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Niclosamide Prevents Systemic Sclerosis in a Reactive Oxygen
Species—Induced Mouse Model

Florence Morin,""Jr Niloufar Kavian,*”u Carole Nicco,* Olivier Cerles,* Christiane Chéreau,*
and Frédéric Batteux*"

Systemic sclerosis (SSc) is a connective tissue disorder characterized by fibrosis of the skin and inner organs, vasculopathy, and immu-
nological abnormalities. Recent insights on the implication of STAT3, AKT, and Wnt/3-catenin in fibrosis have prompted us to
investigate, in a mouse model of ROS-induced SSc, the effects of niclosamide, an antihelmintic drug that inhibits both of these signaling
pathways. SSc was induced in BALB/c mice by daily s.c. injections of hypochlorous acid (HOCI). Mice were treated or not every other
day, 5 d a week, for 6 wk, by niclosamide. Skin and lung fibrosis as well as immunological features were studied. Mice exposed to HOCI
developed a diffuse cutaneous SSc with pulmonary fibrosis and anti-DNA topoisomerase 1 autoantibodies. STAT3, AKT, and Wnt/
[B-catenin pathways were hyperactivated in the skin and the lungs of diseased mice. Niclosamide reversed fibrosis of the skin and
the lungs. Beneficial immunological effects were also observed because niclosamide decreased the activation of CD4* and CD8" T cells,
autoimmune B cell activation, as well as I1.-4 and IL-13 production in the skin. The improvement permitted by niclosamide in the mouse
model of HOCl-induced SSc as well as the well-documented safety profile of this drug provide a rationale for the evaluation of

niclosamide in the management of patients affected by this disease. The Journal of Immunology, 2016, 197: 3018-3028.

characterized by fibrosis of the skin and inner organs,

vascular alterations, and dysimmunity including the pres-
ence of autoantibodies to nuclear proteins (1). The cause of this
disease remains unknown, and its understanding is further compli-
cated by its inherent heterogenous clinical manifestations (2). Vas-
cular dysfunction can precede the disease by several years (3).
Fibrosis is the result of an accumulation of extracellular matrix in
the skin and inner organs produced by myofibroblasts that express
smooth muscle cell markers such as o-smooth muscle actin
(a-SMA) (4, 5). This process is triggered by an initial tissue injury
that leads to the production of vasoactive mediators, free radicals, and
inflammatory cytokines that, in turn, activate endothelial, fibroblastic,
and immune cells (6). Over the past few years, the role of activated
B cells in fibrosis has been emphasized. In addition to autoantibody
production, these can directly activate fibroblasts (7). Regarding
T cells, skin infiltration by CD4" T cells appears in the early stage of
the disease and the production of Th2 cytokines such as IL-4 and IL-
13 promotes fibroblast activation (8, 9). Thus, the pathophysiology of
SSc results from complex interactions among endothelial cells, fi-
broblasts, and immune cells. Although progress has been made in the
treatment of some of the visceral complications, to date no treatment
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is available to cure SSc, mainly because most of the mechanisms
underlying the disease remain unclear (10, 11).

Niclosamide or 5-chloro-N-(2-chloro-4-nitrophenyl)-2-
hydroxybenzamide is an antihelmintic drug used to treat cestode
and threadworm infections (12). Recently, several groups have in-
dependently reported that niclosamide is active against certain
solid cancers (13—15). This drug acts through different signaling
pathways such as STAT3 and Wnt/B-catenin pathways: niclosamide
inhibits nuclear translocation and transcriptional activity of
STAT3, and also inhibits B-catenin stabilization and B-catenin/TCF
transcription-activating complex (16). STAT3 is a member of STAT
proteins, which play critical roles in several cell functions such as
proliferation, migration, survival, and differentiation (17). This
protein is also a downstream signaling mediator of the inflammatory
cytokine IL-6 (18) and has been identified as an intracellular me-
diator for the profibrotic effects of TGF-3 in fibroblasts (19). Wnt
proteins are a family of 19 proteins playing essential roles in
processes such as differentiation, proliferation, and migration. They
modulate two signaling pathways: the canonical (3-catenin—dependent)
and the noncanonical (3-catenin—-independent) pathways (20). The
Wnt/B-catenin pathway, implicated in wound healing (21), has been
linked to the regulation of fibrogenesis (22, 23). This signaling
pathway is involved in patients with SSc because it is overexpressed
in human skin where it activates fibroblasts and promotes their
differentiation into myofibroblasts (24, 25). Furthermore, the AKT
signaling pathway seems to be implicated in fibrosis because its
inhibition can reduce collagen production by human fibroblasts (26,
27). Moreover, this pathway can affect B-catenin by inhibiting
GSK3p and stabilizing 3-catenin (28, 29).

We were therefore prompted to investigate the effects of
niclosamide, a coinhibitor of STAT3, AKT, and Wnt/B-catenin
pathways, in an ROS-induced mouse model of SSc.

Materials and Methods

Animals and chemicals

Six-week-old female BALB/c mice were purchased from Janvier Labo-
ratory (Le Genest Saint Isle, France). Animals received humane care in
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compliance with the guidelines implemented at our institution (INSERM
and Université Paris Descartes, Ethics committee CEEA 34, protocol
CEEA34.CN.023.11). All mice were housed in ventilated cages with
sterile food and water ad libitum. All chemicals were obtained from
Sigma-Aldrich.

Induction of SSc by intradermal injections of hypochlorous
acid solution

Mice were randomly distributed into experimental and control groups (10
mice/group). SSc was induced according to the protocol described by
Kavian et al. (30). A total of 400 wl of an hypochlorous acid (HOCI)
solution was prepared extemporaneously and injected intradermally into
the shaved backs of mice (one injection of 200 wl in each flank), using a
27-gauge needle, every day for 6 wk (HOCl-mice). HOCI was prepared
by adding a NaClO solution (9.6% active chlorine) to 100 mM of
KH2PO4 (pH 6.2) (31). HOCI concentration was assessed by measuring
the OD of the solution at 280 nm, which was then adjusted to an OD
between 0.7 and 0.9. Control mice received injections of 400 pl of
sterilized PBS (PBS-mice).

Induction of SSc with bleomycin

Mice were randomly distributed into experimental and control groups
(10 mice per group). Mice developed bleomycin-induced SSc after daily
intradermal injections using a 27-gauge needle of 100 wl of bleomycin
(100 mg/ml) in PBS, for 6 wk (bleomycin-mice). Control mice received
injections of 100 pl of sterilized PBS (PBS-mice).

Treatment of HOCl-mice and bleomycin-mice with niclosamide

HOCI-, bleomycin-, and PBS-mice were randomized and treated every other
day 5 d a week for 6 wk with either niclosamide (10 mg/kg by i.p. injections)
or vehicle (DMSO 5%) alone (10 mice/group) (15). Stock solution of
niclosamide (2 mg/ml in DMSO) was prepared and kept at —20°C. A 1:20
dilution of this solution was prepared immediately before injection. Ani-
mals were sacrificed by cervical dislocation after 6 wk.

Dermal thickness assessment

One day before mice were killed, skin thickness of the shaved backs of mice
was measured with a caliper and expressed in millimeters.

Histopathological analysis

Fixed skin and lung samples were embedded in paraffin. A 5-pwm-thick
tissue section was stained with H&E or with Masson’s trichrome staining
(Kit Trichrome de Masson; RAL Diagnostics, Martillac, France). Slides
were examined by standard brightfield microscopy (Nikon Eclipse 80i,
Tokyo, Japan) by a pathologist who was blinded to the experimental group
assignment. Quantitative assessment of collagen on trichrome-stained
slides was performed with ImageJ software.

Immunohistochemistry of lung tissue section

Expression of a-SMA and B-catenin was assessed by immunohisto-
chemistry of lung fragments derived from HOCI and PBS mice treated or
not with niclosamide. Tissue sections were deparaffinized and rehy-
drated, and then incubated with 200 p.g/ml proteinase K for 15 min at 37°C
for Ag retrieval. Specimens were then treated with 3% v/v H,O, for
10 min at 37°C to inhibit endogenous peroxidases and then blocked with
5% wlv BSA for 1 h at 4°C. Sections were incubated with 1:100 anti—c-
SMA, mAb conjugated with alkaline phosphatase (A5691; Sigma-
Aldrich), and a 1:100 mAb directed to B-catenin (610154; BD Biosci-
ences, San Jose, CA) overnight at 4°C. Sections incubated with B-catenin
were then incubated with HRP-conjugated secondary goat anti-rabbit Ab
(Dako) for 1 h at room temperature. Ab binding for a-SMA staining was
visualized by using NBT chloride/5-bromo-4-chloro-3-indolyl phos-
phate. Staining of B-catenin was visualized by using diaminobenzidine
tetrahydrochloride as a chromogen. Only slides incubated with 3-catenin
were stained with hematoxylin. All slides were examined with standard
brightfield microscopy (Nikon Eclipse 80i). Appropriate controls with
irrelevant alkaline phosphatase—conjugated and HRP-conjugated Abs
were performed.

Collagen content in skin and lung

Punch biopsies (6-mm diameter) from the skin and lung samples of each
mouse were weighted, dilacerated using a scalpel, put into tubes, thawed,
and mixed with pepsin (1:10 weight ratio) and 0.5 M acetic acid overnight
at room temperature under stirring. The assay of collagen content was
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based on the quantitative dye-binding Sircol method (Biocolor, Belfast,
U.K.).

Hydroxyproline content in skin and lung

After digestion of punch biopsies (3-mm diameter) in HCI (6 M) for 3 h
at 120°C, the pH of the samples was adjusted to 7. Samples were
then mixed with chloramine T (0.06 M) and incubated for 20 min at
room temperature. Perchloric acid (3.15 M) and p-dimethylamino-
benzaldehyde (20%) were then added and samples were incubated for
an additional 20 min at 60°C. The absorbance was determined at
557 nm with a microplate spectrophotometer (Fusion; PerkinElmer,
Wellesley, MA).

Determination of cutaneous IL-4 and IL-13 production

Punch biopsies (6-mm diameter) from the skin and a weighted lobe of lung
of each mouse were incubated for 72 h at 37°C in complete RPMI 1640
medium with 5 pg/ml Con A in a total volume of 1 ml. Supernatants were
collected and immediately frozen at —80°C. Cytokine concentrations in
the 1:4 diluted supernatants were measured by ELISA, as previously de-
scribed (32). Mouse IL-4 ELISA Ready-SET-Go!, Mouse IL-13 ELISA
Ready-SET-Go!, and Mouse IL-6 ELISA Ready-SET-Go! kits were pur-
chased from eBioscience (San Diego, CA). Concentrations were measured,
before being calculated from a standard curve according to the manufac-
turer’s protocol. Results were expressed in picograms per milliliter. For
lung samples, the concentrations found in the lungs were reported to the
weight of the selected lobe and adjusted to 1 mg of lung.

Western blot of p-STAT3, STAT3, p-AKT, AKT, B-catenin, and
a-SMA proteins in the skin and lungs

Skin and lung fragments were incubated with 100 wl of radioimmuno-
precipitation assay buffer for Western blot. Protein extracts (30 wg of
total protein) were resolved by 10% SDS-PAGE and were blotted to
nitrocellulose membranes. Blots were blocked with 5% nonfat milk and
incubated overnight at 4°C with a 1:1000 rabbit polyclonal anti—phospho-
STAT3 (Tyr’®) (9131; Cell Signaling, Danvers, MA), a 1:200 rabbit
polyclonal anti-STAT3 (K-15) (sc-483; Santa Cruz Biotechnology, Dallas,
TX), a 1:1000 rabbit polyclonal anti-phospho-AKT (Ser*’?) (9271; Cell
Signaling), a 1:1000 rabbit polyclonal anti-AKT (9272; Cell Signaling), a
1:1000 mouse polyclonal anti—3-catenin (610154; BD Biosciences), or a
1:50,000 mouse monoclonal anti—a-SMA (A 5228; Sigma-Aldrich). Sig-
nals were developed using a 1:1000 goat anti-rabbit HRP-conjugated
secondary Ab or a 1:1000 goat anti-mouse HRP-conjugated secondary
Ab (Dako, Glostrup, Denmark). Immunoreactivities were revealed using
ECL (Amersham, Switzerland), and densitometric analyses were per-
formed using ImageJ software. Results were expressed as arbitrary units
(AU), defined as the densitometric intensity of the bands of the proteins
tested divided by the densitometric intensity of the same bands labeled
with mouse anti—(3-actin mAb.

Flow cytometric analysis of spleen cell subsets

Cell suspensions from spleens were prepared after hypotonic lysis of
erythrocytes in potassium acetate solution. For each mouse, splenocytes
were counted with Malassez cell. Cells were incubated with the appropriate
labeled Ab at 4°C for 30 min in PBS with 2% normal FCS. Flow cytometry
was performed using a FACS Canto II flow cytometer (BD Biosciences),
according to standard techniques. The mAbs used in this study were anti—
CD3-FITC, anti-CD4-BV421, anti-CD8-PE-Cy7, anti-CD69-PE, and anti—
B220-allophycocyanin mAbs on one hand, and anti-B220-allophycocyanin,
anti-CD21-FITC, anti-CD23-PE, anti-IgM-biotin and streptavidin-PerCP-
Cy5.5, anti-CD93-PE-Cy7, and anti-CD43-BV421 (BD Biosciences) mAbs
on the other hand. Data were analyzed with FlowJo software (Tree Star,
Ashland, OR).

Assays of anti-DNA topoisomerase 1 autoantibodies in sera

Levels of anti-DNA topoisomerase 1 IgG Abs were detected by ELISA
using purified calf thymus DNA topoisomerase 1 bound to the wells of a
microtiter plate (Abnova, Taiwan). A 1:4 mouse serum dilution and a 1:1000
anti-murine Ig HRP (Dako) secondary Ab dilution were used as previously
described (33).

Statistical analysis

All quantitative data were expressed as means = SEM. Data were
compared using one-way ANOVA followed by a Dunn multiple com-
parison test. Student unpaired 7 test was used to compare two groups. All
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analyses were carried out using the GraphPad Prism 5.0 statistical
software package (San Diego, CA), and p values <0.05 were considered
significant.

Results
Effects of niclosamide on skin fibrosis and cytokine production
in HOCl-mice

One day before sacrifice, HOCl-mice exhibited a thicker skin than
PBS-mice (1.60 = 0.05 versus 0.55 £ 0.03 mm, p < 0.0001;
Fig. 1A). Treated HOCl-mice groups showed a thinner skin
compared with untreated ones (0.92 * 0.02 versus 1.60 =
0.05 mm, p < 0.0001; Fig. 1A). Pathological analysis confirmed
that HOCl-mice had a thicker skin than PBS-mice (Fig. 1B). Skin
thickening was reduced in niclosamide-treated HOCIl-mice com-
pared with untreated HOCl-animals (Fig. 1B). Skin collagen
content, assessed by Sirius red assay, was increased in HOCl-mice
compared with PBS-mice (33.3 = 0.7 versus 1.30 = 1.8
pg/punch, p < 0.0001; Fig. 1C). Collagen content was lower in
the skin of niclosamide-treated HOCl-mice than in untreated HOCI-
animals (20.0 = 1.1 versus 33.3 = 0.7 pg/punch, p < 0.0001;
Fig. 1C). Semiquantitative assessment of Masson’s trichrome
staining confirmed the increased collagen content in the skin of
HOCI-mice compared with PBS-mice (58.12 = 2.14 versus 42.96 *
1.22% skin collagen, p = 0.0026; Fig. 1D). Niclosamide-treated
HOClI-mice present a lower amount of collagen in the skin than
untreated HOCl-mice (47.55 = 2.24 versus 58.12 = 2.14%
skin collagen, p = 0.0220; Fig. 1D). Cytokine production was
measured in the skin by ELISA. We found increased levels of
IL-4 in diseased mice compared with healthy mice (1619 =
460 versus 143 £ 87 pg/ml, p = 0.0264; Fig. 1F). Treatment by
niclosamide reduced IL-4 production in the skin of HOCl-mice
compared with untreated mice (430 = 186 versus 1619 = 460
pg/ml, p = 0.0177; Fig. 1F). Similarly, IL-13 production in the
skin of HOCl-mice was higher than in control mice (7159 * 1528
versus 1548 = 297 pg/ml, p = 0.0410; Fig. 1G). HOCl-injected and
niclosamide-treated mice had a lower production of IL-13 in the skin
than diseased HOCl-mice (1753 = 452 versus 7159 = 1528 pg/ml,
p = 0.0023; Fig. 1G).

Effects of niclosamide on skin fibrosis, cytokine production,
and expression of a-SMA and B-catenin in bleomycin-mice

We observed a thickening of the skin of bleomycin-injected mice
compared with control mice (1.36 = 0.07 versus 0.79 = 0.03 mm,
p < 0.0001; Supplemental Fig. 1A). Treatment with niclosamide
reduced this thickening in bleomycin-mice (0.89 = 0.02 versus 1.
36 = 0.07 mm, p < 0.0001; Supplemental Fig. 1A). Collagen
evaluation using the hydroxyproline method in the skin revealed
an increased production of collagen in bleomycin-mice compared
with PBS-mice (184.5 = 9.0 versus 138.8 = 10.3 pg/punch, p = 0.
0264; Supplemental Fig. 1B). The production of hydroxyproline
was lower in niclosamide-treated bleomycin-mice than in un-
treated bleomycin-mice (140.8 £ 5.6 versus 184.5 = 9.0 wg/punch,
p =0.0015; Supplemental Fig. 1B). Also, we measured the levels
of IL-4 and IL-13 in the skin with the same method used in the
HOCI-induced mouse model of SSc. We found higher levels of
these two cytokines in the skin of bleomycin-mice than in PBS-
mice (IL-4: 114.6 = 42.6 versus 1.0 = 0.1 pg/ml, p = 0.0354,
Supplemental Fig. 1C; IL-13: 502.8 = 159 versus 58.5 * 7.4 pg/ml,
p = 0.0090, Supplemental Fig. 1D). Treatment with niclosamide
reduced the production of IL-4 and IL-13 in the skin of bleomycin-
mice compared with untreated ones (IL-4: 1.2 £ 0.2 versus
114.6 = 42.6 pg/ml, p = 0.0358, Supplemental Fig. 1C; IL-13: 59.
7 * 6.6 versus 502.8 = 159 pg/ml, p = 0.0091, Supplemental Fig.

1D). Finally, we performed Western blot to measure the expres-
sion of a-SMA and B-catenin in the skin. In bleomycin-mice, we
found a higher expression of these proteins than in PBS-mice
(a-SMA: 149 = 0.14 versus 0.85 = 0.03 AU, p = 0.0396,
Supplemental Fig. 1F; B-catenin: 1.75 = 0.33 versus 0.67 = 0.09
AU, p = 0.0396, Supplemental Fig. 1G). Niclosamide decreased
expression of a-SMA and (-catenin in the skin of bleomycin-mice
compared with untreated bleomycin-mice (a-SMA: 0.62 = 0.07
versus 1.49 = 0.14 AU, p = 0.0015, Supplemental Fig. 1F;
B-catenin: 0.62 * 0.11 versus 1.75 = 0.33 AU, p = 0.0163,
Supplemental Fig. 1G).

Effects of niclosamide on lung fibrosis and expression of
a-SMA and B-catenin in the lungs

An increased amount of collagen was observed in the lungs of
HOC]I-mice compared with PBS-mice (5.40 = 0.57 versus 3.59 *
0.42 ng/g of lung, p = 0.0437; Fig. 2A). Niclosamide-treated HOCI-
mice presented a lower content of collagen than untreated HOCI-
mice (3.32 £ 0.21 versus 5.40 = 0.57 pg/g of lung, p = 0.0027;
Fig. 2A). Indeed, histological examination of the lungs from HOCI-
mice with H&E staining revealed an alveolar luminal narrowing and
a thickening of connective tissues (Fig. 2B). Niclosamide improved
these pathological features in HOCl-mice. Semiquantitative assess-
ment of Masson’s trichrome staining confirmed the increased col-
lagen content in the lungs of HOCl-mice compared with PBS-mice
(41.60 = 4.66 versus 16.14 = 10.58% lung collagen, p = 0.0265;
Fig. 2C). Niclosamide-treated HOCI-mice present a lower amount of
collagen in the lungs than untreated HOCl-mice (12.56 *= 9.42
versus 41.60 * 4.66% lung collagen, p = 0.0077; Fig. 2C). More-
over, we found an increased expression of a-SMA and [3-catenin in
the lungs of HOCl-mice (Fig. 2E, 2F). These abnormal expressions
were abrogated by niclosamide.

Effect of niclosamide on the engagement of STAT3, AKT, and
Wnt/B-catenin pathways in the skin of HOCl-mice

p-STAT3 expression was higher in the skin of HOCl-mice than in
PBS-mice (1.34 %= 0.44 versus 0.14 = 0.04 AU, p = 0.0159;
Fig. 3A, 3B). Niclosamide significantly decreased the expression
of pSTAT3 in HOCl-mice compared with untreated HOCl-mice (0.32 =
0.05 versus 1.34 = 044 AU, p = 0.0063; Fig. 3A, 3B). We found an
increased expression of the phosphorylated form of AKT in the skin of
HOCI-mice compared with PBS-mice (0.84 = 0.149 versus 0.37 *
0.05 AU, p = 0.0404; Fig. 3A, 3C). Treatment with niclosamide
reduced the expression of p-AKT in the skin of HOCl-mice compared
with untreated mice (0.31 = 0.07 versus 0.84 = 0.14 AU, p = 0.0316;
Fig. 3A, 3C). Similarly, the expression of (3-catenin was higher in the
skin of HOCl-mice than in PBS-mice (0.75 £ 0.15 versus 0.12 * 0.02
AU, p = 0.0339; Fig. 3A, 3D). Niclosamide decreased the expression
of B-catenin in HOCl-animals (0.30 = 0.06 versus 0.75 = 0.15 AU,
p = 0.0063; Fig. 3A, 3D). Furthermore, the expression of a-SMA
was higher in the skin of HOCl-mice than in PBS-mice (2.30 *
0.44 versus 0.32 = 0.08 AU, p = 0.0116; Fig. 3A, 3E). Niclosamide
also decreased the expression of a-SMA in HOCl-mice compared
with untreated animals (0.89 = 0.11 versus 2.30 = 0.44 AU, p =
0039; Fig. 3A, 3E). Moreover, IL-6 production was higher in the
skin of HOCl-injected mice than in control mice (6315 * 323
versus 4808 £ 524 pg/ml, p = 0.0374; Fig. 3F). Treatment with
niclosamide reduced its levels in HOCl-mice (5071 * 411 versus
6315 = 323 pg/ml, p = 0.0444; Fig. 3F).

Implication of STAT3, AKT, and Wnt pathways in lung fibrosis
and effect of niclosamide

In the lungs, expression of the p-STAT3 was increased in HOCl-mice
(546 = 2.50 versus 0.36 = 0.09 AU, p = 0.0469; Fig. 4A, 4B).

2202 'S UoRe Al uo 159nB Ag /610" jounuuu 1 :mmmy/:dny Wwouy papeo lumod


http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1502482/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1502482/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1502482/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1502482/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1502482/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1502482/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1502482/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1502482/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1502482/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1502482/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1502482/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1502482/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1502482/-/DCSupplemental
http://www.jimmunol.org/

The Journal of Immunology

>

2.04

Skin thickness (mm)

o 3 3©
& @ &
o o
&
< L
e -

Collagen content in skin
(ng/ punch)

PBS + Niclo

% skin collagen

x x

o (-
& .3\0

3021

IL-13 (pg/mL)

Hocl

HOCI + Niclo

FIGURE 1. Cutaneous effects of niclosamide in mice with HOCI-induced SSc. (A) Skin thickness measurement after niclosamide treatment (mea-
surement was performed 1 d before killing). (B) Thickness of skin in PBS-mice and HOCl-mice, treated or not with niclosamide. Representative sections of
5 pm. (C) Collagen content in the skin of mice expressed in milligrams per punch biopsy. (D) Collagen content in the skin of mice assessed histologically
with ImageJ. (E) Representative 5-pum-thick sections of skin from PBS-mice and HOCl-mice, treated or not with niclosamide stained with Masson’s
trichrome. (F) Levels of IL-4 in the skin. (G) Levels of IL-13 in the skin. Photographs were taken with a Nikon Eclipse 80i microscope. Original mag-
nification X50. Ten mice per group representative of two experiments. (A, C, D, F, and G) Values are means = SEM. *p = 0.05, **p = 0.01, ***p = 0.001.

Treatment by niclosamide decreased the expression of p-STAT3
in HOCl-mice compared with untreated mice (0.31 = 0.07
versus 5.46 = 2.50 AU, p = 0.0331; Fig. 4A, 4B). Furthermore,
we found an increased expression of the p-AKT in the lungs of
HOCI-mice compared with PBS-mice (1.02 = 0.10 versus 0.28 *
0.06 AU, p = 0.0245; Fig. 4A, 4C). Treatment with niclosamide
reduced the expression of p-AKT in the lungs of HOCI-mice
compared with untreated mice (0.10 = 0.05 versus 1.02 *
0.10 AU, p = 0.0029; Fig. 4A, 4C). Moreover, expression of
B-catenin in the lungs was higher in HOCIl-mice than in PBS-
mice (2.34 = 0.39 versus 1.13 = 0.32 AU, p = 0.0379; Fig. 4A,
4D). This expression was reduced in HOCI-mice treated by
niclosamide compared with untreated mice (1.32 * 0.16 versus
2.34 = 0.39, p = 0.0209; Fig. 4A, 4D). Likewise, expression of
a-SMA in the lungs was higher in HOCl-mice than in PBS-mice
(2.77 = 0.36 versus 1.19 = 0.23 AU, p = 0.0247; Fig. 4A, 4E).
Treatment with niclosamide reduced the expression of a-SMA in
the lungs of HOCl-mice compared with untreated HOCl-mice
(1.16 £ 0.12 versus 2.77 £ 0.36 AU, p = 0.0018; Fig. 4A,
4E). Immunohistochemistry for a-SMA and (3-catenin confirmed
the overexpression of these proteins in the lungs of HOCl-mice
compared with the lungs of PBS-mice (Fig. 2E, 2F). Niclosa-

mide abrogated this overexpression in treated HOCl-mice com-
pared with untreated animals (Fig. 2E, 2F). Furthermore,
production of IL-6 was higher in lungs of HOCl-mice than in the
lungs of control mice (210 * 18 versus 158 * 10 pg/ml per mg
of lung, p = 0.0220; Fig. 4F). Niclosamide decreased the levels
of this cytokine in the lungs of HOCI-treated mice compared
with untreated animals (156 = 6 versus 210 * 18 pg/ml per mg
of lung, p = 0.0048; Fig. 4F).

Effects of niclosamide on T cells

Analysis of subsets of lymphocytes was performed by flow
cytometry. We found a higher number of CD4* and CD8*
T cells in HOCI-mice than in control mice (CD4" T cells: 13.62 X
10° = 1.23 versus 7.46 X 10° = 0.26 cells, p = 0.0041, Fig. 5A;
CD8" T cells: 7.84 X 10° = 0.65 versus 5.15 X 10° = 0.28 cells,
p = 0.0122, Fig. 5C). Niclosamide reduced the number of CD4"
and CD8" T cells in HOCl-injected mice compared with untreated
mice (CD4" T cells: 5.45 X 10° = 0.48 versus 13.62 X 10° =
1.23 cells, p < 0.0001, Fig. 5A; CD8" T cells: 4.09 X 10° * 0.53
X 10° versus 7.84 =+ 0.65 cells, p = 0.0006; Fig. 5C). Moreover,
we highlighted more activated CD4* and CD8" T cells compared
with control mice (activated CD4" T cells [CD4*CD69"]:
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milligram of lung. (B) Study of fibrosis in representative lung sections of 5 wm, in PBS-mice and HOCI-mice treated or not with niclosamide. Original
magnification X50. (C) Collagen content in lung of mice assessed histologically with Image]. (D) Representative 5-pm-thick sections of lung from PBS-mice
and HOCl-mice, treated or not with niclosamide stained with Masson’s trichrome. Original magnification X 100. (E). Representative sections of expression of
a-SMA in the lungs of PBS-mice and HOCl-mice, treated or not with niclosamide. Original magnification X200. (F). Representative sections of expression of
B-catenin in the lungs of PBS-mice and HOCl-mice, treated or not with niclosamide. Original magnification X200. Photographs were taken with a Nikon
Eclipse 80i microscope. Ten mice per group representative of two experiments. (A and C) Values are means = SEM. *p = 0.05, **p = 0.01.

1.06 X 10° = 0.06 versus 0.75 X 10° = 0.06 cells, p=0.0108, number of activated cells (activated CD4* T cells: 0.64 X 10° = 0.10
Fig. 5B; activated CD8* T cells [CD8TCD69*]: 2.34 X 10° + 0.35 versus 1.06 X 10° = 0.06 cells, p = 0.0118, Fig. 5B; activated CD8*
versus 0.97 X 10° + 0.11 cells, p = 0.0159, Fig. 5D). In both CD4* T cells: 121 X 10° = 0.30 versus 2.34 X 10° + 0.35 cells,
and CD8" T cell populations, treatment with niclosamide reduced the p = 0.0303, Fig. 5D).
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FIGURE 3. Effects of niclosamide on a-SMA, STAT3, AKT, and Wnt signaling pathways in the skin of HOCl-mice. (A) Representative Western blots
of pSTAT3, STAT3, p-AKT, AKT, B-catenin, and a-SMA expression in the skin of PBS-mice and HOCl-mice treated or not with niclosamide. (B)
Intensity ratio of p-STAT3 and STAT3 expression in the skin (AUs) for each mice group (n = 10 mice). (C) Intensity ratio of p-AKT and AKT expression
in the skin (AUs) for each mice group (n = 10 mice). (D) Ratio of intensity of B-catenin and (-actin expression in the skin (AUs) for each mice group
(n = 10 mice). (E) Ratio of intensity of a-SMA and -actin expression in the skin (AUs) for each mice group (n = 10 mice). (F) Levels of IL-6 in the
skin. Photographs were taken with a Fujifilm LAS-3000. Ten mice per group representative of two experiments. (B—F) Values are means = SEM. *p =

0.05, **p = 0.01.

Effects of niclosamide on B cells and the production of
autoantibodies

Analysis of B cells revealed more B cells in HOCl-mice compared
with PBS-mice (36.72 X 10° = 1.94 versus 24.54 X 10° + 2.33
cells, p = 0.0039; Fig. 6A). Treatment of diseased mice with
niclosamide reduced the number of B cells (20.13 X 10° * 2.33
versus 36.72 X 10° + 1.94 cells in HOCl-mice, p = 0.0002;
Fig. 6A). Likewise, activated B cells (B220"CD69") was higher in
HOCI-mice than in PBS-mice (0.69 X 10° + 0.05 versus 0.44 X
10° = 0.02 cells, p = 0.0047; Fig. 6B). Niclosamide decreased the
number of activated B cells in HOCl-mice (0.34 X 10° + 0.04
versus 0.69 X 10° = 0.05 cells, p = 0.0002; Fig. 6B). HOCl-mice
developed autoantibodies directed against topoisomerase 1 (2.41 *+
0.09 versus 0.48 = 0.03 AU in PBS-mice, p < 0.0001). The levels
of these autoantibodies were decreased in mice treated with niclo-
samide (0.76 = 0.05 versus 2.41 = 0.09 AU, p < 0.0001).
Analysis of B cells populations revealed more different B cells
subsets, namely, B1 (B220"CD43™), B2 (B220*CD43 ™), follicular
(B220"CD43 CD93 CD23*IgM*), and marginal zone (B220"
CD43~CD93~CD23 IgM"€") B cells in HOCl-mice (B1 cells:
1.78 X 10° = 0.12 versus 1.22 X 10° = 0.11 cells in PBS-mice,
p=0.0111, Fig. 6C; B2 cells: 17.73 X 10° * 1.34 versus 11.04 X
10° + 1.27 cells in PBS-mice, p = 0.0110, Fig. 6D; follicular
B cells: 13.48 X 10° = 1.14 versus 7.65 X 10° = 0.60 cells in
PBS-mice, p = 0.0098, Fig. 6E; marginal zone B cells: 0.31 X 10° +

0.05 versus 0.12 X 10° = 0.02 cells in PBS-mice; p = 0.0238,
Fig. 6F). Treatment by niclosamide reduced the number of cells in
all of these B cells populations in HOCl-mice compared with
untreated diseased mice (B1 cells: 1.01 X 10° = 0.10 versus 1.78
X 10° = 0.12 cells, p = 0.0003, Fig. 6C; B2 cells: 9.83 X 10° +
1.21 versus 13.48 X 10° = 1.14 cells, p = 0.0026, Fig. 6D; fol-
licular B cells: 7.41 X 10° = 0.92 versus 7.65 X 10° = 0.60 cells,
p = 0.0028, Fig. 6E; marginal zone B cells: 0.15 X 10° = 0.02
versus 0.31 X 10° * 0.05 cells; p = 0.0104, Fig. 6F).

Discussion

In this report, we show that HOCl-induced SSc is associated with
the activation of STAT3, AKT, and Wnt/B-catenin pathways.
Inhibiting these pathways with niclosamide, a drug with a well-
documented safety profile, alleviates the main features of the
disease, namely fibrosis, inflammation, and autoimmunity.

The HOCl-induced mouse model of SSc is characterized by skin
and lung fibrosis and autoimmunity, which are classical features of the
human disease. Niclosamide improves skin fibrosis as highlighted by
the decrease in skin thickening, collagen content, and a-SMA ex-
pression compared with untreated diseased mice. This clinical im-
provement is associated with a decrease in the abnormal activation of
STAT3, AKT, and Wnt/B-catenin pathways in the skin of HOCI-
mice. The involvement of STAT3, AKT, and Wnt/B-catenin path-
ways has already been reported in skin fibrosis (19, 34, 35) but the
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FIGURE 4. Effects of niclosamide on a-SMA, STAT3, AKT, and Wnt signaling pathways in the lungs of mice with HOCI-induced SSc. (A) Repre-
sentative Western blots showing p-STAT3, STAT3, p-AKT, AKT, B-catenin, and a-SMA expression in the lungs of PBS-mice and HOCl-mice treated or not
with niclosamide. (B) Ratio of intensity of p-STAT3 and STAT3 expression in the lungs (AUs) for each mice group (n = 10 mice). (C) Ratio of intensity of
p-AKT and AKT expression in the lungs (AUs) for each mice group (n = 10 mice). (D) Ratio of intensity of B-catenin and -actin expression in the lungs
(AUSs) for each mice group (n = 10 mice). (E) Ratio of intensity of a-SMA and B-actin expression in the lungs (AUs) for each mice group (n = 10 mice). (F)
Levels of IL-6 in the lungs reported to 1 mg of lung. Photographs were taken with a Fujifilm LAS-3000. Ten mice per group representative of two ex-

periments. (B—F) Values are means = SEM. *p = 0.05, **p = 0.01.

consequences of their coinhibition remain to be assessed. On one
hand, STAT3 triggers a transduction signal that is required for the
synthesis of the extracellular matrix and cellular proliferation of fi-
broblasts isolated from hypertrophic scars (36). In keloids, a fibrotic
disease, STAT3 promotes collagen synthesis, proliferation, and mi-
gration of fibroblasts (37, 38). Moreover, an aberrant activation of this
pathway has also been reported in human sclerodermic skin and in a
mouse model of SSc induced by bleomycin (19). On the other hand,
the Wnt family is required for conventional wound healing (39). The
Wnt/B-catenin pathway is implicated in the regulation of myeloid cell
motility and adhesion during wound healing (21). In keloids and
hypertrophic scars, an overexpression of Wnt signaling proteins has
also been reported (40). An epigenetically altered regulation of ex-
pression of several inhibitors of Wnt signaling in keloid fibroblasts has
been identified and supports the dysregulation of the Wnt/B-catenin
pathway in these diseases (41, 42). This pathway is involved in the
pathophysiology of different SSc models such as Tsk mice,
bleomycin-induced SSc, but also in patients affected by this condition.
Indeed, an activation of this pathway in dermal fibroblasts seems
sufficient to cause fibrosis in mice and is associated with an upregu-
lated expression of extracellular matrix protein-coding genes (35). As
well as in keloids, epigenetic modification of the promoters of DKK1
and SFRP1 seems to contribute to aberrant Wnt signaling in SSc (43).
Finally, the AKT pathway has been reported to promote fibrosis be-
cause inhibition of this pathway can reduce collagen production by

human fibroblasts (26, 27). A decrease in dermal thickness, collagen
content, and o-SMA in the skin of niclosamide-treated HOCl-mice
corroborates the role of STAT3, AKT, and Wnt/B-catenin pathways in
skin fibrosis in this model and emphasizes the therapeutic potential of
coinhibitors of these pathways. Furthermore, treatment of skin fibrosis
with niclosamide in bleomycin-mice supports our results because we
found a decreased dermal thickness, a decreased production of
hydroxyproline, and a decreased expression of (3-catenin and a-SMA.

In addition, we also observed in the skin of treated HOCl-mice
and treated bleomycin-mice a decrease in proinflammatory and
profibrotic cytokines, such as IL-4 and IL-13, compared with
untreated diseased animals. Although the activation of STAT3 was
first described in Thl lymphocytes (44), increasing evidence
suggests that this pathway plays a major role in Th2 lymphocyte
differentiation (45—47). The Wnt/B-catenin pathway also stimu-
lates Th2 differentiation, as well as IL-4 and IL-13 production, in
human CD4" T cells in a mouse model of allergic asthma (48, 49).
Th2 differentiation and IL-4 and IL-13 overexpression is a com-
mon feature of human and mouse SSc (50, 51). Therefore, the
abrogation of inflammation and cytokine production in diseased
skin consecutive to STAT3 and Wnt/B-catenin inhibition by
niclosamide certainly contributes to the beneficial effects on skin
involvement in both of our mouse models of SSc.

Lung fibrosis in SSc remains the main cause of death in patients.
In HOCl-mice, lung fibrosis is associated with overexpression of
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FIGURE 5. Immunological effects of niclosamide assessed by flow cytometry in mice with HOCl-induced SSc. The side scatter (SSC) and the forward
scatter channels (FSC) were used to gate the leukocytes. A total of 50,000 events were accumulated for each sample. Doublets were then excluded with
FSC-A and FSC-H channels. FITC (CD3) and allophycocyanin (B220) channels were used to gate T and B cells. In CD3" T cells, BV421 (CD4) and Pe-
Cy7 (CD8) channels were used to gate CD4* and CD8" T cells. (B) CD4* and CD8" T cells, PE channel permitted to determine activated cells (CD69").
Total number of each leukocyte population was calculated as: (Total number of splenocytes counted with Malassez cell for each mouse) X (% of the
leukocyte population counted in the gated populations for each mouse)/100. (A) Splenic T CD4* cell numbers. (B) Activation of splenic T CD4" cells
(CD4*CD69"). (€) Splenic T CD8* cell numbers. (D) Activation of splenic T CD8" cells (CD8*CD69"). Ten mice per group representative of two ex-
periments. Values are the means = SEM. *p = 0.05, **p = 0.01, ***p = 0.001.

p-STAT3, p-AKT, B-catenin, and a-SMA. These pathways are
involved in lung development (52, 53) and in pulmonary epithe-
lium repair mechanisms (54). In addition, increasing evidence
suggests a role of these pathways in lung fibrosis. STAT3 and
AKT are hyperphosphorylated, Wnt/3-catenin pathway activated,
and a-SMA overexpressed in lung fibroblasts isolated from the
lungs of patients with idiopathic fibrosis (55-57). These over-
expressions are associated with an overproduction of extracellular
matrix and the promotion of fibroblast chemotaxis, proliferation,
and differentiation (57, 58). Activation of STAT3, AKT, and Wnt/
B-catenin pathways was also reported in mouse models of lung
fibrosis (59, 60). STAT3 activity is directly correlated to inflam-
matory infiltrates in the lungs and with the severity of fibrosis (61).
In our model, thickening of lung connective tissue, collagen
content, and alveolar luminal narrowing, all of which are histo-
logical features of lung fibrosis, are diminished by niclosamide in
HOCI-mice. Therefore, the coinhibition of STAT3, AKT and Wnt/
B-catenin pathways by niclosamide targets collagen synthesis,
a-SMA expression, and inflammation in the lungs and explains
the improvement of lung fibrosis observed in our model.
HOCI-mice display more activated CD4" and CD8" T cells. Pa-
tients with SSc also present an abnormal activation of T and B cells
(62). T cells in skin lesions are predominantly CD4" T cells. They
display markers of activation and exhibit oligoclonal expansion (8,
63). Both STAT3 and Wnt/B-catenin pathways are involved in au-
toimmunity. Indeed, in autoimmune uveitis, STAT3 hyper-
phosphorylation correlates with the activation of CD4* T cells and

the proliferation and survival of CD8" T cells (64, 65), whereas
upregulation of Wnt/B-catenin pathway in T cells is involved in
relapses (66). Furthermore, Haapaniemi et al. (67) have recently
described that patients with STAT3 gain-of-function mutations pre-
sent immunological disorders including autoimmunity and T lym-
phoproliferation, because activation of STAT3 promotes CD4™ T cell
proliferation and inhibits their apoptosis (68, 69). These observations
strengthen the role of STAT3 in proliferation and activation of
T cells and could explain the results obtained with the HOCI-
induced mouse model of SSc, the increased number of over-
activated CD4* and CD8" T cells, and the abrogation of this phe-
nomenon by the inhibition of these two pathways with niclosamide.

In SSc, B cells are activated and produce autoantibodies highly
characteristic of the disease (70, 71). Exposure to HOCI increased
both the number and the activation of B cells but also the pro-
duction of anti-DNA topoisomerase 1 autoantibodies. In SSc,
cooperation between APCs and CD4* T cells is required to acti-
vate B cells and to generate autoantibodies because blockage of
the CD40-CD40L interaction attenuates the severity of the disease
in Tsk mice (72). STAT3 signaling in CD4"* T cells is involved in
the development of B cell help by CD4™ T cells (73). This sug-
gests a key role for STAT3 in the activation of B cells by CD4"
T cells and the production of anti-DNA topoisomerase 1 autoan-
tibodies. Inhibition of B-T cell cooperation by the blocking of
STAT3 with niclosamide may explain the reduced activation of
B cells and production of autoantibodies in niclosamide-treated
HOC]I-animals. In addition to its role in B-T cells cooperation,
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numbers. (D) Splenic B2 (B220"CD43 ™)
cell numbers. (E) Splenic follicular B
(B220"CD43~CD93 ™ CD23"IgM") cell
numbers. (F) Splenic marginal zone B
(B220*CD43~CD93~CD23 ™ IgM™eh)
cell numbers. Ten mice per group rep-
resentative of two experiments. Values
in are means = SEM. *p = 0.05, **p
= 0.01, ***p = 0.001.
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STAT3 hyperphosphorylation is triggered in follicular B2 lymphocytes
upon Ag receptor engagement and may therefore contribute to the
expansion of this particular B cell subset in HOCl-mice and
explain the inhibition of this phenomenon by niclosamide. Fur-
thermore, in HOCl-mice, B1 (B220"CD43") B cells are also
expanded. Although B1 cells are involved in autoimmunity (74),
no evidence regarding their role in SSc has been published so far.
Interestingly, a constitutive activation of STAT3 is found in
normal self-renewing B1 cells (75). On the other hand, the Wnt/[3-
catenin pathway is involved in the regulation of proliferation and
survival of B1 cells and also promotes self-renewal of these cells
(76). Altogether, overactivation of these two pathways may ex-
plain the increased number of different B cell subsets observed in
HOCI-animals and the abrogation of immune B cell abnormalities
mediated through their inhibition upon treatment with niclosa-
mide in HOCl-mice.

Therefore, the inhibition of STAT3, AKT, and Wnt/B-catenin
pathways by niclosamide in HOCI-induced SSc in mice leads to
an improvement of the disease. We observed beneficial effects of
this drug on the main features of this mouse model: fibrosis, in-
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flammation, and autoimmunity. These findings highlight the po-
tential of niclosamide in SSc as a treatment with a well-documented
safety profile.
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