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Preface

Systemic sclerosis (scleroderma) is a most challenging disease to treat. Great
progress has been made in the treatment of specific symptoms, including renal
crisis with angiotensin-converting enzyme inhibitors reflux esophagitis with
proton-pump inhibitors and pulmonary arterial hypertension with prostanoids,
endothelin receptor antagonists, and phosphodiesterase type 5 inhibitors; however,
there are still no disease-modifying drugs that are able to control the overall disease
activity satisfactorily. This is partly because, whereas other connective tissue
diseases appear primarily mediated by immune dysregulation, systemic sclerosis
has a tremendously complex pathogenesis comprising several distinct components
of microvasculopathy, excessive fibrosis, and immune activation and autoimmu-
nity. Thus, to develop a new concept of therapy based on the pathogenesis of the
disease is needed.

Recent studies nonetheless have revealed a variety of new evidence that suggests
clues to the pathogenesis of the disease. This book provides a comprehensive
review of the recent advances in the research of systemic sclerosis. First, Hironobu
TIhn provides an overview on the pathomechanism of fibrosis, which is a hallmark of
the disease, and Ayumi Yoshizaki and Shinichi Sato consider the possible relation-
ship between systemic autoimmunity and disease manifestation. Masataka Kuwana
outlines the importance of endothelial progenitor cells in a theory that defective
vascular repair machinery is one of important mechanisms contributing to
vasculopathy of the disease. Toshiyuki Yamamoto outlines animal models of
scleroderma, including a bleomycin-induced murine scleroderma model. Genetics
also appears important, as it too is associated with certain susceptibility genes and is
affected by epigenetic regulation. Naoyuki Tsuchiya and Aya Kawasaki summarize
the findings of genetic epidemiology. By contrast, Masatoshi Jinnin points out that
inherited genetic factors cannot fully explain the pathogenesis of systemic sclerosis
and that epigenetics play an assignable role by the mediating influence of the
environmental factors. As in other connective tissue diseases, the critical roles of
cytokines have been gathering much attention in systemic sclerosis. Yasushi
Kawaguchi reviews the role of the interleukin (IL)-1 family including IL-1a,
IL-1B, and IL-1 receptor antagonists as well as IL-33; and Yoshihito Shima
discusses the potential involvement of IL-6 and the prospect of IL-6-targeting
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therapy. Manabu Fujimoto and Kazuhiko Takehara detail the role of profibrotic
cytokines, transforming growth factor f, and connective tissue growth factor.
Recently, several molecules have come under the spotlight. Sei-ichiro Motegi
presents the current knowledge of the endothelin/endothelin receptor system in
terms of vasculopathy and fibrosis, and Yoshihide Asano discusses the importance
of Flil, a member of the ETS transcription factor family, in pathogenesis. B cells
are a source of autoantibodies that are further hallmarks of the disease. Yasuhito
Hamaguchi outlines the clinical importance of autoantibodies detected in the sera of
patients with systemic sclerosis. Moreover, B cells may play a role independent of
antibody secretion. Takashi Matsushita discusses the potential roles of pathogenic
and regulatory B cells in the disease. Minoru Hasegawa provides a review of
biomarkers used in the assessment of disease activity and severity as well as the
monitoring of specific organ involvement.

The central objective of this book is to provide readers with the latest knowledge
on the research of systemic sclerosis. We hope that this book will serve as a useful
resource for all rheumatologists and dermatologists as well as basic scientists,
especially immunologists, molecular biologists, and biochemists, who are inter-
ested in this disease. We sincerely hope that we will be able to develop an effective
therapeutic approach by understanding the pathomechanisms and thus will eventu-
ally overcome this intractable disease.

Kanazawa, Japan Kazuhiko Takehara
Tsukuba, Japan Manabu Fujimoto
Tokyo, Japan Masataka Kuwana
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Fibrosis: Overview

Hironobu Ihn

Abstract

Fibrosis, excessive extracellular matrix deposition, in the skin, lung, and other
organs is a hallmark of systemic sclerosis (SSc). Fibroblasts isolated from
sclerotic lesions, such as the sclerotic skin or lung, in patients with SSc and
cultured in vitro are characterized by increased synthesis of collagen and other
extracellular matrix proteins, decreased synthesis and activity of matrix
metalloproteinases, and increased synthesis of tissue inhibitor of metallopro-
teinases, consistent with the disease phenotype. The pathogenesis of SSc is still
poorly understood, but increasing evidence suggests that transforming growth
factor-p (TGF-P) is a key mediator of tissue fibrosis as a consequence of
extracellular matrix accumulation in the pathology of SSc. TGF-f regulates
diverse biological activities including cell growth, cell death or apoptosis, cell
differentiation, and extracellular matrix synthesis. TGF-f is known to induce the
expression of extracellular matrix proteins in mesenchymal cells and to stimu-
late the production of protease inhibitors that prevent enzymatic breakdown of
the extracellular matrix. This chapter focuses on the mechanism of fibrosis
in SSc.
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1.1 Introduction

Scleroderma, or systemic sclerosis (SSc), is a generalized connective tissue disease
that is characterized by sclerotic changes in the skin and sometimes various other
organ systems (Fig. 1.1) [1]. Clinical outcomes have improved probably due to
better management of the complications, but SSc is still considered to be incurable
and diffuse cutaneous SSc carries high risk of fatality. Although the pathogenesis of
SSc is still unknown, the basic mechanism appears to involve endothelial cell
injury, aberrant immune activation, and overproduction of extracellular matrix
(ECM) [2-7].

Fibrosis is the most characteristic pathological hallmark of SSc. Fibrosis is a
complex biological process involving an acute inflammatory response. Transient
activation of fibroblasts to proliferate and produce elevated quantities of ECM is
essential to fibrosis. It is likely that such transient fibroblast activation is regulated
by a variety of cytokines produced by infiltrating platelets, monocytes/
macrophages, T lymphocytes, and other inflammation-associated cells [8]. Numer-
ous in vitro and in vivo studies have suggested that cytokines such as TGF-a and
TGF-p, platelet-derived growth factor (PDGF), epidermal growth factor (EGF),
IL-1-a and IL-f, tumor necrosis factor (TNF)-a and TNF-p, IL-4, IL-6, IL-13, and
oncostatin M (OSM) regulate dermal fibroblast proliferation and ECM deposition
[9-18].

Increasing evidence suggests that activation of lesional fibroblasts contributes to
the fibrotic process [19, 20]. Numerous differences between cultured SSc and
healthy skin fibroblasts that may contribute to excessive ECM deposition in vivo
have been demonstrated, such as increased expression of collagen types I, III, VI,
and VII, fibronectin, and glycosaminoglycans [20-28]; an elevated expression of
tissue inhibitor of metalloproteinases [29]; and elevated expression of intercellular
adhesion molecules [30]. SSc and healthy skin fibroblasts also differ in their
response to TGF-f. SSc fibroblasts are less sensitive to the stimulatory effects of

Fig. 1.1 Histopathology of
the skin in a patient with SSc,
showing thickened collagen
bundles
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cytokines that regulate collagen production, such as TGF-f, oncostatin M (OSM),
interleukin (IL)-4, and IL-17 [26, 31-33].

The mechanism of fibroblast activation in SSc is presently unknown. However,
many of the characteristics of SSc fibroblasts resemble those of healthy fibroblasts
stimulated by TGF-f [34, 35], suggesting that TGF-P is a key mediator of tissue
fibrosis in SSc.

The most potent profibrotic stimulus to fibroblasts is TGF-p. The TGF-f super-
family, which includes the prototypic factor TGF-f1, has a shared structure, similar
signaling pathways, and an overlap of biological effects. TGF-$ is a 25 kD
homodimeric polypeptide, which participates in a broad array of biological
activities such as normal development, wound repair, and pathological processes
[18]. TGF-p regulates multiple cellular functions including inhibition and stimula-
tion of cell growth, cell death or apoptosis, and cellular differentiation.

1.2 TGF-$
1.2.1 TGF-3 Superfamily, Structure, and Activation

The TGF-f superfamily includes the various forms of TGF-f, bone morphogenic
protein (BMP), activin, nodals, the anti-Mullerian hormone, and many other struc-
turally related factors [36]. There are three mammalian isoforms of TGF-p,
TGF-p1, TGF-2, and TGF-p3, which are structurally almost identical. Their
isoforms share a common structural knot motif consisting of six cysteine residues
joined together by three intrachain disulfide bonds that stabilize -sheet bands. One
free cysteine forms an interchain disulfide bond with an identical monomeric chain
to permit formation of mature TGF-p dimers. These are secreted as a large latent
covalently bound complex with TGF-f-binding protein, which serves to bind
TGF-p to the ECM and to enable its proteolytic activation [36]. Activation of
TGF-p is a complex process involving conformational changes of latent
TGF-B-binding protein, induced by either cleavage of the latency associated pep-
tide by various proteases such as plasmin, plasma transglutaminase, thrombin, or
endoglycosylases or by physical interactions of the latency associated peptide with
other proteins, such as thrombospondin-1, leading to the release of bioactive and
mature TGF-p. TGF-p has been shown to increase expression of collagen types I,
III, VI, VII, and X, fibronectin, and proteoglycans [34]. Stimulation of ECM
production by TGF-f is further enhanced by its inhibitory effect on matrix degra-
dation, by decreasing synthesis of proteases and increasing levels of protease
inhibitors [34].

Although in vitro effects of TGF-p isoforms seem to be similar, mice lacking
TGF-p isoforms revealed that each TGF-f isoform plays an independent and
non-redundant role in vivo. Disruption of the TGF-f1 gene results in a wasting
syndrome accompanied by a multifocal, mixed inflammatory cell response and
tissue necrosis, leading to organ failure and death, which indicates a critical role of
TGF-B1 in immune regulation [37]. TGF-f2 null mice exhibit perinatal mortality
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and a wide range of developmental defects, including cardiac, lung, craniofacial,
limb, spinal column, eye, inner ear, and urogenital defects. The developmental
processes most commonly involved in the affected tissues include epithelial mes-
enchymal interactions, cell growth extracellular matrix production, and tissue
remodeling. Many affected tissues have neural crest-derived components and
stimulate neural crest deficiencies [38]. Mice lacking TGF-fp3 exhibit an incomplete
penetrant failure of the palatal shelves to fuse leading to cleft palate. The defect
appears to result from impaired adhesion of the apposing medial edge epithelia of
the palatal shelves and subsequent elimination of the midline epithelial seam,
suggesting that TGF-p3 is crucial for epithelial differentiation [39].

Enhanced expression of TGF-p has been well demonstrated in the tissue of SSc
as well as that of a mouse model of SSc [19, 39]. However, SSc fibroblasts have
been shown to produce an amount of TGF-f equivalent to that produced by normal
fibroblasts in vitro [27, 40]. Furthermore, there was no significant difference
between SSc fibroblasts and normal fibroblasts in the production of total TGF-f1
and active TGF-p1 [27].

1.2.2 TGF-3 Receptors

TGF-p exerts its multiple biological actions by an interaction with two transmem-
brane serine/threonine kinase receptors, types I and II, that are coexpressed by most
cells including mesenchymal and endothelial cells. From the structural point of
view, type I and type II TGF-f receptors are very similar glycoproteins,
characterized by a cysteine-rich extracellular domain, a single hydrophobic trans-
membrane domain, and a C-terminal cytoplasmic serine/threonine kinase domain.
Initiation of signaling requires the binding of TGF-f to TGF-p receptor type I, a
constitutively active serine/threonine kinase, which results in the recruitment and
phosphorylation of the type I TGF-f receptor to produce a heteromeric complex
that activates downstream signaling pathways [41]. To date, at least six distinct type
I receptors of the TGF-f superfamily, named activin receptor-like kinases (ALKS),
have been cloned. Type I receptors have a region between the transmembrane and
the kinase domains, containing a conserved TSGSGSG motif, named the GS
domain. The phosphorylation of serine and threonine residues in the GS domain
of the type I receptor by type II receptor has been shown to be essential for TGF-f3
signaling [42]. TGF-f} receptor type I is thought to determine the specificity of the
cellular response to TGF-f, whereas TGF-p receptor type II is thought to determine
the ligand specificity. TGF-f receptor type I alone is unable to bind TGF-f, and
TGF-p receptor type II is unable to signal without TGF-f receptor type I
[41]. Betaglycan, a transmembrane proteoglycan also known as TGF-f receptor
type III, allows high-affinity binding of TGF-f to TGF-f receptor type II, but does
not itself transduce signal.

Increased expression of TGF-f receptors has been well demonstrated in fibrosis
[27, 43—-45]. Increased expression of TGF- receptors type I and type II has also
been reported in SSc fibroblasts in vitro and in vivo [27, 46-49]. The
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overexpression of these TGF-P receptors in SSc fibroblasts was shown to be
regulated at transcriptional level [47] and to be resistant to various stimuli
[48, 49]. TGF-P receptors have been shown to be upregulated by TGF-f, PDGF,
and EGF [48, 50, 51]. Moreover, elevated expression of the endothelial cell-
enriched TGF-f receptor endoglin was reported in SSc fibroblasts [52]. Therefore,
the overexpression of these TGF-f receptors in SSc fibroblasts may be due to the
exposure of SSc fibroblasts to these cytokines in vivo. The overexpression of
TGF-p receptors induced collagen transcription in cultured dermal fibroblasts
[43], which indicates a potential role of enhanced expression of TGF-§ receptors
in fibrosis. A recent report has demonstrated that an increased TGF-p receptor type
I/type II ratio contributes to elevated collagen protein synthesis in SSc [53]. Fur-
thermore, overexpression of dominant negative TGF-f receptor type II improved
liver fibrosis [54], and the effects of the overexpression of dominant negative
TGF-p receptor type II have also been investigated in SSc [53, 55].

1.3 SMAD
1.3.1 SMADS Proteins

Following ligand activation, signaling from TGF-f receptor type I to the nucleus
occurs predominantly by phosphorylation of cytoplasmic proteins belonging to the
Smad family [56]. TGF-f receptor type I specifically recognizes and
phosphorylates the ligand-specific receptor activated Smad (R-Smad). R-Smads
include Smadl, Smad5, and Smad8 downstream of BMP and Smad2 and Smad3
downstream of TGF-p and activin. They all consist of two Mad-homology
(MH) domains and a linker region [57]. The N-terminal MH1 domain has
DNA-binding activity, whereas the C-terminal MH2 domain has protein-binding
properties. Phosphorylation of R-Smad by TGF-p occurs principally on serine
residues within the C-terminus [56]. After phosphorylation by the TGF- receptor
type I, R-Smads form heteromeric complexes with the co-Smad, Smad4. The
R-Smad/Smad4 complex is then translocated into the nucleus and functions there
as transcription factors, binding DNA either directly or in association with other
DNA-binding transcription factors [56]. The Smad3/Smad4 complex binds to DNA
via the consensus sequence “CAGAC” [58]. However, Smad2 does not bind DNA
directly, requiring other DNA-binding transcription factors and Smad4 to activate
transcription in response to TGF-f. The inhibitory Smad (I-Smad), such as Smad6
or Smad7, binds to the TGF-p receptor type I and prevents R-Smad phosphorylation
and subsequent nuclear translocation of the R-Smad/Smad4 heterocomplex
[59]. Recent studies have focused on the role of Smad in tissue fibrosis.

Despite extensive research to elucidate the role of Smad proteins downstream of
TGF-p, few direct Smad target ECM genes have been characterized. For example,
the transcriptional activation of the fibronectin gene by TGF-f was shown to be
regulated by a INK-specific, Smad-independent mechanism [60]. This suggests that
pathways that alternate to the Smad signaling pathway also play important roles in
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Sp1/Sp3 AP1  Sp1/Sp3 Sp1/Sp3 CBF
C/EBP 1( ! ! I . —
Smad3/smad4
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Fig. 1.2 Transcriptional regulation of the human o2(I) collagen gene. The human o2(I) collagen
promoter is regulated by transcription factors Sp1/Sp3, Ets1/Flil, C/EBP-p, AP-1, Smad3/Smad4,
YB-1, and CCAAT-binding factor (CBF)

the regulation of ECM genes expression by TGF-f. Using a combined cDNA
microarray/promoter transactivation approach, about 60 ECM-related genes have
been identified as direct Smad target genes [61].

Smad proteins have been reported to be involved in the transcriptional regulation
of the gene for type I collagen, which is excessively deposited in fibrosis. The
human a2(I) collagen gene is upregulated at transcriptional level in fibrotic lesion
[26] and its promoter is known to be regulated by transcription factors Sp1/Sp3 and
CCAAT-binding factor (CBF) (Fig. 1.2) [62—-66]. Earlier studies identified a TGF-f3
response element containing Spl binding sites in the human o2(I) collagen pro-
moter [67], and Sp1 was shown to be required for the response of the gene to TGF-f§
[68]. Further studies have shown the important role of Smad3/Smad4 complex
binding to the CAGACA motif near the Spl binding site in the human o2
(I collagen promoter for the full TGF-f response [69—71]. In addition, recent
studies have shown that synergistic cooperation between Spl and Smad3/Smad4
is required for response of the collagen gene to TGF-f [72—74]. Further detailed
analyses showed the cooperation of p300/CBP with Smad in the TGF-p response of
the collagen gene [75, 76]. Other studies indicate that the interaction of Ets
transcription factors with Smad is also involved in TGF-f response of the extracel-
lular matrix genes, such as collagen and tenascin-C [77-81]. Furthermore, MMP-1
downregulation by TGF-p is also shown to involve Smad3 [82].

Several studies showed that mice lacking Smad3 have a significantly reduced
cutaneous as well as pulmonary fibrotic response [83, 84], which indicates an
important role of Smad3 in fibrosis. Smad2, Smad3, and Smad4 have been reported
to contribute to liver fibrosis in vitro and in vivo [85-88]. Gene transfer of Smad7
was shown to prevent renal fibrosis [89]. These not only suggest the potential role of
Smad7 in fibrosis, but also may lead to the development of novel approaches for
treating fibrosis.

The expression levels of Smad proteins were also investigated in SSc fibroblasts
[90, 91]. Some SSc fibroblasts expressed increased levels of Smad3 and Smad7, but
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others did not [90]. A recent study showed increased expression of Smad 3 and
increased phosphorylation of Smad2/Smad3 in SSc fibroblasts [91]. Constitutive
phosphorylation of Smad3 and the increased binding of Smad3 to the “CAGA”
motif in SSc fibroblasts were also reported [109]. Another study reported the
decreased expression of Smad7 in scleroderma fibroblasts [92]. In that study, SSc
fibroblasts showed increased phosphorylation of Smad2 and Smad3 compared with
normal fibroblasts after TGF- treatment [92]. However, detailed analysis showed
that the expression of Smad7 was increased in SSc fibroblasts in vivo and in vitro
and that Smad7-Smurf-mediated negative regulation of TGF-p signaling was
impaired in SSc fibroblasts [93].

1.3.2 Coactivators and Corepressors of SMAD-Dependent Gene
Transcription

In the nucleus, activated Smad complexes regulate various gene expressions with
the recruitment of coactivators or corepressors into transcriptional complexes. The
role of CREB binding protein (CBP) and p300 as essential coactivators for Smad-
driven gene expression has been well demonstrated [94]. Squelching of p300/CBP
by STATI or c-Jun induced by IFN-y or TNF-a was reported to inhibit Smad
signaling [76, 95]. Smad proteins also recruit transcriptional corepressors, such as
Ski, Ski-related novel gene N (SnoN), TG3-interacting factor (TGIF), or SNIP1
[96-99]. These proteins bind chromatin-condensating histone deacetylases, which
inhibit the histone acetyltransferase activity of p300/CBP. The expression levels of
these corepressors have significant roles in physiological processes. Recent studies
have focused on the role of these corepressors in tissue fibrosis. Indeed,
downregulation of Ski and SnoN has been reported in renal fibrosis [86]. SSc
fibroblasts exhibited increased c-Ski/SnoN levels both in vitro and in vivo.
Although c-Ski/SnoN constitutively formed a complex with Smads, the inhibitory
effects of c-Ski/SnoN were impaired in SSc fibroblasts [100]. These impaired
inhibitory effects of c-Ski/SnoN are characteristic for SSc fibroblasts and may be
involved in the pathogenesis of fibrosis in SSc. However, the role of other
corepressors in tissue fibrosis, especially in SSc, is still poorly understood.

1.4 The Mitogen-Activated Protein Kinase (MAPK)

Several cross-signaling mechanisms have been described that implicate Smad
proteins, such as MAPK and phosphoinositide-3-kinases (PI3Ks). The MAPK is a
major signaling system used by eukaryotic cells to transduce extracellular signals to
intracellular responses [87]. Three major subgroups of the MAPK superfamily
members have been identified to date: the extracellular signal-regulated kinases
1 and 2 (ERK1 and ERK?2), also known as p44/p42 MAPKSs, respectively; the c-jun
N-terminal kinase/stress-activated protein kinase (JNK/SAPK); and the p38
MAPK [87].
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The signal transduction cascades involved in the activation of MAPKs require a
well-coordinated cascade of three protein kinase reactions that transduce signals by
sequential phosphorylation and activation of the next kinase in their respective
pathways. The MAPKSs require dual phosphorylation at the threonine and tyrosine
sites by MAPK kinases. The MAPKSs are considered to play essential roles in signal
transduction in many biological events, such as the regulation of cell growth,
differentiation, apoptosis, and cellular responses to environmental stresses. ERK1
and ERK2 have been shown to be involved mainly in fibroblast proliferation [17],
and the p38 MAPK has been reported to be involved mainly in ECM production by
fibroblasts [88, 101].

TGF-p has been demonstrated in various cell types to activate each of the three
major MAPK members. Recent studies have shown that p38 MAPK is involved in
type I collagen synthesis by TGF-f} stimulation, which suggests the possible role of
p38 MAPK in fibrosis [89]. Fibronectin synthesis was shown to be upregulated via
the JNK pathway [101]. On the other hand, the activation of ERK was reported to
inhibit type I collagen expression [102]. Constitutive phosphorylation and activa-
tion of p38 MAPK was demonstrated in SSc fibroblasts, and the inhibition of p38
MAPK using specific p38 MAPK inhibitors or dominant negative mutant p38
MAPK abolished the upregulated expression of type I collagen or fibronectin in
SSc fibroblasts. These results strongly suggest the contribution of p38 MAPK
signaling to the constitutive upregulated expression of type I collagen or fibronectin
in SSc fibroblasts [89].

1.5 Phosphoinositide-3-Kinase (PI3K)

Phosphoinositide-3-kinases (PI3Ks) phosphorylate inositol-containing lipids at the
D-3 position of the inositol ring. They are divided into three classes in mammalian
cells. Class III PI3Ks produce phosphatidylinositol (PtdIns)-3-P, which is constitu-
tively present in all cells. Class I and class II PI3Ks can utilize PtdIns, PtdIns-4-P,
and PtdIns-4,5-P,. Class I PI3Ks are heterodimers of a 110-kDa catalytic subunit
(p110a, p110B, p1103, and p110y) and an adaptor/regulator subunit (p85a, p85p,
p55, and pl01) [103]. Following PI3K activation, PIP; recruits the
phosphoinositide-dependent kinase (PDK)-1 and Akt/PKB, bringing these proteins
into proximity at the plasma membrane where Akt is phosphorylated on Thr’*® by
PDK-1 [103]. This is followed by phosphorylation at Ser*’®. Once activated, Akt
leaves the plasma membrane to phosphorylate intracellular substrates. Akt has also
been shown to translocate the nucleus where it can phosphorylate transcription
factors [104].

Some studies have suggested that the PI3K signaling pathway can be modulated
by the TGF-f family [105, 106]. Bakin et al. have shown that the inhibition of PI3K
blocks TGF-fl-induced Smad2 phosphorylation [105], suggesting that Smad
proteins are potential targets of the PI3K pathway. In fact, the inhibition of PI3K
was shown to result in a redistribution of Smad anchor for receptor activation
(SARA), which directly interacts with Smad2/Smad3 and functions to recruit
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Smad?2 for phosphorylation to the activated TGF-f receptor complex [107], and the
attenuation of both TGF-f-induced Smad2 phosphorylation and transcriptional
activation [108]. Furthermore, the basal activity of PI3K was shown to be necessary
for COL1A2 mRNA stabilization [109, 110] and to be indispensable for the
establishment of the constitutive activation of TGF-f/Smad3 signaling in SSc
fibroblasts [109].

1.6 Connective Tissue Growth Factor (CTGF)

Connective tissue growth factor (CTGF) is induced by TGF-p and modulates
fibroblast cell growth and ECM secretion [111, 112]. CTGF has been demonstrated
in experimental and human fibrosis [113, 114], in which its expression appears to
correlate with the degree of fibrosis [115, 116]. These results suggest that CTGF
mediates many of the profibrotic action of TGF-f.

CTGF is a 36-38 kD cysteine-rich peptide containing 349 amino acids. It
belongs to the CCN (CTGF, cyr 61/cef 10, nov) family of growth factors. The
gene for CTGF was originally cloned from a human umbilical endothelial cell
cDNA library [111]. CTGF has been detected in endothelial cells, fibroblasts,
cartilaginous cells, smooth muscle cells, and some cancer cell lines. Earlier studies
revealed that TGF-B1 increases CTGF mRNA markedly in human foreskin
fibroblasts [112]. PDGF, EGF, and FGF were also shown to induce CTGF expres-
sion, but their effects were only transient and weak [112].

CTGF has diverse bioactivities. Depending on cell types, CTGF has been shown
to trigger mitogenesis, chemotaxis, ECM production, apoptosis, and angiogenesis.
In earlier studies, CTGF was noted to have mitogenic and chemotactic effects on
fibroblasts [111]. CTGF was also reported to enhance the mRNA expression of al
(D) collagen, fibronectin, and a5 integrin in fibroblasts [117]. The finding that
TGF-p increases CTGF synthesis and that TGF-f and CTGF share many functions
is consistent with the hypothesis that CTGF is a downstream mediator of TGF-p.

The mechanism by which CTGF exerts its effects on cells, especially its signal
transduction, is still unclear. CTGF was reported to bind to the surface of fibroblasts
with high affinity, and this binding was competed with recombinant PDGF BB
[111]. This suggests that either CTGF binds to certain class of PDGF receptor or
there is some cross-reactivity of PDGF BB with CTGF receptors.

CTGF mRNA has been detected in the fibroblasts of sclerotic lesions of patients
with SSc [115]. In patients with localized scleroderma, CTGF mRNA was detected
in fibroblasts from tissue in the sclerotic stage more than the inflammatory stage,
which suggests a close correlation between CTGF and fibrosis [116]. Similar results
were also obtained in keloid and other fibrotic diseases [116]. Subsequently,
expression of CTGF has been reported in a variety of fibrotic disorders, including
hepatic fibrosis, pulmonary fibrosis, and cardiac fibrosis [118—121]. CTGF is also
implicated in the dermal fibrosis of SSc [122, 123]. Furthermore, increased
responsiveness of SSc fibroblasts to CTGF has been shown [124]. However, the
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detailed role of CTGF in SSc is still unclear. Further studies are needed to clarify
this point.

1.7 MicroRNA (miRNAs)

Recently, microRNAs (miRNAs) have attracted attention for its involvement in the
pathogenesis of various human diseases such as immune diseases. miRNAs are
small noncoding RNA that bind to complementary sequences in the untranslated
regions (UTRs) of target mRNAs, resulting in inhibiting their translation into
protein. More than 1,000 miRNAs have been identified, which corresponds to
1-5 % of all genes in the human genome, and miRNAs are thought to be the
most abundant regulators. Various miRNAs have been reported to be involved in
the pathogenesis of SSc [125-128]. miR-196a expression was decreased in SSc
both in vitro and in vivo, and overexpression of the miR-196a resulted in the
downregulation of type I collagen in SSc fibroblasts, which suggests that
miR-196a is involved in the pathogenesis of SSc [125]. The constitutive
upregulation of miR-92a expression was shown both in sera and in dermal
fibroblasts from SSc patients which was resulted from autocrine TGF- signaling
[126]. Furthermore, forced overexpression of miR-92a in dermal fibroblasts
resulted in the downregulation of matrix metalloproteinase-1 (MMP-1) expression
[126]. MMP-1 is a target of miR-92a, and therefore, miR-92a overexpression plays
a role in excessive collagen accumulation in SSc via downregulation of MMP-1
[126]. microRNA let-7a expression was downregulated in SSc both in vitro and
in vivo, and the inhibition or overexpression of let-7a in dermal fibroblasts affected
the expression of type I collagen [127]. Furthermore, the intermittent microRNA
let-7a injection improved the skin fibrosis induced by bleomycin in mice
[127]. miR-150 expression was decreased in SSc fibroblasts both in vitro and
in vivo [128]. Transfection of miR-150 inhibition into fibroblasts induced expres-
sion of integrin b3, phosphorylated Smad3, and type I collagen, whereas forced
overexpression of the miRNA resulted in their downregulation in SSc fibroblasts,
which suggested that miR-150 may play an important role in the pathogenesis of
fibrosis in SSc via overexpression of integrin 3 [128].

1.8  The Role of Autocrine TGF-f3 Signaling in SSc

Increasing evidence suggests that TGF-f is a key mediator of tissue fibrosis in SSc
as a consequence of ECM accumulation. Many of the characteristics of SSc
fibroblasts resemble those of normal fibroblasts stimulated by TGF-f such as
elevated expression of collagen types I, III, VI, and VII, fibronectin, and glycosami-
noglycans [20-28]; elevated expression of tissue inhibitor of metalloproteinases
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[29]; decreased expression of collagenase (MMP-1) [129]; expression of a-smooth
muscle actin [130]; and increased expression of avp5 integrin [131]. Dysregulation
of TGF-f signaling has been reported in SSc fibroblasts.

Enhanced expression of TGF-p has been well demonstrated in the tissue of SSc
as well as that of a mouse model of SSc [19, 39]. However, SSc fibroblasts have
been shown to produce an amount of TGF-f equivalent to that produced by normal
fibroblasts in vitro [27, 40]. Furthermore, there was no significant difference
between SSc fibroblasts and normal fibroblasts in the production of total TGF-f1
and active TGF-p1 [27].

Increased expression of TGF-p receptors has been well demonstrated in fibrosis
[27, 43—45]. Increased expression of TGF- receptors type I and type II has also
been reported in SSc fibroblasts in vitro and in vivo [27, 46-49]. The
overexpression of these TGF-f receptors in SSc fibroblasts was shown to be
regulated at transcriptional level [47] and to be resistant to various stimuli
[48, 49]. TGF-B receptors have been shown to be upregulated by TGF-p, PDGF,
and EGF [48, 50, 51]. Moreover, elevated expression of the endothelial cell-
enriched TGF- receptor endoglin was reported in SSc fibroblasts [52]. Therefore,
the overexpression of these TGF-f3 receptors in SSc fibroblasts may be due to the
exposure of SSc fibroblasts to these cytokines in vivo. The overexpression of
TGF-p receptors induced collagen transcription in cultured dermal fibroblasts
[43], which indicates a potential role of enhanced expression of TGF-f receptors
in fibrosis. A recent report has demonstrated that an increased TGF-f receptor type
I/type II ratio contributes to elevated collagen protein synthesis in SSc [53]. Fur-
thermore, overexpression of dominant negative TGF-f receptor type II improved
liver fibrosis [52], and the effects of the overexpression of dominant negative
TGF-p receptor type II have also been investigated in SSc [53, 54]. Further studies
showed that the total expression levels of TGF-f receptors were elevated in SSc
fibroblasts, but that cell surface expression levels of TGF-f receptors were not
elevated in SSc fibroblasts [132]. The internalization rate of TGF-p receptors was
increased in SSc fibroblasts and caveolin constitutively made a complex with
TGF-p receptors, and this leads to the activation state of TGF-f signaling [132].

The expression levels of Smad proteins were also investigated in SSc fibroblasts
[90, 91]. Some SSc fibroblasts expressed increased levels of Smad3 and Smad7, but
others did not [90]. A recent study showed increased expression of Smad 3 and
increased phosphorylation of Smad2/Smad3 in SSc fibroblasts [91]. Constitutive
phosphorylation of Smad3 and the increased binding of Smad3 to the “CAGA”
motif in SSc fibroblasts were also reported [109]. Further study showed that
constitutive increased Smad3 phosphorylation, increased interaction of Smad3
with Spl, and p300 were detected in SSc fibroblasts [133]. The overexpression of
Smad3 caused an increase of up to fivefold in COL1A2 promoter activity in normal
fibroblasts, but Smad3 caused a small increase in COL1A2 promoter activity in SSc
fibroblasts [133]. These results suggested that SSc fibroblasts are less sensitive to
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exogenous TGF-B/Smad signaling because SSc fibroblasts are already activated by
the autocrine TGF-P signaling [133]. Another study discovered the regulatory
elements of the constitutive upregulated a2(I) collagen gene in SSc fibroblasts
[134]. The binding sites of Sp1, Ets1, and Smads were important for the constitutive
upregulated o2(I) collagen gene in SSc fibroblasts [134]. Furthermore, the binding
activity of Etsl as well as Smad3 to their binding sites was increased in SSc
fibroblasts [134]. This promoter analysis emphasized that Ets1 forms a transcrip-
tionally active complex with Smad and Spl by autocrine TGF-f signaling [134].

One study reported the decreased expression of Smad7 in scleroderma
fibroblasts [92]. In that study, SSc fibroblasts showed increased phosphorylation
of Smad2 and Smad3 compared with normal fibroblasts after TGF-f treatment
[92]. However, detailed analysis showed that the expression of Smad7 was
increased in SSc fibroblasts in vivo and in vitro and that Smad7-Smurf-mediated
negative regulation of TGF-p signaling was impaired in SSc fibroblasts [93].

Therefore, the fibroblast activation in SSc may be a result of stimulation by
autocrine TGF-p signaling. This notion is strongly supported by the recent follow-
ing findings: (1) SSc fibroblasts were shown to produce an amount of TGF-f
equivalent to that produced by normal fibroblasts in vitro [27, 90]; (2) SSc
fibroblasts express elevated levels of TGF-f receptors, correlating with collagen
expression, and the increased levels of TGF- receptors were shown to induce the
expression of ECM proteins [27, 46—49]; (3) the blockade of endogenous TGF-f§
signaling abolished the scleroderma phenotype [27, 131]; and (4) constitutive
activation of TGF-f/ Smad signaling was shown in SSc fibroblasts
[93, 109]. Thus, the development of a therapeutic approach to block TGF-f/
Smad signaling in SSc is required.

1.9 Conclusion

Great progress has been made over the past several years in the understanding of
TGF-p signaling. The identification of Smad proteins and other signal pathways as
downstream signal transduction mediators in TGF-f signaling has lead to the
elucidation of molecular mechanisms of gene activation by TGF-p (Fig. 1.3).
However, further detailed analyses are required to clarify the pathogenesis of
fibrosis in SSc.
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Fig. 1.3 Schematic representation of the TGF-f signaling cascade. Initiation of signaling requires
the binding of TGF-p to TGF-f receptor type II (TGFp RII), resulting in the recruitment and
phosphorylation of TGF-p receptor type I (TGFP RI) to produce a heteromeric complex that
activates downstream signaling pathways. Activated TGFp RI then recruits and phosphorylates
R-Smad, such as Smad2 and Smad3, leading to the association with Smad4 and translocation of the
formed heterocomplex into the nucleus. The translocated heterocomplex binds to the target gene
with other transcription factors, such as Spl, and regulates gene expression, cooperating with
p300/CBP. TGF-f also activates the p38 MAPK and PI3K pathways. TGF-f upregulates Smad7
expression and Smad7 associates with ligand-activated TGFp RI and interferes with the phosphor-
ylation of Smad2 and Smad3 by preventing their interaction with activated TGFp RI. Smurfs
(Smurf1/Smurf2) induce polyubiquitination and degradation of TGFf RI. Thus, Smad7-Smurf
inhibits TGF-p signaling by a negative feedback system. Activation of ERK inhibits TGF-f/Smad
signaling
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Autoimmunity in Systemic Sclerosis:
Overview

Ayumi Yoshizaki and Shinichi Sato

Abstract

Systemic sclerosis (SSc) is characterized by autoimmunity and tissue fibrosis of
several organs. Although the pathogenic relationship between systemic autoim-
munity and the clinical manifestations of SSc remains unknown, SSc patients
display a variety of abnormal immune activation including the production of
disease-specific autoantibodies. Previous studies have demonstrated that
immune cells, mainly including T and B cells, play a critical role in systemic
autoimmunity and disease expression, though the role of autoimmunity in
generating the clinical and pathologic phenotype in SSc remains uncertain.
Activation and polarization of T cells can contribute to a profibrotic environ-
ment. Oligoclonal T cells, preferentially producing type 2 cytokines, exist in
affected tissues and peripheral blood early in the disease course and seem to be
participating in the establishment of fibrosis. Similarly, SSc patients have B cell
abnormalities characterized by chronic hyper-reactivity of memory B cells,
possibly due to CD19 overexpression. CD19 is a crucial regulator of B cell
activation. Recent studies demonstrated B cells from SSc patients show an
upregulated CD19 signaling pathway that induces SSc-specific autoantibody
production in SSc mouse models. Although distinct subsets of autoantibodies
do not have a proven pathogenic role, they are selectively associated with unique
disease manifestations. Collectively, autoimmunity in SSc is most likely
participating in SSc-specific tissue damage. If revealed the mechanisms of
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autoimmunity in SSc, these knowledge could lead to new disease-modifying
therapeutic strategies directed at SSc-specific immune effector pathways.

Keywords
Systemic sclerosis ¢ Autoimmunity ¢« B lymphocyte ¢ T lymphocyte * Fibrosis

2.1 Introduction

Systemic sclerosis (SSc) is a connective tissue disease characterized by excessive
extracellular matrix deposition in the skin and visceral organs with an autoimmune
background [1]. Although the pathogenesis of SSc remains unknown, three major
abnormalities (Fig. 2.1), including immune activation, collagen accumulation, and
vascular injury, are considered as main features of disease [2—4]. Collagen accu-
mulation crucially results in fibrosis of the several organs, such as the skin and
lungs. Vascular injury mainly consists of Raynaud’s phenomenon, digital ulcers,
scleroderma renal crisis, and pulmonary hypertension. Immune activation is
characterized by autoantibody production, lymphocyte activation, and release of
various cytokines. The presence of autoantibodies is a central feature of immune
activation associated with SSc, because antinuclear antibody (Ab) has been
detected in >90 % of patients [5]. SSc patients have autoantibodies that react to
various intracellular components, such as DNA topoisomerase I (topo I), centro-
mere, RNA polymerases, UIRNP, U3RNP, Th/To, and histones, though these
distinct subsets of autoantibodies do not have a proven pathogenic role [5].

The cytokines released by lymphocytes infiltrating the affected tissue may cause
vascular injury and collagen production. In SSc, differentiation toward several T
helper (Th) lymphocyte subsets (Fig. 2.2) has been reported [6]. The key profibrotic

[ Autoimmunity |

*Autoantibody
*Immune cell activation

] =

Fig. 2.1 The relationship of autoimmunity, tissue fibrosis, and vascular injury in SSc. SSc is
characterized by autoimmunity, tissue fibrosis, and vascular injury. Although the pathogenic
relationship between autoimmunity and clinical manifestations of SSc remains unclear, three
major abnormalities contribute each other to the disease progression and development
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cytokines, such as interleukin (IL)-4, IL-6, and IL-13, are secreted by Th2 cells, and
their interactions with fibroblasts serve to drive the fibrotic response [7]. Substantial
progress in the knowledge of T cell differentiation has been achieved in the past two
decades (Fig. 2.2). IL-6 can be neutralized in vivo not only to limit IL-6-driven
tissue fibrosis but simultaneously to suppress switching of regulatory T (Treg) to
Th17 T cells that will provide more IL-6. Recent studies have indicated that B cells
have various fundamental roles in regulating immune responses [8, 9] than had
previously been appreciated (Fig. 2.3). These roles include antigen presentation,
cytokine production, lymphoid organogenesis, differentiation of T cells, and influ-
ence on dendritic cell and macrophage function. Consistently, not only autoanti-
body production but also abnormalities of other B cell function could lead to the
induction or development of autoimmune disorders. SSc patients have polyclonal B
cell hyperactivity and hyper-y-globulinemia in addition to autoantibody production
[10]. Thus, immunological abnormalities are likely to be critical for the develop-
ment and progression of the disease, including SSc-specific tissue fibrosis and
vascular damage. However, it remains unknown how these three major
abnormalities can be unified into one hypothesis. In this section, we will highlight
evidence indicating that the autoimmune response may participate in initiating
and/or developing fibroblast modifications that are characteristically observed
in SSc.
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Fig. 2.3 Multiple roles of B cells in immune system and autoimmunity. B cells regulate immune
responses and crucially contribute to immune system development. B cells are not only involved in
natural, adaptive, and autoantibody production but also interact with T cells and other antigen-
presenting cells, such as macrophages and dendritic cells, produce multiple regulatory cytokines,
and are critical for lymphoid tissue development

2.2 T Cell Autoimmune Responses in SSc

2.2.1 The Th2 Polarization in SSc

CD4+ T cells consist of subgroups characterized by distinct cytokine secretion
patterns. Histological examination of early SSc skin has demonstrated that an
inflammatory infiltrate precedes fibrosis and development of the vasculopathy
[11]. Interestingly, collagen synthesis assessed by in situ localization of procollagen
appears to be higher in fibroblasts adjacent to inflammatory cells [12, 13]. These
studies have suggested the hypothesis that inflammatory cells and in particular T
cells provide important stimuli that drive collagen synthesis in fibroblasts. Indeed,
transcriptome analysis in animal models has shown that genes involved in wound
healing and fibrosis are associated to mainly Th2-polarized responses as opposed to
Thl-polarized responses [14].

Th2 cells produce IL-4, IL-5, IL-6, IL-10, and IL-13, thereby facilitating
humoral immunity. There are several reports of high levels of Th2 cytokines in
SSc serum such as IL-4 and IL-13 [15-17]. IL-4 is crucial in polarizing Th2
response mediated through its receptor and intracellular signaling molecules, such
as STAT6. However, IL-4 does not work alone, and IL-13 is also necessary to
mount an appropriate Th2 response. Th2 cells work in a positive feedback loop
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perpetuating the phenotype and secretion of Th2-type fibrogenic cytokines. I1L-4,
IL-6, and IL-13 stimulate the synthesis of collagen by human fibroblasts
[18, 19]. Furthermore, these Th2 cytokines enhance the immunoglobulin produc-
tion by B cells [20]. By contrast, Thl cytokines, interferon (IFN)-y and tumor
necrosis factor (TNF)-a, suppress collagen production by fibroblasts in vitro
[19]. Therefore, a relative shift to Th2 compared with Thl cytokines can induce
tissue fibrosis and antibody production.

2.2.2 Th1/Th2 Balance in SSc

A number of studies have been reported that Th2 cytokines increased serum IL-4,
IL-6, IL-10, and IL-13 levels in SSc patients [21-23]. In addition, peripheral blood
mononuclear cells from SSc patients show elevated IL-6 production in vitro
[24]. Especially, CD4+ T cell clones derived from the skin of SSc patients exhibit
a Th2 cytokine profile [25]. Classic Th2 cytokines include IL-4, IL-5, and IL-13.
IL-4 is a multifunctional cytokine produced by activated Th2 T cells. IL-4 normally
promotes humoral immunity by inducing immunoglobulin production and isotype
switching of B cells and is also involved in the differentiation of naive CD4+ T cells
toward a Th2 phenotype [26]. Antibody-mediated depletion of T cells in bleomycin
(BLM)-induced SSc model mice, which is a well-known established mouse model
of SSc, decreased fibrosis along with reduced IL-4 secretion [27]. Elevated levels of
IL-4 have been demonstrated in affected tissues of SSc patients [28]. Direct stimu-
lation of human fibroblasts with IL-4 leads to a significant increased expression of
collagen and fibronectin, and SSc-derived fibroblasts are more sensitive to such
induction [29]. In the tight-skin (TSK/+) mouse, which is a genetic model for
human SSc, treatment with antibodies against IL-4 prevented the induction of
dermal fibrosis [30]. Furthermore, in BLM-induced SSc model mice, genetic
deletion of the IL-4 gene reduced fibrosis and fibroblast collagen production
compared with wild-type mice [31].

IL-13 is an immunoregulatory cytokine also produced predominantly by
activated Th2 cells. IL-13 and IL-4 share a common IL-4 receptor alpha chain
and signal through STAT6 [32]. Therefore, IL-13 shares many functional activities
with IL-4, but their function is not redundant [33]. Although IL-4 is important for
polarization of naive CD4+ T cells, IL-13 is not necessary. Indeed, IL-13 was found
to be directly fibrotic in a hepatic fibrosis model, and deletion of IL-13 was
associated with reduced fibrosis and collagen deposition. IL-13 has also been
required for the development of cutaneous fibrosis mediated by IL-33, as genetic
deletion of IL-13, but not of IL-4, abrogates IL-33-mediated fibrosis and collagen
deposition, and this was independent of tumor growth factor (TGF)-p
expression [34].

By contrast, plasma levels of IFN-y and IFN-y production by peripheral mono-
nuclear cells are markedly reduced in SSc patients compared with normal controls
[23, 35]. Thus, cytokine balance is generally inclined to Th2 rather than Th1 in SSc
patients. However, on the contrary, a strong shift to Th1-cytokine-producing cells
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among CD8+ T cells has been shown in the peripheral blood from SSc patients
[36]. Furthermore, an increased number of IFN-y positive cells is reported in
peripheral T cells from SSc patients [37]. Therefore, there is a possibility that
Thl cytokines, in addition to Th2 cytokines, also play a role in the development
of SSc.

2.2.3 Other Th Subsets in SSc Pathogenesis

The presence and role of Th17 and Treg cells in SSc have attracted great interest in
the last few years, and they remain an area of intense investigation. In 2005, Th17
cells, which produce IL-17A and IL-17 F, were firstly described [38]. Th17 cells
have protective effect against extracellular bacteria and fungi. Moreover, Th17
cells and IL-17 cytokines are implicated in the pathogenesis of several inflamma-
tory and autoimmune diseases, including experimental autoimmune encephalomy-
elitis and collagen-induced arthritis [39]. Th17 cells require retinoid-related orphan
receptor-y to differentiate in response to a combination of TGF-f and IL-6. The
percentage of Th17 cells is consistently increased in SSc [40]. In fact, increased
levels of IL-17A have been detected in the serum of SSc patients [41, 42], and
increased IL-17A mRNA levels were identified in the involved skin and lung
[43]. On the other hand, IL-17 F, which shares an amino acid sequence identity
of more than 50 % with IL-17A, was not found to be increased in the involved skin
and serum of SSc individuals [44].

Treg cells are reciprocally linked with Th17 cells. TGF-f appears to be involved
in the generation of both subsets, whereas the presence or absence of IL-6 skews the
differentiation process toward inflammatory Thl7 or suppressive Treg cells,
respectively. While Th17 cells have been mostly found increased in the disease,
Treg cells have been reported to be reduced in number or functionally defective in
several studies [45—48]. Indeed, in SSc patients, several studies showed a reduced
frequency and impaired function of Treg cells [47, 49]. Furthermore, immunohis-
tochemical approach has revealed that FoxP3+ Treg cells decreased in the skin
from patients with SSc [50]. Collectively, an attractive hypothesis has been
demonstrated, which Treg cells may specifically convert into Th17 cells in the
context of the disease. Several studies have reported that conversion of Treg to
Th17 cells is possible [51-53]. In fact, IL-6, which increased in SSc, has been
shown to participate to this conversion [54]. It is also possible that Treg cell priming
in SSc is skewed toward Thl7 cells via increased levels of IL-6 and TGF-p
production.

Th22 cells typically produce IL-22 in the absence of IL-17 and IFN-y and are
enriched in a subset of CCR4- , CCR6- , and CCR10-expressing T cells, which are
skin homing T cells [55, 56]. Although the key transcription factor governing the
commitment toward Th22 cells remains unknown, the aryl hydrocarbon receptor
and STAT3 have been proposed [56, 57]. While IL-22 does not participate in the
communication between immune cells because peripheral blood mononuclear cells
do not express IL-22R, IL-22 acts mainly on epithelial cells of mucosal origin and
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the skin, and it promotes antimicrobial defense, epithelial homeostasis, and regen-
eration [58]. Recent studies have suggested that IL-22 associates with the patho-
genesis of several immune disorders, including rheumatoid arthritis, SLE, asthma,
and inflammatory skin diseases, such as psoriasis and atopic dermatitis [59]. In SSc
patients, Th22 increases in the peripheral blood in addition to Th2 and Th17 cells
[40]. Similar to that which has been observed for Th17 cells in SSc, Th22 cell
number positively correlates with skin sclerosis and lung fibrosis. In BLM-induced
lung fibrosis model mice, lung inflammation was ameliorated in IL-22-deficient
mice compared to wild-type mice [60]. These results suggest that Th22 cells
contribute to tissue fibrosis via IL-22 production in SSc patients.

2.3 B Cell Autoimmune Responses in SSc
2.3.1 Autoantibody Production of B Cell

Autoantibodies are present in >90 % of SSc patients and selectively correlate with
disease-specific clinical manifestations. However, a direct link between their pres-
ence and the pathogenesis in SSc has been suggested only recently. B cells partici-
pate in adaptive immune responses through functions beyond antibody production,
such as antigen presentation, cytokine production, lymphoid organogenesis, T cell
differentiation, and influence on dendritic cell and macrophage function [61]. Con-
sistently, not only autoantibody production, but also abnormalities in other B cell
functions, could lead to the induction or development of autoimmunity. SSc
patients have polyclonal B cell hyperactivity in addition to undergoing autoanti-
body production [10]. Chronic B cell activation is likely to be critical for the
development and progression of the disease. In SSc patients, circulating memory
B cells were shown to exhibit a chronically activation, clonal expansion, and
antibody production [62]. A defective negative selection and/or excessive positive
costimulation could possibly predispose to SSc autoimmunity by prolonged sur-
vival of circulating autoreactive B cells. Indeed, elevated levels of B-cell-activating
factor, which is an important mediator in B cell survival, have been detected in the
plasma of SSc patients [63]. Moreover, recent studies have shown that B cell
depletion therapy reduced skin sclerosis and lung fibrosis in human SSc patients
[64, 65].

2.3.2 Response Regulators of B Cells

B cells respond to a lot of stimulation, which regulates the negative selection in the
bone marrow, the generation of humoral immune responses in the peripheral
lymphoid organs, and the establishment and maintenance of tolerance and memory.
The outcome of these B cell responses is determined by signaling thresholds via B
cell antigen receptor (BCR) complex signaling during B cell responses to self- and
foreign antigens [66]. In addition, B cell signaling thresholds are regulated by
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response regulators, which are an array of cell-surface molecules or cytoplasmic
signal transduction molecules, that augment or diminish BCR signals during B cell
development [66—68]. Therefore, “response regulators” could be a useful concept
for understanding how autoimmunity is induced, as well as how normal humoral
immune responses are regulated.

Recent studies have identified many molecules that belong to response
regulators using mice lacking or overexpressing certain molecules [66—
68]. CD19, CD21, and CD45 have been identified as a group of positive response
regulators, which augment signals through the BCR complex, while CD22, CD72,
and FcyRIIB have been grouped as negative response regulators that diminish BCR
signals [66—71]. Transgenic mice that overexpress CD19 lose tolerance and gener-
ate autoantibodies spontaneously [72, 73], whereas mice lacking CD22 have
chronically activated B cells with various spontaneous autoantibody production
[74, 75]. These data suggest that B cell responses to foreign or self-antigens are
controlled in part by interaction between positive and negative response regulators.
Furthermore, abnormal regulation of the response regulator function and expression
may result in autoantibody production.

2.3.3 CD19 as a Crucial Positive Response Regulator of B Cell
Signaling

Among B cell response regulators, CD19, which is a critical cell-surface signal
transduction molecule of B cells, is one of the most potent positive regulators.
CD19 expression is restricted to B lineage cells and follicular dendritic cells that are
antigen-presenting cells located in the murine spleen [76]. CD19 is a 95,000 Mr
glycoprotein member of the immunoglobulin (Ig) superfamily expressed from early
pre-B cells until plasma cell differentiation [62]. In the B cell activation process,
CD19 expression is tightly regulated, suggesting that intrinsic CD19 expression
levels may determine a predisposition to autoimmunity. CD19 has an extracellular
region containing two C2-type Ig-like domains and a cytoplasmic region of ~240
amino acids with nine conserved tyrosine residues [77]. Lyn, a Src-family protein
tyrosine kinase member, is the dominant kinase that phosphorylates CD19 upon
various stimuli. Once tyrosyl phosphorylated, CD19 serves as a membrane-bound
adaptor protein for Src homology 2-containing signaling molecules such as Lyn,
Vav, and phosphatidylinositol 3-kinase, which further mediate downstream activa-
tion cascades.

In recent analysis using CD19-deficient mice and CD19-transgenic mice, in vivo
CD19 function has been finely assessed [73, 78—82]. CD19-deficient B cells exhibit
reduced proliferation to various transmembrane signals compared with wild-type B
cells, whereas B cells from CD19-transgenic mice show augmented proliferation
[78, 81]. Serum Ig levels are spontaneously increased in CD19-transgenic mice,
while they are generally decreased in CD19-deficient mice. In addition, serum
levels of several autoantibodies including anti-topo I, anti-DNA, and anti-histone
Abs are decreased in CD19-deficient mice, whereas those in CD19-transgenic mice
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are increased [73]. Moreover, analysis using CD19-transgenic mice of autoreactive
B cells has revealed that CD19 overexpression disrupts peripheral tolerance in B
cells and thereby induces autoantibody production and autoimmune reactions
[72]. These results suggest that CD19 expression levels regulate autoantibody
production through augmenting B cell signaling. Of interest, CD19 expression is
not affected by B cell activation, though B cells stimulated with anti-IgM Ab or
lipopolysaccharide increase the expression of I-A, a major histocompatibility
complex class II molecule, which indicates B cell activation [73]. Collectively,
CDI19 expression is tightly regulated during the B cell activation process,
suggesting that overexpression of CD19 can lead to autoimmunity.

2.3.4 CD19 Overexpression on B Cells in SSc Patients

CD19 density on surface of SSc B cells is significantly higher by 20 % than healthy
individuals, revealed by flow cytometric analysis of the peripheral blood from SSc
patients [83]. This CD19 overexpression is detected in both naive and memory B
cells from SSc patients [84]. Although CD19 expression levels are higher on B cells
from SSc patients, the increase in CD19 expression is small, and it remains
unknown whether this small increase is related to autoimmunity. Therefore, the
pathogenic significance of the 20 %-increased CD19 expression was assessed by
generating transgenic mice, which overexpressed CDI19 to a similar extent as
human SSc [82, 84]. These CD19 transgenic mice, which overexpress CD19 by
29 %, have increased levels of various autoantibodies, including SSc-specific anti-
topo I Ab, as well as anti-DNA Ab, anti-histone Ab, and rheumatoid factor
[84, 85]. These results suggest that the small increase in CD19 expression observed
in human SSc may be sufficient to induce autoantibody production. However, of
interest, these transgenic mice do not develop fibrosis in the skin and visceral
organs. Thus, it is still unclear whether CD19 overexpression and autoantibody
production are related to disease development in SSc.

In SSc patients, hyper-y-globulinemia and polyclonal B cell activation are also
found [86, 87]. Recent studies using DNA microarrays have revealed upregulation
of gene expression related to B cell activation [10]. These observations suggest the
presence of intrinsic B cell hyperactivation in SSc. To assess whether there is
intrinsic B cell hyperactivation in SSc, phenotypic and functional abnormalities
of peripheral blood B cell subsets were assessed [8, 88]. In SSc patients, total blood
B cells are expanded, and homeostasis and subsets of B cells are disturbed.
Although memory B cells and plasmablasts diminish, naive B cells expand. In
addition, these memory B cells have increased expression of CD80 and CDS6,
which are crucial costimulatory molecules of B cells. This finding indicates that
SSc memory B cells are chronically activated in vivo, possibly due to CD19
overexpression. Furthermore, CD95 (Fas) expression, which is upregulated follow-
ing B cell activation, increases on SSc memory B cells. The increased Fas expres-
sion induces marked sensitivity to Fas-mediated apoptosis [89]. This enhanced
sensitivity to spontaneous apoptosis of SSc memory B cells may result in a



30 A. Yoshizaki and S. Sato

diminished number of these cells in the blood. Taken together, it is possible that the
continuous loss of memory B cells and plasmablasts increases the production of
naive B cells to maintain B cell homeostasis. In addition, SSc memory B cells have
enhanced ability to produce IgG, resulting in hyper-y-globulinemia and possibly
autoantibody production, though the memory B cell number is decreased in SSc
patients. Thus, SSc patients have distinct abnormalities of B cell compartments
characterized by expanded naive B cells and activated memory B cells, which may
be related to CD19 overexpression, since memory B cells as well as naive B cells
from SSc patients overexpress CD19.

2.3.5 Raynaud’s Phenomenon Potentially Induces B Cell
Autoimmunity in SSc

Previous studies have confirmed that human SSc patients show enhanced reactive
oxygen species (ROS) production, which is probably due to ischemia and reperfu-
sion injury following Raynaud’s phenomenon, an initial clinical manifestation in
human SSc [90, 91]. Enhanced ROS production, which is common features of
human SSc and the BLM-induced SSc model, plays a role as an initiator for tissue
injury and fibrosis [90, 92, 93]. In BLM-induced lung fibrosis model, inflammatory
cells and lung epithelial cells are responsible for ROS [92]. Mice deficient for ROS
production reduced BLM-induced lung fibrosis, suggesting that ROS generated by
BLM induces tissue damage and fibrosis [93]. Moreover, a free radical scavenger,
edaravone, inhibits skin and lung fibrosis in BLM-induced SSc model mice [94].

Furthermore, ROS are responsible for hyaluronan degradation, leading to pro-
duction of hyaluronan fragments, one of the endogenous ligands of toll-like recep-
tor 4 (TLR4), that induce inflammatory responses [95]. In fact, in BLM-induced
SSc model mice, BLM induces autoantigen presentation during tissue injury and
hyaluronan fragment production, which results in autoantibody production and
fibrosis. Likewise, hyaluronan levels are increased in plasma or sera from human
patients with SSc, especially early SSc, and correlated closely with the disease
severity, progression, and degree of visceral involvement [96-98].

Collectively, we have proposed the following hypothesis previously (Fig. 2.4):
enhanced ROS production, which is induced by Raynaud’s phenomenon in human
SSc and BLM in the BLM-induced SSc model mice, respectively, could initiate
tissue damage, leading to generation of hyaluronan fragments which induce B cell
activation mainly via CD19 and TLR4. Moreover, the abnormal B cell activation
may be associated with autoantibody production and augmented cytokine produc-
tion that may result in fibrosis. Collectively, these findings suggest that CD19 and
TLR4 signals of B cells would be one of potential therapeutic targets in human SSc.
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Raynaud’s phenomenon —— BLM

Apoptosis G ROS

|

Autoantigen Hyaluronan
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Fig. 2.4 A model linking Raynaud’s phenomenon, systemic autoimmunity, and tissue fibrosis in
SSc patients and BLM-induced SSc model mice. SSc patients exhibit enhanced ROS production,
due to ischemia and reperfusion injury following Raynaud’s phenomenon. Similarly, BLM
induces the production of ROS. Consequently, ROS increase hyaluronan fragments, which induce
B cell activation through the TLR4 signaling as endogenous TLR4 ligands. Simultaneously,
apoptosis is detected in the skin of the early disease stage from patients with SSc and
BLM-induced SSc model mice. During apoptosis process, autoantigens including topo I are
concentrated on the surface apoptotic blebs, which may result in the antigen presentation of the
cryptic epitopes. Remarkably, CD19 loss inhibits these B cell activation and autoantibody
production. Collectively, we hypothesize that Raynaud’s phenomenon and BLM induce fibrosis
by enhancing hyaluronan production, which activates B cells to produce fibrogenic cytokines
mainly via CD19 and TLR4 signaling and induce autoantibody production

24 Conclusion

Although direct roles in pathogenesis have been unclear, activation of the immune
system in SSc has long been recognized. An abnormal immune activation involving
both humoral and cellular autoimmunity appears to be a crucial step for disease
initiation and development, such as aberrant fibrogenesis and obliterative
microangiopathy. In this review, we have highlighted T-cell and B cell-mediated
autoimmune responses. We have learned that Th cells have a skewed functional
repertoire, which may vary along disease progression. B cells have been activated
by the condition of SSc, including ischemia, which induces autoantibody produc-
tion and several organ fibrosis. Although the role of autoantibodies detected in SSc
is still unclear, they strongly associated with unique disease manifestations. Thus,
further studies revealing the association of these immunological abnormalities and
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disease progression are still required in vivo. Such advances may contribute to the
finding of brand new therapeutic targets and the development of rational therapeutic
strategies.
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Endothelial Progenitor Cells

Masataka Kuwana

Abstract

Systemic sclerosis (SSc) is characterized by excessive fibrosis and microvas-
culopathy with deficiency in vascular formation and repair. The postnatal vas-
cular system is constantly maintained through angiogenesis and vasculogenesis.
Endothelial progenitor cells (EPCs), major players of vasculogenesis, are het-
erogeneous cell population containing an extremely rare number of “true EPCs”
and pro-angiogenic hematopoietic cells (PHCs) that promotes vascular forma-
tion through secretion of pro-angiogenic factors and differentiation into endo-
thelial cells and mural cells with low efficiency. We have recently proposed a
theory that defective vascular repair machinery is one of the important
mechanisms contributing to SSc vasculopathy, based on reduced counts and
impaired function of circulating CD34*CD133*CD309*CD45%™CD14~ EPCs,
which are now regarded as immature PHCs. In contrast, monocytic PHCs
increased paradoxically in SSc patients and contribute to fibrotic aspects of the
disease by differentiating into fibroblast-like cells. Understanding the roles of
EPCs in pathogenic process of SSc may be key to dissecting its pathogenesis and
to developing novel therapeutic strategies.
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3.1 Introduction

Maintenance of the postnatal vascular system requires constant remodeling in
response to injury and senescence. This occurs by collaborative effects of two
distinct processes: (1) angiogenesis, which refers to the formation of new blood
vessels by sprouting from preexisting vessels through proliferation and migration of
mature endothelial cells, and (2) vasculogenesis, which refers to the de novo
differentiation of mature endothelial cells through the recruitment and differentia-
tion of endothelial progenitor cells (EPCs) [1]. Nascent vessels formed by angio-
genesis and vasculogenesis are subsequently maturated via the recruitment of
mesenchymal cells, such as pericytes and smooth muscle cells, through a process
termed arteriogenesis. Since EPCs were first defined as a circulating primitive cell
population that contributes to postnatal vasculogenesis [2], numerous studies have
been conducted to evaluate the contribution of EPCs to the pathogenesis of a variety
of vascular diseases, including atherosclerosis and connective tissue diseases.

Systemic sclerosis (SSc) is a multisystem connective tissue disease
characterized by excessive fibrosis, microvasculopathy, and autoimmunity. Vascu-
lar involvement in patients with SSc mainly affects small arteries and causes
reduced blood flow and tissue ischemia, leading to clinical manifestations such as
digital ulcers, pulmonary arterial hypertension, and renal crisis. Two types of
typical vascular pathology include progressive intimal proliferation and fibrosis in
arterioles and the loss of capillaries. The mechanism of SSc vasculopathy is not
fully understood, but increasing evidence indicates that endothelial injury is a
primary event that triggers subsequent complex vascular pathophysiology
[3]. The persistent increase in pro-angiogenic factors, such as vascular endothelial
growth factor (VEGF), observed in SSc patients indicates a strong pro-angiogenic
response to vascular damage [4]. Nailfold capillaroscopic findings reveal loss of
capillaries and formation of giant capillaries in the early phase of the disease and
the vascular disorganization in the late phase [5]. The capillary loss may result from
vascular damage, but there is almost no evidence of vascular recovery. In addition,
the formation of abnormal blood vessels like bushy and leaky capillaries indicates
an inadequate vascular repair process. These findings together suggest that, in
patients with SSc, the vascular repair machinery does not work properly, and the
disease progresses toward irreversible structural changes, despite the strong
pro-angiogenic push. Thus, defective vascular repair process mediated through
angiogenesis and vasculogenesis is an intriguing hypothesis to explain the patho-
genesis of SSc vasculopathy. This chapter features current understandings of roles
of EPCs in the vascular and fibrotic aspects of SSc.

3.2 Current Definition of EPCs

Since the first description of EPCs as circulating primitive cells that contribute to
postnatal vasculogenesis, numerous studies have been carried out to clarify the
mechanisms of postnatal vascular formation and repair, as well as the contribution
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Table 3.1 Current terminology of human EPCs

Surface markers used for isolation ~ Culture methods

Terminology of human EPCs or characterization used for isolation
Pro-angiogenic hematopoietic CD317CD45*CD41a* CD41a™ Early-outgrowth
cells (PHCs) CD235a~ EPC
Colony-forming
unit-Hill
Immature subset CD347CD133*CD309*CD454™
CD14~
Monocytic subset CD34~4mCD133-CD309 /4im
CD45*CD14*
Endothelial colony-forming cells ~ CD34™"CD31*CD133~CD45~ Late-outgrowth
(ECFCs) (true “EPCs”) CD14 CD41a” CD235a™ EPC

of EPCs to the pathogenesis of various vascular diseases, and to develop potential
therapeutic strategies that promote tissue regeneration or attenuate pathologic
neovascularization. However, a great deal of controversy about EPCs and their
roles in postnatal vascular formation has arisen because of discrepancies in the
definition of EPCs [6]. The major problem in defining EPCs derives from the lack of
specific markers. In the landmark paper by Asahara et al. [2], EPCs were
characterized using endothelial cell marker-positive cells, which were selected as
a cell fraction from peripheral blood mononuclear cells that was enriched in cells
expressing CD34 or CD309, a VEGF receptor type 2. These cells were shown to
contribute to revascularization and salvage of ischemic hind limbs in animal
models.

Currently, it is widely accepted that there are at least two types of EPCs that can
be discriminated based on their surface antigen expression, proliferation potential,
and time of emergence in the cell culture system [7] (Table 3.1). Endothelial
colony-forming cells (ECFCs) or late-outgrowth EPCs are lineage-restricted pro-
genitor cells that only give rise to endothelium. These cells are regarded as “true
EPCs,” based on their potential for clonogenic expansion in vitro and their ability to
form vessels in vitro and in vivo [7]. Circulating precursors of ECFCs have not been
identified yet, but they express CD34 and CD31 and completely lack expression of
hematopoietic markers including CD45 [8]. Whether rare ECFCs are derived from
hemangioblasts in the bone marrow or from endothelial stem cells that reside in the
endothelium remains still undetermined [9].

On the other hand, it has been shown that the vast majority of the cells originally
identified as EPCs in various assays are in fact hematopoietic lineage cells that
display pro-angiogenic properties and are now termed pro-angiogenic
hematopoietic cells (PHCs) [7]. PHCs include several different circulating cell
types that are identified in the literature as circulating angiogenic cells (CACs),
circulating endothelial precursors, monocytic EPCs, early-outgrowth EPCs, and
colony-forming unit (CFU)-ECs. In fact, they fall into at least two distinct major
subsets: CD14" monocytic origin (monocytic PHCs) and CD14~ cells positive for
CD34, CD133, and CD309 (immature PHCs), initially termed circulating
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endothelial progenitors (CEPs) [10]. Currently, it is generally accepted that PHCs
do not give rise to endothelial cells efficiently but rather work as pro-angiogenic
supporting cells [11]. Monocytic PHCs cannot proliferate or form tubular structures
in vitro in the absence of mature endothelial cells, but several studies reported that
monocytic PHCs are capable of integrating into tubular structures and differentiate
into endothelial cell-like cells in vivo [12, 13]. However, it is uncertain whether
these endothelial cell-like cells are able to exert the full range of endothelial
functioning. On the other hand, immature PHCs derived from stem cells in the
bone marrow express immature hematopoietic markers CD34 and CD133 as well as
a mature hematopoietic marker CD45 with low intensity, but lack expression of a
monocytic marker CD14. Immature PHCs also represent expression of endothelial
markers CD309 and Tie-2. These cells have typical features of progenitors, includ-
ing capacity to proliferate and to differentiate into endothelial cells, but the effi-
ciency is much lower in comparison with ECFCs. Nevertheless, PHCs, either in
monocytic or immature subset, are capable of promoting blood vessel formation
through multiple mechanisms, including secretion of a series of pro-angiogenic
factors, including VEGF, hepatocyte growth factor, granulocyte colony-stimulating
factor (G-CSF), and stromal cell-derived factor-1 (SDF-1) [14, 15], and differenti-
ation into other elements of the vasculature, such as pericytes and smooth muscle
cells. Essentially, PHCs are involved in the very early phase of vascular repair
through attaching to the injured vascular lumen immediately after injury.

There is huge difference in circulating quantities among three EPC subsets.
ECFCs are extremely rare cell population and presumed to present at less than
1 out of 10° circulating mononuclear cells [7], which can be detectable only in long-
term cultures. Immature PHCs are also rare at a frequency of 10-100 cells in 1 mL.
of peripheral blood in healthy individuals. In contrast, monocytic PHCs comprise
approximately 0.1-2 % of peripheral blood mononuclear cells [7, 12]. Monocytic
PHCs’ capacity to enhance blood vessel formation is apparently inferior to imma-
ture PHCs, although they clearly predominate over immature PHCs and ECFCs in
the absolute number in circulation [16]. In the neovascular microenvironment,
ECFCs and monocytic and immature PHCs work in concert with platelets and
residential endothelial cells to form new blood vessels [17].

Because of rarity of EPCs in circulation, cultivation of circulating mononuclear
cells in medium favoring endothelial differentiation has been used to identify and
expand these cells. In these cultures, it is difficult to determine which precursor
cells give rise to EPCs, because the starting cell population is heterogeneous, and
cellular phenotypes change over time in culture. In the original protocol by Asahara
et al., peripheral blood mononuclear cells were cultured on fibronectin for 7 days
[2]. These cells typically do not form colonies in culture but have endothelial
features, including the ability to bind Ulex europeus agglutinin-1, to take up
acetylated low-density lipoprotein, and to express CD31, CD105, CD309, and
von Willebrand factor (vWF). The vast majority of the cells recovered in these
cultures express both CD45 and CDI14, indicating their monocytic origin. In
contrast, Hill et al. developed a semisolid clonogenic assay, in which peripheral
blood mononuclear cells that did not adhere to fibronectin within 48 h were
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reseeded on fibronectin, and formed cell clusters [18]. These cells express endothe-
lial cell markers as well as CD45 and CD14, but only a tiny fraction of the cells
express CD34 [19]. The cells recovered from different culture protocols contain
varied cell populations, but mainly consist of monocytic PHCs, since the depletion
of CD14" monocytes from the mononuclear cells before seeding effectively
prevents colony formation. ECFCs are apparently distinct from PHCs since they
appear 10-21 days after culturing mononuclear cells in medium favoring endothe-
lial differentiation and thus termed late-outgrowth EPCs [20, 21]. These cultured
cells display cobblestone morphology and express endothelial markers but
completely lack expression of hematopoietic markers. In addition, circulating
precursors that give rise to ECFCs display clonal proliferative potential, self-
renewal, and the ability to form vessels in vivo, compatible with features of
traditional EPCs.

3.3  Circulating Counts of Immature PHCs in SSc Patients

Two approaches have been conducted to evaluate potential involvement of
impaired vasculogenesis in the development of SSc vasculopathy. One utilizes
EPC colonies obtained by short-term or long-term cultures of circulating mononu-
clear cells in medium favoring endothelial differentiation. This strategy is able to
analyze function and gene expression of early-outgrowth EPCs, which correspond
mainly to monocytic PHCs, and late-outgrowth EPCs or ECFCs, although direct
quantification of EPCs in circulation is not feasible in these cultures. Another
approach is an ex vivo analysis of circulating EPCs using peripheral blood, but
this method is applicable only for immature PHCs, which can be identified by
multicolor flow cytometry using freshly prepared peripheral blood. All markers
currently used for identification of immature PHCs have considerable overlap with
circulating endothelial cells, hematopoietic stem cells, and precursors. Neverthe-
less, in many studies, immature PHCs are identified as circulating cells expressing
CD34, CD133, and CD309. We first reported that there is a reduced number of
CD34*CD133*CD309" immature PHCs in SSc patients, compared with age- and
sex-matched patients with rheumatoid arthritis or healthy individuals [22]. In
subsequent analyses by other groups, some confirmed our finding [23-25], but
others even showed an increase in immature PHCs in SSc patients [26-30]
(Table 3.2). These contradictory results may result from differences in protocols
used for quantifying immature PHCs. In fact, quantification of circulating immature
PHCs is a complex and difficult task from technical viewpoint. Flow cytometry
using freshly prepared peripheral blood is used to quantify these cells, but accurate
quantification is technically difficult due to extreme rarity of this population, even a
large number of events were acquired. To overcome this limitation, flow cytometry
is often combined with procedures that enrich immature PHCs, such as sorting of
CD34™ cells and lineage (Lin)-negative cells. But, variable recovery rates among
samples in the enrichment procedure significantly affect subsequent counts by flow
cytometry. Furthermore, a large quantity of peripheral blood, usually at least
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20 mL, is required as a starting material to obtain reliable and reproducible counts
of immature PHCs.

In an effort to standardize the research on EPCs, the European League Against
Rheumatism (EULAR) Scleroderma Trials and Research (EUSTAR) proposed
recommendations on EPC researches, including both colony-forming cultures and
direct detection by flow cytometry [31]. To verify these recommendations, we have
directly compared several different protocols for quantifying immature PHCs
[32]. In previous studies, immature PHCs were quantified using a variety of
strategies and were expressed as a proportion (%) in mononuclear cells or the
absolute number in peripheral blood or in 10° Lin~ cells, but we have found that
the quantification strategy strongly impacts the consistency of the results. Espe-
cially, the inter-method concordance was very poor when CD34" or Lin~ cell
counts, based on acquisitioned events by a flow cytometer, were used as a reference.
This is probably because CD34* or Lin~ cells are rare cell populations that
comprise less than 1 % of circulating mononuclear cells. The purity of the enriched
fractions varied greatly among samples even when an intensive gating protocol was
applied to eliminate dead cells or irrelevant cells. As a result, the EUSTAR
recommendations are valid when combined with an accurate quantification tech-
nique, such as the use of fluorospheres as an internal calibrator, which substantially
improved the reproducibility of the results. Using standardized protocols, we have
shown that circulating immature PHCs are reduced in SSc patients in comparison
with healthy controls, although large-scale studies that conform to EUSTAR
recommendations and use an accurate calibration protocol are definitely necessary
to answer the central question if immature PHCs are increased or reduced in
circulation of SSc patients.

Clinical associations of immature PHC counts have been examined in SSc
patients. Most studies focused on vascular manifestations, including digital ulcer,
but one cross-sectional study showed that lower immature PHC counts were
associated with the higher Medsger’s severity score [29]. All studies evaluated
found an association between the presence of digital ulcer and low immature PHC
counts [24, 25, 27, 29]. A recent prospective study involving 100 patients with SSc
revealed that low EPC counts in addition to high placental growth factor levels were
identified as independent predictors of the occurrence of at least one new digital
ulcer during follow-up [33]. A recent study by Avouac and colleagues has revealed
that decreased immature PHC counts are associated with the late pattern of nailfold
capillaroscopic findings [34]. On the other hand, associations of immature PHC
counts with other manifestations of SSc have not been reported, but low immature
PHC counts are shown to be associated with patients with pulmonary arterial
hypertension [35] or those with idiopathic pulmonary fibrosis [36]. These findings
together suggest that insufficient property exerted by immature PHCs leads to the
formation of digital ulcers and probably other vascular manifestations of SSc. In
addition, it has been reproducibly shown that disease duration of SSc is negatively
correlated with circulating counts of immature PHCs [25, 27, 28, 30]. This correla-
tion is confirmed in our series of Japanese patients with SSc as well (Fig. 3.1).
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3.4 Mechanisms for Inmature PHC Deficiency in SSc Patients

There are several mechanisms responsible for reduced counts of immature PHCs in
SSc patients (Fig. 3.2). Tissue hypoxia caused by vascular damage and spasm
induces upregulation of pro-angiogenic mediators, such as VEGF and SDF-1,
which rapidly mobilize immature PHCs from the bone marrow and guide them
into ischemic tissues. This response may be impaired in SSc patients potentially
through mechanisms as described below. First, it is possible that persistent vascular
damage eventually leads to depletion of immature PHCs. This theory is reported in
patients with long-standing atherosclerosis [37]. In fact, a negative correlation
between disease duration of SSc and circulating counts of immature PHCs has
been reproducibly reported in several studies [25, 27, 28, 30]. This may explain
reduced immature PHC counts in the later phase of the disease and may cause
development of digital ulcer in clinical setting, but is irrelevant to the formation of
vascular changes observed in the early SSc. Another mechanism includes impaired
bone marrow microenvironment for immature PHCs despite upregulation of a
series of pro-angiogenic factors. This dysregulated microenvironment within the
bone marrow may suppress development and mobilization of immature PHCs. In
this regard, we have recently found that immature PHC counts are inversely
correlated with the level of circulating pentraxin 3, a multifunctional pattern
recognition protein with capacity to inhibit angiogenesis through suppression of
fibroblast growth factor-2 (FGF2) [38]. Pentraxin 3 is capable of inhibiting differ-
entiation of bone marrow stem cells into immature PHCs in in vitro cultures with
FGF2, indicating that exposure to a high concentration of pentraxin 3 suppresses the
FGF2-mediated immature PHC differentiation in the bone marrow. Finally, imma-
ture PHCs in circulation may be destroyed though autoimmune mechanisms. Zhu
and colleagues found that sera from SSc patients were able to induce apoptosis of
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Fig. 3.2 Mechanisms responsible for reduced counts of immature PHCs in SSc patients. Tissue
hypoxia caused by vascular damage induces upregulation of pro-angiogenic mediators, such as
VEGF and SDF-1, which rapidly mobilize immature PHCs from the bone marrow and guide them
into ischemic tissues. This response is impaired in SSc patients through mechanisms including
depletion by long-standing stimulation, defective supply and/or mobilization in the bone marrow,
and destruction in circulation by autoantibodies

immature PHCs, which was mediated through the Akt-FOXO3a-Bim pathway
[23]. Moreover, George and co-workers recently reported the presence of IgG
autoantibodies reactive with late-outgrowth EPCs in patients with a graduated
atherosclerotic risk profile, using a cell-based enzyme-linked immunosorbent
assay [39]. Interestingly, antigenic specificity of anti-late-outgrowth EPC
antibodies was distinct from that of antibodies to mature endothelial cells (anti-
endothelial cell antibodies, AECAs), whereas other studies found that AECAs
induce apoptosis of bone marrow immature PHCs in SSc patients [40].

3.5 Altered Function in Immature PHCs in SSc Patients

Only few studies have evaluated the functional properties of EPCs in SSc patients,
primarily because of difficulty of preparing sufficient numbers of these populations
for functional assays. Nevertheless, we previously reported that the potential of
SSc-derived immature PHCs to differentiate into mature endothelial cells was
impaired in in vitro cultures of circulating CD133™ cells containing immature
PHCs [22]. Another study utilizing late-outgrowth EPCs showed impaired differ-
entiation potential to endothelial cells in cultured cells derived from SSc patients,
compared with those from healthy controls [41], although their functional
properties may be altered by repeated passages and exposure to high concentrations
of pro-angiogenic factors in a long-term culture. We have recently established a



48 M. Kuwana

system for evaluating the in vivo function of circulating immature PHCs, using a
murine tumor neovascularization model, in which freshly isolated human CD133*
cells are transplanted into the back of mice in conjunction with syngeneic mouse
tumor cells [42]. Using this assay system, we have successfully demonstrated that
neovascularization capacity of circulating immature PHCs in SSc patients is
impaired, partly due to deficiency in their vasculogenesis ability. Therefore, defects
in vasculogenesis observed in SSc patients are likely to be mediated through
impaired immature PHC function, irrespective of its quantity.

Currently, little is known about the mechanisms behind functional aberrations in
circulating immature PHCs in SSc patients. In this regard, Del Papa and colleagues
reported that immature PHCs in the bone marrow from SSc patients were defective
in their ability to proliferate in long-term culture with pro-angiogenic factors [27],
suggesting that immature PHCs were functionally altered before their release into
circulation. A recent study of the bone marrow of patients with diffuse cutaneous
SSc showed markedly reduced microvascular density and increased fibrosis
[43]. This dysregulated microenvironment within the bone marrow may alter the
developmental process of immature PHCs.

3.6  Roles of Monocytic PHCs in SSc Pathogenesis

In contrast to immature PHCs, information on the roles of monocytic PHCs in SSc
vasculopathy is limited. We recently evaluated the number of monocytic PHCs in
SSc patients using a culture system developed to enrich this cell population
[44]. Unexpectedly, we observed a paradoxical increase in circulating monocytic
PHCs in SSc patients compared with age- and sex-matched healthy controls.
Intriguingly, monocytic PHCs derived from SSc patients showed enhanced
in vitro tubular structure formation compared with those from healthy controls.
Furthermore, in a murine tumor neovascularization model, the transplantation of
SSc-derived monocytic PHCs dramatically promoted tumor growth and tumor
vessel formation in vivo, indicating that monocytic PHCs derived from SSc patients
have enhanced angiogenic activity. On the other hand, vasculogenic capacity of
SSc-derived monocytic PHCs was impaired, same as immature PHCs.

The increased number and enhanced pro-angiogenic potency of monocytic
PHCs might be a compensatory response to impaired vasculogenesis mediated
through immature PHCs. Circulating monocytic PHCs are mobilized from the
bone marrow and recruited to SSc-induced lesions in response to chemokines
such as MCP-1 and SDF-1, which are upregulated in the affected skin of SSc
patients [45, 46]. In addition, it has been reported that hypoxic condition of the
affected tissues of SSc patients stimulates the differentiation of circulating mono-
cytic PHCs [47]. Taken together, these stimulations may promote accumulation of
functionally altered monocytic PHCs into affected lesions of SSc. Since monocytic
PHC:s are oligopotent in terms of their capacity to differentiate into mesenchymal
lineage cells [48-50], they may differentiate into fibroblast-like cells, produce
collagens and other extracellular matrix proteins, and participate in the fibrotic
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process of SSc. In this regard, fibrocytes derived from CD14" monocytes home to
the site of tissue injury and contribute to tissue repair and fibrosis by differentiating
into myofibroblasts [51]. In addition, circulating CD14" monocytes acquire the
ability to produce extracellular matrix components in an MCP-1/CCR2-dependent
amplification loop [52]. Our recent data on gene expression profiling of circulating
CD14" monocytes identified MCP-1 and versican as genes upregulated in SSc
monocytes [53]. Since versican is a chondroitin sulfate proteoglycan with capacity
to bind a variety of growth factors and chemokines, including MCP-1, and works as
their reservoir, increased expression of versican by SSc monocytes may amplify
MCP-1-/CCR2-dependent fibrogenic process and contribute to the fibrotic aspects
of SSc. The enhanced profibrotic phenotype of circulating CD14" monocytes was
also reported in SSc patients with interstitial lung disease [54]. Another report
described a correlation between fibrotic clinical features and the increased propor-
tion of CXCR4" circulating cells with monocytic and endothelial markers, which
correspond to monocytic PHCs, in SSc patients [55]. Therefore, monocytic PHCs
accumulated at affected sites of SSc may acquire profibrotic characteristics and
contribute to the promotion of fibrosis.

3.7 Development of SSc Vasculopathy Mediated Through
Defective Angiogenesis and Vasculogenesis

Despite the robust pro-angiogenic responses, appropriate blood vessel formation
apparently does not occur in patients with SSc. Thus, impaired angiogenesis and
vasculogenesis play a critical role in the pathogenic process of SSc vasculopathy. In
the early phase of SSc, a variety of processes continuously damage the endothe-
lium, leading to subsequent expression of a series of angiogenic factors, growth
factors, and chemokines, including VEGF, MCP-1, and SDF-1. Normally, the
denuded vessels would be rapidly fixed by a highly regulated process of
vasculogenesis through recruitment of various EPCs, but, in SSc patients,
vasculogenesis mediated by immature PHCs is impaired because of their reduced
counts in circulation and dysfunctional maturation potential. In compensation for
defect in immature PHC-mediated vasculogenesis, monocytic PHCs are recruited
into circulation and function to enhance angiogenesis. But, this mechanism eventu-
ally fails to repair vessels because of local mechanisms inhibiting angiogenesis. In
this regard, in microvascular endothelial cells isolated from the skin of SSc patients,
matrix metalloproteinase (MMP)-12 is overexpressed and cleaves urokinase-type
plasminogen activator receptor, causing inhibition of the invasion/migration
capacities of endothelial cells [56, 57]. The reduction of tissue kallikreins 9, 11,
and 12, which exert a mitogenic effect on endothelial cells, and the upregulation of
anti-angiogenic kallikrein 3 were reported in the SSc skin [58]. In SSc skin lesions,
endothelial cells lose their expression of VE-cadherin, which is required for vascu-
lar tube formation [59]. Furthermore, selective upregulation of the anti-angiogenic
VEGF-b isoform was observed in the circulation and skin of SSc patients,
indicating a switch from the pro-angiogenic to the anti-angiogenic VEGF isoform
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[60]. Finally, loss of epidermal growth factor-like domain 7 expression in endothe-
lial cells and EPCs plays a role in the defective vascular repair process in patients
with SSc [61]. These dysregulated endothelial features at the affected site of SSc are
responsible for the disease-related defects in angiogenesis and prevent vascular
repair. In addition, monocytic PHCs accumulated at affected sites acquire
profibrotic characteristics and contribute to the promotion of fibrosis under strong
anti-angiogenic and profibrotic environment.

3.8 Potential Therapeutic Strategies Targeting EPCs

There has been minimal success in treating the vascular manifestations of SSc with
nonselective vasodilators. Given a critical role of impaired vasculogenesis in the
pathogenic process of SSc vasculopathy, agents that modify counts and/or function
of EPCs may be promising treatment modalities in patients with SSc. Table 3.3 lists
currently available drugs that have been shown to have ability to increase EPC
counts and/or improve EPC function [62-65]. One set of candidates is the statins,
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors
[66]. Besides their well-established lipid-lowering effect, statins have cholesterol-
independent “pleiotropic” effects, which can restore or improve endothelial
functions [67]. In a randomized, double-blind, placebo-controlled trial of
atorvastatin on vascular manifestations of SSc, significant reductions in the onset
and overall number of digital ulcers were observed in the atorvastatin group,
compared with the placebo group [68]. In addition, in animal models of ischemia,
statins were shown to induce recruitment of immature PHCs into the periphery and
repair of injured endothelium in vivo [69-72]. Therefore, we conducted an open-
label, prospective study of atorvastatin in patients with SSc [73]. Atorvastatin
treatment resulted in an increase in immature PHCs in circulation, and the number

Table 3.3 Currently available drugs reported to increase EPC counts or improve EPC function

Drugs reported to increase EPC counts

Statins

Metformin

Sulfonylurea

Glucagon-like peptide-1 agonists
Dipeptidyl peptidase-4 inhibitors
Thiazolidinediones

Insulin

Angiotensin-converting enzyme inhibitors
Angiotensin II receptor blockers
Phosphodiesterase-5 inhibitors
Erythropoietin

G-CSF

Drugs reported to improve EPC function

Statins

Glucagon-like peptide-1 agonists
Dipeptidyl peptidase-4 inhibitors
Thiazolidinediones

Insulin

Angiotensin-converting enzyme inhibitors
Angiotensin II receptor blockers
Antiplatelet drugs

Phosphodiesterase-5 inhibitors
Erythropoietin



3 Endothelial Progenitor Cells 51

returned to baseline after discontinuation of the drug. During the treatment,
Raynaud’s condition score was improved, and soluble VCAM-1, an endothelial
injury marker, was gradually reduced. On the other hand, simvastatin was shown to
increase immature PHC counts in patients with hypercholesterolemia, but fails to
increase immature PHCs in SSc patients [74], suggesting varied effects on imma-
ture PHCs among statins. We further evaluated the long-term effect of atorvastatin
by an open-label study for 24 months [75]. Interestingly, immature PHC counts
peaked at 1 month and gradually decreased thereafter. Nevertheless, Raynaud’s
condition score and soluble VCAM-1 level remained low. These long-term effects
of statins on peripheral vascular disease cannot be explained by mobilization of
immature PHCs alone, and it is likely that other pleiotropic effects of statins, such
as improvement of endothelial function, play a role. Other small molecules and
recombinant growth factors, including G-CSF and erythropoietin, may provide
favorable effects on vascular manifestations in SSc patients, although there is no
data supporting their efficacy to date. In addition, continuous exercise program is
also shown to promote mobilization of immature PHCs [76].

We have recently found that cyclophosphamide, which is an immunosuppressant
proved to be effective for treating interstitial lung disease associated with SSc, also
has capacity to increase circulating immature PHCs. Cyclophosphamide is capable
of mobilizing hematopoietic stem cells/progenitors from the bone marrow when a
high dose was administered intravenously, but it remains unknown if low-dose
regimen used for SSc patients mobilized immature PHCs as well. To evaluate the
effects of intravenous cyclophosphamide (IVCY) on immature PHC counts, we
performed an open-label, prospective study involving SSc patients treated with six
courses of IVCY in combination with low-dose prednisolone [77]. As a result,
IVCY plus corticosteroids, but not corticosteroids alone, increased the circulating
counts of immature PHCs in nearly half of the patients. Immature PHC responders
showed trends toward reduced levels of circulating vascular injury markers and a
low probability of developing end-stage lung disease, while nonresponders did not.
These findings suggest that mobilization of immature PHCs may contribute to the
efficacy of IVCY for treating SSc-associated interstitial lung disease.

3.9 Conclusion

Immature and monocytic PHCs contribute to postnatal blood vessel formation and
vascular repair, mainly through their immediate recruitment to the site of vascular
injury, their secretion of a variety of pro-angiogenic factors, and their differentia-
tion into endothelial cell-like cells. These cells are also oligopotent and can
differentiate into fibroblast-like cells. These unique features raise the intriguing
hypothesis that EPCs are involved in the pathogenesis of SSc by participating in
two major pathological aspects of the disease, microvasculopathy and excessive
fibrosis. Understanding the roles of EPCs in disease process of SSc may be key to
dissecting its pathogenesis and to developing novel therapeutic strategies.
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Animal Models of Systemic Sclerosis

Toshiyuki Yamamoto

Abstract

Systemic sclerosis (scleroderma) is a fibrotic condition characterized by immu-
nologic abnormalities, vascular injury, and increased accumulation of extracel-
lular matrix proteins in the affected organs. The etiology of scleroderma has not
yet been fully elucidated, and thus satisfactory therapeutic drugs are still limited.
However, there are two definite and easily available mouse models so far,
without genetic modification, tight skin mouse, and bleomycin-induced murine
scleroderma. Making use of those mice, many research projects have been
performed for a better understanding of the pathophysiology of, and exploring
effective therapies for, scleroderma. Furthermore, a number of transgenic or
gene-deficient mice are also produced, which mimic human scleroderma. They
reproduce several, but not all, histological as well as biochemical aspects
resembling human scleroderma, and we can learn lots of new findings through
animal studies. This paper introduces current concepts of various animal models
for scleroderma and discusses several new aspects of scleroderma pathogenesis
and therapeutic approach for scleroderma.
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4.1 Introduction

Systemic sclerosis (SSc) is a connective tissue disease which shows fibrogenesis
and vasculogenesis. Although the pathogenesis of SSc has not been fully elucidated
yet, it is characterized by the excessive accumulation of extracellular matrix (ECM)
proteins in the skin and various internal organs, vascular injury, and immunological
abnormalities [1]. In early stages of SSc, activated fibroblasts in the affected areas
produce high amounts of collagen. Histological analysis of the initial stage of
scleroderma reveals perivascular infiltrates of mononuclear cells in the dermis,
which is associated with increased collagen synthesis in the surrounding fibroblasts.
A number of studies have demonstrated the crucial role of several fibrogenic
cytokines released from immunocytes in initiating the sequence of events leading
to fibrosis.

Animal models are useful in providing clues for the study of various human
diseases and for the exploration of new treatments. Although animal models which
exhibit all the aspects of SSc are not currently available, several experimental
animal models, as well as several transgenic or knockout mice, have been examined
so far [2]. In this chapter, recent insights into the pathogenesis and therapeutic
interventions using established mice models for SSc, i.e., bleomycin-induced
scleroderma and tight skin mice, are highlighted.

4.2  Bleomycin-Induced Murine Scleroderma
4.2.1 Bleomycin

Bleomycin was originally isolated from the fungus Streptomyces verticillus and is
frequently used as an antitumor agent for the treatment of various kinds of malig-
nancy [3]. Bleomycin hydrolase inactivates bleomycin by hydrolyzing the amide
bond in the B-aminoalanineamide moiety. Due to the deficiency of the enzyme in
the lungs and the skin, bleomycin-induced toxicity occurs predominantly in these
organs. Pulmonary fibrosis is a well-known adverse effect of bleomycin, and
bleomycin-induced lung injury in rodents is an established model for human
pulmonary fibrosis. Bleomycin-induced scleroderma is also reported, although
rare [4]. In 1983, Mountz et al. [5] reported that rats injected repeatedly with
sublethal doses of bleomycin over a 58-week period developed severe dermal
fibrosis similar to those found in human scleroderma with structural abnormalities
of collagen fibers; however, histological features were not shown in their paper. In
1999, we for the first time established bleomycin-induced murine scleroderma
model by repeated local injections of bleomycin into the shaved back skins [6]
and published in a series of studies [7—11]. Thereafter, this model has been admitted
worldwide as a representative scleroderma model, and making use of this model, a
number of studies have been performed.
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Fig. 4.1 Histological
features of skin sclerosis
induced by bleomycin (H&E
stain) (Cited from Ref. [2])

4.2.2 Characteristics

Mice treated with local bleomycin injection develop intense dermal sclerosis,
characterized by deposition of homogenous materials and thickened collagen
bundles in the dermis. There is more or less difference of intensity of developing
dermal sclerosis, suggestive of susceptibility for bleomycin, depending on strains.
Histopathological examination revealed definite dermal sclerosis characterized by
thickened collagen bundles and deposition of homogenous materials in the thick-
ened dermis with cellular infiltrates (Fig. 4.1), which mimicked human sclero-
derma. Dermal thickness gradually increased with the onset of the sclerosis.
Cellular infiltrates were composed of T cells, monocytes/macrophages, and mast
cells, which are supposed to play an important role in the induction of dermal
sclerosis. A study shows that transfer of CD4+ T cells from bleomycin-treated mice
induced the same pathological changes and antibody production in untreated Balb/c
nude mice [12]. However, dermal sclerosis can be compulsorily induced by
bleomycin treatment, even in nude mice, severe combined immunodeficiency
(SCID) mice, and mast cell-deficient mice [7, 9, 11], suggesting that T cells may
not be essential for the induction of dermal sclerosis. Mast cells increased in
number in tandem with the induction of dermal sclerosis. Also, a marked degranu-
lation was found in particular in the early phase, with elevated plasma histamine
levels [6]. In some strains, epidermal thickness was also induced as well [7]. Fur-
ther, lung fibrosis showing thickened alveolar walls with cellular infiltrates was also
induced early on. Cutaneous changes were generally localized to the area
surrounding the injected site, and sclerotic changes were not induced in the remote
regions, such as fingers or abdominal skin. After the stoppage of bleomycin
injections, sclerotic changes remained at least 6 weeks, suggesting that the induc-
tion of dermal sclerosis is not transient but persistent. Thickness of vascular wall in
the deep dermis was also observed [13]. There was some variation among strains in
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the intensity of the symptoms and the period required to induce dermal sclerosis,
and C3H/He, DBA/2, B10.D2, and B10.A strains demonstrated intense dermal
sclerosis by bleomycin treatment, suggestive of bleomycin “susceptible”
[8, 14]. Hydroxyproline contents in the bleomycin-treated skin were significantly
increased in comparison with those of the PBS-treated skin. Increased production as
well as upregulation of mRNA levels of type I collagen was found in the sclerotic
skin [6, 8]. In the bleomycin-induced scleroderma, a-SMA-positive myofibroblasts
were observed in the dermis and gradually increased in tandem with the induction
of dermal sclerosis [10]. Interestingly, autoantibodies were detected in the serum
after bleomycin treatment [6]. The induction of dermal sclerosis is considered to be,
in part, mediated by inflammatory and fibrogenic cytokines, as well as by the direct
effect of bleomycin on ECM synthesis in fibroblasts. Several methodological
modifications have been tried, such as bleomycin-containing poly(L-lactic acid)
microspheres [15], bleomycin-mixed methylcellulose gel [16], and also continuous
infusion [17]. However, some of those techniques are difficult and can be available
in limited institutes. This model has several advantages, such as an easy technique
to induce dermal fibrosis, easily handling, short duration until the induction of
dermal fibrosis, and high reproducibility independent of mice strains. One of the
most useful advantages of this model is that this system can permit to investigate
the induction of fibrosis from prior to, during, and after the development, through
the fibrotic process continuously. This great advantage means that the initial event
of skin fibrosis can be analyzed. By contrast, skin fibrosis is not diffusely induced,
but restricted to the bleomycin-injected sites. Also, many factors, including non-
specific or unessential factors in fibrosis, may be affected by bleomycin treatment.

4.2.3 Transforming Growth Factor-

Bleomycin exerts various effects on skin-constituted cells such as fibroblasts,
keratinocytes, and endothelial cells, as well as immunocytes [3]. In vitro,
bleomycin upregulates collagen and transforming growth factor-f1 (TGF-f1)
mRNA expression in cultured fibroblasts [18]. Also, bleomycin enhances gene
expression of ECM proteins as well as fibrogenic cytokines such as TGF-f and
connective tissue growth factor (CTGF) [18], which may contribute to the induction
of fibrosis. It was shown that TGF-p is a mediator of the fibrotic effect of bleomycin
at the transcriptional level and that the TGF-f response element is required for
bleomycin stimulation of the proal(I) collagen promoter [19]. Also, in vitro studies
showed a dose-dependent stimulation of endothelial cell secretion of collagen
synthesis by bleomycin, which was inhibited by the anti-TGF-f antibody
[20]. TGF-p increases the synthesis of ECM by fibroblasts, modulates cell-matrix
adhesion protein receptors, and regulates the production of proteins that can modify
the ECM by proteolytic action, such as plasminogen activator, an inhibitor of
plasminogen, or procollagenase. In addition, TGF-f is capable of stimulating its
own synthesis by fibroblasts through autoinduction. Thus, maintenance of increased
TGF-p production may lead to the progressive deposition of ECM, resulting in
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fibrosis. In the bleomycin model, immunohistological analysis showed that TGF-f
was detected on the infiltrating cells, which were predominantly composed of
macrophages, as well as fibroblasts at sclerotic stages. TGF-f1 and TGF-f2
mRNA expression was also detected in the lesional skin at early phases. Addition-
ally, expression and synthesis of TGF-f1 were increased in bleomycin-“suscepti-
ble” mice strains [14]. Thus, bleomycin-induced murine scleroderma is suggested
to be a TGF-p-mediated model.

CTGF (CCN2) is selectively induced in fibroblasts after activation by active
TGF-p and also regulated by TGF-f accessory receptors. CTGF may functionally
coordinate the mode of action of TGF-f, such as fibroblast proliferation and ECM
production in fibroblasts. High level of CTGF is shown in the lesional skin of
bleomycin-induced scleroderma [21]. Plasminogen activator inhibitor-1 (PAI-1) is
induced by TGF-f, and its promoter contains Smad binding elements. PAI-1
expression was upregulated in the bleomycin-treated skin; however, dermal sclero-
sis was similarly induced by bleomycin in even PAI-1-deficient mice [22]. PAI-1
plays an important role, but is not the prerequisite factor, in the development of
bleomycin-induced scleroderma.

4.2.4 Transcriptional Factors

Signaling by TGF-f upon binding of TGF-p receptors to the nucleus occurs
predominantly by phosphorylation of cytoplasmic mediators belonging to the
Smad family. Three families of Smads have been identified: receptor-regulated
Smad2 and Smad3 (R-Smads), common partner Smad4 (Co-Smad), and inhibitory
Smad6 and Smad7 (I-Smads). Smad7 has been shown to act as an intracellular
antagonist of TGF-p signaling and an inhibitor of TGF-p-induced transcriptional
responses. In scleroderma skin and cultured scleroderma fibroblasts, basal level and
TGF-p-inducible expression of Smad7 are selectively decreased, whereas Smad3
expression is increased. On the other hand, Smad7 expression levels in scleroderma
fibroblasts are unclear and disputed. In the bleomycin-treated skin, fibroblasts
showed predominantly nuclear localization of Smad3 and intense staining for
phospho-Smad2/3 [23]. On the other hand, expression of Smad7 was
downregulated, which may account for sustained activation of TGF-f/Smad signal-
ing in the lesional skin. Targeted disruption of Smad3 ameliorated bleomycin-
induced scleroderma, unassociated with inflammation [24]. Recently, other signal-
ing pathways besides the Smad proteins have also been shown to mediate TGF-f
signaling in scleroderma fibroblasts, such as the p38 mitogen-activated protein
kinase (MAPK), phosphatidylinositol 3-kinase (PI3K), and Egr-1 pathways.
Other signaling pathways such as c-abl, Src kinase, and Racl are also involved in
the induction of scleroderma by bleomycin [25, 26].

Also, recent studies suggest aberrant Wnt signaling in scleroderma, in which
B-catenin is a central mediator. Increased nuclear accumulation of B-catenin is
found in SSc fibroblasts, which was considered to result from enhanced expression
of Wnt-1 and Wnt-10b in scleroderma skin [27]. Fibroblast-specific deletion of
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B-catenin reduced bleomycin-induced fibrosis [27]. In addition, inhibition of glyco-
gen synthase kinase 38, which plays a pivotal role in the regulation of the canonical
Wnt pathway, activates the Wnt signaling in fibroblasts, stimulates the production
of collagen by fibroblasts, and deteriorates bleomycin-induced skin fibrosis in
mice [28].

4.2.5 Th2/Th17 Cytokines

Type 2 cytokines, i.e., IL-4 and IL-13, have also been suggested to be important in
scleroderma. IL-4 is produced by activated memory T cells and mast cells and
promotes fibroblast proliferation, gene expression, and synthesis of ECM proteins
such as collagen and tenascin. IL-4 upregulates TGF-$ production in eosinophils
and T cells. Increased IL-4 production is detected in the sera or by activated
peripheral blood mononuclear cells of patients with SSc. Scleroderma fibroblasts
express more IL-4 receptor a and produce more collagen after IL-4 stimulation. In
the bleomycin model, IL-4 levels in the serum [29] as well as in the lesional skin
[30] were significantly elevated following bleomycin treatment. Transcription
factor T-bet is a master regulator of type 1 immunity, and mice lacking T-bet
showed increased sensitivity to bleomycin and exhibited significantly enhanced
dermal sclerosis [31, 32]. IL-13 is a potent stimulator of fibroblast proliferation and
collagen production. The profibrotic effect of IL-13 is postulated to involve irre-
versible fibroblast activation, triggered either directly or indirectly through TGF-p.
IL-13 transgenic mice show increased lung fibrosis, as well as increased levels of
TGF-B1. In the bleomycin model, IL-13 mRNA levels and protein synthesis in the
lesional skin were increased, and IL-13 receptor (IL-13R)-a2 expression in the
lesional skin was augmented mainly in the infiltrating mononuclear cells and
macrophages after bleomycin exposure [30]. Another study showed that IL-13-
deficient mice failed to develop an increase in skin sclerosis after bleomycin
treatment [32]. IL-13 may promote the progression of cutaneous fibrosis/sclerosis
in the development of bleomycin-induced scleroderma. Macrophages are polarized
into two phenotypes, M1 and M2 macrophages. M2 macrophages are mostly
induced by stimulation with IL-4, IL-13, and IL-10 and involved in fibrosis,
which is true of bleomycin-induced scleroderma [33].

Recent studies have shown that IL-17 is involved in SSc. In vitro, IL-17
increases monocyte chemoattractant protein-1 (MCP-1)/CCL2, IL-8, and MMP-1
production in fibroblasts [34]. IL-17 exerts different effects on human SSc
fibroblasts, as compared with normal fibroblasts. IL-17 has an inhibitory effect on
collagen production in human fibroblasts, and SSc fibroblasts may escape the
negative control due to reduced expression of IL-17A receptor [35]. By contrast,
in the bleomycin-induced model, IL-17 levels are increased in the lesional skin and
lung [36]. And the development of scleroderma by bleomycin was significantly
attenuated in IL-17A-deficient mice, along with reduction of TGF-p and CTGF
mRNA expression. Adhesion molecules such as L-selectin and ICAM-1 regulate
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Th2 and Th17 cell accumulation in the skin and lung in bleomycin-induced
scleroderma [37].

CCL2 is the most important chemokine for SSc [38]. In vitro studies show that
CCL2 upregulates type I collagen mRNA expression in fibroblasts, which is
indirectly mediated by endogenous upregulation of TGF- gene expression
[39]. CCL2 enhances expression of matrix metalloproteinase-1 (MMP-1),
MMP-2, as well as TIMP-1 in cultured skin fibroblasts [40]. Scleroderma
fibroblasts express increased levels of CCL2 mRNA and protein [41], and stimula-
tion with platelet-derived growth factor (PDGF) resulted in a significant increase in
CCL2 mRNA and protein [42]. Furthermore, the autoinduction of CCL2 was
observed in scleroderma fibroblasts, but not in normal fibroblasts [43]. CCL2 acts
indirectly via IL-1a [39]. IL-1a and IL-1 receptor levels, in turn, were shown to be
significantly increased in scleroderma [44]. In addition, IL-1o and TNF-o are potent
inducers of CCL2. Thus, in addition to a direct autocrine stimulatory loop, a mutual
induction between IL-1a and CCL2 might lead to a self-perpetuating activation of
scleroderma fibroblasts. CCL2 levels may also be increased by IL-13, because
IL-13 is a potent stimulator of CCL2 [45]. In the bleomycin model, expression of
CCL2 in the infiltrating mononuclear cells was enhanced following bleomycin
treatment, and expression of CCL2 in fibroblasts was detected at later stages in
the sclerotic skin [46]. Expression of CCR-2, a major receptor for CCL2, was also
upregulated in the lesional skin at both protein and mRNA levels following
bleomycin treatment. Administration of anti-CCL2 neutralizing antibody together
with local bleomycin treatment reduced dermal sclerosis, along with collagen
content in the skin as well as mRNA expression of type I collagen. These data
suggest that CCL2 and CCR-2 signaling plays an important role in the pathogenesis
of bleomycin-induced scleroderma. In the CCL2-deficient mice, skin fibrosis was
diminished even by the bleomycin treatment [47]. CCL2 may contribute to the
induction of dermal sclerosis directly, via its upregulation of mRNA expression of
ECM on fibroblasts, as well as indirectly through the mediation of a number of
cytokines released from immunocytes recruited into the lesional skin. On the other
hand, oxidative stress transiently induces CCL2 mRNA and protein expression in
cultured skin fibroblasts [48], suggesting that ROS may play a regulatory role in
inflammation by modulating monocyte chemotactic activity.

4.2.6 Oxidative Stress

Chronic hypoxia stress drives fibrosis. Oxidative stress is an imbalance between
oxidants (reactive oxygen and nitrogen species (ROS/RNS)) and antioxidants
which affect lipids, DNA, carbohydrates, and proteins. ROS generated during
various metabolic and biochemical reactions have multifarious effects that include
oxidative damage to DNA. ROS can cause several abnormalities such as endothe-
lial cell damage or enhanced platelet activation, leading to upregulation of the
expression of adhesion molecules or secretion of inflammatory or fibrogenic
cytokines including PDGF and TGF-f. In addition, free radicals stimulate fibroblast
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proliferation with narrowing of the vessel walls and ischemia. Thus, excessive
oxidative stress has been implicated in the pathogenesis of scleroderma
[49]. Reduced levels of micronutrient antioxidants and increased susceptibility of
serum lipoproteins to oxidation have been reported in patients with SSc [50]. Free
radicals are produced by several mechanisms such as hypoxanthine-xanthine oxi-
dase system and activation of polymorphonuclear leukocytes. Several markers
which reflect free radical formation, i.e., 8-isoprostane and N(epsilon)-(hexanoyl)
lysine, are elevated in the serum of patients with SSc [51]. Also, autoantibodies
against antioxidant enzymes such as peroxiredoxin I and methionine sulfoxide
reductase A (MSRA) are elevated in the serum of patients with SSc [52].

Scleroderma fibroblasts produce ROS constitutively. Other effects of oxygen
radicals include the stimulation of skin fibroblast proliferation at low concentrations
and the production of increased amounts of collagen, suggesting that low oxygen
tension may contribute to the increased fibrogenic properties of scleroderma
fibroblasts. Furthermore, several of the autoantigens targeted by scleroderma
autoantibodies fragment in the presence of ROS and specific metals such as iron
or copper [53]. The authors suggest that tissue ischemia generates ROS, which in
turn induces the fragmentation of specific autoantigens. On the other hand, oxida-
tive stress transiently induces CCL2 mRNA and protein expression in cultured skin
fibroblasts [48], suggesting that ROS may play a regulatory role in inflammation by
modulating monocyte chemotactic activity. Overexpression of PDGF has been
reported in SSc. Elevated levels of PDGF A-chain are demonstrated in scleroderma
skin, and TGF-f upregulates PDGF-« levels in scleroderma fibroblasts. On the
other hand, increased expression of the PDGF B-chain and f-receptor in sclero-
derma skin has also been reported. PDGF stimulates Ras-ERK-1/2-ROS signaling
pathway, which results in collagen synthesis [54]. A thiol antioxidant,
N-acetylcysteine (NAC), prevented bleomycin-induced lung and dermal fibrosis
[55], with diminished oxidative stress.

4.2.7 B Cells

Activated peripheral B cells are found in abnormally large numbers in patients with
SSc. B cells contribute not only to antibody production but also to T cell activation
and differentiation and the production of various cytokines. In CD 19-deficient
mice, induction of dermal and lung fibrosis, cytokine expression, and autoantibody
production were inhibited [56]. They speculate that hyaluronan activates B cells via
toll-like receptor (TLR)-4 in this model. Also, expression of TLR-3 is increased in
the dermis in this model, which may result in the increase of production of IL-6 and
of differentiation into myofibroblasts [57]. TLR stimulation of fibroblasts may
trigger cytokine cascades in fibrosis [58]. Further, recent studies have shown a
TLR4-mediated fibrotic response, and TLR4 knockout as well as mutated TLR4-
harboring mice attenuate bleomycin-induced scleroderma [59].
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4.2.8 Epigenetics

Histone acetylation in regulating myofibroblast differentiation has been suggested.
Trichostatin A, a histone deacetylase (HDAC) inhibitor, prevented the induction of
dermal sclerosis showing excessive accumulation of ECM proteins [60], as well as
prevention of Wnt inhibitor factor 1 (WIF-1) reduction [61]. Hypermethylation of
the promoters of DKK1 and SFRP1 induced silencing and aberrant Wnt signaling in
SSc, and reactivation of both transcriptions ameliorated bleomycin-induced
fibrosis [62].

4.2.9 MicroRNA

MicroRNAs (miRNAs) are noncoding small RNAs, and dysregulation of miRNAs
is recently shown. miRNA-29a is spontaneously downregulated in scleroderma
fibroblasts, and fibrogenic cytokines such as TGF-p, PDGF-B, and IL-4 reduced
the level of miRNA-29a in normal fibroblasts [63]. Also, expressions of miRNA-
29a [63] and miRNA-30b [64] were downregulated in bleomycin-induced sclero-
derma skin, suggesting key regulators of collagen expression in SSc [63]. In
addition, miRNA-196a is reduced in scleroderma fibroblasts, which was reversed
by knockdown of TGF-f with small interfering RNA [65].

4.2.10 Epithelial-Mesenchymal Transition

Epithelial-mesenchymal transition (EMT) process is induced by TGF-f, epidermal
growth factor (EGF), hepatocyte growth factor (HGF), and Wnt and suggested to be
involved in fibrosis. ROS mediates TGF-f-induced EMT. EMT markers are
localized in eccrine glands in the scleroderma skin [66]. Also, epithelial cells
promote fibroblast activation via IL-la in SSc [67], suggesting epithelial-
mesenchymal interaction. Bleomycin treatment induced the epithelial cells superfi-
cial to the basement membrane zone to undergo EMT in the sclerotic skin [68],
which was evaluated by E-cadherin and vimentin expression. A significant portion
of myofibroblasts arise from the conversion of epithelial cells through an EMT
process [69]; however, another possibility that adiponectin-positive intradermal
progenitors give rise to dermal myofibroblasts is recently shown [70]. Adiponectin
attenuates TGF-f-induced profibrotic response in fibroblasts. Bleomycin inhibits
adipogenesis, which may contribute to promote fibrosis [71].

4.2.11 Role of Mast Cells in Fibrosis

Mast cell is increased in number, and especially MCr (tryptase positive but
chymase negative) are abundant, in scleroderma skin [72]. Cell-cell interaction
between fibroblasts and mast cells exerts various effects mutually. Mast cells are a
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source of TGF-p and also IL-17 [73] in SSc. SCF is important in mast cell
proliferation, survival, and chemotaxis and stimulates to release mediators, i.e.,
histamine, and growth factors and cytokines. Dermal sclerosis is induced by
bleomycin treatment in mast cell-deficient WBB6F1-W/Wv mice [7]. Recent stud-
ies using C57BL/6-Mcpt5Cre mice treated by diphtheria toxin have shown that
genetic ablation of mast cells did not prevent the development of bleomycin-
induced dermal sclerosis [74], suggesting that mast cells do not essentially contrib-
ute to the development of scleroderma. Also, IL-33 is highly detected in the
inflammatory response. Mast cells express high levels of ST2, a receptor of
IL-33. Also, ST2 is constitutively expressed on Th2 cells. IL-33 potentiates
bleomycin-induced pulmonary fibrosis, and neutralizing anti-IL-33 antibody
attenuated bleomycin-induced lung fibrosis [75]. Signaling pathway via IL-33/
ST2 may be involved in the induction of scleroderma.

4.2.12 Matricellular Protein

Periostin is a novel matricellular protein and important in tissue remodeling, wound
healing, and SSc [76]. Periostin serves as a ligand for integrins, and can bind to
collagen and also other ECM proteins, and modulates TGF-f activation, EMT, and
cytokine production. IL-13 is the main inducer of periostin. Periostin gene knock-
out mice are resistant to bleomycin and failed to induce dermal sclerosis and lung
fibrosis [77]. Periostin is also involved in the myofibroblast differentiation
[76]. Osteopontin is also a matricellular protein and increased in SSc.
Osteopontin-deficient mice developed less dermal sclerosis by bleomycin treatment
[78]. These studies show an important role of matricellular proteins in SSc, via
modulating cell-matrix interactions.

4.3  Therapeutic Approach Using Bleomycin-Induced
Scleroderma

Numerous therapeutic approaches have been investigated so far in bleomycin-
induced scleroderma model. Systemic administration of anti-TGF-f neutralizing
antibody in combination with local bleomycin treatment suppressed the develop-
ment of scleroderma [29]. This effect was accompanied by the reduction of the
number of myofibroblasts, mast cells, and eosinophils. Topical application of a
peptide inhibitor of TGF-p has been shown to ameliorate skin fibrosis in bleomycin-
induced scleroderma [79]. Latency-associated peptide (LAP) is released from latent
TGEF-f. Local LAP administration along with bleomycin treatment suppressed the
induction of dermal sclerosis, as well as collagen and CTGF gene expression, in an
ongoing experiment [80]. [FN-y causes potent inhibition of collagen production in
cultured skin fibroblasts. IFN-y decreased TGF-B-induced a-SMA expression in
palatal fibroblasts, as well as changes in morphology [81]. Moreover, IFN-y inhibits
the TGF-B-induced phosphorylation of Smad3 and the accumulation of Smad3 in
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the nucleus, whereas induces the expression of Smad7 [82]. In the bleomycin
model, systemic administration of IFN-y together with bleomycin reduced dermal
sclerosis, even after the onset of scleroderma [83]. Administration of inhibitor of
TGF-p/Smad signaling by the activation of nuclear translocation of Y-box binding
protein 1 suppressed skin fibrosis in this model [84]. A small molecule antagonist of
CCL2 prevented skin sclerosis induced by bleomycin [85]. Bleomycin produces
free radicals and induces apoptosis. A reduction of free radical formation may
contribute to the decrease of collagen content by inhibition of proline hydroxyl-
ation, which leads to the improvement of scleroderma. Lecithinized superoxide
dismutase (SOD) with high tissue accumulation and a long half-life in the blood
showed an inhibitory effect on bleomycin-induced scleroderma, suggesting that
antioxidant therapy may lead to an antifibrotic effect; however, post-onset admin-
istration of SOD could not attenuate the dermal sclerosis [86]. Also, a free radical
scavenger, edaravone, inhibited dermal sclerosis [87]. Halofuginone has an inhibi-
tory effect on collagen synthesis and shows antifibrotic effects in a few animal
models of scleroderma. By contrast, bleomycin-induced scleroderma was not
attenuated by treatment with halofuginone [88]. Halofuginone may not ameliorate
dermal sclerosis along with strong inflammation caused by repeated application of
bleomycin. Hepatocyte growth factor (HGF) prevented the progression of organ
fibrosis. The promoter region of the HGF gene contains a TGF-f inhibitory ele-
ment. HGF induces proteases which degradate ECM proteins, such as MMPs,
membrane type 1-MMP (MT1-MMP), and urokinase-type plasminogen activator
(uPA), and also decreases TIMPs [89]. Gene transfer of HGF not only prevented the
ongoing dermal sclerosis induced by simultaneous local injections of bleomycin but
also ameliorated the previously induced dermal sclerosis [90]. This effect was
mediated by suppressing TGF-p levels. Adenosine is a nucleoside that is generated
in response to cellular stresses such as chronic inflammation and hypoxic
conditions. Adenosine A2A receptor-deficient and A2A receptor antagonist-treated
mice were protected from developing bleomycin-induced dermal sclerosis [91]. Per-
oxisome proliferator-activated receptors (PPARs) are ligand-activated transcription
factors that regulate cell proliferation, differentiation, and immune/inflammation
response. PPAR-y inhibits TGF-f signaling and collagen synthesis [92]. Insulin-
sensitizing drugs, such as rosiglitazone and pioglitazone, activate PPAR-y and
inhibit TGF-p-induced fibrotic responses. Treatment with PPAR-y ligand
rosiglitazone prevented dermal sclerosis with downregulation of collagen gene
expression and myofibroblast accumulation in the lesional skin [93]. Imatinib
mesylate (Gleevec) targets specifically the TGF-p and PDGF signaling pathways
by inhibiting the tyrosine kinase activity of c-abl and PDGF receptors. Imatinib
reduced dermal thickness, the number of myofibroblasts, and synthesis of ECM
proteins in the bleomycin-induced dermal sclerosis [94]. Further, imatinib induced
regression of preexisting ECM accumulation in the skin and decreased dermal
thickness [95]. Dasatinib and nilotinib, both are dual inhibitor of c-abl and PDGF
receptor, potently reduced the dermal thickness, number of myofibroblasts, and
collagen content of the skin in the bleomycin model [96]. Other biologics such as
nintedanib [97] and targeting IL-6 treatment prevented bleomycin-induced
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scleroderma [98]. An interaction between CD40 and its ligand CD40L has been
suggested as a pathway for immune and inflammatory responses. Cultured sclero-
derma fibroblasts express CD40 [99]. In the lesional skin of bleomycin-induced
scleroderma, dermal fibroblasts expressed CD40, and mast cells and CD4+ T cells
expressed CD40L [100]. Anti-CD40L antibody inhibited the induction of skin
sclerosis by suppressing fibroblast proliferation and downregulation of CCL2
expression in this model [100]. a-Melanocyte-stimulating hormone (a-MSH) has
many effects such as immunomodulation, regulation of exocrine activity and
apoptosis, and antifibrotic effect. e-MSH suppresses TGF-f-induced collagen syn-
thesis in vitro. Treatment with o-MSH suppressed bleomycin-induced collagen
accumulation in the skin [101]. The receptor melanocortin-1 (MC;) is detected in
dermal fibroblasts, hair follicles, and dermal papilla. In the MC; signaling-deficient
mice, bleomycin treatment increased the development of scleroderma with collagen
contents, suggesting that Mcl has an endogenous regulatory role in collagen
synthesis and fibrosis [102]. Intravenous immunoglobulin (IVIG) treatment signifi-
cantly inhibited dermal sclerosis and collagen accumulation, by downregulating
TGF-p and CCL2 [103]. Lysophosphatidic acid (LPA) is a lipid mediator that
signals through specific G protein-coupled receptors (GPCRs), designated as
LPA; to LPAg. LPA has been demonstrated to be involved in several animal models
of organ fibrosis. LPA; and LPAj; receptor antagonist significantly reduced
bleomycin-induced scleroderma [104]. Human-induced pluripotent stem cell-
derived endothelial cells can recover the damaged vessels, leading to the reduction
of collagen contents in the skin and mast cell numbers [105].

4.4 HOCI-Induced Murine Scleroderma

Recently, local injections of agents generating various types of ROS induced skin
sclerosis in mice. Daily intradermal injections of hypochlorous acid (HOCl) induce
skin and lung fibrosis, kidney damages, and serum topo-I antibody production in
Balb/c mice [106]. On the other hand, local injections of agents generating
peroxynitrite anions (ONOO-) induced limited skin, but not lung, fibrosis and
anti-CENP-B antibody production. Aside from bleomycin, those agents are capable
to produce ROS, which induces phenotypic differentiation into myofibroblasts and
enhances production of type I collagen, possibly via the phosphorylation of ERK1/
2 and activation of the Ras pathway. In the HOCl-induced fibrosis model, the
overproduction of ROS activates ADAM 17, a protease involved in Notch cleavage,
suggesting that Notch pathway is activated [107]. In this model system, skin fibrosis
is ameliorated by sunitinib [108] and arsenic trioxide [109]. Some of the agents
which induce DNA injury and ROS production exert various effects on endothelial
cells and fibroblasts, as well as cause immune imbalance and mediator secretion,
leading to dermal sclerosis.



4 Animal Models of Systemic Sclerosis 69

4.5 Tight Skin (TSK) Mouse
4.5.1 TSK1 Mouse

Tsk mice are heterozygous for a mutation in the fibrillin-1 gene (Tsk 1/+). Fibrillin
is a large ECM structural protein and the major component of microfibrils. Tsk1
mouse is characterized by thickened fibrotic skin that is firmly bound to the
subcutaneous and deep muscular tissue, certain visceral changes in the lungs and
hearts, and production of autoantibodies such as topoisomerase-1 (topo-1)
[110]. mRNA levels of TGF-p and type I, III, and VI collagen in the skin were
under temporal and spatial regulation during postnatal growth and development in
the Tsk1/+ mice [111]. Collagen a1(I) and a1(III) gene-expressing fibroblasts were
increased in Tsk1/+ fibrotic lesions. Transient transfections of a series of human a1
(I) procollagen promoter constructs into Tskl/+ fibroblast cultures showed
increased transcription rates caused by the lack of the strong inhibitory influence
of the regulatory sequence contained in the promoter between —675 and —804 bp
[111]. Additionally, Tskl/+ nuclear extracts displayed decreased binding to a
consensus AP-1 sequence [112]. Transcriptional activation of collagen genes was
demonstrated in Tsk1l/+ mice in vivo employing reporter transgenes harboring
upstream fragments of the 5’ flanking region of the mouse a2(I) collagen genes.
Wnt signaling stimulated matrix assembly of microfibrillar proteins including
fibrillin-1 and increased expression of Wnt2 and SFRP2 in the Tsk1/+ mouse skin
[113]. Mast cells are abundant with prominent degranulation also in Tsk1/+ mice.
IL-4 and TGF-p possibly play important roles in the pathogenesis of fibrosis in Tsk
mice. TGF-P was expressed during the rapid postnatal growth of the skin in parallel
with high expression of al(I), al(III), and a2(VI) collagen genes [111]. Fibroblasts
from Tskl/+ mice are hyperresponsive to IL-4 and TGF-p, displaying increased
synthesis of al(I) collagen mRNA, collagen protein, and activity of a luciferase
reporter construct containing o2(I) collagen promoter [114]. After IL-4 stimulation,
JAK-1 and JAK-2 were phosphorylated to a greater degree in Tsk1/+ fibroblasts
than in C57BL/6 fibroblasts [115]. Targeted mutations in either the signaling chain
of the IL-4 receptor or STAT6 prevent cutaneous hyperplasia in Tsk mice,
suggesting the importance of IL-4 [116]. Smad2 and Smad3 are considered to be
the primary signaling molecules involved in the TGF-f signaling transduction
pathway. Tsk fibroblasts have elevated Smad3 transcriptional activity compared
with normal fibroblasts [117]. This may explain why Tsk fibroblasts are more
responsive to TGF-f stimulation. Recent studies have shown that CCL7 is highly
overexpressed by neonatal Tsk fibroblasts [118]. Increased CCL7 protein secretion
by Tsk fibroblasts is observed, and CCL7 is abundantly expressed in the dermis of
Tsk mice at 10 days and 3 weeks old.

CD4+ T cells have been shown to be required for the excessive accumulation of
dermal collagen in Tskl/+ mice [119]. By contrast, the Tsk phenotype fully
develops in SCID mice. B cell functional defects caused by the loss of CD19
significantly decreased skin fibrosis in Tsk1/+ mice, suggesting that B cells play
an important role [120]. In Tsk1/+ mice overexpressing CD19, anti-topo-I antibody
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levels were significantly increased, although skin thickness was not enhanced
[120]. B cell antigen receptor cross-linking augmented activation of extracellular
signal-regulated kinase in Tsk1/+ B cells [121]. Further, B cell depletion by anti-
CD20 antibody significantly suppressed skin fibrosis and autoantibody production
in newborn Tsk1/+ mice [121]. Thus, disrupted B cell signaling may contribute to
immunologic abnormalities in Tskl/+ mice. Endothelial dysfunction has been
shown in Tskl/+ mice [122]. Expression of endothelial nitric oxide synthase
(eNOS) protein and gene was significantly reduced in the Tsk1/+ skin, and NOS
activity was also decreased [123]. There is abnormal nitric oxide metabolism in the
Tsk1/+ skin, and expression and activity of protective antioxidant enzyme HO-1
were reduced.

Previous studies showed that administration of anti-IL-4 antibody to neonatal
Tsk1/+ mice prevented skin fibrosis and dermal collagen content [124]. Also, shift
of a Th2-based immune imbalance in Tskl/+ mice by treatment with synthetic
oligodeoxynucleotides (ODN) containing immunomodulatory CpG motifs
prevented the skin fibrosis and thickening [125]. IVIG therapy decreased
splenocyte secretion of IL-4 and TGF-f, resulting in abrogation of fibrogenesis
[126]. A decrease in fibrosis was previously reported by inhibition of mast cell
degranulation, and a recent report showed that intraperitoneal injection of mast cell
chymase inhibitor significantly reduced skin fibrosis and the thickness of the
subcutaneous fibrous layer [127]. Halofuginone has an inhibitory effect on collagen
synthesis and shows antifibrotic effects in a few animal models of scleroderma.
Halofuginone attenuates collagen synthesis, as well as collagen gene expression in
avian and murine skin fibroblasts [128]. Halofuginone specifically inhibits ol
(I collagen gene expression without affecting the synthesis of other types of
collagen such as types II and III [129, 130]. Halofuginone inhibited TGF—pinduced
upregulation of collagen protein and a2(I) promoter activity, as well as phosphory-
lation and subsequent activation of Smad3 after TGF-f stimulation [131]. Dermal
application of halofuginone on Tsk1/+ mice for 60 days reduced dermal fibrosis as
well as collagen ol(I) gene expression [132]. Intraperitoneally administered
halofuginone also prevented the thickening of the dermis and eliminated the
increase of skin collagen in Tsk1/+ model [132]. Intraperitoneal administration of
anti-CD40L attenuated skin fibrosis and anti-topo-I antibody production
[133]. HGF gene transfection in Tsk1/+ mice resulted in a marked reduction of
hypodermal thickness [134]. Treatment with imatinib reduced dermal and hypo-
dermal thickening in Tsk1/+ mice [97]. Other therapies targeting TGF-f/Smad
signaling pathway or SOD are also effective for suppression of skin fibrosis in
TSK mice [84, 87].

4.5.2 TSK 2 Mouse

The second murine tight skin mutation was a result of administration of the
mutagenic agent, ethylnitrosourea (ENU) [135]. This mutation has been localized
to mouse chromosome 1 and is inherited as an autosomal dominant trait, and only
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heterozygous (Tsk2/+) animals survive. Tsk2/+ mice develop a tight skin pheno-
type that becomes apparent at 3—4 weeks of age. Histologic examination of the skin
revealed marked accumulation of collagen similar to that observed in Tsk1/+ mice.
By contrast, a prominent mononuclear cell infiltration is present in the dermis and
adipose tissues of Tsk2/+, in contrast to Tskl/+ mice. Lungs were normal. Bio-
chemical analysis showed that the Tsk2/+ skin had 50 % more collagen contents
than the normal mouse skin, and collagen synthesis in Tsk2/+ cultured dermal
fibroblasts was 100 % higher compared with normal fibroblasts. Transient transfec-
tion experiments with al(I) collagen promoter constructs demonstrated increased
transcriptional activity of the gene, and Spl and NF-1 transcriptional factors were
involved in the upregulated transcriptional activity of al(I) collagen promoter in
Tsk2/+ fibroblasts [136]. Sequences from —96 to +16 bp of the al(Ill) collagen
promoter play an important role in the upregulated expression in Tsk2/+ fibroblasts
[137]. Analysis using a collagen promoter GFP reporter transgene also showed an
increase in transgene activity of al(I) collagen [138]. The presence of antinuclear
antibody in the plasma was 92 % of the Tsk2/+ mice, and other autoantibodies were
also developed [139], suggesting the aspects of autoimmunity in this model.

4.6 Other Scleroderma Models

In this chapter, all the animal models could not be described; however, a number of
models are additionally developed, such as sclerodermatous graft-versus-host dis-
ease (Scl-GvHD) model, skin fibrosis model by exogenous injection of growth
factors (TGF-B, CTGF, and bFGF), and UCD-200 chickens, and a number of
transgenic (i.e., TGF-P receptor I, kinase-deficient type II TGF-f receptor, Fra-2)
as well as knockout (i.e., relaxin, caveolin) mice. Flil (Friend leukemia integration-
1)-deficient mice will be described in Chap. 12. Recently, fibrillin-1-targeted
knock-in mouse models were generated, which exhibited skin fibrosis [140].
Integrin-modulating therapy by either 1 integrin or TGF-p neutralizing antibody
prevented skin stiffness.

4.7 Conclusion

Complex networks involve cell-cell and cell-matrix interactions via mediators in
the induction of cutaneous sclerosis. Activated fibroblasts are a part of the immune
system and modulate immune cell behavior by conditioning the local cellular and
cytokine microenvironment. The major characteristic of the bleomycin-induced
experimental murine model of scleroderma is the histological mimicry to human
scleroderma. Possible mechanisms of bleomycin-induced scleroderma are shown in
Fig. 4.2. Because each model has its own advantages, and also disadvantages,
researchers are recommended to choose depending on the purpose of studies, i.e.,
to study pathogenesis (fibrogenesis or vasculogenesis), to explore the antifibrotic
effect of new drugs, and so on. Transgenic and knockout mice are elegant tools, but
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Fig. 4.2 Possible mechanisms of bleomycin-induced scleroderma

not available to anyone, and need special techniques and long periods to be made. It
must be mentioned that the animal model is a simplification of the more complex
human scleroderma. Nonetheless, the pathogenic mechanism discovered in the
animal model may provide novel information and assist in helping us to better
understand the mechanisms underlying human scleroderma. Animal models of
scleroderma may also serve as promising tools for the development of new
therapies specifically targeting individual cytokines, cytokine antagonists (i.e.,
antibodies, soluble receptors), and cytokine mutants or of drugs that specifically
interfere with the signal transduction pathways involved in the fibrotic process. In
these a few years, many studies related to scleroderma have been conducted using
animal models, and our understanding of the pathogenesis of scleroderma has
greatly progressed. Further investigation for the therapeutic drugs is needed to
bring forth effective therapies for SSc in the clinical settings from bench side.
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Genetics of Systemic Sclerosis

Naoyuki Tsuchiya and Aya Kawasaki

Abstract

Genetic epidemiology suggests that the molecular background of systemic
sclerosis (SSc) such as autoantibody production or gene expression profiles
may be highly hereditary; however, the clinical occurrence of SSc may require
non-hereditary factor(s). Genome-wide association studies (GWASs) confirmed
that the HLA genes are the strongest genetic factors, although specific risk alleles
are different among populations and among the clinical subsets such as those
determined by autoantibody profiles. GWAS and candidate gene studies
revealed more than a dozen of convincing candidate genes; however, thus far,
all of them are shared by other diseases and do not appear to explain the unique
features of SSc such as extensive fibrosis and vascular damage. Thus, something
must be missing, and more studies are required to reveal the secrets of this
enigmatic disease. Here, we reviewed the genetic studies of SSc, with emphasis
on those performed on Asian populations.

Keywords
Systemic sclerosis ¢ Genetics « HLA « Genome-wide association study « SNP

5.1 Genetic Background of Systemic Sclerosis

The pathogenesis of systemic sclerosis (SSc), characterized by fibrosis of the skin
and organs, vascular damage, and autoimmunity, remains enigmatic. Because of the
lack of Mendelian inheritance pattern and strong environmental factors shared by
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the majority of patients, the role of genetic factors has been suggested. However, to
what extent genetics plays a role in occurrence of SSc remains controversial.

Arnett et al. prospectively surveyed three cohorts of the SSc patients in the USA
for affected first-degree relatives. As compared with prevalence of SSc in the USA
(0.026 %), affected siblings were 0.4 % and affected first-degree relatives were
0.3 %. Average familial relative risk was 15 in siblings and 13 in first-degree
relatives [1], which convincingly demonstrated familial clustering of SSc.

Familial clustering can occur not only from the sharing of genetic factors but
also from shared environmental factors, which might partly be distinguishable by
twin studies. Feghali-Bostwick et al. conducted a twin study in the USA and
reported that the concordance rate for SSc was 4.2 % (1/24) in monozygotic
(MZ) twins and 5.6 % (1/18) in dizygotic (DZ) twins, which does not support the
strong contribution of genetic factors. On the other hand, the same study detected a
clearly higher concordance for antinuclear antibody (ANA) positivity (titer of 1:40
or higher) in the MZ twins (90 %) versus the DZ twins (40 %), supporting a strong
contribution of genetics for the ANA production [2].

Zhou et al. compared expression profiles between the dermal fibroblasts of
15 discordant twin pairs (ten MZ and five DZ) and five normal controls using
microarray analysis. Lesional and nonlesional fibroblasts from SSc patients showed
no significant differences in gene expression, but both were significantly different
from those of unaffected DZ twins and normal controls. However, unaffected MZ
twins were not significantly different from the affected SSc patients, thereby
suggesting a stronger genetic predisposition to SSc is present at the molecular
level in skin fibroblasts than is clinically detected. They also reported that normal
fibroblasts incubated with serum from an SSc-affected patient or with serum from
her unaffected MZ twin sister developed the increased expression of COLIAZ2,
SPARC, and CTGF, typically observed in SSc fibroblasts, suggesting the role of
soluble factors [3].

Taken together, these genetic epidemiological findings might suggest that the
immunological and biological background is substantially influenced by genetics,
but the trigger for the development of clinical SSc may not be genetically inherited.
However, the number of genetic epidemiology studies of SSc is very small, and due
to the low prevalence, the sample size is limited. These findings need further
confirmation.

Another observation suggesting the role of genetic background is ethnic differ-
ence. In the South African populations of African ancestry, 65 % of SSc was diffuse
cutaneous SSc (dcSSc), and 56 % had pulmonary fibrosis [4]. Also in Detroit, USA,
60.3 % of patients of African ancestry had dcSSc, in contrast to 26.6 % of other
populations [5]. The autoantibody profiles are also remarkably different among
populations. For instance, anti-topoisomerase I antibody (ATA) was detected in
76 % of the Thais and 26 % of the Australians, while 2 % of the Thais and 51 % of
the Australians showed staining of the centromeres [6]. Such population difference
may suggest the role of genetic factors.
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5.2  Human Leukocyte Antigens (HLAs)

Human leukocyte antigens (HLAs) are the top candidate gene for any disease where
immune system plays a role. Also in the case of SSc, a number of studies examined
association with HLA. Indeed, HLA remains to be the strongest susceptibility gene
to SSc, even in this era of genome-wide association studies, as will be discussed
later.

HLA association with SSc is different among populations and with respect to
disease subsets (Table 5.1) [7-22]. In this review, we will put focus on HLA studies
in Asia and briefly mention the data from other populations.

5.2.1 HLA Association in Asian SSc

In a series of studies, Kuwana and colleagues examined HLA class II of Japanese
patients [7, 9, 23-25] as well as other ethnicities [8]. In their analysis on 105 -
Japanese patients with SSc and 104 healthy controls [7], they detected marginal
increase of DPBI*09:01 in overall SSc. In the patients positive for ATA,
DRBI1#15:02-DQB1*06:01-DPBI1*09:01 haplotype was significantly increased
(odds ratio [OR] 6.0 vs. ATA-negative SSc, OR 7.8 vs. healthy controls), and
92 9% carried either DOBI*06:01 or DOQBI1*03:01, which uniquely share Tyr at
position 26 (*°Y), as compared with 53 % in ATA-negative SSc and 54 % in healthy
controls. In the patients with anti-UIRNP, DQOBI*03:02 was significantly
increased, and at the amino acid level, DOBI alleles carrying *°Y and "'TRAELDT
"7 sequence were increased. In the patients with anti-centromere antibody (ACA),
DRBI1*01:01-DQBI*05:01-DPB1*04:02 haplotype was increased (OR 6.1), and *®
V was present in 91 % of the patients and 57 % in healthy controls (OR 8.0). Taken
together, they concluded that HLA class II genes play a limited role in the
development of SSc but play a more significant role in the production of
autoantibodies [7].

Kuwana et al. also compared the HLA class II associated with ATA among 47
European-Americans, 15 African-Americans, 43 Japanese, and 12 Choctaw Native
Americans. They found that the frequency of progressive pulmonary fibrosis is
lower and cumulative survival rates were higher in the European-Americans when
compared with African-American and Japanese patients. Interestingly, DRBI asso-
ciation with ATA was different among populations: DRBI*15:02 in the Japanese
patients, DRBI*11:01-*11:04 in European-Americans and African-Americans, and
DRBI*16:02 in Choctaws [8].

In 2009, Zhou et al. reported the first genome-wide association study of SSc.
They examined 137 Korean patients with SSc and 564 Korean healthy controls as
the discovery set and 1,107 SSc and 2,747 controls in the USA as the replication set.
They detected association of HLA-DP region, and fine mapping revealed associa-
tion of DPBI*13:01 and DPBI1*09:01 with predisposition to ATA-positive SSc.
Association of DPBI1*13:01 with ATA-positive SSc was confirmed in the USA.
They noted that association with autoantibody patterns was much stronger than
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Table 5.1 HLA associations with systemic sclerosis

Population

Asian ancestry
Japanese

Korean

Han Chinese

European ancestry

European-
American

North American
and European

French

Italian
Italian, Spanish

Hispanic

Clinical
phenotype

ATA

ACA

UIRNP Ab
ILD
Overall SSc
ATA

Overall SSc
ATA
ACA

Pulmonary
fibrosis

Overall SSc

dcSSc
1cSSc
ATA

ACA

Anti-
RNAPIII
Ab

Overall SSc
ATA

ACA
dcSSec,
ATA

PAH
Overall SSc

Overall SSc

ATA
ACA

Associated allele or haplotype

DRBI*15:02-DOBI1*06:01-DPBI1%09:01
Combination of DOBI *°Y in DQBI and ¢’
FLEDR”' in DRBI or DRB5
DRBI*01:01-DOBI1*05:01-DPB1*04:02,
3V in DOBI

DRBI*04:01 or *08:02-DQB1*03:02
DRB5*01:05

DPBI*13:01, DPBI*09:01

DRBI*15:02, *¥V-°’FLEDR"! in DRBI or
DRBS including DRB5*01:02

DRBI*11, DPB1*03:01, DPB1*13:01
DRBI1*16:02

DRBI*#15:02, DPB1*04

DPBI*03:03

DRBI*11:04-DQA1*05:01-DQOB1*03:01,
DQBI 26epi*, DPBI1*13:01

DRBI*11:04

DRBI*11:01
DRBI*11:04-DQA1*05:01-DQOBI1*0301,
DOQBI 26epi*, DPBI1*13:01

DRBI1*01:01, DQAI*01:01, DOBI1*05:01,
DRB1*04 (especially DRBI1*04:04)
DRB1*04:04, DRB1*11 (especially
DRBI*11:04), DOBI*03

TAP2 1517500468, DPBI 159277052,
HLA-B 152442719, DPBI 14713605,
HLA-DOA rs44623

DRBI1 °’F, DPBI no (°°K or *°R), DRBI %°
V, DPBI "°1

DRBI “F, DOAI ®T, TAP2 1s12528892,
HLA-DOA rs6933319

DRBI*11, DRBI*15 haplotypes

B*35
DRBI*11:04-DQA1*05:01-DQOB1*03:01,
DRBI*01 protective against ATA,
predispositional to ACA
DRBI*11:04-DQA1*05:01-DQOB1*03:01,
DQOBI 26epi*

DRBI*11:04, DOB1 26epi*
DRBI*04:07
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Table 5.1 (continued)

Clinical

Population phenotype Associated allele or haplotype References

African ancestry

South African Overall SSc  DR2 [21]
ATA DPBI#13:01, DRB1*15 [21]
Pulmonary DRBI*11:02 [21]
fibrosis

African-American SSc DRBI#08:04, DOA1*05:01, DOQBI1*03:01  [15]
ATA DRBI*#11:04, DRB1*08:04, DOBI 26epi [15]
Anti- DRBI*#08 (DRB1*08:04), DQAI*05:01, [15]
RNAPIII DQBI#03:01
Ab

Mixed

European, SRC DRBI1%04:07, *13:04 [22]

Hispanic, and

African-Americans
ATA anti-topoisomerase I antibody, ACA anti-centromere antibody, RNAPIII RNA polymerase III,
ILD interstitial lung disease, SRC scleroderma renal crisis, DOBI 26epi DOBI alleles encoding
non-leucine residues at position 26. Only the predispositional associations are shown

with clinical classification of dcSSc and 1cSSc [11]. Although the association with
DPBI1%#09:01 was also reported in Japan, that of DPB/*13:01 was not detected [7].

Recently, several studies with larger sample size have been reported from China.
Wang et al. analyzed 338 SSc and 480 control Han Chinese. DPB1*03:01 and
DPBI*13:01 were found to be significantly increased. In addition, DPBI*03:01
was associated with pulmonary fibrosis [13]. He et al. analyzed 585 Han Chinese
SSc and 458 controls. They detected striking association of DRBI*15:02 (OR 7.3)
and DRBI*]0 (OR 5.0) with risk for ACA and DRBI*16 for ATA (OR 6.6),
pulmonary fibrosis (OR 5.2), and dcSSc (OR 5.7) [14].

Finally, Odani et al. detected upregulation of DRB5 in the peripheral blood
mononuclear cells from SSc patients with interstitial lung disease (ILD) using the
transcriptome analysis. DRBS locus is carried only by DR51 haplotype group
(DRBI*15 and DRBI*16). Among the DRBS5 alleles, DRB5*01:05 allele was
increased in SSc patients with ILD than in SSc patients without ILD or in healthy
controls. Although DRBI*15:02 also showed a trend toward increase in the SSc
accompanied by ILD, it did not reach statistical significance. Therefore, the authors
concluded that DRBI1*01:05 allele may be responsible for the risk to ILD [10].

5.2.2 HLA Association with SSc in the Populations of European
and African Ancestry

HLA association with SSc in the populations of European and African ancestry is also
summarized in Table 5.1. Here, we will only refer to the recent large-scale analyses.
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Arnett et al. [15] conducted an association study on 1,300 Caucasian, Hispanic, and
African-American patients with SSc and 1,000 controls. In the patients of European
ancestry, association with DRBI*11:04-DQA1*05:01-DQOBI1*03:01 haplotype was
detected, with DRBI*11:04 (OR 2.48) probably playing a primary role. However,
the strongest association was with DPB1*13:01 (OR 3.18), which was not in linkage
disequilibrium with DRB1*1 1:04; thus, these loci were considered to have independent
contributions. They also showed that DRBI*11:04 was associated with SSc in the
Hispanic population. With respect to disease subsets, ATA-positive patients of
European ancestry showed the same association with overall SSc, albeit much strongly.

Mayes used Immunochip to genotype 1,833 SSc patients and 3,466 controls and
imputed the HLA alleles [17]. Using conditional logistic regression analysis, they
claimed that six polymorphic amino acids and seven other SNPs can almost fully
account for the previously known HLA class II association with SSc.

5.2.3 Summary of the HLA Association Studies

The implications from HLA association studies across various populations could be
summarized as follows:

1. HLA is generally more strongly associated with SSc subsets defined by autoan-
tibody profiles or clinical manifestations, rather than with the development of
overall SSc.

2. Ethnic differences are present, although DPB1*13:01 appears to be consistently
associated with overall SSc or ATA in all ethnicities. In East Asian populations,
ATA was associated with serological DR2 group such as DRBI*15:02 or
DRBI*16:02, but in the populations of European ancestry, association with
DRBI*11 (especially DRBI*11:04) haplotype is consistently observed. In
ACA, association with DRBI*01:01-DQBI*05:01 haplotype was reported
from both East Asian and European populations.

53 Non-HLA Genes

As in many other complex or multifactorial diseases, non-HLA genes have been
investigated by candidate gene approach as well as genome-wide approach. Thus
far, according to the GWAS Catalog [26] (http://www.ebi.ac.uk/gwas/home), five
genome-wide association studies (GWASs) on SSc have been published. Four were
performed in the populations of European ancestry [27-30] and one in Korea
[11]. In addition, one large-scale Immunochip analysis was also reported in the
populations of European ancestry [17]. These studies emphasized the strongest
contribution of MHC region and also detected several convincing association
signals in non-HLA genes. In addition, candidate gene analyses also detected
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genes associated with susceptibility to SSc, and some of them have been replicated.
Convincing candidate non-HLA susceptibility genes detected by these approaches
are shown in Table 5.2 [17, 27-43].

Table 5.2 Non-HLA candidate genes to systemic sclerosis with P <5 x 107® or shown to be
associated in more than two studies

Potentially Clinical Associated conditions other References
Gene relevant function  phenotype  than SSc* for SSc
ATGS Autophagy SSc SLE, RA [17]
CD247 T cell signaling SSc SLE, celiac disease, RA [27, 28]
CSK B cell signaling, SSc SLE, blood pressure [31]
fibrosis
DNASEIL3 DNA SSc, ACA  RA, eating disorder [17]
fragmentation
during apoptosis
ILI2RBI1 IL-12 signaling SSc Pulmonary function in asthma  [32]
ILI2RB2 IL-12 signaling SSc Behcet disease, PBC, CD, [33]
IBD
IRF5 Type Linterferon,  SSc SLE, UC, RA, PBC [27, 28, 34]
proinflammatory
cytokine
IRFS8 Type I interferon  1cSSc Monocyte count, MS, UC, [29, 35]

CLL, major depressive
disorder, RA, diabetic
retinopathy, SLE, IBD

PSORSICI  Psoriasis SSc BD, Stevens-Johnson [28]
candidate gene syndrome and toxic epidermal
necrolysis, multiple myeloma,
CD
SCHIPI- IL-12 signaling 1cSSc PBC, BD, MS, celiac disease, [17]
ILI2A major depressive disorder
STAT4 Type Linterferon,  SSc BD, SS, SLE, PBC, RA, celiac  [27, 28, 36]
IL-12 signaling, disease, IBD
Thl
TNFAIP3 Regulation of SSc SLE, RA, SS, psoriasis, IBD, [35, 37, 38]
NF-xB ucC, MS
TNFSF4 0X40 ligand, T ACA SLE, celiac disease, diabetic [39, 40]
cell and B cell retinopathy, CD
activation
BANK1 B cell signaling dcSSc SLE, blood pressure, acute [41, 42]

urticaria and angioedema, CD,
psychiatric disorders

BLK B cell signaling SSc SLE, RA, Kawasaki disease, [43, 44]
periodontitis

This table was created based on a review by Korman and Criswell [51]

SLE systemic lupus erythematosus, RA rheumatoid arthritis, PBC primary biliary cirrhosis, CD
Crohn’s disease, /BD inflammatory bowel disease, UC ulcerative colitis, CLL chronic lymphocytic
leukemia, MS multiple sclerosis, SS Sjogren syndrome

“Based on GWAS Catalog [26] (http://www.ebi.ac.uk/gwas/home), accessed on April 29, 2015
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Most of the candidate susceptibility genes in the list are those that play a role in
the immune system, such as T cell and B cell activation, type I interferon and IL-12
induction and signal transduction, and NF-kB regulation (Table 5.2). Notably, all of
them are associated with diseases other than SSc as well. This is partly because
some of them were detected by Immunochip analysis where polymorphisms of the
immune system genes including those that have already been shown to be
associated with immune system disorders are targeted and others by the studies
where the susceptibility genes to other diseases were examined as the candidate
genes to SSc. However, in view of the unique pathophysiology and impressive
clinical pictures of SSc, it is unexpected that even GWASs have not detected
specific susceptibility genes to SSc, for example, genes that can explain the
extensive fibrosis and vascular damage.

5.4  Genetic Studies of SSc in Japan

Genetics associations sometimes depend on the genetic background of the popula-
tion. Therefore, it is important to perform association study in Japanese cases and
controls. As of April 2015, GWAS of SSc has not been published in Japan, but
many candidate gene studies have been published. Association study of HLA is
already described in Sect. 5.2.1; therefore, candidate gene studies of Japanese SSc
will be discussed here.

Hepatocyte growth factor (HGF) is an antifibrotic factor that inhibits fibrosis and
promotes angiogenesis. Hoshino et al. examined association of single nucleotide
polymorphisms (SNPs) in HGF with severity of ILD in Japanese patients with SSc.
Although difference was not observed between SSc and healthy controls or between
dcSSc and 1cSSc, when the authors examined the presence or absence of end-stage
lung disease (ESLD) among the patients, rs3735520T allele in the upstream
flanking region was significantly increased in the patients with ESLD. Because
the frequency of the risk genotype was approximately the same between SSc with
and without ILD and the disease duration was also not different, this SNP was
interpreted to be associated with the progression rather than the development of
ILD. This association was replicated in an independent set. Furthermore, the
authors demonstrated that the risk allele was associated with low expression of
HGEF [45]. These results will be relevant in terms of the molecular target of drug
development.

Terao et al. considered nine novel susceptibility genes to RA identified by
GWAS in the Japanese population as candidates for SSc susceptibility genes and
conducted an association analysis in 730 patients and some 37,000 controls in
Japan. They detected PLD4 as a novel susceptibility gene to SSc and also confirmed
association of IRF'8 and TNFAIP3, previously reported in GWAS in the European
populations [35]. PLD4 encodes phospholipase D4, and little is known about its
function.

In collaboration with Takehara (Kanazawa University), Sato (The University of
Tokyo), and their colleagues, our group has been pursuing the role of candidate
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genes, especially those playing a role in B cell function. CDI9 rs111574654T
(—499 T) allele was found to be overrepresented in SSc, especially 1cSSc and
ACA-positive SSc. The risk allele was associated with higher expression of CD19
[46]. Furthermore, we detected association of a synonymous substitution of CD22,
rs34826052 (c.2304C>A, P768P), with SSc, especially 1cSSc [47]. These
observations support the role of CD19/CD22 loop in SSc [48] and also suggest
that the imbalance of CD19/CD22 might be in part genetically determined. Fur-
thermore, in ILIORB, a nonsynonymous SNP rs2834167 (E47K) was associated
with SSc, especially dcSSc and ATA-positive SSc [49]. These studies were done in
a relatively small sample size and need confirmation in the future.

Furthermore, we examined the association of genes reported by GWAS of SLE
in the European populations. We detected association of rs2280714, located down-
stream to /IRF5, with SSc. The risk allele was associated with higher mRNA of IRF5
[34]. We also demonstrated that the same alleles of STAT4 [36], BLK [43], and
UBE2L3 [50] that are associated with SLE are also associated with SSc in the
Japanese population.

5.5 Conclusion

Human genome analysis certainly opened a new field of SSc research. However,
almost all non-HLA genes reported to be associated with SSc so far are also
associated with other diseases and do not seem to explain the characteristic clinical
and pathogenetic features of SSc. Something must be missing. Epigenetics may
certainly play a role [51, 52], but the cause of such epigenetic changes needs to be
investigated. Furthermore, the role of HLA and to what extent does HLA can explain
the unique features of SSc should be evaluated in the future.
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Role of the Interleukin-1 Family
in the Fibrogenic Phenotype in Systemic
Sclerosis

Yasushi Kawaguchi

Abstract

The IL-1 family consists of 11 cytokines. Initially, IL-1a, IL-1p, and IL-1
receptor antagonists were discovered; then, IL-1’s specific receptors were
identified. Subsequent studies are aimed to find molecules that bind to IL-1
receptor-like proteins (IL-1 receptor-related protein, ST2). As a result, in 2005,
IL-33 was identified as a ligand of ST2. IL-33 is very similar to IL-1a in its
biological properties. Our group has investigated the roles of IL-la in the
pathogenesis of tissue fibrosis in systemic sclerosis, and we are currently inter-
ested in the roles of IL.-33 as well as IL-1a. Herein, I review the involvement of
both of these molecules in systemic sclerosis.

Keywords
Systemic sclerosis ¢ Interleukin-1 ¢ Fibrosis ¢ Fibroblasts

6.1 Introduction

Systemic sclerosis (SSc) is a connective tissue disease of unknown etiology that is
characterized by the fibrosis of systemic organs. Because most patients experience
skin thickening, researchers have analyzed the molecular and biological functions of
fibroblasts derived from skin lesions on SSc patients [1-5]. Since 1990, many studies
have been published showing that several cytokines, as well as transforming growth
factor (TGF)-f, seem to be central regulators of both physiological and pathological
tissue fibrosis in patients with SSc. Interleukin (IL)-1a is one of the key cytokines
involved in tissue fibrosis. In 1994, we investigated the levels of IL-la in the
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Fig. 6.1 Immunochemical
staining of fibroblasts from
systemic sclerosis. We used
anti-IL-1a antibody and
analyzed the signal using
confocal microscopy. The
strong signal represents IL-1o
staining in the nucleus

supernatants of cultured fibroblasts and found aberrant production of pre-IL-1a in the
nuclei of cultured skin fibroblasts from patients with SSc (Fig. 6.1) [6, 7]. We
hypothesized that pre-IL-la might be involved in the excessive production of
collagen in skin fibroblasts, resulting in tissue fibrosis in patients with SSc. Since
that time, I have investigated the precise role of IL-1a in fibrosis in patients with SSc.

6.2  IL-1 Superfamily

The history of IL-1 begins in the 1940s with studies of the pathogenesis of fever
[8]. These studies investigated the central molecules of fever-producing features of
proteins released from rabbit peritoneal exudate cells. Soluble factors released by
these cells were discovered to augment lymphocyte proliferation in response to
antigenic or mitogenic stimuli. Other researchers described macrophage products
that induced the synthesis of acute phase protein [9]. At this time, the molecule was
named IL-1. IL-1 is primarily a proinflammatory cytokine that induces the produc-
tion of prostaglandin E2, platelet-activating factor, and nitric oxide. In addition,
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Table 6.1 The IL-1 IL-1 family Cytokines Receptor
superfamily
IL-1F1 IL-1a IL-1RI, IL-1RACcP
IL-1F2 IL-1B IL-1RI, IL-1RAcP
IL-1F3 IL-1RA IL-1RI
IL-1F4 IL-18 IL-18Ra (IL-1Rrp1)
IL-18Rp (IL-1RACcPL)
IL-1F5 IL-36RA IL-36R (IL-1Rrp2)
IL-1F6 IL-36a IL-36R (IL-1Rrp2), IL-1RAcP
IL-1F7 1L-37 IL-18R«x
IL-1F8 1L-36p IL-36R (IL-1Rrp2), IL-1RAcP
IL-1F9 IL-36y IL-36R (IL-1Rrp2), IL-1RAcP
IL-1F10 1L-38 IL-36R (IL-1Rrp2)
IL-1F11 1L-33 ST2, IL-1RAcP

IL-1RA IL-1 receptor antagonist, /L-36RA IL-36 receptor antago-
nist, /L-1RI IL-1 receptor type I, IL-/RAcP IL-1 receptor accessory
protein, /L-IRrp IL-1 receptor-related protein, /L-/RAcPL IL-1
receptor accessory protein-like

IL-1 induces the production of the adhesion molecules, intracellular adhesion
molecule (ICAM)-1 and vascular cell adhesion molecule (VCAM)-1, on endothe-
lial cells and mesenchymal cells [10].

Later studies reported that IL-1 comprises a superfamily [10, 11]. The four initial
members of the IL-1 superfamily were IL-la, IL-1P, IL-1 receptor antagonist
(IL-1RA), and IL-18. The three-dimensional structure of IL-1a is similar to that
of IL-1f and IL-18: in each, the cytokine forms an open-ended barrel composed of
beta-pleated strands. In contrast, the unique structure of IL-1RA allows it to bind to
the IL-1 receptor without triggering signal transduction; this is due to the lack of a
second binding site on the back of the molecule. IL-1RA is able to prevent IL-1
activity by blocking the specific binding of IL-1 to IL-1 receptors [12]. Currently,
the IL-1 superfamily classification includes 11 molecules, as shown in Table 6.1.
Although the family name of IL-1 was established, the conventional cytokine
names were used in the journal. IL-1a, IL-1p, IL-18, and IL-33 were well known
as important mediators of immune responses. Recently, the new members of the
IL-1 superfamily, which had conventionally been reported as IL-1F6, IL-1F7,
IL-1F8, IL-1F9, and IL-1F10, were designated IL-36, IL-37, and IL-38.

6.2.1 Biological Function of IL-1«

The signal transduction properties and biological features of IL-la have been
investigated for many years [13]. IL-1a is constitutively expressed in the form of
a 31-kD precursor by epithelial cells, endothelial cells, and keratinocytes. Pre-IL-1a
possesses an N-terminal nuclear localization sequence that directs this cytokine to
the nucleus, where it might regulate the activity of transcription factors in a
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Fig. 6.2 Intracellular concentrations of IL-la in cultured fibroblasts from systemic sclerosis
(SSc). Confluent cultured fibroblasts and cell supernatants were collected. Cell lysates were
prepared from cells using RIPA buffer. The abbreviations dcSSc, 1cSSc, RA, and HC indicate
diffuse cutaneous SSc, limited cutaneous SSc, rheumatoid arthritis, and healthy controls,
respectively

receptor-independent manner. It has recently been established that the cleavage of
pre-IL-la by a number of inflammatory proteases, including calpain, elastase,
granzyme B, and chymase, results in a dramatic increase in IL-la bioactivity
through the IL-1 receptor.

One of the unique features of IL-1a is that it is an autocrine factor, which
accounts for the three following observations. Firstly, pre-IL-1a is translated and
remains inside the cell where it localizes to the nucleus because of its nuclear
localization sequence. Secondly, intracellular pre-IL-1a complexes to an intracel-
lular pool of IL-1 receptors before exerting an effect as a ligand/receptor complex.
Finally, both pre-IL-1a and mature IL-la bound to surface IL-1 receptors are
internalized and subsequently translocated into the nucleus [14]. These biological
properties are specific to IL-1o and are inconsistent with the properties of IL-1f. On
the other hand, IL-1a and IL-1f bind to the same receptor (IL-1 receptor type I) and
exhibit a similar range of biological effects. Various biological features of these two
cytokines are shown in Fig. 6.2.

6.2.2 Nuclear Localization of Pre-IL-1a in SSc

In 1994, we showed that the mRNA of the IL1A gene was constitutively expressed
and that intracellular pre-IL-la was constitutively produced by cultured skin
fibroblasts from patients with SSc (Fig. 6.3) [6]. Recently, it has been reported
that the levels of IL-1a in sera are significantly higher in patients with SSc than in
healthy controls [15]. We have also investigated the biological effect of pre-IL-1a
on the fibrogenic phenotype of skin fibroblasts [16]. To investigate the effect of
constitutive expression of pre-IL-1a, we evaluated various methods for inhibiting
intracellular pre-IL-1: an antibody against IL-la, IL-1 receptor antagonist
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(IL-1RA), antisense oligomers for the IL1A gene, and stable transfection of an
antisense IL1A gene. Because pre-IL-loc was mainly located in the nucleus,
antibodies and IL-1RA could not influence pre-IL-1a signal transduction. Eventu-
ally, we succeeded in achieving stable transfection of cultured skin fibroblasts
derived from SSc [7]. In SSc fibroblasts transfected with an antisense IL1A gene,
intracellular IL-1o decreased to <10 % of the levels found in SSc fibroblasts
without antisense treatment. The transfected fibroblasts produced significantly
lower levels of collagen type I than control fibroblasts. The results of these studies
provided evidence for a direct link between the aberrant expression of pre-IL-1a
and the pathogenesis of SSc. The next question raised concerned signal transduc-
tion by pre-IL-1a in the nuclei of SSc fibroblasts. In general, the IL-1 signal is able
to transduce into cells by specifically binding to the IL-1 receptor on the cell
surface. However, pre-IL-1a is concentrated in the nucleus, and we did not discover
how signaling by pre-IL-la was involved in the fibrogenic phenotype of SSc
fibroblasts.

Several studies concerning the biological function of nuclear IL-1a have been
published. A previous investigation of the nuclear target of pre-IL-1a used a yeast
two-hybrid system to reveal an interaction between pre-IL-lac and necdin
[17]. Necdin is a 47-kD protein that functions as a cell-growth suppressor in a
manner similar to that of the retinoblastoma tumor suppressor protein, Rb. Other
reports showed the biological functions of intracellular IL-1RA in SSc fibroblasts
[18, 19]. These studies indicated that intracellular IL-1RA was overexpressed in
SSc fibroblasts and that intracellular IL-1RA was involved in the fibrogenic pheno-
type of SSc fibroblasts. In 2006, we published a new concept regarding the roles of
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nuclear pre-IL-1a [20]. Our study reported the formation of the pre-IL-1a complex,
which consists of pre-IL-1a, IL-1 receptor type II, and HAX-1, inside fibroblasts
from patients with SSc. This complex plays a crucial role in the fibrogenic pheno-
type of SSc fibroblasts.

6.2.3 Constitutive Expression of IL-1a at the Level of Transcription

In the previous study, aberrant expression of pre-IL-la was observed in SSc
fibroblasts. However, the mechanisms by which the production of nuclear pre-IL-
la was upregulated remained to be clarified. We explored the regulation of the
transcription of the IL1A gene in fibroblasts from patients with SSc [21]. We found
that the expression of the IL1A gene was upregulated at the transcriptional stage.
Next, to identify the location of the cis-elements of the IL1A gene responsible for
transcription in SSc fibroblasts, we performed promoter analysis and found a
cis-element located around position —96 to —82, which included putative Ets
binding sites.

6.2.4 IL1A Gene Polymorphisms

The precursor of IL-1a (pre-IL-1a) is initially synthesized as a 31-kDa molecule
without a signal peptide from the /L/A gene. After the removal of the N-terminal
amino acids by specific proteases (calpain and caspase-1), the resulting peptides are
the mature form, IL-la (17 kDa) [22]. Pre-IL-loc and mature IL-la are both
biologically active, and the precursor molecule is translocated into the nucleus
separately from mature IL-1a because the N-terminal amino acids of pre-IL-1a
contain a nuclear localization sequence [23, 24]. Single nucleotide polymorphisms
(SNPs) in the gene have been reported to be associated with susceptibility to
inflammatory diseases. One SNP was located at —889 (rs1800587) in the
5'-flanking region, and the other was found at +4845 (rs17561), which involved a
substitution of the 114th amino acid of pre-IL-1a. Pre-IL-1a is processed into its
mature form by an enzymatic cut between the 112 and 113 amino acids [25]. Those
observations led us to speculate that the SNPs of the /L/A gene might affect the
transcription and processing of IL-la. We investigated the single nucleotide
polymorphisms (SNPs) of the ILIA gene in patients with SSc and healthy controls
in a Japanese population [26]. The minor allele frequency at rs17561 was signifi-
cantly lower in SSc patients than in healthy controls (P < 0.0001). This SNP has
alanine substituted for serine at amino acid 114, next to the enzyme-cleaving site.
Alanine is nonpolar and hydrophobic, whereas serine is polar and hydrophilic. It is
possible that these amino acids exhibit different chemical properties and that this
amino acid substitution affects the enzymatic efficiency of the protease in cleaving
pre-IL-1a. To test this hypothesis, we explored the effects of this SNP on the
transcriptional activity and processing of pre-IL-1a in skin fibroblasts. We prepared
promoter regions of the IL/A gene with either C or T at —889 inserted into a
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luciferase reporter vector; these constructs were referred to as C/IL1A and T/IL1A,
respectively. Skin fibroblasts were explanted from two SSc patients whose genomic
DNA contained GG and TT genotypes at +4845 of the IL/A gene. Cell lysates were
collected and reacted with various concentrations of calpain, and then the
processing of pre-IL-la was analyzed by Western blotting. A 100-fold higher
concentration of calpain was required to process the pre-IL-1a containing Ala at
the 114th amino acid than that to process that containing Ser. The frequency of the
GG genotype was significantly higher in SSc patients than in healthy donors,
whereas the frequency of the TT genotype was significantly higher in RA patients
than in healthy donors. Our observation showed that the SNP at +4845 affected the
enzymatic efficiency of the protease in cleaving pre-IL-1a. Pre-IL-1o with Ala,
which had a high frequency in SSc patients, was more resistant to cleavage by
proteases in human sera than pro-IL-1a with Ser [27].

6.3 IL-33

IL-33 is a member of the IL-1 family; it has been called IL-1F11 (Table 6.1)
because it was identified as a ligand that binds a protein resembling the extracellular
portion of IL-1 receptor type I [28]. This protein was named ST2. At first, ST2 was
discovered as a member of the IL-1 receptor superfamily, and as a result of
searching for its ligand, IL-33 was found in 2005 and seemed to be involved in
type 2 immune responses. Like IL-1a, IL.-33 is localized in the cell nucleus because
of a nuclear localization sequence but also functions as a cell-free cytokine.
Because IL-33 lacks a traditional signal sequence or a noncanonical processing
and export pathway, cell death by necrosis might be the dominant mechanism by
which the cytokine affects other cells, which is similar to the mechanism of IL-1a.
In humans, IL-33 is constitutively expressed in epithelial cells, endothelial cells,
and keratinocytes [29-31]. The biological functions of IL-33 were shown in
Fig. 6.4.

6.3.1 IL-33 in SSc Patients

Recently, it was reported that serum IL-33 levels were increased in patients with
SSc, and these levels were correlated with the extent of skin sclerosis in individual
patients [32]. Another study by Manetti et al. found that IL-33 protein was
downregulated or absent in endothelial cells and the epidermis, whereas ST2
expression was increased significantly in endothelial cells, macrophages, B cells,
T cells, and activated fibroblasts in skin biopsies from patients in the early phases of
SSc [33]. They speculated that IL-33 is released by the endothelial nucleus upon
endothelial cell activation or damage and functions as an endogenous mediator in
the early stages of SSc. They also reported increased circulating levels of IL-33 in
SSc, and the levels were well correlated with early disease stage and microvascular
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involvement [34]. Recently, Rankin et al. published an interesting report showing
that IL-33 induces tissue fibrosis through the production of IL-13 [35].

Taken together, the literature suggests that IL-33 may play a crucial role in the
pathogenesis or development of tissue fibrosis in SSc patients. However, IL-33 and
IL-1a are potential key mediators of tissue fibrosis in SSc.

6.4 Conclusion

IL-1 family consists of IL-1, IL-18, IL-33, IL-36, IL-37, and IL-38. In these
cytokines IL-1 and IL33 may be involved in the pathogenesis of SSc. In particular,
IL-1a and IL-33 have a nuclear localization sequence and can be translocated into
the nucleus. Although the biological functions of nuclear cytokines remain to be
unclear, they may play a crucial role in excessive collagen production by
fibroblasts. A novel strategy for inhibiting nuclear cytokines would provide a new
therapy for tissue fibrosis in SSc.
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Interleukin-6 in the Pathogenesis
of Systemic Sclerosis

Yoshihito Shima

Abstract

Interleukin-6 (IL-6) is a pleiotropic cytokine that acts in the development of
B-lymphocytes; the proliferation of megakaryocytes, mesangial cells, and
keratinocytes; and the production of acute-phase proteins such as C-reactive
protein (CRP). Many reports suggest that IL-6 plays a partial role in the
pathogenesis of systemic sclerosis (SSc). Here, I describe its functions, signal
transduction pathways, and involvement in SSc and then introduce an anti-IL-6
therapy for SSc using an anti-IL-6 receptor antibody, tocilizumab. To evaluate
the effect of such an anti-cytokine therapy, a large-scale study is needed. And a
worldwide-scale study may require a new evaluation method to suppress inter-
institute variability.

Keywords
Interleukin-6  Anti-IL-6R antibody ¢ Tocilizumab

7.1 Biological Effects of Interleukin-6

Interleukin (IL)-6 was originally identified as a B-lymphocyte-stimulating factor by
Kishimoto et al. in 1983, and its cDNA was cloned by Hirano et al. in 1986 [1, 2]. In
the 1980s, several newly identified molecules were found to be involved in fever,
inflammation, and plasmacytoma growth, which were referred to as interferon-f2,
hepatocyte stimulatory factor, and hybridoma-plasmacytoma growth factor, respec-
tively. Subsequently, these molecules were revealed to be the same molecule and
renamed IL-6. As the variety of names indicate, IL-6 has various biological
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Fig. 7.1 Effects of IL-6. IL-6 affects a variety of cell types

functions (Fig. 7.1). Not only immunocompetent cells but also neural cells,
keratinocytes, and mesangial cells are affected by IL-6. Simulation of hepatocytes
with IL-6 results in elevation of C-reactive protein (CRP), fibrinogen, and serum
amyloid A (SAA) protein levels. This finding explains why patients in an inflam-
matory state present with augmentation of CRP and the blood sedimentation rate. It
has been reported that serum levels of IL-6 correlate with CRP and fever in patients
with burn injuries [3], and administration of IL-6 to rats leads to acute-phase
reactions [4]. Studies using recombinant IL-6 and an anti-IL-6 antibody show that
IL-6 stimulates production of acute-phase proteins in liver cells [5]. It has been
shown that IL-6 produced in an inflammatory locus is transported to the liver and
binds to the IL-6 receptor (IL-6R) on hepatocytes, which stimulates production of
CRP and SAA. IL-6 is well known as a stimulator of B-lymphocytes to develop into
immunoglobulin-producing cells. Muraguchi et al. demonstrated that IL-6
augments immunoglobulins using pokeweed mitogen-stimulated peripheral mono-
nuclear cells [6]. This phenomenon has been confirmed by administration of murine
recombinant IL-6 to mice [7]. IL-6 is also known as one of the stimulators of
megakaryocytes to regulate platelet counts. Establishment of IL-6 transgenic mice
has revealed dramatic increases in the number of multinucleated megakaryocytes in
their bone marrow [8]. In vitro experiments using murine megakaryocytes showed
that IL-6 promotes the maturation of megakaryocytes [9], and in vivo experiments
by administration of recombinant IL-6 to primates showed elevation of platelet
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counts [10]. Castleman disease is a benign tumor with symptoms including chronic
fever and increases in platelet counts as well as CRP, SAA, and gamma globulin
levels. These symptoms are explainable in terms of IL-6 functions. Indeed, high
levels of IL-6 have been reported in patients with Castleman disease, which
decrease after resection of the lymph node focus. Immunohistochemical analysis
has revealed positivity for IL-6 staining in the germinal center of resected lymph
nodes [11]. Castleman disease can be treated with an anti-IL-6R antibody that
normalizes not only the fever but also CRP, SAA, and immunoglobulins levels, and
platelet counts.

Another action of IL-6 revealed from analyses of IL-6 transgenic mice includes a
proliferative effect on kidney mesangial cells. Suematsu et al. established IL-6
transgenic mice and found that they had splenomegaly, peritoneal lymph node
enlargement, megakaryocyte proliferation in the bone marrow, and proliferation
of kidney mesangial cells [12]. It has also been reported that mesangial proliferative
glomerulonephritis in IL-6 transgenic mice can be prevented by administration of
an anti-IL-6R antibody [13]. In humans, a correlation has been reported between the
urinary IL-6 concentration and histological severity of mesangial proliferation in
IgA nephritis [14].

Kupper et al. reported that neonatal keratinocytes produce high amounts of IL-6
after stimulation with phorbol esters, IL-1, tumor necrosis factor (TNF)- a, and IL-4
[15]. Grossman et al. collected skin biopsies from patients with psoriasis, and
immunohistochemistry and in situ hybridization analyses revealed production of
IL-6 in their psoriatic plaques [16]. These findings suggest that IL-6 may be
involved in epidermal keratinocyte proliferation.

7.2  Elevation of IL-6 in Patients with Systemic Sclerosis

Systemic sclerosis (SSc) is a connective tissue disease characterized by vascular
damage and fibrosis of the skin and internal organs. Although many factors may be
involved in the pathogenesis of SSc, its etiology has been unclear. IL-6 is one of the
factors that might play an important role in the pathogenesis of SSc. Needleman
et al. compared IL-6 levels in the sera of SSc patients with those in normal
individuals and found measurable levels of IL-6 in many sera of the SSc patients
[17]. Feghali et al. conducted primary culture of skin tissue isolated from SSc
patients and reported high concentrations of IL-6 in the culture supernatants
[18]. They analyzed the culture supernatants of skin fibroblasts isolated from an
area of affected skin in a patient with SSc, which contained from 6- to 30-fold
higher concentrations of IL-6 compared with unaffected skin or control skin
fibroblasts. Gurram et al. reported higher production of IL-6 in peripheral mononu-
clear cells isolated from SSc patients than in those from normal individuals
[19]. They cultured peripheral blood mononuclear cells obtained from seven SSc
patients and healthy controls with heparin, concanavalin A, or type I collagen and
found that the supernatants of peripheral blood mononuclear cells cultured with
type I collagen contained a higher amount of IL-6 compared with the controls. Sato
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et al. analyzed 32 cytokines and chemokines in sera from SSc patients and found a
correlation between the skin score and IL-6 levels [20]. Hasegawa et al. analyzed
serum IL-6, soluble IL-6 receptor (sIL-6R), and the soluble form of its signal
transduction molecule gp130 by enzyme-linked immunosorbent assays [21]. The
samples were categorized into either the early stage of SSc (within 3 years from
disease onset) or the late stage (more than 3 years from onset). They found that the
serum samples from the diffuse cutaneous type of SSc at the early stage contained
higher levels of IL-6 than the other group. Khan et al. conducted reverse
transcriptional-polymerase chain reaction analysis and found higher mRNA expres-
sion of IL-6 in cultured fibroblasts isolated from SSc patients compared with
normal fibroblasts [22]. These reports suggest that IL-6 might play a role in the
pathogenesis of SSc. Kawaguchi et al. reported data of in vitro experiments using
an anti-IL-6 antibody. They cultured skin fibroblasts isolated from SSc patients
with or without the anti-IL-6 antibody. The concentrations of type I procollagen in
culture supernatants with the anti-IL-6 antibody were lower than in those without
the antibody [23]. Their report supported the notion that production of sclerotic skin
components can be influenced by IL-6 inhibition.

Furthermore, many reports indicate a relationship between IL-6 and the involve-
ment of internal organs in SSc, especially lung fibrosis. Crestani et al. cultured
alveolar macrophages in bronchoalveolar lavage collected from 11 lung fibrosis
patients with SSc and eight normal subjects [24]. IL-6 levels in the culture
supernatants were higher than normal, although there was little difference in the
response to lipopolysaccharide stimulation between samples from patients with
lung fibrosis and normal subjects. Hasegawa et al. also showed an inverse correla-
tion between serum IL-6 levels and the percentage of vital capacity (%VC) in
patients with early-stage diffuse cutaneous SSc [25]. Similar results were reported
by Scala et al. They measured IL-6 concentrations in sera from 20 SSc patients and
found that the samples from diffuse cutaneous-type SSc patients with lung involve-
ment contained high concentrations of IL-6 [26]. These reports suggest the involve-
ment of IL-6 in lung fibrosis, a major symptom that is frequently observed in SSc
patients.

7.3 IL-6, IL-6R, and Its Signal Transducer Gp130

IL-6 might play an important role in the pathogenesis of SSc, which supports the
application of therapies that inhibit IL-6. The biological functions of IL-6 are
mediated through IL-6R on the cell surface. IL-6R consists of two molecules, the
IL-6R a-chain, narrowly defined as IL-6R, and the signal transduction molecule
gp130. These structures were determined in 1988 [27]. The extracellular region of
IL-6R includes an immunoglobulin-like domain and cytokine receptor family
domain, while the intracytoplasmic region of IL-6R consists of only 82 amino
acids and does not have a signal transduction motif such as a tyrosine kinase
domain. The signal transduction of IL-6 through IL-6R, which lacks a kinase
domain, was elucidated by the discovery of a second molecule named gp130
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[28]. The signal transduction molecule gp130 is 130 kD in size, and molecular
cloning of its cDNA revealed a 918-amino acid sequence. Gp130 has non-receptor
tyrosine kinases, Janus kinases (JAK) 1 and 2. Binding of IL-6 and IL-6R induces
dimerization of gp130 and phosphorylation of JAK. After dimerization of gp130,
there are two pathways for signal transduction. The main pathway operates via
signal transducers and activators of transcription 3 (STAT3), and the other is a
cascade through mitogen-activated protein (MAP) kinase. Interestingly, gp130 has
been found to be expressed ubiquitously on all examined viable cells [29] and acts
as a signal transducer not only for IL-6 but also for a variety of other cytokines such
as oncostatin M, leukemia inhibitory factor, ciliary neurotrophic factor, and IL-11.
Accordingly, the overlapping biological functions of these molecules are explained
by their common signal transducer, gp130 [30].

IL-6R is expressed in cell types of only certain organs, including hepatocytes,
skin keratinocytes, and kidney mesangial cells. However, soluble form of IL-6R
(sIL-6R) exists in serum, and coupling of IL-6 and sIL-6R can induce activation of
gp130 on the cell surface (Fig. 7.2). Therefore, many organs can be stimulated by
IL-6. Consequently, IL-6R inhibition is a novel therapeutic strategy to inhibit IL-6
functions. Anti-gp130 therapy is the other candidate approach, but gpl130 is
expressed on many kinds of cells and acts as a signal transducer for other cytokines.

et 1. Binding of IL-6 to IL-6R

1’. Binding of IL-6-sIL-R complex to gp130

2. Dimerization of gp130

_. 3. Phosphorylation of STAT3

C
Yooy, o Q| STAT3
Nucley Q| STATS
_____ 5. Binding of STAT3 to STAT
&7 binding element

STAT binding element STAT binding element

Fig. 7.2 Schemes of IL-6 signal transduction. IL-6 acts via IL-6R (IL-6R a-chain) on the cell
surface (a). An example of this mechanism is observed in the liver. IL-6 also acts via coupling with
sIL-6R in serum (b), resulting in stimulation of gp130 on the cell surface
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Therefore, inhibition of gp130 might have various adverse effects. In fact, homo-
zygous knockout of gp130 in mice is embryonically lethal [31].

7.4 Therapeutic Effects of Anti-IL-6R Antibodies

Kitaba et al. reported therapeutic effects of an anti-mouse IL-6R antibody in a
bleomycin-induced scleroderma mouse model [32]. They established a skin-
thickening model by daily subcutaneous injection of bleomycin and then
administered a rat anti-mouse IL-6R monoclonal antibody or isotype-matched
control antibody to assess whether the anti-IL-6R antibody suppressed the skin
thickening. Skin hardness was analyzed at bleomycin-injected areas using
Vesmeter which can measure material hardness objectively. Anti-mouse IL-6R
antibody-injected mice showed lower hardness of the skin and histological features
than control antibody-injected mice. Furthermore, they treated mice with
bleomycin for 28 days and then administered the rat anti-mouse IL-6R monoclonal
antibody to confirm its therapeutic effects on skin sclerosis. After 4 weeks of
treatment with the anti-IL-6R antibody or isotype-matched control antibody, skin
hardness at the bleomycin-injected area was low in mice treated with the anti-IL-6R
antibody compared with that in mice treated with the control antibody. Histological
analysis showed that the skin thickness of anti-IL-6R-treated mice was also thinner
than that of control antibody-treated mice.

Therefore, anti-IL-6R antibody therapy is considered as a potential method for
SSc treatment. A monoclonal antibody against human IL-6R, tocilizumab (TCZ),
has already been used as a therapeutic agent for Castleman disease, idiopathic
juvenile arthritis, and rheumatoid arthritis. TCZ exerts effects representative of IL-6
inhibition in these diseases. For example, Castleman disease patients treated with
TCZ show decreases in CRP, SAA, and immunoglobulin levels, and patients with
rheumatoid arthritis show an improvement in joint swelling, decrease in CRP
levels, and correction of their augmented platelet counts. In a 2001 study,
28 patients with Castleman disease received TCZ. All patients showed decreases
in inflammatory parameters such as CRP, fibrinogen, and SAA and increases in
hemoglobin and serum albumin levels. CRP and fibrinogen were completely
normalized in 18 (64.3 %) and 20 (71.4 %) patients, respectively, at week
16 [33]. Nishimoto et al. also reported a multicenter, randomized, and controlled
trial of TCZ for the treatment of rheumatoid arthritis. Three-hundred and six
patients with active rheumatoid arthritis were divided into disease-modifying
antirheumatic drug (DMARD) and TCZ treatment groups. After 52 weeks of
treatment, the TCZ group showed significantly less radiographic changes in the
total modified Sharp score than the DMARD group [34]. These results indicate that
TCZ has the capability to inhibit IL-6 functions.

TCZ is a so-called “humanized” monoclonal antibody because the whole mole-
cule except for the complementary determining region has been replaced with
human immunoglobulin to suppress immunogenic reactions. The anti-TNF-a anti-
body infliximab and anti-CD20 antibody rituximab are chimeric antibodies
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composed of both murine and human proteins. Steroids, immunosuppressants
(especially methotrexate), or antihistamines are administered when these chimeric
antibodies are used to avoid xenobiotic responses. Nevertheless, infusion reactions
or human anti-chimeric antibodies are occasionally observed in patients who are
administered with infliximab. In contrast, the use of TCZ does not require steroids
or immunosuppressants because the immunogenic potential of a humanized anti-
body is quite low. In fact, TCZ has a superior persistence rate than infliximab in
patients with rheumatoid arthritis [35]. Hishitani et al. reported that the drug
persistence rate at 5 years for infliximab and TCZ were 29.8 and 66.8 %,
respectively.

7.5 Application of TCZ to Patients with SSc

Many reports show that IL-6 plays a major role in the pathogenesis of SSc, and TCZ
inhibits IL-6 functions as described above. Therefore, TCZ may have the potential
to treat the symptoms of SSc. We administered TCZ to patients with refractory SSc,
who did not respond to conventional therapy including steroids [36]. After
obtaining informed consent and permission from the ethics committee of Osaka
University Hospital, three patients were intravenously administered with 8 mg/kg
TCZ in 100 mL saline monthly. All patients had diffuse cutaneous SSc, two were
positive for anti-RNA polymerase III antibodies, and the remaining patient was
positive for anti-Scl-70 antibodies. The intervals between disease onset and the start
of administration for the three patients were 3, 2, and 3 years, respectively. As
reported previously, the skin scores were decreased after TCZ administration. A
skin score might have some level of subjective bias because TCZ administration
was not blinded. Therefore, we examined skin properties using Vesmeter device
that measures skin hardness, elasticity, and viscosity. Vesmeter hardness also
showed a decrease after TCZ administration. One patient had joint stiffness due
to sclerosis of the skin and subcutaneous tissue at extremities but not arthritis and no
inflammatory abnormalities such as CRP elevation. We measured the range of
motion (ROM) of each joint every 3 months. The patient showed not only skin
softening but also ROM improvements except in her ankles. This patient required a
wheelchair to move before TCZ treatment, but she was able to walk within 3 years
of treatment [37]. One of the patients presented with pulmonary fibrosis and a lower
%VC than the normal range, but we did not find amelioration in chest computed
tomography (CT) images or pulmonary functions during the treatment. The number
of patients was too small to fully understand the influence of TCZ administration in
patients with SSc, but some reports have presented similar results. Recently,
Fernandes das Neves et al. reported three SSc patients who received 8 mg/kg
TCZ every 4 weeks and observed a reduction in the modified Rodnan skin score
from 17 to 10, from 41 to 25, and from 7 to 5, respectively. They also found that two
patients had cessation of the progression of lung involvement as evaluated both
functionally and radiologically [38]. The influences of TCZ treatment on other
symptoms of SSc that include vascular damage, bowel tract damage including
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esophagus dilatation, and kidney damage are still unclear. However, as mentioned
above, many reports show a relationship between IL-6 and lung fibrosis. Therefore,
lung involvement may be a potential target for TCZ treatment.

Patients with SSc sometimes show pulmonary hypertension. There are no data
concerning TCZ treatment for pulmonary hypertension in SSc, but several reports
have shown the effects of TCZ on pulmonary hypertension in Castleman disease
patients. Castleman disease can lead to secondary pulmonary hypertension, and
Arita et al. reported a patient with Castleman disease and pulmonary hypertension,
who received TCZ [39]. The patient had received bosentan and sildenafil because of
pulmonary hypertension, but their brain natriuretic peptide (BNP) level was still
over 300 pg/mL. They started TCZ to suppress the inflammatory symptoms of
Castleman disease, and it improved her BNP level and 6-min walking distance.
Furuya et al. also presented a case report of Castleman disease, which showed
amelioration of pulmonary hypertension after administration of TCZ [40].

7.6  Hypothesis for the Anti-fibrotic Effect of TCZ

Our case reports have indicated that skin hardness is ameliorated after TCZ
administration. However, the mechanism has not been revealed for this change.
Duncan et al. found production of collagen, glycosaminoglycans, hyaluronic acid,
and chondroitin-4/6-sulfates in human dermal fibroblast cultures treated with
recombinant human IL-6, but little effect on total protein production [41]. It is
thought that certain cells constituting skin may be stimulated by cytokines, such as
IL-6, and produce an extracellular matrix. Sappino et al. reported the existence of
a-smooth muscle actin (a-SMA)-positive fibroblasts, termed myofibroblasts, in
skin tissues of SSc patients. Immunohistochemistry showed that a-SMA-positive
cells were observed in normally healing granulation tissue, hypertrophic scars,
fibromatoses, and scleroderma lesions, but not in normal skin [42]. A correlation
between the degree of a-SMA-positive myofibroblast infiltration and skin hardness
has been reported by Kissin et al. [43]. They examined skin biopsies from
11 patients with diffuse SSc and 10 healthy controls and found that myofibroblasts
and hyalinized collagen scores both correlated with the forearm skin score. Gallucci
et al. evaluated a-SMA-positive cell infiltration in wounded IL-6 knockout mice.
Because it has been reported that IL-6 knockout mice show a lack of wound healing
[44], they examined a-SMA expression in wounded tissues. After wounding,
a-SMA expression was increased in wild-type mice but not in IL-6 knockout
mice. Exogenous addition of recombinant mouse IL-6 to primary cultures of
fibroblasts from IL-6 knockout mice induces a-SMA expression [45]. Furthermore,
Kitaba et al. reported therapeutic effects in a bleomycin-treated SSc model mouse
by injection of an anti-mouse IL-6R antibody as described above. Bleomycin-
treated model mice showed higher a-SMA-positive cell numbers, and administra-
tion of the anti-mouse IL-6R antibody decreased the number of a-SMA-positive
cells [32]. Therefore, IL-6 may induce and stimulate o-SMA-positive
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myofibroblasts to produce an extracellular matrix. Accordingly, IL-6 might play a
pathogenetic role in sclerotic lesions.

7.7 Current State and Future Plans

In our studies, TCZ appears to improve the skin involvement. We believe that a
larger-scale clinical investigation of this therapy is warranted and might provide an
insight into the association between IL-6 and visceral involvement. To evaluate the
therapeutic effect of TCZ on SSc, an open-label trial has been conducted in Japan
(UMINO000005550), and a double-blind, placebo-controlled trial was conducted in
Europe and North America (NCT01532869). Neither studies have yet been
published, but their main results were presented at the 2014 Annual Meeting of
American College of Rheumatology in Boston and 18th Japanese Scleroderma
Study Conference in Tokyo. Interestingly, both sets of data are similar. Some
patients responded well to TCZ treatment by reductions in their skin scores, but
some patients did not show amelioration. Although the disease duration, age,
autoantibodies, and levels of inflammatory mediators such as CRP were analyzed
to reveal differences in the responses, it is currently unknown what kind of SSc
patients is suitable for such treatment.

7.7.1 Study Scale of Clinical Trial for SSc

To determine whether IL-6-inhibiting therapy is effective, there are several
problems to solve. The first is the scale of clinical studies. Our study was conducted
at three hospitals with 13 patients. In the European study, the number of institutes
committed was 50 and the number of patients registered was 87. However, patients
with SSc show a variety of symptoms such as bowel tract disturbance, pulmonary
hypertension, lung fibrosis, and kidney damage. The state of each patient is so
different, and we do not know where the influence of TCZ treatment appears
beforehand. Therefore, a larger number of patients should be needed to determine
the effect of TCZ. The second problem is determining what type of SSc patients are
suitable for TCZ treatment. Because the response to TCZ therapy is different
among patients, we need to find predictive factors for this therapy. A global study
of TCZ therapy for patients with SSc will start in 2015, which will solve these
problems.

7.7.2 Evaluation Method for the Clinical Trial of SSc

The third problem is the evaluation methods to determine the effects of TCZ. In
rheumatoid arthritis, numerous markers represent the disease activity, such as CRP,
fibrinogen, ESR, and SAA. These values are usually combined with findings from
physical examination of the joints to calculate the 28-joint disease activity score,
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clinical disease activity index, and simplified disease activity index. However, there
are no such biological markers for patients with SSc. Nonetheless, the disease
activity of SSc can be indirectly interpreted via the nutritional condition, anemia,
pulmonary function test, and CT imaging. However, in most cases, the evaluation
of the disease activity depends on a modified Rodnan skin score. To examine a new
therapeutic agent in SSc patients, a multicenter blinded study must be conducted.
There is no doubt that the modified Rodnan skin score is clinically useful, but it may
not be suitable for a multicenter trial because it contains a physician’s subjective
judgment. Therefore, the variability is getting bigger if the number of facilities
increases, though a true result of the study is getting closer if the number of cases
increases. To homogenize the object of the study and to suppress a dispersion of
clinical evaluation, the assessors have to be fixed, and preliminary discussion for
assessors is needed. Furthermore, as mentioned above, IL-6 is a pleiotropic cyto-
kine, so the effect of TCZ may present in a variety of regions including the skin,
lung, tendon, and bowel tissue. A multiplex scoring system and an objective
“demarche” for skin tissue will be required.

7.8 Conclusion

IL-6 is a pleiotropic cytokine, and it is one of the factors that might play an
important role in pathogenesis of SSc. Humanized anti-IL-6 receptor antibody,
TCZ, has presented the inhibitory effect to IL-6 functions in patients with RA or
Castleman disease. Therefore, TCZ is considered as a potential medicine for SSc
treatment. To establish the therapeutic effect, a larger-scale study and objective
evaluation methods are required.

References

—

. Okada M, Sakaguchi N, Yoshimura N, Hara H, Shimizu K, Yoshida N, et al. B cell growth
factors and B cell differentiation factor from human T hybridomas. Two distinct kinds of B cell
growth factor and their synergism in B cell proliferation. J Exp Med. 1983;157:583-90.

2. Hirano T, Yasukawa K, Harada H, Taga T, Watanabe Y, Matsuda T, et al. Complementary
DNA for a novel human interleukin (BSF-2) that induces B lymphocytes to produce immuno-
globulin. Nature. 1986;324:73-6.

3. Nijsten MW, de Groot ER, ten Duis HJ, Klasen HJ, Hack CE, Aarden LA. Serum levels of
interleukin-6 and acute phase responses. Lancet. 1987;2:921.

4. Geiger T, Andus T, Klapproth J, Hirano T, Kishimoto T, Heinrich PC. Induction of rat acute-
phase proteins by interleukin 6 in vivo. Eur J Immunol. 1988;18:717-21.

5. Gauldie J, Richards C, Harnish D, Lansdorp P, Baumann H. Interferon beta 2/B-cell stimula-
tory factor type 2 shares identity with monocyte-derived hepatocyte-stimulating factor and
regulates the major acute phase protein response in liver cells. Proc Natl Acad Sci U S
A. 1987;84:7251-5.

6. Muraguchi A, Hirano T, Tang B, Matsuda T, Horii Y, Nakajima K, Kishimoto T. The essential

role of B cell stimulatory factor 2 (BSF-2/IL-6) for the terminal differentiation of B cells. J Exp

Med. 1988;167:332—44.



Interleukin-6 in the Pathogenesis of Systemic Sclerosis 113

10.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

. Takatsuki F, Okano A, Suzuki C, Chieda R, Takahara Y, Hirano T, Kishimoto T, Hamuro J,

Akiyama Y. Human recombinant IL-6/B cell stimulatory factor 2 augments murine antigen-
specific antibody responses in vitro and in vivo. J Immunol. 1988;141:3072-7.

. Suematsu S, Matsusaka T, Matsuda T, Ohno S, Miyazaki J, Yamamura K, Hirano T,

Kishimoto T. Generation of plasmacytomas with the chromosomal translocation t(12;15) in
interleukin 6 transgenic mice. Proc Natl Acad Sci U S A. 1992;89:232-5.

. Ishibashi T, Kimura H, Uchida T, Kariyone S, Friese P, Burstein SA. Human interleukin 6 is a

direct promoter of maturation of megakaryocytes in vitro. Proc Natl Acad Sci U S
A. 1989;86:5953-7.

Asano S, Okano A, Ozawa K, Nakahata T, Ishibashi T, Koike K, Kimura H, Tanioka Y,
Shibuya A, Hirano T, et al. In vivo effects of recombinant human interleukin-6 in primates:
stimulated production of platelets. Blood. 1990;75:1602-5.

. Yoshizaki K, Matsuda T, Nishimoto N, Kuritani T, Tacho L, Aozasa K, Nakahata T, Kawai H,

Tagoh H, Komori T, et al. Pathogenic significance of interleukin-6 (IL-6/BSF-2) in
Castleman’s disease. Blood. 1989;74:1360-7.

Suematsu S, Matsuda T, Aozasa K, Akira S, Nakano N, Ohno S, Miyazaki J, Yamamura K,
Hirano T, Kishimoto T. IgG1 plasmacytosis in interleukin 6 transgenic mice. Proc Natl Acad
Sci U S A. 1989;86:7547-51.

. Katsume A, Saito H, Yamada Y, Yorozu K, Ueda O, Akamatsu K, Nishimoto N, Kishimoto T,

Yoshizaki K, Ohsugi Y. Anti-interleukin 6 (IL-6) receptor antibody suppresses Castleman’s
disease like symptoms emerged in IL-6 transgenic mice. Cytokine. 2002;20:304—11.

Horii Y, Muraguchi A, Iwano M, Matsuda T, Hirayama T, Yamada H, Fujii Y, Dohi K,
Ishikawa H, Ohmoto Y, et al. Involvement of IL-6 in mesangial proliferative glomerulone-
phritis. J Immunol. 1989;143:3949-55.

Kupper TS, Min K, Sehgal P, Mizutani H, Birchall N, Ray A, May L. Production of IL-6 by
keratinocytes. Implications for epidermal inflammation and immunity. Ann N Y Acad Sci.
1989;557:454-64.

Grossman RM, Krueger J, Yourish D, Granelli-Piperno A, Murphy DP, May LT, Kupper TS,
Sehgal PB, Gottlieb AB. Interleukin 6 is expressed in high levels in psoriatic skin and
stimulates proliferation of cultured human keratinocytes. Proc Natl Acad Sci U S
A. 1989;86:6367-71.

Needleman BW, Wigley FM, Stair RW. Interleukin-1, interleukin-2, interleukin-4, interleu-
kin-6, tumor necrosis factor alpha, and interferon-gamma levels in sera from patients with
scleroderma. Arthritis Rheum. 1992;35:67-72.

Feghali CA, Bost KL, Boulware DW, Levy LS. Mechanisms of pathogenesis in scleroderma.
I. Overproduction of interleukin 6 by fibroblasts cultured from affected skin sites of patients
with scleroderma. J Rheumatol. 1992;19:1207-11.

Gurram M, Pahwa S, Frieri M. Augmented interleukin-6 secretion in collagen-stimulated
peripheral blood mononuclear cells from patients with systemic sclerosis. Ann Allergy.
1994;73:493-6.

Sato S, Hasegawa M, Takehara K. Serum levels of interleukin-6 and interleukin-10 correlate
with total skin thickness score in patients with systemic sclerosis. J Dermatol Sci.
2001;27:140-6.

Hasegawa M, Sato S, Fujimoto M, Thn H, Kikuchi K, Takehara K. Serum levels of interleukin
6 (IL-6), oncostatin M, soluble IL-6 receptor, and soluble gp130 in patients with systemic
sclerosis. J Rheumatol. 1998;25:308—-13.

Khan K, Xu S, Nihtyanova S, Derrett-Smith E, Abraham D, Denton CP, Ong VH. Clinical and
pathological significance of interleukin 6 overexpression in systemic sclerosis. Ann Rheum
Dis. 2012;71:1235-42. doi:10.1136/annrheumdis-2011-200955.

Kawaguchi Y, Hara M, Wright TM. Endogenous IL-1alpha from systemic sclerosis fibroblasts
induces IL-6 and PDGF-A. J Clin Invest. 1999;103:1253-60.


http://dx.doi.org/10.1136/annrheumdis-2011-200955

114 Y. Shima

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Crestani B, Seta N, De Bandt M, Soler P, Rolland C, Dehoux M, Boutten A, Dombret MC,
Palazzo E, Kahn MF, et al. Interleukin 6 secretion by monocytes and alveolar macrophages in
systemic sclerosis with lung involvement. Am J Respir Crit Care Med. 1994;149:1260-5.
Hasegawa M, Fujimoto M, Matsushita T, Hamaguchi Y, Takehara K, Sato S. Serum chemo-
kine and cytokine levels as indicators of disease activity in patients with systemic sclerosis.
Clin Rheumatol. 2011;30:231-7. doi:10.1007/s10067-010-1610-4.

Scala E, Pallotta S, Frezzolini A, Abeni D, Barbieri C, Sampogna F, De Pita O, Puddu P,
Paganelli R, Russo G. Cytokine and chemokine levels in systemic sclerosis: relationship with
cutaneous and internal organ involvement. Clin Exp Immunol. 2004;138:540-6.

Yamasaki K, Taga T, Hirata Y, Yawata H, Kawanishi Y, Seed B, Taniguchi T, Hirano T,
Kishimoto T. Cloning and expression of the human interleukin-6 (BSF-2/IFN beta 2) receptor.
Science. 1988;241:825-8.

Taga T, Hibi M, Hirata Y, Yamasaki K, Yasukawa K, Matsuda T, Hirano T, Kishimoto
T. Interleukin-6 triggers the association of its receptor with a possible signal transducer,
gp130. Cell. 1989;58:573-81.

Saito M, Yoshida K, Hibi M, Taga T, Kishimoto T. Molecular cloning of a murine IL-6
receptor-associated signal transducer, gp130, and its regulated expression in vivo. J Immunol.
1992;148:4066-71.

Kishimoto T, Akira S, Narazaki M, Taga T. Interleukin-6 family of cytokines and gp130.
Blood. 1995;86:1243-54.

Yoshida K, Taga T, Saito M, Suematsu S, Kumanogoh A, Tanaka T, Fujiwara H, Hirata M,
Yamagami T, Nakahata T, Hirabayashi T, Yoneda Y, Tanaka K, Wang WZ, Mori C, Shiota K,
Yoshida N, Kishimoto T. Targeted disruption of gp130, a common signal transducer for the
interleukin 6 family of cytokines, leads to myocardial and hematological disorders. Proc Natl
Acad Sci U S A. 1996;93:407-11.

Kitaba S, Murota H, Terao M, Azukizawa H, Terabe F, Shima Y, Fujimoto M, Tanaka T,
Naka T, Kishimoto T, Katayama I. Blockade of interleukin-6 receptor alleviates disease in
mouse model of scleroderma. Am J Pathol. 2012;180:165-76. doi:10.1016/j.ajpath.2011.09.
013.

Nishimoto N, Kanakura Y, Aozasa K, Johkoh T, Nakamura M, Nakano S, Nakano N, Ikeda Y,
Sasaki T, Nishioka K, Hara M, Taguchi H, Kimura Y, Kato Y, Asaoku H, Kumagai S,
Kodama F, Nakahara H, Hagihara K, Yoshizaki K, Kishimoto T. Humanized anti-interleu-
kin-6 receptor antibody treatment of multicentric Castleman disease. Blood.
2005;106:2627-32.

Nishimoto N, Hashimoto J, Miyasaka N, Yamamoto K, Kawai S, Takeuchi T, Murata N, van
der Heijde D, Kishimoto T. Study of active controlled monotherapy used for rheumatoid
arthritis, an IL-6 inhibitor (SAMURALI): evidence of clinical and radiographic benefit from an
x ray reader-blinded randomised controlled trial of tocilizumab. Ann Rheum Dis.
2007;66:1162-7.

Hishitani Y, Ogata A, Shima Y, Hirano T, Ebina K, Kunugiza Y, Shi K, Narazaki M,
Hagihara K, Tomita T, Yoshikawa H, Tanaka T, Kumanogoh A. Retention of tocilizumab
and anti-tumour necrosis factor drugs in the treatment of rheumatoid arthritis. Scand J
Rheumatol. 2013;42:253-9. doi:10.3109/03009742.2012.762037.

Shima Y, Kuwahara Y, Murota H, Kitaba S, Kawai M, Hirano T, Arimitsu J, Narazaki M,
Hagihara K, Ogata A, Katayama I, Kawase I, Kishimoto T, Tanaka T. The skin of patients with
systemic sclerosis softened during the treatment with anti-IL-6 receptor antibody tocilizumab.
Rheumatology (Oxford). 2010;49:2408—12. doi:10.1093/rheumatology/keq275.

Shima Y, Hosen N, Hirano T, Arimitsu J, Nishida S, Hagihara K, Narazaki M, Ogata A,
Tanaka T, Kishimoto T, Kumanogoh A. Expansion of range of joint motion following
treatment of systemic sclerosis with tocilizumab. Mod Rheumatol. 2015;25:134-7. doi:10.
3109/14397595.2013.874749.


http://dx.doi.org/10.1007/s10067-010-1610-4
http://dx.doi.org/10.1016/j.ajpath.2011.09.013
http://dx.doi.org/10.1016/j.ajpath.2011.09.013
http://dx.doi.org/10.3109/03009742.2012.762037
http://dx.doi.org/10.1093/rheumatology/keq275
http://dx.doi.org/10.3109/14397595.2013.874749
http://dx.doi.org/10.3109/14397595.2013.874749

Interleukin-6 in the Pathogenesis of Systemic Sclerosis 115

38.

39.

40.

41.

42.

43.

44,

45.

Fernandes das Neves M, Oliveira S, Amaral MC, Delgado Alves J. Treatment of systemic
sclerosis with tocilizumab. Rheumatology (Oxford). 2015;54:371-2. doi:10.1093/rheumatol
ogy/keu43s.

Arita Y, Sakata Y, Sudo T, Maeda T, Matsuoka K, Tamai K, Higuchi K, Shioyama W,
Nakaoka Y, Kanakura Y, Yamauchi-Takihara K. The efficacy of tocilizumab in a patient
with pulmonary arterial hypertension associated with Castleman’s disease. Heart Vessels.
2010;25:444-7. doi:10.1007/s00380-009-1215-5.

Furuya Y, Satoh T, Kuwana M. Interleukin-6 as a potential therapeutic target for pulmonary
arterial hypertension. Int J Rheumatol. 2010. doi:10.1155/2010/720305.

Duncan MR, Berman B. Stimulation of collagen and glycosaminoglycan production in
cultured human adult dermal fibroblasts by recombinant human interleukin 6. J Invest
Dermatol. 1991;97:686-92.

Sappino AP, Masouy¢ I, Saurat JH, Gabbiani G. Smooth muscle differentiation in scleroderma
fibroblastic cells. Am J Pathol. 1990;137:585-91.

Kissin EY, Merkel PA, Lafyatis R. Myofibroblasts and hyalinized collagen as markers of skin
disease in systemic sclerosis. Arthritis Rheum. 2006;54:3655-60.

Gallucci RM, Simeonova PP, Matheson JM, Kommineni C, Guriel JL, Sugawara T, Luster
MI. Impaired cutaneous wound healing in interleukin-6-deficient and immunosuppressed
mice. FASEB J. 2000;14:2525-31.

Gallucci RM, Lee EG, Tomasek JJ. IL-6 modulates alpha-smooth muscle actin expression in
dermal fibroblasts from IL-6-deficient mice. J Invest Dermatol. 2006;126:561-8.


http://dx.doi.org/10.1093/rheumatology/keu435
http://dx.doi.org/10.1093/rheumatology/keu435
http://dx.doi.org/10.1007/s00380-009-1215-5
http://dx.doi.org/10.1155/2010/720305

Epigenetics

Masatoshi Jinnin

Abstract

Inherited genetic factors cannot fully explain the pathogenesis of systemic
sclerosis. Environmental factors may also be involved in the pathogenesis, and
recent researches have suggested that epigenetics play a role by mediating
influence of the environmental factors. This chapter discusses the present-day
understanding about the abnormalities in epigenetics including methylation,
histone modification, and noncoding RNAs in this disease.

DNA methylation was dysregulated in fibroblasts, lymphocytes, and endo-
thelial cells of systemic sclerosis. Histone modification in fibroblasts or
lymphocytes may be correlated with skin fibrosis in systemic sclerosis.
MicroRNAs have been implicated in the various symptoms of systemic sclerosis
and may become potential biomarkers and therapeutic targets. The clarification
of the mechanism by which epigenetic abnormalities contribute to the pathogen-
esis of the disease may lead to the development of new diagnostic tools and new
treatments.

Keywords
Methylation « Histone modification « Noncoding RNA

8.1 Introduction

After the first description of DNA double-helix structure with Dr. James Watson in
1953, Dr. Francis Crick proposed the concept “Central dogma of molecular biol-
ogy,” which is that “DNA makes RNA makes proteins” and “the genetic
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information flows from DNA to protein via RNA.” Genomic DNA is thought to act
as a template for mRNA synthesis by a process called transcription in
chromosomes, and the mRNA carries coded genetic information to ribosomes,
which translates this information into protein. Accordingly, the Human Genome
Project, started in 1991 and completed in 2003, was prospected to clarify the entire
mechanisms of the diversity of life. However, the project revealed that DNA
sequence itself cannot completely explain such diversity and indicated that genome
analysis is not a goal of life science or medical science.

One of the other important research fields to explain the biological diversity is
epigenetics: it studies the mechanisms by which heritable information other than
DNA sequence (e.g., mutations or polymorphisms) can influence gene activity or
gene expression postnatally. Epigenetics is proven to be involved in a lot of cellular
processes by switching genes on or off and by deciding which proteins are tran-
scribed. For example, all cells in the human body basically develop from a single
fertilized egg and have the same DNA sequences. However, they can differentiate
into various tissues and organs, because they have certain sets of genes that are
turned on or off by the epigenetic changes. Epigenetics can also explain why
identical twins with identical DNA sequences show different phenotypes as they
grow up. Accordingly, epigenetic changes may be able to control the gene expres-
sion to the same extent as the DNA sequences themselves.

Epigenetics includes several processes such as DNA methylation or histone
modification. For example, hypermethylation of promoter regions containing
increased frequency of the CG sequence compared with other regions (so-called
CpG islands) causes gene inactivation. Thus, the same DNA sequences with
different methylated statuses may result in different promoter activities and gene
expression. Acetylation, phosphorylation, or ubiquitylation of histone also altered
chromatin states, which leads to the changes in promoter activities. Furthermore,
RNA silencing or RNA interference (RNAi) by noncoding RNAs is recently paid
attention for their regulation of gene expression in cooperation with DNA methyla-
tion or histone modifications.

Systemic sclerosis (SSc) shows similar concordance rates between monozygotic
and dizygotic twin pairs, and the genetic heritability for SSc is reported to be only
0.008 [1, 2], indicating that inherited genetic factors cannot fully explain the
pathogenesis of disease. Environmental factors may also be involved in the patho-
genesis, and recent researches have suggested that they affect on epigenetics in
autoimmune disorders or collagen diseases. This chapter discusses the present-day
understanding about the epigenetic abnormalities in SSc.

8.2 DNA Methylation

DNA methylation is one of the core epigenetic mechanisms that has been widely
studied. The methylation is mainly controlled by DNA methyltransferases, in
cooperation with S-adenosyl-methionine as the methyl donor, which transfers a
methyl group on cytosine residues of DNA to form 5-methylcytosine [2, 3]. The
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DNA methyltransferases are also thought to be involved in the removal of methyl
groups from DNA as well as the addition. They are classified into de novo DNA
methyltransferases (DNMT3a, DNMT3b, and DNMT3L), which control methyla-
tion during embryonic development, and maintenance DNA methyltransferases
(DNMT1, DNMT2), which maintain existing methylation pattern and regulate its
inheritance during DNA replication [4]. Cytosine-phosphate-guanine (CpG) motifs
are usually methylated, but CpG islands, CpG-rich regions within gene promoter
regions of many genes, are basically unmethylated. If the promoter region is highly
methylated, the transcription will be inhibited due to decreased binding of tran-
scription factors and increased binding of methyl-CpG-binding domain proteins
(Fig. 8.1). On the other hand, lower methylation of the promoter will result in the
activated transcription. Through the posttranscriptional gene regulation, DNA
methylation plays a central role in mammalian embryonic development,
X-chromosome inactivation, genomic imprinting, and lineage specification [2, 5].

A lot of cell types including fibroblasts, lymphocytes, and endothelial cells are
thought to be involved in the pathogenesis of SSc, and abnormality in DNA
methylation has been reported in each cell type [2]. For example, Friend leukemia
integration 1 (Flil) transcription factor negatively regulates collagen transcription,
and its expression is constitutively downregulated in cultured dermal fibroblasts
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derived from affected SSc skin [6]. Mice with double heterozygous deficiency of
KIf5 and Flil mimic the fibrosis as well as vasculopathy of the SSc skin and lung, B
cell activation, and autoantibody production [7]. Thus, the downregulation of Flil
may induce the pathogenic triad of SSc. The Flil downregulation as well as type I
collagen overexpression in cultured SSc dermal fibroblasts was recovered by the
treatment with the DNA methyltransferase inhibitor 2-deoxy-5-azacytidine
[8]. Consistently, aberrant DNMT1 expression and DNA demethylase activity in
SSc fibroblasts were also reported [9, 10]. Levels of methyl-CpG DNA-binding
domain protein 1 (MBD1), MBD2, and methyl-CpG-binding protein 2 (MeCP2)
were reported to be significantly increased in SSc fibroblasts compared with healthy
fibroblasts [3]. These changes may result in the increased methylation status in the
Flil promoter region and may mediate excessive collagen overexpression in SSc
fibroblasts over multiple generations by cellular epigenetic inheritance [3].

DNA methylation in lymphocytes has also been well investigated in SSc
patients. Different from SSc fibroblasts, the expression of several methylation-
related genes including DNMT1, MBD3, and MBD4 was reported to be signifi-
cantly decreased in SSc CD4+ T lymphocytes [11]. Consistently, global DNA
hypomethylation was observed in the CD4+ T cells of SSc patients compared to
those of normal subjects. Thus, the pattern of global methylation is different in each
cell type of SSc patients, which may reflect various symptoms seen in these patients
[3]. The hypomethylation in CD4+ T cells is also found in SLE patients
[11]. Although the regulatory mechanism underlying in the hypomethylation is
still to be clarified, several studies indicated the abnormalities in the extracellular
signal-regulated kinase (ERK) signaling pathway leading to the hypomethylation in
SLE [12]. There is a speculation that similar mechanisms may exist in SSc
[3]. Hypomethylation of genes in CD4+ T cells may cause reactivation of LINE-
1 retrotransposable elements, which may contribute to the autoimmunity [13]. Fur-
thermore, hypomethylation of the CD70 promoter is thought to induce the
overexpression of CD70 seen in SSc CD4+ T cells [14]. CD70 is one of the B
cell co-stimulatory molecules expressed on activated B cells and T cells.
Co-stimulation of these cells is important for the development of immune response,
and its abnormality may be involved in the pathogenesis of SLE or RA [3]. Simi-
larly, adhesion molecule integrin A is also overexpressed in SSc CD4+ T cells,
which may be caused by the hypomethylation of its promoter region [3]. To note,
the methylation may also explain the female preponderance of the disease: DNA
methylation plays a main role in X-chromosome inactivation as described above,
and the gene of CD40 ligand is encoded on the X chromosome. CD40 ligand is
thought to contribute to the pathogenesis of SSc by its various functions including
activating B cell, and its expression is increased in CD4+ T cells of female SSc
patients [2]. The demethylation of CD40 ligand promoter on the inactive X chro-
mosome was demonstrated in female SSc patients, which results in the CD40 ligand
overexpression [15, 16]. The reactivation of genes by the hypomethylation of
usually methylated X chromosomes of female SSc patients may cause the female
gender bias in the disease. Consistent with this notion, Selmi et al. also reported
reactivation of the normally methylated X chromosome in female SSc patients, by
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comparing the methylation profile of all X-chromosome genes in peripheral blood
mononuclear cells obtained from monozygotic twins discordant and concordant for
SSc [17].

In endothelial cells of SSc patients, increased DNMT 1 expression and decreased
DNA demethylase activity were reported [9]. Resulting DNA hypermethylation is
thought to control nitric oxide synthases (NOSs): nitric oxide (NO) can inhibit
leukocyte endothelium adhesion, platelet aggregation, and vascular smooth muscle
cell proliferation, via its antithrombotic and antiatherogenic effects [2]. NOSs play
a central role in the synthesis of NO from L-arginine and consist of three isoforms
including NOS1 (neuronal NOS), NOS2 (inducible NOS), and NOS3 (endothelial
NOS, eNOS). Among them, NOS3 expression is reported to be suppressed in the
vascular endothelial cells of SSc patients by the hypermethylation [3, 18]. Further-
more, the expression of bone morphogenetic protein receptor type II (BMPRII),
which is involved in the pathogenesis of familial pulmonary arterial hypertension,
was significantly decreased in SSc microvascular endothelial cells, due to the
hypermethylation of the promoter region [19]. And the decreased level of BMPRII
in SSc endothelial cells was recovered by the addition of 2-deoxy-5-azacytidine.

8.3 Histone Modifications

Chromatins consist of nucleosomes, which are comprised of 147 bp double-
stranded DNA wrapped around an octamer of small basic proteins called histones.
The histones are classified into linker histones (H1 and H5) and core histones (H2A,
H2B, H3, and H4). These histones are highly conserved protein family that can
package and organize genome. The N-terminal tails of histone proteins underwent
more than 100 posttranslational modifications including acetylation, methylation,
phosphorylation, deimination, ADP ribosylation, ubiquitylation, and sumoylation.
These modifications affect the structure of nucleosomes and change the transcrip-
tional activity of genes. Among them, acetylation and methylation are the two main
histone changes. Histone acetylation is one of the most well-investigated
modifications and usually leads to transcriptional activation. Acetylation is con-
trolled by histone acetyltransferases (HATs) and histone deacetylases (HDACS):
HATS transfer an acetyl group from acetyl coenzyme A (CoA) to the lysine side
chains, which reduces the interaction between the histone and DNA, opens the
chromatin structure, and promotes transcriptional activities of genes [2]. HDACs
remove the acetyl group from the lysine of histone molecule and close the chroma-
tin structure. On the other hand, histone methylation occurs on various positions of
lysine. For example, methylation at histone H3 lysine 4 (H3K4) usually promotes
transcriptional activities of genes, whereas trimethylation of H3K27 (H3K27me3)
suppresses them [3, 20].

HDAC inhibitor, trichostatin A, reduced transforming growth factor
(TGF)-p-induced mRNA expression of al(I) collagen and fibronectin in both
normal and SSc skin fibroblasts [21]. Furthermore, protein overexpression of total
collagen was normalized by trichostatin A treatment in SSc skin fibroblasts, via the
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inhibition of nuclear translocation and DNA binding of Smad3 or Smad4.
Trichostatin A also prevented dermal accumulation of extracellular matrix in
bleomycin-induced skin fibrosis mice model. Thus, histone deacetylation may
contribute to the tissue fibrosis of SSc, and trichostatin A may have therapeutic
potential against fibrosis. As a further detailed mechanism, among the HDAC
family, HDAC-3 or HDAC-7 was up- or downregulated by trichostatin A treatment
in SSc dermal fibroblasts, respectively [22]. Silencing of HDAC-7 decreased the
overexpression of collagens in these cells, but not affected the expression of
fibronectin. Taken together, HDAC-7 may mediate the collagen regulation by
trichostatin A specifically and can represent a putative target for the anti-fibrotic
therapy. To note, a report of the decreased levels of anti-HDAC-3 antibodies in the
sera of SSc patients also indicate the possible involvement of HDAC in the
pathogenesis of SSc [2]. Wan et al. reported that the expression of HDAC-1 and
HDAC-6 is upregulated in SSc dermal fibroblasts [8]. They also showed that there
was a significant reduction in the acetylated forms of histones H3 and H4 in Flil
promoter of SSc fibroblasts. These changes may cause deacetylation of Flil pro-
moter in SSc fibroblasts and resulting Flil downregulation. In addition, Kramer
et al. found that H3K27me3 is increased in SSc fibroblasts, and the inhibition of
H3K27me3 stimulates the expression of collagen [23].

In B lymphocytes of SSc patients, expression of JHDM2A was significantly
upregulated, whereas HDAC-2, HDAC-7, and SUV39H2 were significantly
downregulated compared to control cells [24]. On the other hand, global hyperace-
tylation of histone H4 was negatively correlated with the HDAC-2 expression, and
global hypomethylation of histone H3K9 was positively correlated with the expres-
sion of SUV39H2 protein in SSc B cells. Furthermore, global H4 acetylation was
positively correlated with disease activity, while HDAC-2 expression was nega-
tively correlated with skin thickness. Taken together, these findings suggest that
histone modifications are also dysregulated in B cells of SSc patients, which may
play a part in the pathogenesis of the disease.

8.4 Noncoding RNAs

Noncoding RNAs are a lot of different classes of small or long RNAs with their own
functions and properties (Fig. 8.2). Among them, long noncoding RNAs (IncRNAs)
are RNA molecules more than 200-nucleotide long and can be present in both
nuclear and cytosolic fractions of cells. There are thought to be more than 20,000
IncRNAs in the human genome. RNA silencing or RNA interference (RNAI) is one
of the most famous functions of noncoding RNAs, but IncRNAs can also function in
various biological processes other than RNA silencing, such as transcriptional
activation, translational regulation, chromatin modification, nuclear-cytoplasmic
trafficking, DNA methylation, cell differentiation, and cell cycle regulation [25].
Through these functions, IncRNAs are thought to play a role in the pathogenesis
of several human diseases, especially malignancies [26, 27]. Although IncRNAs in
collagen diseases or skin diseases have hardly been investigated so far, Cao
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et al. recently analyzed the differentially expressed IncRNAs and mRNA profiles
between fibrotic lungs of rat model and normal lung tissues using microarrays
[28]. In the fibrotic lungs of rats, 210 and 358 IncRNAs were upregulated and
downregulated, respectively. Among the upregulated IncRNAs, the authors
identified two IncRNAs, namely, AJ005396 and S69206. AJ005396 and S69206
were located in the cytoplasm of the interstitial cells of the fibrotic lung tissues.
Thus, IncRNAs may be involved in the etiology of lung fibrosis. We also tried to
evaluate the possibility that IncRNAs play some roles in the pathogenesis of SSc,
especially in the constitutive overexpression of type I collagen. Among IncRNAs,
we focused on XIST, because it is X-chromosome inactivation-related gene and
X-inactivation is very important in the female preponderance of this disease, as
described above. However, we found TSIX, the antisense of XIST, was
overexpressed in SSc dermal fibroblasts both in vivo and in vitro (Wang Z,
et al. In submission). The overexpression was inhibited by the transfection of
TGF-p1 siRNA. TSIX siRNA reduced the protein expression of type I collagen in
SSc dermal fibroblasts, via the significant reduction of collagen mRNA stability.
Accordingly, TSIX may be a new regulator of collagen in dermal fibroblasts. A
better understanding of the contribution of IncRNAs to the pathogenesis of SSc will
lead to new therapeutic targets.

On the other hand, small noncoding RNA includes microRNAs (miRNAs),
small nuclear RNAs (snRNAs), or small nucleolar RNAs (snoRNAs). For example,
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snRNAs are thought to control RNA splicing as a component of the integral cellular
machinery so-called spliceosome, in the maturation of eukaryotic precursor mRNA.
snoRNAs are modifier of ribosomal RNAs (rRNAs), which regulate the cleavage of
long pre-rRNAs into its functional subunits such as 18S or 28S. snoRNAs can also
add finishing modifications to the rRNA subunits. miRNAs are a family of small
RNAs that is on average 22-nucleotide long. They bind to complementary
sequences in the three-prime untranslated regions (3’ UTRs) of target mRNAs,
mainly leading to the inhibition of gene expression [29, 30]. Among the miRNAs,
lin-4 was first identified as a regulator of developmental timing in the nematode
Caenorhabditis elegans (C. elegans) in 1993 [31]. Subsequently, lethal-7 (let-7)
was discovered in the nematode in 2000 [32], and to date, there are thought to be
more than 2,500 miRNAs in the human genome.

In the maturation process of miRNA, primary miRNAs are first transcribed as
longer transcripts about several hundred to a few thousand nucleotides from the
noncoding regions of genome [33, 34]. Microprocessor complex consisted of
Drosha and DGCRS cleaves the primary miRNAs into precursor miRNAs, 60—70
nucleotide double-stranded stem-loop structure. Exportin 5 transports the precursor
miRNAs from the nucleus to the cytoplasm, and the stem-loop of the precursor was
cleaved by the endonuclease Dicerl. The cleavage leads to the production of mature
double-stranded miRNA, two complementary short RNA molecules. Each strand
may be degraded by Argonaute protein, the catalytically active RNAse in the
RNA-induced silencing complex (RISC), or can function as a single-stranded
mature miRNA by being integrated into the RISC. RISC binds to the complemen-
tary sequences in the 3' UTRs of target mRNAs [35], leading to gene silencing by
mRNA degradation or the repression of mRNA translation. The upregulation of
miRNA usually results in the inhibition of target protein expression, while its
downregulation leads to the induction of target proteins. Different from siRNA
that knocks down transcriptional levels of the single target molecule, miRNAs have
multiple targets. To predict putative target mRNAs of each miRNA, several
computational programs are available on the web: microRNA.org (August 2010
Release, http://www.microrna.org/microrna/getGeneForm.do), PicTar (Last
update: March 26, 2007, http://pictar.mdc-berlin.de), and TargetScan (version
6.2, http://www.targetscan.org) [36-39]. Through above functions, miRNAs are
found to control cellular activities including cell proliferation, migration, or devel-
opment in vitro as well as contribute to various biological events such as angiogen-
esis, immune response, or carcinogenesis in vivo. For example, in innate immunity,
miR-155 regulates the response to inflammation in macrophages and lymphocytes
[40—42]. Furthermore, miR-155 targets IL-1 signal via targeting TAKI1-binding
protein 2 (TAB2), a molecule involved in Toll-like receptor/IL-1 inflammatory
pathway in human dendritic cells. In addition, the transcription factor PU.1 is one of
the direct targets of miR-155: PU.1 regulates DC-specific intercellular adhesion
molecule 3-grabbing non-integrin (DC-SIGN), which mediates the capture and
internalization of viral, bacterial, or fungal pathogens by human dendritic cells,
resulting in the modulation of pathogen-binding ability of these cells. On the other
hand, in adaptive immunity, miR-181a targets multiple phosphatases, and affects
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on T cell sensitivity and selection during T cell development, leading to the
elevated steady-state levels of phosphorylated intermediates and the reduced T
cell receptor signaling threshold [42, 43]. Furthermore, miR-155 negatively
regulates the expression of suppressor of cytokine signaling (SOCS) 1, an inhibitor
of IL-2 receptor signal, and maintains the homeostasis of regulatory T cells
[44]. Accordingly, miR-155 is implicated in both innate immunity and adaptive
immunity.

The contribution of miRNAs to the mechanisms of tissue fibrosis has also been
vigorously investigated [45]. miRNAs in fibrotic tissues are first investigated in
cardiac fibrosis. For example, acute myocardial infarction due to coronary artery
occlusion causes pathological remodeling response including cardiac fibrosis,
which impairs cardiac contractility [46]. Myocardial infarction induces the
downregulation of miR-29 family in the region of the heart adjacent to the infarct.
The targets of miR-29 family include several fibrosis-related molecules such as
multiple collagens, fibrillins, and elastin. Accordingly, the downregulation of
miR-29 family may trigger the upregulation of fibrosis-related molecules and
subsequent fibrotic response.

8.5 miRNAs in the Skin of SSc

A lot of researches have shown the roles of miRNAs in the pathogenesis of SSc. In
2010, Maurer et al. described that miR-29a was strongly downregulated in cultured
SSc dermal fibroblasts, involving skin of SSc and mice model of bleomycin-
induced skin fibrosis as compared with the controls [47]. miR-29 forced knockdown
in cultured normal dermal fibroblasts significantly increased the levels of mRNA
and protein for type I and type III collagen, and forced overexpression in SSc
fibroblasts decreased them. Pre-miR-29a transfection significantly downregulated
the collagen luciferase activity, indicating a direct regulation of collagen by
miR-29a. Fibrosis-related cytokines including TGF-p1, platelet-derived growth
factor (PDGF)-B, or interleukin (IL)-4 reduced the levels of miR-29a in normal
fibroblasts. This is the first evidence of contribution of miRNAs to the pathogenesis
of SSc.

Next, Li et al. performed miRNA microarray chip analysis and compared the
miRNA expression profiles of SSc skin and healthy controls [48]. As a result, nine
miRNAs were upregulated and 15 miRNAs were downregulated in SSc skin by the
array. Among them, the expression of three miRNAs (miR-206, miR-125b, and
let-7g) was validated by real-time PCR. For example, miR-125b is the putative
regulator of various SSc-related molecules (e.g., Smad5, IL13, CD28, IL6R,
IL1F10). There is a possibility that the downregulation of miR-125b in SSc is
involved in the pathogenesis of SSc via the induction of these molecules. Zhu
et al. also tried to find out fibrosis-related miRNAs, and miR-21, miR-31, miR-146,
miR-503, miR-145, and miR-29b were identified as the candidates [49]. They
suggested that miR-21 was increased but miR-145 and miR-29b were decreased
both in the skin tissues and cultured fibroblasts of SSc. TGF-f stimulation increased
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the expression of miR-21 or miR-145 and decreased mRNA levels of Smad7 or
Smad3, respectively. Similarly, the cytokine decreased the expression of miR-29b
and increased al(I) collagen mRNA. Accordingly, these miRNAs may contribute
to the pathogenesis of SSc via the regulation of Smad7, Smad3, and a1(I) collagen.

On the other hand, we focused on miRNAs which target al(I) collagen or o2
(D) collagen and tried to evaluate the possibility that miRNAs play a part in the
mechanisms of constitutive upregulation of type I collagen in SSc fibroblasts. PCR
array showed expression of several collagen-related miRNAs that were decreased
in both TGF-f-stimulated normal dermal fibroblasts or cultured SSc fibroblasts
compared with normal fibroblasts [50, 51]. miR-196a and let-7a, the putative
regulators of both al(I) and a2(I) collagen, were significantly decreased in SSc
fibroblasts both in vivo and in vitro. The transfection of miRNA inhibitors specific
for miR-196a or let-7a induced the expression of a1(I) and a2(I) collagen in normal
dermal fibroblasts, while their mimics reduced them in SSc fibroblasts. Taken
together, the downregulation of miR-196a or let-7a by the intrinsic activation of
TGF-p in SSc dermal fibroblasts may also play a role in the constitutive
upregulation of collagen.

miRNAs are likely to be involved in the regulation of other SSc-related
molecules. For example, the constitutive overexpression of integrins is reported
to be a key event to induce the collagen dysregulation of SSc, but the mechanism is
still unknown [52]. We focused on miR-150, which is decreased in SSc dermal
fibroblasts as the direct regulator of integrin 3 [53]. The forced supplementation of
miR-150 downregulated the expression of integrin 3, phosphorylated Smad3, and
type I collagen in SSc dermal fibroblasts, whereas the inhibition of miR-150
upregulated them in normal fibroblasts. Treatment of SSc fibroblasts with 5-aza-2-
'-deoxycytidine resulted in the recovery of miR-150 expression, suggesting that its
downregulation in these cells is caused by DNA methylation. On the other hand,
constitutive MMP-1 downregulation is thought to accelerate the collagen accumu-
lation in SSc fibrotic skin [52]. We found that the upregulation of miR-92a causes
the downregulation of MMP-1 expression in SSc dermal fibroblasts [54]. Because
MMP-1 is not predicated as the target of miR-92a by the bioinformatics programs
described above, we suppose miR-92a indirectly controls MMP-1 expression via
other direct targets. miR-92a expression was upregulated in SSc fibroblasts, which
was normalized by the transfection with TGF-f siRNA. Thus, upregulation of
miR-92a may result from the intrinsic activation of TGF-f in SSc fibroblasts,
which mediate the constitutive downregulation of MMP-1.

miRNAs also mediate the effects of other cytokines or molecules in SSc
fibroblasts. IL-17 signal is implicated in the pathogenesis of autoimmune diseases,
and IL-17 receptor is found to be downregulated in SSc dermal fibroblasts [55]. We
found that IL-17A suppressed the protein expression of al(I) collagen. miR-129-
5p, one of the miRNAs decreased in SSc fibroblasts, was upregulated by IL-17A
stimulation and mediated the al1(I) collagen downregulation. Taken together, these
results indicated that IL-17A signaling has an anti-fibrogenic effect by the induction
of miR-129-5p and the subsequent decrease of al(I) collagen. In SSc fibroblasts,
IL-17A-miR-129-5p pathway is inhibited by the IL-17 receptor downregulation,
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contributing to the excess collagen accumulation [55]. Similarly, thrombospondin
family has attracted attention due to its functions in TGF-f signaling, ECM
regulation, and angiogenesis. Thrombospondin-2 mRNA levels were significantly
lower in cultured SSc dermal fibroblasts than in normal fibroblasts [56].
Thrombospondin-2 knockdown by the siRNA led to the downregulation of a2
(D) collagen expression via the upregulation of miR-7. Consistently, miR-7 levels
were upregulated in SSc dermal fibroblasts compared to normal fibroblasts both
in vivo and in vitro. Thus, thrombospondin-2 downregulation and the subsequent
miR-7 upregulation in SSc fibroblasts may be due to a negative feedback mecha-
nism against tissue fibrosis.

Taken together, these data suggest that further investigation of the regulatory
mechanisms of tissue fibrosis induced by miRNAs lead to the better understanding
of the pathogenesis of this disease. Furthermore, recently, single nucleotide
polymorphisms associated with miRNAs, MIRSNPs, are found to alter the expres-
sion and function of the miRNAs [42, 57]. For example, miR-146a is one of the
miRNAs involved in the immune system [58]. Double-stranded miR-146a is
originated from mir-146a precursor (CCGAUGUGUAUCCUCAGCUUUGA-
GAACUGAAUUCCAUGGGUUGUGUCAGUGUCAGACCUC/GUGAAAUUC
AGUUCUUCAGCUGGGAUAUCUCUGUCAUCGU). Mature single-stranded
miR-146a (UGAGAACUGAAUUCCAUGGGUU) and its complementary strand
(CCUC/GUGAAAUUCAGUUCUUCAG) are then separated from the double-
stranded miR-146a, and MIRSNP rs2910164 is located in the complementary
strand. The change from C to G allele in rs2910164 may stabilize the precursor
[59], resulting in the increased expression of mature single-stranded miR-146a. By
investigating the role of rs2910164 in SSc, we found that patients with CC
genotype had telangiectasia at significantly higher prevalence than those with
CG or GG genotype [60]. Given that miR-146a is also reportedly associated with
vascular abnormalities [61], the MIRSNP may be a risk factor of vascular abnor-
mality in SSc patients.

8.6 Extracellular miRNAs as Potential Biomarkers

In various human diseases, clinically useful biomarkers have been utilized by the
recent advances of molecular biological approaches. For example, serum levels of
thymus- and activation-regulated chemokine (TARC) have become available as the
useful marker for determining disease activity of atopic dermatitis. Furthermore, a2
(D collagen / PDGF-B chain fusion gene is highly specific to dermatofibrosarcoma
protuberans, and detection of the fusion gene is able to differentiate dermatofi-
brosarcoma protuberans from dermatofibroma. On the other hand, the activation of
cytokines including TGF-p and connective tissue growth factor (CTGF) in dermal
fibroblasts seems to play important roles in the increased collagen production of
SSc. However, serum levels of these cytokines are not correlated with the diagnosis
or evaluation of disease activity. We have then focused on the possibility that
miRNAs may become novel biomarkers. Although miRNAs usually exist inside
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the cells, a number of miRNAs have been found in various body fluids including
serum, plasma, saliva, urine, and milk [62-68]. miRNAs have been believed to be
immediately degraded by RNAse in the body fluids, but a lot of papers indicated
that extracellular miRNAs are protected from RNAse as well as harsh conditions
including extreme temperatures, extreme pHs, or freeze-thaw cycles [69]. Cur-
rently, there seem to be at least four pathways via which miRNAs are secreted into
extracellular spaces [70]: First, extracellular miRNAs are encapsulated and
protected in shedding vesicles. Second, they can be enveloped in membranous
micro vesicles called exosome shed from cell plasma membrane. Third, they are
wrapped by apoptotic cells or broken cells, and lastly, miRNAs form complex with
proteins or lipoproteins such as argonaute2, nucleophosmin 1 (NPM1), and high-
density lipoprotein (HDL). Accordingly, the quantification of extracellular
miRNAs can be promising biomarkers to monitor pathophysiological status.
Many researchers have already revealed that extracellular miRNA levels are useful
disease markers to evaluate the diagnosis, prognosis, and curative effects, espe-
cially in various cancers. Considering that RNAs or miRNAs usually respond to
various stimuli more quickly than proteins, extracellular miRNA can be more
sensitive markers. There have already been several papers demonstrating alteration
of extracellular miRNA levels in autoimmune diseases or fibrotic diseases. For
example, Michael et al. suggested the possibility of exosome-associated miRNAs in
saliva as a biomarker of Sjogren’s syndrome [71]. Furthermore, serum levels of
miR-21, miR-20a, miR-125b-5p, miR-128, miR-30e, or miR-20b are reported as
biomarkers of kidney fibrosis, liver fibrosis, or smoking-related lung fibrosis [72—
74].

We have also determined levels of extracellular miRNAs in SSc patients. As
described above, miR-29a is the firstly discovered miRNAs implicated in the
fibrogenesis of SSc [47]. We found miR-29a was present in the serum, but there
was no significant difference in the serum miR-29a levels between SSc patients and
normal subjects [75]. However, patients diagnosed with scleroderma spectrum
disorder (SSD), who do not fulfill the criteria of SSc but were thought to develop
SSc in the future [76], had significantly lower serum miR-29a levels than SSc
patients as well as healthy control subjects. Thus, serial time course measurement of
serum miR-29a levels in SSD patients may lead to the early diagnosis of SSc.
Downregulation of serum miR-29a levels in SSD patients indicates that the
dysregulation of fibrosis-related molecules including collagen may be initiated by
decreased miR-29a at the SSD stage and maintained by other factors at SSc stage.
In addition, Doppler echocardiography showed significantly higher right ventricu-
lar systolic pressure in SSc patients with lower miR-29a levels than those with
normal levels. Thus, miR-29a may be involved in both fibrosis and vasculopathy
of SSc.

We also found the serum levels of miR-196a and let-7a were detectable and
quantitative in the sera of SSc patients [50, 51]. miR-196a expression was signifi-
cantly decreased in SSc dermal fibroblasts compared to normal fibroblasts as
described above, but serum miR-196a levels were similar between normal subjects
and SSc patients. However, modified Rodnan total skin thickness score was higher
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in SSc patients with lower serum miR-196a levels than those with normal levels. On
the other hand, let-7a levels were significantly downregulated in the sera of SSc
patients. When we analyzed the correlation between serum let-7a levels and
clinical/serological features, patients with reduced serum let-7a levels had signifi-
cantly higher skin thickness score, suggesting that serum let-7a levels are inversely
correlated with the extent of skin sclerosis. Furthermore, these patients showed
significantly lower frequency of anti-centromere antibody than those with elevated
let-7a levels. Tanaka et al. identified miR-30b as the most strongly downregulated
serum miRNA of SSc patients [77]. miR-30b is the direct suppressor of PDGFR-f,
and its serum levels were inversely correlated with skin thickness scores. Taken
together, these results suggest that serum miRNAs are putative biomarkers of the
pathogenic triad of SSc including tissue fibrosis, vasculopathy, and autoimmunity.

However, measuring only one of nearly 2,500 miRNAs may be less accurate to
diagnose SSc. Our hypothesis is that expression pattern of multiple miRNAs may
become more reliable and significant marker for SSc. Serum levels of 6 miRNAs
(miR-7 g, miR-21, miR-29b, miR-125, miR-145, and miR-206), chosen based on
previous studies [34, 47—49], were determined by real-time PCR in 15 patients with
SSc and 15 normal subjects [78]. There were no significant difference in the levels
of each miRNA level between SSc patients and normal subjects. However, when
we ranked the six miRNA levels of each individual to determine the difference of
expression patterns more clearly, there was a significant difference in the ranks
among miRNAs only in patients with SSc. Furthermore, there was a strong and
significant correlation between the levels of let-7g and miR-125b only in normal
subjects. We also showed that the combination of miR-206 level and miR-21 level
increases the area under curves (AUCs) of receiver operating characteristics curve
analysis compared with either miR-206 or miR-21 alone. Accordingly, these data
suggest different miRNA expression patterns in SSc patients and that the combina-
tion of miRNA levels is more reliable to diagnose SSc patients. Furthermore,
investigation of the “miRNA network” in the pathogenesis may lead to the devel-
opment of new diagnostic tools.

Recently we also focused on hair miRNAs, because hairs are more accessible
than sera among human samples: It is sometimes difficult to take blood samples of
SSc patients due to their narrowed vessels, while hair samples may be easier to
obtain repeatedly. Hair shafts lose nuclear components, and DNA or RNA is
believed to be degraded except for mitochondrial DNA. However, Lefkowitz
et al. have proven the existence of RNAs including miRNAs in both hair roots
and hair shafts [79]. If extracellular miRNAs in the hair are protected in exosome or
shedding vesicles, hair miRNA levels can be stable and become novel biomarkers.
We confirmed that several miRNAs in hair roots and hair shafts were detectable and
quantitative using our method [80]. There was the reproducibility of hair miRNA
levels, because the difference of miRNA levels in hair roots or hair shafts obtained
from different places of head in each individual were less than twofold. PCR array
showed different expression patterns of miRNAs in sera, hair roots, and hair shafts,
indicating that they can be independent biomarkers. For example, miR-196a levels
in hair shafts were significantly lower in SSc patients compared to those in normal
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subjects, whereas serum and hair root miR-196a levels were not significantly
changed in SSc patients. On the other hand, we also evaluated whether hair shaft
miR-29a levels are able to be utilized as the disease marker [81]. As a result, hair
miR-29a levels in SSc patients were significantly lower than those in control
subjects or dermatomyositis patients. Furthermore, SSc patients with lower
miR-29a levels tended to have contracture of the phalanges at a significantly higher
prevalence than those without. Therefore, hair miRNAs are also likely to be
available as the marker of the diagnosis or estimation of disease activity of SSc.
As the limitation, future study of extracellular miRNAs is mandatory to clarify the
difference in the expression pattern and function among miRNAs in the exosome,
shedding vesicles, or apoptotic cells.

Currently, two clinical trials “Study of microRNA using stored serum of subjects
in clinical trial of influenza vaccine which was added AdvaxTM”
(UMINO000012979) and “Clinical Study using serum samples obtained in clinical
trial of absorbed influenza vaccine” (UMIN000013074) seem to be ongoing. These
studies may accelerate the clinical use of extracellular miRNAs as biomarkers.

8.7 miRNA Treatments for SSc

To date, prednisolone is sometimes used for the cutaneous fibrosis of SSc. How-
ever, it may cause significant adverse effects including renal crisis. Randomized
control trials indicated that methotrexate or cyclophosphamide improves skin
thickness score of SSc [82], but their effects are often limited. Accordingly,
development of novel therapeutic approaches is urgently needed.

One of the first researches that examined the effect of injections of miRNA
mimics or inhibitors into mice models is the report of Li et al. [83]. They showed
that miR-21 targets TPM1 or PTEN and represses apoptosis of cancer cells.
Repeated injection of miR-21 antisense oligonucleotide inhibited tumor formation
of tongue squamous cell carcinoma cells in nude mice by reducing cell proliferation
and inducing apoptosis. Furthermore, such miRNA therapy may also be effective
for autoimmune diseases. Nagata et al. induced the expression of miR-15a, negative
regulator of Bcl-2, in the synovium of DBA/1J mice by the double-stranded
miR-15a intraarticular injection [84]. Bcl-2 protein was downregulated and cell
apoptosis is induced in the synovium of these mice, suggesting the therapeutic
values of miRNA injection. In addition, Nakasa et al. found that miR-146a expres-
sion is upregulated in the peripheral blood mononuclear cells of patients with
rheumatoid arthritis. Forced overexpression of miR-146a leads to decreased num-
ber of TRAP-positive multinucleated cells and decreased expression of target genes
including c-Jun, NFATc1, PU.1, and TRAP in vitro [85]. The authors then showed
the preventive effect of systemic administration of miR-146a on the joint destruc-
tion in collagen-induced arthritis mice model.

In SSc, Peng et al. indicated the therapeutic potential of targeting miR-29 [86],
and we first demonstrated that we can overexpress let-7a in the mouse skin by
intermittent intraperitoneal injection of the mixtures of miRNA and atelocollagen,
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which prevented the skin fibrosis induced by bleomycin [51]. Further studies need
to be performed to evaluate any adverse effects.

The clinical use of miRNA treatments is under consideration. miR-122 is
reported to be important for HCV RNA accumulation in cultured liver cells
[87]. Lanford et al. showed that SPC3649, the oligonucleotide targeting miR-122,
induces long-lasting suppression of HCV viremia in chronically infected chimpan-
zee model, without viral resistance or adverse effects [87]. The randomized,
double-blind, placebo-controlled Phase 2a proof-of-concept study of SPC3649
(Miravirsen, Santaris Pharma) was performed to evaluate the effect, safety, and
tolerability of the drug in patients with HCV. Dose-dependent, continuous, and
prolonged antiviral activity was observed, and miravirsen was well tolerated in
HCYV patients, indicating that miravirsen can be a new antiviral therapy with a high
barrier to resistance in human. To date, miravirsen seem to be the only anti-miRNA
treatment under clinical trial, and its successful clinical use will further miRNA
therapies in various autoimmune diseases including SSc in the future. For the
treatment of each disease, miRNAs downregulated in the tissues should be
supplemented using miRNA mimics, and upregulated miRNAs should be inhibited
by miRNA inhibitors. Human disease is often caused by multiple factors, not by
single factor. miRNAs can regulate multiple targets, and the advantages of miRNA
treatments may be the normalization of such multiple factors in each disease at the
same time. To avoid unexpected adverse effects, the following problems should be
assessed: (1) clarification of mechanisms via which miRNAs regulate target genes,
(2) identification of most essential miRNAs in the etiology of each disease,
(3) development of delivery system for effective transfer of miRNAs to the target
tissues, and (4) adjustment of appropriate dose of miRNAs to be administrated.

8.8 Conclusion

The abnormalities in epigenetics including methylation, histone modification, and
noncoding RNAs have been reported in SSc. The clarification of the mechanism by
which epigenetic abnormalities contribute to the pathogenesis of SSc may lead to
the development of new diagnostic tools and new therapeutic approaches.
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Transforming Growth Factor-3
and Connective Tissue Growth Factor
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Abstract

Systemic sclerosis (SSc) is a disorder of connective tissue characterized by
excessive fibrosis affecting different organs such as the skin, lung, and heart.
Increasing evidence has demonstrated the fundamental role of cytokines in the
pathogenesis. Transforming growth factor-p (TGF-f) is a very potent stimulator of
collagen synthesis by fibroblasts. While TGF-f has been considered as a primary
cytokine involved in the pathogenesis of SSc (LeRoy et al. Arthritis
Rheum32:817-825, 1989; Takehara. J Rheumatol 30:755-759, 2003; Varga and
Pasche. Nat Rev Rheumatol 5:200-206, 2009; Lafyatis. Nat Rev Rheumatol
10:706-719, 2014; Thn. J Dermatol Sci 49:103—-113, 2008), additional factors
are also likely to play an important role in the initiation and maintenance. These
include connective tissue growth factor (CTGF) (Takehara. J Rheumatol
30:755-759, 2003; Thn. Curr Opin Rheumatol 14:681-685, 2002; Leask. Cell
Signal 20:1409-1414, 2008; Jinnin. J Dermatol 37:11-25, 2010). This review
summarizes the biology of TGF-f and CTGF and their involvement in SSc,
especially in its fibrotic condition.
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9.1 TGF-B

The TGF-f superfamily consists of a variety of cytokines/hormones, including
TGF-p, bone morphogenic proteins (BMPs), activins, inhibins, growth differentia-
tion factors, and myostatin [1-6]. TGF-f is a 25 kDa homodimer. In mammals,
TGF-p has three isoforms, TGF-f1, TGF-p2, and TGF-p3, encoded by different
genes. TGF-f isoforms exhibit similar biological activities, if not identical, in vitro.
Nonetheless, studies using mice lacking TGF-f isoforms have revealed that each
TGF-p isoform plays an independent and nonredundant role in vivo [7-9]. TGF-p
has pleiotropic roles in diverse biological aspects including developmental process,
immune system function, vascular function, and connective tissue homeostasis.
TGF-p acts as a growth inhibitor for most cell types [10], while TGF-f induces
extracellular matrix (ECM) production, including type I, III, VI, VII, and X
collagens, fibronectin, and proteoglycans [11-13]. The a, integrins are the best-
defined activators of TGF-f1 and TGF-p3, but do not activate TGF-f2, since
TGF-p2-LAP lacks an Arg—Gly-Asp (RGD) motif that mediates integrin
binding [2].

TGF-p is generally secreted from monocytes, lymphocytes, and fibroblasts as a
latent precursor complex composed of the bioactive peptide of TGF-f, latency-
associated peptide (LAP), and latent TGF-B-binding protein (LTBP). TGF-f and
LAP form a dimeric complex noncovalently, referred to as the small latent complex
(SLC). This configuration sequestrates TGF-p from the binding with its receptors.
Furthermore, SLC binds with LTBP, forming the large latent complex (LLC).
TGF-p activation is a complex process involving conformational changes of latent
TGF-B-binding protein, induced by either cleavage of the latency-associated pep-
tide by proteases such as plasmin, thrombin, plasma transglutaminase, and
endoglycosylases or by physical interactions of the latency-associated peptide
with other proteins, such as thrombospondin-1 [3]. Integrin o,pe, expressed by
epithelial cells, was the first to be demonstrated for the ability of the activation of
TGF-p in the lungs [14]. Integrin «,fg is more widely expressed than a,f3¢ and can
also activate latent TGF-p [15]. Integrin a,fg is expressed by mesenchymal,
immune, neural, and epithelial cells and is induced by IL-1p and thus provides a
link between inflammation and TGF-p activation [16]. Furthermore, o, o, p3, and
o5 integrins have been implicated in TGF-f activation by fibroblasts [2]. Addi-
tionally, thrombospondin-1 and peptides derived from it can also activate latent
TGF-f in vitro and in vivo [17, 18].

9.2 TGF-B Receptor and Smad Signaling Pathway

TGF-p interacts with receptor heterodimers, TGF-$ type I and type II receptors
(TGFR-I and TGFR-II) [2, 3]. These receptors are expressed by most cells includ-
ing mesenchymal and endothelial cells. TGFR-I and TGFR-II both possess serine/
threonine kinase activity and are structurally very similar glycoproteins that have a
cysteine-rich extracellular domain, a single hydrophobic transmembrane domain,
and a C-terminal cytoplasmic serine/threonine kinase domain [19], although they
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have distinct roles as described below. To date, at least six distinct type I receptors
of the TGF-p superfamily, named activin receptor-like kinases (ALKs), have been
identified. Between the transmembrane and the kinase domains, TGFR-I has a
region containing a conserved TSGSGSG motif, named the GS domain. The GS
domain has serine and threonine residues that undergo phosphorylation and is
essential for TGF-f signaling [20]. TGFR-I alone is unable to bind TGF-f, and
the binding of TGF-f to TGFR-II initiates the signaling cascade. The major known
function of TGFR-II is to phosphorylate TGFR-I, as TGFR-II is unable to signal
without TGFR-I [19]. Thus, TGFR-I is thought to determine the specificity of the
cellular response to TGF-f whereas TGFR-II is thought to determine the ligand
specificity.

Upon the activation, TGFR-I then phosphorylates cytoplasmic proteins belong-
ing to the Smad family [21-24]. TGFR-I specifically recognizes and phosphorylates
the receptor-regulated Smad (R-Smad). R-Smads include Smadl, SmadS5, and
Smad8 downstream of BMP and Smad2 and Smad3 downstream of TGF-§ and
activin. All R-Smads possess two Mad-homology (MH) domains with a linker
region [25]. The N-terminal MH1 domain and the C-terminal MH2 domain have
DNA-binding activity and protein-binding property, respectively. TGFR-I princi-
pally phosphorylates R-Smads on their serine residues within the C-terminal
domain [37]. Upon phosphorylation, R-Smad forms heteromeric complexes with
the co-Smad, Smad4. By contrast, the third group of Smad, the inhibitory Smad6
and Smad7, are known to bind to the TGFR-I to prevent phosphorylation and/or
nuclear translocation of R-Smad [21-24]. Subsequently, R-Smad/ Smad4
heterocomplexes are translocated into the nucleus, where they activate target
genes, binding DNA either directly or in association with other transcription
factors.

A TGF-p response element has been well characterized in the mouse COL1A2
promoter. An initial study indicated that a CTF/NF-1 binding site located at —300 bp
in the promoter region mediates TGF-f activation of the COL1A2 promoter [26]. In
contrast, other earlier studies identified the Spl binding site as TGF-§ response
element for human (2(I) collagen [27], demonstrating that Sp1 is required for the
response of the gene to TGF-f [28]. Further studies have elucidated the important
role of Smad3/Smad4 complex binding to the CAGACA motif near the Sp1 binding
site in the human a2(I) collagen promoter for the full TGF-f response [29, 30]. Syn-
ergistic cooperation between Spl and Smad3/Smad4 is required for the TGF-8
response of the collagen gene [31-33]. In the nucleus, activated Smad complexes
regulate various gene expressions with the recruitment of coactivators or
corepressors into transcriptional complexes. The role of CREB binding protein
(CBP) and p300 as essential coactivators for Smad-mediated gene expression has
been well demonstrated [34-36]. Another study indicated that the interaction of Ets
with Smad is also involved in the TGF-f response of the collagen gene [37].

Consistent with the above findings, mice lacking Smad3 expression show a
significantly reduced skin and lung fibrotic response [38, 39], indicating an impor-
tant role of Smad3 in fibrosis. Smad2, Smad3, and Smad4 have been reported to
contribute to liver fibrosis in vitro and in vivo [40—42]. By contrast, gene transfer of
inhibitory Smad7 is shown to prevent renal fibrosis [43].
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9.3 Non-Smad Pathways

While Smads play a central role in TGF- signaling pathway, subsequent studies
have revealed the presence of pathways that are not mediated by Smad proteins in
the regulation of ECM genes expression by TGF-p. These alternate pathways
include MAPKSs and phosphoinositide 3-kinases (PI3Ks).

The MAPKSs, ubiquitously expressed by eukaryotic cells, are major signaling
pathways utilized to mediate a variety of intracellular signals such as cell growth,
differentiation, apoptosis, and responses to stresses. Three major mitogen-activated
protein kinase (MAPK) subfamilies are known: the extracellular signal-regulated
kinase (ERK), p38, and Jun N-terminal kinase (JNK) subfamilies [44]. TGF-f has
been demonstrated to activate each of the three major MAPK members in a variety
of cell types. ERK1 and ERK2 have been shown to be involved in fibroblast
proliferation [45], while ERK activation has been reported to inhibit type I collagen
expression [46]. JNK activation has been shown to upregulate fibronectin synthesis
[47]. p38 has been reported to be involved in type I collagen synthesis by TGF-f3
stimulation in fibroblasts [48].

PI3Ks are also major intracellular signaling pathways that regulate various
cellular functions [49]. Following PI3K activation, PIP; recruits
phosphoinositide-dependent kinase (PDK)-1 and Akt/PKB to the plasma membrane
where PDK-1 phosphorylates Akt on Thr**® [49], followed by phosphorylation at
Ser*’?. Once activated, Akt leaves the plasma membrane to phosphorylate intracel-
lular substrates or to translocate the nucleus where it phosphorylates transcription
factors. PI3K signaling pathway also mediates TGF-p family signal transduction
[50, 51]. The inhibition of PI3K activity attenuates TGF-f-induced Smad2 phos-
phorylation [50]. This may be explained by the fact that the inhibition of PI3K
causes a redistribution of Smad anchor for receptor activation (SARA), which
directly interacts with Smad2/Smad3 and recruits Smad?2 to the activated TGF-§
receptors [52]. Furthermore, the basal activity of PI3K is necessary for COL1A2
mRNA stabilization and the establishment of the constitutive activation of TGF-b/
Smad3 signaling in SSc fibroblasts [53].

Abelson kinase (c-Abl) is a non-receptor tyrosine kinase that is best known for
its role in chronic myelogenous leukemia [54]. c-Abl has been shown to be
activated by TGF-f in fibroblasts, and to mediate some of the profibrotic effects
independent of SMAD signaling [55], leading to consequent stimulation of extra-
cellular matrix protein synthesis in vitro and in vivo [55-58]. c-Abl kinase activity
is necessary for the induction of Egr-1 by TGF-p in normal fibroblasts [56].

Protein kinase C has also been reported to mediate Smad-independent pathway.
PKC-5 isoform has been found to be critical in the early phase of TGF-p1 signaling
related to gene transcription [59, 60]. As another study has demonstrated that c-Abl
is an upstream regulator of the profibrotic PKC8/phospho-Fli-1 pathway [61], c-Abl
is likely to activate this pathway as well. Furthermore, dermal fibroblasts as well as
endothelial cells from SSc patients produce increased levels of thrombospondin-1
[62], which can also activate TGF-p.
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9.4 TGF-f3 and SSc

TGF-p has attracted much attention as a key mediator of fibrosis in SSc. Indeed, the
phenotype of fibroblasts derived from SSc patients resembles that of normal
fibroblasts stimulated with TGF-p in many ways. They include elevated expressions
of collagen types I, III, VI, and VII, fibronectin, glycosaminoglycans, tissue inhibi-
tor of metalloproteinases, a-smooth muscle actin, and a,fs integrin as well as
decreased expression of MMP-1 [45, 63-72].

Dysregulated expression of TGF-f receptors has been elucidated in SSc.
Overexpression of TGFR-I and THGFR-II has been reported in SSc fibroblasts
than in normal fibroblasts in vitro and in vivo [3, 73—77]. The overexpression of
these TGF-p receptors in SSc fibroblasts is regulated at transcriptional level and to
be resistant to various stimuli [75-77]. Moreover, the expression of the endothelial
cell-predominant TGF-B receptor endoglin is increased in SSc fibroblasts
[78]. Since TGF-B, PDGF, and EGF can increase TGF-f receptor expression, the
increased expression of these TGF-f receptors in SSc fibroblasts may be due to the
exposure of SSc fibroblasts to these cytokines in vivo. There is also a report
demonstrating that an increased TGFR-I:TGFR-II ratio contributes to increased
collagen synthesis in SSc fibroblasts [79].

The abnormal expression and function of Smad proteins have also been reported
in SSc fibroblasts [80, 81]. Increased expression of Smad3 as well as increased
phosphorylation of Smad2/Smad3 has been reported in SSc fibroblasts [81]. Smad3
exhibits constitutive phosphorylation and the increased binding with the “CAGA”
motif in SSc fibroblasts [53]. While Smad7 expression may be increased or
decreased in SSc fibroblasts [82, 83], Smad7-Smurf-mediated negative regulation
of TGF-f signaling is functionally impaired in SSc fibroblasts [82].

Collectively, SSc fibroblasts produce an amount of TGF-f equivalent to that
produced by normal fibroblasts in vitro [73, 84], while SSc fibroblasts express
elevated levels of TGF-f receptors, which can induce the overexpression of ECM
proteins [73-76, 85]. Moreover, TGF-f/Smad signaling is constitutively activated
in SSc fibroblasts [53, 82], and the blockade of endogenous TGF-f signaling
abolishes the scleroderma phenotype [39, 72, 73]. Thus, exaggerated activation of
SSc fibroblasts may be due to stimulation by autocrine TGF-f signaling [3].

Dysregulation in alternative pathways have also been reported. Increased phos-
phorylation and activation of p38 have been demonstrated in SSc fibroblasts,
suggesting the possible role of p38 in fibrosis [86]. c-Abl was found to be constitu-
tively phosphorylated in the lesional skin of patients with SSc [56, 87]. Fli-1 protein
levels are markedly decreased in lesional SSc fibroblasts [88, 89]. This
downregulation is due to that Fli-1 is phosphorylated at higher levels and undergoes
degradation in SSc fibroblasts and supports the notion that the c-Abl/PKCS/
phospho-Fli-1 pathway is constitutively activated in these cells [61].
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9.5 Therapeutic Approach
9.5.1 Anti-TGF-B Antibody

A recombinant human antibody that neutralizes TGF-p1, metelimumab (CAT-192),
was evaluated in a multicenter, randomized, placebo-controlled phase I/II clinical
trial to treat diffuse cutaneous SSc [90]. Forty-five early stage SS patients were
enrolled and randomly assigned to the placebo group or to one of three
metelimumab treatment groups (10 mg/kg, 5 mg/kg, and 0.5 mg/kg). Patients
received infusions on day 0 and weeks 6, 12, and 18. There was significant
morbidity and mortality, including one and three deaths in the group receiving
0.5 mg/kg and 5 mg/kg of metelimumab, respectively. More adverse events and
more serious adverse events occurred in patients receiving metelimumab than in
those receiving placebo, although these events were not more frequent in the high-
dose treatment group. All deaths were attributed to complications of the underlying
disease, and none was considered to be related to metelimumab administration.
Overall improvement in skin sclerosis was observed during the study, although
metelimumab showed no evidence of efficacy.

The lack of efficacy can be attributed to the fact that metelimumab only
neutralizes TGF-f1, but not all TGF- isoforms. Therefore, fresolimumab
(GC-1008; Genzyme) that neutralizes all isoforms has been evaluated in a clinical
trial. Also, considering that most TGF-f molecules exist in latent form, soluble
TGEF-p receptors that selectively block active form of TGF-f may be a reasonable
approach.

9.5.2 Imatinib

Imatinib mesylate suppresses c-Abl activity. Recently, imatinib therapy in fibrosis
has been assessed in a number of clinical trials. However, they have shown variable
results, with some studies demonstrating improvement in skin and lung fibrosis
while others failed to demonstrate the efficacy [91-98].

9.5.3 CTGF

CTGF (CCN2) belongs to the CCN family. The CCN family consists of six
members: cysteine-rich 61 (Cyr-61/CCN1), connective tissue growth factor
(CTGF/CCN?2), nephroblastoma overexpressed gene (Nov/CCN3), CCN4 (WISP-
1/Elm1), CCN5 (WISP- 2/Rcopl), and CCN6 (WISP-3) [99, 100]. CCN proteins
are characterized by an extraordinarily high content of cysteine and an absolute
conservation of the position of the 38 cysteine residues in the peptide
sequence [101].

The CCN family proteins share significant structural homology, including an
N-terminal secretory signal peptide (SP), followed by modular domains with
sequence homologies to insulin-like growth factor binding protein (IGFBP, module
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Fig. 9.1 Structure of CTGF

I), von Willebrand factor type C repeat (vWC, module II), thrombospondin type
1 repeat (TSP, module III), and the C-terminal cysteine knot-containing domain
(CT, module IV) (Fig. 9.1). CTGF is a secretory protein with a molecular weight of
36-38 kDa containing 349 amino acids. Grotendorst and colleagues first identified
CTGF in human umbilical endothelial cell supernatants that exhibit platelet-derived
growth factor (PDGF)-like chemotactic and mitogenic activities toward mesenchy-
mal cells [102]. CTGF c-DNA was originally cloned using anti-PDGF antibody
which is thought to be contaminated with anti-CTGF antibody.

In adult mammals, constitutive expression of CTGF is rather restricted [103—
106], while it can be induced in many cell types including dermal fibroblasts,
myofibroblasts, and pericytes upon stimulation. TGF-f is one of the most potent
inducers of CTGF expression. This is severely impaired in the fibroblasts deficient
in Smad3, with a functional Smad element residing within the CTGF promoter
[80]. Ets-1 is also required for the induction of CTGF by TGF-f stimulation
[107, 108].

The functions of CTGF are diverse, including mitogenesis, chemotaxis, ECM
production, apoptosis, and angiogenesis, depending on cell types. CTGF enhances
fibroblast cell growth and ECM production as a downstream mediator of TGF-p1
[4, 109, 110]. Other factors such as endothelin-1 (ET-1) and conditions such as
hypoxia also activate the CTGF proximal promoter [80, 111-114]. CTGF has been
shown to enhance the mRNA expression of al(I) collagen, fibronectin, and o
integrin in fibroblasts [115].

Although a specific CTGF receptor has not been identified, CTGF appears to
mediate many of its functions through integrins, heparin sulfate-containing
proteoglycans, and the low-density lipoprotein receptor-related protein [105, 110,
116-118]. Also, CTGF has been reported to bind with the surface of fibroblasts, and
this binding is competed with PDGF BB [102], suggesting that either CTGF binds
with certain class of PDGF receptor or that there is some cross-reactivity of PDGF
BB with CTGF receptors.

9.6 CTGF and Human SSc

Because of its ability to induce the expression of ECM molecules as one of the
mediators of TGF-f, CTGF has emerged as an additional candidate responsible for
excessive production of ECM proteins in SSc [1]. Igarashi et al. first reported that,
when skin tissues from patients with SSc were assessed by in situ hybridization,
dermal fibroblasts expressed CTGF mRNA in all 12 cases that showed histologic
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sclerosis [119]. Its expression appears to correlate with the stage of the disease and
the degree of fibrosis. CTGF mRNA was more abundantly expressed in the sclerotic
stage than in the inflammatory stage, while no CTGF mRNA expression was
observed in the atrophic stage or in the presclerotic stage. In vivo CTGF
overexpression has also been observed in many fibrotic diseases, including SSc,
morphea, and keloid as well as in renal, hepatic, and lung fibrosis [103, 104, 119,
120].

In accordance with the finding of increased CTGF mRNA expression in SSc
lesions, cultured fibroblasts isolated from the involved skin lesions of scleroderma
patients show overexpression of CTGF [80, 121]. Blocking TGF-p and Smads
signaling does not affect CTGF expression, but it is dependent on BCE-1, Spl,
and endothelin-1 [80, 122—125]. By contrast, increased expression of CTGF in cell
culture-activated hepatic stellate cells is dependent on TGF- [126]. CTGF is also
overexpressed by endothelial cells from SSc patients [127]. SSc MVECs recruit
and activate dermal fibroblasts by induction of a CTGF/TGF-p-dependent
mesenchymal-to-mesenchymal transition [128].

In SSc patients, serum concentrations of CTGF are increased, while CTGF
levels are not elevated in patients with systemic lupus erythematosus and inflam-
matory myopathy, suggesting that elevation of CTGF levels is specific for SSc
among autoimmune connective tissue diseases [129]. Furthermore, circulating
CTGF levels are correlated with the extent of skin sclerosis and the severity of
pulmonary fibrosis.

Moreover, a functional polymorphism has been reported in SSc patients
[130, 131]. The polymorphism at the Sp1/Sp3 binding site of CTGF promoter
region is reported to be responsible for the enhanced expression of CTGF [130].

In a mouse model, CTGF is upregulated in bleomycin-induced lung fibrosis
[132]. Intriguingly, CTGF mRNA expression was upregulated in a bleomycin-
sensitive mouse strain (C57BL/6), but not in a bleomycin-resistant mouse strain
(BALB/c). Another study has shown that CTGF plays a crucial role in inducing a
profibrotic environment in fibrosis-resistant BALB/c mouse lungs [133].

9.7 CTGF in Mouse Models

CTGEF is also induced in bleomycin-induced skin fibrosis, in which cells that
expressed CTGF are reported as a—SMA-expressing myofibroblasts. Approxi-
mately 85 % of myofibroblasts are NG2-positive, CTGF-expressing pericytes
[134]. Mice with fibroblast-specific overexpression of CTGF under the control of
the collagen a2(I) promoter enhancer has been generated [135]. These mice are
susceptible to accelerated tissue fibrosis affecting the skin, lung, kidney, and
vasculature, most notably the small arteries. A marked expansion of myofibroblast
population has been observed in the dermis. Reversely, antisense oligonucleotides
against CTGF alleviate fibrosis in animal models [136—138]. Also, dabigatran, a
selective direct thrombin inhibitor, is shown to suppress the overexpression of
CTGEF by SSc fibroblasts [139].



9 Transforming Growth Factor-8 and Connective Tissue Growth Factor 145

9.8 Two-Step Fibrosis Hypothesis in SSc

Roberts et al. reported that TGF-f injection into newborn mice caused granulation
tissue formation and skin fibrosis [140], although this change is only transient
[141]. The injection of TGF-B1, TGF-p2, or TGF-p3 into the subcutaneous tissue
of newborn mice for 7 days develops prominent granulation formation with fibrotic
changes after three consecutive injections. However, the fibrotic changes cannot be
observed after 7 days [141]. Thus, an injection of TGF-f alone does not develop
persistent fibrosis. Likewise, bFGF injection alone causes transient formation of
mildly edematous granulation tissue. Also, CTGF injection alone only causes
modest edema and some cell infiltration. By contrast, the simultaneous injection
of TGF-f plus CTGF or TGF-B plus bFGF or the serial injection of CTGF after
TGEF-p results in fibrotic tissue formation, consisting of fibroblast aggregation and
ECM deposition, that persists for up to 14 days, even though the injections are
discontinued on day 7 [141, 142]. In this protocol, TGF-p is injected on days 1-3,
followed by CTGF or bFGF on days 4-7. Injection of CTGF or bFGF before TGF-f§
does not cause any significant change compared with TGF-f injection alone. Thus,
single application of any cytokine is not sufficient to induce persistent dermal
fibrosis, while synergic action of two cytokines appears necessary for the induction
of persistent fibrosis in this model. Especially, TGF-f is likely to play an essential
priming role in inducing fibrosis. Once initiated, CTGF as well as bFGF serves as
an important factor for maintaining fibrosis. Based on these results, a hypothesis of
two-step fibrosis mechanism in SSc has been proposed: TGF-f initiates fibrosis, and
CTGF maintains it (Fig. 9.2). TGF-f induces CTGF expression, although additional
factors, such as altered TGFR signaling as described above, are also likely to
contribute to continuous CTGF expression. Intriguingly, selective disruption of
TGFR-II in mouse skin fibroblasts increases constitutive expression of CTGF
[143]. CTGF may modulate the Smad pathway indirectly through interaction with
TGF-pB, thereby increasing receptor binding and prolonging TGF-p signaling
[109, 144].

This process may not be achieved by fibroblasts alone, but rather other cells,
such as macrophages, are likely to participate. For example, TGF-p injection

Fig. 9.2 Two-step fibrosis TGF-B i)
model in SSc

N CTGF
ii)
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increases the expressions of MCP-1, fractalkine, CCR2, and CX3CR1 mRNA in the
site [145, 146]. MCP-1-deficient mice, following bFGF and CTGF injections,
exhibit decreased collagen levels in granulation tissues and decreased number of
infiltrating inflammatory cells, such as mast cells, macrophages, and lymphocytes,
compared with wild-type mice [147]. Furthermore, the overproduction of collagen
induced by TGF-p is significantly reduced by CCR2 deficiency, while CX3CR1-
deficient mice show decreased collagen production induced by TGF-p and CTGF
stimulations by approximately 50 % [146]. CCR2/MCP-1 interaction is important
during the TGF-B phase. In contrast, the fractalkine/CX3CR1 interaction
contributes to the initiation of fibrosis by TGF-p and its maintenance by CTGF.
Thus, it is suggested that two subsets of macrophages both cooperatively and
independently play important roles in the development of fibrosis.

9.9 Therapeutic Approach

9.9.1 Anti-CTGF Antibody

Considering the importance of CTGF in establishing fibrosis, therapeutic approach
to dampen CTGF activity by neutralizing antibody is a natural progression. A panel
of anti-CTGF antibodies recognizing the native conformation of human CTGF has
been generated. When newborn B6 mice received subcutaneous injections of
TGF-p for 3 days with either anti-CTGF neutralizing antibodies or control purified
immunoglobulin, anti-CTGF antibodies significantly reduced skin fibrosis and
collagen contents compared with the control antibody group [148]. Among four
discrete structural modules of CTGF, the antibody to module 2 appears the most
potent. Minato et al. (2004) have demonstrated that the antibody against the
C-terminal module (module 4) of human CTGF neutralizes the stimulatory effect
of CTGF on chondrocytic cell proliferation efficiently but that the particular
antibody bound to the von Willebrand factor type C repeat module (in our study
module 2) has less inhibitory effect. Thus, the exact target structure within CTGF
needs to be determined. Nonetheless, anti-CTGF antibodies are capable of exerting
anti-fibrosing effects and that these anti-CTGF neutralizing antibodies may be
useful as the feasible strategy to treat skin fibrotic diseases as SSc.

9.10 Conclusion

In this chapter, two fibrogenic cytokines as TGF-f and CTGF are focused as the
main players of fibrotic process of SSc. Presumably TGF-p acts in the primary stage
and CTGF in the maintenance process. Both anti-TGF-p and CTGF products are
under process of future clinical treatment which will cure these intractable disease
patients.
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Endothelin 1 0

Sei-ichiro Motegi

Abstract

ET-1 has various biological functions, including vasodilation/vasoconstriction,
extracellular matrix production, and proliferation and migration on vascular
endothelial cells, vascular smooth muscle cells, fibroblasts, and macrophages/
immune cells. Experimental and clinical studies have highlighted the involve-
ment of ET-1 in the pathogenesis of pulmonary arterial hypertension,
vasculopathy, and fibrosis of the skin, lungs, and other organs in systemic
sclerosis as well as the potential therapeutic role for endothelin antagonists in
these conditions in systemic sclerosis. This chapter reviews the current knowl-
edge of the endothelin/endothelin receptor system and focuses on the effects of
ET-1 and its antagonism on vasculopathy and fibrosis in systemic sclerosis.

Keywords
Endothelin » Endothelin receptor » Bosentan ¢« Pulmonary arterial hypertension ¢
Skin fibrosis

10.1 Endothelins and Endothelin Receptors

Endothelin-1 (ET-1) is a 21-amino acid peptide that was first reported to be a potent
vasoconstrictor secreted from cultured porcine endothelial cells [1]. Three isotypes
of ET, including ET-1, ET-2, and ET-3, constitute a gene family and share common
receptors with different affinities [2]. ET-3 is abundant in the brain and may be a
specific neural endothelin [3]. ET-1 is processed sequentially from the 212-amino
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Fig. 10.1 Regulation of the synthesis of endothelin-1 (ET-1). ANP atrial natriuretic peptide, BNP
brain natriuretic peptide, CNP C-type natriuretic peptide

acid precursor, prepro-ET-1, to the 21-amino acid biologically active ET-1 by an
endopeptidase and the endothelin-converting enzyme (Fig. 10.1).

ET-1 is produced primarily by endothelial cells and other cells, such as
fibroblasts, monocytes, and macrophages [1, 4]. Among the subtypes of ET, only
ET-1 is secreted from vascular endothelial cells. The process is elicited by several
stimulations, including those of blood flow, vessel wall tension, hypoxia, cytokines,
thrombin, and growth factors [5—8]. Transforming growth factor beta (TGF-f) also
stimulates the production of ET-1 in endothelial cells [9]. ET-1, however, is also
produced from fibroblasts and is induced by the stimulation of angiotensin II,
superoxide, and TGF-p [10-12].

ET-1 exerts biological effects through the ET receptors A (ETR-A) and B
(ETR-B), which are seven-transmembrane G protein-coupled membrane proteins.
ETR-A, which is mainly present in vascular smooth muscle cells (VSMC) and
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fibroblasts, is responsible for a-SMA production and extracellular matrix (ECM)
contraction. In contrast, the ETR-B receptor is expressed by endothelial cells where
they can mediate vasodilatation by releasing nitric oxide.

10.2 Biological Functions of ET-1

Biological functions of ET-1 on vascular endothelial cells, VSMC, fibroblasts, and
macrophages/immune cells are summarized in Table 10.1. ET-1 acts on endothelial
cells in an autocrine manner, inducing the release of an endothelium-derived
relaxing factor, nitric oxide (NO), and prostacyclin via ETR-B [13]. These effects
of ET-1 contribute to the maintenance of homeostasis in the circulatory system. It
has been reported that ET-1 induces the proliferation of endothelial cells, thus
inhibiting migration and promoting tube formation [14—16].

ET-1 performs numerous biological functions. For example, it promotes cell
growth and cell migration of VSMC and can inhibit apoptosis of VSMC [17, 18],
thus being associated with the regulation of vascular contraction. In fibroblasts,
ET-1 enhances cell proliferation and migration [19, 20] and also inhibits apoptosis
of fibroblasts via Akt activation [21]. Furthermore, ET-1 induces the expression of

Table 10.1 Biological functions of ET-1 on vascular endothelial cell, vascular smooth muscle
cell, fibroblast, and macrophage/immune cell

Target cell Biological functions of ET-1

Endothelial cell Proliferation T
Vasodilation |
(Produce NO, PGI, via ETR-B)
Cell migration |
Tube formation T
Vascular smooth muscle cell Proliferation T
Cell migration T
Apoptosis |
Vasoconstriction |
Fibroblast Proliferation
Cell migration T
Apoptosis |
a-SMA expression |
ECM production |
Adhesion molecule expression |
MMP production |
Macrophage/immune cell Chemotaxis T
Production of free radicals |
Production of cytokine/chemokines |

NO nitric oxide, PGI, prostaglandin I, SMA smooth muscle actin, ECM extracellular matrix,
MMP matrix metalloproteinase
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a-SMA in fibroblasts via ETR-A [22] and enhances the expression of intercellular
adhesion molecule-1 (ICAM-1) on the surface of fibroblasts [23]. With respect to
fibroblasts in vitro, ET-1 induces the production of collagen type I and III and
fibronectin via ETR-A and ETR-B [24, 25]. In addition, ET-1 reduces the expres-
sion of matrix metalloproteinase-1 (MMP-1) [26]. These findings suggest that ET-1
might be involved in the pathogenesis of fibrosis in many organs.

ET-1 induces the chemotaxis of inflammatory cells, such as macrophages [27],
by activating NF-kB signaling in macrophages, which is associated with the
pathogenesis of atherosclerosis [28]. ET-1 also enhances the secretion of free
radicals and inflammatory cytokines, such as IL-1p and TNF-a, from macrophages
and/or monocytes [29, 30]. There is increasing evidence that the dysregulations of
these ET-1 biological functions might be associated with the pathogenesis of
vasculopathy, pulmonary arterial hypertension, heart failure, systemic hyperten-
sion, renal dysfunction, and fibrosis in systemic sclerosis (SSc).

10.3 ET-1 and Receptor Expressions in Systemic Sclerosis

There are many studies regarding the plasma ET-1 levels in patients with SSc. The
findings from these studies indicate that plasma ET-1 levels were significantly
higher in patients with SSc than in normal controls [31]. Yamane et al. report that
plasma ET-1 levels in 31 patients with SSc (1.90 & 0.47 pg/ml) were higher than
those (1.31 £ 0.1 pg/ml) in 25 healthy individuals of corresponding age and gender
[32]. Patients with diffuse cutaneous type SSc revealed higher levels of ET-1
compared with those with limited cutaneous type. In addition, plasma ET-1 levels
correlated inversely with carbon monoxide diffusing capacity (DLCO).

In histological analyses, ET-1 expression was enhanced in the skin, blood
vessels, lungs, and kidneys of patients with early SSc compared with those of
normal individuals [33, 34]. It was also reported that ET-1 expression in dermal
fibroblasts from SSc patients was elevated in comparison with that in normal
control fibroblasts in vitro [22, 35, 36]. These findings suggest that ET-1 might be
associated with the pathogenesis of fibrosis in SSc.

Moreover, it was found that the ETR-A expression of dermal fibroblasts in SSc
patients was markedly increased. In addition, in SSc patients, ETR-B was
downregulated in endothelial cells, thereby diminishing their vasodilatory role,
while ETR-B was upregulated in VSMC. These conditions may result in the
abnormal response to the stimulation by ET-1, including vasoconstriction, VSMC
proliferation, pro-fibrotic factor production, and extracellular matrix
deposition [37].

10.4 ET-1 and Pulmonary Arterial Hypertension

ET-1 synthesized by vascular endothelial cells is a highly potent vasoconstrictor
and key mediator of vasculopathy. Abnormal regulation of ET-1/ETR signaling
promotes arterial wall thickening, abnormal constriction, and endothelial cell
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dysfunction, thus resulting in decreased levels of NO. In addition, ET-1 stimulates
the secretion of vascular endothelial growth factor (VEGF), thereby causing vascu-
lar damage [38]. Thus, it can be concluded that ET-1 is associated with the
pathogenesis of cardiovascular disease, including hypertension, vasospasms, and
atherosclerosis.

Serum ET-1 levels are elevated in patients with pulmonary arterial hypertension
(PAH); increased plasma ET-1 levels correlate with increased right atrial pressure,
pulmonary vascular resistance, and mortality in patients with PAH and decreased
pulmonary artery oxygen saturation [39]. ET-1 expression is increased in the
vascular cells of patients with PAH [40], which can induce an inflammatory
cascade effect by elevating the plasma levels of proinflammatory cytokines in
patients with PAH [41].

10.5 Endothelin Receptor Antagonists and Pulmonary
Arterial Hypertension

10.5.1 Endothelin Receptor Antagonists

Endothelin receptor antagonists (ERAs), such as bosentan, sitaxsentan (sitaxentan),
and ambrisentan, can block the interaction of ET-1 with ETR-A and/or ETR-B
(Table 10.2). As bosentan, a nonspecific ETR antagonist, can block the effect of ET,
it has been found to be effective in the treatment of PAH in patients with SSc
[42]. Bosentan, an orally administered ERA that has been approved for use in
patients with WHO class II (mildly symptomatic) PAH, is beneficial and generally
well tolerated in patients with mildly symptomatic PAH. Bosentan has been
associated with dose-dependent teratogenicity in rats at plasma concentrations
>1.5 times those achieved with therapeutic doses in humans. Therefore, the use
of bosentan requires careful monitoring due to the dose-dependent liver toxicity and
is contraindicated in pregnancy because of teratogenicity. The awareness of the
adverse effects of bosentan, including teratogenicity, liver toxicity, and edema, is
important for physicians. Selective ETR-A antagonists, sitaxsentan and
ambrisentan, have also been proven to be effective for patients with primary PAH
[43—45]. While both bosentan and ambrisentan are currently approved for use in
patients with PAH in the US, sitaxsentan was withdrawn from the market in 2010
due to severe liver toxicity.

10.5.2 Bosentan and Pulmonary Arterial Hypertension

In a double-blind, placebo-controlled trial of 213 adult patients with idiopathic
PAH or PAH associated with connective tissue disease, exercise capacity (6-min
walk distance), the Borg dyspnea index, the WHO functional class, and the time to
clinical worsening were all significantly improved with bosentan (62.5 mg of
bosentan twice daily) compared with the placebo [46]. In addition, Denton
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Table 10.2 Endothelin receptor antagonists

Endothelin
receptor ETR-A/ETR-
antagonist B selectivity Information

Bosentan Nonselective FDA approved for use in the USA in November 2001 for
WHO functional class III/IV PAH then extended to
include WHO class II in 2009

Approved in the EU for WHO functional class III PAH
in May 2002. EU approved and extended the indication
of bosentan as a therapy to reduce the number of new
DU in patients with SSc and ongoing DU disease in June
2007

Ambrisentan ETR-A FDA approved for the once-daily treatment of WHO
selective functional class II/III PAH in June 2007. It was later
approved by the European Medicines Agency for the

same indication in the EU in April 2008

Sitaxsentan ETR-A Approved in the EU in August 2006, then in Canada and
selective Australia in March 2007 for the once-daily treatment of
WHO functional class IITI PAH. On December 10, 2010,
the manufacturer voluntarily removed sitaxsentan from
the market and halted clinical trials due to concerns
about liver toxicity

FDA Food and Drug Administration, EU European Union, PAH pulmonary arterial hypertension,
DU digital ulcers, RP Raynaud’s phenomenon, and SSc systemic sclerosis

et al. reported the randomized control trials demonstrated that bosentan treatment
was associated with the improvement or stability of clinical status of PAH patients
and with the 92 % estimate for survival at 48 weeks. The result was considered to be
a significant achievement among this patient population [42, 47-50].

In the pediatric patients with PAH, several phase III trials were performed.
Bosentan 31.25, 62.5, or 125 mg (in pediatric patients weighing 10-20, >20-40,
or >40 kg, respectively) administered twice daily for 12 weeks significantly
(p<0.05) improved the majority of hemodynamic measures evaluated as an
exploratory measure in pediatric patients (aged 3—15 years) with a WHO functional
class II or III PAH in another noncomparative, multicenter, and pharmacokinetic
trial. However, there was no significant change in the peak oxygen consumption or
mean walk distance in those patients who were capable of performing the 6-min
walk test [51].

Furthermore, there is growing evidence that combination therapies targeting
different pathophysiological steps may be necessary to effectively treat SSc-PAH.
The COMPASS-1 study reported an acute hemodynamic benefit in PAH treated
with sildenafil in combination with bosentan [52].

10.5.3 Endothelin-1 and Digital Ulcers

Patients with SSc usually develop Raynaud’s phenomenon, persistent digital ische-
mia, and sometimes digital ulcers (DU). We previously reported that there were no
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differences in serum lipid levels, carotid intima-media thickness (IMT), or plaque
scores between SSc patients with and without DU, suggesting that atherosclerotic
changes are not primarily involved in the development of DU [53]. Because ET-1 is
thought to be involved in the pathogenesis of vasculopathy and PAH, ET-1 also
might be involved in the pathogenesis of DU in SSc patients.

The efficacy of bosentan in patients with DU was evaluated in two randomized,
double-blind, placebo-controlled, multicenter studies, RAPIDS-1 (randomized
placebo-controlled study on prevention of ischemic digital ulcers in scleroderma)
(n=122) and RAPIDS-2 (n=188) trials [38, 54]. The RAPIDS-1 trial involved
122 patients with SSc and current DU or a history of at least one in the prior
12 months at 17 centers in Europe and North America. Of the 122 patients, 79 were
randomly selected to receive bosentan and 43 selected to receive a placebo during
the 16-week study period. The mean number of new ulcers during the treatment
period was 1.4 for patients treated with bosentan versus 2.7 for patients receiving
the placebo (P = 0.0083), thus representing a 48 % reduction in the number of new
DU. However, there were no differences between treatment groups in the healing of
existing DU. The notable adverse event occurring in more patients on bosentan than
in those on the placebo was elevated transaminase levels (11.4 % versus 0 %). The
transaminase values returned to normal when bosentan was discontinued in all
cases. The RAPIDS-2 trial included 188 SSc patients with current DU at 41 centers
in Europe and North America. Of these 144 patients, 98 were randomly selected to
receive bosentan and 90 were selected to receive a placebo during the 24-week
study period. Over the 24 weeks, bosentan treatment was associated with a 30 %
reduction in the number of new DU compared with the patients receiving the
placebo. There was no difference between treatments in the healing rate of the
cardinal ulcer or pain/disability. These two trials indicated that bosentan treatment
reduced the occurrence of new DU in SSc patients, but had no effect on healing
DU. In the RAPIDS-2 study, the most common adverse effects that occurred more
frequently with bosentan than with the placebo were peripheral edema and elevated
aminotransferases.

In addition to these studies, Arefiev et al. summarized previously reported case
reports and studies that evaluated the efficacy of bosentan for SSc-associated RP
and/or DU [45]. Ichimura et al. report that a 5-week bosentan treatment improved
ulnar artery stenosis and multiple DU in SSc patients [55]. We also previously
reported that six SSc patients with severe DU who were treated with a daily dose of
62.5-125 mg of oral bosentan experienced a significant reduction in pain and in the
development of new DU [56].

Oral bosentan is already approved in the European Union (EU) as a therapy to
reduce the number of new DU in patients with SSc and ongoing DU. However,
bosentan is not yet approved for use in patients with DU in SSc patients in Japan. To
assess the efficacy of bosentan for treatment of DU in SSc patients, large-scale
randomized controlled trials are needed.
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10.5.4 Endothelin-1 and Raynaud’s Phenomenon

Sulli et al. report that the ET-1 plasma levels were significantly higher (p =0.001)
in patients with both primary Raynaud’s phenomenon (RP) and SSc patients with
secondary RP in comparison with the controls. Significant correlations were
observed in patients with SSc between the ET-1 plasma levels and digital ulcers
as well as in the score values of single nailfold videocapillaroscopy measures,
including the number of capillaries, ramified capillaries, and enlarged capillaries
(P <0.05) [57].

Bosentan has been studied in the treatment of RP. Selenko-Gebauer et al. report
that bosentan significantly reduced pain and reduced the number and the severity of
RP attacks as well as the peripheral thermoregulation in three patients [58]. Hettema
et al. analyzed 15 patients with limited type SSc and reported that bosentan
significantly reduced the frequency, duration, and severity of RP attacks [59].

Only one single-centered, randomized, prospective, double-blind trial of
bosentan that evaluates the effect of bosentan for the treatment of RP in patients
with SSc has been published to date [60]. In 17 patients without preexisting DU,
bosentan did not improve the frequency, duration, pain, or severity of RP attacks.
However, in contrast to the placebo, bosentan significantly improved the functional
scores assessed by the scleroderma health assessment questionnaire (P =0.03 and
P =0.01 at weeks 12 and 20, respectively) and the UK functional score (P =0.038
and P =0.039 at weeks 8 and 16, respectively) compared with those treated with a
placebo. Guiducci et al. reported that bosentan improved nailfold videocapil-
laroscopy (NVC) pattern in patients with SSc from a late NVC pattern to an active
pattern [61]. No serious adverse events were noted, and only one patient withdrew
due to treatment-related peripheral edema. Because this study involved a small
number of patients, a larger study might show more clearly the benefits of bosentan
in improving the functional impairment in SSc patients.

10.6 Endothelin-1 and Fibrosis

ET-1 has been implicated in the pathogenesis of fibrosis in many organ systems,
including those of the skin, lung, and heart [24, 62]. The ET-1 transgenic mice, in
which ET-1 is overexpressed in the lungs, showed progressive pulmonary fibrosis
[63]. The continuous overexpression of ET-1 in SSc lung fibroblasts is driven
through a TAK1/INK-dependent and ALKS-independent mechanism which then
resulted in the overexpression of collagen and CTGF [64]. Bleomycin-injected
fibrotic skin of the vascular endothelial cell-specific ET-1 knockout mice showed
significantly decreased skin thickness and collagen content compared to that of
wild-type mice, indicating that bleomycin-induced skin fibrosis is attenuated in the
vascular endothelial cell-specific ET-1 of knockout mice [65]. In addition, ET-1
induced the production of collagen types I and III and fibronectin via ET receptors
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A and B on fibroblasts in vitro [24, 25] and reduced the expression of matrix
metalloproteinase-1 (MMP-1) [26]. The ETR blocker, bosentan, inhibits the
expressions of collagen type I and the fibronectin in fibroblasts in SSc patients [12].

Furthermore, ET-1 is essential for the regulation of alpha smooth muscle actin
(-SMA) expression in fibroblasts. Abnormal a-SMA-positive myofibroblasts in
the dermis are thought to be a key feature of fibrotic disease, including SSc. ET-1
induces the expression of a-SMA and other contractility-related factors via ETR-A
and a rac/phosphoinositide 3-kinase/Akt-dependent pathway [22]. In addition, the
ETR blocker, bosentan, inhibited the expressions of a-SMA and the connective
tissue growth factor (CTGF)/CCN2 in fibroblasts in SSc patients [12], thus
suggesting that ET-1 might induce the differentiation of myofibroblasts from
fibroblasts in fibrotic lesions.

Transforming growth factor-p (TGF-p) plays a major role in the pathogenesis of
fibrosis in SSc, and ET-1 plays an important role in the fibrosis process as a
downstream regulator or cofactor of TGF-f signaling [66]. ET-1 is induced by
TGF-p through SMAD-independent but JNK- and ALK5-dependent pathways in
fibroblasts, and TGF-p is induced by ET-1 in other cells, including endothelial cells
[67]. Thus, ET-1 and TGF- synergistically enhance the fibrotic process [24]. The
blockade of ETRs suppresses the ability of TGF-f, inducing the expression of
fibrogenic cytokines [64]. In addition, the blockade of ETRs by bosentan also
suppresses TGF-p-induced skin fibrosis in vivo [68]. It has been reported that
ET-1 and connective tissue growth factor (CTGF) play an essential role in this
process as downstream regulators or cofactors of TGF-p signaling.

ET-1 also regulates the expression of proinflammatory cytokines, as ET-1
stimulation has been found to induce the inflammatory cytokines, such as IL-1f3
and TNF-a, from human monocytes [29]. In addition, IL-6 in cultured human
smooth muscle cells is also induced by ET-1 [69]. A lot of in vivo and in vitro
studies have shown that IL-6 plays an important role in the pathogenesis of fibrosis
in SSc. For example, the serum IL-6 levels, which are significantly elevated in
patients with early stage SSc [70, 71], correlate with the total skin thickness score in
SSc patients [72]. These findings indicate that ET-1-induced IL-6 from fibroblasts
may be involved in the pathogenesis of fibrosis in SSc.

The use of imatinib mesylate, which inhibits both c-Abl and platelet-derived
growth factor receptor (PDGFR) signaling, was reported to be effective for skin
fibrosis in SSc patients, suggesting that the activation of PDGFR signaling might be
involved in the pathogenesis of fibrosis in SSc. Interestingly, it has been reported
that ET-1 induces the transactivation and signaling of the tyrosine kinase receptors,
such as the PDGFR, the vascular endothelial growth factor receptor (VEGFR), and
the epidermal growth factor receptor (EGFR) [73, 74]. ET-1 receptor stimulation
causes the activation of metalloproteinase, which sheds ligands, such as heparin-
binding epidermal-like growth factor (HB-EGF), and leads to the activation of
tyrosine kinase receptors [74]. An increase in Ca** by ET-1 also might be involved
in the mechanisms of transactivation of tyrosine kinase receptors. In addition, ET-1
is recognized to be chemotactic for fibrocytes [4]. Fibrocytes belong to
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mesenchymal stem cells (MSCs) derived from bone marrow and are involved in the
pathogenesis of fibrosis in patients with SSc and other fibrosing diseases [75, 76].

Taken together, these findings indicate that ET-1 alone or together with TGF-p
can induce the fibrosis in vivo and in vitro and may play pivotal roles in the
pathogenesis of fibrotic diseases.

10.6.1 Endothelin Receptor Antagonists and Skin Fibrosis

Bosentan was reported to be effective in reducing skin fibrosis in patients with SSc
[77]. Kuhn et al. conducted a prospective, open-label, noncomparative trial of ten
patients with SSc who were administered bosentan for 20 weeks [77]. The total skin
score and the number of total digital ulcers at 24 weeks after bosentan treatment
were significantly decreased compared with baseline (P < 0.001). Other studies
have also reported improvement in skin sclerosis among SSc patients who took
bosentan treatment [78]. However, further large-scale clinical studies are warranted
to identify the efficacy of bosentan with respect to skin fibrosis.

10.6.2 Endothelin Receptor Antagonist and Pulmonary Fibrosis

Various animal models have been employed to demonstrate the role of ET-1 in lung
fibrosis [79], and it was found that ET-1 overexpressing transgenic mice spontane-
ously develop lung fibrosis in conjunction with the accumulation of perivascular
inflammatory cells [63]. While ET-1 levels, as well as ETR-A and ETR-B receptor
levels, are elevated in bleomycin-induced pulmonary fibrosis, bosentan was found
to inhibit this fibrosis [80, 81]. These results suggest that ET-1 might be involved in
the pathogenesis of pulmonary fibrosis in the rodent model and that bosentan might
reduce fibrosis.

In an in vivo study, the ET-1 serum levels were significantly elevated in patients
with idiopathic pulmonary fibrosis. They were also elevated in the broncho-alveolar
lavage fluid and breath condensate of SSc patients [82]. In addition, SSc patients
with interstitial lung disease (ILD) demonstrated expression of ET-1 on the airway
bronchiolar and alveolar epithelia, the interstitium and interstitial vessels, and the
alveolar macrophages [34].

In a double-blind, randomized, placebo-controlled study, 77 SSc patients with
ILD were administered bosentan and 86 were randomized to administer a placebo.
No significant difference between treatment groups was observed for change in the
6-min walk distance up to 12 months. There was also no effect on forced vital
capacity (FVC), DLCO, or patient functional status. These results suggest that the
use of bosentan as treatment for ILD in SSc patients might not be effective.
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10.7 ET-1 and Calcification

Regarding the relationship between calcification and ET-1, it has been reported that
the expression of mRNA and protein levels of ET-1 are increased in calcified
VSMCs [83]. Furthermore, ETR-A is enhanced in the stenotic aortic valves with
fibrosis and calcification [84].

ET-1 induces the intracellular calcium concentration and stimulates both the
proliferation and the formation of bone nodules in osteoblastic progenitor cells
[85, 86]. Furthermore, it has been reported that ET-1 increases the intracellular Ca2*
concentration and DNA synthesis and enhances proliferation and calcium deposition
in MSC via ETR-A in vitro and in vivo [83, 85]. These data indicate that ET-1/ETR
signaling is involved in the regulation of fibrosis and calcification.

10.8 Endothelin-1 and Fli1

Flil is a member of the ETS transcriptional factor family and functions as a
repressor of the COLIAI and COLIA2 genes [87-89]. The expression of Flil
genes is significantly decreased in SSc dermal fibroblasts and dermal microvascular
endothelial cells in SSc skin lesions [90, 91]. Akamata et al. report that bosentan
restores the pro-fibrotic phenotype of SSc dermal fibroblasts by increasing the
DNA-binding ability and the expression levels of Flil [92]. In addition, it was
recently reported that ET-1 induced the phosphorylation of Flil through the
sequential activation of c-Abl and protein kinase C-9, thereby leading to a decrease
in Flil levels as well as in the Flil occupancy of the targeted gene promoters in
human dermal microvascular endothelial cells, and bosentan treatment reversed
those effects [93]. In endothelial cell-specific Flil knockout mice, bosentan treat-
ment increased Flil expression as well as the vascular stabilization and restoration
of impaired leaky vessels. These results suggest that bosentan might have a benefi-
cial effect on vasculopathy in SSc.

10.9 Conclusion

Many experimental and clinical studies have investigated the role of ET-1 in the
pathogenesis of pulmonary arterial hypertension and fibrosis of the skin, lung, or
other organs in systemic sclerosis. The potential benefit of ET-1 antagonists in
PAH, vasculopathy, and fibrosis in SSc has been identified in recent clinical
analyses, and further basic researches and clinical studies, such as the assessment
of the efficacy of the combination therapy of ET-1 and other agents, are expected.
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Abstract

Systemic sclerosis (SSc) is an autoimmune disease marked by excessive extra-
cellular matrix deposition in the skin and internal organs. Three major
abnormalities, including autoimmunity, vasculopathy, and fibrosis, are consid-
ered to play important roles in the pathophysiology of SSc. A variety of
immunological abnormalities of T and B cells have been detected in SSc.
Over 90 % of the patients are positive for autoantibodies, which react to various
intracellular components. Hyper-y-globulinemia and B cell hyperactivity have
also been detected in SSc patients. SSc patients have been reported to show
distinct abnormalities in blood B lymphocyte compartments, characterized by
expanded naive B cells and activated memory B cells. In addition, B cells from
SSc patients overexpress CD19, a critical cell-surface signal transduction mole-
cule, by ~20 %. Furthermore, a B cell activating factor belonging to the tumor
necrosis factor family (BAFF) has been reported to be elevated in patients with
SSc and to be correlated with the severity of SSc. In the tight-skin mouse model
of SSc, chronic B cell activation is critical not only for the induction of
autoantibodies but also for the development of skin fibrosis. In particular, an
absence of CD19 or B cell depletion therapy, with an anti-CD20 antibody or a
BAFF antagonist, suppresses the development of skin fibrosis and autoimmunity
in mouse models of SSc. A number of recent studies on human SSc have shown
that B cell depletion therapy has beneficial effects on skin and lung fibrosis in
patients with SSc. However, B cells play not only a disease-promoting role but
also an inhibitory role in autoimmune diseases. Regulatory B cells negatively
regulate inflammation and autoimmunity and are present in human SSc patients.
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Furthermore, regulatory B cells have been shown to have an inhibitory function
in the mouse model of SSc. Thus, depletion of regulatory B cells may worsen
autoimmune diseases. Therefore, selective B cell depletion, which retains regu-
latory B cells, may be a potential therapy for autoimmune diseases,
including SSc.
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Systemic sclerosis ¢ B cell « Regulatory B cell « CD19 « Rituximab

11.1 Introduction

Systemic sclerosis (SSc) is an autoimmune disease marked by excessive extracel-
lular matrix deposition in the skin and internal organs [1]. Three major
abnormalities, as autoimmunity, vasculopathy, and fibrosis, are considered to play
important roles in the pathophysiology of SSc [2] and thus, should be thoroughly
investigated in order to identify new targets for effective therapies. A variety of
immunological abnormalities of T and B lymphocytes have been detected in SSc
[3]. Although several studies have focused on T cells as pathogenic mediators of
SSc, recent studies have shed light on the critical role of B cells in the development
of systemic autoimmune diseases [4—6]. Indeed, over 90 % of patients are positive
for autoantibodies, which react to various intracellular components. The
autoantibodies associated with SSc include anti-DNA topoisomerase I,
anticentromere, and anti-RNA polymerases (Abs) [7]. Hyper-y-globulinemia and
B cell hyperactivity have been detected in SSc patients [8, 9]. SSc patients have
been reported to show distinct abnormalities in blood B lymphocyte compartments,
characterized by expanded naive B cells and activated memory B cells [10]. It has
also been reported that a B cell activating factor belonging to the tumor necrosis
factor family (BAFF) is elevated in patients with SSc and is correlated with the
severity of SSc [11]. In the tight-skin mouse model of SSc, chronic B cell activation
is critical not only for the induction of autoantibodies but also for the development
of skin fibrosis [12]. Furthermore, B cell depletion using an antimouse CD20
antibody or a BAFF antagonist suppresses the development of skin fibrosis in the
tight-skin mouse [13, 14]. In addition, several recent studies have revealed a
possible beneficial effect of antthuman CD20 antibody (rituximab) therapy for
human SSc patients [15-21]. Thus, B cells play an important role in the develop-
ment of SSc in humans, and B cell abnormalities are observed in mouse models of
SSc. However, in addition to their positive regulatory role, B cells also play a
negative regulatory role. Regulatory B cells that produce IL-10 are potent negative
regulators of inflammation and autoimmunity in human and mouse models of
disease [22, 23]. Our recent study revealed that regulatory B cells play an inhibitory
role in murine sclerodermatous chronic graft-versus-host disease (Scl-cGVHD), a
mouse model of scleroderma [23]. It has been reported that pan-B cell depletion,
including regulatory B cell depletion, worsens autoimmunity in humans
[24, 25]. Pan-B cell depletion is not always a beneficial effect in autoimmunity.
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Therefore, it is necessary to investigate the role of regulatory B cells in systemic
sclerosis. In this context, we review the positive and negative regulatory roles of B
cells in the pathogenesis of SSc in human and mouse models.

11.2 B Cell Function

B cell development is tightly regulated, from their early progenitors to their
terminal differentiation into plasma cells [26]. The pathway of B cell development
depends on signals that control both negative and positive selection of B cells in the
bone marrow and in peripheral lymphoid tissues. The signaling thresholds of B cells
are controlled by response regulators, such as CD19 and CD22, that augment or
diminish B cell signals during responses to self- and foreign antigens
[27, 28]. Among these response regulators, the cell-surface signal transduction
molecule CD19 is the most potent positive regulator. In contrast, CD22 plays a
negative regulatory role in B cell signaling [29]. Thus, dysregulation of these
response regulators may accelerate autoimmunity. Historically, B cells have pri-
marily been studied in their role as effector B cells, which positively regulate the
immune response via antibody production. B cells can also serve as antigen-
presenting cells (APCs), with the capacity to present Ag 10°- to 10*-fold more
efficiently than other APCs [30]. Therefore, abnormalities in these B cell functions
could contribute to the induction of systemic autoimmunity independent of autoan-
tibody production. However, regulatory B cells have also been identified, and these
B cells were subsequently revealed to negatively control the immune response
[31, 32]. Effector B cells accelerate autoimmunity, whereas regulatory B cells
inhibit autoimmunity. Thus, these two subsets of B cells play two conflicting
roles in autoimmunity.

11.3 B Cell Roles in Mouse Models of SSc

SSc is an autoimmune disease marked by excessive extracellular matrix deposition
in the skin and internal organs. Although the etiology of SSc remains unclear, three
major abnormalities are considered to play important roles in its pathophysiology:
autoimmunity, vasculopathy, and fibrosis. Mouse models are critical tools for
furthering our understanding of the pathophysiology underlying this disease. The
bleomycin-induced scleroderma model and TSK/+ mice are the primary SSc
models. Chronic graft-versus-host disease (cGVHD) emerges from alloreactive
reactions between donor-derived immune cells and host cell populations. Trans-
plantation across minor histocompatibility loci of B10.D2 bone marrow (BM) and
splenocytes into sublethally irradiated BALB/c recipients is a well-established
animal model for human Scl-cGVHD and SSc, both of which show many clinical
similarities to human SSc [33]. Importantly, a growing number of studies suggest a
role for B cells, including regulatory B cells, in the pathogenesis of SSc.
Autoantibodies against SSc-specific target autoantigens, including DNA
topoisomerase-I, fibrillin 1, and RNA polymerase I, have been detected in many
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scleroderma mouse models [34—37]. Constitutive CD19 tyrosine phosphorylation is
augmented in TSK/+ B cells compared with wild-type B cells, and TSK/+ B cells
exhibit a phenotype consistent with chronic activation [12]. In addition, intracellu-
lar Ca®* responses generated by CD19 ligation are elevated in TSK/+ B cells. Thus,
the CD19 signaling pathway appears to be constitutively activated in TSK/+ B
cells, and this abnormal basal signaling likely results in the characteristic
hyperresponsiveness of TSK/+ B cells. Serum levels of autoantibodies are signifi-
cantly elevated in TSK/+ mice, whereas the lack of CDI19 in TSK/+ mice
completely abrogates autoantibody production [12]. Furthermore, CD19 deficiency
attenuates skin fibrosis in TSK/+ mice. Similar to TSK/+ mice, the loss of CD19
attenuates the development of skin and lung fibrosis in the bleomycin-induced
scleroderma model [36]. CD19 has also been reported to regulate fibrogenic
cytokine production and autoantibody production by B cells via Toll-like receptor
4 signaling [36]. Thus, B cells regulate skin fibrosis in TSK/+ mice via the CD19
signaling pathway [12]. Similarly, B cell hyperresponsiveness in TSK/+ mice also
results from abnormalities in the function of CD22, a critical negative regulator of
BCR signaling [38]. CD19 is a major target of the CD22 inhibitory pathway
[29]. CD19 may also be indirectly influenced by CD22, in that disruption of
negative regulation of signaling by CD22 in TSK/+ B cells may result in abnormal
activation of downstream signal transduction molecules, including CD19.
Hasegawa et al. showed that B cell depletion using an antibody against mouse
CD20 attenuated skin fibrosis in TSK/+ mice [14]. Thus, B cells play critical roles
in the development of skin fibrosis and autoimmunity in TSK/+ mice. Collectively,
these results show that B cell depletion therapy may be a promising treatment for
SSc. Serum BAFF levels have been reported to be significantly elevated in TSK/+
mice, similar to what has been observed in SSc patients [11, 13]. Moreover,
administration of a BAFF antagonist inhibits the development of skin fibrosis and
autoantibody production in TSK/+ mice. Additionally, BAFF-stimulated TSK/+ B
cells show a significantly enhanced ability to produce IL-6, a cytokine that may
contribute to fibrosis and autoimmunity. An anti-BAFF antibody (belimumab) has
recently been approved for the treatment of systemic lupus erythematosus (SLE),
and BAFF may be a candidate for the treatment of SSc in the near future. Thus,
multiple murine studies have revealed a critical role for B cells in the pathogenesis
of SSc.

11.4 B Cell Roles in SSc

B cells have been reported to be chronically activated in SSc, as the frequency of B
cells expressing activation markers, including HLA-DR and CD25, is increased in
SSc [8, 39, 40]. Indeed, systematic analysis of the patterns of gene expression in
biopsies from scleroderma patients revealed upregulation of genes related to B cells
[41]. B cells have been reported to infiltrate the lesional skin in the lungs of patients
with SSc [15, 41, 42]. Sato et al. showed that B cells from SSc patients overexpress
CD19 by ~20 % [43]. CD19 is a critical cell-surface signal transduction molecule
on B cells that regulates basal signaling thresholds and accelerates signaling
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through B cell antigen receptors [44]. Furthermore, a polymorphism of the CD19
promoter region has been identified and found to be correlated with higher CD19
expression on B cells and increased susceptibility to SSc [45]. SSc patients show
distinct abnormalities in blood B lymphocyte compartments, characterized by
expanded naive B cells and activated memory B cells, whereas they show dimin-
ished memory B cells and plasmablasts/early plasma cells due to increased apopto-
sis [10]. Therefore, it is plausible that the continuous loss of memory B cells and
plasmablasts/early plasma cells leads to increased production of naive B cells in the
bone marrow in order to maintain B cell homeostasis. This CD22 polymorphism is
also associated with susceptibility to limited cutaneous SSc [46]. This CD22
polymorphism is correlated with reduced CD22 expression on B cells in patients
with SSc. Thus, expression of CD19 and CD22, positive and negative regulators of
B cell signal transduction, is altered in SSc patients. Our study revealed that
elevated BAFF levels are associated with the severity of skin sclerosis
[11]. BAFF mRNA expression was upregulated in affected skin from patients in
the early stages of SSc. BAFF-R expression on B cells was also increased in SSc
patients. Furthermore, SSc B cells exhibited an enhanced ability to produce IL-6 by
BAFF stimulation. Another study reported that serum levels of BAFF and
CXCL13, a chemokine which is responsible for the migration of B cells to the
site of inflammation, were increased in patients with SSc [47]. Thus, BAFF and its
signaling in B cells contribute to B cell abnormalities and disease development in
SSc (Fig. 11.1).

BCR
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IL-10: Regulatory B cells

yper-y-globulinemia
utoantibody production

>I

CD20: Target of B cell depletion

oS0 ¥ 53¢
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Fig. 11.1 B cell roles in SSc. Chronic B cell activation is found in SSc with CD19
overexpression. Enhanced BAFF expression in SSc patients can maintain the chronic B cell
activation that leads to increased production of autoantibody and fibrogenic cytokines. Thus, B
cells play critical roles in the development of SSc and could be a therapeutic target in human SSc.
Several recent studies have revealed a possible beneficial effect of antihuman CD20 antibody
(rituximab) therapy for SSc. On the other hand, IL-10-producing regulatory B cells negatively
regulate inflammation and autoimmunity and are present in human SSc patients. Thus, depletion of
regulatory B cells may worsen autoimmune diseases
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11.5 B Cells and Fibrosis

Stimulated naive T cells differentiate into memory/effector T cells that are classi-
fied into T-helper type 1 (Thl) and Th2 subsets, based on their cytokine production
profiles [48]. Thl cells mainly secrete interferon (IFN)-y and interleukin (IL)-2,
whereas Th2 cells predominantly release IL-4, IL-5, IL-6, IL-10, and IL-13
[48]. These Th2 cytokines enhance Ig production by B cells. It has been suggested
that Th1 cytokines generally decrease extracellular matrix deposition, whereas Th2
cytokines increase it [49-51]. Activated B cells can produce IL-6, which induces
Th2-dominant immune responses [52, 53]. IL-6 has been reported to promote tissue
fibrosis [50, 54, 55]. Increased IL-6 production from activated B cells could directly
promote fibrosis in patients with SSc. In a mouse model of SSc, stimulated B cells
produced high levels of IL-6 [12]. Activated B cells also produce active TGF-§
in vitro [56]. Recently, it was reported that B cells could directly stimulate dermal
fibroblasts to produce collagen, IL-6, and TGF-f [57]. Furthermore, this induction
was dependent on cell—cell contact and could be increased by the addition of BAFF
to the coculture. In contrast, B cell-induced collagen production was significantly
inhibited by anti-TGF-f antibodies. TGF-p from activated B cells in SSc patients
induces excessive collagen synthesis in fibroblasts, which is further enhanced by
BAFF stimulation [57]. Thus, B cells may have a direct effect on the production of
collagen by dermal fibroblasts. Collectively, these results show that IL-6 and TGF-§
from activated B cells in SSc patients accelerate collagen synthesis (Fig. 11.1).

11.6 B Cell Depletion Therapy in SSc

As previously described, B cells play critical roles in the development of SSc and
could be a therapeutic target in human SSc. Rituximab, a chimeric IgG1 monoclo-
nal antibody that specifically binds to CD20 on B cells, has been approved for the
treatment of certain non-Hodgkin’s lymphomas and autoimmune diseases, such as
rheumatoid arthritis, granulomatosis with polyangiitis, and microscopic
polyangiitis [58]. Lafyatis et al. reported that rituximab caused depletion of B
cells in both peripheral blood and skin in a small open-label study of systemic
sclerosis [15]. However, B cell depletion therapy did not show significant effects on
skin sclerosis or autoantibody titers. Nonetheless, rituximab treatment prevented
the development of progressive pulmonary disease. Bosello et al. conducted a
12-week open-label study on nine dcSSc patients treated with rituximab and
methylprednisolone [16]. They reported an improvement in skin sclerosis,
measured using the modified Rodnan total skin thickness score (mRSS), in patients
treated with rituximab, representing a 43 % improvement. Smith et al. conducted a
24-week open-label study in eight dcSSc patients treated with rituximab and
methylprednisolone [17]. In this study, B cell depletion therapy significantly
improved the mRSS and histological findings, representing a 40 % improvement.
The participants in this cohort study were then re-treated with rituximab at 6 months
and followed for 2 years [18]. B cell depletion therapy significantly reduced the
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mRSS at 24 months, representing a 45 % improvement [18]. However, all of these
were open-label studies. Daoussis et al. conducted a randomized controlled small
study with eight dcSSc patients [19, 20]. B cell depletion therapy significantly
improved lung function in SSc patients with interstitial lung diseases. The mRSS
was reduced at 2 years compared with baseline (—8.63 score). In this study, the
median percentage of FVC in the rituximab group was significantly improved
compared with controls (10.3 % vs. 5.0 %; P =0.002). Similarly, the median
percentage of DLco in the rituximab group was significantly improved compared
with controls (19.5 % vs. 7.5 %; P =0.023). Recently, the European Scleroderma
Trials and Research (EUSTAR) group conducted a multicenter nested case—control
study in which 63 SSc patients were treated with rituximab [21]. In this study,
mRSS changes in patients with severe dcSSc were larger in the rituximab-treated
group than in matched controls (—24.0£5.2 % vs. —7.7£4.3 %; P =0.03). The
mean mRSS in the rituximab-treated group was significantly reduced at 6 months,
compared with the baseline (15 % improvement, P = 0.008). In addition, rituximab
treatment significantly prevented the further decline of FVC in SSc patients with
interstitial lung disease compared with matched controls (0.4+4.4 %
vs. =7.7£3.6 %; P =0.02). Collectively, these results show that B cell depletion
therapy with rituximab could have beneficial effects on skin and lung fibrosis in
patients with SSc (Fig. 11.1 and Table 11.1). Phase III randomized controlled
studies will be needed to confirm the efficacy and safety of rituximab for the
treatment of SSc.

11.7 Regulatory B Cells

B cells positively regulate immune responses through activation of T cells and
production of antibodies. Notably, specific minor subsets of B cells can negatively
regulate inflammation and autoimmunity [59-61]. Tedder et al. identified a rare and
phenotypically unique CD1d"CD5*CD19™ subset of regulatory B cells in the
murine spleen of both normal and autoimmune mice [59]. These regulatory B
cells that produce IL-10 are now recognized as negative regulators of the immune
system, inflammation and autoimmunity in mouse models of diseases such as
rheumatoid arthritis, systemic lupus erythematosus, and multiple sclerosis
[60, 62, 63]. Furthermore, regulatory B cells that produce IL-10 have also been
identified in humans [22]. Regulatory B cells in humans normally represent <1 %
of peripheral blood B cells [22]. The phenotype of human regulatory B cells is
reported to be the CD24™CD27* B cell subset [22] or CD19"CD24™CD38" B cells
[64]. Thus, it is necessary to investigate the role of regulatory B cells in SSc and its
murine models. We reported that donor-derived regulatory B cells are important for
the suppression of SSc in the Scl-cGVHD model [23]. The absence of regulatory B
cells induced severe Scl-cGVHD, whereas replacement of regulatory B cells in the
early phase restored the exacerbated Scl-cGVHD. However, replacement of regu-
latory B cells in the late phase had no effect on Scl-cGVHD. This suggests that
regulatory B cells may play an important role in the onset of Scl-cGVHD rather
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Table 11.1 Studies on the efficacy of rituximab in SSc

First author,
year (ref)

Lafyatis
et al. 2009
[15]

Bosello
et al. 2010
[16]

Smith

et al. 2010,
2013

[17, 18]

Daoussis
et al. 2010,
2012

[19, 20]

Jordan
et al. 2014
[21]

Type of
study

Open label

Open label

Open label

Open label,
randomized
controlled
study

Multicenter
nested case—
control
study

Number
of patients

15

25

Rituximab
treatment

1 g/2 weeks
apart

1 g/2 weeks
apart

1 g/2 weeks
apart

4 x 375 mg/
m>2, at
baseline and

24 weeks

1 g/2 weeks
apart or
single shot
ofl g

Skin result

No change in
skin score

Decreased in
skin score,
433 %
improvement
(at 6 months)
Decreased in
skin score,
45 %
improvement
(at 2 years)

Decreased in
skin score,
64 %
improvement
(at 2 years)

Decreased in
skin score,
15 %
improvement
compared
with baseline
(at 7 months)
decreased in
skin score,

7 %
improvement
compared
with matched
controls

(at 7 months)

Lung result

Increased in
FVC, 3.5 %
improvement
(at 6 months)
no significant
change in
DLco

No significant
change in FVC
and DLco

No significant
change in FVC
and DLco

Increased in
FVC, 10.3 %
improvement
(at 2 years)
increased in
DLco, 19.5 %
improvement
(at 2 years)

Rituximab
prevented
further decline
of FVC
compared with
matched
controls
04+44 %
Vs

—7.7+£3.6 %,
at 7 months)

than disease progression. Thus, these results suggested that regulatory B cells may
also have an inhibitory function in SSc pathogenesis. Recently, we investigated
regulatory B cells in patients with SSc [65]. The frequency of blood regulatory B
cells was significantly lower in patients with SSc than in healthy controls (5.43 % vs
11.60 %, P <0.0001). Furthermore, regulatory B cell levels were negatively
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correlated with the titer of anti-topoisomerase I Ab and anticentromere Ab in SSc
patients. These results suggest that decreased levels of regulatory B cell levels may
contribute to the development of SSc (Fig. 11.1). Two large randomized controlled
trials of rituximab, which depletes human pan-B cells, were conducted in SLE
patients, with the expectation that it would be effective. However, it failed to
achieve the primary endpoints [66, 67]. This ineffectiveness may have been due
to the presence of regulatory B cells. B cell depletion will worsen the condition of
the patient, if regulatory B cells are dominant in a patient with SLE. Thus, the
outcome of pan-B cell depletion depends on the balance of effector B cells versus
regulatory B cells in the patient. A protocol that selectively depletes effector B cells
while sparing regulatory B cells may offer a particularly potent therapy for autoim-
mune diseases, including SSc.

11.8 Conclusion

A number of recent studies in human and mouse models of SSc have revealed
critical roles for B cells in the development of SSc. B cells contribute to the
pathogenesis of SSc, via production not only of autoantibodies but also of
cytokines, such as IL-6 and TGF-p. B cell depletion therapy with rituximab could
have beneficial effects on skin and lung fibrosis in patients with SSc. However, B
cells play not only a disease-promoting role but also an inhibitory role in autoim-
mune diseases. Regulatory B cells negatively regulate inflammation and autoim-
munity, and are known to be present in human SSc patients. Furthermore,
regulatory B cells have an inhibitory function in the mouse model of SSc. Thus,
depletion of regulatory B cells may worsen autoimmune diseases. Therefore,
selective B cell depletion, which retains regulatory B cells, may offer a particularly
potent therapy for autoimmune diseases, including SSc.
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Fli1

Yoshihide Asano

Abstract

Systemic sclerosis (SSc) is a multifactorial connective tissue disease caused by
the complex interplay between genetic factors and environmental influences.
Fli1l, a member of Ets transcription factor family, is constitutively suppressed in
various cell types in the lesional and non-lesional skin of SSc patients at least
partially by an epigenetic mechanism. Therefore, Flil deficiency is a potential
predisposing factor of SSc reflecting environmental influences. Consistent with
this notion, FIi*'~ mice reproduce SSc-like phenotypes in dermal fibroblasts
and dermal microvascular endothelial cells at molecular levels. Importantly,
bleomycin, a potential environmental factor of SSc, induces more prominent
SSc-like phenotypes in various cell types of FIil*'~ mice than in those of wild-
type mice. Furthermore, endothelial cell-specific Flil knockout mice reproduce
the functional and structural vascular abnormalities characteristic of SSc
vasculopathy. Moreover, double heterozygous mice for Flil and KIf5, another
transcription factor epigenetically suppressed in SSc dermal fibroblasts, sponta-
neously develop three cardinal features of SSc including immune abnormalities,
vasculopathy, and tissue fibrosis of the skin and lung. Thus, Flil deficiency is a
key feature in the pathogenesis of SSc. On the other hand, accumulating evi-
dence has suggested that Flil is a potential therapeutic target of SSc because Flil
expression can be reversed by bosentan, a dual endothelin receptor antagonist
with a preventive effect on digital ulcers relevant to SSc. Therefore, the studies
on the role of Flil in SSc provide us new clues to further understand the
pathogenesis of SSc and to develop a new therapeutic strategy for this
devastating and incurable disease.
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12.1 Introduction

Systemic sclerosis (SSc) is a multisystem chronic connective tissue disease
characterized by initial vascular injury and resultant fibrosis of the skin and various
internal organs with variable degrees of autoimmunity and inflammation. Although
the pathophysiology of SSc still remains largely elusive, it has been believed that
SSc is caused by a complex interaction between genetic factors and environmental
influences. The critical role of genetic factors is primarily proved by the evidence
that the highest risk factor for the development of SSc is a family history [1]. How-
ever, according to a twin study by Feghali-Bostwick et al. [2], concordance for SSc
is low in the twins (4.7 %) and comparable between monozygotic and dizygotic
twins (4.2 % versus 5.6 %), while concordance for the presence of antinuclear
antibodies is much higher in the healthy monozygotic twin sibling than in the
healthy dizygotic twin sibling of an SSc patient (95 % versus 60 %, P <0.05),
suggesting that genetic factors are related to autoimmunity increasing the suscepti-
bility to SSc, but not enough for the development of clinically definite SSc. In line
with this notion, most of susceptibility genes for SSc are HLA haplotypes and
non-HLA immune and inflammatory genes, including interferon regulatory factor
5 (IRF5) and signal transducer and activator of transcription 4 (STAT4), which are
also identified as disease susceptibility genes in other collagen diseases such as
rheumatoid arthritis and systemic lupus erythematosus [3]. Therefore, it is
speculated that a certain set of environmental factors triggers the development of
SSc in genetically predisposed individuals.

Environmental factors, including silica dust, solvents, chemicals, drugs, and
infectious agents, potentially modulate the behavior of various cell types through
the alteration of gene expression profiles by epigenetic mechanisms, such as DNA
methylation, histone modifications (acetylation and methylation), and microRNA
regulation. As for DNA methylation, DNA hypermethylation of the FLII and KLF5
genes in dermal fibroblasts [4, 5] and the BMPRII gene in microvascular endothelial
cells [6, 7] and DNA hypomethylation of the ACTA gene in lung fibroblasts [8] and
the CD11a, CD40L, and CD70 genes in CD4" T cells [9-11] have been reported in
SSc [3]. Furthermore, a recent study by Altorok et al. has disclosed that 2,710 and
1,021 CpG sites are differentially methylated in diffuse cutaneous SSc and limited
cutaneous SSc, respectively, by genome-wide DNA methylation analysis with
dermal fibroblasts [12]. With respect to acetylation, hypoacetylation of histone
H3 and H4 is shown in the FLII promoter using SSc lesional skin samples and
cultivated SSc dermal fibroblasts and in the KLF5 promoter using cultivated SSc
dermal fibroblasts [4, 5]. These genes with epigenetic modifications may be
predisposing factors of SSc reflecting environmental influences. Among them, the
potential contribution to the development of SSc has been well studied on the
FLII gene.
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12.2 The Nature of Transcription Factor Fli1

FLII gene encodes Friend leukemia virus integration 1 (Flil), a member of the Ets
(E26 transformation-specific) transcription factor family characterized by a winged
helix-turn-helix domain that is responsible for nuclear targeting and specific bind-
ing to a DNA element containing a purine-rich GGAA/T core sequence. Flil gene
was initially identified as a proto-oncogene in Friend virus-induced
erythroleukemia in mice. Also, in humans, Flil is involved in the development of
tumors, that is, FLII gene is rearranged in 90 % of Ewing sarcoma family of tumors
including morphological variants of Ewing sarcoma and peripheral primitive
neuroectodermal tumor [13]. On the other hand, hemizygous loss of FLII gene is
pathogenic for Jacobsen/Paris-Trousseau syndrome, a rare congenital disorder
caused by partial deletion of the long arm of chromosome 11 and featured by
variable degrees of growth and mental retardation, cardiac defects,
dysmorphogenesis of the digits and face, pancytopenia, and thrombocytopenia
[14, 15]. Among various genes on chromosome 11q, FLII appears to be closely
associated with bone deformity and platelet dysfunction of this syndrome because
FIiI"~ mice exhibit a characteristic cranial deformity and mild thrombocytopenia
with abnormal megakaryocytes characterized by a disorganized demarcation mem-
brane system, vacuolization, and fused a-granules [16]. Thus, genetic modification
of FLII gene is involved in the progression of at least two distinct tumors and the
development of Jacobsen/Paris-Trousseau syndrome.

Under physiological conditions, Flil is expressed at high levels in both endothe-
lial and hematopoietic cells as revealed by comparative gene expression profile
analysis of various human cell lines [17]. Flil is also expressed in dermal fibroblasts
even though the levels are relatively lower compared with endothelial cells and
hematopoietic cells [18, 19]. Consistent with these data, in addition to megakaryo-
cytic differentiation, Flil plays a pivotal role in myelomonocytic, erythroid, and
NK cell development [20], T cell activation [21, 22], B cell proliferation and
apoptosis [23-27], vascular development and angiogenesis [14, 28, 29], and extra-
cellular matrix (ECM) remodeling [18, 30].

Reflecting the important role of Flil in immune cells, H-2Kk-Flil transgenic
mice, which overexpress Flil in various tissues especially in the thymus and spleen,
develop a progressive immunological renal disease reminiscent of systemic lupus
erythematosus [24]. Importantly, Flil expression levels in lymphoid tissues of these
mice positively correlate with the prevalence of renal involvements. The hypergam-
maglobulinemia, splenomegaly, B cell hyperplasia, accumulation of abnormal CD3*
B220* T lymphoid cells and CD5"B220" B cells in peripheral lymphoid tissues, and
various autoantibodies in Flil transgenic mice suggest the involvement of an
immune dysfunction in the pathogenesis of the renal disease in these mice. Further-
more, splenic B cells from FIil transgenic mice exhibit increased proliferation and
prolonged survival in vitro in response to mitogens. Thus, Flil regulates normal
lymphoid cell function and cell survival, and its dysregulation may result in the
development of autoimmune diseases, such as systemic lupus erythematosus.
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In addition to the impact on immune system and megakaryocytes/platelets, Flil
regulates endothelial cell behavior and ECM metabolism. The roles of Flil in
dermal fibroblasts and endothelial cells have been well investigated in the context
of SSc and its animal models.

12.3 The Expression Levels of Fli1 in the Skin of SSc
Patients

The first study reporting the expression levels of Flil in the lesional skin of SSc
patients came out in 2003, demonstrating the following findings: (1) the expression
levels of Flil protein are decreased in dermal fibroblasts and dermal microvascular
endothelial cells in the lesional and non-lesional skin of SSc patients compared with
those cells in healthy control skin, (2) the decrease in Flil expression is much
greater in the lesional skin than in the non-lesional skin of SSc patients, (3) there is
an inverse correlation between mRNA levels of the COLIA2 gene and those of the
FLII gene in dermal fibroblasts of healthy control skin in vivo, (4) stable transfec-
tion of Flil into normal dermal fibroblasts markedly decreases the production of
type I and type III collagen proteins, and (5) Flil expression negatively correlates
with type I collagen expression among FIil**, Flil™~, and Flil '~ murine embry-
onic fibroblasts [19]. Prior to this report, the same group demonstrated that Flil
serves as a potent repressor of the COLIA2 gene in human dermal fibroblasts
[18]. Therefore, Flil downregulation seems to be involved in the activation of
SSc dermal fibroblasts. Importantly, Flil expression is moderately decreased even
in the non-lesional skin of SSc patients compared with healthy control skin [19],
suggesting that Flil downregulation may function as a predisposing factor for the
activation of SSc dermal fibroblasts. Following these reports, Wang et al. [4]
revealed the epigenetic downregulation of FLII gene in SSc lesional skin and
cultivated SSc dermal fibroblasts. Taken together, it is speculated that Flil is a
potential predisposing factor of SSc reflecting the influence of environmental
factors.

12.4 The Regulation of Fli1 Transcriptional Activity
by Posttranslational Modifications

The molecular mechanism by which Flil regulates the transcription of target genes
has been well studied in the context of COLIA2 promoter. Flil suppresses the
transcriptional activity of the COLIA2 promoter by binding to GGAT motif at the
—285 to —282 bp region together with p300 and histone deacetylase 1 (HDACI),
leading to the chromatin condensation due to histone deacetylation [18, 31]. The
posttranslational modifications, such as phosphorylation and acetylation, regulate
the DNA-binding ability and the protein stability of Flil and the remodeling of Flil/
p300/HDACT transcription repressor complex [31-33].
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Transcriptional activity of Flil is tightly regulated by “phosphorylation-acetyla-
tion cascade.” This cascade has been well investigated in human dermal fibroblasts
stimulated with transforming growth factor (TGF)-f. Upon TGF-p stimulation,
c-Abl and protein kinase C (PKC)-0 are sequentially activated, leading to the
nuclear translocation of PKC-8. In nucleus, activated PKC-5 directly interacts
with Flil on the COLIA2 promoter and phosphorylates it at threonine 312. Phos-
phorylation of Flil at threonine 312 increases its affinity for p300/CREB-binding
protein-associated factor (PCAF) [33], which has histone acetyltransferase activity,
subsequently resulting in acetylation of Flil at lysine 380. Upon acetylation Flil is
released from the COLIA2 promoter possibly due to a conformational change
[34]. Once dissociated from the COLIA2 promoter, Flil is rapidly degraded
[32]. As aresult, Flil no longer holds its inhibitory effect on the COLIA2 promoter.
Thus, TGF-p regulates transcriptional activity of Flil through *“c-Abl-PKC-8 path-
way” and “phosphorylation-acetylation cascade” (Fig. 12.1).

Phosphorylation of Flil is a key event regulating the remodeling of transcription
repressor complex on the Ets binding site of the COLIA2 promoter. In the absence
of Flil phosphorylation at threonine 312, Flil makes complex with p300 and
HDACI1 on the COLIA2 promoter. Under this situation, acetylation levels of
histones are decreased around the Ets binding site of the COLIA2 promoter
probably because histone deacetylase activity of HDAC1 competes with histone
acetyltransferase activity of p300. Therefore, the COLIA2 promoter activity is
suppressed through chromatin condensation by histone deacetylation. When Flil
is phosphorylated at threonine 312 by PKC-9, the dissociation of the complex
occurs. Then, p300 makes transcription factor complex with Etsl on the COLIA2
promoter, which results in the increased acetylation of histones around the Ets
binding site of the COLIA2 promoter, leading to the increased promoter activity
through the chromatin decondensation [31] (Fig. 12.2).

A similar “phosphorylation-acetylation cascade” regulates the transcriptional
activity of Smad2/Smad3, the principal intracellular second messengers of the
TGF-p signaling pathway. Upon TGF-f stimulation, Smad2 and Smad3 are
phosphorylated by serine/threonine kinase of TGF-f type I receptor and then
translocate into the nucleus, where p300/CREB-binding protein or PCAF acetylates
Smad2/Smad3 and increases its DNA-binding affinity [35-37]. Thus, “phosphory-
lation-acetylation cascade” is the critical posttranslational modification by which
TGF-p coordinately regulates the DNA-binding activity of transcriptional
activators such as Smad3 and repressors such as Flil, resulting in increased ECM
production.

In addition to the regulation of COLIA2 gene expression, Flil also functions as a
transcriptional repressor of COLIAI gene. Rottlerin, a specific inhibitor of PKC-9,
strongly suppresses the expression of COLIAI gene at the transcriptional level, and
the corresponding responsive element is located at the 130 bp segment,
encompassing nucleotides —804 to —675 of the COLIAI promoter [38]. This
region contains a putative Ets transcription factor binding site at nucleotides
—712 to =709, and Flil occupies this site in quiescent dermal fibroblasts. Further-
more, inhibition of endogenous PKC-8 enhances Flil binding to the COLIAI
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Fig. 12.1 “c-Abl-PKC-d pathway” and “phosphorylation-acetylation cascade” regulate the tran-
scriptional activity of Flil. In dermal fibroblasts and endothelial cells, ET-1 sequentially activates
c-Abl and PKC-5. Activated PKC-9 translocates into the nucleus and phosphorylates Flil at
threonine 312. Then, phosphorylated Flil interacts with PCAF, resulting in Flil acetylation at
lysine 380. Acetylated Flil loses its DNA-binding ability and is rapidly degraded. Bosentan, a dual
endothelin receptor antagonist, increases the DNA-binding ability of Fli1, leading to the increased
expression of Flil protein by preventing its degradation

promoter [33]. These data indicate that Flil coordinately regulates COLIAI and
COLIA?2 expression in dermal fibroblasts.

In dermal fibroblasts, TGF-f stimulation rapidly induces Smad2/Smad3 phos-
phorylation, while it takes about 2 h to induce Flil phosphorylation [33]. This is
because the “c-Abl-PKC-0 pathway” is activated by autocrine endothelin-1 (ET-1)
which is induced by TGF-f stimulation [39]. In endothelial cells, in which autocrine
ET-1 maintains homeostasis, ET-1 also regulates the transcriptional activity of Flil
through the “c-Abl-PKC-8 pathway” [40]. Given that ET-1 decreases Flil expres-
sion by promoting its degradation, the blockade of ET-1 increases Flil protein
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Fig. 12.2 Phosphorylation of Flil at threonine 312 regulates the remodeling of Flil/p300/
HDACI transcription repressor complex. In the absence of Flil phosphorylation, Flil stays on
the COL1A2 promoter with p300 and HDAC1. Since HDACI inhibits p300-dependent acetylation
of histones, the transcription of COLIA2 gene is suppressed by chromatin condensation. When
Flil is phosphorylated at threonine 312 by PKC-8, Flil dissociates from p300 and HDAC1. Then,
the complex of Estl and p300 stays on the COLIA2 promoter and induces histone acetylation,
resulting in transcriptional activation by chromatin decondensation

levels without affecting its mRNA levels [40, 41]. This property of Flil may
explain the mechanism by which the blockade of endothelin receptors exerts a
potential disease-modifying effect on SSc vasculopathy (Figs. 12.1 and 12.3) (see
Sect. 12.11).

12.5 Fli1 Haploinsufficiency Partially Mimics the Property
of SSc Dermal Fibroblasts

The impact of Flil on biological processes in vivo has been investigated in FIil*'~
mice or other Flil-mutated mice because mice with homozygous deletion of Flil
gene are embryonic lethal. In the skin, FIi/*'~ mice express Collal and Colla2
mRNA and type I collagen protein at higher levels than wild-type mice [5, 42]. In
line with this, the number of a-SMA-positive dermal fibroblasts is increased in FIil*~
mice compared with wild-type mice [42]. Therefore, F/il haploinsufficiency is
enough to activate dermal fibroblasts in vivo. However, the thickness of dermis is
comparable between Flil*'~ mice and wild-type mice even though densely packed
collagen bundles are characteristically seen in FIil*/~ mice [42], suggesting that
Flil haploinsufficiency is not enough to highly mimic the pro-fibrotic phenotype of
SSc dermal fibroblasts. Consistent with this notion, FIi/*~ mice express connec-
tive tissue growth factor (CTGF) at similar levels to those of wild-type mice. Given
that CTGF upregulation is a characteristic of SSc dermal fibroblasts [5], Flil
haploinsufficiency partially mimics the property of SSc dermal fibroblasts,
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Fig. 12.3 The role of Flil and KLFS5 in the pathogenesis of SSc. SSc is a multifactorial disease
caused by the complex interplay between genetic factors and environmental influences. Flil and
KLFS5 are predisposing factors potentially reflecting environmental influences, both of which are
suppressed in SSc dermal fibroblasts by an epigenetic mechanism. Double heterozygous mice for
KIf5 and Flil recapitulate three cardinal features of SSc, suggesting that simultaneous
downregulation of KLF5 and Flil is involved in the pathogenesis of SSc, at least in a certain
subset of this disease

consistent with the notion that Flil deficiency is a predisposing factor of SSc, but
not enough for the development of clinically definite SSc.

12.6 Mice with Homozygous Targeted Deletion of Fli1 Carboxyl
Terminal Activation (CTA) Domain Partially Recapitulate
Dermal Fibrosis of SSc

The embryonic lethality of F/il null mice limits functional studies in vivo, and FIil*~

mice just show mild cranial deformity, mild thrombocytopenia, mild vascular

changes (see Sect. 12.7) and moderately increased dermal collagen deposits with
normal dermal thickness [5, 16, 42]. Under this situation, to further elucidate the
contribution of Flil deficiency to the development of SSc, another genetic murine
model with homozygous targeted deletion of Flil carboxyl terminal activation

(CTA) domain (FIil*“T*/ACTA) was generated [34]. Depending on the promoter

and cellular context, Flil functions as a transcription activator or a repressor and the

CTA domain mediates either the activator or repressor function of this transcription

factor. Fortunately, F1i]*“T/2°TA mice develop normally and viable, allowing us

to investigate the impact of the absence of functional Flil in vivo.
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FIi]ACTAACTA mice are characterized by a significant upregulation of fibrillar

collagen genes, including Collal, Colla2, Col3al, and Col5al genes, at mRNA
levels as well as an increased collagen content measured by acetic acid extraction
and hydroxyproline assays in the skin. In addition, collagen fibrils exhibit ultra-
structural abnormalities including immature thin fibrils and very thick irregularly
shaped fibrils, which are quite similar to the ultrastructural features of collagen
fibers in the skin of SSc patients [43—46]. However, dermal thickness is comparable
between FIi]*“T~ATA mice and wild-type counterparts, as is the case with Fli/*~
mice [5, 34, 42]. Thus, homozygous targeted deletion of the CTA domain of Flil
gene induces the ultrastructural abnormalities of collagen fibrils in the dermis to a
much greater extent than heterozygous deletion of FI/i/ gene, but the increased
dermal thickness, a hallmark of skin sclerosis in SSc, is absent in both Fli/-mutated
mice, further supporting the idea that Flil deficiency is just a part of predisposing
factors of SSc.

12.7 Endothelial Fli1 Deficiency Contributes
to the Development of SSc Vasculopathy

The involvement of Flil in vascular biology was initially demonstrated in the
studies on Flil null mice [14, 28]. The most striking observation was that Flil
null mice die at E11.5 during embryogenesis due to the cranial and spinal
hemorrhages. Since E11.5 is a time point when the development of vasculature
shifts from “embryonic vasculogenesis,” a de novo synthesis of vascular network
from hemangioblasts, to “angiogenesis,” the progression of new vessels from
preexisting ones, the lethality at E11.5 due to bleeding suggests the critical role
of Flil in “angiogenesis,” but not in “embryonic vasculogenesis.” Consistent with
this notion, studies on zebra fish and Xenopus embryos have demonstrated that Flil
functions as a master regulator of the transcriptional network driving blood and
endothelial cell lineages [29]. In humans, Flil is expressed in the healthy skin
microvasculature [17] while greatly reduced in endothelial and peri-endothelial
cells of SSc lesional and non-lesional skin [19]. Therefore, SSc vasculopathy may
be caused by aberrant angiogenesis due to Flil deficiency.

The direct impact of Flil deficiency on postnatal vascular homeostasis has been
suggested in Fli/-mutated mice. Fli] */~ mice exhibit a mild distortion of arterioles
and increased vascular permeability of small vessels in the skin [5]. In contrast to a
mild morphological similarity to SSc vasculature, FIi/ */~ mice highly reproduce an
SSc vascular phenotype at molecular levels [47-53]. Furthermore, the SSc-like
vascular phenotype is much more greatly induced in FIlil*'~ mice treated with
bleomycin [42]. Moreover, endothelial cell-specific FIlil knockout (Flil ECKO)
mice (Flil"%%Tje2-Cre), in which endothelial Flil expression is much more
suppressed than in FIil*~ mice (50-80 % versus 50 %), display stenosis of
arterioles, dilation of capillaries, and remarkably increased vascular permeability
of small vessels [47], which are structurally and functionally similar to SSc
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vasculopathy. Therefore, Flil deficiency seems to be directly related to the devel-
opment of SSc vasculopathy.

The detailed molecular mechanism by which Flil deficiency affects vascular
structure and function has been investigated in F/i] ECKO mice [47]. Consistent
with the vascular changes such as stenosis of arterioles, the number of endothelial
cells in arterioles is significantly increased in F/i/ ECKO mice compared with wild-
type counterparts, suggesting that Flil deficiency promotes the proliferation of
endothelial cells. In addition to structural abnormalities, vascular permeability is
dramatically increased and vessels are quite fragile in F/i/ ECKO mice. These
structural and functional abnormalities of vasculature in F/i/ ECKO mice appear to
be caused by the constitutive activation of pro-angiogenic gene program, that is, the
decreased expression of Cdh5, Pecaml, Pdgfb, and SIp; genes and the increased
expression of Mmp9 gene. The decrease in VE-cadherin and PECAM-1 expression
may result in a weak endothelial cell-endothelial cell interaction, leading to dilation
of capillaries, vascular fragility, and increased vascular permeability. Increased
expression of matrix metalloproteinase (MMP)-9 may lead to alterations in vascular
basement remodeling, such as loss of type IV collagen and compensatory increase
of proteoglycans. The pro-angiogenic status of vasculature is also confirmed by the
decreased expression of a-SMA, a marker of PCs with angiostatic phenotype, in
dermal small vessels in F/i] ECKO mice, which is related to the downregulation of
VE-cadherin, PDGFB, and S1P; in endothelial cells. Also, the proliferation of
endothelial cells represents the activation of pro-angiogenic gene program. There-
fore, Flil deficiency induces the constitutive activation of pro-angiogenic gene
program in dermal microvascular endothelial cells in vivo.

Vascular phenotype of SSc patients is quite similar to that of F/i/ ECKO mice
[47]. VE-cadherin and PECAM-1 are markedly decreased in endothelial cells of
dermal small vessels of SSc patients compared with those of closely matched
healthy controls. The levels of type IV collagen are also decreased in the vascular
basement membranes of dermal small vessels of SSc patients. This may be due to
the increased production of MMP-9 by SSc endothelial cells because Flil does not
influence type IV collagen expression in dermal microvascular endothelial cells.
Consistent with this notion, serum levels of MMP-9 are increased in SSc patients
compared with healthy controls [54]. a-SMA expression of dermal small vessels is
uniformly decreased in SSc lesional skin, especially in capillaries, compared with
healthy control skin. Thus, Flil ECKO mice recapitulate the vascular phenotype of
SSc patients, supporting the involvement of endothelial Flil deficiency in the
development of SSc vasculopathy.

12.8 Fli1 Haploinsufficiency Induces Fibrosis, Vascular
Activation, and Immune Abnormalities Resembling SSc
in Bleomycin-Treated Mice

As described so far, Flil deficiency induces SSc-like phenotypes at least in dermal
fibroblasts and dermal microvascular endothelial cells at molecular levels, but Flil*~
mice do not show any clinical features of SSc, just mimicking a part of
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morphological features of dermis and skin vasculature. These findings support the
idea that Flil deficiency is a predisposing factor of SSc and some additional factors
are required for the development of definite SSc. In line with this idea, Flil
haploinsufficiency exacerbates three cardinal features of SSc in mice treated with
bleomycin (BLM), a potential environmental factor inducing human SSc.

Four-week BLM injection increases dermal thickness, collagen content, and
mRNA levels of the Collal, Colla2, and Ctgf genes in Flil™'~ mice to a greater
extent than in wild-type mice. Furthermore, a-SMA-positive myofibroblasts are
more frequently seen in BLM-treated FIil*'~ mice than in BLM-treated wild-type
mice [42]. In human SSc, TGF-f expression is detectable primarily around dermal
small vessels in its early stage while under detectable limit through the whole
dermis in the fibrotic stage [55]. Given that the expression and phosphorylation
levels of Smad3 are elevated in dermal fibroblasts of SSc fibrotic skin [56], it is
speculated that SSc dermal fibroblasts effectively activate latent TGF-f in vivo. The
upregulated expression of integrins aVB3 and aV5, receptors for latency-
associated peptide of latent form TGF-f, in SSc dermal fibroblasts is involved in
this process. Importantly, aVB3 and aVP5 integrins are upregulated in dermal
fibroblasts of BLM-treated Flil™~ mice compared with those of BLM-treated
wild-type mice. Furthermore, dermal fibroblasts transfected with Flil siRNA oli-
gonucleotide activate latent TGF-p on cell surface by these integrins, resulting in
the upregulated expression of CTGF through autocrine TGF-f stimulation
[42]. Thus, Flil haploinsufficiency promotes the induction of an SSc-like pheno-
type in dermal fibroblasts in response to BLM.

Aberrant vascular activation plays a pivotal role in tissue fibrosis by inducing
inflammation and endothelial-to-mesenchymal transition (EndoMT) in SSc
[57]. The correlation of immune polarization of CD4* T cells with tissue fibrosis
has been well studied in diffuse cutaneous SSc. In the early and sclerotic phases of
diffuse cutaneous SSc, Th2/Th17 immune response is predominant, while immune
polarization shifts from Th2/Th17 to Thl in parallel with the resolution of skin
sclerosis in diffuse cutaneous SSc [58]. This is plausible because Th2 cytokines
such as IL-4 and IL-13 exert a pro-fibrotic effect on dermal fibroblasts, while IFN-y,
a Thl cytokine, reduces type I collagen expression. Although IL-17A suppresses
type I collagen production in normal dermal fibroblasts, SSc fibroblasts are unre-
sponsive to the anti-fibrotic effect of this cytokine [59]. In BLM-treated mice, the
infiltration of CD4™ T cells in the lesional skin is tightly regulated by cell adhesion
molecules. For instance, ICAM-1 and GlyCAM-1 promote the infiltration of
Th2/Th17 cells, while P-selectin and E-selectin induce the infiltration of Thl
cells [60]. Of note, the relative fold induction of ICAM-1 and GlyCAM-1 to
E-selectin and P-selectin in response to BLM is elevated in Flil*'~ mice compared
with wild-type mice. Furthermore, gene silencing of Flil results in the induction of
ICAM-1 and GlyCAM-1 and the suppression of E-selectin and P-selectin in human
dermal microvascular endothelial cells [42]. Therefore, Flil deficiency is attribut-
able to the increased ratio of ICAM-1 and GlyCAM-1 to E-selectin and P-selectin
in BLM-treated FIiI*~ mice, leading to the promotion of Th2/Th17 cell infiltration
in the skin. As for EndoMT, the number of double-positive cells for fibroblast-specific
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protein-1 and VE-cadherin is increased in PBS- and BLM-treated FIil*~ mice
compared with wild-type counterparts. Furthermore, Flil binds to the promoter of
SNAILI gene, a master regulator of EndoMT, and gene silencing of Flil enhances
the expression of SNAILI mRNA in human dermal microvascular endothelial cells,
indicating that Flil deficiency directly induces EndoMT [42]. Thus, Flil
haploinsufficiency potentially promotes the induction of a pro-fibrotic phenotype
in dermal microvascular endothelial cells especially in the presence of certain
environmental influences.

Consistent with the notion that M2 differentiation of macrophages promotes
tissue fibrosis in various pathological conditions including SSc [61], mRNA levels
of M2 macrophage markers, Argl, Fizzl, and Yml, and the number of arginase
1-positive macrophages in the lesional skin are significantly elevated in
BLM-treated FIil*/~ mice compared with BLM-treated wild-type mice while
comparable at baseline. Of note, IL-4 and IL-13 induce polarization of
macrophages toward the M2 phenotype to a greater extent in FIil*~ peritoneal
macrophages than in wild-type peritoneal macrophages, indicating that Flil
haploinsufficiency directly contributes to the differentiation of M2 macrophages
[42]. Given that M2 macrophages represent the predominant macrophage subset in
the lesional skin of early diffuse cutaneous SSc [61], Flil haploinsufficiency may
also serve as a predisposing factor to induce an SSc phenotype in response to
environmental influences in macrophages.

These data on BLM-treated FIil*'~ mice indicate that bleomycin-induced
factors augment Flil deficiency-dependent phenotypical alterations of fibroblasts,
endothelial cells, and immune cells.

12.9 Fli1 Deficiency Regulates the Expression of Various
Molecules Related to Fibrosis and Vasculopathy of SSc

A series of studies with human clinical samples and Fli/-mutated mice have
demonstrated the pivotal role of Flil in the induction of SSc-like phenotypes in
dermal fibroblasts and endothelial cells at molecular levels. These molecules
include cathepsin B (CTSB) [48], cathepsin V (CTSV) [49], CXCLS5 [50], CCN1
[51], chemerin [52], and lipocalin-2 [53].

12.9.1 CTSB and CTSV

Cathepsins, a family of proteolytic enzymes mainly composed of papain-like
cysteine proteases, comprise 11 family members in human, cathepsins B, C, F,
H,K,L, O, S, V, W, and X. These enzymes are mainly localized in endosomes and
lysosomes but also function extracellularly as regulators of various biological
processes, including ECM degradation and angiogenesis. As well as MMPs,
cathepsins have been shown to be involved in tissue fibrosis and vasculopathy
associated with SSc. For instance, upregulation of CTSB and downregulation of
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CTSV in endothelial cells may contribute to the development of proliferative
obliterative vasculopathy, such as pulmonary arterial hypertension, digital ulcers,
and scleroderma renal crisis, while reduced expression of CTSB and CTSV in
lesional dermal fibroblasts is likely to be associated with skin sclerosis in early
diffuse cutaneous SSc. Importantly, the altered expression of CTSB and CTSV in
dermal fibroblasts and dermal microvascular endothelial cells of SSc is
recapitulated in the skin of FIi/*~ mice, and Flil occupies the promoters of
CTSB and CTSV genes, suggesting the contribution of Flil deficiency to the altered
expression of these molecules in SSc [48, 49].

12.9.2 CXCL5

CXCL5 is a member of CXC chemokines with neutrophilic chemoattractant and
pro-angiogenic properties. CXCL5 has been implicated in the pathological angio-
genesis of rheumatoid arthritis and inflammatory bowel diseases, which is
characterized by the pro-angiogenic state of vasculature with neutrophil infiltration
in the lesional tissues. SSc is featured by the constitutive pro-angiogenic status, but
generally lacks the infiltration of neutrophils. Relevant to this, CXCLS5 expression
is decreased in dermal small vessels of SSc patients. Notably, CXCLS5 expression is
also decreased in dermal small vessels of F/il*'~ mice. Furthermore, Flil occupies
the CXCLS5 promoter and gene silencing of Flil suppresses CXCLS5 expression in
human dermal microvascular endothelial cells [50]. These findings suggest that Flil
deficiency selectively suppresses the expression of pro-angiogenic molecules also
serving as a chemoattractant for neutrophils, such as CXCLS5, while increasing most
of other pro-angiogenic molecules in endothelial cells, further supporting the idea
that Flil is a critical factor determining the vascular phenotype of SSc.

12.9.3 CCN1

CCN1 is a pleiotropic molecule involved in angiogenesis and postnatal
vasculogenesis [62-66], both of which are impaired in SSc. CCN1 expression is
markedly decreased in dermal small blood vessels of SSc patients compared with
those of healthy controls. Flil occupies the CCNI promoter, and gene silencing of
Flil results in the reduction of CCN1 expression in human dermal microvascular
endothelial cells. In concordance with these data, CCN1 expression is remarkably
suppressed in dermal blood vessels of FIil*/~ mice. Furthermore, serum CCN1
levels are significantly decreased in SSc patients with the past and current history of
digital ulcers as compared to those without [51]. Therefore, endothelial CCN1
downregulation at least partially due to Flil deficiency may contribute to the
development of digital ulcers in SSc by interfering with angiogenesis and postnatal
vasculogenesis.
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12.9.4 Chemerin

Chemerin is a member of adipocytokines with a chemoattractant effect on
plasmacytoid dendritic cells and macrophages and a pro-angiogenic property. In
SSc lesional skin, chemerin is upregulated in small blood vessels while
downregulated in fibroblasts surrounded with thickened collagen bundles. The
decreased expression of chemerin is significantly reversed by TGF-f1 antisense
oligonucleotide in cultured SSc dermal fibroblasts. In human dermal microvascular
endothelial cells, Flil binds to the promoter of RARRES?2 gene encoding chemerin,
and gene silencing of Flil induces chemerin expression. Furthermore, FI/il*'~ mice
exhibit elevated chemerin expression in dermal blood vessels. Of note, SSc patients
with digital ulcers have higher serum chemerin levels than those without [52]. Thus,
chemerin is downregulated in SSc dermal fibroblasts by autocrine TGF-§ while
upregulated in SSc dermal blood vessels through endothelial Flil deficiency. Since
Flil deficiency induces autocrine TGF-p signaling in dermal fibroblasts [42], Flil
deficiency is involved in the regulation of chemerin expression in dermal fibroblasts
and dermal microvascular endothelial cells of SSc patients. Since plasmacytoid
dendritic cells are located around perivascular area in the lesional skin of SSc
patients [67] and may contribute to vasculopathy through interferon-o production
[68-70], Flil deficiency potentially induces vascular injury by recruiting
plasmacytoid dendritic cells to perivascular region.

12.9.5 Lipocalin-2

Lipocalin-2 is an adipocytokine implicated in apoptosis, innate immunity, angio-
genesis, and the development of chronic kidney disease. Reflecting its involvement
in chronic kidney disease, the prevalence of scleroderma renal crisis is significantly
higher in SSc patients with elevated serum lipocalin-2 levels than in those with
normal levels and serum lipocalin-2 levels inversely correlate with estimated
glomerular filtration rate in SSc patients with renal dysfunction. Among SSc
patients with normal renal function, serum lipocalin-2 levels inversely correlate
with estimated right ventricular systolic pressure in total SSc patients. In SSc
lesional skin, lipocalin-2 expression is increased in endothelial cells. In human
dermal microvascular endothelial cells, Flil binds to the promoter of LCN2 gene
encoding lipocalin-2, and gene silencing of Flil induces lipocalin-2 expression
[53]. Given that lipocalin-2 stabilizes MMP-9, which is also upregulated by gene
silencing of Flil in endothelial cells [47], by forming a complex and thereby
prevents its autodegradation, dysregulated MMP-9-/lipocalin-2-dependent angio-
genesis due to Flil deficiency may contribute to the development of pulmonary
arterial hypertension associated with SSc.
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12.10 Simultaneous Downregulation of Fli1 and KLF5 Is
a Key Feature Underlying SSc

If Flil serves as a predisposing factor of SSc, the addition of other predisposing
factors theoretically induces SSc-like phenotypes to a greater extent in Fli/ *~ mice.
This hypothesis has been proved by the identification of Kriippel-like factor 5 (KLF5)
as another predisposing factor involved in the development of SSc and the generation
of double heterozygous mice for KIf5 and Flil genes (KIf5*~:FIiI*'~ mice).

KLFS5 is a member of Sp1/KLF transcription factor family, which is involved in
the mechanism of tissue fibrosis of heart and kidney [71, 72]. In human SSc, KLF5
expression is decreased in dermal fibroblasts in vivo and in vitro as shown by DNA
microarray analysis, immunohistochemistry, and immunoblotting [5, 73]. Impor-
tantly, epigenetic inhibitors reverse KLF5 levels in SSc dermal fibroblasts. Further-
more, the decreased acetylation of histone H3 and H4 and the increased methylation
of CpG islands are seen in the promoter region of KLF5 gene in SSc dermal
fibroblasts [5]. Therefore, KLF5 deficiency is likely to be a predisposing factor of
SSc as well as Flil deficiency.

Through a series of in vivo studies with KIf5*'~ mice and in vitro studies with
dermal fibroblasts treated with KLF5 siRNA, it is proved that KLF5 serves as a
potent repressor of CTGF gene in dermal fibroblasts. KLF5 binding site is located at
—124 bp~ —117 bp of the CTGF promoter which is close to Flil binding site. Of
note, KLF5 and Flil physically interact and synergistically suppress the activity of
CTGF promoter in dermal fibroblasts [5].

TGF-p and connective tissue growth factor (CTGF) are the key soluble factors
regulating the development of tissue fibrosis. The subcutaneous injection of TGF-f§
followed by CTGF is enough to induce the persistent dermal fibrosis in mice
[74]. In SSc dermal fibroblasts, the constitutive activation of TGF-f signaling and
the increased expression of CTGF are the hallmark underlying the induction and
maintenance of their pro-fibrotic phenotype [73, 75]. Given that Flil deficiency
partially mimics TGF-p stimulation and that simultaneous deficiency of KLF5 and
Flil remarkably induces CTGF expression, simultaneous downregulation of KLF5
and Flil is likely to be capable of resembling the stimulation of TGF-p and CTGF in
dermal fibroblasts, which may be closely linked to the pro-fibrotic phenotype of SSc
dermal fibroblasts.

Supporting this notion, KIf5*~;FIiI*/~ mice spontaneously develop remarkable
dermal fibrosis at the age of 3 months. Dermal thickness, the amount of collagen
content, and mRNA levels of the Collal, Colla2, and Ctgf genes are markedly
increased in KIfS*";Flil*'~ mice compared with wild-type littermates. Further-
more, the ultrastructure of dermal collagen fibrils is irregular and thick in longitu-
dinal sections and highly variable in diameter in transverse sections, which
are similar to collagen structure in SSc lesional skin [76]. Importantly, the skin of
KIf5™=:Flil*/~ mice and SSc patients shares similar fibrillogenesis-associated gene
expression profiles, including decreased decorin expression, increased levels of
lumican and ADAMTS-2, and comparable levels of fibromodulin, biglycan, bone
morphogenetic protein-1, and lysyl oxidase. Since the decreased expression of
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decorin and the increased expression of lumican and ADAMTS-2 depend on the
deficiency of Flil and KLFS5, respectively, simultaneous downregulation of these
genes is required to reproduce an SSc-like ultrastructure of dermis. In addition, KIf5*~;
FIil""~ mice exhibit nonspecific interstitial pneumonia, the main histological
pattern of interstitial lung disease associated with SSc characterized by diffuse
uniform expansion of alveolar septa with patchy septal lymphocytic infiltration,
which becomes evident at the age of 8 months. Collectively, simultaneous
downregulation of KIf5 and Flil genes is enough to induce SSc-like dermal and
pulmonary fibrosis in mice [5].

In addition to fibrotic changes, Klf5+/ —Flil *~ mice also exhibit vascular
changes simulating those of SSc, that is, stenosis of arterioles and bushy capillaries
occur as early as the age of 1 month, and a progressive decrease in the number of
subcutaneous vascular density starts from 2 months of age. Reduced arteriolar
blood flow velocity and interstitial hypoxia are also evident in the skin of KIf5*™;
FIiI*'~ mice before the age of 4 months. Furthermore, pulmonary arterioles
develop markedly thickened vascular walls with expansion of a-SMA-positive
cells at 8 months of age, a typical histologic feature of pulmonary arterial hyper-
tension, and interseptal venules show intimal fibrosis, focal luminal narrowing, and
perivascular lymphocytic infiltrates, all suggestive of pulmonary veno-occlusive
disease. Thus, the haploinsufficiency of KIf5 and Flil genes is enough to reproduce
vascular alterations characteristic of SSc, such as destructive vasculopathy (loss of
capillaries) and proliferative obliterative vasculopathy (stenosis of arterioles with
fibro-proliferative change) [5].

As well as fibrotic and vascular changes, KIf5* ";FIil*~ mice mimic B cell
activation of SSc, which is a part of immune abnormality characteristically seen in
this disease [77]. In concordance with the evidence that interstitial lung disease
associated with SSc frequently accompanies diffuse or aggregated B cell infiltrates
(781, KIfS*'7;FIiI*"~ lungs reveal perivascular B cell accumulation starting from
the age of 3 months, which progresses to prominent B cell lymphoid aggregates and
diffuse interstitial infiltrates at the age of 8 months. As for the activation status of B
cells, in response to lipopolysaccharide and/or anti-CD40 antibody KIf5* ~Flil*'~
B cells produce much greater amount of IL-6 which is overexpressed in the skin,
serum, and peripheral blood mononuclear cells of SSc patients [79, 80]. Further-
more, KIf5*~;F1iI*'~ mice show circulating antinuclear antibody. Relevant to the
production of IL-6 and autoantibodies, KlfS” —F lilIY~ B cells express CD19 at
higher levels than wild-type B cells, which is critical in the activation of SSc B cells
[77]. Notably, both KLF5 and Flil interact with the Cd/9 promoter in murine B
cells, suggesting that transcription factor complex of KLF5 and Flil intrinsically
regulates CD19 expression in B cells [5].

In the pathogenesis of SSc, environmental influences have been believed to play
a central role in the induction of SSc properties in various cell types, while genetic
factors determine the susceptibility to and the severity of SSc [3]. This canonical
idea is strongly supported by the evidence that the three cardinal features of SSc are
recapitulated in mice by simultaneous downregulation of KIf5 and Flil genes, both
of which are epigenetically suppressed in SSc dermal fibroblasts (Fig. 12.3). Most
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importantly, Klf5+/ i Flil *~ mice develop immune activation, vasculopathy, and
tissue fibrosis sequentially in this order as seen in typical SSc [5]. Therefore, further
studies on Klf5+/ i Flil *~ mice and the role of these transcription factors in each
cell type may provide us with a useful clue to further understand the pathological
process of SSc.

12.11 Bosentan Ameliorates Vascular Fragility in Fli1 ECKO Mice
by Reversing the Expression of Fli1

The reversal of gene expression profiles by epigenetic inhibitors is a potential
therapeutic strategy recently attracting much attention especially in the field of
malignancy and epigenetically induced diseases. Since FLII gene is epigenetically
suppressed in SSc bulk skin and cultivated SSc dermal fibroblasts [4], Flil is a
potential target for the treatment of SSc. The systemic administration of epigenetic
inhibitors raises serious concerns associated with the nonspecific activation of
unrelated genes; therefore, another strategy to restore Flil expression is required.
A series of clinical and experimental data suggest that bosentan, a dual endothelin
receptor antagonist, reverses the expression of Flil by increasing its protein stabil-
ity without affecting its mRNA expression [40, 41]. In dermal fibroblasts and
dermal microvascular endothelial cells, ET-1 activates c-Abl and PKC-3 sequen-
tially, leading to Flil phosphorylation at threonine 312 by PKC-d [33, 40, 41,
81]. Phosphorylated Flil is acetylated by PCAF at lysine 380, loses DNA-binding
ability, and is rapidly degraded (Fig. 12.1) [32]. When these cells are treated with
bosentan, Flil phosphorylation levels are markedly decreased, leading to the
increase in its DNA-binding ability and protein stability [40, 41]. Importantly, the
reversal of Flil expression is observed in endothelial cells of Fli/ ECKO mice
treated with bosentan for 4 weeks. Among the structural and functional
abnormalities of vasculature in Fli/ ECKO mice, such as stenosis of arterioles,
dilation of capillaries, and increased vascular permeability of small vessels, vascu-
lar permeability is clearly normalized by bosentan in parallel with the increased
expression of Flil in endothelial cells [40]. Of note, in human SSc, a similar
disease-modifying effect of bosentan is reported. For example, 1-year administra-
tion of bosentan increases the number of nailfold capillaries with early and active
patterns and decreases the number of nailfold capillaries with late pattern [82]. In
addition, the 3-year combination therapy of bosentan and iloprost increases the
number of nailfold capillaries, while iloprost alone results in the significant
decrease in the number of nailfold capillaries [83]. Thus, the reversal of Flil
expression may partially explain the molecular mechanism underlying the
disease-modifying effect of bosentan on SSc vasculopathy (Fig. 12.3). Indeed,
SSc patients treated with bosentan display the elevated expression of Flil in dermal
microvascular endothelial cells compared with SSc patients untreated with
bosentan (R. Saigusa and Y. Asano, unpublished data). However, the beneficial
effect of bosentan on SSc vasculopathy is only modest and limited, which seems to
be plausible because Flil deficiency is a part of predisposing factors of SSc.
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12.12 Future Directions

So far, the contribution of Flil deficiency to the induction of SSc-like phenotypes
has been well investigated in dermal fibroblasts, endothelial cells, and
macrophages. At the time of writing, the role of Flil deficiency in other types of
cells still remains unknown, but Th2-/Th17- skewed immune polarization in
BLM-treated FIiI*~ mice and B cell activation in KIf5"~;Flil*~ mice suggest
the potential role of Flil deficiency in the induction of SSc-like phenotypes in T
cells and B cells. Furthermore, Flil deficiency is also seen in SSc epidermal
keratinocytes which also have been shown to possess an SSc-specific property
[84]. Therefore, further studies on Flil deficiency in various cell types may provide
us a new clue to understand the developmental process of SSc.

12.13 Conclusion

A series of data have suggested the involvement of Flil deficiency in the pathogen-
esis of SSc. However, SSc is a heterogeneous disease and possibly caused by a
variety of combination of genetic factors and environmental influences. Indeed, SSc
dermal fibroblasts show variable degrees of Flil downregulation [19]. Therefore, it
is important to be aware that the insights obtained from F/i/-mutated mice and KIf5*~;
FIil*"~ mice are applicable to a certain subset of SSc, but not to all. Given that the
reversal of Flil expression is a potential mechanism explaining the efficacy of
bosentan for SSc-related digital ulcers, variable degrees of Flil deficiency may
explain a variety of therapeutic effects of bosentan on SSc vasculopathy. Therefore,
further studies on the association between the degrees of Flil deficiency and the
clinical features, including the severity of disease and the responsiveness to
therapies, would provide us helpful information to translate basic and clinical
research into clinical practice.
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Abstract

Clinical manifestation, disease progress, and prognosis are heterogeneous in
each patient with systemic sclerosis (SSc). Therefore, biomarkers that can
estimate these matters are essential for clinical practice. Although SSc-specific
autoantibodies are very useful markers, other biomarkers have not been
established. Regarding potential biomarkers of fibrosis, some -cytokines,
chemokines, adhesion molecules including connective tissue growth factor,
interleukin-6, CCL2, CXCL4, and circulating intercellular adhesion molecule-
1 have been reported. The glycoprotein Krebs von den Lungen-6 and surfactant
protein-D are currently the most reliable serum biomarkers of interstitial lung
diseases of SSc. Serum or plasma levels of brain natriuretic peptide and
N-terminal pro-brain natriuretic peptide have been used as useful biomarkers
for SSc-related pulmonary arterial hypertension, although these are not specific
for pulmonary arterial hypertension. It has been reported that interferon-
inducible chemokine score correlated with the Medsger Severity Index, particu-
larly with the severity of the skin, muscle, and lung involvement. Further large
multicenter prospective studies will be needed to identify critical biomarkers
of SSc.
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13.1 Necessity of Biomarker

Systemic sclerosis (SSc) is a connective tissue disease characterized by tissue
fibrosis and vascular injury in the skin and internal organs. Interstitial lung diseases
(ILD) and pulmonary arterial hypertension (PAH) are major causes of SSc-related
death. In addition, joint contracture due to extensive skin sclerosis, intractable
digital ulcer, and other severe internal organ involvement results in impaired
physical function.

Severity, organ involvement, disease progress, and prognosis are heterogeneous
in each patient. Therefore, biomarkers that can estimate these matters are very
important and necessary for the medical examination. For example, clinicians must
predict who may develop severe skin and/or ILD and who is associated with a risk
of future development of PAH. Also, biomarkers can be beneficial to evaluate the
response to therapy. Furthermore, assessing and identifying biomarkers can result
in the understanding of SSc pathogenesis. Nonetheless, there are no other definitive
markers except for SSc-specific autoantibodies [1].

13.2 Definitions of Biomarker

In 2001, Biomarkers Definitions Working Group of the National Institutes of
Health proposed the definitions and characteristics of biomarkers as follows
[2]. Biological marker (biomarker) is “a characteristic marker that is objectively
measured and evaluated as an indicator of normal biological processes, pathogenic
processes, or pharmacologic responses to a therapeutic intervention.” Biomarkers
are useful in early efficacy and safety evaluations such as in vitro studies in tissue
samples, in vivo studies in animal models, and early-phase clinical trials to estab-
lish “proof of concept.” Biomarkers have many other valuable applications in
disease detection and monitoring of health status. For example, biomarkers can
be used for diagnosis, classification, indicator of disease activity, prognosis, pre-
diction of organ involvement, and monitoring of clinical response to an interven-
tion. Ideal biomarkers should be easily measureable at reasonable cost. In addition,
they should be sensitive and specific to the disease. There are several excellent
reviews regarding biomarkers of systemic sclerosis [3-7].

13.3 Biomarkers of Fibrosis (Table 13.1)
13.3.1 Circulating Collagen Fragments

The most characteristic pathological state of SSc is tissue fibrosis due to deposition
of extracellular matrix protein (ECM). Type I collagen is the most abundant ECM
protein deposited in fibrotic skin of SSc. Excessive synthesis and deposition of
collagens were rationale for these turnover measurements to activity and severity in
patients with SSc. The modified Rodnan total skin thickness score (MRSS) has
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Table 13.1 Potential biomarkers of fibrosis

Biomarker Clinical association Sample

Type I procollagen MRSS, CRP Serum/plasma

peptides (C-terminal)

Type III procollagen Disease activity, HRCT score, poor prognosis Serum/plasma

peptides (N-terminal)

MMP-9 MRSS Serum/plasma

MMP-12 Skin involvement, digital ulcer, severity of lung ~ Serum/plasma

construction, nail fold bleeding

TGF-B-responsive gene dcSSc>1cSSc DNA

signature microarray of
the skin

TGF-p1, TGF-p2 dcSSc mRNA of the
skin

CTGF (N-terminal) MRSS, ILD Serum/plasma

IL-6 MRSS, poor prognosis, DLCO decline in Serum/plasma

SSc-ILD

CCL2 ILD Serum/plasma,
BAL fluids

CXCL4 MRSS, lung fibrosis, PAH, disease progression  Serum/plasma

VEGF Systemic organ involvement, PAH Serum/plasma

MRSS modified Rodnan total skin thickness score, CRP C-reactive protein, HRCT high-resolution
computed tomography, MMP matrix metalloproteinase, TGF transforming growth factor, dcSSc
diffuse cutaneous systemic sclerosis, /cSSc limited cutaneous systemic sclerosis, CTGF connective
tissue growth factor, /LD interstitial lung disease, /L-6 interleukin 6, DLCO diffusing capacity for
carbon monoxide, PAH pulmonary arterial hypertension, BAL bronchoalveolar lavage, VEGF
vascular endothelial growth factor

widely been used for evaluation of skin fibrosis in clinical practice and as a
surrogate end point in clinical trials. Skin thickness at 17 distinct areas of the
body is graded from O (normal) to 3 (prominent skin thickening) by pinching the
skin [8]. The MRSS is a semi-objective parameter with very good intraobserver but
imperfect interobserver reproducibility [9]. Among various studies investigating
circulating and urinary levels of collagen degradations as biomarkers, one study
reported that serum concentrations of C-terminal telopeptide of type I collagen, a
marker of type I collagen degradation, are closely associated with the extent of skin
fibrosis in patients with SSc [10]. Another study showed that serum concentrations
of C-terminal telopeptide of type I collagen were significantly correlated with
MRSS and acute phase reactants in patients with SSc [11]. A systematic review
of 12 studies examining serum collagen type I metabolites did not find sufficient
evidence as useful biomarkers of activity and severity of SSc, although this may be
due to the limitations of the previous studies [12].

There are also many reports regarding collagen type III metabolites. Serum
levels of the N-terminal type III procollagen peptide were associated with the
disease activity of SSc [13]. Another study reported that N-terminal type III
procollagen peptide correlated with high-resolution computed tomography score



214 M. Hasegawa

in patients with SSc [14]. In a prospective follow-up study, the increased levels of
N-terminal propeptide of type III procollagen were independent unfavorable prog-
nostic signs [15]. Further longitudinal serial analysis in individual patient may be
necessary to determine the utility of collagen type I or III metabolites in SSc.

13.3.2 Matrix Metalloproteinases (MMPs)

MMPs were first described as proteases that degrade ECM. However, MMPs have
multiple roles such as release and activation of cytokines and growth factors
[16]. MMP-9, whose substrates include type IV collagen in basement membrane,
has been implicated in the pathogenesis of cancer, autoimmune disease, and various
pathologic conditions characterized by excessive fibrosis. In a previous study, SSc
patients had higher concentrations of MMP-9, and the concentrations were signifi-
cantly higher in diffuse cutaneous SSc (dcSSc) compared with limited cutaneous
SSc (1eSSc) [17]. Serum concentrations of MMP-9 correlated well with the degree
of skin involvement, as determined by MRSS [17]. Moreover, dermal fibroblasts
from patients with SSc produced more MMP-9 than those from healthy controls
when they were stimulated with interleukin (IL)-1p, tumor necrosis factor (TNF)-a,
or transforming growth factor (TGF)-p [17].

It has been known that MMP-12 degrades multiple ECM components including
type IV collagen, elastin, and fibronectin [18]. Skin fibroblasts and endothelial cells
from SSc patients expressed augmented MMP-12 [19]. In a study of 72 SSc
patients, serum MMP-12 levels were significantly increased in dcSSc patients,
and the levels were correlated with skin involvement, presence of digital ulcers,
and severity of lung restriction and nail fold bleeding [20].

13.3.3 Transforming Growth Factor (TGF)-f3

It has been widely accepted that TGF-f is the central player in the pathogenic
mechanism of SSc, especially in the development of tissue fibrosis [21]. The main
producer of TGF-f is likely macrophages, but many kinds of cells including
platelets, leukocytes, and fibroblasts can produce TGF-f. Thrombospondins, plas-
min, and various cell surface integrins mediate latent TGF-f activation. Although
the Smad pathway has crucial roles in signaling from the TGF-f receptor,
non-Smad pathways are also important for TGF-p-dependent fibrogenesis [22].
DNA microarray analysis demonstrated that a group of TGF-p-dependent genes
are overexpressed in skin lesions of SSc patients [23]. In another study, DNA
microarray analysis of skin biopsies has demonstrated that the TGF-p-responsive
gene signature is expressed highly in dcSSc subset but not found in patients with
1cSSc, morphea, or in healthy controls [24]. Serial assessment of skin biopsy
samples represents the most direct way of assessing changes in scleroderma patients
at a biochemical level. Regarding the biomarkers in skin biopsy specimens,
CAT-192 study reported that tissue levels of mRNA for procollagens I and III
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and for TGF-f1 and TGF-p2 were elevated in patients with dcSSc. Clear
differences were identified between lesional and nonlesional sites as well as
between SSc and healthy control samples [25].

However, circulating TGF-f levels are not consistently dependent on each study;
this may be due to difficulties in accurate measurements of active TGF-§ and its
complex regulation and short half-life in biological fluids [26].

13.3.4 Connective Tissue Growth Factor (CTGF)

CTGF/CCN2 is another critical factor for the development of tissue fibrosis
[27]. CTGF is expressed in fibroblasts induced by TGF-p1 and enhances fibroblast
proliferation and ECM production as a downstream mediator of TGF-p1. A series
of studies of mouse model suggest a two-step hypothesis for developing fibrosis in
SSc: TGF-B1 induces fibrosis in the early stage, and afterwards CTGF contributes
in maintaining the fibrotic state [28]. Serum CTGF levels were significantly ele-
vated in patients with SSc and correlated with the severity of skin sclerosis and ILD
[29]. N-terminal cleavage products of CTGF but not whole and C-terminal CTGF
were increased in the plasma and dermal interstitial fluid of SSc patients and
correlated positively with the severity of skin sclerosis and negatively with disease
duration [30].

13.3.5 Interleukin (IL)-6

Among various cytokines, IL-6 has been considered as a potential biomarker of
disease monitoring in SSc. IL-6 is a multifunctional cytokine that regulates immune
responses and induces acute phase responses. Despite the critical physiological
activities of IL-6, excessive production of IL-6 is pathologically involved in various
immune-mediated inflammatory diseases, including rheumatoid arthritis. Aug-
mented IL-6 expression was observed in dermal fibroblasts, mononuclear cells,
and endothelial cells in patients with early dcSSc [31]. Previous studies have
reported that serum IL-6 levels were significantly associated with MRSS
[31, 32]. Elevated IL-6 expression was likely associated with poor prognosis in
patients with early deSSc [31]. In a recent study, serum levels of eight cytokines
(IL-6, IL-8, IL-10, CCL2, CXCL10, CX3CLlI, fibroblast growth factor 2, and
vascular endothelial growth factor) were assessed by Luminex bead technology in
exploratory cohorts of 74 patients with SSc and 58 patients with idiopathic pulmo-
nary fibrosis [33]. In the exploratory analysis, only serum IL-6 was an independent
predictor of the diffusing capacity of the lungs for carbon monoxide (DLCO)
decline in both SSc-ILD and idiopathic pulmonary fibrosis.
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13.3.6 Chemokine

A variety of chemokines have been reported as possible biomarkers of SSc. CCL2
(monocyte chemoattractant protein-1, MCP-1) may be one of the promising
candidates. CCL2 is produced by macrophages, fibroblasts, endothelial cells, and
other cells and predominant chemoattractant and activator of monocytes and T
cells. Also, this chemokine induces Th2 cell polarization [34] and stimulates
collagen production by fibroblasts via specific receptors and endogenous
upregulation of TGF-p expression. The latter results in autocrine and/or juxtacrine
stimulation of collagen gene expression [35]. Serum CCL2 levels are increased in
SSc patients and have been found to correlate with the presence of ILD [36—
38]. Interestingly, expression of CCL2 mRNA was most augmented among 4,507
genes when bronchoalveolar lavage (BAL) cells from SSc lung are compared with
controls [39]. Consistent with this, protein levels of CCL2 are increased in BAL
fluids from SSc patients with lung inflammation [39]. CCL2 concentrations in BAL
fluids were associated with the presence of ILD and correlated with lung function
parameters and computed tomography scores [40].

A recent proteome-wide analysis and validation has identified that CXCLA4 is the
predominant protein produced by plasmacytoid dendritic cells in SSc [41]. Plasma
levels of CXCL4 were markedly elevated and strongly correlated with skin and
lung fibrosis and pulmonary arterial hypertension in patients with SSc. In addition,
plasma CXCL4 levels are likely useful to predict the disease progression in SSc
[41]. In addition to its antiangiogenic activity, CXCL4 inhibits the expression of the
antifibrotic cytokine interferon (IFN)-y and upregulates profibrotic cytokines such
as IL-4 and IL-13. CXCL4 exhibited direct effects for inducing SSc phenotype both
in vitro and in vivo [41], suggesting its central roles in the pathogenesis of SSc.

13.4 Biomarkers of Endothelial Cell Dysfunction (Table 13.2)

Vascular involvement has been considered to be one of the earliest pathogenic
features of SSc. Endothelial damage leads to vascular fibroproliferative lesions in
multiple organs and can result in critical organ injury such as PAH and renal crisis.
Numerous molecules have been suggested as potential biomarkers for endothelial
cell injury in SSc. These include von Willebrand factor (vWF), endothelin-1,
thrombomodulin, thrombospondin, brain natriuretic peptide (BNP), N-terminal
propeptide of proBNP (NT-proBNP), vascular endothelial growth factor (VEGF),
endostatin, plasminogen activator, prostacyclin, thromboxane, and nitrous oxide
circulating metabolites.

13.4.1 von Willebrand Factor

In the pioneering study, von Willebrand factor (vWF) was markedly increased in
the plasma of patients with SSc and patients with Raynaud’s phenomenon
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Table 13.2 Potential biomarkers of endothelial cell dysfunction

Biomarker Clinical association Sample

von Willebrand factor ~ Raynaud’s phenomenon, disease severity, ILD Serum/plasma
VEGF Shorter disease duration, MRSS, capillary density ~ Serum/plasma

of nail fold, PAH

HGF Right ventricular systolic pressure Serum/plasma
Endostatin Right ventricular systolic pressure Serum/plasma
Endoglin 1cSSc, telangiectasia, pulmonary artery pressure Serum/plasma
ICAM-1 Rapidly progressive disease, digital ulcers, dcSSc,  Serum/plasma

respiratory function

ILD interstitial lung disease, VEGF vascular endothelial growth factor, MRSS modified Rodnan
total skin thickness score, PAH pulmonary arterial hypertension, HGF hepatocyte growth factor,
lcSSc limited cutaneous systemic sclerosis, /CAM intercellular adhesion molecule, dcSSc diffuse
cutaneous systemic sclerosis

[42]. Circulating vWF was associated with disease severity [43], pulmonary
involvement [44], and the extent of radiologically demonstrated ILD [45]. However,
association with clinical feature of vascular disease is not clear [46, 47]. von
Willebrand factor-cleaving protease ADAMTS-13 (a disintegrin  and
metalloproteinase with a thrombospondin type 1 motif, member 13) was signifi-
cantly decreased in patients with SSc [48].

13.4.2 Growth Factors

Multiple growth factors have been considered as regulating angiogenesis. Abnor-
mal plasma levels of proangiostatic factors including fibroblast growth factor,
placental growth factor, platelet-derived growth factor, and VEGF have been
reported [49]. Levels of circulating VEGF were elevated and correlated with shorter
disease duration [50], skin sclerosis, and the capillary density of nail fold [51]. On
the other hand, other studies did not find any association between VEGF levels and
disease activity [52]. Plasma levels of the proangiogenic and antifibrotic factor,
hepatocyte growth factor, were reduced in patients with SSc, but had a remarkable
positive correlation with right ventricular systolic pressure as measured by
echocardiogram [49].

Higher serum concentrations of endothelin-1, E-selectin, VEGF, and vascular
cell adhesion molecule (VCAM)-1 were detected in SSc patients compared with
healthy controls. Elevated concentrations of endothelin-1, E-selectin, VCAM-1,
and VEGF dominated in the serum of SSc patients with organ systemic involve-
ment compared to those without systemic manifestation [53]. Serum VEGF levels
were correlated with systolic pulmonary artery pressure in patients with SSc
[54]. Thus, the associations with clinical features are different depending on each
study, although circulating VEGF levels are generally elevated in SSc patients
[55]. It has been proposed that chronic and uncontrolled VEGF upregulation that is
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mediated by an orchestrated expression of cytokines is the cause of the disturbed
vessel morphology in the skin of SSc [55]. Furthermore, impaired VEGF receptor
signaling may be contributing to vascular disturbances in SSc [56].

13.4.3 Angiostatic Molecules

Elevated levels of circulating angiostatic molecules have been reported. These
angiostatic factors include angiostatin, endoglin, endostatin, thrombospondin, and
VEGF receptor. Serum levels of endostatin were not significantly elevated but
associated with the presence of giant capillaries in nail fold capillaroscopy
[50]. Plasma levels of endostatin were markedly elevated in patients with SSc
and correlated positively with right ventricular systolic pressure [49]. In multivari-
ate analysis of a large SSc cohort, soluble endoglin levels were significantly
increased in SSc patients with cutaneous ulcerations, positive for anticentromere
Ab, and with abnormal diffusing capacity for carbon monoxide divided by alveolar
volume [56]. Serum soluble endoglin levels were significantly elevated in patients
with [cSSc compared with dcSSc and systemic lupus erythematosus patients as well
as normal controls [57]. In that study, patients with elevated soluble endoglin levels
had telangiectasia more frequently than those with normal soluble endoglin levels.
Furthermore, pulmonary artery pressure was positively correlated with soluble
endoglin levels in patients with 1cSSc. These findings are interesting, since endoglin
gene encodes a transmembrane glycoprotein which acts as an accessory receptor for
the TGF-f superfamily and is crucial for maintaining vascular integrity. The
endoglin gene mutations are responsible for one of the two types of hereditary
hemorrhagic telangiectasia (Osler—Weber—Rendu syndrome), a Mendelian autoso-
mal vascular disorder [58], and the polymorphism is associated with SSc-related
PAH [59].

13.4.4 Adhesion Molecules

SSc patients exhibit increased numbers and activation of monocytes/macrophages
and T cells in the circulation and tissues [60, 61]. Leukocyte recruitment into
inflammatory sites is generally achieved using multiple cell adhesion molecules
[62]. Endothelial cell injury induces adhesion molecules, and this may result in
further endothelial damage via recruiting inflammatory cells.

Several previous studies have demonstrated that SSc fibroblasts exhibit
increased surface intercellular adhesion molecule (ICAM)-1 expression, suggesting
an augmented potential for binding to T cells [63]. There are several reports that
have demonstrated the increase of circulating ICAM in patients with SSc [64—
66]. In one of those studies, circulating ICAM-1 levels were especially elevated in
patients with diffuse rapidly progressive disease or digital ulcers [64]. Another
study demonstrated that circulating ICAM-1 levels was significantly higher in
dcSSc patients and was correlated with the presence of contracture of phalanges,
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pulmonary fibrosis, joint involvement, and increased erythrocyte sedimentation rate
[66]. In one report, serum levels of ICAM-1, P-selectin, VCAM-1, and, to a lesser
degree, E-selectin correlate well with their in situ expression and with clinical
disease activity [65]. Japanese multicenter, prospective, observational study
demonstrated that serum ICAM-1 levels were elevated and inversely associated
with the current and subsequent respiratory functions in patients with early SSc
[67]. In a small study, serum levels of ICAM-1, platelet endothelial cell adhesion
molecule-1, P-selectin, and VCAM-1 were higher in SSc patients compared with
healthy controls at baseline and fell to normal levels after 12 months of bosentan
therapy [47]. In scleroderma renal crisis, mean levels of circulating E-selectin,
ICAM-1, and VCAM-1 were elevated. On the other hand, serum levels of
E-selectin, ICAM-1, and VCAM-1 were not increased in 1cSSc patients with
PAH [68]. Serum levels of E-selectin, ICAM-1, and VCAM-1 were initially
elevated and significantly reduced after infusions of iloprost (prostacyclin ana-
logue) on Raynaud’s phenomenon [69].

13.5 Biomarkers of Interstitial Lung Diseases (Table 13.3)
13.5.1 Proteins Secreted by Alveolar Epithelial Cells

Recently, ILD associated with SSc has become the main cause of SSc-related death
in SSc. Serum biomarkers of ILD are critical for monitoring patients with SSc,
since the evaluation using computed tomography (CT) scan cannot be frequently
performed. Serum biomarkers of ILD have been focused on soluble proteins
secreted by alveolar epithelial cells (the main targeted cells of ILD) and various
inflammatory cytokines, chemokines, and other proteins. The glycoprotein Krebs
von den Lungen-6 (KL-6) and surfactant protein-D (SP-D) may be currently the
most reliable serum markers for ILD. KL-6 antigen is expressed mainly by alveolar
type II pneumocytes and respiratory bronchiolar epithelial cells [70], whereas SP-D
is produced and secreted by alveolar type II pneumocytes and Clara cells [71]. Sev-
eral studies revealed that serum levels of KL-6 and SP-D are elevated in serum from
patients with ILD, including SSc-related ILD [70, 72, 73]. These studies suggested
that serum levels of SP-D and KL-6 are serologic markers of the severity and

Table 13.3 Potential biomarkers of interstitial lung diseases

Biomarker Clinical association Sample

KL-6 Severity and activity of ILD, maximum fibrosis Serum/plasma
scores on HRCT

SP-D Severity and activity of ILD, maximum fibrosis Serum/plasma
scores on HRCT

CCL18 Activity of ILD, predictive worsening of ILD Serum/plasma

KL-6 Krebs von den Lungen-6, /LD interstitial lung disease, HRCT high-resolution computed
tomography, SP-D surfactant protein-D
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activity of ILD in SSc [73-75]. In a comparative study, SP-D was more sensitive
but less specific for ILD than KL-6 in SSc patients [75]. A cohort study of
Scleroderma Lung Study Research Group demonstrated that both KL-6 and SP-D
are highly sensitive and specific for the determination of “alveolitis.” In that study,
KL-6 and SP-D were significantly correlated with maximum fibrosis scores, but not
with maximum ground-glass opacities, on high-resolution CT [74]. Therefore,
combined use of these two markers would be more effective for diagnosis and
monitoring of ILD activity in SSc patients than single use of each marker. However,
some SSc patients with active ILD showed discrepancies in the serum levels of
these markers. Furthermore, KL-6 or SP-D does not necessarily reflect the activity
of ILD in a part of patients. KL-6 and SP-D are currently utilized in clinical practice
in Japan.

13.5.2 CCL18

Another promising biomarker of SSc-ILD is CCL18, which is also known as
pulmonary and activation-regulated chemokine (PARC), is constitutively
expressed at high levels in the lungs, and is selectively chemotactic for T cells
[76]. CCL18 in high concentrations directly stimulates intracellular signaling and
collagen production in primary pulmonary fibroblasts [77]. Serum CCL18 levels
were markedly elevated in association with the development of ILD, as well as with
reductions in vital capacity (VC) and diffusing capacity for carbon monoxide
(DLCO), and correlated closely with the activity of ILD [78]. Furthermore, serum
CCL18 levels have been demonstrated as predictive biomarker for the identification
of patients with a higher risk of subsequent lung disease worsening in SSc [79]. A
recent study reported that SP-D correlated with concomitantly obtained forced vital
capacity, while CCL18 was a predictor of short-term decline in forced VC
[80]. However, neither SP-D nor CCL18 was a long-term predictor of forced VC
course in patients with early SSc in that study. Furthermore, CCL18 production by
BAL cells and serum CCL18 concentrations reflected pulmonary fibrotic activity in
SSc patients with ILD [81].

13.6 Biomarkers of Pulmonary Arterial Hypertension
(Table 13.4)

13.6.1 Brain Natriuretic Peptide (BNP)

Pulmonary arterial hypertension has become one of the most important factors that
affect morbidity and mortality. However, there are currently no validated laboratory
examination or serologic markers that are useful for specific diagnosis of PAH.
Therefore, biomarkers are necessary to find out early asymptomatic PAH. The
DLCO decreases years prior to the diagnosis of PAH in patients with 1cSSc
[82]. Serum BNP and serum NT-proBNP have been reported as useful biomarkers
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Table 13.4 Potential biomarkers of pulmonary arterial hypertension

Biomarker Clinical association or usefulness Sample

BNP/NT-proBNP Severity, stability, and prognosis of PAH, Serum/plasma
predictive of survival

Endothelin-1 Pulmonary arterial pressure, advanced Serum/plasma
microangiopathy defined by capillaroscopy

MRC1 1cSSc with PAH, pulmonary arterial pressure, mRNA of PBMC
mortality

IL-13 1cSSc with PAH Serum/plasma

BNP brain natriuretic peptide, NT N-terminal, PAH pulmonary arterial hypertension

for pulmonary hypertension since they tend to increase in SSc patients with early
PAH and correlate with hemodynamic measures [83, 84]. BNP and NT-proBNP are
secreted by ventricular myocytes reflecting myocardial responses to stretch and
hypoxia and by certain neurohormonal stimuli. A previous study demonstrated that
SSc patients with an NT-proBNP in excess of 395 pg/mL have a very high
probability of having pulmonary hypertension, and baseline and serial changes of
NT-proBNP levels are highly predictive of survival [85]. A prospective cohort
study demonstrated that a decreased DLCO/alveolar volume ratio and an increased
NT-proBNP are predictors of PAH in SSc [86]. Furthermore, only plasma levels of
BNP and NT-proBNP have been included as important parameters for assessing
disease severity, stability, and prognosis of PAH in the treatment guidelines of the
Task Force for the Diagnosis and Treatment of PAH of the European Society of
Cardiology and European Respiratory Society [87]. However, the serum or plasma
levels of BNP and NT-proBNP are not specific for PAH.

13.6.2 Endothelin-1

Endothelin-1 is a 21-amino acid polypeptide produced by various cells including
endothelial cells. It is a potent vasoconstrictor and can stimulate proliferation of
smooth muscle cells. It is well known that endothelin-1 has critical roles in the
proliferative vasculopathy of SSc, including PAH [88]. Also, endothelin-1 receptor
blockers are highly effective for the treatment of PAH. Plasma levels of endothelin-
1 have been reported as elevated in patients with SSc [89, 90]. In one study, plasma
levels of endothelin-1 were elevated in SSc patients with PAH and SSc patients
with anticentromere antibodies. There was a positive linear correlation between
endothelin-1 levels and systolic pulmonary arterial pressure [91]. High endothelin-
1 plasma levels were especially detected in SSc patients with advanced
microangiopathy defined by capillaroscopy [92, 93]. Therefore, circulating
endothelin-1 level may be a possible biomarker for evaluating SSc-related PAH.
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13.6.3 Cytokines

Increased expression of nine genes (ICAMI, IFNGR1, IL1B, IL13Ral, JAK2,
AIF1, CCR1, ALAS2, TIMP2) was found in 1cSSc patients with PAH by
genome-wide gene expression using peripheral blood mononuclear cell (PBMC)
samples [94]. Increased circulating cytokine levels of inflammatory mediators, such
as TNF-a, IL-1p, ICAM-1, and IL-6, and markers of vascular injury such as
VCAM-1, VEGF, and vWF were detected in 1cSSc patients with PAH by multi-
analyte profiling immunoassays [94].

In another study of the same group, the mRNA expression of CCR1 and JAK2
was elevated in IcSSc patients with PAH compared with controls on PBMC but
mainly on CD14" cells [95]. Expression of MRC1, a marker of alternative activa-
tion of monocyte/macrophages, was also increased in lcSSc patients with PAH and
correlated with pulmonary artery pressure and higher mortality. MRC1 expression
was elevated in CD14 ™ cells and was increased by IL-13 stimulation. Plasma levels
of IL-13 were markedly elevated in 1cSSc patients with PAH. These findings
indicate that IL-13-activated monocyte/macrophages may have a critical role in
the development of PAH in lIcSSc, with MRCI1 as an important biomarker.

13.7 Biomarkers of Disability and Disease Activity

The Disability Index of the Health Assessment Questionnaire (HAQ-DI) was
originally created to examine and quantify functional capacity in patients with
arthritis [96]. The HAQ-DI is determined by a self-administered questionnaire
consisting of eight categories (score 0-3). Steen and Medsger have demonstrated
that changes in the HAQ-DI correlate with objective physical and laboratory
variations in SSc over time [97]. Other studies have also shown that high
HAQ-DI is associated with increased morbidity and mortality in patients with
SSc [98, 99]. The scleroderma HAQ (SHAQ) consists of the eight domains utilized
in the HAQ-DI, plus the following visual analog scales: pain, patient global
assessment, vascular, digital ulcers, lung involvement, and gastrointestinal involve-
ment [97]. The Medsger Severity Index, developed through consensus methodol-
ogy, defines severity in nine organ systems (the general, vascular, skin, joint/
tendon, musculoskeletal, gastrointestinal, lung, heart, and kidney) [100].

In a series of Japanese multicenter prospective studies of early dcSSc, initial
serum levels of CXCL8 and P-selectin were significantly associated with the
HAQ-DI at the fourth year [67, 101] (Table 13.5). Recently, IFN-inducible chemo-
kine score has been proposed as a promising biomarker of SSc [102]. The compos-
ite chemokine score of plasma levels of IFN-y-inducible protein 10 (IP-10/
CXCL10) and IFN-inducible T cell o chemoattractant (I-TAC/CXCLI11) was
elevated in SSc patients and showed a correlation with the IFN gene expression
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Table 13.5 Potential biomarkers of disability and disease activity

Biomarker Clinical association Sample
CXCL8 Subsequent HAQ-DI Serum/plasma
P-selectin Subsequent HAQ-DI Serum/plasma
IFN-inducible chemokine Medsger Severity Index (particularly with Serum/plasma
score the lung, skin, muscle involvement)

signature in 266 patients with SSc. This IFN-inducible chemokine score correlated
with the Medsger Severity Index, particularly with the severity of the lung, skin,
and muscle involvement (Table 13.5).

13.8 Conclusion

Clinical and serological heterogeneity of SSc and effects of medications are making
identification and validation of biomarkers challenging. Large, multicenter, pro-
spective studies of well-defined clinical cohorts must be performed to identify and
validate biomarkers useful for clinical practice of SSc.
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Abstract

Systemic sclerosis (SSc) is a multisystem connective tissue disorder
characterized by microvascular damage and excessive fibrosis of the skin and
internal organs. SSc is believed to be an autoimmune disease because of the
presence of antinuclear antibodies (ANAs). ANAs are detected in more than
90 % of patients with SSc. Although the role of ANAs in the pathogenesis in SSc
has not been clarified, each ANA is closely associated with specific clinical
features. Therefore, it is clinically useful to classify the patients based on the
type of ANAs for diagnosis and management of such patients. Anti-centromere
antibodies (Abs), anti-DNA topoisomerase I Abs, and anti-RNA polymerase III
Abs are representative ANAs found in patients with SSc. Other serum ANAs
detected in SSc include those targeted against Th/To, U3 RNP, human upstream-
binding protein, U11/U12 RNP, Ul RNP, Ku, PM-Scl, and RuvBL1/2. The
prevalence of each of the ANAs and the clinical characteristics are reportedly
dependent on ethnicity. Identifying several ANAs requires immunoprecipitation
assays. Establishment of an easy and simple screening system for ANA
specificities such as an enzyme-linked immunosorbent assay is expected.
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14.1 Introduction

Systemic sclerosis (SSc) is a multisystem connective tissue disorder characterized
by microvascular damage and excessive fibrosis of the skin and various internal
organs. It is well recognized that the clinical features of SSc are largely heteroge-
neous. Skin involvement is classified into two subgroups dependent on the extent
of the area involved. Limited cutaneous SSc (IcSSc) includes those patients in
whom skin thickening is relatively restricted to the fingers and hands with less
serious internal organ involvement. In diffuse cutaneous SSc (dcSSc), skin lesions
are extensive and often rapidly developing with earlier and more serious
complications that include interstitial lung disease (ILD) and scleroderma renal
crisis (SRC) [1].

The presence of autoantibodies (auto-Abs) is one of the hallmarks of autoim-
mune connective tissue diseases. SSc is considered to be an autoimmune disease
because antinuclear Abs (ANAs) are detected in more than 90 % of SSc patients.
These ANAs react against a variety of intracellular components [2]. There are
several features regarding SSc-related ANAs. First, production of ANA is specific
for each patient and multiple Abs generally do not coexist [3]. Second, once an
ANA with a particular specificity develops, the type of ANA and its titer usually
does not change throughout the course of disease, and other SSc-related ANAs do
not arise [4]. Although the role of ANAs in the pathogenesis of SSc remains
unclear, the particular type of ANA is often indicative of clinical features,
severity, and prognosis. Therefore, the identification of SSc-related ANAs in
each patient is clinically useful to diagnose and evaluate organ involvements
and prognosis.

Anti-centromere Abs (ACA), anti-topoisomerase I (anti-topo I) Abs, formerly
termed anti-Scl-70 Abs, and anti-RNA polymerase III (anti-RNAP III) Abs are
representative ANAs found in SSc. In addition to these ANAs, anti-nucleolar
antibodies are also found in SSc patients, though less frequently. These include
anti-Th/To Abs, anti-U3 RNP Abs, and antihuman upstream-binding factor (anti-
hUBF, formerly anti-NOR 90) Abs. They produce nucleolar staining patterns by
indirect immunofluorescence staining (IIF) on human epithelioma type 2 (HEp-2)
cells. Anti-Ul RNP Abs, anti-Ku Abs, and anti-PM-Scl Abs are detected in a
clinically distinctive group of patients with SSc-myositis overlap syndrome.
Recently, another SSc-myositis overlap syndrome-related Ab, anti-RuvBL1/2,
was reported [5].

Previous reports have revealed that the patient’s genetic background can affect
the prevalence and clinical phenotype of SSc, even when the same ANA
specificities are present. For example, anti-PM-Scl Abs are found in approximately
4 % of Caucasian/African American patients, but not in Japanese SSc patients [6—
8]. Pulmonary arterial hypertension (PAH) is often seen and is a cause of death in
ACA-positive Caucasian/African American SSc patients, but this complication is
relatively rare in Japanese SSc patients [6—8]. Therefore, physicians should take
genetic differences into account when considering the association of ANAs with
clinical features and prognosis in patients with SSc. Below, we will focus on
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SSc-related Abs and their relevance to clinical presentation, disease course, and
prognosis.

14.2 Detection of Antibody

Screening for ANAs is usually conducted by IIF using HEp-2 cells. This technique
should be the first ANA screening assay [9]. Representative staining patterns are
shown in Fig. 14.1. Except for ACA, it is difficult to identify the ANA specificities
by IIF because epitopes cannot be well defined using this technique. Therefore,
additional techniques including enzyme-linked immunosorbent assay (ELISA),

a b
Anti-centromere Ab Anti-Th/To Ab

Anti-U3RNP Ab d Anti-RuvBL1/2 Ab

Fig. 14.1 Indirect immunofluorescence patterns observed with HEp-2 cells stained with anti-
centromere antibody (Ab) (a), anti-Th/To Ab (b), anti-U3 RNP Ab (c), and anti-RuvBL1/2 Ab (d)
sera (original magnification x400). Anti-centromere Abs produce a homogeneously distributed
and speckled pattern in the nucleus. Anti-Th/To Abs demonstrate a dotty nucleolar staining of
interphase cells and mitotic chromosomes are not stained. Anti-U3 RNP Abs show clumpy
nucleolar staining of interphase cells and the mitotic chromosomes are stained. Anti-RuvBL1/2 Abs
show a speckled nuclear pattern of interphase cells and the mitotic chromosomes are stained
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Fig. 14.2 Representative immunoprecipitation assay of autoantibodies related to systemic scle-
rosis (SSc). (a) Immunoprecipitation of UIRNP, Th/To, and U3RNP by sera. K562 cell extracts
were immunoprecipitated with sera, and RNA was extracted, electrophoresed on 8 % urea-
polyacrylamide gel, and visualized by silver staining. Total RNA, with the 5.8 and 5.0 S small
ribosomal RNAs and the tRNA region indicated; Lanes 1-3, SSc patients’ sera indicated, with
antibodies to Ul RNP, Th/To, and U3 RNP; Lane 4, normal human serum (NHS) indicated. (b)
Immunoprecipitation of 35S-methionine-labeled K562 cell extracts was performed on SSc
patients’ sera and NHS, separated on 10 % SDS-PAGE and analyzed by autoradiography.
Topoisomerase I (topo I, lane 1), Ul RNP (lane 2), RNA polymerase I/IIl and II (RNAP I/III
and II, lane 3), Th/To (lane 4), and U3 RNP (lane 5) proteins are shown by arrowheads or indicated
region. Molecular weight markers include protein bands corresponding to 200, 97.4, 66, 46, and
30 kDa (Reused with permission from Ref. [10])

Western blotting, immunodiffusion, and immunoprecipitation (Fig. 14.2) [10] are
required to confirm ANA specificities in patients’ sera (Table 14.1). There remains
a need for standardization of ANA determination, although evidence-based
guidelines for the use of specific immunoassays in SSc have been proposed [11].
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Table 14.1 Autoantibodies in systemic sclerosis

Antibody Major autoantigen IIF Assay
Anti-centromere CENP-A, B, and C DC IIF, ELISA, WB
Anti- DNA topoisomerase I Ho and DID, ELISA, IP,
topoisomerase I N WB
Anti-RNA RNA polymerase I, II, and III Sp ELISA, IP
polymerase and/or N
Anti-Th/To H1/8-2 and Th/7-2 RNA N 1P
Anti-U3 RNP Fibrillarin and other U3RNP components N 1P
Anti-hUBF Human upstream-binding factor N 1P
(NOR 90)
Anti-U11/U12 U11/12 RNP complex Sp 1P, WB
RNP
Anti-Ul RNP 70 kDa, A and C polypeptides of Ul Sp DID, ELISA, IP,
snRNP WB
Anti-PM-Scl PM-Scl-75 and 100 proteins of the N DID, 1P
human exosome
Anti-Ku 80 and 70 kDa DNA-binding dimeric Sp DID, IP
protein
Anti-RuvBL1/2 a complex of RuvBL1 and RuvBL2 Sp 1P, WB
proteins

IIF indirect immunofluorescence staining pattern on HEp-2 cells, DC discrete speckled, ELISA
enzyme-linked immunosorbent assay, WB Western blotting, Ho homogenous, N nucleolar, DID
double immunodiffusion, /P immunoprecipitation, Sp speckled

14.3 Antinuclear Antibodies in SSc
14.3.1 Anti-Centromere Antibodies (ACA)

ACA were first reported by Moroi et al. in 1980 [12]. ACA can be identified by IIF,
since they uniquely produce punctate spots dispersed in the interphase nucleus,
localized to the constriction on metaphase chromosomes (Fig. 14.1a). At least six
centromeric polypeptides, CENP-A to F, have been defined. CENP-B, an 80 kDa
haploid DNA-binding protein, is the major autoantigen that reacts to virtually all
ACA-positive sera [13, 14] (Table 14.1). An ELISA system using a cloned fusion
protein of the CENP-B antigen is available with adequate sensitivity and specificity
[15, 16]. ACA are rarely found in healthy individuals or in patients other than those
with autoimmune connective tissue diseases. ACA are also detected in patients with
primary biliary cirrhosis [17, 18] or those with systemic lupus erythematosus
(SLE) [19].

The overall frequency of ACA in patients with SSc has been reported to be
20-30 %, but it varies among different ethnicities. Approximately 30 % of Cauca-
sian SSc patients are positive for ACA, whereas the frequency is lower in African
American and Thai patients with SSc [20, 21]. Regarding the genetic factors related
to ANA specificities, ACA are associated with HLA molecules DR1, DR4, DR8,
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Table 14.2 Predominant clinical features associated with major systemic sclerosis-related anti-
nuclear antibodies

Antibody Disease subset Organ involvement

Anti-centromere Limited Digital ulcers and gangrene

Isolated pulmonary arterial hypertension
Anti-topoisomerase I Ditfuse Digital ulcers and gangrene

Pulmonary fibrosis

Severe heart disease

Renal crisis
Anti-RNA polymerase Diffuse Renal crisis
Anti-Th/To Limited Isolated pulmonary arterial hypertension

Pulmonary fibrosis

Anti-U3 RNP Diffuse Isolated pulmonary arterial hypertension
Pulmonary fibrosis
Severe heart disease

Myositis
Anti-hUBF (NOR 90) Limited Skin ulcer
Anti-U11/U12 RNP Limited Pulmonary fibrosis

Gastrointestinal involvement

Anti-Ul RNP Limited Isolated pulmonary arterial hypertension
Arthritis/arthralgia
SSc-myositis overlap

Anti-PM-Scl Limited SSc-myositis overlap
Anti-Ku Limited SSc-myositis overlap
Anti-RuvBL1/2 Diffuse SSc-myositis overlap

DRI11, and DQ7 (DQB1*0301) [22, 23]. When ACA are found in patients with
Raynaud’s phenomenon without skin thickening, this is predictive for the future
development of 1cSSc [24].

ACA in SSc patients is associated with limited skin involvement, peripheral
vascular damage, and calcinosis [25] (Table 14.2). Although almost all
ACA-positive patients suffer from Raynaud’s phenomenon, the degree of ischemia
varies among different ethnicities. While frequencies of pitting scars or ulcers were
42-61 % in Caucasian and/or African American patients [6, 26, 27], these
complications occurred in only 11-17 % of Japanese patients with ACA [7, 8]. Digi-
tal gangrene is also observed more frequently in Caucasian and/or African Ameri-
can patients. Although esophageal dysfunction is commonly seen in ACA-positive
patients, serious internal organ involvement, such as ILD, is generally rare. How-
ever, the presence of ACA can be predictive for development of PAH at a late stage
[9, 28]. ACA titers measured by ELISA are stable over time in individual patients,
and titers are not associated with disease activity [29, 30]. ACA-positive SSc
patients had a more favorable prognosis than patients with other SSc-related
ANAs [28]. Two large cohort studies have also confirmed that SSc patients with
ACA had a lower mortality than those with anti-topo I or anti-nucleolar Abs
[27, 31].
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14.3.2 Anti-topoisomerase | Antibodies (Anti-topo I, Formerly
Anti-Scl-70)

In 1979, auto-Abs against a 70—100 kDa chromatin-associated protein were first
described in patients with SSc [32]. This protein was identified as DNA topoisom-
erase I [33] (Table 14.1). Overall, anti-topo I Abs were found in about 40 % of
patients with SSc, but ethnic differences considerably affect the prevalence, which
ranges from 28 to 70 % [7, 11]. For instance, the prevalence of anti-topo I Abs is
low in Caucasians but higher in Japanese and Thai patients. Anti-topo I Abs are
associated with HLA-DRB1, DQB1, and DPBI1 [21, 23, 34, 35]. Anti-topo I Abs are
rarely found in healthy individuals or in patients with other autoimmune connective
tissue diseases [11]. Coexistence with ACA only occurs in about 0.5 % of SSc
patients [36]. Anti-topo I Abs are detected in about 40 % of patients with dcSSc, but
less than 10 % of patients with 1cSSc [11, 37]. However, another study reported that
one-third of anti-topo I Ab-positive patients had 1cSSc [38].

It is well recognized that anti-topo I Abs are strongly associated with a higher
risk for severe ILD, resulting in increasing mortality in this subgroup (Table 14.2).
More than a few studies reported that granulocytosis on bronchoalveolar lavage
(BAL) was associated with greater risk of deterioration and the prognostic value in
SSc patients with ILD [39-41]. However, a subsequent study found that
neutrophilia on BAL was linked to early mortality, but BAL findings were not
linked to long-term survival or rapid progression of ILD [42]. Routine serial
monitoring and rapid decline of the vital capacity by pulmonary function test
provided a unique opportunity to evaluate longer-term outcome. Wells et al. have
reported that the percent predicted diffusing capacity of the lungs for carbon
monoxide reflected the extent of ILD and, therefore, routine measurement was
recommended [43]. Anti-topo I Abs are now considered to be a marker for poor
prognosis, since effective therapy for the treatment of ILD has not been sufficiently
established. Other than ILD, anti-topo I Abs may be a predictor for the development
of SRC. In 46 Italian SSc patients with SRC, anti-topo I Abs were detected in
30 patients (65 %), whereas anti-RNAP III Abs were positive in seven patients
(15 %) [44]. Survival rates of SSc patients with SRC were significantly lower in the
anti-topo I Ab-positive group than in the anti-RNAP III Ab-positive group. Regard-
ing the association of anti-topo I Abs with malignancy, some reports described a
higher risk for malignancy in patients with anti-topo I Abs [45, 46], yet this finding
has not always been confirmed [47, 48].

Serial measurements of auto-Ab titers are not generally considered to be useful
for monitoring disease severity. However, several studies have found that anti-topo
I Ab levels determined by ELISA were related to disease severity and that seroneg-
ative conversion resulted in disease remission [49-51]. Therefore, routine measure-
ment of anti-topo I Ab titers by ELISA may be useful for monitoring disease
activity.

Although the pathophysiological role of ANAs in the development of SSc
remains unclear, in vitro studies showed direct pathogenic effects of anti-topo I
Abs in SSc. Henault et al. have reported that the autoantigen topo I was bound
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specifically to fibroblasts, where it was recognized by anti-topo I Abs from SSc
patients [52]. These topo I/anti-topo I complexes induced the adhesion and activa-
tion of monocytes that resulted in the initiation and maintenance of an inflammatory
cascade, stimulating the fibrosis seen in SSc patients [53, 54].

14.3.3 Anti-RNA Polymerase |, lI, and Il (RNAPs) Abs

RNAPs [, II, and III are major targets of auto-Ab responses in SSc patients [4, 55,
56]. Most SSc sera that react with RNAPs recognize more than one class of RNAP,
with a pattern of RNAP I/III or RNAP I/II/III. Abs to RNAP I/III routinely coexist
and this pattern is highly specific for SSc [4, 55, 56] (Table 14.1). Some anti-RNAP
I/IIT Ab-positive patients also have anti-RNAP II Abs, i.e., anti-RNAP I/II/IIT Abs.
Anti-RNAP II Abs alone are detected at a low frequency in sera from SSc patients,
often in a combination with anti-topo I Abs, and also in sera from some patients
with SLE or an overlap syndrome [57, 58]. Immunoprecipitation assays were
essential in the identification of anti-RNAP III Abs, but an ELISA system using
recombinant RNAP III as the antigen is currently available and widely used in the
clinical field [59, 60]. The HLA associations of anti-RNAP III in SSc patients has
not been established [61].

The prevalence of anti-RNAP III Abs is influenced by patient ethnicity [62]. In a
US cohort, 61 of 247 (25 %) patients with SSc were positive for anti-RNAP III Abs,
whereas only 5 of 127 (4 %) were positive in a French cohort [63]. An Italian cohort
confirmed this low prevalence of anti-RNAP III Abs: only 16 of 466 (3 %) had anti-
RNAP III Abs [64]. In contrast, 69 of 451 (15.3 %) SSc patients had anti-RNAP III
Abs in Australian patients with SSc [65]. In a Japanese population, anti-RNAP III
Abs were found in 6 % (37 of 583 SSc patients) to 10.7 % (38 of 354 SSc patients)
[60, 66].

Anti-RNAP III Abs are strongly associated with diffuse cutaneous involvement
and SRC independent of ethnicity [6, 11, 55, 66] (Table 14.2). SRC occurred in
25 % of patients with anti-RNAP Abs in contrast to 12 % in other patients with
dcSSc [6]. On the other hand, ILD that requires aggressive therapy rarely occurred
in this subgroup. A recent study elucidated clinical and immunological predictors of
SRC. Thus, anti-RNAP I/II/III Ab positivity and an ELISA index for anti-RNAP III
Abs greater than 157 were independent factors associated with the development of
SRC [66]. Several studies have revealed a strong association of anti-RNAP III Abs
with malignancy. Shah et al. reported a close temporal relationship between the
onset of cancer and SSc in patients with anti-RNAP I/III Abs [67]. They showed
that the median duration of SSc at cancer diagnosis differed significantly between
SSc-related Ab-based subgroups (—1.2 years in the anti-RNAP I/IIl Ab group,
+13.4 years in the anti-topo I Ab group, +11.1 years in the ACA group, and
+2.3 years in the group that was negative for all antigens tested). In addition,
RNAP IIT Abs demonstrated a robust nucleolar staining pattern in 4 of 5 available
tumors from patients with anti-RNAP I/III Abs, whereas no tumors from patients
without anti-RNAP I/III displayed nucleolar RNAP III Ab staining [68]. Joseph
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et al. reported that foreign antigens were encoded by somatically mutated genes in
SSc patients with cancer [69]. They reported that genetic alterations of the POLR3A
locus that encodes RPC1 were found in anti-RNAP III Ab-positive SSc patients
with Abs to RPC1 but not in those without Abs to RPC1, and POLR3A mutations
triggered cellular immunity and cross-reactive humoral immune responses in anti-
RNAP IIT Ab-positive patients with cancers.

Despite a higher frequency of SRC, the survival rate in patients with anti-RNAP
IIT Abs is better than in those with anti-topo I or anti-U3RNP Abs [6]. Previously, it
had been reported that patients with anti-RNAP III Abs had the worst survival rate
among all SSc subgroups [6]. However, mortality rates in patients with anti-RNAP
IIT Abs have dramatically improved. This increased survival rate is explained by the
fact that patients with anti-RNAP III Abs have a low risk of suffering ILD and SRC
is now more readily treated with angiotensin-converting enzyme (ACE)
inhibitors [70].

14.3.4 Anti-Th/To Abs (Known as Anti-7-2RNA Abs)

Okano et al. first reported Abs to Th/To (anti-Th/To) in 1990 [71]. Anti-Th/To Abs
were originally specific for SSc or Raynaud’s disease, but were subsequently
detected in patients with localized scleroderma [72]. Anti-Th/To produce a nucleo-
lar, dotty staining pattern in IIF (Fig. 14.1b) and their autoantigens are ribonucleo-
proteins (RNPs) associated with H1/8-2 and Th/7-2 RNAs (Table 14.1). H1/8-2 is a
component of RNase P and TH/7-2 is that of RNase MRP and both are
RNA-processing enzymes [73, 74]. Anti-Th/To Abs are associated with HLA
DRB1*11, *1502, or *0802 [75, 76].

Anti-Th/To Abs are found in 2-5 % of patients with SSc. Anti-Th/To Abs are
associated with 1cSSc, but overall prognosis is worse since patients with anti-Th/To
Abs have a higher risk for severe organ involvement, including ILD and PAH
[77,78] (Table 14.2). ACA and anti-Th/To Abs are representative auto-Abs that are
associated with 1cSSc, but the major difference between these two SSc-related
ANA:s is that anti-Th/To Ab-positive patients can suffer from both ILD and PAH
[6]. In a comparison study between ACA and anti-Th/To Abs by Mitri et al.,
patients with anti-Th/To Abs were younger and had a shorter disease duration at
their first evaluation than those with ACA. Although both subgroups had a higher
frequency of PAH (28 % of anti-Th/To Abs and 19 % of ACA), patients with anti-
Th/To Abs more often had ILD and had poorer survival rates than those with ACA
[26]. However, severe internal organ involvement is not commonly seen in Japa-
nese patients with anti-Th/To Abs [7, 8].

14.3.5 Anti-U3 RNP Abs

Anti-U3 RNP Abs were initially found in sera from SSc patients in 1985 [79]. The
major autoantigen of anti-U3 RNP Abs is fibrillarin, which is a 34 kDa basic protein
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and a component of the nucleolar U3-ribonucleoprotein complex (Table 14.1).
Anti-U3 RNP Abs show a nucleolar, clumpy staining pattern in IIF (Fig. 14.1c)
[80]. Anti-U3 RNP Abs were initially associated with HLA DQB1*0604 [81] or
DRB1*0804 [82], but this finding was not confirmed in another study [61].

Anti-U3 RNP Abs are found in 4-10 % of all patients with SSc [80, 83, 84], but
the frequency is 18.5 % in African American SSc patients [82]. Clinical
characteristics are potentially influenced by ethnicity (Table 14.2). Caucasian,
African American, and Japanese patients with anti-U3 RNP Abs have some com-
mon clinical phenotypes of a diffuse cutaneous form and peripheral vasculopathy,
such as pitting ulcers and digital gangrene. On the other hand, internal organ
involvement that includes ILD, PAH, and SRC is more frequent in Caucasians/
African Americans, and the mortality of these patients is higher than in other
SSc-related ANA-based subgroups [6-8, 85]. Physicians should be aware that
severe gastrointestinal tract involvement can occur in patients with anti-U3 RNP
Abs. It has been reported that 5 patients were positive for anti-U3 RNP Abs among
14 Japanese patients with severe gastrointestinal tract involvement that included
malabsorption syndrome and/or pseudo-obstruction within 2 years of SSc disease
onset [86].

14.3.6 Antihuman Upstream-Binding Factor (Anti-hUBF, Formerly
Anti-NOR 90)

Auto-Abs reactive with nucleolus-organizing region (NOR) 90 (anti-NOR 90 Abs)
were first described in 1987 [87]. Subsequent analysis found that the autoantigen
corresponding to anti-NOR 90 specificity is the human upstream-binding factor
(hUBF) [88] (Table 14.1). Anti-hUBF Abs are not specific to SSc and are found in
other autoimmune connective tissue diseases such as Raynaud’s disease, rheuma-
toid arthritis, SLE, and also in some malignancies [89-91]. Anti-hUBF Abs are
linked to the HLA-DR1 allele [92]. The clinical characteristics of anti-hUBF Abs
have not been clarified, since large cohort studies are lacking. Accumulated case
reports suggest that anti-hUBF Abs are probably related to limited cutaneous form,
mild organ involvements, and a favorable prognosis [90] (Table 14.2).

14.3.7 Anti-U11/U12 RNP Abs

U11/U12 RNP are low-abundance, small nuclear ribonucleoproteins (snRNPs) that
form a two-snRNP complex [93] (Table 14.1). Fertig et al. reported clinical
characteristics of 33 SSc patients with anti-U11/U12 RNP Abs [94]. Anti-U11/
U12 RNP Abs are present in the sera of approximately 3 % of patients with SSc.
Almost half of the patients (17 of 33, 52 %) had the limited form (Table 14.2). All
patients had Raynaud’s phenomenon, and gastrointestinal tract involvement was
significantly increased in the anti-U11/U12 RNP-positive group. Although none
had intrinsic PAH, 79 % of patients had ILD. The degree of ILD occurring in
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patients with anti-U11/U12 RNP Abs is severe. Anti-U11/U12 RNP Ab-positive
SSc patients with ILD had a 2.25-fold greater risk of death than anti-U11/U12 RNP
Ab-negative patients with ILD.

14.4 Antinuclear Abs in SSc-Myositis Overlap

14.4.1 Anti-U1 RNP Abs

Anti-Ul RNP Abs bind to RNP, a ribonuclease-sensitive antigen involved in
splicing heterogeneous nuclear RNA into mRNA (Table 14.1). Anti-U1 RNP Abs
are widely detected in patients with various autoimmune connective tissue diseases,
particularly those with mixed connective tissue disease (MCTD) [95]. Other than
MCTD, anti-U1 RNP Abs are found in SSc patients with a prevalence of approxi-
mately 6 % (range 2-14 %) [6, 7, 11, 83]. Limited cutaneous form, puffy hands,
Raynaud’s phenomenon, arthritis, and esophageal dysfunction are characteristic
clinical features in this subgroup. SRC rarely develops, but PAH can occur and
cause an increased mortality (Table 14.2) [6]. Anti-Ul RNP Abs are generally a
predictive factor for a good response to corticosteroids, resulting in a better
prognosis if the patients do not develop PAH [6, 96].

14.4.2 Anti-RM-Scl Abs

Anti-PM-Scl Abs were initially found in 1977 in patients with polymyositis (PM)/
SSc overlap syndrome [97]. The PM-Scl antigen consists of 11-16 polypeptides,
and 75 and 100 kDa polypeptides have been identified as the major antigen [98]
(Table 14.1). Anti-PM-Scl Abs are strongly associated with HLA DQA1*0501 and
HLA DRB1*0301 [23]. Anti-PM-Scl Abs are found in 4-11 % of SSc patients
overall, but the frequency is greatly affected by ethnicity. Large studies analyzing
Japanese SSc patients determined that none of the SSc patients was positive for
anti-PM-Scl Abs [7, 8]. Anti-PM-Scl Abs are detected in approximately 25 % of
SSc patients with myositis overlap but in only 2 % of patients with SSc alone
[11, 77, 99] (Table 14.2). Anti-PM-Scl Abs predict for limited cutaneous involve-
ment with less serious internal organ involvements and a favorable response to low
or moderate doses of corticosteroids, resulting in a favorable prognosis [100].

14.4.3 Anti-Ku Abs

Mimori et al. first reported a case of PM/SSc overlap syndrome with anti-Ku Abs in
1994 [101]. Anti-Ku Abs were originally thought to be specific to SSc, but
accumulating reports revealed that anti-Ku are also found in patients with other
autoimmune connective tissue diseases, including SLE and overlap syndrome
[102, 103]. Franceschini et al. reported that in 14 anti-Ku Ab-positive patients,
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one-half had an overlap syndrome (5 PM/SSc, 1 PM/SLE/SSc, and 1 PM/SLE). Of
those patients with overlap syndrome, 85 % had clinical characteristics seen in SSc
[103] (Table 14.2). Furthermore, another large cohort study confirmed that anti-Ku
Abs were related to SSc with myositis [104].

14.4.4 Anti-RuvBL1/2 Abs

RuvBL1 and RuvBL2 are highly conserved eukaryotic proteins that form a double
hexamer in the nucleus (Table 14.1). The RuvBL1/2 complex is involved in many
cellular processes, such as transcription, DNA repair, and chromatin remodeling
[105]. The clinical characteristics of 37 patients with anti-RuvBL1/2 Abs were
reported in 2014 [5]. Anti-RuvBL1/2 Abs produce a speckled nuclear staining
pattern by IIF (Fig. 14.1d). Anti-RuvBL1/2 Abs were present in 10 of
588 (1.7 %) SSc patients in a Japanese cohort and 27 of 585 (4.6 %) SSc patients
in a Pittsburg cohort. Anti-RuvBL1/2 Abs were exclusively detected in SSc patients
and highly associated with SSc in overlap with myositis in both the Japanese and
Pittsburgh cohorts. Patients with anti-RuvBL1/2 Abs had higher frequencies of
dcSSc. Compared with other Abs related to SSc-myositis overlap (anti-PM-Scl Abs
and anti-Ku Abs), the presence of anti-RuvBL1/2 Abs was distinctive in terms of its
associations with older age at SSc onset, male gender, and a high frequency of
diffuse cutaneous form (Table 14.2).

14.5 Conclusion

Since clinical characteristics and prognoses in SSc are largely heterogeneous, it is
clinically helpful for physicians to group SSc patients based on their auto-Ab
profiles. Several SSc-related ANAs are identified only by immunoprecipitation
assays, but those assays are complex and, therefore, are conducted in few facilities.
Establishment of an easy and simple screening system for ANA specificities such as
ELISA is needed.
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