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ABSTRACT. Systemic sclerosis (SSc) is a connective tissue disorder characterized by vascular alterations and
deregulated fibroblast activation leading to fibrosis of the skin and internal organs. SSc is thought to be an autoim-
mune disease, owning the presence of auto-antibodies. Genetic studies lend support to the critical role exerted by
the immune response in the physiopathology of the disease, since several of the SSc-associated polymorphisms have
been found in genes involved in the immune response. Oligoclonal T cells, preferentially producing type 2 cytokines,
are present in affected tissues and peripheral blood early in the disease course, and their soluble mediators favor the
production of pro-fibrotic and pro-angiogenic factors by fibroblasts, most likely participating in the establishment
of fibrosis. More recently, we and others have reported an increased expression of additional T cell subsets, including
Th17 cells, and their hallmark cytokines in the peripheral blood, serum and skin of SSc individuals. Here, we will
review recent data on the presence of various T helper cells in SSc, and discuss the potential role of Th17 cells in
promoting inflammatory responses while keeping fibrosis in check. An understanding of the immune abnormalities
characteristic of SSc and their significance, represents a critical step towards the identification of novel therapies
that could modify the course of the disease.
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ystemic sclerosis (SSc, scleroderma) is a systemic,
utoimmune disorder characterized by inflammation and
ascular abnormalities resulting in progressive fibrosis
f the skin and internal organs. The prevalence of SSc
s estimated at 276/million in the USA with an incidence
f 19.3 new cases/million adults/year, and with a mean
ge at diagnosis in the fifth decade. Susceptibility to the
isease differs significantly according to sex, age, race
nd geographical factors. SSc occurs more frequently in
frican-Americans than Caucasians, and demonstrates a

emarkable female predominance with a female-to-male
ncidence ranging from 3 to 14:1 [1, 2]. SSc is a clinically
eterogeneous disease, and the overall rate of progression
ay vary from a relatively benign to a rapidly progressive

orm leading to extremely reduced life expectancy. Two
ajor clinical subsets of SSc, namely limited cutaneous

lcSSc) and diffuse cutaneous (dcSSc) forms, have been
escribed according to the extent of fibrosis and autoanti-
ody profile [3]. The lcSSc form is dominated by vascular
anifestations with milder skin and internal organ
brosis, generally accompanied by a low progression rate.
n contrast, dcSSc patients present a rapidly progressive
brosis of the skin and internal organs, leading to a

igh mortality risk. The cumulative survival rate for SSc
as improved during the last 30 years, with the diffuse
orm of the disease having a worse prognosis than the
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limited form [4]. An increased frequency of malignancy
in SSc patients has been recently reported [5]. No
curative treatment exists for SSc, and current therapies are
tailored to treat clinical manifestations and SSc-related
pathology.
The etiology of SSc is unknown, although environmental
factors acting on a predisposing genetic background,
resulting in abnormal immune-inflammatory responses
are thought to play a role. SSc occurs more frequently in
families (1.6%) than in the general population (0.026%),
nevertheless it is not inherited in a Mendelian manner,
since both monozygotic and dizygotic twins show a rela-
tively low disease concordance rate [6]. It is currently
believed that SSc is a complex, polygenic disease and the
identification of the genetic determinants represents an
area of active research. Viruses, including but not exclu-
sively human cytomegalovirus (CMV), along with drugs
and environmental and occupational exposure to silica,
organic solvents and vinyl chloride have been identified
as possible causative agents [7]. CMV-specific antibodies
have been detected in the blood of SSc patients, although
no viral mRNA was found in affected tissues. In addition,
antibody cross-reactivity between the human CMV late
protein UL94 and NAG2, an adhesion molecule expressed
on endothelial cells and fibroblasts, has been identified

in SSc serum. Binding of NAG2 by these antibodies
induces endothelial cell apoptosis and increased collagen
synthesis in fibroblasts, effects that represent important
pathogenic events [8].
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cell abnormalities in systemic sclerosis

ascular damage occurs early in the course of SSc due
o an abnormal vasoreactivity accompanied by struc-
ural fibroplastic angiopathy, finally leading to severe
issue hypoxia. The resulting decreased capillary blood
ow, intimal proliferation and adventitial fibrosis mani-
est as clinical symptoms such as Raynaud’s phenomenon,
igital ulcers, arterial pulmonary hypertension and hyper-
ensive renal crisis. Vascular remodeling is preceded by
ctivation of endothelial cells (EC), which express adhe-
ion molecules promoting the formation of a perivascular
nflammatory infiltrate, ultimately triggering EC injury
nd apoptosis [9]. Activated EC also release endothelin-
(ET-1), a potent vasoconstrictor promoting leukocyte

dhesion, vascular smooth muscle cells proliferation and
broblast activation. Levels of ET-1 were shown to be
levated in the blood and bronchoalveolar lavage (BAL)
uid from SSc patients. Despite severe tissue hypoxia,
ngiogenesis in SSc patients is impaired while, high levels
f angiogenic factors, such as vascular endothelial growth
actor (VEGF), have been identified in both serum and
issues. VEGF induction in SSc appears to be medi-
ted by cytokines present in the microenvironment, such
nterleukin (IL)-1, platelet-derived growth factor (PDGF)
nd transforming growth factor (TGF)-�, rather than by
ypoxia [10]. Recent studies indicate that the defects in
asculogenesis may also be associated with a reduction in
one marrow-derived CD34+ circulating endothelial pro-
enitor cells, as well as their impaired differentiation into
ature EC [11].
eside vascular damage, tissue fibrosis is another rele-
ant characteristic of the disease. Fibrosis results from
n overproduction of extracellular matrix (ECM) compo-
ents, especially collagen, by deregulated fibroblasts and
ctivated mesenchymal cells, accompanied by impaired
CM degradation and turnover. ECM also functions as
reservoir for TGF-�, connective tissue growth factor

CTGF), and other growth factors that participate in con-
rolling mesenchymal cell differentiation, function and
urvival. Progressive replacement of tissue architecture
y collagen-rich ECM results in the functional impair-
ent of affected organs and ultimately, pathology. Soluble
ediators produced by platelets, EC, epithelial cells, and

nflammatory cells in the local microenvironment con-
rol fibroblast activation and differentiation [12]. In SSc,
broblasts display an inappropriate, activated myofibrob-

ast phenotype characterized by, among others, increased
ollagen, TGF-�, CTGF, IL-6, ET-1, monocyte chemo-
actic protein-1 (MCP-1) production, resistance to IFN-�
nd T cell contact-mediated inhibitory signals, as well as
ncreased proliferation and decreased apoptosis [12, 13].

VIDENCE FOR IMMUNE ALTERATIONS
N SSC

ltered innate and acquired immune responses are fre-
uently observed in SSc and several pieces of evidence
ndicate that immune cells may be among the initiators of
he complex molecular and biochemical process culminat-
ng in fibrosis, although the factors driving their activation

emain unknown. Direct evidence for an immune involve-
ent in SSc pathogenesis was provided more than three

ecades ago when histological examination of early SSc
esions revealed that an inflammatory infiltrate, mainly
129

composed of monocytes/macrophages and activated ��
and �� T lymphocytes, precedes the development of vas-
culopathy and fibrosis [14-17]. Of interest, fibroblasts with
markedly increased expression of type I and III procolla-
gen mRNA are frequently detected near the mononuclear
cell infiltrate [18, 19]. The majority of infiltrating T cells
express activation markers, such as HLA-DR and CD49d
[15, 20], and products of activated T cells, such as solu-
ble IL-2R, are found in suction skin blister fluid from SSc
patients [21]. The skin infiltrate is more prominent early
during the edematous, inflammatory phase of the disease,
and decreases with transition to the sclerotic phase. CD4+
T cells dominate over CD8+ T cells in the skin infiltrate
and peripheral blood of SSc patients, while the CD4:CD8
ratio is reduced in BAL fluids [22]. Consistently, most T
cell clones obtained from lesional skin of SSc individuals
express the CD4 co-receptor [23]. More recently, we iden-
tified CD4+CD8+ double positive T cells in the skin of SSc
individuals [24]. Analysis of TCR usage in skin infiltrat-
ing T lymphocytes revealed oligoclonality, thus suggesting
that T cells had undergone proliferation in situ in the skin
and clonal expansion in response to, as yet, unidentified,
specific (auto-) antigens [25]. Of interest, T-cell clones
exhibiting the Y chromosome have been generated from
the peripheral blood and/or skin of SSc women who had
previously delivered male infants. These male-offspring
T cells were alloreactive with maternal MHC antigens,
supporting the possibility that a chronic graft-versus-host
reaction, attributable to long-term microchimerism, plays
a pathogenic role in SSc [26].
Activated T cells may trigger activation of adjacent fibrob-
lasts by direct contact and by paracrine action of secreted
cytokines and chemokines. The effects induced by the
different T cell subsets on fibroblasts are summarized in
figure 1 and discussed in detail in the next sections. In
addition, autoreactive T cells may interact with B cells
and drive the production of autoantibodies, whose presence
in the serum represents a common feature of the disease.
Up to 95% of SSc patients present anti-nuclear antibo-
dies (ANA), the most frequent being anti-topoisomerase-I
(ATA), anti-centromere (ACA) and anti-RNA poly-
merase III antibodies (ARA). Of interest, a contact-
mediated and HLA-DR-restricted collaboration between
topoisomerase I-specific T and B cells has been shown to
be essential for in vitro production of ATA in SSc patients
[27]. The specific pattern of ANA is important for diagno-
sis, and provides clues for clinical patterns and prognosis
while as yet there is no evidence indicating that such
antibodies may directly contribute to tissue fibrosis [28].
Additional auto-antibodies, not directed against ubiqui-
tous auto-antigens, have been identified in SSc and appear
to have direct roles in ECM turnover. For instance, anti-
MMP-1 and MMP-3 antibodies have been shown to
inhibit the enzymatic activity of these enzymes, whereas
antibodies against fibrillin-1 and PDGF-R activated fibrob-
lasts and induced collagen synthesis [29]. Along the
same line, we have identified the presence of antibodies
directed against the surface of fibroblasts (AFA) in the
serum of SSc individuals. AFA+ IgG promoted a pro-
inflammatory and pro-adhesive fibroblast phenotype, at
least partially, via toll-like receptor (TLR)4 binding [30-

32], suggesting an involvement of receptors belonging
to the innate immunity in the pathogenesis of SSc.
Of note, TLR4 was found constitutively expressed, and
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Figure 1
Effects of CD4+ T cells on fibroblasts in SSc. Increased or decreased numbers of T cell subsets in SSc are indicated by black or red arrowheads,
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ccumulation of endogenous TLR4 ligands significantly
levated, in SSc lesional skin and lung [33]. More-
ver, TLR4-stimulated monocyte-derived dendritic cells
moDC) have been shown to have an increased pro-
uction of the profibrotic chemokine CCL18, in an
L-10-dependent manner [34]. Additional studies have
ound that anti-topoisomerase I-containing serum induces
significantly higher level of interferon (IFN)� as com-

ared to controls. In this context, IFN� was produced by
lasmactoid DCs, and required uptake of immune comple-
es through Fc�RII and the presence of RNA, presumably
pon interaction with TLR7. Higher IFN� induction was
bserved in serum from patients with dcSSc than in that
rom lcSSc patients, and an IFN� signature was signifi-
antly associated with lung fibrosis and digital ulcers
35, 36]. Interestingly, peripheral blood cells from SSc
nd systemic lupus erythematosus (SLE) patients share a
imilar IFN-inducible gene expression pattern. In particu-
ar, a subset of SSc patients shows a “lupus-like”, high
FN-inducible phenotype that correlates with the presence
f anti-topisomerase-I and anti-U1 RNA antibodies [37].
urthermore, IFN�2 has been reported to induce TLR3 in
ermal fibroblasts, and stimulation with poli I:C resulted
n increased production of the profibrotic cytokine IL-6
38]. In addition, TLR3 appears to be increased in the skin
f SSc individuals. Confirming the importance of TLR
ignaling in SSc, transcutaneous administration to mice
f several TLR ligands, especially of TLR3, induced a
arked progression of fibrosis [39]. Finally, TLR-ligands

ave been recently shown to be crucial in the priming
f inflammasome in antigen-presenting cells (APC), and
ight participate in IL-1-mediated fibrosis [40].
he importance of the immune response in the pathogene-
is of SSc is underlined by the fact that all SSc susceptibility
enes that have been replicated thus far are found among
enes coding for proteins important for innate and adap-
ive responses. As for many autoimmune diseases, SSc
as been associated with HLA alleles, mostly belonging
o the HLA class II genes. Nevertheless, these associations
ave been reported to occur within autoantibody-positive
ubgroups rather than the overall disease. Apart from

LA, other susceptibility genes identified include TBX21,
TAT4, IRF5, IL-23R, C8orf12-BLK, BANK1, TNFSF4,
L10R2, CD266 and the T cell receptor zeta-chain CD247
reviewed in [41]). STAT4 and IRF5 polymorphisms had a
with blunted end indicate negative effects; Th2 refers to CD4+ as

synergistic effect in increasing susceptibility to SSc [42]
and, interestingly, are both involved in type I interferon
responses, a cytokine that characterizes at least a subset of
SSc individuals [35, 36].
Immunosuppressive agents have long been used in the
clinical management of SSc patients with a marginal
advantage in the control of fibrosis. However, pilot studies
have demonstrated a major improvement in skin and over-
all function with high dose immunosuppressive therapy
and autologous hematopoietic cell transplantation (HSCT)
in patients with dcSSc, providing grounds for the seminal
role exerted by the immune system in the pathogenesis
of SSc [43]. To date, autologous HSCT appears to be the
most effective therapy for reversing skin fibrosis in SSc
patients. Three randomized clinical trials of autologous
HSCT, namely the American scleroderma stem cell ver-
sus immune suppression trial (ASSIST, [44]), the autolo-
gous stem cell transplantation international scleroderma
(ASTIS) trial, and the scleroderma cyclophosphamide or
transplantation (SCOT) trial, have been undertaken to
establish better the effect of HSCT on scleroderma. Results
from the ASSIST confirmed the highly beneficial effects
of this approach on the disease course [44].
Thus, SSc appears to be a disease of autoimmune ori-
gin where a tight interplay between innate and adaptive
immune responses takes place and contributes to initiate
and/or favor the pathological process leading to fibrosis.
The causative events triggering the altered immune reac-
tion in SSc remain however, unknown.

THE TH1/TH2 PARADIGM IN SSC

T cells infiltrating the skin and organs of SSc patients are
functionally heterogeneous. Evidence points to a predom-
inant, type 2 cytokine profile for the disease, characterized
by an increased frequency of �� CD4 T cells produc-
ing high levels of IL-4, IL-5 and IL-13 in skin, lung and
peripheral blood [26, 45-50]. Similarly, CD4+CD8+ dou-
ble positive T cells and CD8+ T cells found in the skin of
SSc patients, were capable of producing high levels of IL-

4 [24]. In addition, male-offspring T cells present in the
blood and skin of women who had previously delivered
male infants exhibited a Th2-oriented profile [26]. More
recently, CD8+ T cells with increased IL-13 production
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cell abnormalities in systemic sclerosis

ave been identified in the peripheral blood of SSc indi-
iduals, especially in the dcSSc form, and were shown to
orrelate with the extent of skin fibrosis [51]. A signifi-
ant association between IL-13 receptor IL13R�2 gene
olymorphisms and SSc has been found, underling a
ossible role of IL-13 in SSc pathogenesis [52]. In the
D8+IL13+ T cells from SSc individuals, IL-13 produc-

ion could be specifically reduced by silencing of GATA-3.
f interest, these cells expressed high levels of both T-bet

nd GATA-3, suggesting that T-bet was, to some extent,
nable to exert its normal regulatory, down-modulating
ctivity on GATA-3 [53]. Intriguingly, polymorphisms of
BX21, the gene coding for T-bet, are associated with

ncreased risk of SSc [54]. Increased levels of type 2
ytokines, including IL-4 and IL-13, have been found in the
erum, skin and lung of SSc patients [55-61]. Despite these
ndings, some results support Th1 activation [23, 62, 63],

ncreased CD8+IFN-�+ cells [64], or a mixed type 1 and
ype 2 cytokine phenotype in SSc [65]. Although con-
roversy persists, Th1 responses appear to be greater in
he early inflammatory stages of the disease, while being
ecreased in late stages.
n vitro, IL-4 strongly stimulates collagen synthesis by both
ormal and SSc fibroblasts, whereas IFN-� has inverse
ffects [66-68]. This notwithstanding, IFN-� completely
uppresses the stimulation induced by IL-4 when fibrob-
asts are simultaneously incubated with the two cytokines
68]. In addition, transcriptome analysis in animal models
as shown that genes involved in wound healing and fibro-
is are associated with Th2-polarized responses [69, 70],
L-13 being crucial in inducing fibrosis in the bleomycin
odel [71]. Cell membranes of activated Th1 and Th2

ell clones inhibited collagen I production by normal
broblasts via a cell-cell, contact-dependent mechanism
ediated by IFN-� and membrane-bound TNF�, respec-

ively [72]. Of note, SSc fibroblasts appeared to be resistant
o Th2-mediated, cell-contact inhibition, and membranes
rom Th1 cells were more potent inhibitors of collagen
ynthesis than those of Th2 cells [72, 73]. In addition,
h1 cells preferentially stimulated fibroblasts to produce

nterferon-induced protein-10 (IP-10), which possesses
nti-angiogenic and anti-fibrotic properties, whereas Th2
nduced IL-8, which rather plays a role in promoting angio-
enesis and fibrosis [74]. On the other hand, both T cell
ubsets promote the production of monocyte chemotactic
rotein-1 (MCP-1), a CC chemokine greatly increased in
Sc [75]. Of interest, MCP-1 may polarize T cells towards
h2 subsets in the mouse, and both MCP-1-/- and CCR2

the receptor for MCP-1) -/- mice were shown to be resis-
ant to bleomycin-induced dermal fibrosis [76].
oth in vivo and in vitro studies suggest that Th1 responses
ay be crucial in mediating early inflammatory processes

f the disease, while Th2 responses actively promote
brotic responses. These latter may indeed activate fibrob-

asts, promote their differentiation into myofibroblasts and
irectly stimulate ECM production and deposition.

H17 AND IL-17A IN SSC PATHOGENESIS
he presence and role of Th17 cells in SSc have attracted
reat interest in the last few years and they remain an
rea of intense investigation. Th17 cells, firstly described
n 2005, produce IL-17A and IL-17F in conjunction, or
131

not, with IL-22, and are implicated in mounting protective
responses against extracellular bacteria and fungi [77]. In
addition, Th17 cells and IL-17 cytokines are implicated
in the pathogenesis of several inflammatory and autoim-
mune diseases, including collagen-induced arthritis and
experimental autoimmune encephalomyelitis [78]. Studies
in mice showed that Th17 cells require retinoid-related
orphan receptor-� to differentiate in response to a com-
bination of TGF-�, IL-1, IL-6 and IL-21. The role of
TGF-� in Th17 cell polarization in humans is somehow
more controversial, with some data arguing for its essential
function in full polarization [79-81] and others indicating
that TGF-� may be dispensable [82, 83]. IL-23 is essen-
tial for pathogenic Th17 cell expansion in both humans
and mice [77]. Th17 cells are enriched in a subset of cells
expressing CC chemokine receptor (CCR)6 in the absence
of CXC chemokine receptor (CXCR)3 [84, 85], and have
been shown to be enriched in CD161+ cells in humans,
a molecule which is present on virtually all Th17 cells
[86]. IL-17A and IL-17F are secreted as disulfide-linked
homo- or hetero-dimers, and both signal through a het-
erodimeric receptor complex consisting of IL-17RA and
IL-17RC chains. In the context of SSc, it is worth noting
that both fibroblast and endothelial cells express functional
IL-17 receptors [87].
We and others have reported that SSc individuals have a
higher frequency of Th17 cells in their peripheral blood
than healthy controls [50, 57, 63, 88, 89]. The percentage of
CD161+CD4+ T cells was consistently increased in SSc,
and correlated with the percentage of IL-17A-producing
cells [50]. The Th17 profile was mostly attributable to
CCR6-expressing CD4+ T cells [88], with IL-17 levels
correlating with CCR6 expression in SSc, but not healthy
controls [50], suggesting enhanced skin- and lung-homing
properties [90]. In addition, increased levels of IL-
17A have been detected in the serum of SSc patients
[91, 92], although some inconsistencies exist in the litera-
ture [93, 94], and increased IL-17A mRNA levels were
identified in involved skin and lung [91, 95]. Similarly,
we and others observed an increased IL-17A positivity in
skin biopsies from SSc patients on immunohistochemical
analysis [96, 150]. IL-17F, 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 [96]. Of interest, we also observed IL-17A-
positive cells in normal skin, which raises the question of
its role in physiological conditions, possibly in relation to
host defense and skin homeostasis. Beside Th17 cells, we
found that tryptase-positive mast cells stain positive for IL-
17A in the dermis of SSc. IL-17A+ mast cells have been
described in psoriatic skin lesion [97], and their numbers
are increased in the inflamed joint of rheumatoid arthritis,
psoriatic arthritis, ankylosing spondylitis and osteoarthri-
tis patients [98, 99]. Remarkably, in contrast to SSc, these
conditions are characterized by tissue destruction rather
than fibrosis.
As mentioned above, evidence suggests that TGF-�, IL-1
and IL-6 participate in Th17 cell priming. These cytokines,
which promote pro-fibrotic responses in fibroblasts
[59, 100], are increased in tissues and serum of SSc patients

[55-58, 60]. It is important to note that commitment to
Th17 cells, which are crucial in mounting inflammatory
responses, is reciprocally linked with that of T regula-
tory cells (Treg), thought to be involved in dampening
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mmune reactions and inducing peripheral tolerance.
ndeed, TGF-� appears to be involved in the generation
f both subsets, whereas the presence or absence of IL-1
nd IL-6 skews the differentiation process towards inflam-
atory Th17 or suppressive Treg cells, respectively. While
h17 cells have been mostly found increased in the disease,
reg cells have been reported to be reduced in number or
unctionally defective in several studies [88, 89, 101-104].
he fact that TGF-� overexpression is accompanied by

ncreased IL-1 and IL-6 levels in SSc individuals, could be
ne of the reasons explaining the altered Th17/Treg cell
atio in the disease. Of interest, Il-1�, in combination with
L-2, was reported to convert memory Treg cells into IL-
7-producing cells [105], and TLR-stimulated monocytes
roducing IL-1� can trigger Th17 differentiation [82]. In
ine with the hypothesis that the cytokine environment

ay favor Th17 differentiation, increased levels of IL-23,
equired for Th17 cell expansion, have been reported in
Sc patients [106]. Interestingly, polymorphisms of the
L23R gene are associated with the diffuse form of SSc
nd ATA positivity and exert a protective effect for the
evelopment of pulmonary hypertension [107]. How the

olymorphisms in the IL23R gene alter IL23R signaling
nd Th17 development has not been address so far.
fforts have been made to understand the functional sig-
ificance of the Th17 cell imbalance in SSc. Studies in

Table 1
IL-17 induces distinctly different fibroti

Species Effects on fibrosis

Mice

In vivo

- reduced bleomycin-induced skin fibrosis in IL-17A-/- mice

- reduced skin thickness in IL-17A-/- tight skin-1 mice

- reduced lung inflammation and fibrosis in a model of hypersen

- reduced bleomycin- and IL-1�-induced inflammation and pulm

- IL-17A neutralization inhibited silica-induced chronic inflamm

- Intratracheal delivery of IL-17A induced collagen release in the

In vitro

- IL-17A increased collagen, TGF-� and CTGF production by sk

- IL-17A increased collagen production by mouse type II alveola
TGF-�-dependent manner

Humans

In vivo

- the number of IL-17+ cells in the skin of SSc patients correlate

In vitro

- IL-17 enhances the production of pro-inflammatory cytokines (
fibroblasts from the lung and the skin

- IL-17 enhances GM-CSF and PGE2 production by synovial fib

- IL-17 increases the expression of ICAM-1 by endothelial cells

- IL-17 induces IL-1 and IL-6 production, and VCAM-1 express

- IL-17 enhances fibroblast proliferation

- IL-17A enhances the production of ECM degrading enzyme (M
skin fibroblasts

- IL-17A does not stimulate type I and type III collagen producti

- IL-17A reduces type I collagen and CTGF production via upre

- IL-17A inhibits �SMA induction by TGF-�

- Th17 cell clone supernatants induce pro-inflammatory cytokine
fibroblasts

- Th17 cell clone supernatants strongly inhibit type I collagen pr

AL bronchoalveolar; IL: interleukin; TGF: transforming growth factor; CTGF: connectiv
locyte macrophage colony stimulating factor; ICAM: intercellular adhesion molecule; VC
etalloproteinase; �SMA: �-smooth muscle actin
N.C. Brembilla, C. Chizzolini

rodents indicate that IL-17 acts in a pro-fibrotic man-
ner, while data for humans suggest that Th17 cells and
IL-17A may play a role in controlling rather than pro-
moting fibrosis. The distinct roles exerted by these cells
and their hallmark cytokines in the development of fibro-
sis in humans and mice are summarized in table I. In
animal models, IL-17A was shown to be involved in
bleomycin-induced lung and skin fibrosis [108-111], and
IL-17A deficiency attenuated skin thickness in tight skin-1
(TSK-1/+) mice [110]. In addition, neutralization of IL-
17A inhibited silica-induced chronic inflammation and
pulmonary fibrosis [108], and Th17-polarized responses
mediated lung fibrosis in a model of chronic hyper-
sensitivity [112]. Consistently, IL-17 increased TGF-�,
CTGF, and collagen production by mouse skin fibroblasts
[110], and promoted collagen production and epithelial-
mesenchymal transition in mouse alveolar epithelial cells
in a TGF-�-dependent manner [108]. In humans, IL-17
has been shown to enhance proliferation, IL-6, IL-8 pro-
duction and ICAM-1 expression by fibroblasts [113, 114],
and to promote IL-1 and IL-6 production by EC [91]. Thus,
it is likely that IL-17 may establish a positive loop that

promotes a cytokine environment favorable to Th17 com-
mitment via fibroblast and endothelial cell activation. In
a recent report, Nakashima and coworkers reported that
IL-17A possesses direct anti-fibrogenic effects in normal

c responses in mice and humans.
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[91]

MP-1, MMP-3) by synoviocytes, cardiac and [120, 121]

on [91, 151]

gulation of miR-129-5p in dermal fibroblasts [96]

[150]

s and ECM degrading enzymes by dermal [151]

oduction by dermal fibroblasts [151]

e tissue growth factor; MCP: monocyte chemoattractant protein; GM-CFS: gran-
AM: vascular cell adhesion molecule; ECM: extra-cellular matrix; MMP: matrix
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uman fibroblasts via upregulation of miR-129-5p and
ownregulation of connective tissue growth factor and type
collagen. According to these authors, SSc fibroblasts may
scape the negative control of IL-17A because of a reduced
xpression of the IL-17RA subunit [91]. Similarly, IL-
7A was shown to stimulate proliferation, but failed to
ncrease type I and type III procollagen mRNA expression
n fibroblasts from healthy controls and SSc patients [91].
n our experimental settings, IL-17A did not favor type
collagen production at either mRNA or protein levels

n control and SSc fibroblasts and, importantly, did not
odified type I collagen production induced by TGF-
. In addition, IL-17A significantly reduced the increase

n �-smooth muscle actin (�SMA) induced by TGF-�,
hus controlling and limiting the differentiation of fibrob-
asts into pro-fibrotic myofibroblasts [150, 151]. Of note,
mmunofluorescence analysis of SSc skin sections revealed
he proximity of IL-17A-, but not IL-4-, producing cells to
SMA+ myofibroblasts, suggesting an interplay between

hese two cell types in vivo. Of interest, Th17 cell clone
upernatants strongly inhibited type I collagen synthesis
y dermal fibroblast from SSc and control individuals in
n IL-17A- and TNF- dependent manner. Consistent with
he work by Nakashima, SSc fibroblasts were more resis-
ant to inhibition when cultured in the presence of Th17
ell supernatants, where IL-17A and TNF were simultane-
usly neutralized. While participating in limiting collagen
ynthesis and myofibroblast differentiation, Th17 cells and
L-17A actively promoted an inflammatory microenviron-
ent, favoring MCP-1 and IL-8 production by fibroblasts.
hese cytokines have been reported to be increased in the
kin and serum of SSc patients [115, 116] and appeared
o be critical in mediating lung and dermal fibrosis in
leomycin-treated mice [76, 117]. However, whether these
ediators have direct pro-fibrotic actions on fibroblasts

n humans remains controversial [115, 118, 119]. The
ole of these mediators in tissue fibrosis observed in mice
ay indeed be related more to chemoattractant and angio-

enetic properties than to a direct pro-fibrotic activity on
broblasts. On the other hand, Th17 and IL-17A have been
hown to promote MMP-1 production in dermal fibrob-
asts [151], fibroblast-like synoviocytes [120] and cardiac
broblasts [121]. Despite its role as matrix-degrading

nzyme, MMP-1 levels have been paradoxically shown
o be increased in human lung fibrosis [122], and vari-
bly reported to be increased, unchanged or decreased in

Collagen

Th17

ECM degrading
enzymes

MMP-1

Proliferation

I

Pro

Figure 2
h17 cell effects on fibroblasts in humans. Black lines with arrowhead in
ffects. �SMA: �-smooth muscle actin.
133

SSc [123-126]. Of interest, our data indicate that IL-17A
induces the production of pro-inflammatory chemokines
preferentially via NF-�B and p38 signaling, while induc-
ing MMP-1 via the JNK pathway. Thus, in contrast to that
which is observed in mice, in the human setting Th17 cells
appear to limit and counterbalance direct fibrotic stimuli on
fibroblasts while participating in the establishment of a pro-
inflammatory microenvironment. In support of this model,
we have found that the frequency of IL-17+ cells observed
in SSc skin correlated inversely with the extent of skin
fibrosis as assessed by the modified Rodnan Skin Score
(MRSS). A further important observation we recently
made indicates that the in vivo administration of iloprost,
a PGI2 analog used in the clinical management of digital
ulcers in SSc with beneficial effects on the disease course,
results in increased Th17 cell numbers in the peripheral
blood [127]. Thus, the bulk of our observations tip the bal-
ance in favor of a role for Th17 in controlling fibrosis in SSc
(figure 2). The discrepancy between studies in humans and
mice remain however, unexplained and may stress species-
specific differences in the responses induced by IL-17.
Whether Th17 cells and IL-17 might have indirect pro-
fibrotic effects via interaction with endothelial/epithelial
cells or via the enhanced production of pro-angiogenic fac-
tors (IL-8, MCP-1) remains to be investigated. Similarly,
the role of Th17 cells in autoantibody generation in SSc
has not, as yet, been investigated. This notwithstanding,
IL-17 has been shown to promote autoantibody generation
in BXD2 mice by orchestrating the spontaneous formation
of autoreactive germinal centers [128].

TH22 AND IL-22 IN THE PATHOGENESIS OF
SSC

Th22 cells typically produce IL-22 in the absence of
IL-17 and IFN-�, and are enriched in a subset of skin-
homing cells expressing CCR4, CCR6, CCR10 in the
absence of CXCR3 [129, 130]. The transcription factor(s)
governing the commitment towards Th22 cells remain
unknown, although roles for the aryl-hydrocarbon recep-
tor (AhR) and STAT3 have been proposed [130-133].
ferentiation [129], they did not increase the production of
IL-22 by human naïve T cells in an independent study,
while being efficiently produced in response to IL-12 and

Fibroblast

Myofibroblast

TGF-β
αSMA+

L-8, MCP-1

-inflammatory
mediators

dicate positive effects; red lines with blunted end indicate negative
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L-23 [134]. IL-22 does not participate in the communi-
ation between immune cells since cells of hematopoietic
rigin do not express IL-22R1. It acts mainly on epithelial
ells of mucosal origin, and the skin, where it pro-
otes antimicrobial defense, protection against damage,

pithelial homeostasis and regeneration [135]. Of inter-
st, IL-22R1 is also expressed on keratinocytes and, to a
esser extent, on some fibroblasts. IL-22 may be involved
n the pathogenesis of several immune disorders, including
heumatoid arthritis, SLE and allergic asthma, and Th22
ells have been shown to be enriched in inflammatory skin
iseases, including psoriasis and atopic dermatitis [136].
elatively little is known about Th22 and IL-22 in the
eld of fibrosis. We found that Th22 cells, defined as
D4+IL-22+IL-17-IFN-�-IL4- cells, were increased in the
eripheral blood of SSc individuals, in addition to Th2
nd Th17 cells [50]. Others have confirmed that IL-22
ranscripts were significantly more abundant in SSc than
ontrol skin, and their levels were similarly increased in
linically affected, transitional and unaffected areas [103].
f interest, a genetic association between IL-10R2, a gene

oding for the common receptor for IL-10, IL-22 and
L-26, dcSSc and presence of ATA has been reported
137]. Similar to that which has been observed for IL-17-
roducing cells in SSc, we found a positive correlation
etween IL-22-producing cell numbers and CCR6, under-
ying the enhanced skin- and lung-homing properties of
hese cells in the disease. Importantly, SSc interstitial lung
isease (ILD) was strongly associated with higher num-
ers of IL-22-producing cells [50]. Lung inflammation
as ameliorated in IL-22-deficient mice receiving high
oses of bleomycin compared to IL-22-sufficient mice
138], and IL-22 levels were decreased in the BAL fluid
rom mice protected by pretreatment with collagen type

when challenged with bleomycin [139]. In the other
and, protection mediated by IL-22 produced by �� T
ells has been reported in a mouse model of lung fibro-
is induced by hypersensitivity to Bacillus subtilis [140].
n humans, subcutaneous intralesional injection of poly-
erized type I collagen in localized scleroderma patients

esulted in restored normal skin architecture and decreased
h22 as well as Th17 and Treg numbers [141]. It is there-

ore possible that Th22 cells could contribute to tissue
brosis, especially in the lung, via IL-22 production. This
otwithstanding, fibroblasts from control and SSc patients
id not up-regulate type I collagen, nor the levels of pro-
nflammatory cytokines IL-8 and MCP-1 in response to
L-22 (unpublished observation). Whether IL-22 might
ave indirect pro-fibrotic roles in scleroderma via epithe-
ial cell activation remains to be established. In this context,
uman keratinocytes submitted to the influence of Th22
ell clone supernatants showed enhanced transcription of
enes involved in tissue repair and fibrosis. Of interest,
hese supernatants enhanced wound-healing in an in vitro
njury model, in an IL-22-dependent manner [142].

REGULATORY CELLS IN SSC

he analysis of Treg cells in SSc has produced con-

icting data. Some studies have reported an increase

n circulating CD4+CD25+FoxP3+ Treg cells [94, 143],
specially in active and severe disease [144]. Despite this
ncrease, Treg cells from SSc patients harbored a defec-
N.C. Brembilla, C. Chizzolini

tive suppressive capacity, most likely related to skewed
X chromosome inactivation [145], which correlated with
decreased CD69 expression and TGF-� levels [94]. One
report did not find any differences between control and
SSc groups [63]. Finally, several studies showed a reduced
frequency/impaired function of CD4+ Treg cells in SSc
[88, 89, 101, 102]. Similarly, decreased FoxP3+ Treg
cells were identified by an immunohistochemical approach
in skin from patients with SSc and morphea [101] and
decreased FoxP3 transcripts were isolated from SSc skin
lesions [103]. Discrepancies between these results most
likely reflect technical difficulties in the discrimination
between Treg cells, and possible contamination of the
population studied by activated CD25+ T cells, which may
also include non-Treg cells expressing FoxP3 [104]. In this
context, Mathian and coworkers further characterized the
Treg cell compartment in SSc by discriminating resting
Treg (rTreg), activated Terg (aTreg) and non-regulatory
Foxp3+ cells, based on the expression of CD4, CD45RA
and FoxP3. They found that the proportion and absolute
counts for both aTreg and rTreg were reduced in SSc com-
pared to controls, but not those for non-regulatory FoxP3+
CD4 T cells [103]. Reduced numbers of Treg cells and
an increased Th17 cell frequency appear thus to coexist
in SSc individuals. An attractive hypothesis, yet to be
demonstrated, is that Treg cells may specifically convert
into Th17 cells in the context of the disease. Along this
line, several studies have reported that conversion of Treg
to Th17 cells is possible [146-148]. Of interest, IL-1� and
IL-6, which are increased in SSc, have been shown to par-
ticipate to this conversion [149]. It is also possible that
Treg cell-priming in SSc is skewed towards Th17 cells
by the cytokine microenvironment typical of the disease,
where high levels of TGF-�, IL1� and IL-6 coexist. While
TGF-� is a well-documented, pro-fibrotic cytokine, the
role of Treg cells in the pathogenesis of SSc remains to be
clarified.

CONCLUDING REMARKS

SSc is a devastating systemic, autoimmune disorder asso-
ciated with a shorten life expectancy and no curative
treatment. Evidence gathered during recent years has
revealed a crucial role for immune cells in the estab-
lishment and maintenance of fibrosis, with Th1 and Th2
cells contributing to the induction of pro-inflammatory
and pro-fibrotic responses, respectively. The role of newly
identified T helper subsets, including Th17 and Th22 cells
is currently being addressed, and undoubtedly will repre-
sent an area of active research in future years. In humans,
but not in mice, Th17 cells may counterbalance fibrosis via
induction of ECM-degrading enzymes, inhibition of col-
lagen synthesis and myofibroblast differentiation, while
favoring a pro-inflammatory environment (figure 2). Evi-
dence indicating that Th17 cells and IL-17A may exert
opposing roles in humans and mice with respect to fibrosis
underlines important species-specific differences that have
to be taken into account when designing further research
and clinical trials. Indeed, there is an urgent need for new

approaches to counterbalance and reduce fibrosis, ideally
with a high degree of specificity. Understanding the role
exerted by T cells and their soluble mediators in the estab-
lishment and maintenance of fibrosis will provide novel
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olecular and cellular targets for therapeutic intervention.
uture areas of investigation should focus on the role of IL-
7 family members beyond IL-17A, as well as the role of
h22 and Treg cells. Additional efforts should be devoted

o understanding the functional consequences of gene poly-
orphisms associated with the disease. Investigations on

he interplay between T cells and neighboring cells, tak-
ng into account the three-dimensional tissue architecture,
ill better characterize the functional activity of mediators

nvolved in ECM deposition.
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