 80-90% of the
tumor volume, contributes to the chemotherapeutic resistance in PDAC
[4,5]. PDAC stroma is composed of cellular and acellular components,
including pancreatic stellate cells (PSCs), cancer-associated fibroblasts
(CAFs), immune cells, and increased extracellular matrix (ECM) [6,7]. A
highly desmoplastic stroma results in poor perfusion of systemic drugs
and also acts as a physical barrier challenging nanoparticulate drug
delivery system. Moreover, stroma-tumor crosstalk builds a unique

tumor microenvironment (TME) that accelerates tumor progression,
immune suppression, and metastasis [6,8].

While mostly quiescent in the healthy pancreas, the Sonic Hedgehog
(SHh) pathway is aberrantly activated during PDAC tumorigenesis. The
SHh pathway has been extensively studied for its role in cancer cell-
stroma crosstalk leading to dense stroma deposition and has been
assessed as a key target to limit stromal remodeling in PDAC. SHh binds
both autocrine and paracrine i.e., on cancer cells and stromal cells,
respectively. The later leads to desmoplasia; whereas former leads to
tumor cell proliferation and metastasis [9-11]. Indeed, in pre-clinical
models, the inhibition of SHh pathway by small-molecule antagonists
such as cyclopamine (CyP), vismodegib (GDC-0449), or IPI-926 sup-
pressed cancer cell proliferation, decreased stroma, and improved
chemotherapy [12,13]. However, clinical trials using SHh inhibitors
combined with chemotherapy led to negative or equivocal survival
benefit when compared to chemotherapy alone [14,15]. The lack of
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success in these clinical trials may be due to a number of factors
including the bioavailability of SHh inhibitors at the tumor site; the
toxicity of the treatment to the healthy organs; and the massive stromal
depletion associated with the high dosage of SHh inhibitors [16].
Therefore, the use of drug delivery systems can potentially increase the
targetability, the circulation of drugs, and bioavailability of SHh in-
hibitors in the tumor site.

The use of nanoparticles for the delivery of SHh inhibitors provides
the following advantages: (i) Safe and efficient delivery mode reducing
side effects and improving bioavailability, and (ii) it allows fine-tuning
of the dose and time-dependent release of SHh inhibitor and chemo-
therapy agents to remodel the stroma while preserving tumor-
restraining functions of the stroma [17,18]. Indeed, appropriately
designed therapeutic regimens provide spatial and temporal access to
the target while avoiding deleterious stromal depletion [16]. SHh
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pathway inhibitors including vismodegib and CyP have been loaded in
the nanoparticles. These nanoplatforms have also been combined with
other chemotherapy agents to improve the therapeutic outcome
[16,19]. Karaca et al. [19] demonstrated that mixed micelle formulation
of vismodegib and gemcitabine (Gem) triggered SHh inhibition and
prevented pancreatic cancer proliferation in vitro and in vivo. In addi-
tion, Zhao et al. [16] showed the benefit of simultaneous delivery of CyP
and the chemotherapy agent paclitaxel using a polymeric micelle
formulation. The nanoformulation effectively modulated the tumor
stroma by decreasing hypoxia while maintaining the tumor-restraining
growth.

Mesoporous silica nanoparticles (MSNs) are versatile materials that
can be selectively modified by adding various chemical functionalities
either on internal or external surfaces facilitating specific drug control
release [20-26]. Herein, we hypothesized that treatments using MSNs as

Fig. 1. Graphical Summary: (a) Schematic representation of the CyP-MSNs and PEG-Gem-cisPt-MSNs. CyP is loaded to the surface of MSNs using molecular in-
teractions; whereas, Gem and cisPt are chemically conjugated to the external and internal surface of MSNs, respectively. (b) The sequential delivery using CyP-MSNs
followed by PEG-Gem-cisPt-MSNs targets first the stroma via the interaction of CyP with stromal cells resulting in the SHh pathway inhibition, which allows a higher
penetration of PEG-Gem-cisPt-MSNs in the tumor site. (¢) MSNs deliver CyP outside of the stromal cells to trigger the inhibition of the SHh pathway. In addition, the
synergistic action of Gem/cisPt owing to the nanoengineered deign and in situ differential release results in significant inhibition of PDAC tumor progression.
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the main carrier for a sequential delivery of CyP and then of the
chemotherapeutic combination Gemcitabine (Gem)/cisplatin (cisPt)
would impact the stroma, improve the drug delivery and thus inhibit
PDAC progression. Gem remains the clinical standard of care for the
treatment of PDAC [27]. Recent insights gained from the characteriza-
tion of recurrent genetic alterations revealed that a subset of PDACs,
linked to germline-based mutations, can benefit from Pt-based agents
such as cisPt, oxaliplatin or others. Therefore, Gem/cisPt is a promising
combination to improve the therapeutic effect against PDAC [28-30].
Time-staggered delivery of each MSN carrier may optimize the release of
drugs to specific tumor compartments; thereby, leading to effective
stromal modulation, increased access of PEGylated Gem-cisPt-MSNs
(PEG-Gem-cisPt-MSNs) at the tumor site and improved therapeutic
performance (Fig. 1).

Here, we synthesize and characterize CyP-MSNs and PEG-Gem-cisPt-
MSNs and demonstrate the inhibition capacity of CyP-MSNs against the
SHh pathway in PDAC cells. We have recently demonstrated the
remarkable therapeutic benefit of PEG-Gem-cisPt-MSNs in PDAC cells
and in vivo models [26]. The combination of CyP-MSNs with PEG-Gem-
cisPt-MSNs showed no cytotoxic effect on the PDAC cells when tested in
vitro because of the low concentration of CyP-MSNs chosen to block the
crosstalk between PDAC and stromal cells. In vivo investigations of
safety, biodistribution, and therapeutic efficacy of the sequential com-
bination of CyP-MSNs plus PEG-Gem-cisPt-MSNs were conducted in
HPAF II xenograft mice. Tumors in the sequential therapy group
demonstrated significant inhibition in tumor growth and stroma
remodeling compared to tumors treated with PEG-Gem-cisPt-MSNs
only, CyP-MSNs plus free Gem/cisPt, and control tumors. These results
support further investigation of MSN-based drug delivery platforms for
the precise delivery of anti-tumor agents for treatment of pancreatic and
other cancers.

2. Experimental methods

2.1. Synthesis and characterization of PEG-Gem-cisPt-MSNs and CyP-
MSNs

The experimental protocols and methods for the synthesis and
characterization of PEG-Gem-cisPt-MSNs have been recently published
[26]. The synthetic procedures for the CyP-MSNs are described in ESL

2.2. Cytotoxic effect in PDAC cells

The cytotoxicity of individual MSN materials was tested as follows.
HPAF II and MiaPaca-2 cells were seeded in 96-well plate at a cell
density of 1000 cells per well. The cells were incubated for 24 h and then
inoculated with different MSN materials (PEG-PEI-MSNs or CyP-MSNs)
at increasing concentration (1-100 pg/mL). The MSNs were prepared in
complete cell culture media and cells were treated for 72 h. The cells
were then washed once with PBS, replaced with fresh media and incu-
bated for another 24 h for recovery. Finally, the cells were washed once
with PBS, and cell viability was evaluated using MTS assay. For MTS
assay, 20 pL of the CellTiter 96® solution was added to each well con-
taining 100 pL media. The cells were incubated for 2.5-3.5 h depending
on the cell type, and the absorbance was measured at 490 nm using a
Multiskan FC plate reader.

The cytotoxicity of the sequential combination of CyP-MSNs and
PEG-Gem-cisPt-MSNs was tested as follows. HPAF II and MiaPaca2 cells
were seeded in 96-well plate at a density of 1000 cells per well and
incubated for 24 h. Then, the cells were inoculated with CyP-MSNs (10
pg/mL = CyP 4.4 pg/mL). The cells were treated with CyP-MSNs for 24
h. The cells were then washed with PBS and inoculated with increasing
concentrations of PEG-Gem-cisPt-MSNs (1-100 pg/mL) for 48 h. Post
treatment, the cells were washed once with PBS, replaced with fresh
media and incubated for another 24 h for recovery. Finally; the cells
were washed once with PBS and cell viability was evaluated using MTS
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assay, as described in the previous section. As a control group, treatment
with only PEG-Gem-cisPt-MSNs was carried out.

2.3. Protein analysis for the inhibition of SHh pathway

HPAF II and MiaPaca-2 cells were seeded in 6-well tissue culture
plates at a cell density of 100,000 cells per well. After a 24 h (37 °C, 5%
CO3, >95% humidity) incubation in DMEM supplemented with 10%
FBS, antibiotic and antifungal, cells were further incubated with 40 pg/
mL of MSN materials tested (PEG-PEI-MSNs or CyP-MSNs) suspended in
cell culture media. After 72 h, both supernatants and cells were
collected. Supernatants were assessed for the presence of SHh, a ligand
released by cells. Collected cells were lysed in T-PER (ThermoFisher)
supplemented with an EDTA-free protease inhibitor cocktail and mixed
with Pro-Prep (2:1; Intron Biotechnology) for the analysis of PTCH1 and
Glil expressions.

Briefly, after conducting a BCA assay on the cell lysates, lysates were
further solubilized through the addition of and incubation with SDS
(0.125% vol. final) for 15 min. Both supernatants (50 pL) and 50 pg of
each cell lysate were loaded onto 0.45 pm nitrocellulose membranes
using a dot-blot apparatus. Blots were incubated with Ponceau stain
(Biorad) to verify protein loading and then blocked 3 h with 5% milk
TBS tween 20 buffer and incubated overnight with diluted (1/500)
primary antibodies against human PTCHI1, Glil and SHh raised in
mouse/hybridoma (Santa Cruz Biotechnology). Following an incubation
with an anti-mouse HRP conjugated antibody (Jackson ImmunoR-
esearch Laboratories), the presence of proteins was detected following
incubation with chemiluminescence substrate (Biorad) and imaged
using the ChemiDoc Imaging System (Biorad). Chemiluminescence in-
tensity was quantified using Image J and the protein array analyzer
plugin (open source software, NIH) normalized to protein loading and
expressed as % of controls.

2.4. Sequential therapy studies in HPAF II tumor-bearing xenograft mice

Mice bearing HPAF II tumors were randomly divided into 4 treat-
ment groups (n = 3); PBS, CyP-MSNs followed by free drugs (Gem/
cisPt), PEG-Gem-cisPt-MSNs alone, and CyP-MSNs followed by PEG-
Gem-cisPt-MSNs. Tumor growth was monitored by caliper measure-
ments of the tumors every alternate day. The primary treatment (CyP-
MSNs, 5 mg/kg in PBS) were injected intratumorally (i.t.) followed by
the secondary treatment of PEG-Gem-cisPt-MSNs (40 mg/kg in 100 pL of
water) or free Gem/cisPt (9.52/2.05 mg/kg), which was injected
intravenously (i.v.) 48 h post CyP-MSNs administration. The interval of
48 h between injections has been selected based on previous studies with
this platform [26]. The treatment with primary CyP-MSNs followed by
secondary PEG-Gem-cisPt-MSNs was referred to as the therapy cycle.
The whole treatment consisted of a total of 5 therapy cycles with an
additional 48 h-interval between each cycle. Control groups followed
the same administration protocol; CyP-MSNs (i.t.) and PEG-Gem-cisPt-
MSNs (i.v.). Tumor growth was monitored every other day using
caliper measurements. On day 30 post cell implantation, mice were
euthanized, and the major organs were collected including liver, lungs,
kidneys, spleen, heart, and tumor. The fluorescence associated with each
organ was evaluated using the IVIS imaging system. Portions of the or-
gans and tumors were fixed in formalin for histological analysis. Por-
tions of the tissue samples were frozen and used later to determine the Si
and Pt content.

2.5. Statistical analysis

All the data is represented as mean + SD unless mentioned other-
wise. The hydrodynamic size and {-potential analysis were performed in
triplicates. The amount of CyP complexed to the MSNs is reported as
average of 3 independent batches. For the cell viability studies, the
GraphPad Prism was used to calculate the ICso values. For the in vivo
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therapeutic experiments, tumor volumes were reported as mean + SEM,
and compared using two-way ANOVA with Tukey’s multiple compari-
son test. Tumor weight difference between treatment groups were
compared using one-way ANOVA or t-test. The NIR fluorescence, Si and
Pt content in organs were reported as mean + SEM and compared using
Two-way ANOVA. All the statistical analyses were performed using
GraphPad Prism (La Jolla California, CA, USA) with o = 0.05 and re-
ported as stars assigned to the p values; ****p < 0.0001, ***p < 0.001, **
p <0.01, *p < 0.05 and ns p > 0.05.

3. Results and discussions

3.1. Design of primary and secondary MSN carriers for the delivery of
CyP and gem/cisPt

We investigated whether the time-staggered sequential delivery of
SHh inhibitor and Gem/cisPt drugs using MSN carriers improve their
delivery to specific tumor compartments. This approach should lead to
effective stromal modulation, increased access of secondary PEG-Gem-
cisPt-MSNs at the tumor site and overall improved therapeutic
performance.

The primary MSN material was modified with PEI (MW = 1.8 KDa)
and PEG (MW = 2.0 KDa) polymers on the external surface. This ma-
terial was further complexed with the sonic hedgehog inhibitor,
cyclopamine (CyP) (Fig. 2a). The synthetic approach relies on the mo-
lecular interaction between CyP molecules and PEI polymer on the
surface of MSNs through H-bonding [31]. This strategy results in a quick
release of CyP in the TME followed by its interaction with the Smooth-
ened (SMO) receptors on the cancer cells and fibroblasts (Fig. 1b).
Whereas the secondary MSN material carries the Gem/cisPt combina-
tion using a stimuli-responsive nanoengineered approach that has been
optimized for spatio-temporal delivery of the drug combo inside tumor
tissue (Fig. 1c) [26].

The primary nanocarrier (CyP-MSNs) was synthesized following the
scheme depicted in Fig. 2a. The surface of MSNs was coated with PEI
(MW = 1.8 KDa) via the electrostatic interaction of PEI with phospho-
nate groups previously grafted on the MSNs. PEI-MSNs were further
conjugated with MeO-PEG-NHS (MW 2.0 KDa) using coupling
chemistry. Finally, CyP molecules were complexed to PEG-PEI-MSNs
through molecular interactions. The hydrodynamic diameter (Dy) and

MeO-PEG-
NHS

PEI polymer Cyclopamine

PEI
polymer

Cisplatin

SPDP linker Gemcitabine MeO-PEG-
prodrug

prodrug NHS
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surface charge of the MSNs, PEG-PEI-MSNs and CyP-MSNs were char-
acterized using DLS and (-potential (Table S1 in ESI). CyP-MSNs
exhibited a Dy of 252 + 40 nm (PdI = 0.3) in PBS (Fig. 2b). The sur-
face charge of the CyP-MSNs was almost neutral with a {-potential of 7.9
+ 0.7 mV compared to the PEG-PEI-MSNs, which exhibit a {-potential of
28 + 1 mV in PBS as an indication of the functionalization of the surface
with CyP (Fig. 2¢). The amount of CyP molecules loaded onto MSNs was
quantified using HPLC, the experimental protocol can be found in ESIL
The loading data showed a high CyP amount of 44.7 wt% similar to the
previous reports for MSNs [28]. The release of CyP molecules was
investigated at low pH (6.0), mimicking the intratumoral acidic pH, and
at physiological pH (7.4) in solution [29]. The release data indicate a
clear burst release of the CyP inhibitor at pH 6.0 (Fig. S1), which cor-
roborates that at low pH the presence of protons (H') disrupt the H-
bonding between CyP and MSNs. On the contrary, a steady release of
CyP at pH 7.4 was observed (Fig. S1).

For the synthesis of the secondary nanocarrier (PEG-Gem-cisPt-
MSNs), the Gem/cisPt drugs were chemically conjugated to the MSNs.
The selective functionalization of MSNs was achieved via the optimized
multi-step procedure recently published by our group and is depicted in
Fig. 2d [26]. The cisPt prodrug was conjugated to the interior surface of
MSNss to afford cisPt-MSNs with 5.13 + 0.9 wt% (n = 3) loading of cisPt
as measured by ICP-MS. Whereas the Gem prodrug was conjugated to
the surface of the MSNs via PEI polymer. This strategy afforded Gem-
cisPt-MSNs with 23.9 + 2.6 wt% Gem loading (n = 5) measured by
UV-vis spectroscopy. The structural features of this nanomaterial such
as hydrodynamic size (Dh), surface charge, TEM, Ny isotherms, and drug
content have been reported (Figs. 2e and S2) [26]. Importantly, the
material design by selective localization of drugs led to an “in situ dif-
ferential” release of Gem followed by cisPt, which afforded a synergistic
effect between Gem and cisPt combination as shown previously [26].
This MSN platform offers several advantages for the co-delivery of Gem/
cisPt drugs including stimuli-responsive delivery under reducing con-
ditions, “in situ differential” drug release due to the location of the drugs
in the MSNs, and controlled ratio of the drugs [26].

3.2. Inhibitory function and cytotoxicity of CyP-MSNs in PDAC cells

To demonstrate that CyP-MSNs maintain the inhibitory effects of the
parent SHh inhibitor, we investigated the impact of the material on
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Fig. 2. Synthesis and characterization of CyP-MSNs and PEG-Gem-cisPt-MSNs. (a) Graphical representation of the synthesis of CyP-MSNs. (b) The particle size
distribution (PSD) plot of CyP-MSNs in PBS. (c) ¢-potential of CyP-MSNs obtained using DLS (n = 3). (d) Graphical representation of the synthesis of PEG-Gem-cisPt-
MSNs (modified from [26]). (e) The particle size distribution (PSD) plot of MSNs (blue), cisPt-MSN (red), Gem-cisPt-MSN (orange), and PEG-Gem-cisPt-MSNs (black)
in PBS. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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effector proteins in PDAC cells and the cytotoxicity of CyP-MSNs com-
bined with PEG-Gem-cisPt-MSNs. PDAC cells are heterogenous with
high variability in SHh expression, sensitivity to SHh inhibitors, and
non-canonical SHh activation [32,33]. In particular, the non-canonical
SHh activation in PDAC cells signals SHh downstream of SMO or
PTCH receptors; hence, these cells do not respond to the SMO antago-
nists. PDAC cells including HPAF II, MiaPaca-2, and Capan-2 display
enhanced SHh receptor expression and increased sensitivity to SHh in-
hibitors like CyP and vismodegib [32,33]. In contrast, PDAC cells such as
BxPC3 and Panc-1 do not express the SHh receptors and show resistance
to SHh inhibitors. Here, we used HPAF II and Miapaca-2 cells to test the
inhibitory effect of CyP-MSNs.

Overexpression of SHh ligands and of related downstream markers i.
e., smoothened receptor (SMO), patched receptor (PTCH1), glioma-
associated oncogene homolog-1 (Glil) are related to poor prognosis of
PDAC (Fig. 3a). We assessed the effects of CyP-MSNs’ treatment on the
expression of these SHh markers i.e., SHh ligand, PTCH1 receptor and
the downstream Glil transcription factor, to confirm the inhibitory
ability of CyP-MSNs on the SHh pathway (Fig. 3). HPAF II and MiaPaca-
2 cells were treated with CyP-MSNs for 72 h. The conditioned media was
collected to analyze the secreted SHh ligand. The cells were lysed and
analyzed for protein expression, PTCH1, and Glil. Both PDAC cells
showed low expression of PTCH1 and Glil indicating that CyP-MSNs
efficiently inhibited the SHh pathway. The CyP-MSN treatment
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decreased SHh ligand expression in HPAF II cells, but not in MiaPaca-2
cells likely due to the different threshold responses to CyP-MSNs
(Fig. 3b). These data demonstrated that CyP-MSNs maintain the inhib-
itory function of CyP and that CyP-MSNs permit CyP interaction with the
SMO receptors on the cell surface and lead to an efficient inhibition of
the SHh pathway.

The cytotoxic effect of CyP-MSNs against HPAF II and Miapaca-2
cells was determined using the MTS assay. Incubation with CyP-MSNs
led to limited decrease in cell viability even at high concentration i.e.,
~ 80% viable PDAC cells following incubation with 60 pg/mL (equiv-
alent to 26.4 pg/mL of CyP) (Fig. 3c). Though autocrine function of SHh
in PDAC cells increases cell proliferation and invasion, inhibiting the
SHh pathway may not always contribute to the cell death, as cancer cells
do not completely depend on the SHh mechanism for growth and pro-
liferation. Therefore, usually very high concentrations of CyP are
required to observe some cytotoxic effect.

To evaluate the combined therapeutic effect of both primary and
secondary nanocarriers, a low dose of CyP-MSNs (10 pg/mL; CyP = 4.4
pg/mL) was used. This concentration was derived from the inhibitory
and cytotoxic investigations of CyP-MSNs (see above). PEG-Gem-cisPt-
MSN platform is designed to enhance the effects of the Gem/cisPt
chemotherapy combination through spatiotemporal, ratiometric, and in
situ differential release of Gem/cisPt (Fig. 1¢). The HPAF II or Miapaca-2
cells were first treated with CyP-MSNs (10 pg/mL, 4.4 pg/mL) for 24 h, i.
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Fig. 3. (a) Scheme of the inhibition of SHh pathway. The SHh ligand (Hh) released from the cancer cells binds to the transmembrane protein receptor PTCH, which
relieves smoothened (SMO) from the inhibitory effect of PTCH. Subsequently, SMO causes the translocation of Gli to the nucleus and activates several Gli-induced
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(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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e., the primary treatment. The cells were then inoculated for 48 h with
increasing concentrations of PEG-Gem-cisPt-MSNs, i.e., the secondary
treatment. The cytotoxicity of PEG-Gem-cisPt-MSNs was not signifi-
cantly different with or without the primary treatment using CyP-MSNs
possibly due to the low dose of CyP-MSNs used (Fig. 3d). In addition, the
primary treatment aims to inhibit the SHh pathway and may not
necessarily have a cytotoxic effect.

3.3. Therapeutic efficacy of the sequential combination of CyP-MSNs and
PEG-Gem-cisPt-MSNs in HPAF II xenograft mice

The combination of CyP-MSNs and PEG-Gem-cisPt-MSNs were tested
in the human HPAF II cell xenograft model. Human HPAF II cells express
the SHh pathway and HPAF II xenograft model tumors have shown to
recruit stromal components [34]. Four treatment groups were assessed
(administration scheme Fig. 4a); PBS, CyP-MSNs followed by free drugs,
PEG-Gem-cisPt-MSNs alone, and CyP-MSNs followed by PEG-Gem-cisPt-
MSNs. Mice bearing ~100 mm® HPAF II tumors were intratumorally
injected with CyP-MSNs (5 mg/kg) followed by intravenous injection of
PEG-Gem-cisPt-MSNs (40 mg/kg) for a total of 5 treatment cycles.
Tumor volumes were measured over the course of treatment. CyP-MSNs
were not injected in the first cycle to avoid the risk of stromal ablation.
Moreover, the low concentration of CyP used here have been demon-
strated to selectively inhibit the SHh pathway and limit stroma deposi-
tion without causing stroma depletion in the PDAC tumors [16].

Tumor volumes were similar in mice treated with CyP-MSNs fol-
lowed by free Gem/cisPt compared to control mice (Fig. 4b). In contrast,
tumors treated with PEG-Gem-cisPt-MSNs grew more slowly compared
to PBS tumors (p < 0.05). The greatest tumor inhibition was observed in
mice treated with CyP-MSNs followed by PEG-Gem-cisPt-MSNs (p <

Journal of Controlled Release 347 (2022) 425-434

0.0001). At the endpoint, the tumors were harvested and weighed to
corroborate the therapeutic efficacy of the sequential therapy. The tu-
mors were 71.3% smaller for CyP-MSNs plus PEG-Gem-cisPt-MSNs,
47.6% for PEG-Gem-cisPt-MSNs alone, and 15.2% for CyP-MSNs plus
free Gem/cisPt tumors in comparison to the non-treatment group, based
on the tumor weight measurements (Fig. 4c). The impact of CyP-MSNs’
pretreatment on the improvement of secondary PEG-Gem-cisPt-MSNs
was investigated by fluorescence and Pt analysis in the tumors. This
showed both increased fluorescent intensity and Pt content in the tumors
when pretreated with CyP-MSNs compared to PEG-Gem-cisPt-MSNs
alone (Fig. S3). These data together with the enhanced therapeutic
performance as evidenced from the tumor volumes and weights, is a
clear indication that CyP-MSNs increased the penetration of PEG-Gem-
cisPt-MSNs in tumor tissue. These results highlight that the MSN car-
rier efficiently delivered CyP and Gem/cisPt where the pretreatment
with CyP-MSNs significantly increased the therapeutic benefit of PEG-
Gem-cisPt-MSNs. The data also suggest that this dramatic improve-
ment in therapeutic efficacy results from the combination of the SHh
inhibition directly impacting the tumor stroma, allowing for more PEG-
Gem-cisPt-MSNs to extravasate to the PDAC cells.

3.4. Analysis of SHh pathway inhibition and tumor microenvironment
changes

To understand the impact of the sequential treatment on the tumor
cells and TME, we determined the effect of the different experimental
groups on SHh pathway by analyzing the protein expression of SHh
ligand, PTCH1, and Glil in the tumor lysate (Fig. 5a). The decreased
protein expression associated with CyP-MSNs plus free drugs treatment
compared with the PBS group (p < 0.01) demonstrate that MSNs
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Fig. 4. Therapeutic study of CyP-MSNs plus PEG-Gem-cisPt-MSNs in the HPAF II bearing xenograft mice. (a) Schematic representation of the treatment regimen;
HPAF II cells were subcutaneously implanted in NSG mice and the treatment started 11 days post cell implantation. (b) Tumor volume measurement of mice in
different treatment groups: PBS (purple diamonds), CyP-MSNs plus free drugs (green upward triangles), PEG-Gem-cisPt-MSNs (red squares), and CyP-MSNs plus PEG-
Gem-cisPt-MSNs (blue circles) (n = 3 mice per group). Two-way ANOVA was performed between different groups and time points to compare treatment groups. (c)
Tumor weights measured at the endpoint: PBS (purple), CyP-MSNs plus free drugs (green), PEG-Gem-cisPt-MSNs (red), and CyP-MSNs plus PEG-Gem-cisPt-MSNs
(blue) (n = 3 mice per group). One-way ANOVA with Tukey’s multiple comparisons were used to access differences: ****p < 0.0001, ***p < 0.001, ** p < 0.01,
*p < 0.05 and ns p > 0.05 between treatments and t-test analysis to test difference between CyP-MSNs and PEG-Gem-cisPt-MSNs: (*) p < 0.05. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. SHh pathway and tumor microenvironment changes post treatment with CyP-MSNs plus PEG-Gem-cisPt-MSNs. (a) Schematic of complex tumor-stroma
crosstalk mediated by SHh pathway. (b) Protein analysis of tumor lysate for SHh pathway markers: PBS (purple), CyP-MSNs plus free drugs (green), PEG-Gem-
cisPt-MSNs (red), and CyP-MSNs plus PEG- Gem-cisPt-MSNs (blue) (n = 3 mice per group). (c) Ex vivo analysis of tumor sections stained for Gli protein and
quantification. (d) Ex vivo analysis of tumor sections stained with picrosirius red for collagen content analysis after treatment. (e) Ex vivo analysis of tumor sections
stained for a-SMA expression after treatment. Differences between groups were tested using one-way ANOVA. ****p < 0.0001, ***p < 0.001, ** p < 0.01, * p < 0.05
and ns p > 0.05. Scale bar = 1 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

efficiently transported and delivered CyP molecules in the tumor tissue.
These results further corroborate that the poor therapeutic efficacy
observed for this treatment group is due to the limited bioavailability of
the chemo drugs in the tumor tissue. The treatment with PEG-Gem-cisPt-
MSNs alone seems to also have an impact on the SHh pathway; possibly
related to decreased HPAF II tumor cells. The sequential combination
CyP-MSNs plus PEG-Gem-cisPt-MSNs led to the highest decrease in SHh
ligand, PTCH1, and Glil protein expressions (p < 0.001) (Fig. 5b); which
is a direct effect of the CyP inhibitor delivered by MSNs on the SHh
pathway accompanied by the effective killing of tumor cells by PEG-
Gem-cisPt-MSNs. These observations were confirmed by IHC staining
for Glil expression. The Glil+ area in tumors showed significant inhi-
bition in the CyP-MSNs plus PEG-Gem-cisPt-MSNs group compared to
PBS group (p < 0.01) and CyP-MSN plus free drugs (p < 0.05) (Fig. 5¢).

Next, we investigated the effect of sequential treatment on the tumor
stroma in particular extracellular matrix deposition, a hallmark of PDAC
[16]. Tumor sections from each treatment group were stained with
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picrosirius red stain to evaluate collagen content (Fig. 5d) [35]. The
collagen content in the tumor tissue was decreased and had an even
spatial distribution following the sequential combination of CyP-MSNs
plus PEG-Gem-cisPt-MSNs. In contrast, tumors collected from the
other treatment groups presented more heterogeneous distribution of
collagen deposition characteristic of PDAC tumors. Collagen+ area in
the tumor section was least in CyP-MSNs plus PEG-Gem-cisPt-MSNs as
compared PBS (p < 0.01) and PEG-Gem-cisPt-MSN group (p < 0.05)
(Fig. 5d) [4]. These data highlight that the sequential treatment with
CyP-MSNs plus PEG-Gem-cisPt-MSNs drastically reduced collagen
deposition and thus significantly altered the tumor ECM (p < 0.01
compared to PBS). To further corroborate this observation, tumor tissues
were stained for the cancer-associated fibroblast (CAF) marker smooth
muscle a-actin (a-SMA) [36], a prognostic marker for many cancers
including PDAC [37]. CAFs mainly activated from the normal resident
tissue fibroblasts are abundant and play critical roles modulating the
TME. As expected, the tumor a-SMA expression in sequential treatment
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group was significantly less compared to other groups (p < 0.05
compared to PBS) and was correlated to the tumor collagen (Fig. 5e).
This result confirms that the SHh pathway inhibition led to a decrease or
normalization of CAF activities. Overall, time-staggered controlled de-
livery of CyP and Gem/cisPt using MSNs led to effective inhibition of the
tumor cell-stromal communication, remodulation of TME that resulted
in improved extravasation of chemotherapy agents.

3.5. In vivo safety and biodistribution of sequential therapy

The biocompatibility and safety of MSN platform has already been
demonstrated in vivo by our group and others [26,38,39]. In this work
MSNs were used as carrier for both primary and secondary treatments,
increasing the probability of side-effects associated with the platform.
Therefore, the safety of the sequential treatment was evaluated by
monitoring the mice behavior and body weights during the treatment
process, and by performing a histopathological investigation of the or-
gans post treatment. No significant changes in body weights were
observed in any of the treatment groups (Fig. S4a). Moreover, there was
no behavioral changes noted during the treatment. The histopatholog-
ical evaluation of major organs like liver, lungs, kidneys, and heart
showed no significant signs of toxicity associated with the CyP-MSNs
plus PEG-Gem-cisPt-MSNs and PEG-Gem-cisPt-MSNs treatment groups
compared to the PBS group (Fig. 6). Several studies have shown that
MSNs accumulate mainly in liver [40]; therefore, it is critical to inves-
tigate the liver function after treatment. Blood serum analysis show that
the AST/ALT values obtained for the MSN materials were comparable to
those for the PBS group, further corroborating the biocompatibility of
the nanoparticles (Fig. S4b). These results confirmed that the MSNs are
safe and biocompatible when used as sequential therapy. Morphological
changes were observed in the kidney tissue from mice injected with CyP-
MSNs plus free drugs (Fig. S5a). The increased off-target toxicity of Gem

Liver Lung
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and cisPt in liver and kidney is well-documented and is one of the major
side-effects of chemotherapy [41]. Quantitative analysis of Pt content in
those organs show that treatment with free drugs led to the highest
accumulation of Pt (Fig. S5b), a clear indication that the toxicity
observed in the kidneys is most likely associated with cisPt. These data
confirm our recent report showing the impact of MSNs on decreasing the
accumulation of cisPt in kidney [26].

MSNs usually follow the hepatobiliary excretion pathway with main
accumulation of the nanoparticles in the liver and spleen [26,38]. We
analyzed the biodistribution of the MSNs by NIR fluorescence imaging
and Si content using ICP-OES analysis of major organs. NIR fluorescence
signaling indicates that MSNs are predominantly localized in spleen,
liver and lungs (Figs. S6a and S6b). ICP-OES analysis of Si content cor-
relates with the NIR fluorescence for the accumulation of MSNs in those
organs (Fig. S6c¢). This confirms our previous observations and the slow
clearance from the hepatobiliary system [26,39].

The therapeutic efficacy in HPAF II xenograft mice results suggest
that the CyP-MSNs’ pre-treatment inhibit the stroma-cancer cell in-
teractions via inhibition of the SHh pathway. This, in turn, leads to
stromal modulation, better penetration of the secondary nanoparticles
into the tumor and delivery of chemotherapy agents Gem/cisPt to tumor
cells. Increased fluorescence and Pt content were observed in tumors
injected with primary CyP-MSN followed by PEG-Gem-cisPt-MSNs
(Fig. S3), a result of the impact of CyP-MSNs on the accumulation of
PEG-Gem-cisPt-MSNs. The activity and efficacy of the proposed MSNs
staggered delivery of SHh inhibitor and Gem-cisPt combination is sup-
ported by ex vivo protein and IHC analysis.

4. Conclusions

One of the major hallmarks of PDAC is its desmoplastic stroma where
the intricate crosstalk between cancer cells and stromal cells contributes

Heart

=

Spleen

Fig. 6. Biosafety of the sequential treatment. H&E stained slides of liver, lungs, kidneys, spleen, and heart harvested from the mice after the therapeutic efficacy

studies (Scale bars = 500 pm).
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to tumor progression and metastasis. The stroma through its fibrotic
extracellular matrix acts as a physical barrier preventing drug delivery,
while also contributing to off-target toxicity of stromal cells thereby
increasing tumor resistance. We designed an MSN-based sequential
therapy for stroma modulation (CyP-MSNs) and the delivery of Gem/
cisPt (PEG-Gem-cisPt-MSNs) chemotherapy to tumor cells. Our
approach allows the control of time and spatial access of the SHh in-
hibitor and chemo drugs, which have different pharmacokinetics and
targets in tumor tissues.

In vitro experiments in HPAF II and MiaPaca-2 cells highlight the
effective inhibition of SHh pathway associated with CyP-MSNs as indi-
cated by PTCHI1, Glil, and SHh protein expression. These results
corroborate that MSNs can transport and deliver the SHh inhibitor to the
cells. As intended, the combination therapy of CyP-MSNs plus PEG-Gem-
cisPt-MSNs showed no cytotoxic effect on the HPAF II cells. Whereas
there is a potential of using our combination to deplete the PDAC tumors
of cancer stem-like cells, which overexpress SHh pathway and are
responsible for resistance and recurrence. This aspect needs to be
explored in the future.

In vivo evaluation of the sequential combination using CyP-MSNs
plus PEG-Gem-cisPt-MSNs therapy in mice bearing the aggressive
xenograft HPAF II tumor demonstrated the therapeutic efficacy of this
approach. Tumor growth inhibition and decreased tumor weights at
endpoint strongly support an improved delivery of the chemotherapy
agents Gem/cisPt carried by MSNs to the tumor cells. In addition, tumor
analysis indicated changes in tumor microenvironment as evidenced by
collagen deposition and a-SMA expression. Further studies involving
orthotopic and patient-derived xenograft preclinical mouse models
mimicking the aggressive desmoplastic reaction of the PDAC tumors are
warranted. Overall, the in vivo data presented here demonstrated that
the MSN-based sequential combination strategy leads to reduced stroma
fibrosis, allowing for improved delivery of Gem/cisPt to tumor cells,
which results in an increased therapeutic efficacy in PDAC.
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