IMPACT OF TLR-4 LOSS ON MURINE MODELS OF SSc¢

factors, IL-6 has drawn attention as a new therapeutic
target. IL-6 blockade attenuates skin sclerosis induced
by bleomycin in animal models (11), and tocilizumab, an
anti~IL-6 receptor monoclonal antibody, improves der-
mal sclerosis in a subset of SSc patients (12). Supporting
this notion, a recent study demonstrated the contribu-
tion to skin sclerosis of the Th17 subset, whose differ-
entiation is regulated by IL-6 (13).

Previous studies have demonstrated the role of
innate immunity in the pathogenesis of autoimmune
diseases, including SSc (14). Innate immune response is
mediated, in part, by Toll-like receptors (TLRs), which
are evolutionarily conserved receptors for foreign
pathogen-associated molecular patterns (15). TLRs and
their ligands contribute to inflammatory responses, in-
cluding autoimmune diseases, as well as host defenses by
innate immunity (16), and they further control adaptive
immune responses (17). Microbial TLR ligands trigger
onset in experimental models of arthritis, diabetes, and
atherosclerosis (18). Furthermore, various endogenous
molecules serve as ligands for TLRs. TLR-4, originally
identified as the receptor for lipopolysaccharide (LPS),
recognizes hyaluronic acid (HA), fibronectin frag-
ments, heparan sulfate, and high mobility group box 1
(HMGB-1) as endogenous ligands (18). This recogni-
tion is profoundly related to the persistent inflammatory
and/or fibrotic process in collagen diseases (19).

In SSc patients, serum levels of HA and HMGB-1
and expression of HA in lesional skin are elevated
(20-22). TLR-4 stimulation by these molecules results
in fibroblast activation by augmenting transforming
growth factor B (TGF) signaling (22). Importantly, in
C3H/Hel mice with point mutations in the Th4 gene,
bleomycin-induced skin sclerosis is attenuated despite
the elevation of endogenous TLR-4 ligands (22). These
results indicate that TLR-4 signaling activation is poten-
tially involved in the fibrotic process of SSc and its
animal models, at least partly by directly activating
dermal fibroblasts. However, given that C3H/HeJ mice
exhibit several defects, including spontaneous alopecia
development caused by unknown immunologic abnor-
malities (23), the exact role of TLR-4 in the pathologic
process of tissue fibrosis remains unknown. Therefore,
we generated bleomycin-treated and tight skin mice
with TLR-4 deletion and investigated the significance of
TLR-4 in these models. Our results indicate the critical
role of TLR-4 signaling in the development of tissue
fibrosis in these models, suggesting that biomolecular
TLR-4 targeting is a potential therapeutic approach to
SSe.

MATERIALS AND METHODS

Mice. Wild-type (C57BL/6) mice were purchased from
Japan SLC. TLR-4™/~ and TSK/+ mice (C57BL/6 back-
ground) were purchased from The Jackson Laboratory. TLR-
47/7;TSK/+ mice were generated by crossing TSK/+ and
TLR-4"/~ mice. All mice used in this study were female, and
mice used in the bleomycin-induced SSc model were 6-8
weeks old at the beginning of treatment with phosphate
buffered saline (PBS) or bleomycin. TSK/+ mice were killed
at age § weeks, and skin and lung sections were excised for
histologic evaluation.

Bleomycin treatment. Bleomycin (Nippon Kayaku)
was prepared and injected into mice as previously described
(24). One group of mice was treated every other day for 3
weeks, and fibrosis was evaluated by histologic analysis. A
second group of mice was treated daily for 1 week, and
inflammatory cell infiltration, neovascularization, and cytokine
expression were analyzed by flow cytometry. Control mice
were injected with equal volumes of PBS. All studies and
procedures were approved by the Committee on Animal
Experimentation of the University of Tokyo Graduate School
of Medicine.

Histologic assessment and immunohistochemistry.
One day after the final injection, mice were killed, and skin and
lung sections were obtained. Sections (6-um thick) were
stained with hematoxylin and eosin, Masson’s trichrome
stain, and toluidine blue. Dermal and hypodermal thickness
were examined as previously described (13,25). Right lungs
were excised, and the severity of fibrosis was scored as
previously described (25). Immunohistochemistry was per-
formed using antibodies directed against TLR-4 (Imgenex),
CD3 (BD PharMingen), B220 (BD PharMingen), F4/80
(Serotec), a-smooth muscle actin (a-SMA; Sigma-Aldrich),
CD31 (BD PharMingen), and IL-6 (Abcam). For immuno-
fluorescence staining, serial sections were incubated with
antibodies against TLR-4, «-SMA, CD31, and HA (Abcam) as
primary antibodies, followed by Alexa Fluor 555-conjugated
or fluorescein isothiocyanate~conjugated secondary antibodies
(Abcam), corresponding to the primary antibodies. Coverslips
were mounted using Vectashield with DAPI (Vector), and
staining was examined with Bio Zero BZ-8000 (Keyence).
Stained cells were counted in 10 random grids under high-
power magnification fields by 2 independent researchers (TT
and YA) in a blinded manner.

Collagen measurement. Collagen content of the mouse
skin and lung tissues was quantified using QuickZyme Total
Collagen Assay according to the recommendations of the
manufacturer (QuickZyme Biosciences). Six-mm punch biopsy
skin samples and total left lungs were used.

Measurement of cytokines in mouse sera and skin
homogenates. Sera were obtained from mice after 3 weeks of
treatment with PBS or bleomycin. Total serum IgG, IgM,
anti-DNA topoisomerase I antibody, and IL-6 levels were
determined by specific enzyme-linked immunosorbent assay
(ELISA) kits (for IL-6, R&D Systems; for total IgG and IgM,
Abcam; for anti-DNA topoisomerase I antibody, Alpha Diag-
nostic) following the instructions of the manufacturers.
Punched-out lesional skin sections (6 mm) from mice treated
with either PBS or bleomycin for 1 week were harvested,
homogenized in 300 ul of radioimmunoprecipitation assay
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buffer (Santa Cruz Biotechnology), and centrifuged. Lysates
were subjected to measurement with specific ELISA kits for
IL-6, IL-13, and IL-17A (R&D Systems).

RNA isolation and real-time polymerase chain reac-
tion (PCR). One microgram of RNA was reverse transcribed
using an iScript cDNA Synthesis kit (Bio-Rad). Real-time
PCR was carried out using SYBR Green PCR Master Mix
(Life Technologies) on an ABI Prism 7000 system (Life
Technologies) in triplicate. Messenger RNA (mRNA) levels
were normalized to those of the GAPDH gene. The primer
sequences used are available upon request. The relative
change in the levels of genes of interest was determined by the
2744% method. Dissociation analysis for each primer pair was
performed to verify specific amplification.

Cell isolation and culture. Mouse dermal fibroblasts
were purified as previously described (26). Primary wild-type
and TLR-4""~ mouse fibroblasts were passaged once and used
for experiments. To obtain dermal microvascular endothelial
cells, a cell suspension obtained from dermal collagenase
digestion was stained with anti-CD31 microbeads (Miltenyi
Biotec) and isolated with magnetic sorting, as previously
described (27). Wild-type or TLR-4~/~ mouse ?rimary fibro-
blasts or endothelial cells were seeded at 3 X 10 cells per well
and stimulated with 100 ng/ml LPS from Escherichia coli
(Sigma-Aldrich) for 24 hours to evaluate supernatant IL-6
concentration with a specific ELISA kit (R&D Systems).
Macrophages were obtained as previously described (28).
Splenic B cells and T cells were isolated with anti-CD19
magnetic-activated cell sorting (MACS) magnetic beads and
pan-T cell isolation kit, respectively (Miltenyi Biotech). Cells
(5 X 10* per well) were stimulated with 100 ng/ml LPS or left
untreated. Supernatants were harvested 24 hours later, and the
IL-6 concentration was measured using a specific ELISA kit
(R&D Systems). In experiments to determine the production
of IL-4, IL-6, and TGEB1 by purified B cells from PBS-treated
or bleomycin-treated mice, mice were treated for 1 week and
cells from the draining lymph nodes (i.e., axillary and inguinal
lymph nodes) of the lesional skin were subjected to magnetic
separation with anti-CD19 MACS beads. The CD19-positive
cells were cultured in RPMI medium without stimulation, and
after 24 hours, supernatants were harvested and the levels of
the cytokines listed above were measured with specitic ELISA
kits (R&D Systems).

Flow cytometric analysis. Mice were treated with PBS
or bleomycin for 1 week. On the day after the final injection,
lymphocytes from draining lymph nodes were obtained. In the
surface staining experiments, cells were stained with antibodies
against B220 (RA3-6B2), CD3 (17A2), F4/80 (BMS), CD1lc
(N418), and TLR-4 (SA15-21; all from BioLegend). In intra-
cellular cytokine staining, they were stimulated with 10 ng/mi
phorbol myristate acetate and 1 pg/ml ionomycin (Sigma-
Aldrich) in the presence of 1 pg/ml brefeldin A (GolgiStop;
BD PharMingen) for 4 hours. Cells were washed, stained for
CD4, treated with fixative/permeabilization buffer (BD
PharMingen), and then stained with anti-IL-4 (11B11), anti-
IL-17A (TC11.18H10), and anti-interferon-y (anti-IFNy)
(XMG1.2; all from BioLegend) antibodies. In experiments to
analyze transcription factors, antibodies against retinoic acid
receptor—related orphan nuclear receptor yt (RORyt) (B2D;
eBioscience), T-bet (4B10; BioLegend), and FoxP3 (FIK-16s;
eBioscience) were used. Cells were analyzed on a FACSVerse
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flow cytometer (BD Biosciences). The populations of positive
and negative cells were determined using nonreactive isotype-
matched antibodies as controls.

Statistical analysis. Data are presented as the mean =+
SEM. The Mann-Whitney 2-tailed U test was used for group
comparisons. Statistical analysis was carried out using Graph-
Pad Prism. P values less than 0.05 were considered significant.

RESULTS

Enhanced expression of TLR-4 and its endoge-
nous ligand in mice treated with bleomycin. We initially
evaluated TLR-4 expression in wild-type mice treated
with bleomycin. Immunohistochemical staining of the
lesional skin and lungs of the mice revealed a significant
increase in the number of TLR-4-positive cells after
bleomycin treatment (Figures 1A and B). Since the
expression of TLR-4 is increased in a-SMA-positive
cells and CD31-positive dermal microvascular endothe-
lial cells in the lesional skin of SSc patients (22), we
performed double immunofluorescence staining to de-
termine whether TLR-4 expression was increased in
these cells in bleomycin-treated mice as well. As shown
in Figure 1C, we noted prominently enhanced TLR-4
expression in a-SMA-positive and CD31-positive cells,
together with an increased number of these cells, in
bleomycin-treated mice compared with control mice.
Indeed, a mean * SEM of 61.8 * 14.2% and 256 *
8.5% of TLR-4-positive interstitial cells in the
bleomycin-treated mice were also positive for a-SMA
and CD31, respectively, indicating robust TLR-4 expres-
sion in myofibroblasts and endothelial cells. We further
examined whether these a-SMA-—positive cells expressed
endogenous ligands such as HA by double staining for
HA and «-SMA. Indeed, there was marked colocaliza-
tion of these 2 molecules (Figure 1C).

We next performed flow cytometric analysis with
cells isolated from the draining lymph nodes of the
lesional skin of the mice. Although no difference was
seen in dendritic cells, enhanced TLR-4 expression was
observed in B cells, T cells, and macrophages in
bleomycin-treated mice compared with control mice
(Figure 1D). These results indicate that bleomycin in-
creases the expression of TLR-4 in various cell types as
well as the expression of endogenous TLR-4 ligands in
the lesional skin.

Attenuation of skin fibrosis, inflammatory cell
infiltration, and angiogenesis and decreased profibrotic
cytokine expression in bleomycin-treated mice with
TLR-4 deletion. To evaluate the effect of TLR-4 loss on
skin fibrosis, lesional skin sections from mice treated
with PBS or bleomycin for 3 weeks were assessed. As
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Figure 1. Enhanced expression of Toll-like receptor 4 (TLR-4) and hyaluronic acid (HA) in mice treated with bleomycin (BLM). A, Representative images
of staining for TLR-4 in sections from the lesional skin and lungs from wild-type mice treated with phosphate buffered saline (PBS) or bleomycin for 3
weeks. The numbered panels show a higher-magnification view of the boxed areas. Arrows show TLR-4-positive fibroblasts; arrowheads show infiltrating
cells; broken arrow shows endothelial cells in the skin. Bars = 100 pm in the left and middle panels; bars = 10 pm in the right panels. B, Numbers of
TLR-4-positive cells in the mouse skin and lungs. Data were quantified by counting positive cells in a X200 high-power field (hpf). Bars show the mean +
SEM (n = 4-5 mice per group). * = P < 0.05. C, Representative immunofluorescence images of a-smooth muscle actin (a-SMA)/TLR-4, CD31/TLR-4,
and HA/a-SMA double staining in skin samples from mice from each group. Arrews indicate double positive cells. Bars = 50 pm. D, TLR-4 fluorescence

intensity in mononuclear cells from inguinal and axillary lymph nodes from wild-type mice treated with PBS or bleomycin. Cells were gated and costained
for B220, CD3, F4/80, CD1lc, and TLR-4. Results are representative of 3 experiments.

shown in Figure 2A, the dermal thickness and collagen

mice compared with bleomycin-treated wild-type mice,
content were reduced in bleomycin-treated TLR-4/~

and the increase in a-SMA positivity was also attenuated
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Figure 2. Attenuation of blecomycin-induced fibrosis, inflammatory cell infiltration, angiogenesis, and inflammatory cytokine expression in the
lesional mouse skin by TLR-4 deletion. A, Left, Representative wild-type (WT) and TLR-47/~ mouse skin sections stained with hematoxylin and
cosin (H&E) and Masson’s trichrome. Bars = 100 pm. Right, Dermal thickness, collagen content, and a-SMA-positive cells in each group of mice.
Valucs for collagen content are relative to that in PBS-treated wild-type mice (set at 1). B, Numbers of B220-positive, CD3-positive, F4/80-positive,
toluidine blue-positive, and CD31-positive cells in skin sections from mice treated with PBS or bleomycin for 1 week. C, Levels of mRNA for the
indicated genes in the lesional mouse skin, assessed by quantitative reverse transcriptase—polymerase chain reaction. D, Interleukin-6 (IL-6), IL-3,
and TL-17A expression in the lysates of homogenized lesional mouse skin, determined by enzyme-linked immunosorbent assay. One additional
independent experiment using another group of mice yielded similar results. Bars show the mean = SEM (n = 4-8 mice per group in A, C, and D;
n = 4 mice per group in B). ¥ = P < 0.05; =+ = P < 0.01. See Figure 1 for other definitions. Color figure can be viewed in the online issue, which
is available at http://onlinelibrary.wiley.com/doi/10.1002/art.38901/abstract.

by TLR-4 deletion (Figure 2ZA). B cell, T cell, macro-
phage, and mast cell infiltration were markedly in-
creased after bleomycin injection in wild-type mice,
while TLR-4"'" mice showed milder infiltration (Figure
2B). In addition, CD31 staining revealed increased
vessels in the deep dermis and subcutaneous fat tissue of

bleomycin-treated wild-type mice, while TLR-4 knock-
out attenuated the increase (Figure 2B). Taken together,
these results indicate that the activation of TLR-4
signaling plays a vital role in the pathogenic fibrotic
processes, including inflammatory cell infiltration and
angiogenesis, caused by bleomycin.
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We next explored the expression profiles of
mRNAs in the lesional mouse skin. Bleomycin treat-
ment increased the levels of mRINA for Il1b, 116, 1113,
ll17a, H23a, Tnf, Ifng, Tgfbl, Ccl2, Icaml, Veaml, and
Sele genes in wild-type mice, and these increases in
mRNA levels were suppressed by TLR-4 deletion (Fig-
ure 2C). There were significantly lower protein levels
of IL-6, 1L-13, and IL-17A in the lesional skin of
bleomycin-treated TLR-4™/~ mice compared with
bleomycin-treated wild-type mice (Figure 2D). These
results indicate that TLR-4 is a key molecule required
for the expression of soluble factors and cell adhesion
molecules that regulate tissue fibrosis in the bleomycin-
induced model of SSc.

Reduction in fibrosis and expression of inflam-
matory cytokines in the lungs of bleomycin-treated
TLR-4~/~ mice. In addition to skin sclerosis, this
bleomycin-induced murine model exhibits lung fibrosis.
Histologic analyses revealed less fibrosis and inflamma-
tory cell infiltration in bleomycin-treated TLR-47/~
mice than in bleomycin-treated wild-type mice (Figures
3A and B). Consistent with the findings in the mouse
skin, the levels of mRNA for the 111b, 16, 1113, 1123a, Thf,
Ccl2, and Sele genes were significantly suppressed in
bleomycin-treated TLR-4™/~ mice compared with
bleomycin-treated wild-type mice (Figure 3C), and there
was a tendency toward significant suppression of the
levels of Il17a and Tgfbl by TLR-4 deletion (P = 0.09
and P = 0.06, respectively) (Figure 3C). These results
indicate that TLR-4 signaling plays a pivotal role in
pulmonary fibrosis as well by regulating the expression
of various soluble factors, growth factors, and cell adhe-
sion molecules in the bleomycin-induced model of SSc.

Reduction in serum IgG, anti-DNA topoisomer-
ase I antibody, and IL-6 levels and attenuated expres-
sion of IL-6 in the lesional skin and in vitre with TLR-4
knockout. We next examined the total serum IgG, IgM,
anti-DNA topoisomerase I antibody, and IL-6 levels to
evaluate the systemic immunologic influence of TLR-4
deletion in this murine model. Consistent with other
observations, total serum IgG and IL-6 levels were
significantly decreased, and there was a tendency toward
a significant decrease in anti-DNA topoisomerase I
antibody levels (P = 0.06) in bleomycin-treated TLR-
4™/~ mice compared with their wild-type counterparts
(Figure 4A). Considering the pivotal role of IL-6 in the
fibrotic process in this disease model as well as in SSc
through its direct profibrotic property and immuno-
modulatory role (29), we next focused on this molecule.
Immunostaining for IL-6 in the lesional skin showed
increased expression in fibroblasts, endothelial cells, and
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Figure 3. Alleviation of bleomycin-induced inflammatory and fibrotic
changes in the mouse lungs by TLR-4 knockout. A, Hematoxylin and
eosin (H&E) and Masson’s trichrome staining of representative lung
sections from wild-type (WT) and TLR-4"/" mice injected with PBS or
bleomycin. Bars = 100 pum. B, Lung fibrosis score and collagen content
in cach group of mice. Values for collagen content are relative to that
in PBS-treated wild-type mice (sct at 1). C, Levels of mRNA for the
indicated genes in the right lungs of the mice, assessed by quantitative
reverse transcriptase~polymerase chain reaction. One additional inde-
pendent experiment using another group of mice yielded similar

_results. Bars in B and C show the mean = SEM (n = 4-8 mice per

group). * = P < 0.05; #x =P < 0.01; »++ = P < 0.001. See Figure 1 for
other definitions. Color figure can be viewed in the online issue, which
is available at http:/onlinelibrary.wiley.com/doi/10.1002/art.38901/
abstract.

perivascular inflammatory cells in bleomycin-treated
wild-type mice, while the expression was suppressed in
bleomycin-treated TLR-4"/~ mice (Figure 4B).

To clarify the impact of TLR-4 loss on IL-6 pro-
duction, we isolated and stimulated respective cells that
are potentially responsible for the decreased IL-6 pro-
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Figure 4. Decreased serum total IgG and anti-DNA topoisomerase 1
antibody levels and attenuated expression of interleukin-6 (IL-6) in
mice with TLR-4 deletion. A, Levels of total serum lgG, IgM,
anti-DNA topoisomerase [ antibody, and IL-6 in wild-type (WT) and
TLR-47/" mice treated with PBS or bleomycin, as determined by
enzyme-linked immunosorbent assay (ELISA). B, Representative le-
sional mouse skin sections stained with anti-IL-6 antibody. Arrows
show TL-6-positive fibroblasts; arrowheads show infiltrating cells;
broken arrow shows endothelial cells. Bars = 50 um. C, Levels of IL-6
in fibroblasts, endothelial cells, macrophages, B cells, and T cells
isolated from wild-type and TLR-47/~ mice and left untreated or
stimulated with lipopolysaccharide (LPS). Cell culture supernatant was
collected, stored, and used for 1L-6 measurement by ELISA. One addi-
tional independent experiment using another group of mice yielded
similar results. Bars in A and C show the mean = SEM (n = 4-6 mice
per group). * = P < 0.05; #x = P < 0.01. See Figure 1 for other defi-
nitions. Color figure can be viewed in the online issue, which is avail-
able at http:/jonlinelibrary.wiley.com/doi/10.1002/art.38901/abstract.
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duction in TLR-4™/" mice, namely, fibroblasts, endothe-
lial cells, and inflammatory cells such as macrophages,
B cells, and T cells. LPS stimulation of these cells from
wild-type mice resulted in a marked increase in IL-6
production in the culture supernatants, while TLR-4
deletion notably suppressed its production (Figure 4C).
These results suggest that TLR-4 activation in various
cell types by endogenous ligands induced by bleomycin
might promote tissue fibrosis in the mouse skin and
lungs, at least partly through IL-6 production, which was
abrogated by TLR-4 deletion.

Attenuation of bleomycin-induced B cell activa-
tion and polarization toward Th2/Th17 in TLR-4~/~
mice. Our findings with regard to serum IgG and
anti-DNA topoisomerase I antibody led us to examine
the systemic immunologic impact of TLR-4 loss on
lymphocytes in this disease model. We observed in-
creased numbers of cells in the lesional lymph nodes of
wild-type mice treated with bleomycin for 1 week, while
bleomycin treatment caused no notable change in TLR-
47/~ mice (Figure 5A). B cells purified from the lymph
nodes of bleomycin-treated wild-type mice exhibited
enhanced production of profibrotic cytokines (IL-4,
IL-6, and TGFB1), while B cells from their TLR-4™/~
counterparts showed lower production, indicating atten-
uated activation of B cells in TLR-4™/~ mice (Figure
5B). We then assessed the Th1/Th2/Th17 environment
in these diseased mice. Evident polarization toward
Th2/Th17 in CD4+ T cells was confirmed by the in-
creased intracellular expression of IL-4 and IL-17A in
wild-type mice. However, in TLR-47" mice, the in-
crease was attenuated, while the induction of IFNvy was
comparable (Figures 5C and D).

We further evaluated master regulators of CD4+
T cell differentiation, such as ROR+yt for Th17, T-bet for
Th1, and FoxP3 for Treg cells. Consistent with the
observations described above, while ROR+yt expression
was significantly increased in wild-type mice treated with
bleomycin, there was no increase in ROR+yt expression
in bleomycin-treated TLR-4~'~ mice. T-bet expression
was increased with bleomycin treatment in both wild-
type and TLR-47/" mice, but to a significantly greater
extent in TLR-4~'~ mice. FoxP3 expression was compa-
rable between bleomycin-treated wild-type mice and
bleomycin-treated TLR-4"" mice (Figure 5D). Thus,
these results indicate that TLR-4 signaling is indispens-
able in the context of B cell activation and Th2/Th17-
skewed polarization in the mouse model of bleomycin-
induced SSc.

Attenuation of hypodermal fibrosis in TSK/+
mice by TLR-4 knockout. To further explore the impact
of TLR-4 knockout in another murine model of SSc, we
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Figure 5. Alleviation of blcomycin-induced B cell activation and skew toward Th2/Th17 milicu in mice after TLR-4 deletion. A, Total cell numbers

interleukin-4 (IL-4), 1L-6, and transforming growth factor Bl (TGFp1) in B cclls purified from the mousc lymph nodes and cultured without
stimulation, as determined by enzyme-linked immunosorbent assay. Bars in A and B show the mean * SEM (n = 4-8 mice per group in A; n = 4-6
mice per group in B). * = P < 0.05; = = P < 0.01. C, Representative fluorescence-activated cell sorting plots of intraceliular IL-4, IL-17A, and
interferon-y (IFNy) staining in CD4-+ T cells from the lymph nodes of bleomycin-treated wild-type and TLR-4"/" mice. D, Top, Percent of CD4+
cells positive for IFNy, IL-4, and IL-17A, as determined by intracellular staining. Data were combined from 3 independent experiments. Bottom,
Percent of CD4+ cells expressing T-bet, retinoic acid receptor-related orphan nuclear receptor yt (ROR+Yt), and FoxP3. Each data point represents
a single mouse; bars show the mean = SEM (n = 5~8 mice per group for IFNvy, IL-4, and IL-17A; n = 5-10 mice per group for T-bet, RORyt, and

FoxP3). = = P < 0.05. See Figure 1 for other definitions.

crossed TLR-47/~ mice with TSK/+ mice, a genetic
murine model of SSc that is primarily characterized by
endogenous activation of fibroblasts (30), generating
TLR-47/7;TSK/+ mice. Histologic assessment of hypo-
dermal thickness, the thickness of the subcutaneous
loose connective tissue layer, revealed significantly de-
creased thickness in TLR-47/7;TSK/+ mice compared
with control TSK/+ mice (Figure 6A). In contrast to this
observation, emphysematous changes in the lungs of
TSK/+ mice were not influenced by TLR-4 deletion
(Figure 6B). These results suggest the critical roles of

TLR-4 signaling in the TSK/+ model as well as in the
bleomycin-induced model of SSc, further indicating the
importance of TLR-4 in pathologic tissue fibrosis.

DISCUSSION

Extensive studies have shown that TLR-4 is in-
volved in fibrotic processes (31). This study was under-
taken to clarify the contribution of TLR-4 signaling to
the pathologic fibrosis in SSc murine models.

The pathologic influence of TLR-4 up-regulation
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Figure 6. Attenuation of hypodermal fibrosis by Toll-like receptor 4
(TLR-4) deletion in TSK/+ mice. A, Left, Representative hematoxylin
and eosin {H&E)-stained skin sections from 8-week-old female wild-
type (WT), TLR-47/" TSK/+, and TLR-47"";TSK/+ mice with
hypodermal tissue. Arrows indicate hypodermal thickness. Bar = 200
um. Right, Hypodermal thickness in each mouse group. Bars show the
mean = SEM (n = 4 mice per group). * = P < 0.05. B, Representative
H&E-stained lung scctions from the same mice as cxamined in A.
Bar = 100 pm. Onc additional independent experiment using another
group of mice yielded similar results. Color figure can be viewed in the
online issue, which is available at http:/fonlinelibrary.wiley.com/doi/10.
1002/a1t.38901/abstract.

has been shown in various chronic inflammatory dis-
eases, and increased TLR-4 signaling alone can break
immunologic tolerance (32). However, in the field of
SSc research, interest in TLR-4 as a pathogenic factor
has focused on the activation of dermal fibroblasts via
their own TLR-4 signaling. In this study, consistent
with the observation that ~50% and 25% of TLR-4-
positive interstitial cells in the SSc lesional dermis were
also positive for «-SMA and CD31, respectively (22),
our results indicated robust TLR-4 up-regulation in
a-SMA-positive and CD31-positive cells, and we further
demonstrated enhanced TLR-4 expression in the im-
mune cells from bleomycin-treated mice. Furthermore,
we detected enhanced HA production by a-SMA-
positive cells that might primarily be myofibroblasts.
Using a bleomycin-induced model of lung fibrosis, Li et
al showed that this fibrosis is caused by the activated
myofibroblasts that actively produce HA (33). Taken
together, our results suggest that bleomycin induces
TLR-4 activation along with enhanced production of
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endogenous TLR ligands from these activated cells, and
the positive autocrine/paracrine loop that is mediated by
TLR-4 might be involved in the pathogenesis of fibrosis
in this model.

Our study showed reduced expression of profi-
brotic mediators in bleomycin-treated TLR-4™/~ mice.
Previous studies have shown that IL-18, IL-6, IL-13,
IL-17A, TNFa, TGFB1, MCP-1, intercellular adhesion
molecule 1, vascular cell adhesion molecule 1, and
E-selectin play essential roles in the pathogenesis of
this disease model as well as in SSc (7,8,11,13,24), and
their expression levels were significantly decreased by
TLR-4 deletion. In addition, infiltration of B cells, T
cells, macrophages, and mast cells plays an important
role in this model as well as in SSc (34-36). TLR-4
knockdown attenuated infiltration of these cells, and
furthermore, suppressed dermal angiogenesis. Since ab-
errant angiogenesis is also an important disease process
in SSc and its murine model (37), it is consistent to
observe decreased angiogenesis in TLR-4~/~ mice with
less fibrosis. Overall, the present study indicates the
critical role of TLR-4 to induce the pathologic expres-
sion profiles of various soluble factors and cell adhesion
molecules and pathologic angiogenesis, which coordi-
nately regulate tissue fibrosis in the murine model of
bleomycin-induced SSc and possibly in human SSc.

B cell activation is also a key factor that contrib-
utes to the pathogenesis of SSc and its murine models. In
addition to the observation that CD19 knockout atten-
uates bleomycin-induced skin and lung fibrosis in mice
(25), recent clinical observations that rituximab, an
anti-CD20 antibody, is effective against skin and lung
fibrosis in a certain subset of patients with SSc (38), have
proven the importance of B cells in SSc. Our observa-
tions that TLR-4 abrogation alleviated increased levels
of serum total IgG, anti-DNA topoisomerase I antibody,
and profibrotic cytokine production by B cells in
bleomycin-treated mice suggest the significance of TLR-
4—dependent B cell activation in the development of
pathologic fibrosis.

IL-6 is a classic profibrotic cytokine that plays
pivotal roles in the pathogenesis of SSc¢ and its murine
model (11,29), and is produced by various cells including
fibroblasts, endothelial cells, B cells, T cells, and macro-
phages (39). IL-6 enhances collagen synthesis via pro-
moting myofibroblastic differentiation (11). Further-
more, IL-6 drives CD4+ T cells into 1L-4-secreting Th2
cells while inhibiting Th1 differentiation and amplifying
the profibrotic response (40). In our experiments, re-
duced IL-6 levels were observed in bleomycin-treated
TLR-47'" mice. The first step of the fibrotic process
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might include the generation of TLR-4 endogenous
ligands including HA by bleomycin treatment and their
autocrine and/or paracrine recognition by TLR-4-
expressing cells. This recognition immediately stimulates
these cells and enhances the production of this key
cytokine, 1L-6, thus skewing the Th1/Th2 balance toward
Th2 predominance.

Our in vitro data with LPS stimulation showed
striking up-regulation of IL-6 in various cell types (e.g.,
over 100-fold increased induction in macrophages),
while there was only modest increase in IL-6 levels by
bleomycin treatment in vivo. This discrepancy could be
explained by the relatively weak but sustained impact of
these endogenous ligands on inflammatory cytokine
production relative to LPS, the extremely strong exter-
nal ligand (41). Importantly, we observed that, in
bleomycin-treated TLR-4~'" mice, the degree of reduc-
tion in fibrosis paralleled the reduction in IL-6 expres-
sion, both of which were roughly half the levels observed
in their wild-type counterparts. Therefore, through its
direct and indirect impacts on fibrosis, IL-6 might func-
tion as an indicator of TLR-4—dependent fibrotic activ-
ity. Further exploration of the role and the impact of the
TLR endogenous ligands underlying IL-6 induction in
pathologic tissue fibrosis is needed.

Previous studies have shown the role of Th2 and
Th17 responses in fibrotic diseases including SSc (42).
SSc has a distinct Th2 polarization, especially in the
early stages of dcSSc. Th2 cells produce key soluble
profibrotic mediators, including IL-4, IL-6, and IL-13.
Knockdown of T-bet, a master regulator of Thi, results
in severer skin sclerosis with bleomycin treatment, and it
is almost completely alleviated by 1L-13 blockade. Thus,
T-bet might serve as a repressor of dermal sclerosis
through an IL-13-dependent pathway (8). These find-
ings are consistent with our data showing that T-bet
up-regulation was significantly suppressed in more fi-
brotic bleomycin-treated wild-type mice compared
with their less fibrotic TLR-4™/~ counterparts. In con-
trast, I1L-13, which was up-regulated with bleomycin
treatment, was signiticantly reduced by TLR-4 knockout.
IL-13 is another important Th2 cytokine, and activates
tissue fibrosis (43). Furthermore, IL-17A and Th17
cells are the fundamental mediators of autoimmune
diseases (44). IL-17A promotes autoimmunity by trig-
gering a positive feedback loop via IL-6 production (45).
Bleomycin-induced lung fibrosis is IL-17A dependent
(46), and IL-17A abrogation leads to decreased dermal
fibrosis in the SSc murine models (13).

Our experiments showed decreased Th2/Th17
response to bleomycin treatment in TLR-47/~ mice,
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which is compatible with the findings of those previous
studies. Since IL-6 mediates the Th17 phenotype (45),
it is plausible that decreased IL-6 production in the
tissue resulted in less RORyt and IL-17A expression in
CD4+ T cells. Taken together, these findings indicate
that TLR-4 activation might be critically involved in
the differential polarization in Th1/Th2/Th17 balance
toward Th2/Th17 and may play important roles in the
induction of fibrosis.

Finally, our results revealed significantly de-
creased hypodermal fibrosis in TLR-4~/7;TSK/+ mice
compared with TSK/+ mice. The TSK/+ mouse model
is a genetic murine model of SSc, which was originally
identified with a spontaneous mutation in the Fbnl
gene coding fibrillin 1 that results in increased synthesis
and excessive accumulation of collagen in the skin and
visceral organs (30). These mice exhibit elevated TGFS1
production, and their primary fibroblasts show enhanced
collagen production with hypersensitivity to TGFpB1
stimulation (47,48). This model is thus primarily charac-
terized by endogenous activation of fibroblasts, while,
on the other hand, it is known to present with a skewed
humoral response and produce anti-DNA topoisomer-
ase I antibody (49). CD19 loss significantly attenuates
fibrosis in TSK/+ mice, suggesting the important role of
B cells in its pathogenesis'(49). Furthermore, 1L-4 gene
disruption rescues TSK/+ mice from skin fibrosis while
not from lung emphysema (50), and IL-17A deficiency in
TSK/+ mice attenuates skin thickness (13).

Considering that our findings in the bleomycin-
induced model of SSc indicate the pivotal role of TLR-4
in B cell activation and in Th2/Th17 skew, which is
characterized by IL-4 and IL-17A secretion by T cells, it
is possible that TLR-4 deficiency alleviated the fibrosis
in TSK/+ mice at least partly through the attenuation of
these immunologically pathogenic mechanisms. At the
same time, given that TLR-4 signaling augments TGFj3
responses and is crucial for fibroblast activation (22), it
is also probable that disruption of this signaling attenu-
ated the fibrosis in TSK/+ mice directly through de-
creased collagen production by fibroblasts with defective
TGFB responsiveness. Further studies are needed to
fully elucidate the mechanisms by which TLR-47/7;
TSK/+ mice exhibit reduced fibrosis.

There might be a complex interplay of mecha-
nisms leading to fibrosis in SSc, but it became clear that
TLR-4 activation is one of the pivotal mechanisms of
fibrosis in its murine models. Further investigation is
needed to clarify the pathogenesis underlying SSc and
the contribution of TLRs.
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Beneficial effect of botulinum toxin A on Raynaud’s
phenomenon in Japanese patients with systemic sclerosis: A
prospective, case series study

Sei-ichiro MOTEGI,' Kazuya YAMADA,' Sayaka TOKI,' Akihiko UCHIYAMA,'

Yuka KUBOTA,? Tetsuya NAKAMURA,? Osamu ISHIKAWA'

II)(’pm'rmmr of Derntatology, 2Clinical Investigation and Research Unit, Guuma University Graduate School of Medicine, AMacbashi,
Japan

ABSTRACT

Currently, there is no satisfactory treatment for Raynaud’s phenomenon (RP) in systemic sclerosis (SSc).
Recently, it has been reported that botulinum toxin A (BTX-A) injection was effective for the treatment of RP in
SSc patients. The objective was to assess the efficacy and safety of BTX-A on RP in Japanese SSc patients. In
the prospective, case series study, 10 Japanese SSc patients with RP received 10 U of BTX-A injections into the
hand. The change in severity of RP, inciuding the frequency of attacks/pain, color changes, duration time of RP
and the severity of pain, was assessed by Raynaud’s score and pain visual analog scale (VAS) at each visit during
16 weeks. The recovery of skin temperature 20 min after cold water stimulation was examined by thermography
at baseline and 4 weeks after injection. The number of digital ulcers (DU) and adverse effects were assessed at
each visit. BTX-A injection decreased Raynaud’s score and pain VAS from 2 weeks after injection, and the sup-
pressive effect was continued until 16 weeks after injection. Skin temperature recovery after cold water stimula-
tion at 4 weeks after injection was significantly enhanced compared with that before injection. All DU in five
patients were healed within 12 weeks after injection. Neither systemic nor local adverse effects were observed in
all cases. We conclude that BTX-A injection significantly improved the activity of RP in SSc patients without any
adverse events, suggesting that BTX-A may have possible long-term preventive and therapeutic potentials for RP
in Japanese SSc patients.

Key words:

INTRODUCTION

Systemic scleroderma (SSc) is a generalized connective tissue
disease characterized by fibrosis of the skin and internal
organs, vascular dysfunction and immune disorder.”™ Patients
with SSc typically develop Raynaud’s phenomenon (RP) and
persistent digital ischemia, and often develop digital ulcers
(DU). We previously reported that the demographic and clinical
features of SSc patients showed that young age, male sex,
anti-topoisomerase | antibody positivity, severe skin sclerosis,
interstitial lung disease complication and cardiac involvements
were significantly prevalent in patients with vasculopathy, such
as RP and DU.*

Raynaud’s phenomenon is characterized by the presence of
episodic vasospasms of the peripheral blood vessels and
ischemia of fingers in response to cold or emotional stress.
The pathogenesis of RP in SSc is complex and unknown. Sev-
eral neurotransmitters and their receptors, which regulate
vasoconstriction and vasodilation, are implicated in the patho-
genesis of RP.® It has been considered that cold- or stress-

botulinum toxin A, digital ulcer, Raynaud’s phenomenon, systemic sclerosis.

induced norepinephrine stimulates the adrenergic receptor (AR)
3 on pericytes and/or vascular smooth muscle cells, thus
resulting in vasoconstriction.>® In addition, the ARy response
are increased in the digital arteries in SSc patients,” suggesting
that norepinephrine is involved in the pathogenesis of RP in
SSc. Norepinephrine and other neurotransmitters, including
substance P, glutamate and calcitonin gene-related peptide,
are increased in peripheral nerves of the affected skin and
induce severe pain and paresthesia of fingers in patients with
RP.B—12

It has also been considered that episodic vasospasms may
result from the dysregulation of vasoconstriction and vasodila-
tion, and ischemia-reperfusion (I/R) injury may be involved in
the pathogenesis of the symptoms of RP, such as severe pain
and paresthesia of the fingers, as well as the development of
DU. /R injury is identified as the reperfusion of blood to previ-
ously ischemic tissue, which induces excessive -cellular
injury.'®'* The infiltration of inflammatory cells and the produc-
tion of pro-inflammatory cytokines are induced by reperfusion
of blood into a hypoxic tissue, resulting in damage to the
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vascular endothelium, edema, capillary narrowing and apopto-
sis and necrosis of tissues.*®°

Because RP in SSc patients can lead to DU and gangrene,
urgent medical intervention is required. Pharmacological treat-
ments of RP have targeted the enhancement of vasodilation
and/or reduction of vasoconstriction, such as calcium channel
blockers, antiplatelet agents (including aspirin), sarpogrelate
hydrochloride (a serotonin receptor antagonist), cilostazol (a
phosphodiesterase inhibitor), and oral and iv. prostanoid,
(including beraprost sodium, a prostaglandin 1, analog, and
lipoprostaglandin E). The endothelin receptor antagonists bos-
entan and phosphodiesterase-5 inhibitor may benefit functional
impairment in SSc-related RP patients.'”'® However, no satis-
factory treatments for RP in SSc currently exist. Several stud-
ies have recently shown the beneficial effects of botulinum
toxin A {(BTX-A) on RP in patients with SSc, and these have
been reviewed.'®?” SSc patients with RP were injected with
BTX-A at a dose ranging 10-100 U per hand on each neuro-
vascular bundle at the level of the metacarpophalangeal joint.
Raynaud’s symptom severity was assessed using Raynaud’s
score and the visual analog scale (VAS) for pain. The majority
reported an improvement in severe resting pain and a reduc-
tion in the frequencies of RP. BTX-A injection increased the
digital blood flow as assessed using laser Doppler imaging. DU
was also healed after BTX-A injection. Hand functions, such as
pinch and power grip, ranges of movement and disabilities of
arm, shoulder and hand, were improved by BTX-A2® There
were a few adverse effects, such as intrinsic weakness and
dysesthesia. However, these symptoms disappeared within 2-
5 months after treatment. In the present study, we examined
the efficacy and safety of the administration of BTX-A on RP in
Japanese patients with SSc.

METHODS

Study design

This study was designed as a prospective, case series
study. It was initiated in November 2014 and conducted over
the cold winter months from 2014 to 2015 to maximize the
development of RP, as well as to minimize the seasonal
effects on RP. This study was performed at the Department
of Dermatology, and Clinical Investigation and Research Unit,
Gunma University. This study was approved by the institu-
tional review board of Gunma University. All patients pro-
vided their written informed consent before participation.
Treatment was started at day O (baseline) and reviewed at
weeks 2, 4, 8, 12 and 16. The primary outcome was the
change in severity of RP, including the frequency, pain, color
and duration, according to Raynaud’s score and the VAS at
4 weeks after treatment compared with the baseline values.
The secondary outcome was the changes of the temperature
differences of the tip of the treated finger between just after
cold water challenge and 20 min later by thermography at
each visit. The changes of the number of DU during
16 weeks, and the changes in the severity of RP according
to Raynaud’s score and the VAS at 2, 8, 12 and 16 weeks
after treatment compared with the baseline were also consid-

2

ered as secondary outcome variables. Adverse effects were
reviewed at each visit.

Patients

Ten Japanese patients (three men, seven women; mean
age + standard error, 62.5 + 3.5 years) with SSc were treated
with BTX-A. All patients fulfiled the criteria of SSc proposed
by the American College of Rheumatology (1980)?® and the
American College of Rheumatology/European League Against
Rheumatism Classification Criteria (2013).%° Four patients were
classified into the limited cutaneous type (IcSSc) and six
patients were classified into the diffuse cutaneous type (dcSSc)
of SSc according to the classification by LeRoy et al.*® Skin
sclerosis was assessed using the modified Rodnan total skin
score (MRTSS), and the average mMRTSS was 11.6 + 1.9
(range, 6-26). Five patients had DU on the tip of their fingers at
baseline. All patients had a history of severe RP for various
periods and had taken oral prostanoid, beraprost sodium and/
or antiplatelet agents, such as sarpogrelate hydrochloride or
cilostazol. Patients with DU were additionally treated with an
i.v. prostanoid, including lipoprostaglandin E,. However, these
therapies were not effective and severe RP and DU persisted
before BTX-A treatment. Patients under 18 years of age, with
pregnancy or having previous medical histories of BTX-A treat-
ment were excluded.

Treatment and evaluation protocol

Only one finger with the most severe symptoms was selected,
and BTX-A was injected into both sides of the selected finger.
Each 50-unit vial of BTX-A (BOTOX VISTA; Allergan Pharma-
ceuticals, Irvine, CA, USA) was diluted in 2.5 mL saline (20 U/
mL), and 0.5 mL (10 U) of BTX-A was injected s.c. into the pal-
mar aspect of the hand, just proximal to the A1 pulley, target-
ing the neurovascular bundles using a 30-G needle (Fig. 1a;
injection points are indicated by black marker). The change in
the severity of RP, including the frequency, pain, color and
duration, was assessed using Raynaud’s score.*"*2 Raynaud’s
score is the modified Raynaud’s condition score®® and an
assessment of the RP activity (range, 0-16), including the fre-
quency of attacks (0 = none, 1 = once per 2 weeks, 2 = once
per week, 3 = once per 2 days, 4 = every day), pain (0 = none,
1 = fairly rare, 2 =rare, 3 = sometimes, 4 = always), color
(0=none, 1=red, 2=puple, 3= sometimes white,
4 = always white) and duration time of RP (0 = none,
1 = within 15 min, 2 = between 15 and 30 min, 3 = between
30 and 60 min, 4 = »60 min). The total score at baseline was
identified as 100% and the relative scores at each visit were
quantified. Pain severity was assessed using the 100-mm VAS
(range, 0-100; O = no pain, 100 = pain as bad as imagin-
able).®* To assess the recovery of skin temperature in the trea-
ted finger, the skin temperature of the tip of the finger was
measured just after and 20 min after an ice-bath immersion. At
first, both hands were put into cold water (12°C in water bath)
for 5 min. Both hands were pulled out from the cold water,
and then the skin temperature of the tip of the treated finger
was measured using thermography at controlled room temper-
ature (26°C). Twenty minutes later, the skin temperature of the
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Figure 1. Botulinum toxin A (BTX-A) injection improved the symptoms of Raynaud’s phenomenon in systemic sclerosis patients. (a)
BTX-A was injected s.c. into the palmar aspect of the hand (indicated by black marker), just proximal to the A1 pulley, targeting the
neurovascular bundies. (b) The average temperature in our city from December 2014 to March 2015. The mean values of Raynaud’s
score before and after BTX-A injection during 16 weeks. The value of Raynaud’s score at baseline was assigned a value of 100%.
Values were determined in n = 10 patients. **P < 0.01, *P < 0.05 relative to baseline value.

tip of the treated finger was also recorded, and the difference
of the temperatures between just after the cold water challenge
and 20 min later was calculated. This skin temperature mea-
surement was performed at each visit. The changes in the
number of DU were also assessed during the 16-week period.

Statistics

P-values were calculated using one-way anova followed by
Dunnett’s post-hoc test or Tukey’s post-hoc test as appropri-
ate. Error bars represent the standard errors of the mean.

RESULTS

BTX-A injection improved the symptoms of RP in
SSc patients

Ten SSc patients with RP received BTX-A injection into the
hand during November 2014 to early January 2015. Because
cold temperature is an aggravating factor of RP, the symptoms
of RP in SSc patients, including frequency, pain and duration,
were typically exacerbated during winter in our city in Japan.
The average temperature in our city was below 10°C from
December 2014 to March 2015 (Fig. 1b).%® BTX-A injection
decreased Raynaud’s score from 2 weeks after injection and
significantly reduced the score from 4 to 16 weeks after injec-
tion (Fig. 1b). These results suggest that BTX-A injection may
improve the activity of RP, including the frequency of attacks/
pain, color changes and duration time of RP.

BTX-A injection improved the pain of RP in SSc
patients

Next, we examined the changes of pain due to RP attack using
the pain VAS. BTX-A injection significantly decreased the pain
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VAS at 2 weeks after injection, and this inhibition effect contin-
ued until 16 weeks after injection (Fig. 2). These results sug-
gest that BTX-A injection may improve severe RP pain.

BTX-A injection enhanced the skin temperature
recovery after cold water stimulation

Van Beek et al.? reported the increase in skin surface tempera-
ture of 1-4°C within 2-7 days after BTX-A injection. We also
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Figure 2. Botulinum toxin A (BTX-A} injection improved the
pain of Raynaud’s phenomenon in systemic sclerosis patients.
The mean values of pain visual analog scale (VAS) before and
after BTX-A injection during 16 weeks. The value of pain VAS
at baseline was assigned a value of 100%. Values were deter-
mined in n =10 patients. **P < 0.01, *P < 0.05 relative to
baseline value.
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examined the skin surface temperature before and after
injection using thermography. To avoid the effect of air temper-
ature, we measured the differences of temperature between just
after and 20 min after cold water stimulation. Our results
showed that the skin surface temperature recovery after cold
water stimulation at 4 weeks after injection was significantly
enhanced compared with that before injection (Fig. 3a). A
thermographic image at 10 min after cold water stimulation at
4 weeks after BTX-A injection showed that the skin temperature
in the BTX-A injected finger (right index finger) and fingers next
to the injected finger (right thumb and middle finger) was
significantly elevated compared with that in the other fingers
(Fig. 3b). These results suggest that BTX-A injection may
enhance the digital blood flow, resulting in an enhancement
of the skin surface temperature recovery after cold water
stimulation.

RP-related intractable DU were healed after BTX-A
injection

Five SSc patients with RP had intractable DU on the tip of the
finger treated by BTX-A at baseline. All patients with DU had
been treated by oral or i.v. prostanoid and antiplatelet agents
for several weeks, but not healed. Although DU were generally
exacerbated during winter, a DU in one patient healed at
2 weeks after BTX-A injection, and all DU in five patients were
healed within 12 weeks after injection (Fig. 4a). A representa-
tive result of BTX-A treatment against DU showed that a DU
on the tip of the finger of one SSc patient with RP at baseline
was healed 4 weeks after BTX-A injection (Fig. 4b). These
results suggest that BTX-A injection may affect the healing of
RP-related intractable DU.

Importantly, no systemic or local adverse events of BTX-A
were observed in any of our cases. The patients had pain at
the injection sites, however, this pain was resolved within a
few days. Additionally, a reduction in muscle contraction force
was not observed.
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DISCUSSION

Botulinum toxin is a polypeptide produced by the bacterium
Clostridium botulinum, which contains a protease that plays an
active role in inhibiting acetylcholine release at the neuromuscu-
lar junction and the eccrine sweat glands. There are seven (A-
G) serotypes of BTX, and type A has been extensively studied
and clinically used. BTX-A treatment has wide therapeutic appli-
cations and its use is indicated for blepharospasm, facial
spasms, cervical dystonia, spasms of the extremities, esthetic
indications of facial wrinkles and axial hyperhidrosis. In addition,
there is a broad spectrum of other indications for migraine,
achalasia, urinary bladder dysfunction and anal fissures.***°

Several reports demonstrated that BTX-A enhanced the
blood flow and survival of ischemic skin flaps using animal
cutaneous flap models,*"™** suggesting that BTX-A-induced
acetylcholine-mediated vascular smooth muscle paralysis may
inhibit spasm and vascular contraction as well as increase the
blood flow. This mechanism is thought to contribute to the
improvement of RP by BTX-A.

Another mechanism is thought to be due to the fact that
BTX-A can block the release of norepinephrine and inhibit the
expression of AR in the vessel walls.?*?® This mechanism by
BTX-A leads to reduced vasoconstriction and pain. In addition,
it has been reported that the surface expression of ARz is
enhanced by reactive oxygen species (ROS) produced in
smooth muscle cells in response to cooling.**“® Our previous
study demonstrated that BTX-A reduced oxidant-induced
intracellular accumulation of ROS in vascular endothelial cells
in vitro*” These results suggest that the antioxidant effect of
BTX-A may participate in the beneficial effect of BTX-A on RP
in SSc patients. Our results showed that BTX-A injection
enhanced the recovery of skin temperature after cold water
stimulation, suggesting that BTX-A may suppress vasoconstric-
tion caused by cold-induced norepinephrine and the surface
expression of ARx.

(b)

recovery after cold stimulation

0 2 4 8 12

16

Weeks after BTX-A injection

Figure 3. Botulinum toxin A (BTX-A) injection enhanced the skin temperature recovery after cold water stimulation. (@) The mean
values of skin surface temperature recovery after cold water stimulation before and after BTX-A injection during 16 weeks. The
value of skin surface temperature recovery at baseline was assigned a value of 100%. Values were determined in n = 10 patients.
*P < 0.05 relative to baseline value. (b) Thermographic image at 10 min after cold water stimulation at 4 weeks after BTX-A injec-

tion. BTX-A injected finger (right index finger) is indicated by arrow.
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Figure 4. Raynaud’s phenomenon (RP)-related intractable digital ulcers (DU) were healed after botulinum toxin A (BTX-A) injection.
(a) Rate of patients with DU after BTX-A injection during 16 weeks. The rate of patients with DU at baseline was assigned a value of
100%. (b) DU on the tip of the finger of systemic sclerosis patient with RP at baseline and 4 weeks after BTX-A injection.

Furthermore, BTX-A can block the release of various neuro-
peptides, such as calcitonin gene-related peptide, glutamate and
substance P, which increase in chronic nerve irritation and pain
and can exacerbate these symptoms.'®24849 In addition, Neu-
meister et al.?® suggested that BTX-A may reduce pain through
the inhibition of ectopic sodium channels expressed in chronically
irritated or injured nerves by chronic ischemia in patients with RP.
Thus, their findings suggest that BTX-A could reduce pain and
paresthesia in the fingers by blocking the release of pain-related
neuropeptides and the inhibition of its receptors.

We recently demonstrated the beneficial effects of BTX-A
against an intermittent short-time cutaneous I/R injury mimick-
ing RP-induced ulcers using an experimental murine model,
suggesting that the exogenous application of BTX-A may have
therapeutic potential for cutaneous I/R injuries, including RP.*’
BTX-A injection prevented skin ulcer formation after cutaneous
I/R injury by protecting against the reduction of vascularity by
/R injury, reducing the hypoxic area, oxidative stress and
apoptosis of cells in vivo and reducing oxidative stress-induced
ROS in vascular endothelial cells in vitro. Based on these find-
ings, the protective effect of BTX-A against I/R injury may also
contribute to the beneficial effect of BTX-A on RP.

To the best of our knowledge, this is the first investigation
to examine the effects of BTX-A injection on RP in Japanese
SSc patients. Our findings demonstrated that BTX-A injection
significantly improved the activity of RP, including the fre-
quency of attacks/pain, color changes, duration time of RP
and the severity of pain. Collectively, BTX-A injection revealed
a beneficial therapeutic effect on RP in Japanese SSc patients.
The clinical effectiveness of BTX-A has been reported to last
for at least 3-6 months in humans.'®®® According to our
results, the beneficial effects of BTX-A continued for at least

© 2015 Japanese Dermatological Association

4 months after injection. Because warm temperature also
improves RP, we did not know the precise effect of BTX-A at
16 weeks after injection. However, we think that SSc patients
with RP could avoid severe exacerbation of RP-associated
symptoms during winter by one-time BTX-A injection.

Botulinum toxin A is already used in a variety of clinical
applications without any significant adverse events. In our
study, BTX-A significantly improved the symptoms of RP in
SSc patients without any adverse events, suggesting that
exogenous BTX-A administration may have possible long-term
preventive and therapeutic potentials for RP secondary to SSc
and primary RP. However, our study and previous studies have
several limitations, such as a small sample size, the lack of
controls and the varying severity of RP. Therefore, larger dou-
ble-blind, prospective, randomized, placebo-controlied studies
are warranted to elucidate the beneficial efficacy of BTX-A on
the symptoms of RP.
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Protective effect of botulinum toxin A after
cutaneous ischemia-reperfusion injury
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Botulinum toxin A (BTX-A) blocks the release of acetylcholine vesicles into the synaptic space, and has been
clinically used for aesthetic indications, neuromuscular disorders and hyperhidrosis. Several studies have
demonstrated that BTX-A enhanced the blood flow and improved ischemia in animal models. Our objective
was to assess the effects of BTX-A on cutaneous ischemia-reperfusion (I/R) injuries, mimicking decubitus
ulcers. The administration of BTX-A in I/R areas significantly inhibited the formation of decubitus-like
ulcer in cutaneous I/R injury mouse model. The number of CD31* vessels and aSMA™ pericytes or
myofibroblasts in wounds were significantly increased in the I/R mice treated with BTX-A. The hypoxicarea
and the number of oxidative stress-associated DNA-damaged cells and apoptotic cells in the I/R sites were
reduced by BTX-A administration. In an in vitro assay, BTX-A significantly prevented the oxidant-induced
intracellular accumulation of reactive oxygen species (ROS) in vascular endothelial cells. Furthermore, the
administration of BTX-A completely suppressed the ulcer formation in an intermittent short-time
cutaneous I/R injury model. These results suggest that BTX-A might have protective effects against ulcer
formation after cutaneous I/R injury by enhancing angiogenesis and inhibiting hypoxia-induced cellular
damage. Exogenous application of BTX-A might have therapeutic potential for cutaneous I/R injuries.

schemia-reperfusion (I/R) injury is characterized by the reperfusion of blood to previously ischemic tissue,
which induces excessive cellular injury'?. Reperfusion of blood into a hypoxic tissue can induce a cascade of
inflammation, including the infiltration of leukocytes and macrophages and the production of proinflamma-
tory cytokines, resulting in the damages of vascular and lymphatic endothelium, edema, capillary narrowing and
the apoptosis and necrosis of tissues®*.

Reactive oxygen species (ROS), such as H,O, and NO, also play essential roles in the tissues damage induced by
reperfusion*. I/R injury is associated with vascular infarction or vasospasm in various organs, such as the brain,
heart, liver, kidneys and skin. There is also increasing evidence that I/R injury is associated with the pathogenesis
of pressure ulcers, also known as decubitus ulcers'®"'%, Raynaud’s phenomenon (RP) is commonly observed in
response to cold or emotional stress in patients with connective tissue diseases, especially systemic sclerosis. RP is
an episodic vasospasm of peripheral blood vessels that results from the dysregulation of vasoconstriction and
vasodilatation, suggesting that I/R injury might be involved in the pathogenesis of severe pain and paresthesia of
the fingers, as well as the formation of digital ulcers’'*.

Botulinum toxin (BTX) is a polypeptide produced by the bacterium Clostridium botulinum, which contains a
protease that plays an active role in inhibiting the acetylcholine release at the neuromuscular junction and the
eccrine sweat glands. There are seven (A-G) serotypes of BTX. Type A has been extensively studied and clinically
used. Recently, the therapeutic indications of BTX-A have been expanded for axial hyperhidrosis, blepharospasm,
facial spasms, cervical dystonia, spasms of the extremities and also for aesthetic indications of facial wrinkles. In
addition, there is a broad spectrum of other indications for migraine, achalasia, urinary bladder dysfunction and
anal fissures'> ™.

In in vitro assays, several reports demonstrated that BTX-A enhanced the blood flow and survival of ischemic
skin flaps using animal cutaneous flap models®*-**. With respect to I/R injury and BTX-A, Kiigiiker et al. showed
that BTX-A application suppressed apoptosis and the tissue levels of malonyl dialdehyde (MDA) and nitric oxide
end products (NOx) in a rat model of skeletal muscle I/R injury*. However, to the best of our knowledge, there
have been no studies of the possible effects of BTX-A on cutaneous I/R injuries.

Several case reports have recently demonstrated the beneficial effect of BTX-A in patients with RP, including
the enhancement of blood flow and improvement of the digital ulcers, pain and paresthesia of the fingers®.
However, there has been no experimental evidence of the beneficial effects of BTX-A on the I/R injury associated
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with RP-induced ulcers using animal models. In this study, we exam-
ined the effects of BTX-A on cutaneous I/R injuries in two experi-
mental conditions that mimic decubitus ulcers and RP-induced
cutaneous ulcers, respectively, and aimed to clarify the mechanisms
underlying the protective effect of BTX-A against cutaneous I/R

injury.

Results

Botulinum toxin A protected against ulcer formation in a
decubitus ulcer-like I/R injury mouse model. First, to assess the
effects of BTX-A on the development of cutaneous pressure ulcers
after I/R injury in vivo, we compared the wound area in a decubitus
ulcer-like I/R injury mouse model treated with or without BTX-A.
BTX-A was injected into the dermis at the I/R site 24 hours before
the beginning of I/R. The administration of BTX-A significantly
inhibited the formation of cutaneous pressure ulcers after I/R
injury (Figures 1A, B). At four days after reperfusion, cutaneous
ulcers had developed due to I/R injury in the control mice.
However, the administration of BTX-A completely protected the
mice from ulcer formation in the I/R area (Figures 1A, B).
Furthermore, from four to nine days after reperfusion, the wound
areas in 1.0 U BTX-A-treated mice were significantly smaller than
those in control mice. These results suggest that BTX-A might have
the potential to prevent the development of cutaneous pressure
ulcers after I/R injury.

Botulinum toxin A protected against the reduction of vascularity
induced by cutaneous I/R injury. Kasuya et al. recently reported
that cutaneous I/R injury induced the suppression of the luminal areas
of blood vessels and lymphatic vessels, as well as inducing hypoxia
and oxidative stress in the I/R site*. In addition, several studies using
animal cutaneous flap models demonstrated that BTX-A prevented
the collapse of the peripheral vessels in the cutaneous flap and
increased the blood flow and survival of the flap**?. Based on
these previous studies, we investigated the effects of BTX-A on the
vascularity in the I/R area in a cutaneous I/R injury model. At four
days after reperfusion, the numbers of CD31" endothelial cells in I/R
areas in BTX-A-treated mice were significantly increased compared to
those in control mice (Figure 2A). The numbers of NG2" pericytes
tended to be higher than those in control mice. The numbers of
aSMA* pericytes or myofibroblasts in I/R areas in BTX-A-treated
mice were significantly increased compared to those in control mice
(Figure 2B). We confirmed that the stainings using isotype control
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antibodies were negative. We additionally examined the effect of
BTX-A on the vascularity in the I/R area at earlier time point after
I/R, such as at 1 hour after reperfusion. The amount of CD31*
endothelial cells, NG2* pericytess and oSMA™ pericytes or
myofibroblasts in I/R areas in BTX-A-treated mice at 1 hour after
reperfusion were significantly increased compared to those in control
mice (Supplemental Figure S1A,B). These results suggest that BTX-A
might have a preventive effect against the reduction of vascularity by
cutaneous I/R injury.

Botulinum toxin A reduced the hypoxic area after cutaneous I/R
injury. To examine the influence of BTX-A on the tissue hypoxic
area in the cutaneous I/R area after I/R injury in mice,
immunofluorescent staining of the hypoxic area using an antibody
against pimonidazole, a marker of hypoxia, was performed with skin
tissue sections from the I/R area. At one day after reperfusion, the
hypoxic area at the I/R site in BTX-A-treated mice was significantly
reduced compared to that in control mice (Figure 3). We confirmed
that the staining using isotype control antibody was negative. We
additionally examined the effect of BTX-A on the hypoxic area in the
I/R area at earlier time point after I/R, such as at 1 hour after
reperfusion. The amount of hypoxic area in I/R areas in BTX-A-
treated mice at 1 hour after reperfusion was significantly reduced
compared to that in control mice (Supplemental Figure S1C). These
results suggest that BTX-A might have a preventive effect against
hypoxia by cutaneous I/R injury in the I/R area.

Botulinum toxin A protected against DNA damage after
cutaneous I/R injury. Kasuya et al. demonstrated that ROS were
produced by I/R injury and created 8-hydroxy-2- deoxyguanosine
(8-OHdG), a useful marker of oxidative stress-associated DNA
damage, in the DNA of tissue-resident cells*. Therefore, we
examined the effects of BTX-A on the DNA damage after
cutaneous I/R injury by performing immunofluorescent staining of
8-OHdG. At one day after reperfusion, the area with positive staining
in the I/R area in BTX-A-treated mice was significantly reduced
compared to that in control mice (Figure 4). We confirmed that
the staining using isotype control antibody was negative. These
results suggest that BTX-A might reduce oxidative stress due to
cutaneous I/R injury.

Botulinum toxin A reduced cell apoptosis after cutaneous I/R
injury. ROS induced by I/R injury causes apoptosis and subsequent
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Figure 1| Botulinum toxin A protected ulcer formation in decubitus ulcer-like I/R injury mice model. (A) Percent wound area at each time point
relative to the wound area in control mice at 4 days after reperfusion (n = 7 for each time point and groups). All values represent mean = SEM. **P <
0.01, *P < 0.05. (B) Photographs of wound after cutaneous I/R in control or BTX treated mice at 4, 6, 8, and 12 days after reperfusion.
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