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Abstract Circulating antinuclear autoantibodies contribute to
the diagnosis of systemic sclerosis (SSc) and correlate with
disease-specific organ manifestations. Recent findings show
the induction of interstitial lung disease and obliterative vas-
culopathy by transfer of IgG from SSc patients in healthy mice
indicating a contribution of antibodies to SSc pathogenesis.
Several functional or agonistic autoantibodies have been de-
scribed in SSc, thus putting autoimmunity into a new spot-
light. Autoantibodies against the angiotensin II receptor type-
1 and the endothelinl receptor type-A are associated with
severe disease and provide new insights into its pathogenesis.
They link the hallmarks of SSc, vasculopathy, immune acti-
vation, and fibrosis. At present, the contribution of the specific
antibodies to disease manifestations remains to be examined.
However; functional autoantibodies could represent a signifi-
cant piece in the puzzle of SSc pathogenesis and may open
new gateways and opportunities for therapeutic intervention.
This review focuses on the features of functional autoanti-
bodies in SSc.
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Introduction

Systemic sclerosis (SSc) is an autoimmune disorder with lim-
ited therapeutic options and high morbidity and mortality. Au-
toimmunity plays a significant role in the pathogenesis of SSc.
Antinuclear autoantibodies are seen in 85-99 % of SSc pa-
tients and are associated with specific disease subtypes and
organ manifestations. Their presence predicts disease onset
prior to diagnosis [1-7]. Although antinuclear autoantibodies
do not affect the pathogenesis of SSc to our present knowl-
edge, they suggest a contribution of autoimmunity in the triad-
complex of SSc pathogenesis of inflammation, vascular inju-
ry, and fibrosis.

The concept of functional autoantibodies (Ab) is continu-
ously emerging in the endeavor to understand the complexity
of SSc pathogenesis. Detailed study of Ab functionality could
significantly improve our current understanding of molecular
pathway activation. In addition, functional Ab could lead the
way to discovering yet unknown molecular pathways and thus
opening the way for new potential targets and effective thera-
peutic options in SSc. In this review, functional Ab (summa-
rized in Table 1) and our current understanding of their effects
in SSc are summarized.

Anti-endothelial Cell Antibodies

Anti-endothelial cell antibodies (AECA) were first identified
in the early 1970s in sera of patients with different rheumatic
diseases [21]. Due to variable detection methods, AECAs are
found in approximately 22-86 % of SSc patients [22-26].
However, AECAs are also found in other systemic rheumatic
diseases such as in systemic lupus erythematosus (SLE),
Sjogren’s syndrome, or in patients with rheumatoid arthritis
(RA) [22, 27-29]. Their presence in SSc has been connected
to more severe disease manifestations and organ/systemic
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Table 1  Autoantibodies in SSc and functional effects

Autoantibody Detection method Testing material Functional effects Reference

AECA Cell-ELISA, 1IF Serum, Fab, IgG Apoptosis, leukocyte adhesion [8-11]

Anti-ICAM-1 ELISA Anti-ICAM-1 antibody ~ Activation of human endothelial cells, [12]
pro-inflammatory

AFA Cell-ELISA, flow cytometry, [IF  IgG Fibroblast activation, pro-adhesive, [13]
pro-inflammatory

Anti-PDGFR Functional bioassay IeG Fibroblast activation [14]

Anti-MMP-1 and anti-MMP-3  ELISA, immunoblotting IgG Inhibition of MMP-1- and [15, 16]
MMP-3-activity

Anti-AT R and anti-ETAR Solid phase assay IgG Activation of immune cells, endothelial ~ [17-19]
cells, fibroblasts

Anti-MSRA ELISA IeG Enhancement of oxidative stress [20]

IIF indirect immunofluorescence

involvement [30, 31]. The presence of AECA is associated
with perivascular, vascular, and lung involvement including
digital ulcers, severity of peripheral vascular injury detected
by nail fold capillaroscopy and PAH [25, 32-34]. AECAs
have been demonstrated to induce endothelial cell activation:
AECA-positive IgG from SSc patients led to an upregulation
of adhesion molecules on endothelial cell surface such as vas-
cular cell adhesion molecule-1 (VCAM-1), intracellular adhe-
sion molecule-1 (ICAM-1), or E-selectin [8]. In vitro, AECA-
positive sera induced apoptosis in cultured human dermal mi-
crovascular cells [9] and human dermal endothelial cells
(HDECs) [10] by activation of the caspase-3 pathway and
the expression of fibrillin-1. AECA-positive sera stimulate
expression of the adhesion molecules VCAM-1, ICAM-1,
and E-selectin on human endothelial cells. Moreover, endo-
thelial cells pretreated with AECA-positive sera showed in-
creased adhesion of histiocytic lymphoma U937 cell lines and
expressed interleukin-1 (IL-1) [8]. The authors concluded that
AECAs could actively participate in SSc pathogenesis by ac-
tivation of endothelial cells. In vivo, transfer of AECAs from
UCD-200 chickens, resembling human SSc features, resulted
in induction of apoptosis upon binding to endothelial cells in
healthy chicken embryos [11]. The molecular target of
AECAs remained unknown until a quantitative immunoblot-
ting technique identified the nuclear and ubiquitous protein
CENT-B as the main target in patients with IcSSc¢ [31].

Agonsitic Anti-ICAM-1 Autoantibodies

Recently, AECAs specifically targeting ICAM-1 were identi-
fied in 24 out of 60 SSc patients [12]. The authors developed
an ELISA-assay to detect anti-ICAM-1 antibodies in SSc se-
rum samples. Their measurements revealed that sera of SSc
patients contain significantly higher levels of IgG and IgM
anti-ICAM-1 Ab in the diffuse cutaneous SSc (dSSc) and in
the limited cutaneous (ISSc) subset of SSc compared to
healthy controls. Furthermore, purified anti-ICAM-1
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antibodies showed agonistic properties when tested in vitro
on human umbilical vein endothelial cells (HUVECs). Here,
binding of anti-ICAM-1 antibodies to ICAM-1 increased pro-
duction of reactive oxygen species (ROS). Furthermore, in-
creased levels of VCAM-1 protein were detected when
HUVECs were treated with anti-ICAM-1 antibodies [12].
These findings demonstrate the induction of pro-
inflammatory cascades by anti-ICAM-1 antibodies in
HUVECs. Moreover, these results demonstrate that AECAs
can also activate endothelial cells by binding to molecules
expressed on the cell surface, while previous results mainly
indicated nuclear located antigens. These interesting findings
demonstrate the complex nature of AECAs and future exper-
iments could elucidate the mechanisms and the impact of
AECAs in the pathogenesis of SSc.

Anti-fibroblast Antibodies

Anti-fibroblast antibodies (AFAs) were detected in SSc sera
using a cell-based ELISA [13]. They were found in 58 % of
the SSc sera with higher prevalence in dcSSc than 1cSSc [13].
Antibodies to fibroblasts have also been found in patients with
idiopathic and scleroderma-associated pulmonary hypertension
[35]. AFA-positive SSc sera induced proadhesive and proin-
flammatory phenotypic changes in fibroblasts by upregulating
ICAM-1 surface expression, interleukin-6 (IL-6) production,
and induced enhanced adhesion of U937 cells [13]. The glyco-
lytic enzyme alpha-enolase was found to be a primary target of
AFAs [36]. Anti-alpha-enolase antibodies were associated with
antitopoisomerase 1 antibodies and showed an association to
the prevalence of interstitial lung disease (ILD) [36].

Anti-PDGF Receptor Autoantibodies

Functional Ab reactive to the platelet-derived growth factor
receptor (PDGFR) have been detected in 46 out of 46 SSc
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patients [14]. The presence of anti-PDGFR autoantibodies
was demonstrated in a functional bioassay, and stimulatory
activity was shown on fibroblasts. Anti-PDGFR autoanti-
bodies induced tyrosine phosphorylation in normal fibroblasts
and increased ROS levels. Higher levels of alpha-SMA and
type I collagen were detected in normal fibroblasts. The au-
thors concluded that anti-PDGFR autoantibodies could be a
specific feature of SSc with an active role in disease patho-
genesis due to their stimulatory activity. However, when anti-
PDGFR-alpha autoantibodies were measured by an
immunobiological assay, they were not specific for SSc since
they were also detected in normal subjects [37]. Another study
reported the presence of anti-PDGFR-alpha autoantibodies in
approximately one-third of the tested sera from SSc patients,
but they were also found in similar frequency in normal sub-
jects. This group could not observe any biologic activity of
anti-PDGFR-alpha autoantibodies [38].

This example shows that slight differences in the handling of
cellular systems can lead to crucial differences in the results.
Standardized screening procedures for functionally active hu-
man anti-PDGFR antibodies are required. Search for epitopes
and generation of synthetic polyclonal and monoclonal anti-
bodies are among the priority tasks to verify the specific role
of anti-PDGFR-alpha autoantibodies and their specific biologic
activity in systemic sclerosis [39]. In addition, their role as
biomarker or diagnostic marker remains to be evaluated.

Autoantibodies Against Matrix Metalloproteinase-1
and Matrix Metalloproteinase-3

Excessive accumulation of extracellular matrix components
(ECM) is a feature of fibrosis in SSc. The degradation of
ECM is induced by matrix metalloproteinases (MMPs), and
MMP activity is regulated by tissue inhibitors of metallopro-
teinases (TIMPs). An imbalance of MMP and TIMP regula-
tion could contribute to excessive ECM deposition [40].
MMP-1 is involved in the degradation of type I-III collagens
that are major components of ECM in affected and normal
skin in SSc [41, 42]. MMP-3 degrades type V collagen, elas-
tin, and fibrillin among others. SSc fibroblasts display a re-
duced MMP-1 activity compared to normal fibroblasts [15].
The authors hypothesized that antibodies reactive to MMP-
1 and MMP-3 could be involved in ECM accumulation by
inhibiting MMP activity. And indeed, anti-MMP-1 antibodies
and anti-MMP-3 antibodies were detected by ELISA in two
studies [16, 17]. Forty-nine percent of all SSc patients and in
75 % of dSSc patients were positive for anti-MMP-1 Ab.
Similarly, anti-MMP-3 Ab were measured in 52 % of all
SSc patients and in 71 % of dSSc patients. Anti-MMP-1 Ab
levels correlated with the extent of fibrosis in skin, lung, and in
renal blood vessels. They inhibited MMP-1 activity, while
anti-MMP-3 antibodies inhibited the activity of MMP-3.

Therefore, anti-MMP-1 and anti-MMP-3 Ab may contrib-
ute to fibrosis by reduction of MMP activity and could be
involved in SSc pathogenesis. The authors concluded that
anti-MMP-1 antibody could represent a link between autoim-
munity and fibrosis in SSc. However, the authors also point
out that the significance of anti-MMP-3 antibodies remains to
be clarified.

Anti-AT{R and Anti-ET,R Autoantibodies

Simultaneous presence of autoantibodies reactive to the an-
giotensin II type 1 receptor (ATR), and the endothelin-1 type
A receptor (ETAR) was described in patients with SSc [18].
The antibody levels strongly correlate with each others, which
is probably related to cross reactivity [18]. These autoanti-
bodies were detected by a solid phase assay using membrane
extracts overexpressing the native AT R or ETAR. Anti-AT ;R
and anti-ETAR Ab are detected in approximately 85 % of SSc
patients. High levels of anti-AT|R and anti-ETAR Ab are as-
sociated with severe SSc manifestations and complications
such as digital ulcers, pulmonary arterial hypertension, lung
fibrosis, and death. They predict mortality, cardiovascular
complications such as PAH, and mortality in the presence of
SSc-PAH [18, 19]. Anti-ATR/ETAR Ab are not specific for
SSc. However, they identify patients at risk for certain or-
gan complication and their response to therapy, e.g., for
PAH [19]. Functional activities were tested in isolated
IgG fractions positive for anti-AT|R and anti-ETAR auto-
antibodies in vitro by using different cells in which the
receptors are present. In human endothelial cells, the anti-
bodies induce TGFB, VCAM-1, interleukin-8 (IL-8,
CXCLS), IL-6, and CCL2. They increase intracellular
Ca*" concentrations and neutrophil transendothelial migra-
tion and reduce regenerative capacity of endothelial cells
[43]. Similarities between the effects of anti-AT;R/ETAR
antibodies and those observed for AECAs suggest that
AECAs at least partially act via AT|R and ETAR activa-
tion. In peripheral blood cells, the Ab induced expression
of IL-8 and CCL18, a marker for alternative monocytic
activation. Both IL-8 and CCL18 were shown to predict
progressive interstitial lung disease. For all the in vitro
experiments, activation via AT|R and ET,R was proven
by the use of specific receptor blockers [44]. As shown
by our in vitro experiments, the effects of the anti-ATR/
ETAR Ab are dependent on the antibody concentrations,
the disease manifestation of the SSc donors, and the dis-
ease duration. The effects were strongest when the donor
suffered from early and severe disease. In addition, recep-
tor expression of AT|R, ETAR, and their counter playing
receptors AT,R and ETgR seems to be important and
varies among the SSc patients [44]. Figure 1 shows the
published effects by the anti-AT;R/ETsR antibodies.
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Fig. 1 Proposed effects of anti-
ATIR/ETAR antibodies, which
were shown to be blockable by
specific receptor blockers. The
underlined effects were
dependent on the concentration of
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Effects of Ab-positive IgG fractions were also tested by
passive transfer into naive C57BL6/6J mice. Elevated levels
of neutrophils were detected in bronchoalveolar lavage fluids
(BALF) after a single IgG transfer and structural alterations of
lung architecture after repeated IgG transfers [43]. All these
experimental findings suggest the ability of anti-AT;R and
anti-ETAR Ab to induce inflammatory and fibrotic mecha-
nisms in vitro and probably in vivo, although further studies
are necessary to identify the specific contribution of anti-
AT |R/ETAR Ab of the effects induced by SSc-IgG in vivo.
In addition, the results demonstrate the complex nature of anti-
AT/|R and anti-ET4R autoantibodies and their intricate ago-
nistic effects. These findings strongly indicate the importance
of abnormal AT{R and ETAR activity, not only by modifica-
tion of expression and regulation by natural ligands, but also
by autoantibodies in the pathogenesis of SSc [19, 44].

Antibodies to Estrogen Receptor-o

SSc is more frequently diagnosed in women than in men.
Female sex hormones could therefore play a role in the disease
pathogenesis. Up to today, the impact of estrogens on SSc is
not well examined and therefore, the role of estrogens in SSc
still remains unclear. Estrogens and 17[3-estradiol in particu-
lar, can modulate immune function by activation of estrogen
receptors (ER) ER and ER 3. Furthermore, estrogens are also
known players in immune-mediated rheumatic diseases [45].
ER«x and ER3 are located in the nucleus, and their function is
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modulated by estrogens via transcription factor regulation in
the nucleus. However, ERx expression was also detected in
the cytoplasm of human peripheral blood lymphocytes [45].
Moreover, Ab specific to ERx (anti-ER« antibodies) were
recently described in patients with SLE, where these antibod-
ies showed functional properties such as cell activation and T-
lymphocyte proliferation [46]. A recent study found, anti-
ERx Ab to be present in the sera of 42 % of 86 analyzed
SSc patients [47]. Furthermore, associations between anti-
ER« antibody levels and clinical manifestations such as dis-
ease subtype and SSc activity were observed. Anti-ER o anti-
bodies are among others associated with diffuse cutaneous
involvement, a high EScSG activity index, and late stage pat-
tern on nailfold capillaroscopy [48]. Furthermore, anti-ER«
antibody positivity correlated with increased T-lymphocyte
apoptotic susceptibility and alterations in regulatory T-
lymphocyte (Treg) homeostasis. Therefore, the authors sug-
gested that anti-ERo Ab are markers of SSc progression and
display functional activity.

Functional Autoantibodies to Methionine Sulfoxide
Reductase

Oxidative stress is known to play an important role in
SSc. Increased cellular release of reactive oxygen species
(ROS) has been detected in SSc monocytes, and the main-
tenance of a fibrotic phenotype of SSc fibroblasts due to
oxidative stress was reported [20, 49]. Methionine
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sulfoxide reductase A (MSRA) is one of the antioxidant
repair enzymes. Antibodies to MSRA (anti-MSRA Ab)
have been detected in 33 % of SSc patients by using an
ELISA assay with recombinant MSRA. Levels of anti-
MSRA Ab were higher in SSc compared to healthy
controls especially in SSc patients suffering from
pulmonary fibrosis and cardiac involvement as well as
in patients with decreased total antioxidant power [50].
Furthermore, serum levels of anti-MSRA Ab correlated
negatively with vital capacity (VC) and diffusion capacity
for carbon monoxide (DLco) and positive with renal vas-
cular damage [50]. In addition, levels of anti-MSRA Ab
positively correlated with markers of oxidative and cellu-
lar stress, such as 8-isoprostane and heat shock protein 70
(Hsp 70). Functional effects on MSRA activity were test-
ed by IgG fractions positive for anti-MSRA Ab. Upon
treatment, the enzymatic activity of MSRA was inhibited.
The authors concluded altogether that anti-MSRA Ab are
useful serologic markers for disease severity and could via
inhibition of MSRA enzymatic activity enhance oxidative
stress and thus cause vascular damage.

Muscarinic-3 Acetylcholine Receptor Autoantibodies

Gastrointestinal tract (GIT) involvement affects approximate-
ly 90 % of SSc patients [51]. Fibrosis of smooth muscle cells
could account for GIT dysmotility [52]. However, intrinsic
neurons predominantly control GIT motility. The involvement
of autoantibodies reactive to the muscarinic-3 receptor and
their role in the pathogenesis of GIT involvement was inves-
tigated recently [53]. GIT motility is regulated predominantly
via the activation of the M3R that is activated by the neuro-
transmitter acetylcholine. An inactivation of the M3R by an
anti-M3R antibody could therefore be involved in GIT
dysmotility in SSc. The presence of anti-M3R Ab was inves-
tigated using an enzyme immunoassay (EIA) in serum sam-
ples. Significantly higher anti-M3R antibody levels were
found in SSc patients with severe GIT involvement compared
to SSc patients without GIT involvement in the first 2 years of
the disease. Here, elevated anti-M3R antibody levels were
detected in 64 % of SSc patients with severe GIT involvement.
These findings suggest a connection of anti-M3R anti-
body to severe GIT involvement at an early stage. More-
over, the authors suggest that patients with anti-M3R an-
tibodies could exhibit more severe GIT involvement com-
pared to patients without anti-M3R antibodies. However,
it still remains unclear whether anti-M3R Ab can exhibit
functional activity and whether this activity inhibits the
effects of M3R. Anti-M3R Ab could be involved in path-
ogenesis of GIT involvement in SSc. Nonetheless, exper-
iments on the effects of anti-M3R antibody are necessary
to clarify its role in SSc.

Conclusions

The interplay of autoimmunity, vascular injury, and fibrosis in
SSc remains incompletely understood. Functional autoimmu-
nity is an emerging aspect in the complex picture of SSc path-
ogenesis. The described features of functional autoantibodies
in SSc suggest a link between autoimmunity and vasculopathy
and fibrosis. A detailed understanding of functional autoim-
munity could on the one hand represent a new paradigm in
SSc pathogenesis. On the other hand, functional autoanti-
bodies could open new therapeutic options for the treatment
of SSc and could improve the currently limited possibilities.
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