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a r t i c l e

i n f o

a b s t r a c t
Autoimmune and inﬂammatory phenomena are characteristically present in systemic sclerosis (SSc) and
impact on dysregulated ﬁbroblast extracellular matrix deposition, hallmark of the disease in conjunction with
ﬁbroproliferative vasculopathy. Oligoclonal T helper 2-like cells are present in the skin and peripheral blood in
early diffuse disease. Type 2 cytokines synergize with proﬁbrotic cytokines including transforming growth
factor beta, favoring collagen deposition and metalloproteinase inhibition by ﬁbroblasts. Furthermore,
chemokine with pro-ﬁbrotic and pro-angiogenic properties are preferentially produced by ﬁbroblasts under
the inﬂuence of Th2-like cells. The proﬁbrotic monocyte chemotactic protein 1 is also produced by ﬁbroblasts,
partially in response to Toll-like receptor 4 (TLR4) recognition, when autoantibodies (autoAb) bind to
ﬁbroblast surface. In addition, immune-complex formed by autoAb and ubiquitous antigens including
topoisomerase-1 favor the production of interferon-alpha (IFN-α) possibly by interacting with intravesicular
TLRs. Consistent with this ﬁndings, unbiased gene screening has revealed that SSc peripheral blood cells
express genes induced by IFN-α, a characteristic shared with systemic lupus erythematosus and other
autoimmune disorders. These ﬁndings highlight the complex relationship between adaptive and acquired
immune responses, which may participate to the pathogenesis of SSc in manners until now unsuspected,
which may help in identifying novel therapeutic targets.
© 2010 Elsevier B.V. All rights reserved.
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1. Introduction
Fibrosis is a complex tissue response to various pathological events
predominantly characterized by excessive deposition of extracellular
matrix (ECM), especially collagen. Excessive ECM deposition results in
altered tissue and organ architecture that lead to dysfunction and
ultimately pathology. In most circumstances ﬁbrosis may be seen as a
process aiming at repair tissue damage, which for various poorly
understood reasons is not appropriately controlled and terminated
[1]. The role of inﬂammation in initiating or maintaining the processes
resulting in ﬁbrosis is very likely. Indeed, an inﬂammatory inﬁltrate is
characteristic of the early phases of ﬁbrosis development and
inﬂammatory cells may profoundly affect the ECM production by
releasing soluble products or by direct cell-to-cell interactions that
modify ﬁbroblast metabolism [2,3].
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Systemic sclerosis (SSc) is a disease of unknown origin characterized
by ﬁbrosis of the skin and internal organs associated with diffuse
ﬁbroproliferative microangiopathy and the presence of autoantibodies
(autoAb). An interplay between altered endothelial cells, immune cells
and their soluble mediators resulting in characteristic modiﬁcations of
ﬁbroblast functional phenotype is thought to play a pathogenic role
[4,5]. Furthermore complex genetic traits very likely contribute to SSc
pathogenesis under the inﬂuence of environmental agents [6,7].
Fibroblasts are capable of both synthesis and degradation. ECM
degradation is achieved mostly via speciﬁc enzymes of which matrix
metalloproteinases (MMP) are of major importance. In SSc and other
ﬁbrotic conditions excess of synthesis over degradation is thought to
take place [8]. Among the many characteristics that distinguish SSc
ﬁbroblasts from normal ﬁbroblasts, are: higher collagen synthesis [9],
higher TGF-β, connective tissue growth factor (CTGF), interleukin
(IL)-6, endothelin-1, plasminogen activator inhibitor-1, and monocyte chemotactic protein-1 (MCP-1) production [10–14], resistance to
IFN-γ [15] and to inhibitory signals delivered by T cell contact [15,16],

C. Chizzolini et al. / Autoimmunity Reviews 10 (2011) 276–281

altered TGF-β receptor and Smad signaling [17–22], enhanced
expression of p300 coactivator of transcription [23], altered responses
to endothelin-1 [10], constitutive thrombospondin expression which
amplify TGF-β signaling [24].
Cytokines play a major role in regulating ECM deposition by
ﬁbroblasts [25]. Among proﬁbrotic cytokines, TGF-β is thought to play
a pivotal role as well as CTGF, a member of the CCN family of
matricellular proteins [26,27]. Additional pro-ﬁbrotic cytokines are
platelet-derived growth factor (PDGF), epithelial growth factor, basic
ﬁbroblastic growth factor, TGF-α upon binding to the EGF-receptor
[28]. In vitro, tumor necrosis factor (TNF)-α inhibits collagen
production by inhibiting the transcription of type I and type III
procollagen mRNA [29,30], by inhibiting TGF-β signaling in human
ﬁbroblasts via activator protein-1 (AP-1) activation [31], and by
down-regulating TGF-β RII [32]. From a polarized T cell point of view,
it is interesting to note that IFN-γ inhibits [33], while IL-4 and IL-13
enhance collagen synthesis [34–36].
In this review we will highlight evidence indicating that the
immune response, and in particular the adaptive immune response,
may participate in initiating and/or maintaining ﬁbroblast modiﬁcations that are characteristically observed in SSc, and therefore it could
participate to and/or control ﬁbrosis development.
T cells in SSc and ﬁbrosis. Histological examination of early SScskin lesions has demonstrated that an inﬂammatory inﬁltrate
precedes ﬁbrosis and development of the vasculopathy, including
ultrastructural changes affecting endothelial cells [37]. Of interest,
collagen synthesis determined by in situ localization of procollagen
Iα(1) appears to be higher in ﬁbroblasts adjacent to inﬂammatory
cells [38,39]. These ﬁndings led to the hypothesis that inﬂammatory
cells and in particular T cells provide important stimuli that drive
collagen synthesis in ﬁbroblasts. Transcriptome analysis in animal
models has shown that genes involved in wound healing and ﬁbrosis
are associated to Th2 polarized responses, characterized by the
production of IL-4, IL-5, IL-13, and IL-21 as opposed to Th1 polarized
responses characterized by IFN-γ production [40,41]. Considerable
evidence indicates that indeed type 2 polarized responses are
important for ﬁbrosis development [42,43]. In SSc, T cells inﬁltrating
the skin and other organs are functionally heterogeneous. Some
reports indicate recruitment of polarized T cells preferentially
producing IFN-γ and therefore belonging to the Th1-like subset
[44,45]; and other reports, particularly the most recent, point to a
preferential accumulation of T cells producing high levels of IL-4,
belonging to the Th2-like subset [46–53]. Since, Th2 cytokines directly
favor collagen production by ﬁbroblasts, there is good correlation
between the presence of Th2-like cells and ﬁbrosis. It is however
unknown what drives the Th2 differentiation in SSc. An additional
point of interest is the demonstration of a restricted usage of T cell
receptor (TCR), indicating antigen-driven T cell expansion in SSc skin
and lung [51,54–56]. However, no recent progress has been made in
identifying the responsible antigen(s). Finally, two reports indicate
that IL-17 is increased in SSc serum and in the bronchoalveolar lavage
ﬂuid of SSc individuals with lung involvement thus spurring interest
on the role of Th17 cells in SSc [57–59]. IL-17A has been reported to
induce IL-6 and IL-8 production and ICAM-1 expression in human
ﬁbroblasts [60] and IL-17F is known to induce endothelial cells to
produce the pro-ﬁbrotic growth factor TGF-β [59]. As to now, a single
report awaiting conﬁrmation has shown that Th17 are increased in
the peripheral blood of SSc individuals [61].
We have conducted studies aimed at investigating the regulatory
mechanisms exerted by T cells on ECM metabolism of skin ﬁbroblasts
obtained from involved skin of SSc patients or normal individuals. We
have observed that cell membranes of activated Th1 and Th2 cells
inhibit collagen I production. The molecular mechanisms are however
different since IFN-γ neutralization reversed type 1 (Th1)-mediated
inhibition, while Th2 cell-dependent inhibition was essentially
mediated by TNF-α. T cell contact inhibition was dominant over
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proﬁbrotic IL-4 and TGF-β cytokines and was speciﬁc for collagen I,
since mRNA levels of COL1A1 were decreased while mRNA levels of
MMP-1 were strongly increased [15,16]. However, SSc ﬁbroblasts
were not inhibited by Th2 cells and Th1 cells were more potent
inhibitors of collagen synthesis than Th2 cells [16]. An intriguing
observation while characterizing T cells inﬁltrating the skin of early
SSc was that some of the α/β TcR + T cells expressed simultaneously
the lineage-speciﬁc markers CD4 and CD8, usually mutually exclusive
in peripheral compartments. In double-positive (DP) T cells the CD8
molecule was formed by the classical alpha-beta heterodimer. DP T
cells actively transcribed both accessory molecules, were endowed
with clonally distributed cytolytic and helper activity and expressed
TcR clonotypes distinct from CD4+ and CD8+ single positive (SP) T
cells. In SSc, DP compared to CD4+ SP T cells produced very high
levels of IL-4. Furthermore, DP T cells were directly identiﬁed in SSc
skin, thus arguing for the existence of DP T cells as a distinct subset in
vivo [51]. The preferential high production of IL-4 by CD8+ and
CD4 + CD8+ DP skin-homing T cells may indeed have a pathogenic
potential since, as mentioned here above, IL-4 enhance collagen
deposition and ﬁbroblast proliferation by itself and has synergistic
activities with TGF-β (Chizzolini et al. unpublished).
In partial agreement with our ﬁndings, others have identiﬁed in
the peripheral blood of SSc individuals CD8+ T cells producing high
levels of IL-13 also considered as an important pro-ﬁbrotic cytokine
[62]. In this respect, it is interesting to note that a signiﬁcant
association between the IL-13 receptor IL-13Rα2 gene polymorphisms and SSc has been found and may constitute an indirect evidence
of the importance of IL-13 in the disease [63]. Indeed, this receptor
might act as a decoy receptor since mice deﬁcient in IL-13Rα2 show a
phenotype of enhanced IL-13 responsiveness [64]. Of interest, the
level of Th2 cytokines tends to decrease as skin sclerosis regresses and
one study suggests that a shift from Th2 to Th1 response correlates
with improvement in skin ﬁbrosis in SSc [65,66].
We also explored the capacity of dermal ﬁbroblasts to produce
inﬂammatory chemokines, potentially involved in ﬁbrosis, in response to contact with polarized human T cells. Th1 cells preferentially induced the production of CXCL10/IP-10 and Th2 cells the
production of CXCL8/IL-8, while CCL2/MCP-1 was equally induced by
both subsets. Of interest, Th1 and Th2 cells induced different signaling
pathways in ﬁbroblasts [67]. These results indicate that ﬁbroblasts
have the potential to participate in shaping the inﬂammatory
response through the activation of ﬂexible programs of chemokine
production that depend on the T helper subset eliciting their response
[67]. It is also important to stress that IP-10 and IL-8 may have
opposite roles in ﬁbrosis, IP-10 being anti-angiogenic and anti-ﬁbrotic,
while IL-8 possessing pro-angiogenic and pro-ﬁbrotic properties [68].
MCP-1 a CC chemokine that binds to CCR2, has attracted keen interest in
the ﬁbrosis ﬁeld since it appears to have direct roles on collagen and
MMP-1 production in ﬁbroblasts and is present at sites undergoing
ﬁbrosis [69–71]. In SSc, MCP-1 mRNA has proven to be the most
abundant mRNA when broncho-alveolar lavage (BAL) cells from SSclung were compared to controls using microarray technology and
testing a total of 4507 genes [50]. Moreover, it is produced in large
amount by SSc skin ﬁbroblasts [72]. Of interest, IL-4 triggers MCP-1
production by human lung ﬁbroblasts [17], and MCP-1 may polarize T
cells toward Th2 subset in the mouse [73]. In a rodent model of ﬁbrotic
versus nonﬁbrotic pulmonary granulomas, procollagen production was
associated with Th2 cells and MCP-1 production [74]. Furthermore,
CCR2−/− mice were resistant to development of lung ﬁbrosis induced
by transgenic IL-13 [75] and bleomycin [76].
In summary, polarized T cells have distinct roles in respect to their
inﬂuence on the metabolisms of ﬁbroblasts (Fig. 1). Th1 cells inhibit
collagen deposition and enhance MMP production directly by
releasing IFN-γ and/or by direct cell-contact with ﬁbroblasts, while
Th2 enhance collagen deposition and inhibit MMP by releasing IL-4
and IL-13. Furthermore, chemokines produced by ﬁbroblasts in
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Fig. 1. T cells interaction with ﬁbroblasts in SSc. Schematic representation of the
inﬂuence of polarized T cells and their products on ﬁbroblasts for their capacity to
depose or digest extracellular matrix (ECM) and chemokines with relevant ﬁbrotic
properties. Arrows indicate stimulation, and blunted ends inhibition.

response to Th1 cells have anti-angiogenic and anti-ﬁbrotic potential,
while those induced by Th2 cells have pro-ﬁbrotic and pro-angiogenic
properties. However, both T helper cell subsets induce MCP-1, which
plays pivotal roles in ﬁbrotic processes (Fig. 1).
Autoantibodies (autoAb) in SSc and ﬁbrosis. The presence of
autoAb since long has been used to identify individuals affected by SSc
and overlapping conditions. AutoAb directed against distinct ubiquitous
autoantigens (centromeric protein B, Scl-70, RNA-polymerase III, etc.)
segregate with speciﬁc clinical subsets. While the titer of Scl-70 may
correlate with clinical severity and B cell epitopes of Scl-70 correlate
with clinical manifestations [77,78], their contribution to pathogenesis
remains elusive. Additional autoAb, not directed against ubiquitous
autoantigens, with possible implication in SSc pathogenesis have
recently been identiﬁed. They include: antibodies directed against
MMP1 and MMP3, which appear to inhibit the enzymatic activities of
these enzymes [79,80]. Antibodies against the collagen-speciﬁc molecular chaperone heat-shock protein 47 (HSP47), which point to
ﬁbroblasts as target of autoimmunity [81]. In addition, autoAb antiﬁbrillin-1, a matrix protein with primary architectural function, have
been detected in the sera of SSc patients of various geographical origin
[82,83], in other pathologies such mixed connective tissue disease
(MCTD), primary pulmonary hypertension [84,85], and in tight skin-1
mouse (TSK1/+) sera [86]. Anti-ﬁbrillin-1 autoAb were shown to
activate ﬁbroblasts and induce collagen synthesis, likely by enhancing
the biological activity of TGF-β bound to ﬁbrillin-1 [87]. By immunoscreening of a HepG2 cDNA library, a novel protein overexpressed in SSc
ﬁbroblasts and targeted by autoAb has been identiﬁed as PHET (protein
highly expressed in testis). Its localization appears to be primarily
cytoplasmatic [88]. IgG of SSc individuals with pulmonary artery
hypertension (PAH) were reported to recognize ﬁbroblast components
distinct from those with primary PAH [89]. Other authors found that
anti-ﬁbroblast antibodies speciﬁcally recognized Scl-70 expressed on
the surface of ﬁbroblasts and not of endothelial cells [90,91]. In addition,
autoAb binding to the adhesion molecule NAG-2 expressed in
endothelial cells and ﬁbroblasts were described in SSc. They are capable
of inducing apoptotic cell death in endothelial cells while activating
ﬁbroblasts to produce proﬁbrotic cytokines and collagen [92,93].
Furthermore, autoAb reacting with PDGF receptor expressed on
ﬁbroblasts and resulting in their activation with increased collagen
synthesis were described in SSc and chronic graft versus host disease
(GVHD) [94,95]. While PDGF-R speciﬁc antibodies have attracted

enormous interest, conﬁrmation of their presence in SSc by independent
laboratories is missing [96,97]. Overall these ﬁndings indicate that
humoral components of the immune response may be involved in the
pathogenesis of SSc to an extent that was previously unthought-of and
justify further investigations.
We have undertaken the functional characterization of autoAb
present in the sera of SSc patients and directed against the surface of
ﬁbroblasts (AFA). Operationally, we deﬁned AFA positive (AFA + IgG)
the IgG puriﬁed from SSc patients sera when binding to ﬁbroblasts was
observed in a ﬁbroblast-based cell ELISA, and AFA negative (AFA-IgG)
when it was not. AFA + IgG were detected in 20 to 40 % of tested SSc
individuals and proved capable of activating dermal ﬁbroblasts. They
upregulated ICAM-1 expression, enhanced IL-6 production, and IL-1
mRNA levels. These seminal data indicate that autoAb reacting with
ﬁbroblast surface molecules act in vitro as an extrinsic stimulus inducing
a pro-inﬂammatory and pro-adhesive ﬁbroblast phenotype [98]. We
have recently found that ﬁbroblasts stimulated with AFA positive but
not with AFA negative and control IgG showed an increased capacity to
digest collagen matrix and produce metalloproteinase-1 (MMP-1)
while their production of total collagen, type I collagen, and tissue
inhibitor of metalloproteinase-1 (TIMP-1) was unaffected [99]. In
addition, AFA-positive IgG induced in human ﬁbroblasts the preferential
transcription and protein production of chemokines with pro-ﬁbrotic
and pro-angiogenic potential including CCL2/MCP-1 and CXCL8/IL-8.
AFA binding to ﬁbroblasts resulted in concomitant activation of ERK 1/2,
c-Jun, and NF-κB. CCL2 production was sensitive to both proteasome
and JNK inhibition, while CXCL8 was only sensitive to proteasome
inhibition [100]. In the quest of the antigenic target recognized by AFA,
we have taken the approach of testing the capacity of AFA to activate
murine embryonal ﬁbroblast genetically modiﬁed in order to express or
not several members of the Toll-like receptor (TLR) family. AFA induced
MCP-1/CCL2 mRNA in wild type, TLR-2−/−, and TLR-6−/− but not in
TLR-4−/− ﬁbroblasts. The response to TNF used as positive control was
similar in all ﬁbroblasts. In addition, we performed experiments using
blocking monoclonal antibodies (mAb) directed against human TLR4
and TLR2 [101,102]. In human dermal ﬁbroblasts the production of
MCP-1/CCL-2 in response to AFA was consistently reduced by 40% when
using anti-TLR4 but not anti-TLR2 mAb, nor a control antibody, nor an
LPS antagonist. These data are in agreement with those obtained using
TLR4−/− ﬁbroblasts and indicate that indeed AFA-positive IgG activate
ﬁbroblasts, at least in part, via TLR4. TLR4 senses LPS and LPS
contamination of IgG preparations may explain our ﬁndings. This is
however unlikely for several reasons. First, wild type ﬁbroblasts
cultured in the presence of polymyxin B, which binds LPS hindering
its interaction with the receptor, responded normally to AFA-positive
IgG. Second, LPS antagonist blocked ﬁbroblast responses to LPS to the
same extent as anti-TLR4 mAb but did not affect responses to AFA. All
together our results indicate that TLR4 expression is required and
mediates, at least in part, ﬁbroblast responses to AFA-positive IgG, with
no role for LPS. It should be noted that the TLR-deﬁcient ﬁbroblasts we
used were of murine origin and that the extracellular domain of TLR4 is
polymorphic between mice and humans [103]. In addition, anti-TLR4
mAb blocked the response induced by AFA in human ﬁbroblasts by only
40%. Thus, several, not mutually exclusive, hypotheses may be raised to
explain our ﬁndings. First, it may be possible that AFA recognize a crossreactive TLR4 epitope shared between mice and humans. Second, AFA
may induce an endogenous ligand that secondarily binds to TLR4 and
activate ﬁbroblasts. In this respect, the importance of endogenous
ligands that interact with TLRs is increasingly recognized in the
development of autoimmune diseases [104,105]. For instance, a recent
paper has identiﬁed hyaluronan as an endogenous ligand binding to
TLR4 and involved in the development of ﬁbrosis and immunological
abnormalities in bleomycin-induced mouse scleroderma [106]. Third,
TLR4 may be one target of the targets of AFA, which may explain the
partial inhibitory activity of blocking anti-TLR4 mAb. Finally, it should be
added that beside our description of AFA + IgG interacting with TLR4 in
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Fig. 2. Interplay between innate and acquired immune responses within the framework of SSc. The bidirectional arrows indicate probable interactions between cells. Red autoAb
interacting with TLR4 and inducing the production of IL-8 and MCP-1 by ﬁbroblasts. Blue autoAb forming immune-complexes with RNA/Scl-70-topoisomerase-1 are captured by
plasmacytoid dendritic cells (pDC) via the Fcgamma receptor, interact with endovesicular TLR and induce the production of IFN-α. Dashed area: predisposing genetic background.

SSc, autoAb targeting receptors for pathogens (PRR) belonging to the
innate immune system have been identiﬁed in other autoimmune
pathologies including the anti-phospholipid syndrome (APS) and celiac
disease [107–110]. Thus, PRR may be preferential targets of autoAb
possibly because their intrinsic association with the delivery of danger
signals to the adaptive immune system.
SSc and the interferon signature. Using microarrays, several
studies have investigated the transcript proﬁles of SSc peripheral
blood (PB) cells or their subpopulations. Tan et al. ﬁrst reported that,
compared with PB cells from controls, PB cells from patients with
early SSc have a distinct transcript pattern that includes dysregulation
of IFN-inducible genes [111]. This observation was replicated by other
investigators in PBMC [112], monocytes, and CD4 + T cells [113] and
PB cells [114] from SSc patients. In addition, it has been recently found
that SSc and SLE share a substantial number of hyper-expressed genes
most of which are induced by IFN [115]. In particular, a subset of SSc
patients shows a “lupus-like” high IFN-inducible gene expression
pattern that correlates with the presence of anti-Scl70 and anti–U1
RNP antibodies. Consistently with these ﬁndings, it was previously
shown that autoAb subsets in SSc sera differentially induced IFN-α
[116]. IFN-α was produced by plasmacytoid dendritic cells and
required uptake of immune complexes through FcγRII, endosomal
transport, and the presence of RNA, presumably for interaction with
TLR7 [116]. While a deﬁnitive proof of the involvement of TLR7 is
lacking, these data highlight an important function of autoAb directed
against ubiquitous antigens (i.e. Scl70) in activating cells belonging to
the innate immune system. They provide additional evidence that the
humoral adaptive response may play a pathogenic role in SSc,
particularly since higher IFN-α induction was observed in the sera
from patients with diffuse SSc than in those with limited SSc thus
suggesting that IFN-α may contribute to tissue injury [116].
In conclusion, it is important to stress that receptors belonging to the
innate immune system and devoted to the recognition of pathogenassociated molecular patterns (PAMP) appear to be involved in the
pathogenesis of SSc at several levels. TLR sensing DNA or RNA

concentrated in immune complexes in the endosomal compartment
participate to the induction of IFN-α. Furthermore, antibodies directed
against the surface of ﬁbroblasts and recognizing surface expressed
TLR4 induce ﬁbroblasts to produce chemokines with roles in ﬁbrosis
development (Fig. 2). These ﬁndings emphasize the interplay between
the innate and adaptive immune responses in SSc and provide new
perspectives in identifying targets for therapeutic interventions.
Take-home messages
• T cells with preferential type 2 cytokine production are present early
in SSc course and enhance extracellular matrix deposition
• Fibroblasts produce proﬁbrotic chemokines when activated by Th2
cells and autoantibodies directed against ﬁbroblast surface
• TLR4 is a target of antiﬁbroblast antibodies (AFA)
• PBMC from SSc individuals express genes induced by interferon-alpha
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