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srophage markers, Argl, Fizzl, and Yml, were significantly elevated in Flil*" mice

onsistently, the number of arginase 1-positive macrophages in the lesional skin was
ificantly increased in Fli/ " mice compared with WT mice at day 7 (Figure 6B). In
tion, IL-4 and IL-13 induced polarization of macrophages towards the M2

1+f-

phenotype to a greater extent in peritoneal macrophages isolated from FIlil™ mice than

ose from WT mice (Figure 6C). Collectively. these results indicate that Flil

oinsufficiency promotes M2 macrophage infiltration in the lesional skin of
-treated mice by inducing M2 differentiation of macrophages via an intrinsic

mechanism triggered by BLM.

ussion

is study, we demonstrate that Flil haploinsufficiency exacerbates BLM-induced
al fibrosis through multiple mechanisms, including induction of an SSc-like
enotype in dermal fibroblasts, endothelial cell and macrophages, the Th2/Th17
ized inflammation and increased mast cell infiltration. These results support the
ept of the multifactorial nature of SSc and place Flil deficiency as a predisposing
this disease.

" Flil is a potent repressor of the COLIAI and COLIA2 genes and its
egulation is a critical step to induce matrix gene expression in dermal fibroblasts
-10). In the skin of Flil*" mice, mRNA levels of the Colla2 gene were markedly
ased and the levels of soluble type I collagen were also elevated (Figure S6),
ating that Flil haploinsufficiency activates dermal fibroblasts in vivo. However,

ermal thickness was comparable between Fli/ * and WT mice. While counterintuitive,

observation is plausible because there was no difference between Flil*" and WT
mice in CTGF expression, which is indispensable to establish and maintain dermal

fibrosis in vivo (28, 45, 46). Supporting this, BLM increased CTGF expression as well
14
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compared with WT mice at day 7 (Figure 6A), while comparable at baseline (Figure S3).
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~dermal thickness to a greater extent in FIil*" mice than in WT mice. Although the

detailed mechanism underlying the BLM-dependent CTGF induction in FIi/*" dermal
blasts is not fully elucidated, up-regulated expression of VB3 and aVp5 integrins
activation of latent TGF-f may contribute to the enhanced expression of
fibrotic genes, including CTGE Indeed, it was recently reported that the
aV-containing integrins collectively regulate the key pro-fibrotic pathways during organ
fibrosis (47).

; Aberrant vascular activaiton plays a central role together with inflammation
autoimmunity in initiation and maintenance of tissue fibrosis in SSc. Since Flil
EQgO mice reproduce the histological abnormalities and increased vascular

permeability characteristic of SSc, Flil deficiency is also a potential predisposing factor

Sc vascular activation. To explore if Flil deficiency links vascular event to tissue

ibrosis in SSc, we evaluated the impact of Flil haploinsufficiency on cell adhesion
molecules regulating Th2/Th17 skewed inflammation and on EndoMT. The pro-fibrotic
adhesion molecules, ICAM1 and GlyCAMI1, were increased while the anti-fibrotic
-adhesion molecules, P-selectin and E-selectin, were decreased in BLM-treated
iI*" mice, which theoretically promotes Th2/Thl17 skewed immune polarization.
istently, the expression levels of the I}4, 1I6, 110 and Il17a genes were elevated
while those of the I//2a gene were decreased in BLM-treated FIiI*" mice at 7 days.
n that immune polarization in diffuse cutaneous SSc generally shifts from
Th2/Th17 to Thl in parallel with disease duration and that mRNA levels of the ICAMI
GlyCAM1 genes are relatively higher than those of the SELP and SELE genes in the
of early diffuse cutaneous SSc (Figure S7), the altered expression of cell adhesion

‘molecules in endothelial cells due to Flil deficiency may contribute to the induction of

ammatory cell infiltration characteristic of SSc. Furthermore, in contrast to
PBS-treated WT mice, EndoMT was observed in PBS-treated FIlil*" mice and was

induced to a greater extent in BLM-treated Flil*" mice than in BLM-treated WT mice.
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rtantly, key molecules regulating EndoMT, including VE-cadherin, FSP1 and
Snail-1, were shown to be the direct targets of Flil. Collectively, Flil deficiency
ntially promotes the induction of a pro-fibrotic phenotype in dermal microvascular
thelial cells especially in the presence of certain environmental influences in SSc.
The monocyte-macrophage lineages are characterized by considerable diversity
and plasticity, which is regulated by a complicated network of signaling molecules,
’cription factors, and epigenetic mechanisms. The present study demonstrates that
haploinsufficiency promotes the expansion of M2 macrophages in the lesional skin
BLM-treated mice and M2 differentiation of peritoneal macrophages in response to
4 or TL-13 stimulation in vitro, suggesting that Flil haploinsufficiency could directly

e

contribute to the differentiation of M2 macrophages. Given that M2 macrophages

sent the predominant macrophage subset in the lesional skin of early diffuse
'ﬁ%%ecus SSc (39), Flil haploinsufficiency may also serve as a predisposing factor to
nduce the SSc phenotype in response to environmental influences in macrophages.

. Another important observation in this study was that Flil haploinsufficiency
; ased mast cell infiltration and the CD4%/CD8" ratio of infiltrating lymphocytes

n BLM treatment in the lesional skin. In SSc patients evidence has demonstrated

it cells are increased and serve as a major producer of TGF-$ in the lesional skin
and that the CD4*/CD8" ratio is increased in the peripheral blood and the lesional skin
48). Although the detailed mechanism regulating mast cell infiltration and the
significance of the elevated CD4"/CD8" ratio are not well understood, the present
rvation further supports the idea that Flil deficiency is also a predisposing factor
integrating the induction of the SSc phenotype in various inflammatory cells.

In summary, this study provides strong evidence for the fundamental role of
deﬁciehcy in inducing SSc-like phenotypic alterations in dermal fibroblasts,
nd;)thelia} cells, and macrophages in a ‘manner consistent with human disease. These

results support the canonical idea that epigenetic reprogramming underlies pathogenic
16
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ges in SSc and implicate the Flil deficiency-dependent pathway as a central

mediator of this disease.
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Figure legends

Figure 1. Flil haploinsufficiency exacerbates BLM-induced dermal fibrosis.

B. Representative skin sections of both WT and FIi/*” mice at day 28 after PBS or
injection (A: hematoxylin and eosin staining, B: Masson’s trichrome staining).
ertical arrows indicate the dermal thickness. Dermal thickness and collagen content
measured by hydroxyproline assay of each group are summarized in the right panels of
B, respectively (n = 4-8). Relative ratio of each group is shown with PBS-treated
nice set at 1. C; The relative number of myofibroblasts in the dermis. The number
er ;high-powcr field is adjusted to that in PBS-treated WT mice set at 1 (n = 4-5). The
representative pictures of skin histology in WT and Flil*" mice treated with PBS or
BLM are shown in the left panels. Insets depict fibroblasts with higher magnification.
ed data were shown in Table S3. Values are the means + SEM. *P <0.05, **P

1, ¥*%P <0.001. Bars, 50 pm.

‘Figure 2. Flil haploinsufficiency amplifies BLM-induced expression of CTGF,
egrin VB3 and aVp5 in dermal fibroblasts.
o RNA expression of the Tgbl. Cigf, ltgav, Itgh3, and Iigh5 genes in the skin tissue
28 after PBS or BLM injection (n = 10). B. mRNA expression of the ITGAV,
ITGB3, and ITGBS5 genes in SCR or Flil siRNA-transfected dermal fibroblasts treated
h TGF-81 or not (n = 6). C. The luciferase activities of TMLC co-cultured in the
ce or absence of cell-cell contact with SCR or Flil siRNA-transfected dermal
fibroblasts treated with TGF-$1 or not (n= 4-6; left and middle panels) and the
erase activities of TMLC co-cultured in the presence of RGD or RGE peptides with

SCR or Flil siRNA-transfected dermal fibroblasts treated with TGF-B1 or not (n = 6; a

ght panel). D. mRNA expression of the CTGF gene in SCR or Flil siRNA-transfected
“de al fibroblasts treated with TGF-B1 or not (n = 4; a left panel) and in SCR or Flil
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NA-transfected dermal fibroblasts treated with TGF-B1 in the presence of RGD or

-+ RGE peptides (n= 3; a right panel). Detailed data were shown in Table S4. Values are

eans + SEM. *P <0.05, #**P <0.01, ***P <0.001. NS, not significant. AU, arbitrary

Figure 3. EndoMT is directly induced by Flil haplosufficiency and further
cilitated by BLM.

A. Jdmmunofluorescence staining for FSP1 (green) and VE-cadherin (red) in skin

iples from each group. FSP1/VE-cadherin double positive cells were indicated by
arrows Insets depict representative cells with higher magnification (double positive

cells for BLM-treated WT mice and PBS- and BLM-treated Fli/*" mice and a FSP1

e positive cell for PBS-treated WT mice). B. The number of FSP1/VE-cadherin
ible positive cells was counted under magnification x 200 (n = 4). C. mRNA
'{p ession of the VE-cadherin, ACTA2, FSPI, and SNAIl genes in HDMECs
asfected with SCR or Flil siRNA (n = 6). D. Chromatin immunoprecipitation
nalysis of Flil binding to the promoters of the FSP/ and SNAII genes. Detailed data

y . were shown in Table S35. Values are the means + SEM. *P <0.05. AU, arbitrary unit. Bar,

 20pum.

re 4. Flil haploinsufficiency modulates the expression of cell adhesion

- molecules in dermal microvascular endothelial cells leading to the induction of

[h2/17 skewed inflammation.

A. mRNA levels of the Icaml, Glycaml, Selp and Sele genes in the skin of WT and
111" mice treated with BLM for 7 days (n = 10). B. mRNA expression of the /[CAM],
( AMI, SELP, and SELE genes in HDMECs transfected with SCR or Flil siRNA (n

6). C. Chromatin immunoprecipitation analysis of Flil binding to the promoters of the

IC M1, SELP, and SELE genes. Detailed data were shown in Table S6. Values are the

o
(]}
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s + SEM. *P <0.05. AU, arbitrary unit.

re 5. Flil haploinsufficiency induces the expression profiles of cytokines and
okines characteristic of SSc¢ and promotes an SSc-like inflammatory
infillration in BLM-treated micc.

A. mRNA levels of the I11b, Il4, 1l6, 1110, I112a, I117a, Ifng, Tnfa, and Mcpl genes in
skin of WT and Flil*" mice at day 7 after BLM injection (n = 10). B. The number of

4" T cells, CD8" T cells, mast cells, and macrophages in the lesional skin of PBS-
and BLM-treated WT mice and Fli/*" mice at day 7 and 28 (n = 5). C. The ratio of
4*/CD8" T cells in the lesional skin of PBS and BLM-treated WT mice and Flil e

mice at day 7 and 28 (n = 5; *P <0.05). Cells were counted in 10 random grids under

gnification of x 400 high-power fields. Representative images are shown in Figure
etailed data were shown in Table S7. Values are the means + SEM. ; *P <0.05.

PF, high-power field. AU, arbitrary unit.

ure 6. Flil haploinsufficiency promotes M2 macrophages infiltration in the skin

LM-treated mice and M2 differentiation of peritoneal macrophages by IL-4 or

after BLM injection (n = 10). B. The number of arginase 1-positive macrophages
the skin of WT and Flil™" mice at day 7 and 28 after PBS or BLM injection (n = 5).
mRNA levels of the Argl, Fizzl, and Yml genes in peritoneal macrophages from WT
and: FIiI*" mice treated with IL-4 or IL-13 (n = 4). Detailed data were shown in Table

alues are the means + SEM. #*P <0.05, **P <0.01. AU, arbitrary unit.

igure S1. Immunostaining for CTGF in skin samples from PBS or BLM treated

WT or Flil*" mice.
26
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he representative pictures of immunostaining for CTGF in skin samples from WT
and Flil*" mice treated with PBS or BLM. B. The relative number of CTGF-positive
blasts and FSP1/CTGF double positive fibroblasts in the dermis. The number per
power field is adjusted to that in PBS-treated WT mice set at 1 (n = 5). C. The
sentative pictures of immunofluorescence for FSP1 (green) and CTGF (red) in skin

samples from WT and Flil*" mice treated with PBS or BLM. Double positive cells

”é‘i% indicated by arrows. Values are the means + SEM. *P < 0.05. Bars, 10 um.

igure S2. Immunostaining for integrin B3 in skin samples from PBS or BLM
treated WT or FIiI"™" mice.

A. ’;‘he representative pictures of immunostaining for integrin B3 in skin samples from
Q and Flil*" mice treated with PBS or BLM. B. The relative number of FSP1/integrin
_double positive fibroblasts in the dermis. The number per high-power field is
djusted to that in PBS-treated WT mice set at 1 (n = 5). C. The representative pictures
mmunofluorescence for FSP1 (green) and integrin B3 (red) in skin samples from WT
FlLI*" mice treated with PBS or BLM. Double positive cells were indicated by

arrows. Values are the means £ SEM. *P < 0.05. Bars, 10 um.

igure S3. Immuneostaining for integrin B5 in skin samples from PBS or BLM
ated WT or Flil*" mice.

A:The representative pictures of immunostaining for integrin B5 in skin samples from
" and Flil*" mice treated with PBS or BLM. B. The relative number of FSP1/integrin
ouble positive fibroblasts in the dermis. The number per high-power field is
ljusted to that in PBS-treated WT mice set at 1 (n = 5). C. The representative pictures
unofluorescence for FSP1 (green) and integrin B5 (red) in skin samples from WT
and FLiI*" mice treated with PBS or BLM. Double positive cells were indicated by

s. Values are the means + SEM. *P < 0.05. Bars, 10 pm.
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= Figure S4. The expression profiles of cytokines, chemokines, and M2 macrophage

arkers in the lesional skin of PBS-treated mice.
A levels of the 7l1b, Ii4, 116, 1110, 1112a, Il17a, Ifng, Tnfa, Mcpl, Argl, Fizzl, and
genes were measured in the skin of WT and Fli/*" mice with PBS treatment.

Values are the means + SEM (n = 4-8). ND; not determined. AU, arbitrary unit.

igure S5. The evaluation of inflammatory cell infiltration in mice treated with
BS or BLM.
representative pictures of F4/80, toluidine blue, CD4, and CD8 staining are shown

in the skin of WT and FIil*" mice at day 7 and 28 after PBS or BLM injection (n = 5).

Figure S6. mRNA levels of the Colla2 gene and the levels of soluble type I collagen
e skin of WT and FIil*" mice.

RNA expression of the Colla2 gene in the skin tissue of WT and Flil*" mice at
day 28 after PBS injection were assessed (n = 10). B. The levels of soluble type 1
llagen were elevated in FIiI*" mice. Pepsin-soluble collagen was stained with
sic blue (a left panel). Arrows indicate collagen al(l) and o2(l) subunits.
B-components represent cross-linked a-chain dimers. Collagen levels were quantitated
ing public domain software Imagel (n = 3; a right panel). Values are the means +

L *P <0.05, ¥**P < 0.001. AU, arbitrary unit.

re S7. mRNA expression of the ICAMI, GlyCAMI, SELP, and SELE genes in
he skin tissue of healthy controls and SSc patients.

sections from diffuse cutaneous systemic sclerosis (dcSSc) patients with disease
uration of <I year, dcSSc patients with disease duration of >1 year, and healthy

controls were assessed (n = 4-6). Values are the means + SEM. *P < 0.05. AU, arbitrary
28
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