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Background: The genes of SPARC, CCR2, and SMAD3 are implicated in orchestrating inflammatory response that
leads to fibrosis in scleroderma and other fibrotic disorders. The aim of the studies is to evaluate synergistic anti-
fibrotic potency of the siRNAs of these genes.
Methods: The efficacy of the siRNA-combination was evaluated in bleomycin-induced mouse fibrosis. The path-
ological changes of skin and lungs of the mice were assessed by hematoxylin and eosin and Masson's trichrome
stains. The expression of inflammation and fibrosis associated genes and proteins in the tissueswere assessed by
real-time RT-PCR, RNA sequencing,Western blots and ELISA. Non-crosslinked fibrillar collagenwasmeasured by
the Sircol colorimetric assay.
Findings: The applications of the combined siRNAs in bleomycin-induced mice achieved favorable anti-
inflammatory and anti-fibrotic effects. Activation of fibroblasts was suppressed in parallel with inhibition of in-
flammation evidenced by reduced inflammatory cells and proinflammatory cytokines in the BALF and/or the tis-
sues by the treatment. Aberrant expression of the genes normally expressed in fibroblasts, monocytes/
macrophage, endothelial and epithelial cells were significantly restrained after the treatment. In addition, tran-
scriptome profiles indicated that some bleomycin-induced alterations of multiple biological pathways were re-
covered to varying degrees by the treatment.
Interpretation: The application of the combined siRNAs of SPARC, CCR2, and SMAD3genes ameliorated inflamma-
tion and fibrosis in bleomycin-induced mice. It systemically reinstated multiple biopathways, probably through
controlling on different cell types including fibroblasts, monocytes/macrophages, endothelial cells and others.
The multi-target-combined therapeutic approach examined herein may represent a novel and effective therapy
for fibrosis.
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1. Introduction

Systemic fibrosis, such as systemic sclerosis (SSc), is often a fetal dis-
ease [1]. In US, among the lethal consequence caused by different dis-
eases, the proportion of the fibrosis takes up about 45% [2]. Although
various anti-inflammatory, anti-fibrotic and immunosuppressive agents
are used to control fibrosis, majority of them have not been proven suc-
cessful [1,3,4]. Therefore, developing novel anti-fibrotic intervention is
urgently needed. Pathological prototype of many systemic fibrotic dis-
orders is characterized by excessive extracellularmatrix (ECM), inflam-
mation, abnormal immunity and vasculopathy, which are mainly
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study

Systemic fibrosis, such as systemic sclerosis (SSc), is often a fetal
disease. In US, among the lethal consequence caused by different
diseases, the proportion of the fibrosis takes up about 45%. Al-
though various anti-inflammatory, anti-fibrotic and immunosup-
pressive agents are used to control fibrosis, majority of them
have not been proven successful. Therefore, developing novel
anti-fibrotic intervention is urgently needed. Mounting evidences
have demonstrated that the genes of SPARC, CCR2, and
SMAD3 are implicated in orchestrating inflammation and fibrosis
in scleroderma and other fibrotic disorders. Our previous research
had demonstrated SPARC inhibition attenuated fibrosis in vitro
and in vivo. Moreover, other reports had verified that blockade
of CCR2 ameliorates progressive fibrosis in lung and kidney via
suppressing macrophage infiltration and activation. And the
Smad3−/− mice are protected against renal tubule-interstitial fibro-
sis by blocking of endothelial mesenchymal transition (EMT) and
abrogation of monocyte influx and collagen accumulation. Over-
all, SPARC, CCR2, and SMAD3 are three important molecules
expressed in various cell types, and they have been implicated in
orchestrating the fibrotic response. Traditional strategy of anti-
fibrosis is to target single gene, whichmay limit its impact to fibro-
sis that usually involves comprehensive bio-networks conducted
by different cell types. However, a multi-target therapeutic ap-
proach may systemically reinstate multiple biopathways involved
in inflammation and fibrosis.

Added value of this study

For human complex diseases, like systemic sclerosis (SSc),
targeting on an individual molecule may be insufficient to restore
the healthy state. Modulating the activity of multiple targets
might achieve optimal therapeutic benefit. Our selected three tar-
get genes have been well-documented as critical players contrib-
uting to multiple cellular biopathways in SSc. Our results
indicated that the combination of siRNAs targeting on these
genes achieved favorable anti-inflammatory and anti-fibrotic ef-
fects with a systemic improvement at cellular and molecular
levels. This article represents the first attempt to apply multi-
target treatment in a fibrotic mouse model that involves complex
cellular andmolecular pathways leading to inflammation and fibro-
sis. It provides supportive evidence for a potentially radical shift of
therapeutic strategy from current single- to multiple-targets ap-
proach in SSc and other human complex diseases.

Implications of all the available evidence

Taken together, inhibition of the triple-target genes attenuated in-
flammation and/or fibrosis in both lung and skin tissues of the
mouse models. Inhibition of inflammation was evidenced by re-
duced inflammatory cells and proinflammatory cytokines in the
bronchoalveolar lavage fluid and/or the tissues. Underlying mor-
phologic improvement of mouse tissues, activation of fibroblasts
was suppressed in mouse tissues in which α-Sma (alpha smooth
muscle actin) and collagens were significantly reduced.
Importantly, aberrant expressions of some genes involved in func-
tions of fibroblasts, monocytes/ macrophage, endothelial and ep-
ithelial cells were reinstalled after the treatment. In addition,
transcriptome profiles indicated that some bleomycin-induced al-
terations of multiple biological psathways were recovered to

varying degrees by the treatment. A systemic effect of the triple-
target treatment involves not only fibrosis, but also multiple
other biological cascades, such as metabolism, oxidative phos-
phorylation, et al. Therefore, the multi-target therapeutic ap-
proach examined herein may represent a novel and effective
therapy for systemic fibrosis.
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involved in fibroblast, monocytes, lymphocytes and endothelium, as
well as the interaction among these different cell types [1,3].

SPARC (secreted protein, acidic and rich in cysteine) is a
matricellular component of ECMmainly expressed by fibroblasts, endo-
thelial cells and lipocytes [5,6]. It is an importantmediator of cell-matrix
interaction [7]. It is commonly overexpressed in fibrotic tissue [6,8–11].
SPARC can stimulate canonical transforming growth factor (TGF)-β
pathway [12,13], and it also plays a possible role in the recruitment of
neutrophils to the sites of acute inflammation [14]. Our previous re-
search had demonstrated SPARC inhibition attenuated fibrosis in vitro
and in vivo [15].

CCR2 (C\\C chemokine receptor 2) is a common receptor of mono-
cyte chemoattractant proteins (MCP 1, 2, 3, 4 and 5) [16], and it is nor-
mally expressed on monocytes, as well as activated T cells, B cells and
immature dendritic cells [17,18]. It not only directs the recruitment of
immune cells to the sites of inflammation, but is also involved in angio-
genesis, development of fibrosis, migration of fibrocytes to the alveolar
space after fibrotic injury [19]. CCR2 and its ligands (MCP1 and MCP3)
are highly expressed in SSc-related fibrotic tissues [20]. Blockade of
CCR2 ameliorates progressive fibrosis in lung and kidney via suppress-
ing macrophage infiltration and activation [21].

The SMADs (Drosophila mothers against decapentaplegic proteins)
are a family of intracellular molecules that act as the main TGF-β signal
transducers [22]. As an important member of R-SMADs (receptor-regula-
torySMADs), SMAD3 isnormallyexpressed inepithelial cells and lympho-
cytes [23,24], and possible other type of cells (e.g. fibroblasts) under
disease status or upon TGF-β activation [25]. TGF-β/SMAD signaling
plays crucial roles in immune dysregulation, secretion of inflammatory
and fibrogenic cytokines and chemokines, and fibroblast activation
[26–28]. The Smad3−/−mice are protected against renal tubule-
interstitial fibrosis by blocking of endothelial mesenchymal transition
(EMT) andabrogationofmonocyte influxand collagenaccumulation [28].

Overall, SPARC, CCR2, and SMAD3 are three important molecules
expressed in various cell types, and they have been implicated in or-
chestrating the fibrotic response. The studies herein applied the siRNAs
of these three genes to examine a multi-target therapeutic approach
that may systemically reinstate multiple biopathways involved in in-
flammation and fibrosis of the mouse model of fibrosis.

2. Materials and methods

2.1. siRNAs

Mouse siRNAs for Sparc and Ccr2 were synthesized by Gene Pharma
Inc. (Shanghai, China) and Ribobio Inc. (Guangzhou, China), respec-
tively. Mouse Smad3 Trilencer-27 siRNAs and non-target siRNAs were
purchased from Origene Inc. (Rochville, MD, USA). To avoid off-target
effect, two pairs of each target gene siRNAs were utilized, and both of
them knockdowned their targeted genes but did not impact the
mRNA levels of the housekeeping gene,Gapdh in amouse embryo fibro-
blast NIH 3 T3 cell line (Supplementary Fig. S1).

2.2. Animal models of pulmonary fibrosis, delivery of combined siRNAs
in vivo

Female C57BL/6 mice of about 20 g were purchased from SLRC labo-
ratory animal Inc. (Shanghai, China). Pulmonary fibrosis model was
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induced by intratracheal instillation of 3 mg/kg bleomycin (BLM, Nip-
pon Kayaku Co., Tokyo, Japan) for one time [29]. A total of 5.6 μg com-
bined siRNAs for Sparc, Ccr2 and Smad3 encapsulated by peptide
nanoparticles (PNP) [30] were injected intraperitoneally with 130 μl
PBS on day 10, 14, 18 after BLM induction (Supplementary Fig. S2). All
groups of micewere sacrificed on day 22 after anesthesia, and the bron-
choalveolar lavage fluid (BALF) and the lung samples were collected.
The left lungs were ligated for the extraction of BALF, then fixed with
4% formalin and used for further histological analysis. The right lung tis-
sues were divided into three parts, one for RNA extraction, another one
for collagen content analysis, the rest for western blot detection.

2.3. Animal models of dermal fibrosis, delivery of combined siRNAs in vivo

For dermal fibrosis model, female C57BL/6 mice about 5 weeks old
were induced by the local subcutaneous injection of 100 μl BLM
(0.5 mg/ml) per day in the shaved lower back for three weeks. The
treatments were performed by subcutaneous injection to lower back
of 3 μg of combined siRNAs and PNP on day 7, 10, 12, 14, 16, 18, 20
after three hours of BLM administration (Supplementary Fig. S3). All
of the mice were sacrificed on day 22 and the skin samples were col-
lected. Five mice were examined in saline group, BLM group, Nano
(BLM + PNP) group and therapeutic group, respectively. Saline injec-
tions were used as negative controls in both lung and skin fibrosis
models. The animal protocols were approved by the Center of Labora-
tory Animal Medicine and Care of Fudan University.

2.4. Determination of gene expression by quantitative RT-PCR

See Supplementary Materials and Methods.

2.5. Detection of protein level by Western blot

See Supplementary Materials and Methods.

2.6. Histological analysis

See Supplementary Materials and Methods.

2.7. Total and differential nucleated cell count in the BALF

See Supplementary Materials and Methods.

2.8. Determination of concentration of cell factor by ELISA

See Supplementary Materials and Methods.

2.9. Determination of soluble collagen content

Non-crosslinkedfibrillar collagen in lung and skin sampleswasmea-
sured by the Sircol colorimetric assay (Biocolor, Belfast, UK). Minced tis-
sues were homogenized in 0.5 M acetic acid with about 1:10 ratio of
pepsin (Sigma, USA). Tissues were weighted and incubated overnight
at 4 °C with vigorously stirring. Digested samples were centrifuged
and the supernatant was used for Sircol dyeing to detect the collagen
content. The total protein concentrationwas determined by using Brad-
ford protein assay kit (Abcam) and the collagen content of each sample
was normalized to total protein.

2.10. RNA sequencing assay to evaluate the anti-fibrotic effect of multi-
genes siRNAs in pulmonary fibrosis mouse models

Total RNAwas extracted and used to construct the cDNA librarywith
a KAPA RNA HyperPrep kit (Kapa biosystems, Wilmington, Massachu-
setts, USA) according to the manufacturer's instruction. Then the
cDNA libraries were sequenced by Illumina HiSeq X Ten systems
(Illumina, USA). The average sequencing depth of each fragment was
140 X. The transcriptome data was analyzed with the tophat 2 and
cufflinks pipeline according to the instructions.
2.11. Statistical analysis

One-way ANOVA (analysis of variance) was used to analyze the dif-
ference of multi-groups in treatment. Unpaired t-test with welch's cor-
rection was used to test the significance between two groups. A p-value
of b0.05 was considered as statistical significance.
3. Results

3.1. PNP/PRSsi ameliorated fibrosis in lungs tissues induced by BLM

Low toxicity, high efficiency and low off-target rates of the peptide
nanoparticles (PNP, Supplementary Fig. S4) were observed and consis-
tent with the previous report [30]. The expression levels of the targeted
genes including Sparc, Ccr2 and Smad3 were decreased significantly in
the therapeutic groups (Supplementary Fig. S5-S6). In parallel, the ex-
pression levels of Col1a1 of the lung tissues were significantly reduced
in the treatment group with triple siRNAs for SPARC (P), CCR2 (R),
and SMAD3 (S) carried by the PNP (PNP/PRSsi) compared to that in
Nano (BLM+ PNP) groups, and showed considerable but no statistical
significance reduction of Col1a1 comparedwith BLM group.Meanwhile,
the expression level of Col3a1was significantly down-regulated in PNP/
PRSsi group compared to both BLM and Nano groups (Fig. 1A). More-
over, the protein level of type I collagen (Fig. 1C and D) and the soluble
collagen content (Fig. 1B) were significantly reduced in the PNP/PRSsi
treatment groups compared to those in BLM and Nano groups. The HE
(Fig. 1E upper) and Masson Trichrome (Fig. 1E lower) staining showed
that the BLM or Nano group had thicker collagen-fiber in the impaired
lung alveolar wall compared to those in the saline-injection and the
treatment groups. After PNP/PRSsi treatments, only a small quantity of
the collagen-fiber was found and the tissue architecture of the lung al-
veolar was relatively intact (Fig. 1E). Moreover, the Ashcroft score of
the mice in PNP/PRSsi treatment group is significantly reduced com-
pared to that in the BLM and Nano group (Supplementary Fig. S7).
These results indicated that the pulmonary fibrosis was significantly al-
leviated by PNP/PRSsi treatments in the BLM-induced mice.
3.2. PNP/PRSsi antagonized fibrosis in skin tissues induced by BLM

The treatment with PNP/PRSsi significantly reduced the skin Col1a1
and α-SMA (alpha smooth muscle actin) mRNA expression. In addition,
the expression of Col1a2 and Col3a1 were both considerably down-
regulated, but that did not reach the statistical significance in the PNP/
PRSsi treatment group compared to the BLM and Nano groups
(Fig. 2A). Moreover, type I collagen protein level was also significantly
reduced compared to those in the BLM and Nano groups (Fig. 2B and
C). The soluble collagen content in skin tissues of themice was also sig-
nificantly decreased in the therapeutic group (Fig. 2D). On contrast,
Mmp3 (matrix metalloproteinase 3) mRNA expression (Fig. 2E) was re-
markably up-regulated in the PNP/PRSsi treatment group. Furthermore,
the thickness of the dermis was significantly reduced in the therapeutic
groups compared to that in the BLM and Nano groups (Supplementary
Fig. S8). Meanwhile, the PNP/PRSsi treatment also decreased collagen-
fiber bundles and reduced fat tissue in dermal skin compared to that
in the BLM and Nano groups by HE and Trichrome staining (Fig. 2F).
In addition, the number of detectable capillaries per 100-fold power
lens in the dermal skin was significantly increased in the PNP/PRSsi
treatment group compared to that in the BLM or Nano groups (Supple-
mentary Fig. S9).



Fig. 1. Examination of the anti-fibrotic effect in lungs ofmousemodels induced bybleomycin (n=4) (A) ThemRNA levels of collagen Col1a1, Col1a2, and Col3a1were examined byQ-PCR.
(B) Sircol assays to detect the soluble collagen content in the pulmonary tissues. (C) The type I collagen protein was detected by western blotting. COL I: type I collagen protein of the
mouse. (D) The protein density in lung tissues was quantified by the Image-QuantTL software (General Electric Company, CT, USA). (E) Representative histological figures of HE and
Trichrome staining of mouse lung tissues in the different groups. Sa: saline group, injected with saline (negative control); BLM: BLM group, injection with BLM only on day 0; Nano:
Nano group, injection with BLM and PNP; T: therapeutic group, injection with PNP/PRSsi; *: P b .05 and **: P b .01.
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Fig. 2. Examination of the anti-fibrotic effect in skin of mousemodels induced by bleomycin (n=5) (A) ThemRNA levels of collagen Col1a1, Col1a2, Col3a1, and α-SMAwere examined by
Q-PCR. (B) Collagen I proteinwasdetected bywestern blotting. (C) The protein density in skin tissueswas quantifiedby the Image-QuantTL software. (D) Sircol assays to detect the soluble
collagen content in the skin tissues. (E) The mRNA expression level of the anti-fibrotic gene,Mmp3was examined by Q-PCR. (F) Representative histological figures of HE and Trichrome
staining of mouse skin samples in the different groups. Sa: saline group, injected with saline; BLM: BLM group, injection with BLM per day from day 0 to day 21; Nano: Nano group,
injection with BLM and PNP per day; T: treatment group, injection with PNP/PRSsi treatments. *: P b .05 and **: P b .01. Di-arrowhead indicated the thickness of the dermis.
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Fig. 3. Examination of the inflammatory cells and inflammatory cytokines in the BALF of pulmonary fibrosis mouse models (n = 4) (A)White blood cells count and differential count by
Wright-Giemsa's staining in the BALF under the optical microscope. The concentration of IL 6 (B) and MMP3 (C) proteins in the BALF were detected by ELISA. Sa: injected with saline
(negative control); BLM: injection with BLM only on day 0; Nano: injection with BLM and PNP; T: therapeutic treatments; WBC, white cells count; Neu, neutrophil; Lym, lymphocyte;
Mɸ, macrophage. *: P b .05 and **: P b .01. #, P N .05.
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3.3. PNP/PRSsi reduced inflammation in the BALF ofmousemodelswith pul-
monary fibrosis

The total number of inflammatory cells along with the MMP3 level
were significantly reduced in the bronchoalveolar lavage fluid (BALF)
of the mice in the treatment group compared to that in both the BLM
and Nano groups (Fig. 3A, C and Table 1). The IL-6 level was decreased
by about 50% with marginally significantly (p = .084) (Fig. 3B).
Table 1
The percentage of nucleated cells in the BALF.

Cell count(%) Sa BLM Nano T

Neu (%) 23.2 ± 3.66 12.7 ± 7.22 20.0 ± 5.73 23.7 ± 11.88
Lym (%) 42.7 ± 3.66 68.3 ± 5.51 65.6 ± 2.06 41.0 ± 11.07⁎
Mac (%) 31.2 ± 3.36 17.0 ± 5.42 12.3 ± 1.91 34.1 ± 21.81

⁎ : P b .05 between the T VS BLM or Nano group. Sa: injected with saline (negative
control); BLM: injection with BLM only on day 0; Nano: injection with BLM and PNP; T:
therapeutic treatments; Neu: neutrophil; Lym: lymphocyte; Mac: macrophage.
3.4. PNP/PRSsi attenuated inflammation and immune response in lung and
skin fibrosis mouse models

In themicewith pulmonary fibrosis, compared to the BLMandNano
groups, the expression levels of Il-6 and Mmp3 genes were remarkably
reduced in the treatment groups (Fig. 4A, E). On the other hand, the ex-
pression level of Ifn-γ, a cytokine with anti-fibrotic activity [31,32] was
up-regulated in the treatment group (Fig. 4B). In the mice with skin
fibrosis, an increase of mRNA levels of Ifn-γ (Fig. 4C) and Il-10
(Fig. 4D) were observed in the treatment group. It implied that PNP/
PRSsi could attenuate pro-inflammatory cytokines and also mediated
the immunity response via cytokine IL 10 to inhibit fibrosis.



Fig. 4. Examination of the cytokines involved in the inflammation and immune response in dermal and pulmonary mouse models by Q-PCR (A) Il 6 and (E) Mmp3 mRNA levels were
examined in pulmonary fibrosis mouse models. (B, C) Ifn γ mRNA levels were examined in lung and skin fibrosis models, respectively. (D) Il 10 mRNA levels were examined in dermal
fibrosis mouse models. Sa: injected with saline (negative control); BLM: injection with BLM; Nano: injection with BLM and PNP; T: therapeutic treatments. *: P b .05, **: P b .01, ***: P
b .001, #: P N .05.
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3.5. Gene expression profiles validated the anti-fibrosis effect of PNP/PRSsi
in pulmonary model

The heatmap of RNA sequencing based on all of the variable genes
showed that the gene expression patterns were similar between the
saline and PNP/PRSsi treatment groups (Fig. 5A). There were 156
DEGs (differentially expressed genes) between BLM and PNP/PRSsi
treatment groups, and 1397 DEGs between BLM and saline treatment
groups. Among these 1553 DEGs, 103 genes were shared (Fig. 5C).
These shared DEGs were mainly involved in Notch signaling (e.g.



Fig. 5. The gene expression profiles in the control, model and PNP/PRSsi treatment mice in pulmonary fibrosis mouse models. (A) The heatmap of all the differentially expressed genes
(DEGs) among the control, model and treatment groups. Horizontal axis was depicted as a z score of each gene expression level with FPKM (fragments per kilobase of transcript per
million fragments mapped). Vertical axis represents each of the DEGs. C: Saline group that the mouse models were injected with saline and served as the negative control, M: the
mouse model injected with BLM, which served as a model group, T: the mouse model of treatment group, therapeutic injection with PNP/PRSsi. (B) The expression profiles of DEGs in
the extracellular matrix (ECM) pathway among three groups were shown. (C) The Venn diagram showed the unique and shared numbers of the DEGs in different comparisons. 1294
DEGs were unique in the comparison between model group and control group, while 53 DEGs were unique in the comparison between PNP/PRSsi treatment group and model group.
Meanwhile, 103 DEGs were shared between the two comparisons. (D) Top 15 significant pathways in KEGG enrichment analysis based on DEGs of different comparisons. Right part
represents the down-regulated signaling pathways in the treatment group compared with those of in the model group, while the left part represented the up-regulated signaling
pathways in model group compared with those in control group. (E) Top 15 down-regulated pathways in BLM group while partly up-regulated in PNP/PRSsi treatment group.
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Notch3, Bcl9l), nuclear receptor signaling (e.g. Rpl39), inflammation
(e.g. Mmp9, Ccr5, Mgst1), the SUMO modification (e.g. Sumo1, Ildr2),
NOS/hypoxia signaling (e.g. Itga2, Fn1, Ndufa6, Cox6a2), and Toll-like
receptor (TLR) pathways (e.g. Tlr9, Oas3) [3,28,33–36]. Some of the
genes includingNotch3,Mmp9, Ildr2, Sumo1, Rpl39, andNdufa6 also al-
tered in human lung biopsy samples of pulmonaryfibrosiswith the sim-
ilar tendency to that in our mouse models, data from GEO database
(Supplementary Fig. S10–15).

The KEGG enrichment analysis revealed most significantly altered
biopathways in each comparison of different groups. In particular, the
expression pattern of the genes involved in ECM-receptor interaction
pathway was significantly up-regulated in BLM group compared with
the saline group, and was then significantly retrieve to normal status
after PNP/PRSsi treatment (Fig. 5B). The expression profiles of the
genes involved in cell adhesion molecules (CAMs) and inflammation-
related signaling pathways, including chemokine, NF-κB, and JAK-
STAT signalingpathways also showed similar tendency (Supplementary
Fig. S16-S17). By contrast, there were 25 genes involved in oxidative
phosphorylation and xenobiotics, glutathione metabolic pathways,
which were down-regulated in the BLM group, were almost revived to
the normal status after PNP/PRSsi treatments (Supplementary Fig. S18).

Other top up-regulated gene clusters (e.g. cytokine-cytokine recep-
tor interaction, B cell receptor, protein digestion and absorption) and
down-regulated ones (e.g. metabolic pathways, ribosome, cytochrome
p450, and drug metabolism in BLM group tended to be balanced by
PNP/PRSsi treatment (Fig. 5D and E).

Taken together, the RNA-Seq data indicated that systemic changes of
biopathways induced by the BLM were largely recovered by the PNP/
PRSsi treatment.

4. Discussion

Traditional strategy of anti-fibrosis is to target single gene. However,
the target gene is often specific to single biopathway and cell type ex-
pression, which may limit its impact to fibrosis that usually involves
comprehensive bio-networks conducted by different cell types. In this
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study, we explored a multi-gene-target approach against fibrosis in
BLM-induced mouse model. The three targeted genes are distinct in
their primary expressing cells. SPARC is mainly expressed in fibroblast
and endothelial cells in which it participates in both TGF-β dependent
and independentfibrotic pathways [5,6,37], CCR2 inmonocyte and lym-
phocyte involving in inflammatory signaling [17–19], and SMAD3 in
lymphocyte and epithelial cells driving canonical TGF-β pathway
[23,24].These different cell types and pathways are believed to synergis-
tically contribute to systemic fibrotic process, such as in SSc
[3,34,36,38,39]. It is worth noting that like many fibrosis in human dis-
eases, BLM-induced fibrosis in mouse models is TGF-β dependent and
inflammation driven process [29,40,41].

As a result, inhibition of these three target genes attenuated fibrosis
in both lung and skin tissues induced by BLM. Underlying molecular
changes indicated that the activation of fibroblasts was suppressed as
the expression of α-Sma and collagen genes (Fig. 1, Fig. 2, and Supple-
mentary Fig. S19) were generally controlled by the PNP/PRSsi treat-
ment. This improvement appeared in parallel with suppression of
inflammation evidenced by reduced inflammatory cells and pro-
inflammatory cytokines in the BALF and/or the tissues (Fig. 3 and
Fig. 4).While monocytes/macrophage are driven force in inflammation,
the CCR2 gene alongwith other inflammatory genes, such as Chi3l3 and
Il1rap, commonly expressed by monocytes/macrophage [42] were sig-
nificantly restrained after the PNP/PRSsi treatment (Supplementary
Fig. S20A). On the other hand, microvasculature in the BLM-induced
mouse skin appeared to be improved in the PNP/PRSsi-treated mice
as the number of detectable capillaries was significantly increased
compared to that in the untreated ones (Supplementary Fig. S9).
Some endothelial cell expression genes (e.g. Tiel and Erg) [43] and
the gene of Pecam-1 (CD31) that is associated with endothelial-
mesenchymal transition (EndoMT) [44] were under controlled in the
treated mice (Supplementary Fig. S20B). In addition, some epithelial
cell expressing genes (e.g. Clca1 and Serping1) [45] also were recov-
ered from the aberrant expression in the BLM-induced mice (Supple-
mentary Fig. S20C). Despite of these results, it should be
acknowledged that only the single mice model, BLM-induced mice
was utilized in the studies and other complementary animal models
may be needed for drawing a more robust conclusion of the
antifibrotic therapy with the PNP/PRSsi approach.

A global view of gene expression profile with RNA sequencing anal-
ysis indicated that some BLM-induced alterations of major biological
signaling pathways, such as ECM, cytokine-cytokine receptor interac-
tion, focal adhesion, metabolic, B cell receptor signaling, protein diges-
tion and absorption pathways were recovered to varying degrees by
the PNP/PRSsi treatment. This observation suggested that the PRSsi
treatment tended to systemically reconstruct the biopathways dysregu-
lated in the BLM-induced mice.

Among the genes examined, the changes of Mmp3 expression ap-
peared contradictory in skin and lung tissues. It was up-regulated in
the former, but down in the latter after the treatment. In fact, MMP3
functions in both anti-fibrotic and pro-inflammatory roles. As an impor-
tant ECMdegrading enzyme, it renders crucial roles in connective tissue
remodeling [46,47]. On the other hand, it may promote the migration
and infiltration of the inflammatory cells [48]. Therefore, it is likely
that an increased Mmp3 by the treatment may serve as anti-fibrotic
function in skin tissue, while a down-regulation could be an indication
of controlled inflammation in the lung tissues.

In summary, the application of the combined siRNAs of SPARC,
CCR2, and SMAD3 genes ameliorated fibrosis and inflammation in
the BLM-induced mice. It systemically reinstated multiple
biopathways, probably through controlling on different cell types in-
cluding fibroblasts, monocytes/macrophages, endothelial cells and
others. Considering human fibrotic disorders usually arise from com-
plex networks involving these major cell types, the multi-target-
combined therapeutic approach examined herein may represent a
novel and effective therapy for fibrosis.
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