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Fibrotic animal models are critical for the pathogenesis investigations and drug
explorations in systemic sclerosis (SSc). The bleomycin (BLM)-induced mouse model
is the classical and most widely used fibrosis model. However, traditional subcutaneous
injection of BLM rarely induced diffuse skin and lung lesions. Hypochlorous acid (HOCI)-
induced mice are a more representative model that have diffuse cutaneous lesions,
lung fibrosis and renal involvement. However, the fibrotic and immunological features
of this model are not fully elucidated. Here, we injected BALB/c mice subcutaneously
with HOCI used at different concentrations of HOCI (1:55, 1:70, and 1:110 NaClO:
KH2PO4, hereafter named HOCI55, HOCI70, and HOCI110, respectively) for 6 weeks
to induce fibrosis, and also used HOCI110 at different time course (4, 5, and 6
weeks). Morphological changes were observed via HE and Masson'’s trichrome staining.
Immunohistochemistry or real-time PCR was used to detect inflammatory infiltrates,
important fibrosis pathways and pro-inflammatory mediator expression. Flow cytometry
was used to detect the alteration of immune cells in mouse spleen. Skin and lung
fibrosis were most obvious in the HOCI55 group compared to lower concentration
groups. In the HOCI110 group, dominant inflammatory infiltrates were found after
5 weeks, and significant fibrosis was found after 6 weeks. Then we explored the
fibrosis and immunological profiles in the HOCI110 (6 weeks) group. Important fibrosis
pathway proteins such as TGF-p, NF-kB, Smad3, p-Smad3, STAT3, and p-STAT3
were significantly elevated at week 6 in the HOCI110 group. Increased infiltration of
CD4+T cells, CD8+T cells, CD20+B cells, and myofibroblasts was found both in skin
and lung tissues. However, decreased CD4+T cells, CD8+T cells, monocytes and
macrophages and increased CD19+B cells were found in the spleen tissues. The mRNA
expression of fibrosis mediators such as IL-1B, IL-6, IL-17, IL-33, TNF-a, and CTGF was
also upregulated in skin and lung tissues. In conclusion, HOCI induced fibrosis mouse
model displayed systemic immune cell infiltration, pro-inflammatory mediator release,
vasculopathy and fibrosis, which better mimicked human SSc than BLM-induced mice.
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INTRODUCTION

Systemic sclerosis (SSc) is a highly heterogeneous autoimmune
disease. The main clinical manifestations of SSc include skin
and multiple organ fibrosis, Raynaud’s phenomenon (RP), renal
crisis, pulmonary arterial hypertension, gastro-esophageal reflux
and digital ulceration (I, 2). Lung fibrosis and pulmonary
arterial hypertension contribute to the high mortality (3). The
pathogenesis of SSc is very complicated, and both perturbed
innate and adaptive immune responses participate in the
initiation and development of SSc (4, 5). Immune cells (CD4" T
cells, CD8" T cells, and B cells) (6-8), platelets (9), endothelial
cells (10), fibroblasts (11) and a large number of autocrine
and paracrine factors are involved. These cells release several
cytokines, such as interleukin-1 (IL-1) B, IL-6, IL-17, and IL-
33. Tumor necrosis factor (TNF)-o, connective tissue growth
factor (CTGF) and platelet-derived growth factor receptor alpha
(PDGFRA) exert pro-inflammatory and/or pro-fibrotic effects.
Meanwhile, many signaling pathways play important roles in SSc
fibrosis, such as transforming growth factor beta (TGF-f), toll-
like receptor 4 (TLR4) and IL-6/Signal transducers and activators
of transcription (STAT3) signaling. TGF-f signaling is commonly
viewed as playing a critical role in SSc fibrosis (12, 13). Inhibition
of TGF-B signaling protects against bleomycin (BLM)-induced
fibrosis in animal models (14, 15). High levels of TLR4 were
also found in SSc skin and lung biopsies. TLR4 enhances the
sensitivity of fibroblasts to the profibrotic stimulatory effect of
TGE-B and serves as the switch for converting self-limited tissue
repair into intractable fibrosis. Genetic targeting of TLR4 or its
endogenous ligands ameliorates experimental fibrosis in mouse
models of SSc (16). STAT3 is a member of the transcription factor
family that transduces cellular signals from a number of soluble
growth factors and cytokines, such as IL-6 family cytokines,
epidermal growth factor (EGF) and platelet-derived growth
factor (PDGF). STAT3 can integrate multiple profibrotic signals
and is regarded as a key checkpoint in fibroblast activation.

Over the years, many animal models of SSc have been
constructed, including exogenous administration of fibrosis-
inducing agents and genetic manipulation of fibrosis-related
signaling. The former includes BLM, AdTGE-B?23/2% or reactive
oxygen species (ROS)-treated mice. The later includes Tsk-
2, TbRIIDk-fib, Fbn-1 mutations, Flil-KLF5-KO, uPAR-KO,
FRA-2 Tg, and Sirt3-KO (17). Each animal model can
recapitulate one or more aspects of SSc, and the models play
important roles in mechanistic research and preclinical drug
development. However, animal models that fully reproduce the
pathophysiology of SSc are not available currently. Many drugs
have shown excellent anti-fibrosis effects in animal models but
have failed in clinical trials (18).

The Hypochlorous acid (HOCI)-induced mouse model of
SSc was first constructed by Servettaz et al. This is a more
representative model than the BLM-induced model. This
model had diffuse cutaneous lesions, lung fibrosis and renal
involvement, along with the production of serum anti-DNA
topoisomerase 1 autoantibodies. All features seem similar to
diffuse cutaneous SSc in humans (19-21). However, no studies
have fully characterized the fibrosis and immunological features

of HOCI induced mouse model. Here, we first used different
concentrations of HOCI, as well as different time courses to
induce fibrosis in mice, then we compared the morphological
changes in each group. Finally, we studied the alterations
of immune cell infiltration in tissues and the expression of
important fibrosis mediators and related cytokines in a HOCI-
induced fibrosis mouse model.

MATERIALS AND METHODS

Animal Protocol

Six-week-old female BALB/c mice were purchased from Janvier
Laboratory (STA, China). All chemical agents were obtained
from Macklin Agency (Shanghai, China). Animals received
human care in compliance with the guidelines implemented
at our institution. The study was performed according to the
international, national and institutional rules considering animal
experiments, clinical studies and biodiversity rights.

HOCI-Induced Fibrosis Mouse Model

Mice were randomly distributed into experimental and control
groups (n = 15). The HOCIl-induced mice were induced
according to the protocol described by Servettaz et al. (19)
with minor modifications. HOCl was produced by adding
NaClO solution (active chlorine as 6%) to KH,PO,4 solution
(100 mM; pH 6.2) at three different dilutions (1:55, 1:70, and
1:110 NaClO:KH2PO4, hereafter named HOCI55, HOCI70,
and HOCI110, respectively). A total of 200 pl of the diluted
solution of HOCI was prepared temporaneously and injected
intradermally into the shaved backs of the mice, using a 27-gauge
needle, every day for 6 weeks (HOCI-injected mice). Control
mice received injections of 200 pl of sterilized phosphate buffer
saline (PBS-mice).

BLM-Induced Fibrosis Mouse Model

Subcutaneous injection of BLM could induce dermal
fibrosis while rarely causing lung fibrosis. Similarly, tracheal
administration of BLM could induce lung fibrosis without skin
fibrosis. Therefore, we used both models here. Skin fibrosis
was induced by local intracutaneous injections as described
previously (22). The mice were challenged with intracutaneous
injections of BLM (100 pl of a 100 ug/ml solution in PBS)
in defined areas of 1.5 cm? on the upper back every other
day for 6 weeks. The control group received intracutaneous
injections of 100 wl PBS for 6 weeks. Lung fibrosis was induced
by intratracheal instillation of BLM as previously described (23).
Mice were randomly divided into experimental and control
groups (n = 10). When mice were anesthetized, the trachea was
separated, 100 1 BLM (3.5 mg/kg, 100 jul saline in the control
group) was administered, and then the mice were rapidly rotated
for 1 min for BLM distribution in the lungs. After surgery, mice
were observed for 6 weeks.

At the end of the sixth week, skin and lung tissues were
collected from mice under aseptic conditions and processed
for hematoxylin and eosin (HE) staining, Masson’s trichrome
staining, immunohistochemistry and the detection of mRNA
expression of related genes.
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HE and Masson’s Trichrome Staining

The skin or lung tissues were inflated with 10% formalin
solution, embedded in paraffin and sectioned. Skin samples
were collected near the injection site. Tissue sections were
deparaffinated and stained with hematoxylin and eosin for
histological examination. For Masson’s trichrome staining,
sections were treated sequentially with hematoxylin and ferric
oxide, acid fuchsin, phosphomolybdic acid, and acetic acid, and
then the sections were mounted with neutral gum. Photographs
were taken and dermal thickness was measured in the HE
sections (Leica, Germany; DMI4000B). We defined the mean
distance from the epidermal-dermal junction to the dermal-
subcutaneous fat junction and measured 5 different skin sections
in every mouse. Two independent observers performed these
measurements (23).

Hydroxyproline Assay

The frozen tissues of the skins and lungs (n = 5) were analyzed
for hydroxyproline content using a commercially available assay
kit using the manufacturers protocol (MAKO008-1KT, Sigma,
USA). A standard curve was generated for each assay using

a hydroxyproline standard, and the hydroxyproline content in
each sample was calculated using this standard curve. Results
were expressed as micrograms of hydroxyproline per milligrams
of tissue.

Immunohistochemical Analysis

Skin or lung tissue sections were deparaffinized, and antigen
retrieval was performed by incubating the slides with proteinase
K (Dako) for 20min. Slides were then incubated with 3%
H,0, for 10 min, followed by incubation with 5% bovine serum
albumin and 1% rabbit serum to block nonspecific binding.
Slides were immunostained with a mouse monoclonal antibody
(anti-CD4, anti-CD8, anti-CD19, anti-aSMA, or anti-vimentin)
(Sino Biological, China) for 1h. Other mouse monoclonal
antibodies (anti-TGF-B, anti-Smad3, anti-pSmad3, anti-TLR-4,
anti-NF-kB, anti-STAT3, or anti-pSTAT3) (Cell Signaling, USA)
were incubated for 24 h. The antibody dilution concentrations
were 1:100, 1:100, 1:100, 1:50, 1:500, 1:400, and 1:400. After
washing in Tris buffered saline-Tween (TBST), slides were
incubated with alkaline phosphatase-labeled rabbit anti-mouse
secondary antibody (Rockland) for 1h. Staining was visualized
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FIGURE 1 | HOCI-induced dermal inflammation and fibrosis in a dose-dependent manner. Different dilution of HOCI (HOCI 55, HOCI 70, HOCI 110), BLM or PBS was
subcutaneously injected in BALB/c mice daily for 6 weeks. (A) Skin swollenness, thickening, subcutaneous fat loss were found in the skin of HOCI and BLM group by
HE and Masson staining. Lung structure was disordered, in which abundant inflammatory cells infiltrated, collagen bundles deposited in alveolar or blood vessels, and
microvessels reduced in the lung of HOCI group. (B) Significant increase in dermal thickness was observed in HOCI and BLM group compared with those injected
with PBS. (C,D) Skin and lung hydroxyproline content was increased in HOCI and BLM group (P < 0.05).
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with a diaminobenzidine solution kit (Sigma). Irrelevant isotype-
matched antibodies were used as negative controls.

Image-pro Plus was used for immunohistochemical analysis.
The mean IOD (intensity optical density) was used to quantify
the immunohistochemical expression.

RNA Isolation and Quantitative Reverse

Transcription PCR

As previously described (24), total RNA was isolated from
mouse skin or lung tissue using Trizol (Invitrogen Life
Technologies) according to the manufacturer’s instructions.
c¢DNA was prepared using the Reverse Transcription System
(Promega). The expression of related genes was measured using
gene-specific primers (shown in Table S1) with SYBR Green
(SYBR Premix Ex Taq RT-PCR kit, Takara) and the 7500
real-time PCR system analyzer (Applied Biosystems). GAPDH
expression was used as the endogenous control to normalize the

sample data. Relative expression levels were calculated using the
27AAC method.

Analysis of Immune Cell Populations in
the Spleen

Spleen single-cell suspensions were collected from the
mice, filtered with a cell strainer, distributed into 2 sets

and were suspended in 50 WL of cold PBS containing
2% fetal calf serum. The first set of cells was stained
with V450-conjugated anti-CD45 (BD Bioscience), BB515-
conjugated anti-major histocompatibility complex II (MHCII)
(BD  Bioscience), phycoerythrin-conjugated  anti-CD11c
(BD Bioscience) for the detection of activated DCs, anti-
CD11b"/F4/80" for macrophages, and anti-CD11b™/Ly6G™
for neutrophils. The other set of cells was stained with
peridinin chlorophyll protein complex-conjugated anti-CD3
(BD Bioscience), fluorescein isothiocyanate-conjugated anti-
CD4 (eBiosience, San Diego, CA, USA), APC-conjugated
anti-CD8, and phycoerythrin-conjugated anti-Foxp3 for
the detection of T cells. The cells were analyzed by flow
cytometry (LSR II; BD Bioscience). Flow cytometry was
performed using an BD FACSCantolland analyzed by
Flow]Jo software.

Statistical Analysis

GraphPad Prism software was used for all statistical analysis.
Numerical variables with a normal distribution were compared
using unpaired ¢-tests. Data with a non-normal distribution
were compared using the Mann-Whitney U test. All data are
expressed as the mean £ SEM. P < 0.05 was considered
statistically significant.
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FIGURE 2 | HOCl-induced dermal inflammation and fibrosis in a time-dependent manner. Mice were subcutaneously injected HOCI 110 for 4, 5, or 6 weeks.
(A) Significant increase of inflammatory cell infiltration was found at 4 weeks and reached the peak at 5 weeks. Collagen deposition was found at 4 weeks and
became obvious at 6 weeks. (B) An increasing dermal thickness was observed with time increasing. (C,D) The hydroxyproline content was also increased in the skin
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RESULTS

HOCI-Induced Dermal Inflammation and
Fibrosis in a Dose- and Time- Dependent
Manner

We used different concentrations of HOCI to observe its effects
on fibrosis. To compare the differences between HOCl and BLM,
we used subcutaneous injection and intratracheal instillation
of BLM, respectively, to induce mouse skin or lung fibrosis.
Dermal thickness was measured on skin sections in the injection

areas of BALB/c mice. Among the different HOCI concentration
(HOCI55, HOCI70, and HOCI110) groups, all the HOCI groups
showed skin and lung fibrosis compared with the PBS control
group, as well as skin swelling, thickening, and subcutaneous fat
loss. Lung structure was disordered, abundant inflammatory cells
were infiltrated, collagen bundles were deposited in the alveoli
or blood vessels, and microvessels were reduced in all HOCI
groups. Skin and lung fibrosis were most obvious in the HOCI55
group; however, this group also had the highest mortality,
while no mortality or weight loss was found in the HOCI110
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FIGURE 3 | The expression of important fibrosis pathways mediators in the skin and lung tissues of HOCI induced mice. (A) TGF-8, NF-kB, Smad3, phospho-Smad3,
STAT3, and phospho-STAT3 were strongly increased in the skin of HOCI and BLM groups, as well as the lung tissues of HOCI group. (B,C)The statistical analysis of
the protein expression of important fibrosis mediators in skin and lung tissues (P < 0.05, MOD: mean optical intensity).
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group. Therefore, we selected the HOCI110 group for further
analysis (Figures 1A,B). Among the different time courses of
the HOCI110 groups (4, 5, and 6 weeks), a significant increase
in dermal thickness was observed, up to ~50% thicker in the
6 weeks group compared with PBS group. Collagen deposition
emerged from 4 weeks and gradually increased through 6 weeks.
Abundant inflammatory cell infiltration was found at 4 weeks
and reached the peak at 5 weeks (Figures2A,B). Likewise,
skin and lung hydroxyproline content, a marker of collagen
deposition, was significantly increased in the model group
compared to the control group (Figures 1C, 2C). Compared
with the HOCI group, fibrosis in the skin and lung tissues

of the BLM group was limited and variable. HOCI induced
diffuse inflammation, fibrosis, and vasculopathy in the skin and
lung of mice.

Important Fibrosis Pathways in

HOCI-Induced Mice

To compare the differences between the BLM and HOCI-
induced mouse model, BLM was intradermally injected in the
following studies. TGF-p/Smad, TLR4, and IL-6/STAT?3 signaling
are critical pathways in SSc fibrosis. Therefore, we examined
the expression of important proteins of these pathways.

HCIO110
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FIGURE 4 | Inflammatory infiltrates in the skin and lung tissues of HOCI-induced mice. T cell (CD4+/CD8+), B cell (CD19+) and myofibroblast (SMA+/Vimentin+)
were detected by immunohistochemical analysis. (A) The expression intensity and range of CD4 and CD8 was increased in the skin of the HOCI group and BLM
group. High levels of SMA and Vim were also found in the two groups. (B,C) The MOD in HOCI and BLM group was significantly higher than PBS group. (*P < 0.05,
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Significantly increased expression of TGF-$, Smad3, TLR4, NF-
kB, and STAT3 were found in the fibrotic skin tissues of
the BLM and HOCI-induced model (Figures 3A,B). However,
in the lung tissues, high levels of these important mediators
were increased in the HOCI group, but no significant
alterations were found in the intradermal injection BLM
group (Figures 3A,B).

Inflammatory Infiltrates in the Skin and
Lung Fibrosis

Previous studies revealed that T cells, B cells and fibroblasts
played major roles in SSc immunological disruption. Here,
we detected the types of infiltrated cells in the skin and
lung tissues by immunohistochemistry. In the skin tissues,
a striking increase of CD4" T cells, CD8T T cells, and
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FIGURE 5 | The alteration of immune cell in the spleen and pro-inflammatory mediators in the skin and lung tissues of HOCI-induced mice. (A) The percentage of
CD4+ T cells, CD8+ T cells, CD19+ B cells, macrophages, monocytes and neutrophils in the spleen of HOCI-induced mice. (B) The levels of IL-18, IL-6, IL-17, IL-33,
TNF-a, CTGF, and COL1A2 mRNA in the skin and (C) lung tissues. All experiments were repeated at least three times. Data are presented as 2 (=AACT) yglative to the
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CD19" B cells was found in BLM and HOCI-induced mice,
predominantly in the deep dermal layer. The expression of
a-SMA and vimentin was also increased in both models,
which are the markers of myofibroblasts, which indicated an
increased number of myofibroblasts (Figure4). In the lung
tissues, abundant inflammatory infiltrates (CD4™ T cells, CD8"
T cells, and CD19T B cells) and extensive consolidation of the
lung parenchyma with alveolar architecture loss were found in
HOCI-induced mice. However, no obvious changes were found
in the intradermal injection BLM group (Figure 4). These results
suggested that immune cells might interact with myofibroblasts
and participate in the fibrosis process of the HOCIl-induced
mouse model.

We also detected the proportion of immune cells in the spleen
of mice. The splenic CD4+ T cells, CD8+ T cells, macrophages,
monocytes, and neutrophils subpopulations were decreased in
the HOCI induced fibrosis mouse, whereas the percentage of
CD19" B cells was increased (Figure 5A).

The Expression of Pro-inflammatory
Mediators in HOCI-Induced Mice

Many pro-inflammatory mediators contribute to inflammation
and fibrosis in SSc. To explore local inflammation in skin and
lung tissues of HOCl-induced mice, we examined the transcript
levels of pro-inflammatory mediators such as IL-1f, IL-6, IL-
17, IL-33, TNF-a, and CTGF. Among these cytokines, IL-
1B, IL-6, IL-17, IL-33, and TNF-a were increased in HOCI-
induced mice. Some of them were also increased in the BLM
group (Figures 5B,C).

DISCUSSION

Animal models are critical for disease pathogenesis research
and drug exploration. Currently, fibrosis animal models
could not fully reflect disease progression of SSc patients.
BLM-induced mice is the most widely used fibrosis model
in SSc. However, many limitations were found in this
model. First, subcutaneous injection of BLM causes dermal
fibrosis but rarely causes lung changes in mice. Second,
intratracheal instillation of BLM results in high mortality, and
the lung lesions are heterogeneous and variable. Third, no
autoantibodies were found in BLM-induced mice. In agreement
with previous reports, in HOCI-induced mice, we confirmed
this finding based on our observation of the pathological
changes in the skin and lung tissues (19, 21, 25). Further,
we analyzed the influence of the concentrations of HOCI
and time course on inflammatory infiltrates and fibrosis in
mice. Compared with the skin and lung changes induced by
intradermal injections or intratracheal administration of BLM,
HOCI-induced mice displayed diffuse skin and lung fibrosis,
vasculopathy and inflammatory infiltrates, which may better
mimic SSc pathogenesis. Therefore, this model could be helpful
to understand the underlying mechanisms of SSc and search for
new therapeutic targets.

The pathogenesis in HOCI-induced mice is based on
the oxidative stress theory. In 1993, oxidative stress was

proposed as the etiology of SSc (26). Many subsequent
studies confirmed this hypothesis. High levels of oxidative
stress markers and decreased antioxidant components were
found in SSc (27). Some of them were correlated with
disease duration, modified Rodnan skin score (mRSS),
cardiovascular events, renal vascular damage, the severity
of pulmonary fibrosis and immunological abnormalities
(28-35). The important role of oxidative stress was also
confirmed in other experimental SSc mouse models. The
expression levels of protective antioxidants were reduced in
the skin of the tight-skin (TSK-1/4) mouse fibrosis model
(36). Overexpressed hydroxyl radicals and superoxide were
found in BLM-induced mice (37). In the HOCI-induced
model, subcutaneous injection of HOCI could directly induce
significant inflammation, vasculopathy and fibrosis, which
provides strong evidence for the critical role of oxidative stress
in fibroblast activation. Therefore, further studies to investigate
restoring redox homeostasis could pave the way for novel
antifibrotic therapies.

In this study, we found infiltrated CD4+T cells, CD8+T
cells and CD19+B cells were increased in the skin and lung
tissues of the HOCl-induced mouse model. The splenic CD19™
B cells were increased; however, the splenic CD4+ T cells, CD8+
T cells, and macrophages, monocytes and neutrophils count
were decreased. In early skin lesions, inflammatory infiltrates
with lymphocytes and macrophages in perivascularly and the
lower dermis and subcutis is one of the main abnormalities
of SSc. Meanwhile, inflammatory infiltrates of lymphocytes,
eosinophils, and macrophages in the alveolar walls is also
found in early SSc (38, 39). Overexpressed autoantibodies and
B cell-derived proinflammatory/profibrotic cytokines suggested
that B cells were hyperactivated and played important roles
in the pathogenesis of fibrosis (6, 40). Increased T cell-
derived cytokines in the serum and T cell activation markers
in dermal tissues also indicated T cells are activated in SSc
(8, 41). In the HOCI-induced fibrosis mouse model, a similar
immune cell population was found in the skin and lung tissues.
However, we have not detected the subpopulations of CD4+T
cells, CD8+ T cells and CD19" B cell, which could provide
more information on the reason of their decreased levels in
the spleen.

Overall, HOCl-induced mice displayed significant tissue
inflammatory infiltrates, loss of microvessels, fibrosis,
high levels of pro-inflammatory mediators and important
fibrosis pathways, which closely resembled the
three typical characteristics in human SSc. Here, for the
first time, we evaluate the relationships between immune,
inflammatory and fibrosis in this model. Based on the
important role of oxidative stress in the pathogenesis

active

of SSc, this model is better than the BLM-induced
mouse model.
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