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Abstract

Fibrotic diseases such as scleroderma have been linked to increased oxidative stress and
upregulation of pro-fibrotic genes. Recent work suggests a role of NADPH oxidase 4 (NOX4) and
heat shock protein 47 (HSP47) in inducing excessive collagen synthesis, leading to fibrotic
diseases. Herein, we elucidate the relationship between NOX4 and HSP47 in fibrogenesis and
propose to modulate them altogether as a new strategy to treat fibrosis. We developed a
nanoparticle platform consisting of polyethylenimine (PEI) and polyethylene glycol (PEG) coating
on a 50-nm mesoporous silica nanoparticle (MSNP) core. The nanoparticles effectively delivered
small interfering RNA (siRNA) targeting HSP47 (siHSP47) in an in vitro model of fibrosis based
on TGF- stimulated fibroblasts. The MSNP core also imparted an antioxidant property by
scavenging reactive oxygen species (ROS) and subsequently reducing NOX4 levels in the in vitro
fibrogenesis model. The nanoparticle was far superior to n-acetyl cysteine (NAC) at modulating
pro-fibrotic markers. In vivo evaluation was performed in a bleomycin-induced scleroderma
mouse model, which shares many similarities to human scleroderma disease. Intradermal
administration of siHSP47-nanoparticles effectively reduced HSP47 protein expression in skin to
normal level. In addition, the antioxidant MSNP also played a prominent role in reducing the pro-
fibrotic markers, NOX4, alpha smooth muscle actin (a-SMA), and collagen type | (COL I), as
well as skin thickness of the mice.
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1. Introduction

Fibrosis is a complex disease characterized by increased oxidative stress [1, 2], persistent
inflammation [3, 4], elevated levels of profibrotic and proinflammatory cytokines [5-7], and
an excessive synthesis and accumulation of extracellular matrices, mainly consisting of
collagen [6, 7]. Fibrosis can occur in a wide spectrum of organs (e.g., lung, liver, skin,
heart), and, if left untreated, can result in organ failure and death [8]. Notably, nearly 45% of
all naturally-occurring deaths in the western world are attributed to some form of fibrotic
disease [8, 9]. Current approaches to treating fibrosis in patients have mainly focused on
antagonizing fibrosis-associated inflammation using drugs such as corticosteroids, which is
often ineffective [10] and lead to unwanted side effects with long term use [11, 12]. Several
clinical studies have focused on either suppressing oxidative stress (e.g., with N-
acetylcysteine (NAC) [13], a-tocopherol (vitamin E) [14]), or reducing pro-fibrotic
cytokines/genes (e.g., with monoclonal antibody against TGF- [15], tyrosine kinase
inhibitor, imatinib [16]). However, these attempts have not provided a satisfactory
therapeutic index.

We hypothesize that managing both pro-fibrotic genes along with oxidative stress may have
greater impact for treating fibrosis than managing just one factor. A nanoparticle platform
could be designed to accomplish both. Recently, several inorganic nanoparticles (nickel
[17], platinum [18-20], ceria [21, 22], yttria [22], and mesoporous silica [23, 24]) have been
shown to possess intrinsic antioxidant properties. Among them, mesoporous silica
nanoparticles (MSNPs) are considered the most promising due to their high biocompatibility
(low toxicity in vivo as well as the ability to be degraded into soluble silicic acid species and
cleared by the kidneys) [25-27] and ease of surface modification. Furthermore, MSNPs
have been shown to decrease reactive oxygen species (ROS) [23, 24, 28] and attenuate
NOX4 mRNA expression in melanoma cells in vitro [24]. NOX4 is an enzyme that provides
the endogenous source of ROS by catalyzing the reduction of oxygen in cells to hydrogen
peroxide [29] (Fig. 1) and has also been implicated in the pathogenesis of various organ
fibroses such as liver [30], lung [1, 31, 32], and dermal fibrosis [33, 34]. NOX4 can also be
generated downstream of the TGF-f pathway [35], activated in the presence of ROS-
producing inflammatory cells (e.g., neutrophils, macrophages) [5] during fibrosis as shown
in Fig. 1. Suppression of NOX4 activity with a NOX inhibitor diphenyleneiodonium
chloride (DPI) [31, 32], siRNA [31, 32], or the antioxidant N-acetylcysteine (NAC) [31],
were shown to decrease the expression of alpha smooth muscle actin (a-SMA) and collagen
I (COL 1) in fibroblasts collected from pulmonary fibrosis patients [31] and in a bleomycin-
induced lung injury mouse model [32]. Thus, we hypothesize that MSNP can remove ROS
from the vicinity of the fibrotic tissue and alleviate fibrogenesis by reducing NOX4-
associated fibroblast activation and proliferation.
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The other benefit of MSNPs is their versatility as a delivery platform for drugs and small
interfering RNA (siRNA). Gene silencing using siRNA has long been employed to study the
roles of genes in various biological pathways. Although promising, the utility of SIRNA as a
therapeutic agent has been hindered by its poor cellular uptake and short half-life [36].
Multiple MSNP-based platforms for siRNA delivery have been tested for cancer treatment
[37-40]. We have constructed an MSNP-based platform with optimized particle size and
chemical modification to overcome barriers of systemic siRNA delivery to solid breast
tumors [41]. Specifically, we utilized a co-polymer of PEI-PEG coating on the surface of
50nm-MSNP core to create MSNP-PEI-PEG nanoparticles. The PEI layer electrostatically
binds the negatively charged siRNA, and the PEG layer protects siRNA from enzymatic
degradation. Anti-HER2 antibody has previously been attached at the end of PEG for
targeted delivery to HER2-positive breast cancer [41]. Because siRNA is loaded last through
electrostatic interaction (based on the phosphodiester backbone of siRNA, which is
sequence-independent) and resides on the outer surface, we can tailor the nanoconstructs for
any gene target deemed essential for disease progression, enabling personalized medicine.

In this study, we harness the intrinsic antioxidant property of the MSNPs while assessing the
added benefit of a gene silencing strategy to combat fibrogenesis. We chose heat shock
protein 47 (HSP47) as the initial sSiRNA target because it plays an important role in collagen
homeostasis (Fig. 1). HSP47 is a collagen-specific molecular chaperone that presides in the
endoplasmic reticulum and binds to procollagen molecule to ensure its proper assembly
before secretion into the extracellular space [42]. Elevated levels of HSP47 have been
particularly observed in fibrotic tissues of patients suffering from systemic sclerosis [43],
dermal [44], kidney [45], lung [46], and liver fibrosis [47]. Thus, reducing levels of HSP47
could potentially hinder collagen accumulation and halt the progression of fibrosis. Several
preclinical studies have shown that treatment with siRNA against HSP47 could reduce the
deposition of collagen into the extracellular matrices in in vivo models of liver [48],
pancreatic [49], and peritoneal fibrosis [50]. One study showed that sSiRNA against HSP47,
when delivered with vitamin A-coupled liposomes, could yield promising results for treating
liver fibrosis in an in vivo rat model [48] and is currently undergoing a Phase Ib/11 clinical
trial (NCT02227459, Nitto Denko Corp., no published clinical trial results yet). This
provides evidence that HSP47 may be an excellent gene target for anti-fibrotic treatment.

Intradermal siRNA delivery is an attractive strategy for treating cutaneous pathological
conditions due to reduced risk of systemic toxicity. Two phase I clinical trials have been
recently completed with encouraging results, one involving intradermal injections of SiRNA
against keratin 6a [51] to treat pachyonychia congenita (PC) and the other involving
injection of siRNA against connective growth tissue factor (CTGF) to reduce dermal
scarring in pre-existing hypertrophic scar patients undergoing scar revision surgery
(RXI-109, RXi Phamaceuticals, Westhorough, MA). However, local delivery of
nanoparticle-based siRNA delivery system has not been attempted for treatment of dermal
fibrotic diseases such as scleroderma.

We demonstrate, for the first time, a nanoparticle platform capable of delivering siRNA with
intrinsic antioxidant properties for treating fibrosis. For efficacy evaluation, we exploited the
well-established TGF-B-induced in vitro fibrosis model. We also utilized the dermal fibrosis
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mouse model developed by repeated injections of bleomycin to mouse skin [52], which
mimicked the pathologic process underlying scleroderma in human.

2. Materials and Methods
2.1. Synthesis of MSNP-PEI-PEG Nanoparticles and siRNA Loading

Mesoporous silica nanoparticles (MSNPs) of 50 nm in size were synthesized and surface-
modified as in our previous report [41]. Briefly, 0.15 M cetyltrimethylammonium chloride
(CTAC) surfactant was mixed with 350 L triethanolamine (TEA) in 125 mL of water at 95
°C . Then, 3 mL of tetraethoxysilane (TE OS) was added and the mixture was stirred for one
hour. Nanoparticles were recovered from the suspension by centrifugation (60 min, 15 °C,
13,000 rpm), washed with ethanol twice and dried overnight in a desiccator. They were then
re-suspended and refluxed in acidic methanol (0.6 M HCI in methanol) to remove CTAC.
MSNPs were then washed with ethanol and dried in a desiccator. For PEI modification, PEI
(branched, 10 kDa) was added into MSNP in absolute ethanol at a weight ratio of 1:4 of PEI
per MSNP, and the mixture was shaken at 300 rpm for 3 hr at room temperature. The
MSNP-PEI was then centrifuged at 15,000 rpm for 30 min and resuspended in the ethanol
solution containing free PEI and 0.2 mg dithiobis{succinimidyl propionate} (DSP,
ThermoFisher, Waltham, MA) as a crosslinker. The solution was shaken for another 40
minutes. For PEG modification, 50 mg of mMPEG-5kDa-NHS (JenKem, Plano, TX) was
conjugated to the primary amines of MSNP-PEI (10 mg) in 1X PBS solution (pH 7.2) under
stirred conditions overnight. The MSNP-PEI-PEG was then washed with the PBS solution
and kept in this solution until use. The loading of SiRNA onto MSNP-PEI-PEG was
performed in the same PBS solution at room temperature under 1 hr of shaking. A
nanoparticle to sSiRNA mass ratio of 25 (complete binding level) was used throughout the
study. All reagents were from Sigma Aldrich (St. Louis, MO), unless specified otherwise.

2.2. Characterization of Nanoparticles

Mesoporous silica nanoparticle (MSNP) cores were measured for primary (dry) size by a
Transmission Electron Microscope (Philips/FEI Tecnai TEM, Hillsboro, OR). After the
chemical modification, the material was measured for hydrodynamic size in pH 7.2 PBS
with a Zetasizer (Malvern, Westborough, MA). PEI and PEG loadings were quantified by a
thermogravimetric analyzer (TGA Q50, TA Instruments, New Castle, DE). siRNA loading
was quantified by fluorescent detection of dye-tagged siRNA as well as gel electrophoresis.

2.3. Cell Culture and Primary Dermal Fibroblast Isolation

Primary murine dermal fibroblasts were harvested from skin biopsies (6-mm diameter
biopsy punch) obtained from 4 normal and 4 bleomycin-treated C3H/HeJ mice (as described
in section 2.9). Following procedure described by Takashima et al. [53], excised skin was
held on ice in Hank’s buffered saline solution with 1% pen-strep, while the fat tissues were
removed prior to mincing the remaining skin into small pieces. 2 mL of 100 U/mL
collagenase type | (Worthington Biochemical Corp., Freehold, NJ) was added into the
minced tissues, and the suspension was stirred at 37 °C for 1 hr. Dissociated fibroblast cells,
designated “normal fibroblast” from normal skin and “bleo fibroblast” from bleomycin-
treated skin, were pelleted at 1000 rpm for 5 min. The cell pellet was then re-suspended in

Biomaterials. Author manuscript; available in PMC 2016 October 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Morry et al.

2.4. Cellular

Page 5

warm DMEM (Cellgro, Manassas, VA) supplemented with 10% FBS and 1% pen-strep. The
cell suspension was then filtered through a 40 pm cell strainer (BD Falcon, BD Biosciences,
San Jose, CA) before plating in the same medium. The cell cultures were maintained for 3 to
9 passages, but passages 7 and 8 were mostly utilized. The normal and bleo-fibroblast
cultures were characterized for mMRNA levels of HSP47, COL I, and a-SMA and stained for
vimentin (fibroblast-specific marker [54]) and a-SMA (myofibroblast marker [55]) by
immunohistochemistry (Supplementary Fig. S1).

Murine embryonic fibroblast cell line, NIH/3T3, was cultured in DMEM supplemented with
10% FBS and 1% pen-strep. Adult human dermal fibroblast cell line (HDFa, Life
Technologies, Carlsbad, CA) was cultured in Medium 106 (Life Technologies)
supplemented with Low Serum Growth Supplement (LSGS, Life Technologies) per the
manufacturer’s recommendation. All cell lines were maintained at 37 °C and 5% CO,
humidified incubator. Two to four in vitro experimental replicates were performed for each
experiment with at least three analytical replicates per each sample.

Uptake of Nanoparticles

For cellular uptake experiments, primary murine dermal fibroblast cells (normal skin) were
seeded at 8,000 cells/well on 96-well plates overnight in complete DMEM medium (DMEM
+ 10% FBS). The cells were then serum-starved in DMEM with 0.5% FBS on the next day
prior to treatment with either 50 nM of non-targeting sSiRNA (SiSCR, see Supplementary
Table S1 for siRNA sequence) conjugated with DyLight677 delivered by MSNP-PEI-PEG
(17.5 pg/mL) or DharmaFECT (0.5 uL/well in 100 pL medium, DharmaFECT-1, Thermo
Scientific, Lafayette, CO). After 24 hr of incubation, the cells were washed three times with
PBS to remove non-internalized nanoparticles and stained with cell-permeant Hoechst
(33342, Life Technologies) dye at 37 °C for 30 min before fixation in 4% paraformaldehyde
(PFA) for 15 min. Internalized DyLight677-siRNA was detected using a fluorescence
microscope (EVOS FL, Life Technologies). Fluorescence intensity of DyLight677 was
normalized over the total cell number (Hoechst-positive) and analyzed using Cell Profiler
open-source image analysis software (Broad Institute, Cambridge, MA).

2.5. Intracellular ROS Assay

To measure cellular ROS induction by nanoparticles, primary murine dermal fibroblast cells
were pre-treated with either siSCR-MSNP-PEI-PEG, siSCR-DharmaFECT, (prepared in a
similar manner as 2.4), or 2 mM of N-acetylcysteine (NAC, Sigma Aldrich) antioxidant.
After 24 hr, 100 uM of menadione was added into each well for 1 hr to induce oxidative
stress. At the end of the incubation period, the cellular ROS was assayed using CellROX®
green reagent (Life Technologies) following the manufacturer’s protocol. The fluorescence
intensity of CelROX® green was normalized over the total cell number (Hoechst-positive)
and analyzed using Cell Profiler open-source image analysis software.

2.6. DPPH Free Radical Scavenging Assay

The 2, 2-diphenyl-1-picrylhydrazyl (DPPH, Sigma Aldrich) free radical scavenging assay
was used to determine the antioxidant property of the nanoparticles. This assay is based on
the reduction of the odd electron on the nitrogen atom in DPPH by antioxidants [56].
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Briefly, various concentrations (from 0-500 pug/ml_) of MSNP core, PEI, MSNP-PEI-PEG,
and NAC were prepared in PBS solution and administered in triplicate in a 96-well plate
(cell-free) followed by the addition of an equal volume of 0.5 mM DPPH (in ethanol). The
mixture was then incubated in the dark at room temperature under shaking (300 rpm) for 15
min. Absorbance (abs.) was read at 517 nm using a TECAN spectrophotometer (TECAN US
Inc., Research Triangle Park, NC). The percentage of DPPH scavenging radical was
calculated as follows:

abs. of sample

DPPH ng— . —
% scavenging=(abs. of blank abs. of blank

) x 100

2.7. In vitro Evaluation of siHSP47 and siNOX4

SiRNA against HSP47 (siHSP47) and NOX4 (siNOX4) were screened from 3—-4 sequences
as summarized in Supplementary Table S1. Once the best siRNA sequence was identified
(Supplementary Fig. S2), it was used for in vitro gene silencing under TGF-f stimulation
conditions as follows. Primary murine dermal fibroblast cells were seeded on a 96-well plate
(8,000 cells/well) or on a 6-well plate (150,000 cells/well) overnight in complete medium.
On the next day, the medium was replaced with DMEM with 0.5% FBS for 16 hr. Cells
were then transfected with 50 nM siRNA on 17.5 pg/mL of MSNP-PEI-PEG or
DharmaFECT (0.5 uL/well). After 24 hr, cells were washed once and the culture medium
was replaced with fresh medium (DMEM with 0.5% FBS) containing 10 ng/mL TGF-f
(Peprotech Inc., Rocky Hill, NJ) and incubated either for another 24 hr (MRNA detection) or
72 hr (protein detection). For bleo-fibroblast cells, the MSNP-PEI-PEG and DharmaFECT
treatments were done in a similar manner as above, but without TGF-f stimulation. The
HSP47, NOX4, COL I, and a-SMA protein expressions of the treated cells were quantified
with either immunofluorescence imaging (IF) or Western Blot, while their mRNA levels
were quantified with gRT-PCR. These three methods are summarized in Supplementary
Methods.

2.8. Cell Viability Assay

The viability of the cells treated as described in 2.7 was also determined at 96 hr post
transfection using CellTiter-Glo® Luminescent Cell Viability Assay (Promega, Madison,
WI1) following the manufacturer’s protocol. The data were reported as the fold change over
the untreated control.

2.9. SiIHSP47-MSNP-PEI-PEG Nanoparticle Treatment of Bleomycin-Induced Scleroderma
Mouse Model

The induction of dermal fibrosis (scleroderma) with bleomycin in mice followed the
procedure described by Yamamoto et al. [52]. The experimental protocol was approved by
the Institutional Animal Care and Use Committee (IACUC) of Oregon Health and Science
University (OHSU). Specifically, 67 week old C3H/HeJ mice (Jackson Laboratories, Bar
Harbor, ME) were intradermally injected with 100 pL of 0.5 mg/mL bleomycin in PBS
(APP Pharmaceuticals, Melrose Park, IL) at the same location on the shaved back of mice
every other day for 4 weeks (3 times weekly). Concurrently, mice (6—7 per group) were
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injected with 50 pL of PBS suspension containing siSCR- or siHSP47-MSNP-PEI-PEG at
the dose of 220 pg nanoparticles and 0.65 nmol as sSiRNA. The siRNA dose was adapted
from the reported intradermally injected siRNA doses to mice [57, 58]. Treatments were
done twice a week on alternate days with bleomycin injection for a total of 8 treatments over
4 weeks. A positive control group received bleomycin and saline injections. All mice were
sacrificed 4 days after the last injection with the sSiRNA-nanoparticle treatment.

2.10. Histological Analysis of Bleomycin-Induced Scleroderma Mouse Skin

Skin tissues from the region of injection, about 6 mm in diameter, were collected by biopsy
punch and fixed in 4% PFA prior to processing and paraffin embedding. 5 pm-thick
paraffin-embedded sections were used for H&E stain to determine dermal thickness. Six
images were taken per tissue section with the EVOS-XL (Life Technologies) microscope at
x200 magnification. Dermal thickness was measured as the distance between the epidermal-
dermal junction and the dermal-adipose layer junction, and the data were presented as the
fold change over the untreated control.

2.11. Immunohistochemistry for Pro-fibrotic Markers on Skin Sections

Deparaffinized and rehydrated skin sections were subjected to heat-mediated antigen
retrieval in citrate buffer (10 mM, pH 6.0) for 30 min. The tissue sections were blocked with
5% goat-serum (Vector Laboratories Inc., Burlingame, CA) for 1 hr at room temperature.
Slides were then incubated with primary antibodies at 4 °C overnight, secondary antibodies
for 1 hr at room temperature, and mounted with Prolong Gold Antifade reagent with DAPI
(P-3691, Invitrogen, Carlsbad, CA). A summary of antibodies used and working dilution is
provided in Supplementary Methods. Six images were taken per tissue section per animal
with the EVOS FL fluorescence microscope at x200 magnification. The total fluorescence
intensity of the tissue sections was normalized over the total image area and analyzed using
Cell Profiler open-source image analysis software. For the measurement of COL | and a-
SMA positive area, the ‘MeasurelmageAreaOccupied’ module in Cell Profiler software was
used and calculated as the relative area occupied by the protein of interest (COL | or a-
SMA) to the total area of the tissue.

2.12. Statistical Analysis

Experiments were performed in triplicate with results presented as mean + standard
deviation. Data were analyzed using one-way ANOVA with post-hoc Dunnett’s multiple
comparison test with significance set at p<0.05. Graphpad Prism 6.0 software (GraphPad
software Inc., San Diego, CA) was utilized for statistical analyses.

3. Results and Discussion

3.1. Synthesis and Characterization of Nanoparticles (MSNP-PEI-PEG)

Transmission electron micrograph (TEM, Fig. 2A) showed that the MSNP core had porous
morphology with particle size of 47 £ 4 nm in diameter. Layer-by-layer coating with
polyethyleneimine (PEI) and polyethylene glycol (PEG) (see schematic representation in
Fig. 2B) was confirmed by Thermogravimetric Analysis (TGA). TGA analysis established
the amount of attached PEI and PEG on MSNP to be 13.5% and 18.2% by dry weight of the
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whole nanoparticle, respectively. After the surface modification, MSNP-PEI-PEG has a
hydrodynamic size of 104 + 1.7 nm (Fig. 2C) and zeta potential of 15.1 £ 0.7 mV (in 10 mM
NaCl). The nanoparticle had a small polydispersity index (PDI) of 0.19, showing narrow
size distribution. Even after sSiRNA loading, the particle size remains unchanged (Fig. 2C).
As shown in Fig. 2B, the siRNA is bound to PEI and is protected underneath the PEG layer.
As a result, the siRNA was 100% protected against serum enzymes for at least 24 hr
(measured in 50% human serum) [41].

Uptake of siRNA-Nanoparticles (MSNP-PEI-PEG)

Supplementary Fig. S3A shows a non-uniform cellular uptake of siSCR (siSCR is a non-
targeting siRNA) in primary murine dermal fibroblasts 24 hr post-transfection with
DharmaFECT. In contrast, transfection with the MSNP-PEI-PEG nanoparticles was very
uniform. The siSCR was tagged with DyLight677 to allow for fluorescent monitoring. The
cellular signal of dye-tagged siRNA increased by 76 + 31% with nanoparticle delivery
versus 49 + 56% by DharmaFECT delivery (vs. the untreated control, Fig. S3B). The non-
uniform cellular uptake is likely attributed to the large particle size of sSiRNA-DharmaFECT
(446 nm in nominal size with the range of 190-955 nm vs. the 100 nm size of SIRNA-
nanoparticles with the range of 44-255 nm) (Fig. S3C).

3.3. ROS Scavenging Ability of Nanoparticles (MSNP-PEI-PEG)

The antioxidant properties of bare MSNP (without chemical modification) in a human
melanoma [23, 24] and mouse embryonic fibroblast [28] cell line have been reported as
described previously. To assess the antioxidant property of MSNP-PEI-PEG in our cells of
interest (murine dermal fibroblasts), we measured the ROS level after exposing the cells to
MSNP-PEI-PEG overnight followed by 1-hr menadione-induced oxidative stress.
Menadione (2-methyl-1,4-naphthoquinone) is a chemical compound known to generate
intracellular ROS [59]. Such intracellular ROS could be measured by CellROX Green
reagent as shown in Figs. 3A and B. The cellular ROS was increased 7.6-fold after 1 hr of
menadione exposure. However, pretreatment of the cells with MSNP-PEI-PEG decreased
ROS production to the non-menadione level, while DharmaFECT had little effect. The
MSNP-PEI-PEG effect was similar to that obtained by an established antioxidant, N-
acetylcysteine (NAC). Note that siSCR was used on the nanoparticles to maintain a similar
surface charge of the intended final nanoconstruct without imparting a gene silencing effect.

Reduction of ROS by our nanoparticles was thought to be due to the MSNP core and not the
cationic PEI coating. We confirmed the free radical scavenging ability of the materials
utilizing the cell free DPPH assay. Fig. 3C shows that bare MSNP displayed higher
scavenging ability than MSNP-PEI-PEG, while PEI alone displayed very little effect. NAC
was used as the positive control. In addition, we also observed lower ROS activity when
NIH/3T3 mouse embryonic fibroblast cells were exposed to the MSNP-PEI-PEG
nanoparticles in the presence of H,O, for up to 6 hr (Supplementary Fig. S4). Although
MSNP-PEI-PEG had lower scavenging ability than bare MSNP, the PEI-PEG layer is
needed. PEI is needed for binding to siRNA, promaoting cell entrance (via adsorptive
endocytosis), and endosomal escape of siRNA via proton sponge effects [60], while PEG
layer is needed for protecting siRNA from blood enzyme degradation [41].
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3.4. Effect of MSNP-PEI-PEG on TGF-B-stimulated Dermal Fibroblast Cells and
Scleroderma-like Fibroblasts

In scleroderma patients, elevation of TGF- [61], NOX4 expression [34], and ROS [62]
have been observed in dermal fibrotic lesions. In the previous section, MSNP-PEI-PEG
nanoparticles were able to reduce cellular ROS. Next, we assess their ability to reduce
NOX4 levels using an in vitro TGF-B-induced model. TGF-f is one of the major profibrotic
growth factors and could stimulate fibroblast proliferation as well as its transdifferentiation
to myofibroblast [7, 63, 64]. After TGF- stimulation of primary murine dermal fibroblasts,
we observed a pronounced up-regulation in the protein expression of NOX4 (2.2-fold),
HSP47 (1.5-fold), COL I (2.5-fold), and a-SMA (5.6-fold) (vs. untreated control) in Figs.
4A and B. Cell proliferation also increased by 1.9-fold. However, pre-treatment with siSCR-
MSNP-PEI-PEG significantly decreased the expression of NOX4, HSP47, COL |, and a-
SMA, while siSCR-DharmaFECT had little effect. In particular, NOX4 and HSP47 protein
expression returned to the level prior to TGF-p stimulation. These effects were also
confirmed at the mRNA level (Supplementary Fig. S5). Similar to section 3.3, siSCR was
used to maintain a similar surface charge of the intended final nanoconstruct without
imparting a gene silencing effect as shown with DharmaFECT (Fig. 4).

The ability of the MSNP-PEI-PEG nanoparticle to reduce NOX4 and other pro-fibrotic
markers was further validated in scleroderma-like fibroblast cells. The cells were harvested
from the skin of a mouse receiving intradermal bleomycin injections for 4 weeks,
subsequently termed as “bleo-fibroblast”. Thus, these cells were already activated and did
not require pre-treatment with TGF-f to trigger a fibrotic response prior to nanoparticle
treatment. The bleo-fibroblast cells showed positive staining for the myofibroblast marker
a-SMA (Supplementary Fig. S1A) and pronounced up-regulation of mRNA levels for
HSP47, NOX4, COL I, and a-SMA (Fig. 4C and Supplementary Fig. S1C) in a similar
manner as the TGF-f stimulated cells in Figs. 4A-B and 5. Bleomycin injection in mouse
skin has been shown to induce macrophage accumulation and local TGF-J production [65,
66]. MSNP-PEI-PEG (with siSCR) treatment on these cells resulted in significant reduction
in NOX4, COL I, and a-SMA mRNA expression (p<0.0001) compared to the untreated
counterpart (Fig. 4C). NAC treatment at 2 mM could reduce NOX4 mRNA expression to
the same extent as MSNP-PEI-PEG, but was unable to reduce the levels of COL | and a-
SMA. A much higher dose of NAC (20 mM) was reported to be able to inhibit these pro-
fibrotic markers [34, 62]. However, such a high dose of NAC is impossible to achieve in
vivo without toxicity concerns. An estimated 5010 mg/kg loading dose (e.g., first 60 min)
and 2250 mg/kg maintenance dose (e.g., next 4 hr) are needed to reach 10 mM concentration
in blood based on the pharmacokinetic data of NAC in human volunteers [67], but NAC is
prescribed at only 150 mg/kg loading dose and 50 mg/kg maintenance dose (i.v.) (NAC,
Acetadote®, package insert) or 600-mg oral dose (three times daily) for pulmonary fibrosis
patients in the PANTHER-IPF trial [13]. This may be one of the reasons why oral
monotherapy of NAC in pulmonary fibrosis patients did not show any beneficial effects and
was also accompanied by a higher rate of cardiac events compared to the placebo treatment
[13]. In short, a much lower dose (17.5 mg/L) of MSNP-PEI-PEG was found to yield greater
anti-fibrotic effects than NAC (~300 mg/L).
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3.5. Role of NOX4 and HSP47 in Fibrogenesis

The involvements of both HSP47 and NOX4 in fibrogenesis are complex and have been
summarized in Fig. 1. Following tissue injury, the activated leukocytes (macrophages and
neutrophils) induce ROS generation and secrete pro-fibrotic cytokines such as TGF-f [5].
The released TGF-f then triggers the synthesis and up-regulation of HSP47 [68] and NOX4
[35, 69, 70] in fibroblast cells. Overexpression of NOX4 induces intracellular ROS [29, 70],
while the overexpression of HSP47 induces collagen synthesis (through excessive
processing of pro-collagen molecules) [42]. Furthermore, NOX4 has been shown to induce
the differentiation of fibroblasts to myofibroblasts [32, 71] and modulates collagen synthesis
in vitro under TGF-f stimulation [69]. Myofibroblasts, in turn, secrete TGF-f in an
autocrine fashion to further induce the activation and proliferation of the fibroblast cells
[71].

MSNP-PEI-PEG treatment decreased not only NOX4 but also HSP47 protein expression
(Fig. 4). However, the relationship between NOX4 and HSP47 has not been clearly
elucidated. In order to understand the relationship between these two genes, we exploited
SiINOX4 or siHSP47 in separate studies without the use of nanoparticles. After the best
sequence for siNOX4 and siHSP47 were identified (see Supplementary Fig. S2), they were
transfected using DharmaFECT in primary dermal fibroblast cells for 24 hr prior to TGF-3
stimulation. As shown in Fig. 5A, knocking down NOX4 with siNOX4 also resulted in
down-regulation of HSP47. This is not the result of an off-targeting effect of the sSiNOX4
sequence as both the antisense and sense strands do not show sequence homology to murine
HSP47 mRNA sequence. In addition to NOX4 knockdown, COL | and a-SMA were also
down-regulated. The data suggest that NOX4 may act as an upstream effector of HSP47.
Oxidative stress could induce HSP47 production in several in vitro systems [72, 73], thus it
is possible that silencing NOX4 reduces oxidative stress, which, in turn, lowers the
expression of HSP47.

This relationship was further validated upon knocking down HSP47 (with siHSP47) which
still significantly reduced COL I and a-SMA levels without altering NOX4 levels (Fig. 5B).
Hence, we hypothesize that, in addition to down-regulating NOX4 with our antioxidant
nanoparticles, silencing HSP47 gene (with siHSP47) may have enhanced anti-fibrotic
efficacy beyond managing the individual genes alone.

3.6. In vitro HSP47 Gene Knock-down Efficacy by siHSP47-MSNP-PEI-PEG

We investigated the ability of MSNP-PEI-PEG nanoparticles in delivering siHSP47 in TGF-
B-stimulated dermal fibroblasts and benchmarked it against the traditional DharmaFECT-
mediated transfection. Delivery of siHSP47 with our MSNP-PEI-PEG potently silenced
HSP47 gene expression by 95% at 48 hr post-transfection, whereas transfection with
DharmaFECT could only reduce HSP47 gene expression by 81% (Supplementary Fig. S5).
This correlated to an 86% reduction in HSP47 protein expression at 96 hr post transfection
with the siHSP47-MSNP-PEI-PEG compared to 63% achieved with siHSP47-DharmaFECT
(Figs. 6A-B). Furthermore, the siSCR-MSNP-PEI-PEG could also decrease the HSP47
MRNA and protein expressions by 72% and 21%, respectively, demonstrating the ability of
the MSNP-PEI-PEG nanoparticles in reducing HSP47.
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To test if our nanoparticles have the ability to reduce HSP47 expression in activated
fibroblast cells (without TGF-f stimulation), a similar experiment was performed with the
derived bleo-fibroblast cells. As shown in Supplementary Fig. S6, treatment with siHSP47-
MSNP-PEI-PEG resulted in more than 90% HSP47 mRNA knockdown at 48 hr. In
comparison, NAC at high dose (20 mM) could only reduce HSP47 level by 48%. In
agreement with the findings in TGF-p-stimulated cells, MSNP-PEI-PEG could also decrease
20% of HSP47 mRNA expression in the bleo-fibroblast cells.

There was also no significant cytotoxicity associated with our nanoparticle treatment as
shown in Fig. 6C. Furthermore, the nanoparticles had no significant efficacious dose for 24
and 48 hr (Supplementary Fig. S7). Therefore, the nanoparticle should serve as a safe and
effective siRNA delivery system to the cells.

In summary, our in vitro findings so far have indicated that MSNP-PEI-PEG nanoparticle
could serve as a superior SiRNA carrier and can be therapeutic with regard to fibrosis
treatment. The benefit of knocking down HSP47 with siHSP47 was also evident. These
results prompted us to validate our in vitro finding with an in vivo mouse model.

3.7. In Vivo Evaluation of siHSP47-MSNP-PEI-PEG: Skin Thickness

In order to further examine the therapeutic potential of our siHSP47-nanoparticles in vivo,
we employed a well-accepted bleomycin-induced dermal fibrosis (scleroderma) mouse
model [52]. Given intradermally, bleomycin induces toxicity (since skin lacks bleomycin
hydrolase enzyme to metabolize bleomycin) and leads to the induction of ROS and pro-
inflammatory cytokines (including TGF-f) to the skin [74].

We intradermally injected the siHSP47- or siSCR-MSNP-PEI-PEG nanoparticles to the
shaved back of the mice on a twice-weekly schedule and on alternate days of bleomycin
administration over the course of 4 weeks as shown in Fig. 7A. We also confirmed in a
separate experiment that there was no binding of bleomycin onto the nanoparticles, which
may have blocked the fibrogenesis effect of bleomycin (data not shown).

After the study was completed, H&E stains of skin sections were analyzed as shown in Figs.
7B and 7C. The bleomycin treatment increased the dermal thickness by 42% (p<0.001 vs.
untreat). Treatment of siHSP47-MSNP-PEI-PEG nanoparticles to the bleomycin-treated
mice resulted in the reduction of dermal thickness by 19% (p<0.01 vs. bleomycin alone),
which brought the value down to the untreated level (p=0.38). Treatment of siSCR-MSNP-
PEI-PEG nanoparticle could also decrease the dermal thickness by 7%, but not significantly
different from bleomycin alone (p=0.21) and could not bring the value down to the untreated
level (p<0.03). These data indicated beneficial treatment of siHSP47-MSNP-PEI-PEG
nanoparticle over MSNP-PEI-PEG alone.

3.8. In Vivo Evaluation of siHSP47-MSNP-PEI-PEG: Protein Characterization

To examine whether siHSP47-MSNP-PEI-PEG can successfully silence HSP47 expression
in the skin, we analyzed skin specimens harvested from mice treated as described in section
3.7. Immunofluorescence detection was used for protein characterization as shown in Fig.
8A, and quantified in Figs. 8B—E. There was a clear up-regulation of HSP47 by 170% in the
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skin of mice treated with bleomycin (Fig. 8B). The siHSP47-MSNP-PEI-PEG treatment was
able to reduce bleomycin-induced HSP47 expression to levels similar to the untreated
control (p=0.28). The siSCR-MSNP-PEI-PEG treatment also decreased the HSP47
expression but to a much lesser extent and with less precision (larger standard deviation)
than the siHSP47-MSNP-PEI-PEG counterpart. It could not bring the HSP47 level down to
the untreated level (p<0.0001). As anticipated from the in vitro studies, the MSNP-PEI-PEG
could reduce bleomycin-induced NOX4 expression effectively to the untreated level
regardless of siSCR or siHSP47 (p<0.0001) (Fig. 8C).

Bleomycin injection to the skin increased the a-SMA- and COL I-positive area by 2.7- and
1.6-fold compared to the untreated level, respectively. With siHSP47-MSNP-PEI-PEG
treatment, the area positive for a-SMA was reduced by 49% (p<0.01) as compared to the
bleomycin group (Fig. 8D). Likewise, COL I-positive area for the siHSP47-nanoparticle
treatment was reduced by 51% (Fig. 8E), which restores it to the normal levels (p=0.99).
The siSCR-MSNP-PEI-PEG effects on the reduction of the profibrotic markers (vs.
bleomycin alone) were less substantial; 24% (p=0.57) for a-SMA and 19% (p=0.25) for
COL I, respectively. In addition, the mRNA analysis from the skin tissues collected from the
SiHSP47-MSNP-PEI-PEG treated mice confirmed our findings in Fig. 8. As shown in
Supplementary Fig. S8, siHSP47-MSNP-PEI-PEG treatment showed significant reduction in
HSP47 (p<0.05), COL | (p<0.0001), and a-SMA (p<0.05) levels vs. bleomycin treatment
alone. In agreement with the in vitro study, the siSCR-MSNP-PEI-PEG treatment also
showed significant COL | and a-SMA reduction. However, the reduction of COL | was
greater with siHSP47-MSNP-PEI-PEG treatment (94% vs. 70%). In conclusion, there is a
clear advantage of siHSP47-MSNP-PEI-PEG nanoparticle over MSNP-PEI-PEG
nanoparticle alone. Lastly, the cellular internalization of the nanoparticle in the dermis
region of the mouse skin was observed by TEM as shown in the Supplementary Fig. S9.

Conclusions

In this work, we described the roles of ROS, NOX4, and HSP47 in fibrogenesis and
developed a nanoparticle platform to modulate all three effectors in order to treat fibrosis.
We show that our MSNP-PEI-PEG nanoparticles could efficiently deliver siRNA to knock-
down HSP47 expression in vitro and in vivo. In addition, the nanoparticle carrier itself could
reduce ROS and NOX4 production, owing to the antioxidant property of the MSNP core,
which is by far superior to NAC. We also elucidate, for the first time, that NOX4 may be an
upstream effector of HSP47, which provides the explanation on how our nanoparticle carrier
alone could also down-regulate the expressions of HSP47 and the associated fibrotic
markers, COL | and a-SMA. The therapeutic impact of MSNP-PEI-PEG can be further
enhanced by the addition of SiRNA against HSP47 as demonstrated in a scleroderma mouse
model. Intradermal MSNP-PEI-PEG treatment could alleviate skin fibrosis by reducing ROS
production, and the antifibrotic effect could be further enhanced by knocking down HSP47
expression with siHSP47. In addition to intradermal delivery reported herein, we have also
shown in our most recent work [41] that the nanoparticles could be given intravenously,
achieve excellent gene knock-down in solid tumors, and have excellent safety profile. Given
the most optimal gene target, our nanoparticles will be able to provide combinatorial
treatment for fibrotic diseases of other organs as well as inflammatory diseases.
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Figure 1.
Schematic illustrating pathogenesis of fibrosis. Pro-fibrotic stimulants (e.g., TGF-f or

bleomycin) activate macrophages and neutrophils to secrete pro-fibrotic cytokines (e.g.,
TGF-B) and ROS (e.g., H,0,, superoxide) into the extracellular matrices (ECM) and
surrounding cells. The presence of cytokines and ROS leads to up-regulation of profibrotic
genes (NOX4, HSP47, a-SMA, and COL 1) in fibroblast cells, transdifferentiation of
quiescent fibroblast cells to myofibroblasts, and over-accumulation of collagen in the ECM,
leading to fibrosis. Myofibroblasts will secrete more TGF-, further inducing fibrogenesis in
an autocrine loop.
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Figure 2.
MSNP-PEI-PEG nanoparticle. (A) TEM image of the mesoporous silica nanoparticle

(MSNP) core (scale bar = 50 nm). (B) Schematic of surface modification of MSNP (layer-
by-layer) with polyethyleneimine (PEI), polyethyleneglycol (PEG), and siRNA. (C)
Hydrodynamic size distribution of MSNP-PEI-PEG (solid line) and with siRNA loading
(dashed line).
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Figure 3.
Intracellular ROS activity of primary dermal fibroblast treated for 24 hr with NAC (2 mM),

SiISCR-MSNP-PEI-PEG (17.5 pg/mL nanoparticles, 50 nM siSCR) or siSCR-DharmaFECT
(0.5 pL/well, 50 nM siSCR, 100 pL volume), followed by 1-hr treatment with 100 uM
menadione. (A) Representative images of cells (Hoechst dye, blue) stained with CellROX
(green), scale bar = 100 um. (B) Corresponding CellROX fluorescence intensity normalized
by cell number (Hoechst-positive) and reported as fold changes against untreated control.
(C) DPPH scavenging activity of various materials in a cell-free system.
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Figure 4.
NOX4-modulating effects of MSNP-PEI-PEG on TGF-f-stimulated and scleroderma-like

dermal fibroblast cells. (A) Representative images of the TGF-B-stimulated cells stained for
NOX4, HSP47, COL I, and a-SMA after 24-hr treatment with siSCR-MSNP-PEI-PEG or
siSCR-DharmaFECT, followed by 72-hr treatment with 10 ng/mL TGF-f, scale bar = 400
um. (B) Corresponding protein intensity normalized by cell number (DAPI), reported as fold
changes against the untreated control, and cell viability after each treatment. (C) mMRNA
expressions following 48-hr treatment with MSNP-PEI-PEG nanoparticles (17.5 pg/mL, 50
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nM siSCR) vs. NAC (2 mM) on murine dermal fibroblasts harvested from bleomycin-
induced scleroderma mouse model (bleo-fibroblast).
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Figure 5.
In vitro siNOX4 or siHSP47 transfection with DharmaFECT. mRNA expression of primary

dermal fibroblast cells treated for 24 hr with (A) siRNA against NOX4 (siNOX4) or (B)
SiRNA against HSP47 (siHSP47) vs. non-targeting siRNA (siSCR), followed by 24 hr of 10
ng/mL TGF-f stimulation. siRNA dose of 50 nM in 0.5 uL/well DharmaFECT.
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In vitro gene silencing efficacy with siHSP47-MSNP-PEI-PEG nanoparticles. (A)
Representative images of HSP47 stain on primary murine dermal fibroblast treated for 24 hr
with siHSP47-MSNP-PEI-PEG or siHSP47-DharmaFECT, followed by 72 hr of 10 ng/mL
TGF- stimulation. Scale bar = 400 mm. (B) Corresponding HSP47 protein expression
normalized by cell number (DAPI) and reported as fold change against the untreated control.
(C) Relative cell viability upon the same treatments with (B).
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Figure 7.
Effect of siHSP47-MSNP-PEI-PEG nanoparticles on dermal thickness in the bleomycin-

induced scleroderma mouse model. (A) Dosing scheme of bleomycin induction and the
SiHSP47-MSNP-PEI-PEG treatment. (B) Representative images of skin sections stained
with hematoxylin and eosin (H&E), scale bar = 200 pm. (C) Dermal thickness measured
from skin sections as in (C).
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Figure 8.
HSPA7 silencing efficacy and anti-fibrotic effects of sSiHSP47-MSNP-PEI-PEG
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nanoparticles on bleomycin-induced scleroderma mouse model (dosing scheme as specified

in Fig. 7A). (A) Representative images of skin sections stained with HSP47, NOX4, a-

SMA, and COL I. Nuclei were stained with DAPI, scale bar = 200 um. Expression levels of

(B) HSP47 and (C) NOX4 proteins as well as (D) a-SMA- and (E) COL I-positive area
were quantified by immunofluorescence analysis, normalized by that of untreated control.
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