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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, plasmin, and various cell surface integrins mediate latent TGF-f activation. Although
Ethe Smad pathway has crucial roles in signaling from the TGF-f receptor, non-Smad pathways are also
important for TGF-[-dependent fibrogenesis [22 ].

DNA microarray analysis demonstrated that a group of TGF-f-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-B-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 and for TGF-B1 and TGF-f2 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 ate not consistently dependent on each study; this may be due to
difficulties in accurate measurements of active TGF-f and its complex regulation and short half-life in
biological fluids [26].

13.3.4. Connective Tissue Growth Factor (CTGF)

CTGF/CCN?2 is another critical factor for the development of tissue fibrosis [ 27 ]. CTGF is expressed in
fibroblasts induced by TGF-B1 and enhances fibroblast proliferation and ECM production as a
downstream mediator of TGF-f31. A series of studies of mouse model suggest a two-step hypothesis for
developing fibrosis in SSc: TGF-f1 induces fibrosis in the early stage, and afterwards CTGF contributes
in maintaining the fibrotic state [28 ]. Serum CTGF levels were significantly elevated 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. Augmented 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 skin-seterestistMRSSY [31, 32]. Elevated IL-6 expression was likely
associated with poor prognosis in patients with early dcSSc [31]. In a recent study, serum levels of eight
cytokines (IL-6, IL-8, IL-10, CCL2, CXCL10, CX3CLI1, 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 pulmonary 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-3
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 CXCL4 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 [L-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.

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 of nail fold, PAH Serum/plasma
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, respiratory function ‘Serum/plasma
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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, ICAM intercellular adhesion molecule, dcSSc diffuse cutaneous systemic sclerosis

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 [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 significantly decreased in patients with SSc [48].

13.4.2. Growth Factors

Multiple growth factors have been considered as regulating angiogenesis. Abnormal plasma levels of
iproangiostatic 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 ].

Hi gher 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 involvement 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 mediated by an orchestrated expression of cytokines is the cause of the disturbed vessel morphology in
ithe 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 multivariate 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 lcSSc 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
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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 autosomal
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

[ 6466 ]. 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, 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, [CAM-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
analogue) on Raynaud’s phenomenon [ 69 ].

13.5. Biomarkers of Interstitial Lung DiserdersDiseases (Tablé 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 Il pneumocytes and respiratory bronchiolar epithelial cells

[ 701, whereas SP-D is produced and secreted by alveolar type 1I pneumocytes and Clara cells [71].
Several 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 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, KI.-6 and SP-D were significantly correlated
with maximum fibrosis scores, but not with maximum ground-glass opacities, on high-resolution CT
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E[ 74 ]. Therefore, combined use of these two markers would be more effective for diagnosis and
Emonitorin g 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 enly
utilized in clinical practice in Japan.

Table 13.3

Potential biomarkers of interstitial lung diseases

Biomarker ' Clinical association Sample
KL-6 Severity and activity of ILD, maximum fibrosis scores on HRCT Serum/plasma
- SP-D ~ Severity and activity’ of ILD, maximum fibrosis scores on HRCT Serum/plasma
CCL18 | Activity of ILD, predictive worsening of ILD Serum/plasma

KL-6 Krebs von den Lungen-6, ILD interstitial lung disease, HRCT high-resolution computed tomography, SP-D
surfactant protein-D

13.52. 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 |. Hewevers;-aA 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, néither 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 for pulmonary hypertension since they
ttend 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
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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-plasmathe serum or plasma levels of
BNP erand NT-proBNP are not specific for PAH.

Table 13.4

Potential biomarkers of pulmonary arterial hypertension

Biomarker Clinical association or usefulness : Sample
grlgBP/I{]\J};T ) Severity, stability, and prognosis of PAH, predictive of survival Serum/plasma
- Pulmonary arterial pressure, advanced microangiopathy defined by
Endothelin-1 capillaroscopy Serum/plasma
MRCI 1cSSc with PAH, pulmonary arterial pressure, mortality ?gﬂé of
IL-13 1cSSc with PAH ‘ Serum/plasma

BNP brain natriuretic peptide, NT N—términal, PAH pulmonary arterial hypertension

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 levels may be a possible
biomarker for evaluating SSc-related PAH (Table 13.5

).

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 the lung, skin, muscle Serum/plasma
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score involvement)

13.6.3. Cytokines

Increased expression of nine genes (ICAMI1, 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-1f3, 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 1cSSc
patients with PAH compared with controls on PBMC but mainly on CD14" cells [ 95 |. Expression of
MRC1, a marker of alternative activation of monocyte/macrophages, was also increased in IcSSc 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 IcSSc patients with PAH. These findings indicate that IL-13-activated monocyte/macrophages
may have a critical role in the development of PAH in 1cSSc, with MRCI 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 involvement [ 97 ]. The
Medsger Severity Index, developed through consensus methodology, 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 CXCLS8 and
P-selectin were significantly associated with the HAQ-DI at the fourth year [67, 101]. Recently, IFN-
inducible chemokine score has been proposed as a promising biomarker of SSc [ 102 ]. The composite
chemokine score of plasma levels of IFN-y-inducible protein 10 (IP-10/CXCL10) and IFN-inducible T
cell a chemoattractant (I-TAC/CXCL11) was elevated in SSc patients and showed a correlation with the
IFN gene expression 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.

13.8. Conclusion

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