Figure 3. Clinical correlation of serum CCNI levels in SSc patients.

Serum CCNI levels were measured by a specific ELISA. The levels were compared among
dcSSc (n = 40), 1eSSc (n = 26), and control subjects (n = 20) (a) and between SSc patients
with digital ulcers (n = 24) and those without (n = 42) (b). Horizontal bars represent median

of each group.

Figure 1
a CCN1 (HO) Flil (HC)

b CCN1 (SSc¢) Fli1 (SS¢)

¢ PECAM1 ~  CCN1 DAP} Overlay

HC

SSc ¢

d Bulk skin e Dermal fibroblasts
_ CCNI

z Z1s

4 3

] Z 10

< <

g g os

g g

Controls SSc Controls $Se Controls SSe

This article is protected by copyright. All rights reserved.

— 442 —



Figure 2

a b
= ; FLIT = CCN1
= 15- 15 :
S peooor 7] p=oom HDMEC
] | amm— )
2 o 2 10 Input IgG  Fhl
= < CLCN1 promoter
% Z -1082 ~ -882
E9s- Eo
& &
3 g
g o 2 0-
SCR  siFlil SCR  siFlil

This atticle is protected by copyright. All rights reserved,

— 443 —



Figure 3
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Objective: Bleomycin (BLM)-induced fibrosis model and tight skin mice (TSK/+)
kel are well-established experimental murine models of human systemic sclerosis
‘). Growing evidence has demonstrated the pivotal role of Toll-like receptors
Rs) in several autoimmune inflammatory diseases including SSc. The aim of this
ly is to determine the role of TLR4 in the fibrotic processes of these models.

hods: We generated BLM-induced SSc murine model with TLR4™ mice and
47, TSK/+ mice. The mechanisms by which TLR4 contributes to pathological

tissue fibrosis were investigated utilizing these two models with histological

examination, hydroxyproline assay, ELISA, real-time PCR, and flow cytometry.

esults: Dermal and lung fibrosis was attenuated in BLM-treated TLR4™ mice
sompared with their wild type counterparts. Consistently, inflammatory cell infiltration,

xpression of various inflammatory cytokines, and pathological angiogenesis induced

R4. Moreover, TLR4 deletion was associated with alleviated B cell activation and
in Th2/Th17 response against BLM treatment. Importantly, also in TSK/+ mice,
er SSc murine model, TLR4 abrogation attenuated its hypodermal fibrosis.

nclusion: These results indicate the pivotal contribution of TLR4 to the pathological
e fibrosis of SSc murine models. Our results indicate the critical role of TLR4
ling in the development of tissue fibrosis, suggesting that biomolecular TLR4

argeting might be a potential therapeutic approach to SSc.
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TRODUCTION

Systemic sclerosis (SSc) is an autoimmune disorder characterized by initial vascular
ijuries and resultant fibrosis in the skin and certain internal organs (1). Numerous
es have shown that the complex interactions between feukocytes, endothelial cells,
ibroblasts lead to fibroblast activation and extracellular matrix overproduction (2).
¢ interactions are mediated by several inflammatory cytokines, chemokines, growth
tors and adhesion molecules. Interleukin (IL)-1, IL-4, IL-6, IL-13, IL-23, TNF-q,
- MCP-1, are elevated in SSc patients” sera (3-6) and play critical roles in
VI-induced SSc mouse models as well (7, 8). Imbalance between Thl and Th2

cytokines throughout the disease course of SSc further suggests the capital roles of these

rs (9). Th2 polarization is characteristic of early diffuse cutaneous SSc (deSSc),
tile the balance shifts to Thi predominance along with the resolution of skin sclerosis,
persistent Th2 predominance is related to poor prognosis (10). Among these factors,
has drawn attention as a new therapeutic target. IL-6 blockade attenuates skin
erosis induced by bleomycin (BLM) in animal models (11) and tocilizumab, an
6 receptor monoclonal antibody, improves dermal sclerosis in a subset of SSc
patients’ (12). Supporting this  notion, the contribution of Thl7 subset, whose
ferentiation is regulated by 1L-6, is recently reported (13).

Researches have disclosed the role of innate immunity in the pathogenesis of
oimmune discases including SSc (14). Innate immune response is mediated, in part,
lI-like receptors (TLRs), which are evolutionarily conserved receptors for foreign
ogen-associated molecular patterns (15). TLRs and their ligands contribute to
flammatory responses including autoimmune discases as well as host defenses by

in éte immunity (16), and they further control adaptive immune responses (17).

4
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obial TLR ligands trigger onset in experimental models of arthritis, diabetes, and
atl;3 osclerosis (18). Furthermore, various endogenous molecules serve as ligands for
s. TLR4, originally identified as the receptor for lipopolysaccharide (LPS),
4 gnizes hyaluronic acid (HA), fibronectin fragments, heparan sulfate, and
gh-Mobility Group Box-1 (HMGB-1) as endogenous ligands (18). This recognition is
rofoundly 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

esional skin are elevated (20-22). TLR4 stimulation by these molecules results in

fibroblast activation by augmenting TGF-B signaling (22). Importantly, in C3H/Hel
with point mutations in 7/r4 gene, BLM-induced skin sclerosis is attenuated
te the elevation of endogenous TLR4 ligands (22). These results indicate that
4 signaling activation is potentially involved in the fibrotic process of SSc and its
animal models at least partly by directly activating dermal fibroblasts. However, given
t C3H/HeJ mice exhibit several defects including spontaneous alopecia development
caused by some unknown immunological abnormalities (23), the exact role of TLR4 in
pathological process of tissue fibrosis still remains unknown. Therefore, we
erated BLM-treated and tight skin mice with TLR4 deletion and investigated the

ficance of TLR4 in these models. Our results indicate the critical role of TLR4
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type (WT) (C57BL/6) mice were purchased from Japan SLC Inc. (Tokyo, Japan).

TER4™ and TSK/+ mice (C57BL/6 background) were purchased from The Jackson
Aboratory. TLR4”;TSK/+ mice were generated by crossing TSK/+ and TLR4™ mice.
; mice used in this study were female, and in BLM-treated model, mice were 6 to 8
<s old at the beginning of the PBS/BLM treatment. In the experiments with TSK/+
, they were sacrificed at 8-weck-old time point and skin and lung sections were

excised for histological evaluations.

BLM treatment.

BLM (Nippon Kayaku, Tokyo, Japan) was prepared and injected to mice as described

ously (24). For histological analysis to evaluate fibrosis, alternate-day injection for
eks, and for analysis of inflammatory cell infiltration, neovascularization, cytokine
essions, and flow cytometry, daily injection for 1 week was made in each group,
otherwise indicated. Equal volume of PBS was injected to control groups. All studies
d procedures were approved by the Committee on Animal Experimentation of

ersity of Tokyo Graduate School of Medicine.

stological assessment and immunohistochemistry.

On the next day of the final injection, mice were sacrificed, and skin and lung sections
“‘f&qre taken. Six-um thick sections were stained with H&E, Masson’s trichrome and
toluidine blue. Dermal and hypodermal thickness was examined as previously described
.25). Right lungs were excised, and the severity of fibrosis was scored as previously
escribed (25). Immunohistochemistry was performed using antibodies directed against

T R4 (Imgenex, San Diego, CA, USA), CD3 (BD Pharmingen, San Diego, CA, USA),

6
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220 (BD Pharmingen), F4/80 (Serotec, Eching, Germany), a-smooth muscle actin
(0:SMA) (Sigma-Aldrich, St. Louis, MO, USA), CD31 (BD Pharmingen) and IL-6
.bcam, Cambridge, UK). For immunofluorescence staining, serial sections were
ibated with antibodies against TLR4, a-SMA, CD31, and HA (Abcam) as primary
bodies, followed by Alexa Fluor 555 or fluorescein isothiocyanate
(FITC)-conjugated secondary antibodies (Abcam) corresponding to their primary
antibodies. Coverslips were mounted using Vectashield with DAPI (Vector
.aboratories, Burlingame, CA), and staining was examined with Bio Zero BZ-8000
K%}rence, Osaka, Japan). Stained cells were counted in 10 random grids under
higl;-magniﬁcation power fields by two independent researchers (T.T. and Y.A.) with

ed manners.

gen measurement.

llagen contents of skin and lung tissues were quantified following the instructions of
ickZyme Total Collagen Assay {QuickZyme Biosciences, Leiden, Netherlands).

unch biopsy skin samples and total left lungs were used.

urement of cytokines in sera and skin homogenates.

of mice were obtained after 3-week treatment with PBS/BLM. Serum total IgG,
gM, anti-DNA topoisomerase I antibody, and IL-6 levels were determined by specific

LISA kits (IL-6: R&D Systems, Minneapolis, MN, USA; total IgG and IgM: Abcam;

n -DNA topoisomerase 1 antibody: ALPHA DIAGNOSTIC, San Antonio, TX, USA)

7
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owing manufacturer’s instructions. Six-mm punched out lesional skin of mice

tréated with either PBS or BLM for 1 week was harvested, homogenized in 300 pl of
IPA buffer (Santa Cruz Biotechnology, Santa Cruz, CA, USA) and centrifuged.
ates were subject to measurement with specific ELISA kits for IL-6, 1L-13, and

A (R&D Systems).

A isolation and real-time (RT) PCR.

g of RNA was reverse transcribed using iScript cDNA Synthesis Kits (Bio-Rad,
Hercules, CA, USA). RT-PCR was carried out using SYBR Green PCR Master Mix
j,e technologies, Gaithersburg, MD, USA) on ABI prism 7000 (Life technologies) in
licates. The mRNA levels were normalized to those of GAPDH gene. The primer
nces used are available upon request. The relative change in the levels of genes of

2-AACT

rest was determined by the method. Dissociation analysis for each primer pair

was performed to verify specific amplification.

Cell isolation and culture.

mal fibroblasts were purified as descried previously (26). Primary WT and TLR4™
lasts were passaged once and uAtilized for experiments. To ‘obtain dermal
rovascular endothelial cells, cell suspension obtained from dermal collagenase
ion was stained with anti-CD31 microbeads (Myltenyi Biotech, Bergisch
‘\Gladbach, Germany), and isolated with magnetic sorting, as described previously (27).
T or TLR4™" primary fibroblasts or endothelial cells were seeded 3x10° cells per well,

xﬁulated with 100 ng/ml LPS from E.coli (Sigma-Aldrich) for 24 hours, to evaluate

8
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4

upernatant IL-6 concentration with specific ELISA kit (R&D systems). Macrophages
obtained as described previously (28). Splenic B cells and T cells were isolated
vith anti-CD19 MACS magnetic beads and pan-T cell isolation kit, respectively
enyi Biotech). Five x 10* cells per well were stimulated with 100 ng/m! LPS or left
treated. Supemnatants were harvested 24 hours later and measured for IL-6
congcentration with specific ELISA kit (R&D systems). In experiments to determine
IL-4, IL-6 and TGF-B1 productions by purified B cells from PBS or BLM-treated mice,
ice were treated for 1 week, sacrificed, and cells from the draining lymph nodes (i.e.

illary and inguinal lymph nodes) of the lesional skin were subject to magnetic

separation with anti-CD19 MACS beads. The CDI9 positive cells were cultured in
I medium without stimulation and after 24 hours, supernatants were harvested and

ibove cytokines were measured with specific ELISA kits (R&D systems).

Flow cytometric analysis.

ce were treated with PBS/BLM for 1 week. On the next day of the final injection,
lymphocytes from draining lymph nodes were obtaincd. In the surface staining
eriments, cells were stained with antibodies against B220 (RA3-6B2), CD3 (17A2),
'80 (BM8), CD1lc (N418) and TLR4 (SA15-21; all from Biolegend, San Diego, CA,

USA). In intracellular cytokine staining, they were stimulated with 10 ng/ml PMA and 1

tive/permeabilization buffer (BD Pharmingen) and then stained with anti-IL-4
11 11), anti-IL-17A (TC11.18H10) and anti-IFN-y (XMG1.2; all from BioLegend)

ibodies. In experiments to analyze transcription factors, antibodies against ROR-yt
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; c¢Bioscience, San Diego, CA, USA), T-bet (4B10; Biolegend), and Foxp3

(FIK-16s; eBioscience) were used. Cells were analyzed on a FACSVerse flow
ometer (BD Biosciences, San Jose, CA, USA). The positive and negative population

ells were determined using unreactive isotype-matched antibodies as controls.

istical analysis.
are presented as mean £ SEM. Statistical analysis was carried out using GraphPad
with two-tailed Mann-Whitney U test for group comparisons. P < (.05 was

‘considered statistically significant.

ULTS

4 and its endogenous ligand expressions are enhanced by BLM treatment.
initially evaluated TLR4 expression after the BLM treatment in WT mice.
mmunohistochemical staining of the lesional skin and the lung revealed a significant
nerease in TLR4 positive cells (Fig. 1A and B). Since the expression of TLR4 is

d in a-SMA positive cells and CD31 positive dermal microvascular endothelial

cells in the lesional skin of SSc patients (22), we performed double
nunofluorescence staining to clarify if TLR4 expression is increased in these cells as
well in BLM-treated mice. As shown in Fig. 1C, we noted prominently enhanced TLR4
ression in a-SMA and CD31 positive cells, together with increased number of these
in BLM-treated mice compared with control mice. Indeed, 61.8 + 14.2% and 25.6
% of TLR4-positive interstitial cells in the BLM-treated mice were also positive

or o-SMA and CD31 respectively, indicating robust TLR4 expression in

%ﬁbroblasts and endothelial cells. We further examined whether these a-SMA
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mph nodes of the lesional skin. Although no difference was seen in dendritic cells,

nhanced TLR4 expression was observed in B cells, T cells, and macrophages in

y%TLR4 deletion (Fig. 2A). B cell, T cell, macrophage, and mast cell infiltration
| |

8 ”%ved marked increase by BLM injection in WT mice, while TLR4” mice showed

‘ deep dermis and subcutaneous fat tissue of BLM-treated WT mice, while TLR4
%kkout attenuated the increase (Fig. 2B). Collectively, these results indicate that the
kfggjlation of TLR4 signaling plays vital roles in the pathogenic fibrotic processes
ncluding inflammatory cell infiltration and angiogenesis caused by BLM.

We next explored the expression profiles of mRNAs in the lesional skin. BLM

11
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eatment increased the mRNA levels of 1/1b, 116, 1113, 1l17a, 1123a, Tnf, Ifng, Tgfbl,

CeéR2, Icaml, Veaml, and Sele genes in WT mice, and the incréased levels of these
mﬁNAs were suppressed by TLR4 deletion (Fig. 2C). Protein levels in the lesional skin
ed significantly less expression of IL-6, IL-13, and IL-17A in BLM-treated TLR4”
compared with WT mice (Fig. 2D). These results indicate that TLR4 is a key
cule required for the expression of soluble factors and cell adhesion molecules

which coordinately regulate tissue fibrosis in BLM-induced SSc model.

ibrosis and expression of inflammatory cytokines are reduced in the lungs of

BLM-treated TLR4” mice.

dition to skin sclerosis; this murine model accompanies lung fibrosis. Histological
alyses revealed less fibrosis and inflammatory cell infiltration in BLM-treated TLR4”
: than in BLM-treated WT mice (Fig. 3A and B). In parallel with the results in the
skin, the mRNA levels of the 7/1b, 1l6, 1113, I123a, Tnf, Cci2, and Sele genes were
ificantly suppressed in BLM-treated TLR4" mice compared with BLM-treated WT
(Fig. 3C), and the levels of I/17a and Tgfbl were tended to be suppressed by
. TLR4 deletion (p = 0.09 and p = 0.06, respectively; Fig. 3C). These results indicate that
R4 signaling plays a pivotal role in pulmonary fibrosis as well by regulating the
expression of various soluble factors, growth factors and cell adhesion molecules in

LM-induced SSc model.

Serum IgG, anti-DNA topoisomerase I antibody and 1L-6 levels are reduced by
LR4 knockout with attenuated expression of IL-6 in the lesional skin and in vitro.

‘next proceeded to examine the serum total IgG, IgM, anti-DNA topoisomerase I

12
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ntibody, and IL-6 levels to evaluate the systemic immunological influence of TLR4

deletion in this murine model. In line with other observations, serum total IgG and IL-6
vels were significantly decreased, and anti-DNA topoisomerase I antibody level was

s
é‘%am to be decreased (p = 0.06) in BLM-treated TLR4™ mice compared with their WT

ﬁ%@

counterparts (Fig. 4A). Considering the pivotal role of IL-6 in the fibrotic process in this
disease model as well as in SSc through its direct pro-fibrotic property and
unomodulatory role (29), we next focused on this molecule. IL-6 immunostaining
he lesional skin showed increased expression in fibroblasts, endothelial cells, and
en;vascular inflammatory cells in BLM-treated WT mice, while the expressmn was
suppresscd in their TLR4™ counterparts (Fig. 4B). To clarify the impact of TLR4 loss
TL-6 production, we isolated and stimulated respective cells, which are potentially
ponsible for the decreased IL-6 production in TLR4™ mice, namely fibroblasts,
thelial cells, and inflammatory cells, such as macrophages, B cells, and T cells.
stimulation of these cells from WT mice resulted in a marked increase in IL-6
duction in the culture supernatants, while TLR4 deletion strikingly suppressed its
ction (Fig. 4C). These results suggest that TLR4 activation in various cell types by
genous ligands induced by BLM might promote tissue fibrosis in skin and lung at

5t partly through IL-6 production, which was abrogated by TLR4 deletion.

ttenuated in TLR4™”" mice.

Abgve observations on serum IgG and anti-DNA topoisomerase I antibody encouraged
s to examine systemic immunological impact of TLR4 loss on lymphocytes in this

disease model. We first noticed increased number of cells in lesional fymph nodes of

13
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mice treated with BLM for 1 week, while BLM treatment in TLR4” mice caused
norremarkable change (Fig. 5A). B cells purified from lymph nodes of BLM-treated WT
ice exhibited enhanced pro-fibrotic cytokine (IL-4, IL-6, and TGF-B1) production,
B cells from their TLR4” counterparts showed lower production, indicating
uated activation of B cells in TLR4” mice (Fig. 5B). We then proceeded to assess
Th1/Th2/Th17 environment of these diseased mice. Evident polarization towards
h17 in CD4" T cells was confirmed by the increased intracellular expression of
} and IL-17A in WT mice. However in TLR4" mice, the increase was attenuated,
le the induction of IFN-y was comparable (Fig. 5C and D). We further evaluated

master regulators of CD4" T cell differentiation, such as RAR-related orphan receptor

fﬁROqut) for Th17, T-box expressed in T cells (T-bet) for Thl, and Forkhead box p3
p3) for regulatory T cells. In line with above observations, while ROR-yt
ssion was significantly increased in WT mice with BLM treatment, there was no
increase in ROR-yt expression in TLR4™ mice. T-bet expression was increased by BLM
eatment both in WT and TLR4" mice, but to a significantly greater extent in TLR4™
Foxp3 expression was comparable between BLM-treated WT and TLR4”" mice
. 5D). Thus, these results indicate that TLR4 signaling is | indispensable in the
xt of B cell activation and Th2/Th17 skewed polarization in BLM-induced SSc

lel.

yodermal fibrosis in TSK/+ mice is attenuated by TLR4 knockout.
To further explore the impact of TLR4 knockout in another SSc¢ murine model, we
ossed TLR4” mice with TSK/+ mice, a genetic SSc¢ murine model which is primarily

facterized by endogenous activation of fibroblasts (30), generating TLR4”;TSK/+

14
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Histological assessment of hypodermal thickness, the thickness of the

subgutaneous loose connective tissue layer, revealed significantly decreased thickness in
' +TSK/+ mice compared with control TSK/+ mice (Fig. 6A). In contrast to this
rvation, emphysematous changes in the lungs of TSK/+ mice were not influenced
TLR4 deletion (Fig. 6B). These results suggest the critical roles of TLR4 signaling
in TSK/+ model along with BLM-induced model, further indicating its importance

in pathological tissue fibrosis.

ISCUSSION

Extensive studies have shown that TLR4 is involved in fibrotic processes (31). This

y was undertaken to clarify the contribution of TLR4 signaling to the pathological
sis of SSc murine models.

The pathological influence of TLR4 upregulation has been shown in various
chronic inflammatory diseases, and increased TLR4 signaling alone can break
immunological tolerance (32). However, in the field of SSc research, the pathogenic
interest .of TLR4 has been put on the activation of dermal fibroblasts via their own
signaling. In this study, in line with the observation that approximately 50% and
of TLR4-positive interstitial cells in the SSc lesional dermis were also positive for
a-SMA and CD31, respectively (22), our observation also revealed robust TLR4
” regulation in a-SMA and CD31 positive cells, and we further demonstrated the
hanced TLR4 expression in the immune cells from BLM-treated mice. Furthermore,
etected enhanced HA production by a-SMA positive cells which might primarily
e myofibroblasts. Using lung fibrosis model induced by BLM, Li et al. showed that

s fibrosis is caused by the activated myofibroblasts which actively produce HA (33).
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n together, our results suggest that BLM induces TLR4 activation along with
exﬁ;anced production of endogenous TLR ligands from these activated cells, and the
itive autocrine/paracrine loop which is mediated by TLR4 might be involved in the
athogenesis of fibrosis in this model.

Our study showed reduced expressions of pro-fibrotic mediators in
-treated TLR4” mice. Previous studies have shown that IL-18, IL-6, IL-13,
A, TNF-a, TGF-B1, MCP-1, ICAM-1, VCAM-1, and E-selectin play essential
égjs in the pathogenesis of this disease model as well as SSc (7, 8, 11, 13, 24), and their
/ xpression levels were significantly decreased by TLR4 deletion. In addition,
infiltration of B cells, T cells, macrophages, and mast cells plays important roles in this
’%&%%el as well as in SSc (34-36). TLR4 knockdown attenuated infiltration of these cells,
| furthermore, suppressed dermal angiogenesis. Since aberrant angiogenesis is also
an g:%mportant disease process of SSc and its murine model (37), it is consistent to
observe decreased angiogenesis in TLR4" mice with less fibrosis. In ‘aggregate, the
eéent study indicates the critical role of TLR4 toinduce the pathological expression
4 of various soluble factors and cell adhesion molecules and pathological
angiogenesis, which coordinately regulate tissue fibrosis in BLM-induced murine model
possibly in human SSc.

B cell activation is also a key factor that contributes to the pathogenesis of SSc
its murine models. In addition to the observation in mice that CD19 knockout
uates BLM-induced skin and lung fibrosis (25), recent clinical observations that
rituximab, an anti-CD20 antibody, is effective against skin and lung fibrosis in a certain
subset of SSc (38), have proven the importance of B cells in SSc. Our observations that

TL 4 abrogation alleviated increased levels of serum total IgG, anti-DNA
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iisomerase I antibody, and pro-fibrotic cytokine production by B cells in
BBM—treated mice suggest the significance of TLR4-dependent B cell activation in the
glopment of pathological fibrosis.

IL-6 is a classic pro-fibrotic cytokine which plays pivotal roles in the
athogenesis of SSc and its murine model (11, 29), and is produced by various cells
including fibroblasts, endothelial cells, B cells, T cells and macrophages (39). IL-6
enhances collagen synthesis via promoting myofibroblastic differentiation (11).
thermore, IL-6 drives CD4" T cells into IL-4-secreting Th2 cells while inhibiting
differentiation and amplifying the pro-fibrotic response (40). In our experiments,
redx;ced IL-6 levels were observed in BLM-treated TLR4"' " mice. The first step of the
otic process might include the generation of TLR4 endogenous ligands including
by BLM treatment and their autocrine and/or paracrine recognition by TLR4
expressing cells. This recognition immediately stimulates these cells and enhances the
bduction of this key cytokine, IL.-6, and thus skewing Th1/Th2 balance towards Th2
predominance. Our in vifro data with LPS stimulation showed striking upregulation of
various cell types (e.g. over 100-fold increased induction in macrophages),

ere was only modest increase in IL-6 levels by BLM treatment in vivo. This

egree of reduction in fibrosis was in parallel with the reduction of IL-6 expression,
th of which are roughly a half the levels compared with their WT counterparts.
erefore, through its direct and indirect impacts on fibrosis, [L-6 might serve as an

icator of TLR4-dependent fibrotic activity. Further exploration on the role and the
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