
A modified murine model of systemic sclerosis:
bleomycin given by pump infusion induced skin and
pulmonary inflammation and fibrosis
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Daily subcutaneous (sc) injection of bleomycin (BLM) causes dermal fibrosis but rarely causes lung changes in mice. There
are also significant disadvantages to this traditional model for systemic sclerosis, including a variable distribution of
lesions and a requirement for repetitive procedures. The present study was undertaken to develop a convenient method
of BLM administration that yields stable dermal inflammation and fibrosis with extensive and reproducible interstitial lung
disease (ILD) in mice. Osmotic minipumps containing BLM (150mg/kg) or saline were implanted sc in C57BL/6 mice and
the drug was delivered as a continuous infusion over 1B4 weeks. The time course of morphological features, collagen
content, and pro-inflammatory cytokine expression in the skin and the lungs were analyzed. Pathological examination
demonstrated dominant inflammatory infiltrates at week 1 and significant fibrosis at week 4. Decreased microvessel
density and increased myofibroblast counts were observed in the skin of BLM-treated mice at week 4. In addition, there
were obvious increases in dermal infiltration of CD45þ leukocytes, including F4/80þ macrophages, Gr-1þ neutrophils,
and CD3þ T lymphocytes in BLM-treated mice. IL-1b, IL-4, and CXCL2 transcripts were continually upregulated by BLM
in the skin and lung tissues. In addition, lungs from BLM-treated mice showed significant inflammatory infiltrates
and confluent subpleural fibrosis at week 4. In conclusion, this modified murine model for drug-induced systemic
inflammation and fibrosis uses a single procedure and provides reproducible skin and lung lesions, mimicking human
systemic sclerosis (SSc) with ILD-like manifestation.
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Systemic sclerosis (SSc) is a multisystem autoimmune disease
characterized by three features: inflammation and auto-
immunity, vasculopathy, and fibrosis of skin and internal
organs. Interstitial lung disease (ILD) is one of the significant
complications of SSc with high mobility and mortality.
Despite growing effort in the field of SSc, the pathogenesis
of SSc is far from clear.

Both innate and adaptive immunities are documented to
contribute to the initiation and the development of SSc.
Examination of the skin lesions in SSc patients showed that
immunological alterations such as T-cell activation, altered
CD4/CD8 ratio, and the recruitment of macrophages.1 The
immune cells contribute to the release of several cytokines

such as interleukin-1 (IL-1)b, IL-4, IL-6, IL-13, and TGF-b,
which exert their pro-inflammatory and pro-fibrotic effects
on the endothelium and fibroblasts. The role of Th17 cell
in the pathogenesis of SSc is debatable.2–6 Interestingly,
integrin-modulating therapy was shown to prevent not only
fibrosis but also autoimmunity in stiff skin syndrome (SSS)
mouse models, indicating that alterations in cell–matrix
interactions could initiate and sustain inflammatory and pro-
fibrotic programming.7 More importantly, patients with
inflammatory skin transcript signature are more likely to
respond to immunosuppressive therapy and demonstrated
clinical improvement.8 However, no effective treatment has
yet been approved to cure SSc. The study of SSc is hindered
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by a lack of animal models that recapitulate the etiology of
this complex disease.

Therefore, an animal model is in urgent need to facilitate
the understanding of the pathogenic mechanism in order to
develop novel therapeutic targets. The bleomycin (BLM)-
induced SSc mouse model is the most widely used, which
encompasses all three features of the human disease.9

Traditionally, daily subcutaneous (sc) injection of BLM for
4B6 weeks is used to induce local skin inflammation and
fibrosis. However, this traditional model is associated with
significant disadvantages including a variable distribution of
lesions, rare involvement of the lung, and a requirement for
repetitive procedures. While bolus injection leads to the
fluctuation of plasma drug level, which depends on the half-
life of the agent relative to the length of intervals between
injections and may explain the intermittent efficacy, high
peak in concentration may trigger unwanted side effects, such
as weight loss and high mortality. We propose that controlled
continuous drug exposure can obviate these problems.

Our study aimed to develop a stable and convenient SSc
murine model that more closely mimics human SSc. We
therefore implanted osmotic minipumps containing BLM sc
in C57BL/6 mice and developed a SSc murine model invol-
ving both the skin and the lung. We herein describe the time
course of morphological changes in the skin and the lung
following the treatment with osmotic minipumps with BLM
in detail. Furthermore, we present a detailed analysis of local
inflammatory infiltrates and pro-inflammatory cytokine
expression.

MATERIALS AND METHODS
Animal Study
Wild-type (WT) C57BL/6 mice aged 6B8 weeks were pur-
chased from the Chinese Academy of Science (Shanghai,
China) and kept in a pathogen-free environment. Experi-
mental procedures were in accordance with the Animal Care
and Use committee at Fudan University, Shanghai, China.
Osmotic minipump (Alzet 2004, DURECT, Cupertino, CA,
USA) contains either BLM (Nippon Kayaku, Tokyo, Japan) at
the concentration of 150 mg/mg dissolved in 247 ml saline or
the saline vehicle of the same volume, and delivers the con-
tent at 0.25±0.05 ml/h for 1B4 weeks. On day 0, mice were
anesthetized with 0.75% pentobarbital sodium, and the
osmotic minipumps with either BLM or saline were
implanted sc at the right back after shaved. Mice were killed,
and then systemically perfused via the left ventricle with PBS
at weeks 1, 2, 3, or 4, respectively. The serum, skin, and lung
tissues were collected for further analysis. Daily injection of
BLM sc to the WT C57BL/6 mice aged 6B8 weeks for
4 weeks to induce the traditional SSc mouse model as control
was performed as previous described.9

Histopathology
The skin at the lesion sites and two upper lobes of the right
lung tissue were harvested from the killed mice. Specimens

were fixed in 10% neutral buffered formalin solution and
embedded in paraffin. Multiple 4-mm sections were stained
with hematoxylin and eosin (H&E) for histopathological
analysis or with Masson’s trichrome for the evaluation of
collagen content and distribution.

Dermal thickness was measured after taking photographs
under a light microscope (Leica, Germany; DMI4000B) for
the H&E sections. The dermal thickness was defined as the
mean distance between the epidermal–dermal junction and
the dermal–subcutaneous fat junction measured at 5 different
skin sections of each mouse with Image J.10 This analysis was
performed by two independent observers.

The Ashcroft scale for the evaluation of lung fibrosis is the
analysis of stained histological samples by visual assess-
ment.11 The grading criteria were as follows: (A) Grade 0,
normal lung. (B) Grade 1, isolated alveolar septa with gentle
fibrotic changes. (C) Grade 2, fibrotic changes of alveolar
septa with knot-like formation. (D) Grade 3, contiguous
fibrotic walls of alveolar septa. (E) Grade 4, single fibrotic
masses. (F) Grade 5, confluent fibrotic masses. (G) Grade 6,
large contiguous fibrotic masses. (H) Grade 7, air bubbles. (I)
Grade 8, fibrous obliteration. This analysis was also
performed by two independent observers.

For immunohistochemical analysis, the sections were
treated with 3% hydrogen peroxide for 10min at room
temperature to block endogenous peroxidase. Subsequently,
the sections were incubated with the antibody against CD45,
F4/80, Gr-1, CD3, a-SMA, or CD31 overnight at 37 1C, and
then incubated at room temperature for 1 h with horseradish
peroxidase-conjugated goat anti-rat/rabbit IgG (Dako, Glostrup,
Denmark) secondary antibody. Sections were washed three
times with PBST buffer between each incubation. After
development with 3,30-diaminobenzidine tetrahydrochloride
and hydrogen peroxide, the sections were counterstained
with hematoxylin. These primary monoclonal antibodies
(mAbs) mentioned above were all obtained from Abcam
(Cambridge, MA, USA).

Sircol Collagen Assay
The skin tissues and the left lopes of lung tissues were
homogenized in 1ml pepsin (0.1mg/ml in 0.5M acetic acid)
and digested by shaking at room temperature overnight.
After that, the supernatant was collected by centrifuging
at 12 000 r.p.m. for 20min at room temperature. The
total collagen content of the skin and the lung was measured
by the Sircol collagen dye-binding assay, according to the
manufacturer’s instructions (Biocolor Ltd., Carrickfergus,
UK).

Quantitative RT-PCR
Total RNA was extracted from the skin and lung tissue
samples in 1ml TRIZOL regent (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instructions. RNA was
reverse-transcribed using the PrimeScript RT reagent kit
(TaKaRa Bio, Otsu shiga, Japan). Real-time RT-PCR was

A modified murine model of systemic sclerosis

M Liang et al

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 95 March 2015 343

http://www.laboratoryinvestigation.org


performed on an ABI 7500 Fast Real-Time PCR System (ABI,
Foster City, CA, USA) using SYBR Green PCR Master mix
(TaKaRa). All data were normalized to the expression of
housekeeping gene b-actin.

ELISA
The concentration of TGF-b1 in the serum was determined
by ELISA following the manufacturer’s guidelines
(eBioscience, SanDiego, CA, USA).

Statistical Analysis
Statistical significance was analyzed using the Student’s
t-test. A P-value less than 0.05 was considered statistically
significant.

RESULTS
Delivery of BLM by Skin-Embedded Osmotic Minipump
Induces Dermal Inflammation and Fibrosis
To evaluate the potentiality of BLM delivered by osmotic
minipump to induce SSc-like manifestations in the mouse,
C57BL/6 mice were sc implanted an osmotic minipump
with BLM (150mg/kg total dose dissolved in 247 ml saline,
0.25±0.05 ml/h), to the shaved skin on the right back. Saline
in the same volume delivered by the osmotic minipump was
used for the control group. No mortality and weight loss was
noted in both experimental and control groups (data not
shown). As shown in the protocol, mice were killed at dif-
ferent time points, the skin and the lung samples were then
collected for further examination (Figure 1). Routine H&E,
Masson’s trichrome staining, and immunohistochemical
analysis were performed for the skin lesion to explore the
dynamic changes in skin morphology following the im-
plantation of osmotic minipumps with BLM.

Pathological examination revealed significant swollenness,
thickening, and inflammatory infiltrates in the skin 1 week
after implantation of minipumps with BLM (Figure 2a).

Abundant infiltrating inflammatory cells were observed in
the skin lesions, especially in the dermal and subcutaneous
layer, whereas no inflammatory infiltrate was observed in the
skin of the control group. There were gradual decreases in
skin swollenness and inflammatory infiltrates since week 2; in
contrast, skin fibrosis was observed in week 3 and became
severer at week 4, which was histologically characterized by
thinner epidermis, deposition of abundant homogenous
collagen bundles, and accumulation of fibroblasts in the
dermis. Moreover, we observed that the adipose and gland-
ular tissues were reduced and replaced by collagen bundles
(Figure 2a). This phenomenon closely mimicked the typical
progression phases in the skin of SSc including (1) edema-
tous phase and (2) fibrosis phase. During the whole observa-
tion time, there was no inflammation or fibrosis observed in
the skin of the control group, suggesting that the embedded
pump itself was not able to cause the features of SSc skin
lesion. Accordingly, the skin lesion from BLM-treated mice
exhibited significantly increased skin thickness as compared
with those from control mice (852.5±85.7 vs 270.3±7.7 mm
at 1 week, Po0.05; 852.3±36.1 vs 278.8±26.3 mm at 2 week,
Po0.05; 864.2±30.1 vs 307.4±38.5 mm at 3 week, Po0.05;
884.3±17.3 vs 273.8±21.7 mm at 4 week, Po0.05;
Figure 2b). The significant increase in the content of collagen
in the skin lesions from BLM-treated mice was only detected
in week 4 (Figure 2c).

As reduced dermal microvessels is a hallmark of the vas-
culopathy in human SSc, we stained the skin sections with a
pan-endothelial marker CD31 to analyze the density of mi-
crovessels. A significant decrease in the number of CD31-
positive dermal capillaries was found in mice receiving
the treatment of osmotic minipump with BLM at week 4
(Po0.05; Figure 3a and b). In addition, the treatment of
BLM for 4 weeks caused a significant increase in the number
of a-SMA-positive dermal myofibroblasts as shown in
Figure 3a and c (Po0.05). These data collectively showed
that BLM delivered by osmotic minipumps could induce
three typical SSc dermal manifestations in mice: inflamma-
tion, fibrosis, and vasculopathy.

Delivery of BLM by Skin-Embedded Osmotic Minipumps
Leads to Inflammatory Infiltrates in the Skin
To further characterize the inflammatory infiltrates in the
skin, we performed immunohistochemical analysis of the
skin biopsies. Abundant CD45þ leucocytes were shown to
accumulate in the skin lesions of experimental group at week
1, especially in the dermal and sc layer, and partial resolution
of CD45þ infiltration was noted at week 4, which was
consistent with the H&E staining for the skin sections
(Figure 4a). Further identification of the types of infiltrating
cells using a panel of mAbs showed a strikingly increased cells
expressing macrophage marker F4/80 in the skin lesions of
BLM-treated group, predominantly in the deep dermal layer,
which peaked at week 1. Very few F4/80þ macrophages were
observed in the skin of the control group (Figure 4b). The

Figure 1 Protocol for establishing systemic sclerosis (SSc) murine model.

Bleomycin (BLM) was administered as a continuous subcutaneous (sc)

infusion from an osmotic minipump (150mg/kg, dissolved in 247 ml
saline). Implantation of osmotic minipumps filled with BLM or saline were

conducted and the mice were killed for further analysis at weeks 1, 2, 3,

and 4, respectively.
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presence of neutrophil marker Gr-1 was observed in the
dermis of experimental group; however, no Gr-1-positive
cells were observed in the skin of control group (Figure 4c).
Positive CD3 staining was observed in the both epidermis
and dermis of the experimental group; however, fewer

numbers of immunoreactive cells for CD3 were seen in the
control group (Figure 4d). These data indicated the possible
involvement of leukocytes including F4/80þ macrophage,
Gr-1þ neutrophil, and CD3þ T cell in the BLM-induced SSc
murine model.

Figure 2 Time course of changes in skin morphology and collagen content following the implantation of osmotic minipumps with bleomycin (BLM)

subcutaneous (sc) in C57BL/6 mice. (a) C57BL/6 mice receiving either BLM or saline by osmotic minipumps, and killed at weeks 1, 2, 3, and 4. Skin

tissues at the lesion sites were collected for hematoxylin and eosin (H&E) and Masson’s trichrome staining (� 100 and � 400). (b) Dermal thickness was

measured with Image J by two independent individuals. Dermal thickness was shown to be significantly increased since week 1 and peaked at week 4,

whereas mice treated with saline (continuous infusion) did not show an increase in dermal thickness. (c) Skin collagen content was measured with

Sircol collagen assay. Mice receiving continuous BLM infusion by minipumps exhibited increased collagen content in the skin compared with saline-

treated control at week 4. Values are the means of 4B8 mice±s.e. from three independent experiments. *Po0.05.

Figure 3 Decreased microvessel density and increased myofibroblast counts in the skin of mice following the implantation of minipumps with

bleomycin (BLM). (a) Representative microphotographs of skin sections from the mice following the implantation of minipumps with BLM (n¼ 4B8) or

saline (n¼ 4B8) immunostained for the pan-endothelial cell marker CD31 or a-smooth muscle actin (a-SMA) are shown. CD31-positive microvessels are

indicated by arrows. Myofibroblasts were identified as a-SMA-positive spindle-shaped cells. Original magnification � 200. (b) Data are mean±s.d. of

CD31-positive microvessel counts per high-power field. *Po0.05. (c) Quantification of myofibroblasts in the dermis of mice treated with saline or BLM.

Data are mean±s.d. of a-SMA-positive myofibroblast counts per high-power field. *Po0.05. These data were repeated in three independent

experiments.
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Delivery of BLM by Skin-Embedded Osmotic Minipumps
Upregulates the Pro-inflammatory Cytokines in the Skin
Emerging evidence suggests that a panel of cytokines origi-
nated from leukocytes and tissue cells contribute to the
inflammation and subsequent fibrosis in SSc. To determine
whether implantation of osmotic minipumps with BLM
could lead to the local inflammation in the skin, we examined
the levels of pro-inflammatory cytokines in the skin lesions.
According to the morphological changes in the skin, we
observed above significant inflammation and fibrosis at
weeks 1 and 4, respectively; therefore, we collected the
skin biopsies for further cytokine transcript analysis at weeks
1 and 4.

As shown in Figure 5a, the expression levels of IL-1b, IL-4,
IL-6, and CXCL2 mRNA were significantly increased in the
skin from BLM-treated mice compared with those from
control mice at week 1. In contrast, there was no significant
increase in the gene expressions of IL-13, IL-17A, IL-22, or
CCL17 (Figure 5a). The transcript levels of IL-1b, IL-4, IL-13,
IL-22, CXCL2, and CCL17, but not of IL-6 or IL-17A, were
increased in the affected sites of the skin 4 weeks after im-
plantation of minipumps with BLM (Figure 5b). It is well
documented that IL-4 is a critical polarizing cytokine for Th2
cell differentiation, and Th2 cell exerts its effect on fibrosis
mainly by IL-13.12 There were no changes in the mRNA level
of IFN-g at weeks 1 and 4 (data not shown). The transcript

level of IL-17A in the skin of experimental group was
relatively higher than that in control group at week 4, but not
reaching statistical significance. Our data therefore supported
a predominant Th2 response in this SSc model. In addition,
the expressions of chemokines CXCL2 and CCL17 were
shown to be induced in the skin lesion following implan-
tation of minipumps with BLM (Figure 5b), which strongly
supported the cellular infiltration of neutrophils and T cells
in the skin lesion according to their preferential chemotactic
ability.13–16

Delivery of BLM by Skin-Embedded Osmotic Minipumps
Induces Interstitial Lung Disease-Like Manifestation
SSc is a systemic autoimmune disease with multiple organs
involved, and ILD is one of the most significant complica-
tions in SSc. TGF-b1 is widely considered to have a central
role in fibrosis. As shown in Figure 6a, implantation of
minipumps with BLM led to high level of TGF-b1 in serum
at week 4 (Po0.05), suggestive of a systemic response elicited
by BLM through skin-embedded osmotic minipumps.

To evaluate the dynamic changes in morphology in the
lungs of C57BL/6 mice receiving BLM delivered by osmotic
minipumps, right lungs were removed for pathological ana-
lysis at indicated time. Compared with the control group, the
inflammatory infiltrates and epithelial atypia were shown to
be pronounced in mice administrated with BLM around

Figure 4 Cellular infiltrates in the skin lesions following the implantation of osmotic minipumps with BLM sc in C57BL/6 mice. Bleomycin (BLM) or

saline was administered as a continuous subcutaneous (sc) infusion from an osmotic minipump, and then the mice were killed at the indicated time

points and the skin tissues were collected for immunohistochemical analysis. Positive cells staining with leukocyte marker CD45 (a), macrophage

marker F4/80 (b), neutrophil marker Gr-1 (c), and T lymphocyte marker CD3 (d) were seen in the skin lesions after BLM treatment, whereas fewer

positive cells could be detected in the skin of saline control.

A modified murine model of systemic sclerosis

M Liang et al

346 Laboratory Investigation | Volume 95 March 2015 | www.laboratoryinvestigation.org

http://www.laboratoryinvestigation.org


week 3. And at week 4, there was significant inflammatory
infiltrate and extensive consolidation of lung parenchyma
with the loss of alveolar architecture and increased cellularity,
and these lesions mainly appeared subpleurally (Figure 6b).
In order to compare with the traditional SSc model, C57BL/6
mouse was injected with BLM sc daily for consecutive 4
weeks as control at the same time.9 In contrast with BLM-
pump-induced SSc mouse, little inflammation or fibrosis was
observed in the lung tissues of SSc mouse treated with daily
sc injection of BLM (Figure 6b). The increased CD45-positive
leukocytes and the loss of integrity of CD31-positive pul-
monary capillaries were also found in the lungs of the mouse
receiving the treatment of osmotic minipump with BLM at
week 4 (Figure 6c), which supported the involvement of
pro-inflammatory infiltration and vasculopathy in the pro-
gression of the lung disease induced by systemic BLM. To
compare the extent of fibrosis at subpleural sites, H&E-
stained sections were further analyzed for fibrosis scoring by
Ashcroft’s method.11 Implantation of minipumps with BLM
led to a time-dependent increase in Ashcroft’s fibrosis score,
and became much severer at week 4 (Po0.05) compared
with that of saline control (Figure 6d). In addition, the
Ashcroft score of the lung tissues in SSc mouse induced by
daily injection of BLM was comparable with that in saline
control mouse (Figure 6d). These data indicated that the

mice treated with BLM through an osmotic minipump could
resemble human SSc with ILD-like manifestation.

To further evaluate whether osmotic minipump implan-
tation with BLM can prime mice to develop pulmonary
inflammation, we examined the transcript levels of pro-
inflammatory cytokines in the lung tissues. Figure 6e showed
that the transcript levels of CXCL2, CCL17, IL-1b, and IL-4
were significantly increased in the lungs of the mice treated
with BLM through osmotic minipump at week 4, although
there were no significant changes in the expressions of
CXCL2, CCL17, IL-1b, IL-6, IL-4, IL-13, IL-17A, or IL-22 at
week 3 when compared with those of saline control (data not
shown), indicating that significant pulmonary inflammation
occurred later around week 4 following the implantation of
osmotic minipumps with BLM.

DISCUSSION
This study demonstrates a modified SSc murine model that
employs the implantation of osmotic minipumps with BLM
in the skin of C57BL/6 mice, which elicits tissue inflam-
mation and fibrosis in both local skin and the distant lung
tissue, pathologically mimicking the human SSc with ILD-
like manifestation.

Traditionally, daily injection of BLM sc for 4B6 weeks is
widely used to establish a SSc model; however, this model is

Figure 5 The expressions of pro-inflammatory cytokines in the skin lesion following the implantation of osmotic minipumps with bleomycin (BLM)

subcutaneous (sc) in C57BL/6 mice. Quantitative RT-PCR analysis of CXCL2, CCL17, IL-1b, IL-6, IL-4, IL-13, IL-17, and IL-22 levels in the skin biopsies from

C57BL/6 mice treated with BLM or saline through osmotic minipumps at week 1 (a) and week 4 (b). Pooled results of experiments using BLM-treated

mice and saline controls (n¼ 4B8) from three independent experiments in triplicate. Bars represent mean±s.e. NS, not significant; *Po0.05.
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associated with significant disadvantages including limited
lung involved, variable skin lesion, and a requirement for
repetitive procedures. Although intravenous or intraperi-
toneal injection of BLM leads to SSc-like changes especially
lung fibrosis in mice, it causes high mortality. Therefore, a
modified protocol to establish a SSc mouse model is in
urgent need. Herein, the strength of the modified protocol in
the present study is underlined that single procedure that
implantation of an osmotic minipump with BLM could

produce reproducible SSc-ILD-like manifestation in mice
and, moreover, there was no weight loss or mortality in this
modified murine model. Therefore, this newly addressed
protocol is an obvious improvement.

Overall, this murine model demonstrated the significant
tissue inflammation and persistent infiltration of immune
cells, loss of microvessels and ultimate fibrosis, which closely
resembled the three typical characteristics in human SSc.
Histological examination of the skin of patients with SSc

Figure 6 The changes in serum TGF-b1, lung morphology, and pro-inflammatory cytokine expressions in the lung tissues following the implantation of

osmotic minipumps with bleomycin (BLM) subcutaneous (sc) in C57BL/6 mice. (a) ELISA assay showed elevated TGF-b in the serum from the mice

treated with BLM via osmotic minipump at week 4. Data represent the mean±s.e. (n¼ 4B8). *Po0.05. (b) C57BL/6 mice receiving either saline or BLM

by osmotic minipumps, and the traditional systemic sclerosis (SSc) model was established by daily injection of BLM sc as indicated as ‘daily inject

control’. The lung tissues were collected for hematoxylin and eosin (H&E) (the upper two lines) and Masson’s trichrome staining (the lower two lines;

� 100 and � 400). (c) Immunohistochemical analysis was performed on the C57BL/6 mice receiving the treatment of BLM or saline via osmotic

minipump for 4 weeks. Positive cells staining with leukocyte marker CD45 and endothelial marker CD31 were as indicated (� 200). (d) The Ashcroft

score was used for evaluating lung fibrosis on stained histological samples by visual assessment. (e) Quantitative RT-PCR analysis of CXCL2, CCL17,

IL-1b, IL-6, IL-4, IL-13, IL-17A, and IL-22 levels in the lung tissues from C57BL/6 mice treated with BLM or saline via osmotic minipump at week 4. Data

were pooled from three independent experiments (n¼ 4B8). Data represent mean±s.e. NS, not significant; *Po0.05.
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during the early edematous inflammatory phase of the dis-
ease demonstrates the presence of mononuclear cell infiltrates
containing T cells preceding the development of fibrosis and
overt vasculopathy.17,18 Abundant leukocytes including T
cells, macrophages, and neutrophils were observed in the
dermal and sc layers of the mouse receiving the BLM
treatment via minipump at week 1, and the inflammatory
infiltrates decreased over time; however, significant fibrosis
was seen at week 4. Thus, the time course of morphological
analysis demonstrated that this modified SSc murine model
resembles the typical phases in the progression of SSc in
human including both the edematous phase and the fibrotic
phase. Moreover, the inflammatory infiltrates were present
particularly in the dermis of skin and in the subpleural areas
of lung, which was closely correlated with the subsequent
fibrotic areas. In addition, the pattern of impaired expres-
sions of pro-inflammatory cytokines and the accumulation of
immune cells in the skins and the lungs further mimicked the
changes in SSc patients, which collectively indicated the
involvement of inflammation in this mouse model. Thus, the
fibrosis in this BLM-pump-induced SSc mouse was likely
driven by inflammation.

In agreement with previous reports that a murine model of
lung fibrosis induced by implanting an osmotic minipump
containing BLM,19,20 we confirmed this finding based on
our observation of the pathological changes in the lung.
Compared with the lung changes induced by intratracheal
administration or multiple sc injections of BLM, BLM given
by osmotic minipump led to a greater increase in lung
hydroxyproline and much extensive pleural surface involve-
ment.19,20 As the skin and lung exhibit the low activity of
BLM hydrolase, a cytosolic aminopeptidase,21 they are more
sensitive to BLM than other organs. Therefore, systemic BLM
given via osmotic minipump leads to skin and lung infiltra-
tion of activated inflammatory cells that secrete cytokines
and chemokines, leading to impaired healing process, thereby
promoting fibrosis ultimately.22 A very recent study also
mentioned the thickening of skin following the implantation
of osmotic minipumps with BLM.19 We here further
described the time course of changes in skin morphology,
cutaneous infiltrates, and pro-inflammatory cytokine expres-
sion following the treatment of minipumps with BLM in
detail. Thus, this modified murine model of SSc could be
helpful to understand the underlying mechanisms of SSc and
search for new therapeutic targets.

More importantly, the local cutaneous inflammatory
response, elicited by BLM through osmotic minipumps, was
characterized by the infiltration of leukocytes, including
macrophages, neutrophils, and T cells (Figure 4). Consider-
able evidence has indicated that indeed type 2 polarized
T-cell responses are important for fibrosis development and
participate in SSc and related animal models.23 In present
study, cytokine analysis showed that CD4þ Th2 cells
dominated in the T-cell infiltration: (1) the mRNA level of
IL-4 was elevated at weeks 1 and 4 in the skin (Figure 5a); (2)

IL-13, in particular, acts as an effector molecule of Th2, and
was shown to be increased at week 4 in the skin (Figure 5b);
(3) Whereas significant pulmonary inflammation and
fibrosis were induced, IL-4 started to be increased since the
4th week in the lung tissue following BLM treatment
(Figure 6e). In addition, there was increased expression of the
chemokine CCL17 (Figures 5b and 6d), the ligand of CCR4,
which could recruit CD4þTh2 into the lesional sites.15,16

Therefore, these data collectively indicated that this modified
model resembled the Th2-predominant pattern in SSc.

Interestingly, we found the accumulation of macrophages
in the skin lesions after implantation of osmotic minipumps
with BLM, whereas much fewer macrophages in the skin
following implantation of minipumps with saline (Figure 4b).
These data supported the involvement of macrophages in the
initiation of SSc. In the skin from SSc patients, macrophages
were observed between collagen bundles as well as around
skin addenda and vessels, particularly in severely affected
skin.24 Moreover, macrophages are classically activated
towards the M1 and M2 phenotypes by their functions.25,26

M2 macrophages influence vascularization, wound repair,
and have a critical role in fibrotic diseases by producing
TGF-b.27,28 In the skin from localized SSc patients, CD163þ

or CD204þ M2 macrophages were reported to increase in
the fibrotic areas, which is closely associated with the severity
of inflammation.29 Therefore, in further study the pheno-
types of macrophages in the local lesions need to be further
distinguished. More importantly, the precise role of macro-
phages in SSc remains to be fully explored.

Another novel finding of this current study is that we
found that a small number of Gr-1þ neutrophils was present
in the skin of SSc model, whereas the absence of Gr-1-posi-
tive cells was found in the skin of saline control (Figure 4c).
In addition, the expression of CXCL2, the chemokine mainly
responsible for recruiting neutrophils,13,14 was found to be
increased in the skin lesion both at the early and late stages
(Figures 5a and b). Accordingly, there was significantly
increased numbers of neutrophils in the lesional skin of the
patients with SSc compared with the normal skin of the
health control.1 These data indicated the involvement of
neutrophil in the progression of SSc. In addition, neutrophils
could potentiate endothelial cell activation and apoptosis in
endothelial cell–neutrophil co-cultures in presence of serum
from SSc patients, and are largely mediated by IL-6.30

Moreover, neutrophil was an important source of reactive
oxygen species (ROS) that contributes to the inflammation in
SSc.31–33 However, fine regulatory mechanism of neutrophil
in SSc is far from clear. In this case, identifying functional
significance of neutrophil in SSc may point to the mechanism
of fibrogenesis and possible future target of pharmacological
therapy for SSc.

Th17 cell, a subset of T helper cells, has an important role
in tissue damage. It is recently proposed that IL-17 could be
responsible for fibroblast proliferation and endothelium
activation;2 therefore, it is hypothesized that a Th17
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deregulation could be a central component of SSc patho-
physiology. However, in a more recent study, peripheral or
local IL-17 amplification in SSc patients was not found.5

Instead, the authors found significantly increased IL-22
transcription levels in SSc lesional skin, as compared with
healthy skin. In addition, flow cytometry confirmed the
existence in SSc patients a distinct subset of T cells producing
IL-22 in the absence of IL-17.5 In the present study, IL-22,
but not IL-17, was shown to be significantly increased
following BLM treatment (Figures 5a and b). Therefore, the
observation that IL-22, but not IL-17 transcript, was found to
be upregulated in the skin samples of SSc model strongly
suggested the presence of IL-22-producing cells and its pos-
sible association with SSc.

In summary, we have established a murine model by im-
planting an osmotic minipump containing BLM that led to
tissue inflammation and fibrosis in the local skin and the
distant lung, closely resembling human SSc with ILD-like
manifestation. It is therefore anticipated that this model may
provide advantages to investigate immunological mechan-
isms and test therapeutic interventions in SSc-ILD.
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