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Systemic sclerosis (SSc) is a multisystem autoimmune disorder with
clinical manifestations resulting from tissue fibrosis and extensive
vasculopathy. A potential disease susceptibility gene for SSc is IFN
regulatory factor 5 (IRF5), whose SNP is associated with milder
clinical manifestations; however, the underlying mechanisms of
this association remain elusive. In this study we examined IRF5-
deficient (Irf5−/−) mice in the bleomycin-treated SSc murine model.
We show that dermal and pulmonary fibrosis induced by bleomycin
is attenuated in Irf5−/− mice. Interestingly, we find that multiple SSc-
associated events, such as fibroblast activation, inflammatory cell
infiltration, endothelial-to-mesenchymal transition, vascular desta-
bilization, Th2/Th17 skewed immune polarization, and B-cell activa-
tion, are suppressed in these mice. We further provide evidence that
IRF5, activated by Toll-like receptor 4 (TLR4), binds to the promoters
of various key genes involved in SSc disease pathology. These ob-
servations are congruent with the high level of expression of IRF5,
TLR4, and potential endogenous TLR4 ligands in SSc skin lesions.
Our study sheds light on the TLR4-IRF5 pathway in the pathology
of SSc with clinical implications of targeting the IRF5 pathways in
the suppression of disease development.
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Systemic sclerosis (SSc) is a multisystem connective tissue
disease characterized by immune abnormalities, vasculop-

athy, and extensive tissue fibrosis (1). Based on the results of
etiological and genetic studies, the conventional wisdom is that
SSc is caused by a complex interplay between genetic factors and
environmental influences. For instance, the biggest risk factor for
SSc is family history (2). On the other hand, concordance for SSc
is around 5% in twins and is similar in monozygotic and dizygotic
twins, whereas antinuclear antibodies are detected more fre-
quently in the healthy monozygotic twin sibling than in the healthy
dizygotic twin sibling of an SSc patient (3). In addition, most SSc
susceptibility genes are HLA haplotypes and non-HLA immune-
related genes that are shared by other collagen diseases (4).
Therefore, genetic factors are likely associated with autoimmunity,
increasing the susceptibility to autoimmune diseases including SSc,
but additional environmental factors are required to induce clin-
ically definite SSc in genetically predisposed individuals. Despite
these etiological and genetic data, the entire process of the SSc
development and pathogenesis remains elusive.
Therefore it is important to elucidate the molecular mechanism(s)

underlying SSc pathogenesis. In this regard, much attention has
been focused recently on the innate immune signaling via Toll-like
receptors (TLRs) in various pathological conditions. For instance,
fibroblasts and endothelial cells in SSc lesional skin highly express
TLR4, originally identified as the receptor for bacterial LPS, and
TLR4 signaling amplifies the sensitivity to TGF-β in dermal fi-
broblasts (5–7). It also was shown that dermal and lung fibrosis
is attenuated in bleomycin (BLM)-treated TLR4-deficient mice
(7). Endogenous potential TLR4 ligands are up-regulated in SSc

lesional skin (5–7), and serum levels correlate with severe organ
involvement and immunological abnormalities (8, 9). Therefore,
the TLR4 signaling pathway is suspected to play a central role in
the SSc pathogenesis.
Although how the TLR4 signaling pathway contributes to SSc

pathogenesis remains enigmatic, it is interesting that several in-
dependent case-control and genome-wide association studies iden-
tify IFN regulatory factor 5 (IRF5), a member of the IFN regulatory
factor (IRF) family, as an SSc susceptibility gene (10–15). IRFs
were identified primarily in the research of the type I IFN system
and have been shown to have functionally diverse roles in the
regulation of the innate and adaptive immune responses (16).
Reflecting such property of IRFs, SNPs of IRFs have been linked to
the development of various immune and inflammatory disorders.
IRF5 is of particular interest, being implicated in multiple sclerosis,
systemic lupus erythematosus, rheumatoid arthritis, and SSc (14).
Thus far an association of certain SNPs within the IRF5 promoter
with the risk and severity of SSc has been reported (10–15), but
whether and how IRF5 is activated to contribute to disease devel-
opment remains unknown.
Stimulation of TLRs triggers the activation of myeloid dif-

ferentiation factor 88 (MyD88)-dependent and/or independent
pathways (16). IRF5 is activated via the MyD88 pathway in
dendritic cells and macrophages (17). TLR-activated IRF5 me-
diates the induction of genes IL-6, IL-12, and TNF-α (17).
Hence, an intriguing possibility is that TLR4-mediated activation
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of IRF5 is involved in SSc. We therefore studied the role of IRF5
in the regulation of genes associated with the susceptibility to
and the severity of SSc using IRF5-deficient mice in the context
of TLR4 signaling. We show that IRF5, activated by TLR4, binds
to the promoters of various key genes involved in the disease
symptoms. We discuss our findings in terms of the complexity of
SSc and its clinical implications.

Results
Involvement of IRF5 in the Fibrosis- and Fibrillogenesis-Related Genes
in Dermal Fibroblasts. First, to investigate the role of IRF5 in skin
homeostasis, we examined by histology the skin of Irf5−/− mice
(12 wk after birth) without BLM treatment. As shown in Fig. 1A,
thinner collagen bundles were found in the dermis of Irf5−/− mice
than in the dermis of WT littermate mice, but other skin structures
in Irf5−/−mice looked normal. Consistent with this finding, collagen
content decreased in the skin of Irf5−/− mice (Fig. S1A), and Irf5−/−

dermal fibroblasts exhibited lower expression of type I collagen and
higher expression of matrix metallopeptidase (MMP)-13 (Fig. 1B
and Fig. S1B). Further analyses with electron microscopy delin-
eated thinner collagen fibrils, especially in deep dermis (Fig. 1C),
and higher variability in fibril diameter in Irf5−/− mice (Fig. 1D),
suggesting an abnormality in collagen fibrillogenesis.
Interestingly, the ChIP assay revealed IRF5 binding to the pro-

moters of the collagen, type 1, α1 (Col1a1), collagen, type 1, α2
(Col1a2), and Mmp13 genes, indicating the potential involvement of
IRF5 in the regulation of these genes (Fig. S1C). In addition, a no-
table decrease in the mRNAs for fibrillogenesis-related genes, namely
a disintegrin and metalloprotease domain with thrombospondin type
1, motif 2 (Adamts2), lysyl oxidase (Lox), decorin (Dcn), and lumican
(Lum), was observed in Irf5−/− dermal fibroblasts as compared with
WT dermal fibroblasts (Fig. S1D). A similar mRNA expression
pattern also was detected in the skin of Irf5−/− mice (Fig. S1E). Thus,
IRF5, perhaps constantly but weakly activated in these mice, may
influence extracellular matrix homeostasis by regulating fibrosis- and
fibrillogenesis-associated gene expression in dermal fibroblasts
(see below). It is worth noting that, except for the Dcn gene,
these gene-expression profiles are contrary to those of SSc (18).

TLR4-Activated IRF5 Regulates COL1A2 Gene Expression in Dermal
Fibroblasts. In addition to murine dermal fibroblasts, we also
detected IRF5 binding to the promoters for the COL1A1, COL1A2,

andMMP1 genes in human dermal fibroblasts (Fig. 2A). In the case
of the COL1A2 promoter, sequence-specific binding of IRF5 to the
IFN-stimulated response element (ISRE) was confirmed by an ol-
igonucleotide pull-down assay (Fig. 2B). We further analyzed the
role of IRF5 in COL1A2 gene expression in human dermal fibro-
blasts by a transient assay using a COL1A2-promoter-Luciferase
gene and found that ectopic expression of IRF5 increased COL1A2
promoter activity in a dose-dependent manner (Fig. 2C). Of note,
LPS and TGF-β, known to induce the expression of type I collagen
(5), further augmented the reporter gene expression (Fig. 2C),
suggesting that TLR4 signaling regulates the transcriptional ac-
tivity of IRF5. Indeed, IRF5 binding to the COL1A2 promoter
was enhanced significantly by simultaneous stimulation of LPS
and TGF-β1 (Fig. 2D). Interestingly, the enhancement of IRF5
binding to the COL1A2 promoter also was observed when the
cells were stimulated by high-mobility group box 1 (HMGB1),
which is also known to activate TLR4 in lieu of LPS (Fig. 2E)
(19). Consistent with this notion, ChIP in Tlr4−/− murine dermal
fibroblasts showed a remarkable decrease in IRF5 binding to the
Col1a2 promoter (Fig. 2F), but Tlr4 deficiency did not affect the
expression of IRF5 (Fig. 2G). Thus, these observations underscore
the evidence that the TLR4–IRF5 axis induces COL1A2 gene
expression in dermal fibroblasts.

Attenuated Dermal and Pulmonary Fibrosis in BLM-Treated Irf5−/−

Mice. The role of IRF5 in tissue fibrosis was investigated fur-
ther in BLM-treated mice. In line with in vitro data, dermal
thickness, collagen content, and the number of myofibroblasts
were significantly decreased in BLM-treated Irf5−/− mice as
compared with BLM-treated WT mice (Fig. 3A and Fig. S2
A–C). The expression profile of fibrosis- and fibrillogenesis-
related genes in Irf5−/− dermal fibroblasts, which was confirmed at
the protein level by immunostaining for MMP-13 (Fig. S2 E and F),
was maintained in the skin of BLM-treated Irf5−/− mice (Fig. S2D).
Also, lung histology revealed less fibrosis, less destruction of
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Fig. 1. Loss of Irf5 impaired collagen metabolism and fibrillogenesis in vivo.
(A) Representative skin image of WT and Irf5−/− mice. (Scale bar, 100 μm.)
(B) Immunoblotting with cell lysates from WT and Irf5−/− murine dermal fi-
broblasts. (C) Ultrastructure of dermal collagen fibrils evaluated by electron
microscopy. (Yellow scale bar, 200 nm; red scale bar, 2 μm.) (D) Frequency
distribution profiles of fibril diameter in the dermis of WT and Irf5−/− mice
(500 collagen fibrils per group).
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Fig. 2. TLR4-activated IRF5 induces the profibrotic phenotype in dermal
fibroblasts. (A, D, and E) ChIP analysis with anti-IRF5 antibody in human
dermal fibroblasts (n = 4). (B) Proteins pulled down by oligonucleotides in-
cluding WT or mutated ISRE of the COL1A2 promoter were subjected to
immunoblotting with anti-IRF5 antibody. (C) Luciferase assay with the
COL1A2 promoter construct in human dermal fibroblasts (n = 4). Significant
differences shown with asterisks are compared with the columns of the same
color at the far left. (F and G) ChIP assay (F) and immunoblotting (G) with
anti-IRF5 antibody in Tlr4+/+ and Tlr4−/− murine dermal fibroblasts. In C–E,
some cells were stimulated with TGF-β1 and LPS or HMGB1 for 24 h. In D–F,
quantification by qRT-PCR is shown in the right panels (n = 5). *P < 0.05 and
**P < 0.01 by two-tailed unpaired t-test. AU, arbitrary units.
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alveolar structures, and less inflammatory cell infiltration in
BLM-treated Irf5−/− mice than in BLM-treated WT mice (Fig.
3B and Fig. S2G). Thus, Irf5 deficiency suppresses pathological
dermal and pulmonary fibrosis in BLM-treated mice.

Promotion of Th1 Immune Polarization and Attenuation of B-Cell
Activation by the Absence of IRF5. We next asked whether the
loss of IRF5 also influences immune cells in BLM-treated mice.
As shown in Fig. 4A, immunostaining analysis revealed reduced
infiltration of T cells, B cells, mast cells, and macrophages in the
skin and lungs of BLM-treated Irf5−/− mice (see also Fig. S3A),
suggesting that IRF5 is involved in the BLM-induced inflam-
matory responses.
Consistent with this observation, the expression of mRNAs for

fibrosis-related cytokines and chemokines was different in the
skin and lungs of BLM-treated WT and Irf5−/− mice; IFN-γ
mRNA levels were increased significantly, but IL-4 and IL-6
mRNA levels were decreased in the absence of IRF5 (Fig. S3 B
and C). These observations suggested a Th1-type immune po-
larization in BLM-treated Irf5−/− mice. This notion was con-
firmed by intracellular flow cytometry for cytokines and master
transcription factors within lymphocytes of draining lymph
nodes, showing an increase in Th1 cells but no change of Th2
and Th17 cells in BLM-treated Irf5−/− mice as compared with
BLM-treated WT mice (Fig. 4 B and C and Fig. S3 D and E).
In this regard, we also measured by ChIP assay IRF5 binding

to the T-box expressed in T cells (Tbet) promoter in CD4+

T cells. The results suggest that the absence of IRF5 may promote
Th1 polarization through induction of the T-bet transcription
factor; in other words, IRF5 may serve as a repressor of the Tbet
gene (Fig. 4D). IRF5 is known to function as a positive regulator
of various genes in immune cells (17), but a transcriptional re-
pressive function has not been reported. To confirm this notion,
we carried out a reporter gene-based assay in which activation of a
Tbet promoter induces the expression of luciferase (Tbet-Luc) in
HEK293T cells. When IRF5A, a constitutive active type isoform
of IRF5 which lacks a nuclear export signal (20), was coexpressed
with Tbet-Luc, luciferase activity was suppressed in a dose-
dependent manner (Fig. 4E), indicating the repressive action of
IRF5 on this promoter. In view of a previously published report
that TLR4 signaling in T cells promotes an inflammatory re-
sponse (21), one may envisage that the TLR4–IRF5 axis also is
involved in the BLM-induced immune pathogenesis.
We also extended our study to the role of IRF5 in B cells. We

observed that expression of CD19, a critical positive-response
regulator (22), was expressed at lower levels in IRF5-deficient
B cells (Fig. S3F). Furthermore, IRF5-deficient B cells produced
lower amounts of IL-6 than did WT B cells in response to LPS
and/or anti-CD40 antibody (Fig. S3G). Of note, the Cd19 and Il6
promoters also were bound by IRF5 (Fig. 4F and Fig. S3H), and

the sequence-specific binding of IRF5 to the ISRE of the Il6
promoter also was confirmed (Fig. S3I).
It is interesting that IRF5 binding to the Tbet and Il6 pro-

moters also was suppressed in Tlr4−/− CD4+ T cells and Tlr4−/−

B cells, respectively (Fig. 4 D and F). Furthermore, enhanced IRF5
binding to the Il6 promoter by HMGB1 also was observed in
B cells (Fig. 4F). Overall, these results indicate that TLR4-activated
IRF5 is directly involved in the regulation of Th1 cell differen-
tiation and B-cell activation.

Regulation of Antifibrotic Property by IRF5 in Endothelial Cells. We
next examined the vascular aspect of BLM-treated Irf5−/− mice
by focusing on cell-adhesion molecules, vascular stability, and
endothelial-to-mesenchymal transition (EndoMT). In the skin of
BLM-treated mice, selectin P (Selp) and selectin E (Sele) mRNA
levels were increased by the absence of IRF5, but intercellular
adhesion molecule 1 (Icam1) mRNA levels were decreased
(Fig. S4A). In the lung, the lack of IRF5 significantly reduced
Selp and Icam1 and especially glycosylation-dependent cell-ad-
hesion molecule 1 (Glycam1) mRNA expression levels (Fig. S4B).
Given that L-selectin, a ligand for GlyCAM-1, and ICAM-1
promote Th2 and Th17 cell infiltration, whereas P-selectin and
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Fig. 3. Deletion of Irf5 attenuates BLM-induced dermal and pulmonary fi-
brosis. Representative sections of skin (A) and lung (B) in WT and Irf5−/− mice
injected with PBS or BLM. Vertical bars with arrows represent dermal
thickness. (Horizontal scale bars, 100 μm.)
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Fig. 4. Loss of Irf5 suppresses the induction of profibrotic inflammatory re-
sponses in BLM-treated mice. (A) Immunohistochemistry for CD3, B220, and
F4/80 and toluidine blue (TB) staining in the skin and lung of BLM-treated WT
and Irf5−/−mice. (Scale bars, 100 μm.) Arrows indicate F4/80+ cells (n = 5). (B and
C) Percentage of IL-17A–, IFN-γ–, and IL-4–producing CD4+ T cells (B) and T-bet+

CD4+ T cells (C) in draining lymph nodes of BLM-treated mice determined by
intracellular staining (n = 4). Representative FACS plots of intracellular T-bet
staining are shown in C. (D and F) ChIP assay with anti-IRF5 antibody in murine
CD4+ T cells (D) and B cells (F) with or without homozygous Tlr4 deletion. In
some experiments, B cells were stimulated with 10 μg/mL of HMGB1 for 24 h.
For each ChIP assay, quantification by qRT-PCR is shown in the panels at right
(n = 5). (E) Luciferase assay using the TBET promoter constructs in HEK293T
cells cotransfected with IRF5A expression vector (n = 4). *P < 0.05 and **P <
0.01 by two-tailed unpaired t-test.

15138 | www.pnas.org/cgi/doi/10.1073/pnas.1520997112 Saigusa et al.

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1520997112/-/DCSupplemental/pnas.201520997SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1520997112/-/DCSupplemental/pnas.201520997SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1520997112/-/DCSupplemental/pnas.201520997SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1520997112/-/DCSupplemental/pnas.201520997SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1520997112/-/DCSupplemental/pnas.201520997SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1520997112/-/DCSupplemental/pnas.201520997SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1520997112/-/DCSupplemental/pnas.201520997SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1520997112/-/DCSupplemental/pnas.201520997SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1520997112/-/DCSupplemental/pnas.201520997SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1520997112/-/DCSupplemental/pnas.201520997SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1520997112/-/DCSupplemental/pnas.201520997SI.pdf?targetid=nameddest=SF4
www.pnas.org/cgi/doi/10.1073/pnas.1520997112


E-selectin facilitate Th1 cell infiltration, IRF5 may modulate the
expression of cell-adhesion molecules, resulting in the promotion
of Th1 cell infiltration in BLM-treated mice; this activity is
consistent with T-helper cytokine profiles in the skin and lungs of
BLM-treated mice (Fig. S3 B and C).
In the vascular permeability assay, the absence of IRF5 at-

tenuated Evans blue dye extravasation induced by BLM (Fig.
5A), suggesting that IRF5 has a suppressive role in vascular
stabilization. Because a mural cell phenotype contributes to
vascular maturation, and α-smooth muscle actin (α-SMA) serves
as a marker of mature vessels (23), α-SMA expression in dermal
small vessels was evaluated by immunohistochemistry. The loss
of IRF5 augments α-SMA expression, irrespective of injected
agents (Fig. 5B). In agreement with this observation, dermal
microvascular endothelial cells from Irf5−/− mice expressed
PDGF-B and vascular endothelial (VE)-cadherin, which stabilize
vasculature by acting on mural cells, at higher levels than cells
from WT counterparts (Fig. S4C). Furthermore, IRF5 also
bound the Pdgfb and cadherin-5 (Cdh5) promoters as measured
by ChIP assay (Fig. S4D). Collectively, Irf5 deficiency is likely to
promote vascular stabilization by directly inducing the expression
of PDGF-B and VE-cadherin.
Another critical event in the pathology of tissue fibrosis, EndoMT,

was assessed further by double immunofluorescence for fibroblast
secretory protein-1 (FSP1), a fibroblast marker, and VE-cadherin,
an endothelial cell marker, revealing that Irf5 deletion suppressed
BLM-dependent induction of double-positive cells (Fig. 5C and
Fig. S4E). Importantly, in human dermal microvascular endothe-
lial cells (HDMECs), IRF5 was bound to the promoter of the snail
family zinc finger 1 (SNAIL1) gene, encoding an important regulator
of EndoMT (Fig. S4F). Therefore, in BLM-treated mice Irf5

deficiency appears to inhibit EndoMT directly, contributing to the
attenuation of tissue fibrosis.
In HDMECs, IRF5 was bound to the promoters of various

genes, including the ICAM1, PDGFB, CDH5, and SNAIL1 genes
(Fig. S4F). When HDMECs were treated with HMGB1, the
occupancy of the CDH5 promoter by IRF5 was increased (Fig.
5D). Furthermore, Tlr4−/− murine dermal microvascular endo-
thelial cells exhibited a marked reduction of IRF5 binding to the
Cdh5 promoter (Fig. 5D). These data indicate that IRF5 regu-
lates the profibrotic/antifibrotic and proangiogenic/angiostatic
phenotypes of endothelial cells, depending on TLR4 activation
status. Overall, our results in toto suggest a multifaceted tran-
scriptional regulation by IRF5, functioning as either a tran-
scriptional activator or a repressor in this SSc model.

IRF5 Expression and Its Clinical Correlation in SSc Patients. Finally,
we evaluated the association of IRF5 expression with clinical
features in SSc patients. IRF5 mRNA expression was elevated
significantly in SSc lesional skin compared with healthy control
skin (Fig. 6A), and this finding was confirmed at the protein level
in dermal fibroblasts and endothelial cells by immunohisto-
chemistry (Fig. 6 B and C). Notably, increased IRF5 mRNA
levels correlated significantly with an increase of the COL1A1,
COL1A2, and connective tissue growth factor (CTGF) mRNA
levels in SSc lesional skin (Fig. S5A). Furthermore, IRF5 mRNA
levels were elevated significantly in patients with diffuse cutaneous
SSc (dcSSc) as compared with patients with limited cutaneous SSc
(lcSSc) and in SSc patients with a current and past history of
digital ulcers as compared with patients without such a history
(Fig. S5B). Thus, in so far as we could determine in these SSc
patients, these data are consistent with the murine model of SSc.
In in vitro studies we confirmed that IRF5 mRNA levels were

elevated in SSc dermal fibroblasts as compared with normal
dermal fibroblasts (Fig. S5C) and correlated positively with
COL1A2 mRNA levels in normal and SSc dermal fibroblasts
(Fig. S5D). Importantly, in normal human fibroblasts IRF5 ex-
pression was increased by LPS and/or TGF-β stimulation at the
mRNA and protein levels (Fig. S5E). Therefore IRF5 itself may
be up-regulated in response to profibrotic stimuli in SSc dermal
fibroblasts.
The SNP rs4728142 is located in the IRF5 promoter, and its

minor allele A is seen in 9% of Japanese population (24). Sup-
porting the relationship between the rs4728142 A allele and less
serious clinical presentation (24), IRF5 mRNA levels in the
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lesional skin were observed to be significantly lower in SSc pa-
tients with the AA genotype than in those with the GG genotypes
(Fig. 6D). Importantly, COL1A1, COL1A2, and CTGF mRNA
levels were decreased significantly in SSc patients with the AA
genotype as compared with those with the GG genotype (Fig. 6D).
Furthermore, this allele tended to be related to milder interstitial
lung disease with higher percent diffusing capacity for carbon
monoxide (%DLco) (Table S1). Therefore, the rs4728142 A allele
leads to a milder clinical presentation of SSc, possibly correlated
with inhibited activation of fibroblasts.

Discussion
In this study we provide the first evidence, to our knowledge, of a
critical role of IRF5 in the mouse model of SSc. Reflecting its
critical role as a regulator of the immune system, IRF5 has been
identified as a susceptibility gene in various diseases related to
immune abnormalities, including SSc (14). Our study reveals that
IRF5 is involved in many aspects of pathological processes (e.g.,
fibrotic and vascular aspects and immune cell abnormalities), as
either a transcriptional activator or a repressor. Supporting this
idea, IRF5 was observed to bind the promoters of various target
genes in fibroblasts, endothelial cells, and lymphocytes. Of note,
a direct involvement of IRF5 in immune polarization of CD4+

T cells and B-cell activation was suggested also. Most importantly,
loss of Irf5 attenuated tissue fibrosis, vascular activation, and
inflammation in BLM-treated mice. To the best of our knowl-
edge, this is the first report disclosing the diverse effects of IRF5
on all three cardinal pathological features of SSc.
Innate immune signaling-mediated fibroblast activation was

recently reported in SSc and its animal models. In SSc, serum
levels and dermal expression levels of endogenous TLR4 ligands,
such as HMGB1, hyaluronan, and fibronectin extra domain, are
elevated (5, 6, 8, 9). In in vitro experiments, TLR4 signaling
induced by these candidate ligands results in fibroblast activation
(5, 6). TLR4 signaling also augments TGF-β signaling and, in-
deed, TLR4 blockade suppresses basal and TGF-β–dependent
activation of fibroblasts (5, 6). Importantly, in Tlr4-deficient mice
BLM-induced dermal fibrosis is attenuated significantly despite
the elevation of endogenous TLR4 ligands (7). Taken together,
TLR4 signaling appears to be involved in pathological dermal
fibrosis by directly activating dermal fibroblasts. As described in
this study, Irf5−/− dermal fibroblasts exhibited an antifibrotic
phenotype under normal physiological conditions. In addition,
ectopic expression of IRF5 enhanced COL1A2 promoter activ-
ity, especially by the stimulatory signals via TGF-β1 and TLR4,
both of which also increase IRF5 expression in human dermal
fibroblasts. Most importantly, TLR4 activation augmented
IRF5’s occupancy on the COL1A2 promoter in human dermal
fibroblasts, whereas IRF5 binding to the Col1a2 promoter was
reduced remarkably in Tlr4−/− murine dermal fibroblasts.
Therefore, the amplification of TGF-β stimulation by TLR4
signaling may be exerted, at least partially, through IRF5 acti-
vation in dermal fibroblasts. Given that the skin phenotype of
Irf5−/− mice was largely contrary to that of human SSc at the
histological and ultrastructural levels and that IRF5 was up-
regulated in SSc dermal fibroblasts, we conclude IRF5 plays a
pivotal role in tissue fibrosis in SSc. This notion also is supported
by the significant positive correlation of IRF5 mRNA levels
with COL1A1, COL1A2, and CTGF mRNA levels in SSc
lesional skin.
SSc vasculopathy is marked by specific structural and func-

tional abnormalities (1). The structural changes of SSc vascula-
ture are largely attributable to vascular instability closely related
to the altered phenotype of mural cells. In SSc lesional skin,
α-SMA expression is decreased in mural cells, reflecting the
weak interaction of endothelial cells with mural cells and the
activation of proangiogenic signaling pathways (23). This feature
was reproducible in BLM-treated mice, but in Irf5−/− mice a high

α-SMA expression was maintained in the skin vasculature even
after BLM injection, indicating that IRF5 is a key regulator of
the balance between angiostatic and proangiogenic conditions.
Consistent with this notion, IRF5 bound the promoters of the
CDH5 and PDGFB genes encoding key molecules—VE-
cadherin and PDGF-B, respectively—regulating vascular stabili-
zation and angiogenesis. Because of its involvement in mechanisms
connecting vascular activation and tissue fibrosis, EndoMT is a
critical pathological event in human and murine models of SSc
(25, 26). Because the loss of Irf5 decreased the number of dou-
ble-positive cells for FSP1 and VE-cadherin in the perivascular
region of BLM-treated skin, IRF5 is implicated as a critical
regulator of EndoMT, as also was confirmed by IRF5 binding to
the SNAIL1 promoter. Importantly, IRF5 occupancy on the
CDH5 promoter was enhanced by TLR4 activation. Together
with the evidence that TLR4 and its endogenous ligands have
been implicated in angiogenesis (27, 28), the present data pro-
vide a previously unidentified insight into the role of IRF5 in
TLR4-mediated angiogenesis and suggest that the TLR4–IRF5
axis potentially regulates vascular features of SSc.
The regulation of CD4+ T-cell infiltration by cell adhesion

molecules has attracted much attention in the context of path-
ological tissue fibrosis, including SSc and its animal models (25,
29). Studies with mice deficient for cell adhesion molecules have
revealed that ICAM-1 and GlyCAM-1 promote tissue fibrosis
along with the infiltration of Th2/Th17 cells, macrophages, and
mast cells, whereas P-selectin and E-selectin suppress tissue fi-
brosis accompanying Th1 cell infiltration in response to BLM
(29). In lesional skin of early dcSSc, the expression levels of the
profibrotic cell adhesion molecules ICAM-1 and GlyCAM-1 are
increased relative to that of the antifibrotic cell adhesion mole-
cules E-selectin and P-selectin (25). Therefore our observation
that the deletion of Irf5 reduced the relative expression of pro-
fibrotic cell adhesion molecules to antifibrotic molecules, in turn
leading to the decreased infiltration of macrophages and mast
cells and a Th1-predominant cytokine balance, indicates a criti-
cal role for IRF5 in the induction of profibrotic inflammation. In
addition, we also demonstrated that Th1-skewed immune po-
larization in BLM-treated Irf5−/− mice is linked to IRF5 binding
to the Tbet promoter, suggesting that IRF5 directly suppresses
Th1 cell differentiation. Given that IRF5’s occupancy of the Tbet
promoter was decreased in Tlr4−/− CD4+ T cells, the activation
of TLR4–IRF5 axis promotes a Th2/Th17-predominant inflam-
matory condition through the direct suppression of Th1 cell dif-
ferentiation, which may be characteristic of SSc (1).
B-cell activation also is an important part of immune abnor-

malities in SSc (22). In addition to fibroblasts, endothelial cells,
and T cells, deletion of Irf5 induced the phenotypical alteration
of B cells, such as down-regulation of CD19 and decreased IL-6
release, a state contrary to SSc B cells. Furthermore, IRF5
bound the Cd19 and Il6 promoters in murine B cells, and oc-
cupancy of the Il6 promoter was decreased in Tlr4−/− B cells and
increased in Tlr4+/+ B cells upon TLR4 activation. Therefore, the
TLR4–IRF5 axis directly regulates B-cell activation. Given that
Il6 mRNA levels were decreased markedly in the skin of BLM-
treated Irf5−/− mice and that IL-6 is a classic inflammatory cy-
tokine produced by various cells, we surmise that IRF5 regulates
IL-6 production in other cell types. Because IL-6 enhances col-
lagen synthesis by inducing myofibroblastic differentiation, pro-
motes Th2 and Th17 differentiation, and inhibits Th1 polarization
(30, 31), the loss of IL-6 production largely contributes to the
attenuation of tissue fibrosis in BLM-treated Irf5−/− mice.
Based on data in mice, it is assumed that up-regulated ex-

pression of IRF5 is involved in the development of three cardinal
features of SSc. Supporting this idea, IRF5 expression was in-
creased in dermal fibroblasts and vascular cells in the lesional
skin of SSc patients. Furthermore, IRF5 mRNA levels correlated
positively with COL1A1, COL1A2, and CTGF mRNA levels in
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SSc dermal fibroblasts. Moreover, as is consistent with the
linking of rs4728142 A allele to a milder clinical phenotype
resulting from the loss of IRF5 induction, SSc dermal fibroblasts
with the AA genotype expressed COL1A1, COL1A2, and CTGF
mRNA at lower levels than SSc dermal fibroblasts with the GG
genotype. Reflecting the role of IRF5 in SSc vasculopathy, SSc
patients with a current and past history of digital ulcers had higher
IRF5 mRNA levels than patients with no history of digital ulcers.
Given that SSc progresses via a complex interaction between fi-
broblasts, endothelial cells, and immune cells with SSc-specific
phenotypes, the attenuation of SSc phenotypes in each of those
cells resulting from IRF5 down-regulation appears to result in
milder clinical symptoms of this disease. To our knowledge, these
are the first data providing a molecular basis for an association of
the rs4728142 A allele with a milder SSc phenotype.
In summary, we provide evidence that IRF5 is involved in the

three cardinal pathological processes of SSc through the direct
transcriptional regulation of target genes in various cell types. In
particular, it is interesting that IRF5 could serve as a potent
repressor for the Tbet gene, because IRF5 acts primarily as a
potent inducer of various immune-related and inflammatory
genes (17). Also, contrary to our previous findings on serum
MMP-13 levels and endothelial VE-cadherin expression in SSc
(23, 32), Irf5 deficiency induced Mmp13 gene expression in
dermal fibroblasts and Cdh5 gene expression in endothelial cells,
indicating a role for IRF5 as a transcriptional repressor in vari-
ous types of cells. In this regard, it may be worth recalling that
such a bifunctional action has been shown for IRF3 (20). Obvi-
ously, further work is required to elucidate the underlying
mechanisms by which IRF5 exerts a repressive function. Im-
portantly, our study revealed the contribution of innate immune
signaling via the TLR4–IRF5 axis to the induction of SSc phe-
notypes in various cell types, offering clues for further un-
derstanding of the roles of environmental factors and endogenous
ligands in the development and persistence of disease. Finally, our

study may provide impetus for new drug development by targeting
IRF5 in the treatment of SSc.

Methods
All experimental procedures were approved by the ethical committee of
University of Tokyo Graduate School of Medicine. Written informed consent
was obtained from all patients and healthy individuals. The study was per-
formed according to the Declaration of Helsinki. All animal studies and
procedures were approved by the Committee on Animal Experimentation of
University of Tokyo Graduate School of Medicine. Generation of BLM-
treated mice, histological assessment, the hydroxyproline assay, trans-
mission electron microscopy, immunoblotting, RNA isolation, quantitative
RT-PCR (qRT-PCR), ChIP, the oligonucleotide pull-down assay, the reporter
assay, flow cytometric analysis, the vascular permeability assay, immuno-
fluorescence, cell culture, plasmid information, and the SNP genotyping
assay are described in SI Methods. Primer sequences for qRT-PCR and ChIP
are summarized in Tables S2 and S3, respectively.

Mice. C57BL/6 female mice (6 to 8 wk old) were used in this study. Irf5−/− mice
were described previously (17). Tlr4−/− mice and tight skin mice were pur-
chased from The Jackson Laboratory.

Patients. cDNA and genomic DNA were prepared from forearm skin samples
of 36 SSc patients [33 females; median age (25–75 percentile): 57 y; range
41.0–67.0 y] and 11 healthy donors (8 females; median age, 50 y; range 38.0–
69.0 y). Fibroblasts were obtained by skin biopsy from eight sex- and site-
matched SSc patients and eight healthy donors of closely matched age.

Statistical Analysis. Statistical analysis was carried out with one-way ANOVA
with Bonferroni post hoc tests for multiple group comparisons and the two-
tailed unpaired t-test for two group comparisons. For comparing two group
values that did not follow Gaussian distribution, the two-tailed Mann–
Whitney u test was used. P < 0.05 was considered statistically significant.
Within-group distributions are expressed as mean ± SEM.
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