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Preface

Scleroderma, or systemic sclerosis (Ssc), means “tight skin” and is caused by the
fibrosis of skin and disappearance of subcutaneous fat. There is much more
involved, however. Although the fibrosis of the skin is a disabling and often painful
sign of SSc, the involvement of the kidneys (see chapter on renal failure), lungs, and
heart mostly lead to severe co-morbidity and premature death. The exact cause of
SSc is unknown but there is accumulating evidence that the immune systems drives
the three hallmarks that are observed in SSc patients: endothelial cell dysfunction,
presence of autoantibodies, and fibroblast activation. In order to update the readers
in the multiple facets of Ssc, this book covers two issues. In the first eight chapters,
multiple key authors will provide better insights into the role of endothelial damage
(chapter 1), platelets (chapter 2), and the observations that came forth from
proteomic studies so far (chapter 3). T lymphocytes (chapter 4) and IL-17; a cytokine
more recently shown to be increased in the circulation, and T cells isolated from SSc
patients (chapter 5) are then discussed. In chapter 6, Broen and colleagues dive
deeper into the potential role of the telomere and its dysfunction in SSc. Chapter 7
and 8 will deal with fibroblasts and thrombin as a potential therapeutic target of this
clinical syndrome.

Besides the immunopathology of this disease, various clinical issues will be dealt
with in the next issues. As such, novel issues with regard to diagnosis and
pathogenesis will be discussed (chapter 9), as well as the potential role of capillary
nail fold lesions in the diagnosis and follow-up (chapter 10). Scleroderma renal crisis
is a feared complication of SSc and will be further discussed in chapter 11. Finally,
the hurdles and pitfalls with regard pregnancy in a patient with SSc is widely
discussed.

Altogether, although significant advances have occurred in our understanding SSc,
the exact cause and most optimal way of treatment remains a medical conundrum.
This book is meant to provide an up-to-date in SSc pathogenesis and clinical
features. We believe that this book will be able to provide both researchers and
clinicians dealing with SSc with the most modern information that will aid them in
their work. However, the research into its cause and most efficient treatment is
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rapidly expanding, hopefully resulting in highly needed updates in the not to
distant future.

Dr Timothy Radstake, MD, PhD

Department of Rheumatology, Radboud University Medical Center, Nijmegen,
The Netherlands

The Scleroderma Center, Boston University School of Medicine, Massachusetts,
US.A.









Part 1

The Immune System in SSc






Pathogenesis of the Endothelial Damage
and Related Factors

Paola Cipriani, Vasiliki Liakouli, Alessandra Marrelli,

Roberto Perricone and Roberto Giacomelli
University of L’Aquila
Italy

1. Introduction

Systemic sclerosis (SSc) is an autoimmune connective tissue disorder characterized by a
widespread microangiopathy, autoimmunity and fibrosis of the skin and of various internal
organs. Vascular damage occurs early in the course of the disease as showed by the presence
of Raynaud’s phenomenon (RP) that can precede the fibrotic process of months or years. A
complex interaction between endothelial cells (ECs), smooth muscle cells (SMCs), pericytes,
extracellular matrix (ECM), and intravascular circulating factors is now recognized to
contribute to the vascular reactivity, remodeling, and occlusive disease of SSc (Gabrielli et
al., 2009). Chronic platelet activation and enhanced coagulation with reduced fibrinolysis,
secondary to EC activation that leads to fibrin deposits and contribute to the intimal
proliferation and luminal narrowing are also found. The identity of the initial trigger of EC
damage remains unknown. Current hypotheses suggest a possible infectious or chemical
trigger(s) that activates both cellular and humoral immunity. Products of immune activation
may lead to vascular injury possibly through the production of autoantibodies and the
release of products of activated T cells that can directly damage the endothelium (Kahaleh,
2008). Microangiopathy is characterized by a reduced capillary density and an irregular
chaotic architecture that leads to chronic tissue hypoxia and organ dysfunction with
eventual organ failure. Vascular complications, including pulmonary arterial hypertension
(PAH) and scleroderma renal crisis (SRC) have emerged as leading causes of disability and
mortality in SSc (Guiducci et al., 2007). Despite the hypoxic conditions, there is no evidence
for a sufficient compensative angiogenesis in SSc (Distler O et al., 2002). Furthermore,
vasculogenesis, the de novo formation of blood vessels, is also impaired. An imbalance
between angiogenic and angiostatic factors as well as functional alterations of the cellular
players, involved in the angiogenic and vasculogenic program, might explain the
pathogenetic mechanisms of SSc vasculopathy (Liakouli, 2011; Cipriani, 2011). Either
angiogenic or vasculogenic mechanisms may potentially become in the future the target of
novel therapeutic strategies to promote vascular regeneration in SSc.

2. Vascular endothelial cell damage

Microvascular endothelial cell (MVEC) injury and apoptosis is an early and central event in
the pathogenesis of SSc vasculopathy that leads to microcirculatory dysfunction and loss of
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capillaries with consequent vascular desertification, tissue chronic ischemia and eventual
organ failure. The initiating factors or cause of the vascular insult in scleroderma remain
unknown. Current hypotheses in SSc vascular disease pathogenesis suggest a possible
infectious or chemical trigger(s) that activates both cellular and humoral immunity.
Products of immune activation may lead to vascular injury possibly through the production
of autoantibodies and the release of products of activated T cells that can directly damage
the endothelium. In particular, primary activation of ECs in SSc include autoantibodies
showing cross-reactivity between Cytomegalovirus (CMV) epitopes and specific surface
molecules of ECs, inducing apoptosis. However, this is unlikely to be the only aetiological
factor, since CMV is ubiquitous in the normal population (Lunardi et al.,, 2000). Anti-
endothelial cells antibodies (AECAs) present in the SSc sera are reported to activate EC and,
induce EC apoptosis in vivo independent of the Fas-Fas ligand pathway. This is clearly
shown in the chicken model of SSc¢ (UCD-200), where serum transfer into normal chicken
embryos results in binding of antibodies to the microvasculature in the chorioallantoic
membrane in association with endothelial apoptosis (Worda et al., 2003). The exact identity
of the endothelial antigen is not known; (Worda M et al, 2003). Moreover, SSc sera
containing distinct AECA subsets (ACAs for limited cutaneous SSc or anti-topoisomerase 1
antibodies for diffuse cutaneous SSc) can induce EC apoptosis in association with increased
gene expression of caspase 3 and the reexpression of EC SSc autoantigen fibrillin 1 (Ahmed
et al., 2006). Anti-endothelial cells antibodies (AECAs) are present in 40-50% of the SSc sera
and are mostly of the IgGl1 isotype. The antibody titres correlate negatively with pulmonary
diffusion capacity and positively with pulmonary hypertension and with digital ischemic
ulcers, suggesting a pathological role in the development of the vascular disease. The only
published proteomic analysis of endothelial antigen(s) recognized by AECA identified 53
proteins consisting of cytoskeleton proteins, proteins involved in cellular mobility,
regulation of apoptosis and senescence as well as proteins implicated in clotting and antigen
presentation (Bordron et al.,, 1998). Thus, vascular cell apoptosis could, in turn, expose
autoantigens to immune surveillance, evoking an autoimmune response and perpetuating
autoimmunity to blood vessels in SSc (Ahmed et al., 2006). However, AECAs are detected in
a variety of vascular diseases and specific epitopes and mechanisms have not been clarified
in SSc. High levels of reactive oxygen species and oxidative stress have been directly or
indirectly implicated in scleroderma (Sambo et al., 2001, 1999; Servettazet al., 2007). The
source of reactive oxygen species is the membrane NADPH oxidase system, which is
stimulated in all cell types within or surrounding the vessel wall in response to injury
(Lassegue, 2001; Sturroch, 2005; Holland, 1998). In scleroderma, the high levels of reactive
oxygen species in mesenchymal cells (MSCs) are relatively independent of the inflammatory
status; they persist in vitro in the absence of growth factors and cytokines, render cells
sensitive to stress, and induce DNA damage (Svegliati et al., 2006). MSCs become
progressively hypersensitive to cytokines induced by local reactive oxygen species (Sullivan
et al., 2008). Cytokines activate mesenchymal precursor cells and lead to the transformation
of fibroblasts to myofibroblasts with consequent abnormal collagen synthesis. Furthermore,
free radicals contribute to the release of mediators implicated in fibrosis (Bellocq et al., 1999;
Barcellos-Hoff et al., 1996). EC apoptosis may also activate the immune-inflammatory
system by dendritic cells and macrophage presentation of self-antigen present in the
apoptotic debris to CD8+ T cells, and by the direct activation of the alternate complement
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and coagulation cascades leading to microvascular thrombosis and further vessel
compromise. MVEC apoptosis can result from their interaction with cytotoxic T cells either
by Fas or granzymes/ perforin-related mechanisms. For example, CD4+ T cells can mediate
MVEC apoptosis by a Fas-related mechanism as seen in cytolytic T cells killing of vascular
endothelium in the rejection reaction, whereas the granzyme/perforin system mediates
apoptosis by the major cytotoxic cells, the CD8+ T cells, NK and LAK cells. Involvement of
cytotoxic T cells in SSc is suggested by the presence of a 60 kDa protein in SSc sera that was
described as an endothelial cytotoxic factor. This factor was characterized as the granular
enzyme, and was detected in the perivascular spaces in SSc skin biopsies. Cytotoxic T
lymphocytes (in particular CD8+ T cells, NK cells, LAK cells) granule-specific products such
as granzyme B and perforin are able to induce apoptosis in cultured ECs. Granzymes gain
access to the cells following cellular membrane damage by perforin (Kahaleh, 1997). The
majority of autoantigens targeted in SSc can be cleaved by granzyme B and are recognized
preferentially by patients antibodies (Schachna et al., 2002). Furthermore, the activation of
cytotoxic cell-mediated pathways is plausible and may be involved in early vascular injury
thus initiating and propagating the autoimmune response in SSc. Antibody-dependent
cellular cytotoxicity of vascular endothelium is reported in up to 40% of the SSc patients.
The effector cells express Fc receptors and are both non-T cells and non adherent T
lymphocytes, while the antibody is an IgG with MVEC specificity that mediate MVEC
cytotoxicity via the Fas pathway (Sgonc et al., 2000). EC apoptosis may also confer a state of
resistance to apoptosis by the surrounding fibroblasts that may lead to myofibroblast
differentiation and tissue fibrotic changes that follow (Laplante et al., 2005). However, EC
damage and apoptosis is an early event in the course of the disease with progressive loss of
capillaries, responsible on one hand of the typical clinical manifestations of vasculopathy
and on the other hand the chronic tissue ischemia that leads to organ dysfunction and
eventual organ failure.

3. Vascular endothelial cell alterations and fibroproliferative vasculopathy

Vascular disease in scleroderma patients is both functional and structural with reversible
vasospasm as well as a reduction in the capillary density followed by obliterative
vasculopathy. These vascular changes involving capillaries, arterioles and small arteries
may be observed by nail-fold capillaroscopy.

Important features of the tissue lesions in various stages of scleroderma are early
microvascular damage, mononuclear-cell infiltrates, and slowly developing fibrosis. In later
stages of scleroderma, the main findings are very densely packed collagen in the dermis,
loss of cells, and atrophy. In particular, in the early phase of the disease, endothelial damage
is characterized by collapse of vimentin’s filaments in the perinuclear region, vacuolization,
granular degeneration of the nucleus, cellular necrosis, gaps between endothelial cells,
reduplication of basal membranes, followed by vascular lumen obstruction, altered
permeability of vessel wall that induce increased passage of both plasma and mononuclear
cells with perivascular infiltrates formation in which T lymphocytes and monocytes bearing
macrophage markers predominate (Fleischmajer, 1980, 1977; Ishikawa, 1992) with more
CD4+ than CD8+ cells (Roumm, 1984). In fact, T cells in skin lesions are predominantly
CD4+ cells, display markers of activation, exhibit oligoclonal expansion (Sakkas et al., 2002)
and are predominantly type 2 helper T (Th2) cells (Mavalia et al., 1997). Moreover, an
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increase in the Vdeltal + T cells subset that express both adhesion molecules and activation
markers suggests a selective V gene subset expansion (Giacomelli et al., 1998). In advanced
phases, intimal thickening, delamination, vessel narrowing or obliteration and perivascular
fibrosis are present (Rodnan et al., 1980).

At the cellular level, the changes that characterized the early lesions are: loss of endothelial
cells, proliferating pericytes and vascular smooth muscle cells, and immune cells in the
perivascular space. Endothelial cells are the only mesenchymal cell type that undergo
apoptosis in the early phase of scleroderma, whereas vascular smooth-muscle cells and
pericytes proliferate vigorously thus leading to the characteristic fibroproliferative SSc
vasculopathy. The activation of vascular smooth muscle leads to migration of these cells into
the intimal layer of the vessel where they differentiate into a myofibroblast. Fibroblasts and
pericytes may also transform into myofibroblasts in scleroderma disease (Rajkumar et al.,
2005). It is also suggested that, following vascular injury, bone marrow-derived circulating
mesenchymal progenitor cells (e.g., fibrocytes), and epithelial cells via epithelial to
mesenchymal transition (EMT) can become myofibroblasts. Recently, a study provided
evidence that abnormal fibrillin-1 expression and chronic oxidative stress mediate
endothelial-mesenchymal transition (EndoMT) in the tight skin murine model of SSc (Xu et
al, 2010) and more recently evidence indicates that the c-Abl tyrosine kinase and the protein
kinase C & (PKC-9), are crucial for TGFp induction of EndoMT in vitro, and that imatinib
mesylate and rottlerin, or similar kinase inhibitor molecules, may be effective therapeutic
agents for SSc and other fibroproliferative vasculopathies in which EndoMT is involved (Li
& Jimenez, 2011). The exact mediator of cell activation in scleroderma is unknown, but
speculation includes the release of mediators from the activated endothelium (e.g.,
endothelin- 1 (ET-1)) and platelets (e.g., thromboxane or platelet derived growth factor. In
fact, endothelial damage cause an imbalance in endothelial vascular signals with increased
endothelin production and impaired nitric oxide and prostacyclin release that mediates the
vasospasm and contribute to intimal proliferation and vascular fibrosis and stiffness of the
vessel wall. Recently, Interleukin 33 (IL-33), a novel member of the IL1 family that promotes
Th2 responses and inflammation through the ST2 receptor, was found to be abnormally
expressed in the SSc tissue and sera. In particular, in the early phase of the disease, upon EC
activation/damage IL-33 may be mobilised from ECs into the circulation to signal through
ST2 in key profibrotic players such as inflammatory/immune cells and
fibroblasts/ myofibroblasts. (Manetti, 2010, 2011). This step probably corresponds to the first
symptom of scleroderma. Recurrent Raynaud’s phenomenon could be the direct
consequence of the structural changes of the vessel and the perturbed control of vascular
tone due to an imbalance between vasodilatory and vasoconstrictive mediators. At this
stage, the patient may have early signs of skin and visceral fibrosis. Platelet activation and
enhanced coagulation with reduced fibrinolysis lead to fibrin deposits and contribute to the
intimal proliferation and luminal narrowing,.

Besides the skin, fibroproliferative vasculopathy is present in the lungs, kidneys and other
organs (Dorfmuller et al, 2007; Nagai et al., 2007; Guiducci et al., 2007). However, the
mechanisms underlying the pathological vascular changes in SSc still remain unclear.

4. Impaired angiogenesis and vasculogenesis in SSc

In the adult mammalian organism, the vasculature is normally quiescent and the ECs have
an extremely low turn-over rate with the exception of the reproductive cycle (ovulation,
implanation, pregnancy) and wound healing or tissue regeneration (Carmeliet, 2003).
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However, after endothelial cell injury, and in response to appropriate stimuli, mature and
progenitor ECs they can form new blood vessels through a combination of two separate
processes: angiogenesis and vasculogenesis. The term angiogenesis describes the formation
of new capillaries and larger vessels by sprouting of differentiated EC from pre-existing
vessels. Angiogenesis is a highly complex and requires a dynamic, temporally and spatially
interaction among ECs, ECM molecules, adhesion molecules, proteolytic enzymes and the
subtle balance between proangiogenic and angiostatic factors (Distler et al., 2003). In
particular, proangiogenic stimuli activate EC, which degrade the basal membrane and the
perivascular extracellular matrix, proliferate and migrate into the site of new vessel
formation. Stabilisation of vessel wall by pericytes is the final process of sprouting
angiogenesis and leads to a functional network of new capillary. In contrast to angiogenesis,
vasculogenesis describes the formation of new vessels by circulating EPC, independent from
pre-existing vessels. Vasculogenesis was regarded to be restricted to embryogenesis but the
discovery of EPC in adult bone marrow and peripheral blood has challenged this theory
(Asahara et al., 1997; Shi et al., 1998). After birth, postnatal vasculogenesis contributes to
vascular healing in response to endothelial injury through the processes of rapid
reendothelialization of denuded vessels and collateral vessel formation in ischemic tissues.
In particular, following tissue ischemia, EPC are mobilized from their bone marrow niches
into the circulation in response to stress- and/or damage related signals, migrate through
the bloodstream and home to the sites of vascular injury, where they contribute to the
formation as well of neovessels as to the repair of damaged vessels, collaborating with pre-
existing mature EC (Urbich et al, 2004). Several studies showed that EPCs promotes
structural and functional repair in several organs such as the heart, liver, kidney or brain.
However, as mentioned above, progenitor cells can migrate to sites of vascular injury and
differentiate not only into an endothelial phenotype (vascular repair), but also into vascular
smooth muscle cells contributing to neointimal hyperplasia and eventually fibroproliferative
vasculopathy.

Both angiogenic and vasculogenic processes are impaired in SSc. The progressive loss of
capillaries on one hand, and the vascular remodeling of arteriolar vessels on the other result
in insufficient blood flow, causing severe and chronic hypoxia. Tissue hypoxia usually
initiates the formation of new blood vessels from the pre-existing microvasculature leading
to the expression of pro-angiogenic molecules, mainly of Vascular Endothelial Growth
Factor (VEGF), which triggers the angiogenic process. Despite the hypoxic conditions and
the increased levels of VEGF in skin and serum of SSc patients, there is, paradoxically, no
evidence for a sufficient angiogenesis, thus perpetuating the vicious circle leading to tissue
ischemia (Distler JH et al., 2006; Distler O et al., 2004, 2002). Vasculogenesis, is also impaired
in SSc patients with a decreased number and several functional defects of endothelial
progenitor cells (EPCs) (Kuwana et al., 2004; Del Papa et al., 2006) and mesenchymal stem
cells (MSCs), the latter deriving from the bone marrow population and the tissue resident
cells, was observed in SSc patients (Cipriani et al., 2007).

5. Endothelial cells

The aetiological factors involved in the pathogenesis of SSc-associated vascular defects
determine a complicate network of EC alterations which account for the lost ability of these
cells to perform in vitro angiogenesis.

Angiogenic process is an invasive event in which proteolytic activities by EC are required.
Specific proteases are needed for the degradation of the membrane basement, for cell
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migration and for creating space in the matrix, to allow the formation of new tubules.
Besides their substrate specific properties, proteases exert more complex pro- or anti-
angiogenic activities, including the activation and modification of growth factors, cytokines
and receptors and the generation of matrix fragments which inhibit angiogenesis (Van
Hinsberg et al., 2008). Evidence for a mechanism of dysregulated angiogenesis involving
these proteases in SSc has emerged from recent experimental studies. A decreased urokinase
plasminogen activator (uPA) dependent invasion, proliferation, and capillary
morphogenesis, was showed in SSc EC. Urokinase plasminogen activator receptor (uPAR)
undergoes truncation between domains 1 and 2, and this modification prevents EC from
entering in an angiogenic program (D’Alessio et al, 2004). Furthermore, SSc MVECs
produce large amounts of antiangiogenic molecules such as matrix metalloproteinase 12
(MMP-12), involved in the cleavage of the domain of the uPAR, and pentraxin 3 (PTX3).
Silencing these two molecules in SSc-MVEC, restore their ability to produce capillaries in
vitro (Margheri et al., 2010). Recent work has provided the evidence for the association
between a uPAR gene variant, UPAR rs344781, and vascular complications, such as digital
ulcerations, suggesting a role of this gene in the vascular pathophysiology of SSc (Manetti
etal., 2011).

Endothelial cells are directly involved also in vasculogenic process, through the expression
of SDF-1. In fact, SDF-1 is a pivotal molecule in the recruitment and retention of CXCR4+
EPC into neo-angiogenic niches (Petit et al., 2007). This molecule, expressed and presented
by EC at the site of injury triggers cell arrest and emigration of circulating cells, facilitating
the formation of stable vasculature and supporting organ repair (Yao et al., 2003).
Additionally, SDF-1 has an angiogenic effect on endothelial cells by inducing cell
proliferation, differentiation, sprouting and tube formation in vitro (Salvucci et al., 2002;
Yamaguchi et al., 2011). It has been reported that SDE-1 and CXCR4 are clearly up-regulated
in the skin and in microvascular endothelial cells during the early edematous phases of SSc.
The production of these two molecules progressively decreased, with the lowest levels in
the latest phases of the disease. These data strongly suggest that an impairment of EC ability
to promote a sustained response to chronic ischemic stress through SDF-1 expression could
compromise an adaptive angiogenesis and vasculogenesis in the disease, contributing to the
disappearance of the vessels (Cipriani et al., 2006).

Finally, it has been demonstrated that in SSc skin, along with the loss of capillaries, there is a
dramatic change in the endothelial phenotype of residual microvessels, characterized by loss
of vascular endothelial cadherin (VEcadherin), supposed to be an universal endothelial
marker required for tube formation, as well as the over-expression of the anti-angiogenic
interferon-a (IFN-a) and over-expression of RGS5, a signaling molecule whose expression
coincides with the end of new vessel formation during embryo development and tumour
angiogenesis (Fleming et al., 2008).

5.1 Endothelial progenitors

5.1.1 Hematopoietic endothelial progenitor cells

Endothelial progenitor cells are known to be a key cellular effectors of vascular
regeneration. Growing evidence shows that EPC play an important role in the homeostasis
of physiologic vascular network and are involved both in new vessel formation after
ischemic insult and in the repair mechanisms of existing vessels (Shi et al., 1998; Urbich et
al., 2004; Zammaretti & Zisch, 2005; Adams et al., 2004). Endothelial progenitor cells have
emerged as crucial regulators of cardiovascular integrity. Reduced numbers and altered
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functions of these cells have been found to be involved in the pathogenesis of cardiovascular
disease (Adams et al., 2004, Dimmeler et al., 2001; Hill et al., 2003).

At least two different types of circulating progenitors appear able to become mature
endothelium (Smadja et al., 2007). One type of progenitor cells displays the markers CD133,
CD34, and vascular endothelial growth factor receptor 2 (VEGFR2) (Hristov et al., 2004).
These are harvested from late-outgrowth cultures, possess a high proliferation capacity and
are sometimes referred as “true EPC “; most of studies focus on this population. A second
type of progenitor population is a subset of CD14+ monocytes distinguishable from the
conventional endothelial progenitor cells by the fact that they are CD34- (Hristov et al,,
2004; Zhao et al., 2003), arise from short-term cultures and show little proliferative capacity.
Both circulating progenitor cell types can differentiate into mature endothelium in culture. It
has been precisely characterized using, genome-wide transcriptional study, the molecular
fingerprint of two distinct EPCs, showing that early-outhgrowth EPC are haematopoietic
cells with a molecular phenotype linked to monocytes; whereas late-outgrowth EPC exhibit
commitment to the endothelial lineage (Medina et al., 2010). Interestingly both populations
can form capillary tubes in vitro, mediate reendothelialization after injury and improve
neovascularization (Urbich et al,, 2004). It has been previously demonstrated that both
subsets contribute to angiogenesis, but through different mechanisms, CD14+ EPC
supporting vasculogenic process by paracrine production of growth factors, while late-
outgrowth CD14- EPC directly incorporating into vessel wall (Sieveking et al., 2008; Mukai
et al., 2008). Neovascularization and reendothelialization event are complex multistep
processes, requiring EPC chemoattraction, adhesion, and finally differentiation into mature
EC. Although the signaling cascades that regulate these steps are still incompletely
understood, it is well known that VEGF and SDF-1, induced by hypoxia, play a pivotal role
in the EPC mobilization from bone marrow, differentiation and attraction to site of ischemia.
Recently several studies have demonstrated a role of EPC in the pathogenesis of SSc,
suggesting that alteration in the vasculogenic process might contribute to the vasculopathy,
distinctive features of the disease. Apparently conflicting results have raised on quantitative
and functional characteristics of EPC from SSc patients, probably due to unclear distinctive
markers of the several cell subsets belonging to the EPC population.

A lower number of circulating EPC, defined as CD34+CD133+VEGFR-2+ mononuclear cells
in patients with SSc than in patients with RA or in healthy subjects was seen (Kuwana et al.,
2006). In SSc patients, EPC counts did not correlate with the disease subset, the disease
duration, or the modified Rodnan skin thickness score. However, the numbers of these cells
were lower in SSc patients with pitting scars and active fingertip ulcers. Furthermore, EPC,
obtained from the peripheral blood of SSc patients demonstrated an impaired differentiation
capacity into mature EC, as shown by a reduced expression of the EC marker von
Willebrand factor.

In contrast to these findings, in another study was found a significantly increase in the
number of circulating EPC, identified via the same cell surface markers CD34+
CD133+VEGFR-2+, in SSc patients. Further subgroup analysis revealed a negative
correlation between EPC count and disease duration (Del Papa et al., 2008). Based on this
finding, the authors suggested that differences in disease duration might account for the
discrepancy between their results and the findings reported by the other authors. Apart
from disease duration, no correlations between EPC counts and clinical parameters,
including digital ulcers, were observed. In this study bone marrow EPC were also
evaluated. The number of bone marrow CD133+ cells was significantly decreased in SSc
patients compared to healthy controls. Their ability to differentiate into EC in vitro was
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found reduced in SSc patients. Finally, the number and the size of colonies were reduced,
and cells from patients showed morphologic signs of cellular senescence.

Another study assessed EPC counts in the whole blood of patients with SSc, osteoarthritis
(OA), and RA (Allanore et al., 2007). Circulating CD34+CD133+ cells were increased in
patients with SSc as compared with patients with OA, but the same cells were lower than
those in RA patients. The analysis of potential correlations with clinical parameters showed
that CD34+CD133+ counts increased in parallel with the European League Against
Rheumatism Scleroderma Trial and Research (EUSTAR) group disease activity score. Of
note, the authors did not analyse the expression of VEGFR-2.

In another study, the same authors (Avouac et al., 2008) assessed EPC, evaluating VEGFR-2
and lineage (Lin) markers as additional markers, and using 7-aminoactinomycin D (7-AAD)
as viability marker. Again, patients with SSc displayed higher numbers of circulating Lin-
7AAD-CD34+CD133+VEGFR-2+ EPC than did healthy subjects. Lower EPC counts in SSc
patients were associated with higher Medsger severity scores for SSc and with digital ulcers.
A decreased CD34+CD133+VEGFR-2+ EPC counts was found in both limited and diffuse
subsets of recent-onset, and late-stage SSc, as compared with healthy individuals. The
authors showed an increased rate of apoptosis in freshly isolated EPC from SSc patients.
Addition of sera from the same patients to cultured EPC from healthy volunteers was able
to induce apoptosis of EPC. The proapoptotic effects of SSc sera were abolished by depletion
of the IgG fraction, suggesting the presence of anti-EPC autoantibodies in the SSc patient
sera (Zhu et al., 2008).

It has been also found a raise of circulating EPC in early stage SSc, in response to tissue
ischemia, but they dropped with disease progression. EPC reduction was linked with
endothelial dysfunction and capillary loss, as well as the development of severe cardiac
involvement and pulmonary arterial hypertension (Nevsakaya et al., 2008).

Whether EPC counts are altered in the peripheral blood of SSc patients is still a matter of
controversy. Apparent contradiction in EPC counts between the different studies might be
explained by use of different combinations of surface markers, resulting in the analysis of
different cell subsets, or by differences in the mean disease duration and severity.
Nevertheless, functional defects of EPC in the peripheral blood as well as in the bone
marrow have consistently been reported (Del papa et al., 2006; Kuwana et al., 2004)
indicating a critical role of EPC in the pathogenesis of SSc. Further studies on the molecular
mechanisms underlying these defects is needed in order to develop specific treatment
options and restore functional vasculogenesis in patients with SSc.

Several lines of evidence indicate that EPC obtained by short term culture of peripheral
blood mononuclear cells (PBMCs) in media favouring endothelial differentiation, are
composed predominantly of endothelial-like cells derived from circulating monocytes
(Rehman et al., 2003; Urbich et al., 2003). Moreover, it has been identified a monocyte-
derived multipotent cells positive for CD14, CD45, CD34, which contain progenitors able to
differentiate into several distinct mesenchymal cell types, including bone, cartilage, fat, and
skeletal and cardiac muscle cells, as well as neurons (Kuwana et al., 2003; Kodama et al.,
2005, 2006). It has been recently shown that this population of multipotent cells, is able to
differentiate into endothelium of a mature phenotype with typical morphologic and
functional characteristics (Kuwana et al., 2006). These findings indicate a potential
developmental relationship between monocytes and endothelial cells and suggest that the
monocyte population could be recruited for vasculogenesis and represent an endothelial
precursor population.
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A recent study demonstrated that circulating monocytic EPCs were increased in the
peripheral blood of SSc patients. In vitro and in vivo functional analyses revealed that
monocytic EPCs derived from SSc patients had an enhanced ability to promote blood vessel
formation, when co-cultured with HUVEC. In contrast, the EPC ability to be incorporated
into vessels and differentiate into mature endothelial cells was rather impaired in SSc
patients. This characteristic was primarily attributable to an enhanced angiogenic property
through production of angiogenic factors (Yamaguchi et al.,, 2010). Because EPCs may
critically contribute to the homeostasis of the physiological vascular network, these
progenitor cells might be considered interesting candidates for novel cell therapies for the
treatment of various ischemic diseases.

5.1.2 Mesenchymal stem cells (MSCs)

Endothelial cells could also originate from non- hematopoietic stem cells of the bone
marrow (Drake et al., 2003). Mesenchymal stem cells are multipotent cells that are present in
the bone marrow and in some tissues as resident stem cells. They retain the capacity to
differentiate into several cell lineages of mesenchymal tissues, i.e. bone, cartilage, muscle,
tendon or adipose tissue and serve for the preservation and repair of tissues and organs
(Tuan et al., 2003; Arnhold et al., 2007). Multipotent mesenchymal progenitor cells have
been isolated from bone marrow. Under exposition to angiogenic factors, these cells
differentiated to angioblasts in vitro (CD34-positive, flk-1- positive, vascular endothelial
cadherin-positive) and finally to mature endothelial cells, expressing specific endothelial
markers, showing characteristics endothelial functional features and participating in
neovascularization of tumours or wound healing in vitro (Reyes et al., 2001, 2002).
Transplanted MSCs were able to enhance angiogenesis and contribute to remodelling of the
vasculature in vitro (Ladage et al., 2007; Choi et al., 2008; Copland et al., 2008). Taken
together, these data suggest that human MSCs may be considered an alternative source of
EPCs (Oswald et al., 2004).

There are several evidences that in SSc there is a complex impairment in the BM
microenvironment, involving not only the endothelial compartment but also the MSC, thus
hypothesizing that alteration in this cell population may also contribute to the defective
vasculogenesis in SSc (Del Papa et al., 2006; Cipriani et al., 2007). In particular, it has been
reported that the number of colonies formed by MSC obtained from bone marrow of SSc
patients were reduced in comparison with healthy controls. The colonies were small and did
not expand, and the cells rapidly showed aging and signs of stress (Del Papa et al., 2006).
Furthermore, nother study provided evidence of a reduced differentiative ability in vitro
toward an endothelial phenotype of bone marrow MSC from SSc patients. These cells
displayed both an early senescence and decreased capacity to perform specific endothelial
activities, such as capillary morphogenesis and chemoinvasion, after VEGF and SDF-1
stimulation (Cipriani et al., 2007). All above suggests that a functional impairment of this
population of endothelial progenitors cells may affect endothelial repair machinery,
contributing to the defective angiogenesis and vasculogenesis in the disease.

In the last few years bone marrow-derived MSCs have shown great promise for tissue
repair. In experimental models of acute myocardial infarction, intramyocardial injection of
mesenchymal stem cells restored cardiac function through the formation of a new vascular
network and arteriogenesis (Torensma et al., 2004). Autologous implantation of bone
marrow-derived mesenchymal stem cells into chronic nonhealing ulcers has been shown to
accelerate the healing process and significantly improve clinical parameters (Martens et al.,
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2006). Recently, it has been showed that in one patient with systemic sclerosis who have
severe peripheral ischemia, intravenous infusion of expanded autologous mesenchymal
stem cells may promote the recovery of the vascular network, restore blood flow, and
reduce skin necrosis (Guiducci et al., 2010). Further studies on a larger number of patients
with systemic sclerosis are needed to confirm the short- and long-term efficacy and safety of
mesenchymal stem-cell infusion as treatment of severe digital ulcers and gangrene of the
extremities that are resistant to conventional therapies.

6. Angiogenic factors

6.1 Vascular endothelial growth factor (VEGF)

VEGTF, one of the strongest angiogenic factors known in biology, is involved in several steps
of physiological and pathological angiogenesis. VEGF increases the vascular permeability,
stimulates the migration and proliferation of ECs and induces tube formation. The biological
effects of VEGF are extremely dose dependent. Loss of even a single allele results in lethal
vascular defects in the embryo, and postnatal inhibition of VEGF leads to impaired organ
development and growth arrest in mice. Application of VEGF as a recombinant protein or
by gene transfer augmented perfusion and development of collateral vessels in animal
models of hindlimb ischemia, thereby making VEGF an interesting target for therapeutic
angiogenesis (Takeshita et al., 1994, 1996). During SSc, VEGEF is strongly overexpressed in
the skin and sera (Distle O et al., 2002) of these patients. VEGF exerts its biological functions
by binding to 2 different tyrosine kinase receptors: VEGFR-1 and VEGFR-2, which are both
upregulated in the affected skin of SSc patients (Distler O et al., 2004), although non
compensative new vessel formation is observed. The serum levels of VEGF significantly
correlate with the development of fingertip ulcers in these patients. Although elevated
levels of VEGF are consistent with active angiogenesis, an uncontrolled chronic over-
expression, as seen in SSc patients, throughout various disease stages, might contribute to
disturbed vessel morphology and endothelial disturbances rather than to promote new
vessel formation. On the other hand, a brief upregulation of VEGF results in instability of
newly formed vessels ((Dor et al., 2002). The mechanisms that lead to an over-expression of
VEGEF in SSc are unclear. Isolated microvascular endothelial cells (MVECs) from SSc patients
show an impaired response to VEGF and other growth factors in the Matrigel capillary
morphogenesis assay, suggesting that VEGF receptor signaling might be impaired in these
cells (D’Alessio et al.,, 2004). Hypoxia-induced expression of hypoxia inducible factor-la
(HIF1-a) does not appear to play a major role in the induction of VEGF in SSc (Distler O et
al., 2004), whereas induction by cytokines such as platelet derived growth factor (PDGF) and
transforming growth factor beta (TGF-P) appear to be more important. The function of TGF-
B in angiogenesis is strongly context dependent. A weak TGF-f stimulation may cause
induction of several angiogenic regulators such as VEGF and matrix proteins to promote
angiogenesis, whereas at high TGF-p concentrations, growth-inhibitory effect dominate
(Bobik et al., 2006). Functionally important gene polymorphisms that lead to an impairment in
biological properties of VEGF have not still been shown in SSc patients (Allanore et al., 2007).

6.2 Transforming growth factor beta (TGF-B) and Endoglin (ENG)

The vascular effect of TGF-B in angiogenesis results in activation of ECs and vascular
smooth muscle cells (VSMCs). It regulates the activation state of ECs, via 2 different types of
I receptors, ALK-5, and ALK-1. The TGF-B/ALK-1 pathway stimulates ECs proliferation
and migration, whereas the TGF-B/ALK-5 pathway inhibits these processes. ALK-5
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deficiency not only impairs TGF-B/ALK-5 signaling but also reduces TGF-3/ALK-1
responses, suggesting that ALK-5 is essential for efficient ALK-1 activation and recruitment
into a TGF-P/receptor complex (Bobik et al., 2006). These effects are mainly mediated by
ENG (CD105), a coreceptor of TGF-p, predominantly expressed on cell surfaces of ECs. ENG
plays a role in vascular integrity and endothelium functioning, whereas soluble ENG
(sENG) acts as an antiangiogenic protein interfering with the binding of TGF-p to its
receptors. Conflicting results have been reported in the available literature concerning the
relationship between ENG and PAH. A previous paper reported an association between a 6-
base insertion in intron 7 (6bINS) polymorphism of ENG gene and SSc-related PAH (Wipff
et al., 2007). More recently, increased sENG levels were found in SSc patients, both with and
without PAH, suggesting a role for ENG in SSc vasculopathy, independent of PAH presence
(Coral-Alvarado et al., 2010). Furthermore, ENG might act on fibroblasts to modulate TGF-3
signaling by acting as a molecular link regulating or reducing the total pool of TGF-p
available for activating signal-transducing receptors.

6.3 Platelet derived growth factor (PDGF)

The PDGF family consists of four different PDGF strands (A-D), establishing functional
homodimers (PDGF-AA, PDGF-BB, PDGF-CC, and PDGF-DD) or an heterodimer PDGEF-
AB. They exert their biological activities by activating 2 structurally related tyrosine kinase
receptors, PDGFRa and PDGFR. Ligand-induced receptor homo- or hetero-dimerization
leads to autophosphorylation of specific tyrosine residues within the cytoplasmic domain.
PDGEF-A activates PDGFRa exclusively, while PDGF-B is capable of activating PDGFRaa,
PDGFRaP and PDGFRPB. PDGF-AB and PDGF-C activate PDGFRaa and PDGFRap,
whereas PDGF-D preferentially activates PDGFRPP. PDGF-B and the PDGFR are primarily
required for the development of the vasculature both under physiological and pathological
angiogenic conditions e.g. during myocardial infarction (Zymek et al,, 2006) and tumor
vascularization (Vrekoussis et al., 2007) while, they are almost undetectable in healthy
tissues. PDGFBB/PDGFRp signaling-axis is also involved in recruiting pericytes and
smooth muscle cells thus contributing to the maturation of the vessel wall (Lindblom et al.,
2003). PDGF plays an important role in the pathogenesis of scleroderma and elevated
expression of PDGF and its receptors has been found in SSc skin and lung diseases. In
particular, expression of PDGF-B was detected in endothelial cell lining of small capillaries
and in the infiltrating cells (Gay et al., 1989; Klareskoog et al., 1990). Likewise, elevated
levels of PDGF-A and PDGF-B were found in bronchoalveolar lavage (BAL) fluid obtained
from SSc patients (Ludwicka et al., 1995). Moreover, elevated plasma levels of PDFG-BB
were reported in patients with SSc (Hummers et al., 2009). Indeed, recent studies suggest
that the reciprocal induction of pro-angiogenic factors could promote vascularization and
improve vessel maturation compared with the release of a single factor, and the interplay
between PDGF and VEGF-mediated signalling pathways is just emerging (Bianco et al.,
2007; Reinmuth et al., 2007). In fact, activated platelets carry in their alpha granules a set of
angiogenesis stimulators such as VEGF, PDGF and SDF-1. Moreover, EPCs trigger EC thus
inducing a pro-angiogenic phenotype including the up-regulation of PDGFRp, thereby
turning the PDGFBB/PDGFR{ signaling-axis into a critical element of EPC-induced
endothelial angiogenesis (Wyler von Ballmoos et al., 2010). This finding may be utilized to
enhance EPC-based therapy of ischemic tissue in future. Furthermore, the recent discovery
of novel agonistic antibodies targeting the PDGF receptor that represents a pathogenetic link
between immune system and fibrosis might lead to perform intense investigations to clarify
the possible role that PDGF might exert on the SSc vasculopathy (Baroni et al., 2006). Finally,



14 Systemic Sclerosis — An Update on the Aberrant Immune System and Clinical Features

PDGEF receptor antagonist ST1571 (imatinib) reversed advanced pulmonary vascular disease
in 2 animal models of pulmonary hypertension (Schermuly et al., 2005).

6.4 Stromal cell-derived factor 1 (SDF-1/CXCL12)

The CXC chemokine SDF-1, the most important chemokine induced by ischemia, and its
receptor, CXCR4, regulates specific steps in new vessel formation (Salcedo et al., 2003).
Experimental deficiency in SDF-1 or CXCR4 gene in the embryo results in a lethal
phenotype characterised by defective development of cardiovascular system (Kucia et al.,
2004). As already mentioned above, SDF-1 is a potent chemoattractant for mature ECs,
hematopoietic stem cells (HSCs) and EPCs expressing CXCR4 on their surface, thus
influencing both angiogenesis and vasculogenesis (De Falco et al., 2004). SDF-1-CXCR4
interaction further amplifies angiogenesis by increasing VEGF release by ECs. VEGF
elevated levels, in turn, promote enhanced expression of CXCR4 on endothelial cells, which
can then respond to SDF-1. SDF-1, also prevents the apoptosis of EPCs. Also, SDF-1
contributes to the stabilization of neo-vessel formation by recruiting CXCR4+PDGFR+cKit+
smooth muscle progenitor cells during recovery for vascular injury. In SSc, due to the
transient nature of SDF-1 expression, its modulation could be considered a future
therapeutic target for inducing new vessel formation in this disease (Cipriani et al., 2006).
Finally, SDF-1 polymorphism may modulate SSc vascular phenotype, further arguing for
a critical role of SDF-1/CXCR4 axis in the vascular component of SSc pathogenesis
(Manetti et al., 2009).

6.5 Endothelin 1 (ET-1)

ET-1, a highly vasoconstrictor molecule produced from endothelial cells and mesodermal
cells such as fibroblasts and smooth muscle cells, promotes leukocyte adhesion to the
endothelium as well as vascular smooth muscle cell proliferation and fibroblast activation
(Abraham & Distler, 2006). ET-1 expression levels are increased in blood vessels, lung,
kidney and skin of patients with SSc. Plasma ET-1 levels are also increased in SSc patients in
both early and late stage (Kahaleh, 1991; Kadono et al., 1995). ET-1 mediates its biological
effects via the ETA and ETB receptors. ETA receptors are expressed by vascular smooth
muscle cells and can mediate vasoconstriction, smooth muscle cell proliferation, fibrosis and
inflammation. ETB receptors are predominantly expressed on endothelial cells mediating
vasodilation via the release of nitric oxide or potassium channel activation, and removing
ET-1 from the circulation. In SSc vasculopathy, ETB receptors are down regulated on
endothelial cells which may diminish their vasodilatory role while are up-regulated on
smooth muscle cells and can contribute to cell proliferation, hypertrophy, inflammation,
fibrosis and vasoconstriction (Abraham et al.,, 1997; Bauer et al.,, 20029). ETA/B receptor
antagonists including bosentan are now commonly used for the treatment of PAH
(Channick et al., 2001; Rubin et al., 2002) and of the prevention of new digital ulcers related
to SSc (Matucci-Cerinic et al., 2011). ET-1 represents a potent molecular target for
intervention in the management of patients with SSc.

6.6 Angiopoietins

Angiopoietins are known to be involved in the development, remodeling and stability of
blood vessels. Recently has been clarified as they might act alongside VEGF (Ashara et al.,
1998). However, Ang-1 and -2 have opposing functions. Ang-1 under physiological
conditions has vasoprotective and anti-inflammatory actions (Kim et al., 2001), mediates
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vessel maturation and maintains vessel integrity by the recruitment of periendothelial cells.
On the contrary, Ang-2 acts as a vessel-destabilizing cytokine, playing an essential role in
vascular remodeling. Recently, has been demonstrated that Ang-1 and -2 are differentially
expressed in the sera of patients with SSc. Ang-1, was significantly decreased in SSc patients
contributing to the development of SSc-related vasculopathy through promoting activation
and apoptosis of ECs and destabilization of blood vessels. On the other hand, Ang-2, was
significantly increased in SSc patients (Michalska et al., 2010)). Moreover, high Ang-2 levels
are associated with greater severity and higher activity of the disease. Thus, the Ang-1/
Ang-2 imbalance might contribute to the development of the disease, and represent a new
promising therapeutic target in SSc.

6.7 uPAR and kallikreins

As already mentioned above, MVECS can perform angiogenesis only when provided with a
proper enzymatic machinery, enabling them to lyse the extracellular matrix and invade the
surrounding tissue. In this regard, the serine protease urokinase- type plasminogen activator
uPA-uPAR system is known to play a crucial role in angiogenesis by modulating the
adhesive properties of ECs in their interactions with the extracellular matrix and in the
degradation of matrix components (Van Hinsberg et al., 2008); D’Alessio et al., 2004;
Margheri et al., 2006; Manetti et al., 2011).

Another angiogenesis-associated serine protease family, potentially involved in the
angiogenic program of SSc are some members of kallikreins. Kallikreins hydrolyze
kininogen to kinin. Kinins promote angiogenesis, since they play a role that leads to
endothelial cell migration, proliferation and differentiation. Kallikreins 9, 11, and 12, which
are associated with proangiogenesis, were downregulated in SSc patients, whereas anti-
angiogenic kallikrein 3 was upregulated. Further experiments using healthy MVECs treated
with antibodies against the relevant kallikreins revealed that while kallikreins 9, 11, and 12
induced cell growth, only kallikrein 12 regulated invasion and capillary morphogenesis.
Buffering of kallikrein 12 with antibodies resulted in the acquisition of an SSc-like pattern by
normal cells in vitro angiogenesis (Giusti et al., 2005).

6.8 Adhesion molecules

Another pro-angiogenic marker of SSc vasculopathy is the presence of adhesion proteins
involved in cell-cell interaction and cell-extracellular matrix interactions that are found
increased in SSc skin (Gruscwitz et al., 1992). In particular, increased expression of the
adhesion proteins such as intercellular adhesion molecule 1 (ICAM-1), endothelial leukocyte
adhesion molecule 1 (ELAM-1), vascular adhesion molecule (VCAM-1), E-selectin, P-selectin
in endothelial cells in the skin of patients with a rapidly progressive systemic sclerosis was
observed (Sollberg et al., 1992; Gruschwitz et al., 1995; Ihn et al., 1997; Kiener et al., 1994; Ihn
et al, 1998). To evaluate the relationship between systemic manifestations and
immunological markers of endothelial cell activation, soluble VCAM-1 (sVCAM-1), soluble
E selectin (sE-selectin), VEGF, and ET-1 were determined. Interestingly, the injury to the
pulmonary and renal vascular trees might have distinct pathogenic mechanisms (Stratton et
al., 1998). In particular, in patients with SRC, the level of E-selectin, sVCAM-1, and soluble
ICAM-1 (sICAM-1) were elevated, but they were not consistently elevated in patients with
pulmonary hypertension.
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7. Angiostatic factors

7.1 Endostatin and Angiostatin
Breakdown of the extracellular matrix by granzyme B and other proteases contained in T

cell granule content, may contribute to defective wound healing and vascular repair in SSc
patients. Among these extracellular matrix derived angiostatic growth factors, endostatin
has been characterized as a potent inhibitor of VEGF-induced angiogenesis. Endostatin is a
C-terminal, 20 kDa fragment of the basement protein collagen type XVIII that inhibits
angiogenesis and tumor growth strongly by reducing endothelial cell proliferation and
migration. Circulating endostatin concentrations are significantly increased in patients with
SSc and this increase is associated with the presence of more severe clinical involvement
(Distler O et al., 2002). Angiostatin is another antiangiogenic factor derived from the
cleavage of the plasminogen and proangiogenic plasmin. Recent data suggest that there is a
decreased presence and activity of proangiogenic plasmin, and increased production of
antiangiogenic angiostatin in SSc plasma. This increase in angiostatin production may
account for some of the vascular defects observed in patients with SSc (Mullighan-Kehoe et
al., 2007). Finally, circulating thrombospondin-1 (TSP-1), a counteradhesive protein with
angiostatic and apoptotic properties was found increased in patients with SSc (Macko et al.,
2002).
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For the specific function of involved molecules and cells see the text. EPC: circulating
endothelial progenitors; MSC: mesenchymal stem cells; HSC: hematopoietic stem cells; ROS:
reactive oxygen species; TGFpP: transforming growth factor beta; HIF1a: hypoxia inducible
factor 1 alfa; PDGEF: platelet derived factor; PDGFR: platelet derived factor receptor; VEGEF:
vascular endothelial growth factor; VEGFR: vascular endothelial growth factor receptor;
SDE-1: stromal cell-derived factor 1, CXCR4: SDF-1 receptor; ENG: endoglin; sENG: soluble
endoglin; ALK-1 and ALK-5: activin receptor-like kinase-1 and -5; Ang-1 and Ang-2:
angiopoietin 1 and 2; Tie-2: tyrosine kinase receptor; ET1: endothelin-1; ETAR and ETBR:
endothelin receptor A and B; MMP12: matrix metalloproteinase 12; uPAR: urokinase-type
plasminogen activator.

8. Conclusions

Vascular endothelial cell damage is and early an probably initiating event in the
pathogenesis of the SSc resulting in endothelial dysfunction and loss of capillaries. The
dysregulation of the angiogenic homeostasis seen in SSc, leads to failure in replacing
damaged vessels, thus contributing to the vascular desertification and the chronic ischemia
characteristic of the disease. Vasculogenesis is also impaired in SSc. Failure of the angiogenic
process in SSc largely depends on alteration in the balance between angiogenic and
angiostatic factors. At present, data describing the process of dysregulation in angiogenic
homeostasis are incomplete and need further research. On the other hand functional
alterations of the cellular players involved in the angiogenic and vasculogenic program are
also demonstared. The possibility of reversing this impairment opens new perspectives for
regenerative cellular therapy for the vascular damage of this disease.
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1. Introduction

Systemic sclerosis (SSc) is characterized by a progressive fibrosis of the perivascular and
interstitial connective tissues which can involve the skin, heart, lungs, kidneys, and the
gastrointestinal tract. SSc is an uncommon, debilitating condition, associated to a vital risk
linked to visceral extensions and has a high case-fatality rate among connectivitis. SSc
begins in the vast majority of cases with a Raynaud’s phenomenon, may have a limited or
diffuse skin extension, and is often associated to arterial occlusions, digital ulcerations or
necrosis. SSc clinical manifestations are heterogeneous and classifications distinguish
limited to diffuse disease, depending on the distribution of the skin lesions and organ
involvement [1-3]. There is today no curative treatment. Disease susceptibility differs
according to sex, age and race, there is a notable familial clustering, and SSc incidence may
be rising [4, 5]. The clinical management of the patients still remains a difficult challenge
and the pharmacopeia offers limited choices to the clinician to bring relief to patients.
Pulmonary, renal and myocardial complications have benefited from the introduction of
angiotensin converting enzyme inhibitors, calcium pump inhibitors, prostacyclin analogs
and endothelin antagonists. Based on recent pathophysiological insights, a number of novel
agents are being developed [6-8].

2. SSc pathogenesis in 2011: An elusive mechanism

SSc pathogenesis remains obscure. Central features are an inflammatory vasculopathy,
perivascular and interstitial sclerosis, altered angiogenesis and autoimmunity. Pathologic
changes depend on whether they are observed at an early or late disease stage. The
progression of the disease is typified by the accumulation of extra-cellular matrix (ECM)
components in connective tissues. There are clinical and pathologic arguments to support
the hypothesis that the vasculature is involved at an early step during disease progression.
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Indeed, endothelium damage, perivascular edema and mononuclear cell infiltration are
among earliest pathological changes that may precede the development of fibrosis [9-11].
Deregulated vascular tone, as evidenced by the Raynaud’s phenomenon and morphological
abnormalities of nail-fold capillary loops, as evidenced by capillaroscopy, also witness the
underlying vasculopathy. In such a hypothetical vascular perspective, endothelial cell (EC)
injury fuels other manifestations of the disease by the way of a deregulated inflammatory
reaction. Whatever the primary target, a putative sequence of events leading to progression
of the disease may follows microvascular injury leading in turn to perivascular and
interstitial inflammation, autoimmunity leading to further endothelium injury, chronic
progression of the inflammatory reaction, activation of interstitial fibroblasts, pericytes and
other fibrocompetent cells leading to myofibroblast generation and subsequent persistent
fibrogenic response [6, 12-18]. There are arguments to incriminate the genetic background in
the disease susceptibility and progression. Genetic studies have underlined the inherent
complexity of the disease, highlighting the involvement of the vasculature, the immune
system and the ECM. Several polymorphisms in potential candidate genes have been
identified [19-24]. The number of genes involved further underlines the disease spectrum
heterogeneity. Environmental factors are linked to the disease, this being the case for
exposure to silica, organic solvents or vinyl chloride. Infectious agents have been proposed
to be involved, through endothelium damage, molecular mimicry-mediated autoimmune
responses or other mechanisms [25, 26]. But how exposure to environmental risk factors
combined to a permissive genetic background translates into initiation and progression of
the disease is unclear. Therefore, fundamental questions remain currently unanswered with
regard to key SSc features such as vascular, autoimmune and fibrotic events. The nature of
the EC injury remains unknown. Several potential mechanisms have been explored, such as
EC-specific T cells or auto-antibodies, vasculotropic viruses or environmental factors,
oxidative stress, profibrotic and/or inflammatory cytokines. Altered angiogenesis is also a
characteristic feature of SSc. Prevalent alterations of the capillary network in SSc include
chaotic malformations with giant and bushy capillaries and reduced capillary density. There
is, however, an insufficient angiogenic response, a defective vasculogenesis and a capillary
loss in SSc [27]. Recent progresses have allowed progressive uncovering of the molecular
mechanisms of tissue fibrosis. However, the widespread accumulation of ECM in SSc
remain largely misunderstood, and therapeutic attempts to control fibrosis unfortunately
remained unsuccessful [17, 18, 28-30].

3. SSc: A role for platelets?

A recent expansion of knowledge from basic research has illuminated the role of platelets in
the inflammatory signalization network and underlined a hitherto unsuspected role for
platelets in inflammatory diseases. Moreover, platelets are linked to endothelium
homeostasis. They have been implicated in several vascular and fibrotic disorders. Hence,
platelets stand as foreseeable contributors to SSc natural history. Indeed, there are signs of
ongoing platelet activation in SSc but the underlying mechanisms remain ill-defined. First, it
is not known how platelets could be activated during the course of the disease, through
endothelium injury, immunological mechanisms or other reasons; second, it is not clear
which platelet-derived mediators may specifically influence the progression of the disease.
In the following sections are summarized some of the mechanisms linking platelets with
inflammation, angiogenesis, vascular tone and fibrosis.
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4. Platelets: Central actors of inflammation

4.1 Platelets transport bioactive mediators in the bloodstream

Platelets are cytoplasmic fragments that derive from the fragmentation of megakaryocytes
(MKs) in the bone marrow sinuses. They harbor a unique store of secretory organelles
having a distinct content in bioactive peptides. Alpha granules contain both soluble proteins
destined to be secreted and membrane-bound proteins [31, 32]. Dense granules mostly
contain an adenine nucleotide pool of ATP and ADP, bivalent cations calcium and
magnesium and amines, including serotonin and histamine [33]. Platelet lysosomes contain
a complex set of enzymes including acid proteases, such as cathepsin, carboxypeptidases,
collagenases and various glycohydrolases [34]. Following platelet activation, the organelle
content is released in a process termed secretion. The bulk of proteins secreted by platelets
are remarkably large and diverse, as shown by proteomic studies on either platelet
releasates or isolated granules. Classifications of the platelet secretome content with
reference to biological effects pinpoint relations that platelets may encompass in various
biological functions, including inflammation, tissue repair and angiogenesis [34-37]. Such a
complexity has opened many new challenges with reference to the platelet role in human
diseases.

In addition to MK biosynthesis, platelets also carry mediators that are endocytosed from
plasma and possibly concentrated and/or modified within platelets. Such a plasma uptake
has, for example, been demonstrated for fibrinogen, albumin, immunoglobulins, amino
acids, and several inflammatory mediators including vascular endothelial growth factor
(VEGF), histamine or serotonin [38, 39]. Passive and/or active mechanisms are responsible
for the platelet uptake of plasma material. Platelets may be considered as mobile nodes,
gathering (through endocytosis) and imparting information to target cells [40]. Apart from
the rapid mobilization and release of granule content, platelets also express biomediators,
including IL-1B, tissue factor, fibrinogen, thrombospondin, von Willebrand factor (vWEF),
GPIIb and GPllla, through a time-, translational-dependent pathway that is triggered upon
platelet activation [41-45]. Finally, the traditional concept of platelet loss of function
following activation is debated, as activated platelets circulate or persist in clots while
keeping functional properties.

4.2 Platelet-derived microparticles recapitulate essential platelet functions

Activated platelets shed microparticles (MPs). Platelets are the major source of circulating
MPs. MP biological roles recapitulate essential platelet functions as MPs represent a
transport and delivery system of mediators participating to hemostasis, thrombosis,
vascular repair and inflammation, acting both locally and systemically. MPs may transfer
information to EC through adhesion and/or fusion, an event thought to contribute to the
control of EC phenotype in inflammation [46-48].

4.3 Platelet-endothelium: A friend and foe relationship

4.3.1 Platelets maintain vascular integrity

One of the primary roles of platelets is to maintain vascular integrity [49]. At sites of
vascular damage, platelets promptly adhere to exposed ECM [50], but also to activated EC
(below), a first step in a sequence of events that result in platelet activation, initiation and
propagation of hemostasis and thrombosis and in the release of key material contributing to
wound repair and tissue regeneration, including ECM components and ECM remodeling
proteins, matrix metalloproteinases (MMPs) and their inhibitors, the tissue inhibitors of
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metalloproteinases (TIMPs). Platelets also provide essential material for the angiogenic
process, as summarized below. The role of platelets in tissue repair goes beyond vascular
integrity. Indeed, platelets are essential for organ repair and regeneration as remarkably
exemplified in the liver [37, 51-53].

4.3.2 The platelet/endothelium dialogue in inflammation

The dialogue between platelets and EC is a representative paradigm that has been
extensively studied and reviewed because of its relevance in atherosclerosis [54]. Platelet-
ECs interactions are critical in the initiation and progression of vascular inflammation.
Platelet-derived inflammatory mediators turn EC phenotype to proinflammatory and
procoagulant, and platelets facilitate leukocyte recruitment through the endothelium by
providing chemotactic signals and platelet-bound ligands [49, 54]. Platelets are brought to
inflammatory sites through vascular leakage, attachment to leukocytes but they also
respond to chemotactic signals [55]. Coagulation and inflammation are intricately linked,
and platelets represent an integrating platform for coagulation and inflammation cascades.
For example, they anchor the procoagulant complex leading to the generation of thrombin a
potent proinflammatory mediator. Platelets also contribute to other inflammatory cascades;
for example, they propagate complement system activation [56]. Further readings may be
found in [49, 54, 57-59].

The inflammatory reaction leads to platelet activation. ECM components, chemokines,
triggering of platelet receptors with ligands on inflammatory cells activate platelets.
Importantly, activated ECs bind and activate platelets, and the underlying mechanisms have
been recently précised [50]. In resting conditions, the endothelium is not adhesive for
platelets and prevents platelet activation through multiple mechanisms [60]. Activated ECs
support platelet adhesion and activation. Endothelium denudation, resulting in ECM
exposure, is not a prerequisite for platelet activation. Indeed, platelets roll and adhere on
activated ECs, as shown, for example, after stimulation with Tumor Necrosis Factor-a, or
following ischemia/reperfusion injury [61, 62]. EC activation (which can occurs through
multiple mechanisms, inflammatory mediators, hypoxia, complement activation products,
infectious agents...) results in the upregulation of adhesion molecules, including E- and P-
selectin, a3, intercellular adhesion molecule (ICAM)-1 or vWF, all ligands that mediate
platelet rolling and firm adhesion in a process presenting profound analogies with the
multistep-adhesion mechanisms of leukocytes on ECs [50, 54, 63-68]. Throughout the
adhesion process platelets become activated. Activated platelets are a rich source of
inflammatory mediators. They secrete a host of cytokines, chemokines, and lipid
inflammatory mediators, deliver free acid arachidonic to bystander polymorphonuclear
cells, allowing them to generate leukotriens. Activated platelets therefore contribute to
generate a complex inflammatory milieu in their vicinity [37, 69, 70]. Platelet-derived
inflammatory mediators deliver in turn activating signals to target cells including EC and
leukocytes, resulting in the amplification of inflammation.

4.4 Platelets are a source of angiogenesis mediators

An important mechanism through which platelets control wound healing is linked to
angiogenesis, as exemplified in tumor angiogenesis [71]. Platelets and platelet-derived MPs
provide critical material for the generation and stabilization of the neo-angiogenic vessels;
they secrete positive regulators and inhibitors of angiogenesis, including chemokines [72-
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78]. Platelets also link coagulation to angiogenesis, through the proteolytic release of several
cryptic angiogenic regulators [79]. VEGF is a critical angiogenic mediator in SSc (below) and
its connections with platelets have been extensively studied. VEGF is transported by
platelets [80]. Following binding to its receptor, VEGF induces EC survival, growth,
permeability and migration. Other key angiogenic regulators secreted by platelets are
platelet-derived growth factor (PDGF), transforming growth factor, (TGF)-f and
angiopoietins. The angiogenic response is dependent on a complex regulated balance
between the generation of pro- and anti-angiogenic molecules, with reference to magnitude
and temporal production sequence [81]. The angiogenic activity of VEGF can only be
appreciated by integrating the action of other mediators present in the EC environment [82,
83]. PDGF, TGF-B and angiopoietins are such medjiators, acting in concert with VEGF for the
stabilization of the vascular wall; their imbalanced expression has indeed been implicated in
aberrant angiogenesis [82, 84]. Interestingly, there is a regulated differential secretion of pro-
and anti-angiogenic mediators by platelets with reference to the nature of the agonist [85].

4.5 Platelet-derived mediators participate to vascular tone regulation

The blood flow is dependent on the constriction/dilation of resistance arteries. Endothelium
and periarterial autonomic nervous plexus provide essential controls of the vascular tone
[86, 87]. ECs are a source of vasoactive mediators that regulate blood flow, including the
relaxing factors nitric oxid (NO), prostacyclin (PGI2) or endothelium-derived
hyperpolarizing factor and vasoconstrictive factors including thromboxane A2 or
endothelin-1 [88, 89]. Recent progress has highlighted the involvement of platelets and
platelet-derived MPs in the control of the vascular tone. The integrity of the endothelium
appears central to the vasomotor response to platelets; on intact endothelium, platelet
derived mediators, including serotonin and ADP, cause the release of relaxing factors by the
endothelium. If endothelium dysfunction has occurred, the absence of its protective role
allows platelet-derived mediators, including serotonin and thromboxan A2 to induce
vasoconstriction by directly acting on smooth muscle cells [90, 91]. Interestingly, VEGF may
prove to have an increasing importance in vascular flow regulation, apart from its role in
angiogenesis. Recent evidences indicate that it preserves the structure and function of
neuro-effectors junctions [87].

4.6 Platelets are a source of fibrogenic mediators

Platelets are a rich source of pro-fibrotic molecules. Tissue fibrosis results from a
deregulated wound-healing response to chronic injury. It is typically associated to a
perpetuating inflammatory response, resulting for example from the persistence or repeated
release of a tissue irritant, in contrast to the regulated acute inflammatory response that ends
in a resolution step, repair of tissue damage and tissue homeostasis [92]. A central feature of
tissue fibrosis is a quantitatively and qualitatively altered production of ECM. The increased
biosynthesis of ECM components, particularly fibrillar collagens, by fibrocompetent cells
contributes to generate a permanent and destructive tissue scarring that impairs organ
function. Fibrocompetent cell activation is therefore at the root of the natural history of
tissue fibrosis, and one of its decisive manifestations is transdifferentiation towards
myofibroblasts, expressing o-smooth muscle actin (SMA), and harboring characteristic
stress fibers and contractile phenotype [93]. It is generally accepted that the major source of
myofibroblasts are local connective tissue fibroblasts. However, they can also be recruited
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from circulating fibrocytes and bone marrow-derived mesenchymal precursors, or they
can derive from local epithelial and endothelial cells through the epithelial-mesenchymal
transition [94-99]. Multiple soluble signals activate fibrocompetent cells. Among the most
studied in SSc are the growth factors TGF-1, PDGF, endothelin-1 and connective tissue
growth factor. These mediators are potent fibroblast activators. TGF-f1 holds a peculiar
position in SSc, as its deregulated expression represents a critical step. TGF-f1 promotes
myofibroblastic transdifferentiation of quiescent fibroblasts, clearly demonstrated by the
induction of a-SMA [100], stimulates their proliferation and the synthesis of ECM
components, including fibrillar collagens. Epithelial-mesenchymal transition is linked to
inflammation and fibrosis and several pro-fibrotic mediators induce the epithelial-
mesenchymal transition [101]. A hierarchical induction of pro-fibrotic mediators in tissue
fibrosis has been emphasized [102]. Chemokines, as monocyte chemotactic protein MCP-
1, RANTES (regulated upon activation, normal T-cell expressed and secreted), interleukin
(IL)-8, activate fibrogenic cells, including skin fibroblasts, stimulating their proliferation,
chemotaxis, and ECM biosynthesis. The interaction between keratinocytes and fibroblasts
is a critical step during the early phase of wound healing in the skin. Fibroblasts produce
keratinocyte growth factor and, conversely, keratinocytes signal to fibroblasts leading to
their activation, production of a variety of cytokines/chemokines/angiogenic mediators,
induction of ECM component synthesis and a-SMA expression [102, 103]. There are
important connections between vascular remodeling, angiogenesis and tissue fibrosis.
Deregulated vascular remodeling is an important parameter in promoting the
development of fibrosis and an imbalance between the production of angiogenic and
antiangiogenic factors, such as CXC chemokines, at sites of tissue injury, is relevant to
tissue fibrosis [17, 104-106]. Finally, a regulated balance between ECM production and
degradation is a sine qua non condition for harmonious wound repair and tissue
regeneration. Indeed, as shown in humans and in experimental tissue fibrosis models, the
increased expression of some of TIMPs, a family of enzymes that control MMP activity
through the inhibition of their proteolytic activity and the control of proform cleavage,
leads to an altered MMP/TIMP balance, ECM homeostatic degradation/production
disequilibrium, and ECM accumulation [107].

Platelets are essential actors in these mechanisms. They transport and secrete most of above
-mentioned pro-fibrotic mediators, angiogenic and anti-angiogenic mediators, including
CXC chemokines, ECM components and ECM remodeling proteins MMPs and TIMPs [108,
109]. Platelets influence cell growth and differentiation in a variety of situations [110]. They
provide key control signals to angiogenesis. Persistent platelet activation in the
microvascular bed may therefore contribute to tissue fibrosis [111-113]. However, few
studies have considered their potential contribution. In fact, platelet-derived mediators have
only recently being acknowledged as being of key importance in fibrosis as observed in liver
and pulmonary diseases and, very recently, in SSc (below).

5. Evidence for platelet activation in SSc

There are signs of platelet activation in SSc, as indicated by measurements of various
soluble and membrane-bound markers, circulating MPs and platelet- and platelet-
leukocyte aggregates (Table 1). Soluble markers have been largely studied. As there are
signs of ongoing EC injury in SSc, the specificity of these markers is an important point. P-
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selectin (CD62p) is a component of a-granules and of intracellular EC storage organelles.
There has been debate whether the increase in plasma CD62p truly reflects platelet
activation, as it is also expressed on activated ECs. It is however currently clear that most,
if not all, measured plasma CD62p has a platelet origin [114, 115]. Activated ECs have also
been discussed as potential contributors to soluble CD154 (sCD154). In fact, correlation
studies demonstrated that it can be considered as mostly derived from platelets [116], but,
recently, other cell sources have been described, that may potentially contribute to
elevated circulating sCD154 levels [117]. Soluble P-selectin glycoprotein ligand-1 is
elevated in SSc [118], which may also reflect some degree of platelet activation as it is
expressed by platelets [119]. Chemokine (C-X-C motif) ligand-4 (CXCL4, Platelet Factor 4)
is elevated in SSc; albeit until recently described as exclusively derived from platelets,
other sources exist such as T-cells or macrophages that may be contributors to elevated
circulating levels [120]. Tissue-plasminogen activator (tPA) has also been described as a
marker of EC damage [121]. Studies of the expression of platelet membrane-bound
activation markers also show that platelets are not globally activated, but that this
activation concerns a fraction of their population [122]. Correlation studies in general do
not evidence relations with clinical features of the disease, but this is a matter of debate as
correlations were found for some markers such as sCD154, thromboxane B2 or MPs (Table
1). Finally, morphological electron microscopy-based studies also suggest platelet
enhanced activability in SSc, and there are signs of platelet granule release [111, 123, 124].
A major point is that platelet activation may be prominently linked to the Raynaud’s
phenomenon. Indeed, features of platelet activation are also found in the primary
Raynaud’s phenomenon (below).

Correlations with disease

Platelet activation markers References
features

Circulating platelet Not found [125-127]

aggregates

Platelet-leucocyte aggregates | Not found [128] [128]

B-TG Not found [122]; [130] [122]; [125-127]; [129-134];
[135] (in the CREST

Serotonin Not found variant); [136] (also in
platelets)
[126]; [131]; [133]; Radstake
Arthritis Rheum 2010;62

CXCLA Not found Suppl 10 :1210 (Abstract);
[134]

Thromboxane B2 in plasma | Positive correlation with

or urines (Thromboxane A2 | dSSc (Herrick 1996) [134]; [137-139];

metabolite) [139]

TSP-1 Not found 133]

Membrane CD62P Not found
Soluble CD62P Not found

[
tPA [132]

[

[
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Platelet activation markers Correlations with disease References
features

Positive correlation with
1SSc, with digital ulcers and
pulmonary arterial
hypertension [141]

Inverse correlation to the
Platelet-derived MPs modified Rodnan thickness | [128]; [143]

score [143]

Table 1. Markers of platelet activation in SSc

Platelet activation in SSc is documented by several studies. Markers have been measured in
plasma or serum or on platelets (CD62P). The elevation of circulating tPA is not always found
[139, 144]. Abbreviations: B-TG, B-thromboglobulin ; TSP-1, thrombospondin-1 ; dSSc, diffuse
cutaneous SSc; 1SSc, limited cutaneous SSc ([2]). Other abbreviations are spelled in the text.

sCD154 [141]; [142]

6. Lack of platelet morphological abnormalities and count in SSc

There are no specific recognized abnormalities of the platelet count in SSc. Moderate
thrombocytosis or thrombocytopenia are occasionally observed, and have been related to
inflammation or microangiopathy, respectively [145, 146]. Platelet morphology is not altered.

7. Potential mechanisms mediating platelet activation in SSc

Mechanisms underlying platelet activation in SSc remain ill-defined. Questions that have
been pursued are: (i) is there a platelet dysfunction in patients that would reduce the
threshold level of platelet response to activating signals? (ii) are platelets activated in SSc as
the result of EC injury, autoantibodies directed at platelets or other reasons? (iii) what is the
role played by the Raynaud’s phenomenon?

7.1 Is there a platelet disorder in SSc leading to platelet hyperactivability?

Several studies have examined the eventuality of platelet dysfunction in SSc (Table 2).
Reports suggest augmented responsiveness of platelets to their physiological agonists, either
strong agonists, such as thrombin or collagen, or weak agonists, such as serotonin, ADP,
epinephrine or arachidonic acid, resulting in a reduced threshold of platelet aggregation to
the agonist stimulus. Conversely, there is a reduced response to inhibitors of platelet
activation such as prostacyclin. However, there are contradictory reports (Table 2). Platelet
response to agonists as measured by the hyperactive phenotype is often difficult to
interpret. There is a significant variability between individuals, as several genetic modifiers
may influence platelet function and as platelet hyperactivity, as measured by aggregometry,
can be detected in healthy individuals [147, 148]. Also, in vivo, platelet activation results
from the combinational input of agonists that act in a complex synergistic way and vary
from donor to donor [149-152]. The application of neural networks approaches for
predicting platelet response to a complex milieu may represent a useful tool for studying
platelet activation response to agonists in SSc. There are no straightforward interpretations
of changes in platelet function in SSc. Interestingly, binding assays of radiolabelled collagen
indicate a specific increase in the expression of the platelet collagen type 1 receptor in SSc
patients [153], which would explain the enhanced response to collagen and indicate a
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primary or acquired defect. Proteomic studies on platelet compartments in SSc patients
could help finding a potential primary or acquired platelet defects in this disease.

Platelet function changes References

Hyperaggregability [126]; [131]; [154-158]
Spontaneous (in whole blood)
In response to agonists

Enhanced adhesion to collagen [159];

Reduced sensitivity to PGI2 [160]

Increased platelet sensitivity to collagen- | [138]; [157]
induced aggregation

Increased expression of collagen type 1 | [153]
receptor

Hyperaggregability not found [161]

Table 2. Changes in platelet functions in SSc

7.2 Potential mechanisms mediating platelet activation in SSc

Platelet activation in SSc may first be the consequence of endothelium injury. Indeed, the
canonical role of platelets is to react to endothelium damage, a circumstance that activates a
bidirectional dialogue between ECs and platelets, initiating and sustaining inflammation.
Through soluble and platelet-bound signals, activated platelets confer ECs a
proinflammatory and procoagulant phenotype and, reciprocally, EC activation, as met in
inflammation, leads to platelet activation resulting in a pro-inflammatory amplification
loop. The balance of signals that keep platelet from being activated may be overcome in a
variety of conditions. As summarized above, not only platelets react to the endothelial
barrier loss of integrity with consequent exposure of the underneath collagen-rich matrix,
but they also react to slighter features of EC activation, which do not lead per se to severe
endothelium damage, as met for example in conditions in which ECs are activated by
cytokines including TNFa, IL-1, VEGF, by oxidative stress or hypoxia [80, 162-165]. These
signals induce the expression of a range of molecules promoting platelet adhesion on ECs.
Platelets bind to these docking structures, an event that initiates their activation. These
conditions also induce ECs to produce platelet agonists, such as multimeric vVWF and ADP.
Inflammation and coagulation are inextricably linked. Activated ECs express tissue factor,
leading to the activation of coagulation, platelet activation, thrombin generation and further
amplification of the inflammatory reaction. This is dramatically exemplified in renal
involvement in SSc, characterized by thrombotic microangiopathy lesions. On electron
microscopy studies, aggregates of platelets admixed with fibrin and fragmented red blood
cells are observed within small interstitial vessels or glomerular capillaries. Hypoxia is a
noxious stimulus that activates a range of inflammatory pathways, leading to EC activation
through multiple mechanisms, including the production of angiogenic factors [166-168].
Hypoxia is thought to play a critical role in SSc. SSc-associated microangiopathy results in a
disturbed blood flow in the capillaries with consequent hypoxia, which is likely to be



38 Systemic Sclerosis — An Update on the Aberrant Immune System and Clinical Features

aggravated by tissue fibrosis [169-172]. Hypoxia alters vascular endothelium but also
directly activates platelets [173, 174] (our unpublished results). Altogether, conditions that
turn EC phenotype to proinfammatory/prothrombotic are translated into platelet adhesion
and activation, with the consequent release of inflammatory, mitogenic, angiogenic and
fibrogenic platelet-derived mediators described above. These mediators further activate
ECs, promoting the production of cytokine/chemokines, induction of adhesion and
procoagulant molecules, and production and activation of MMPs. Moreover, ECs
undergoing apoptosis become proadhesive for platelets [175], and activated platelets can in
turn induce EC apoptosis [176].

In fact, endothelial injury in the microcirculation and arterioles is a predominant feature of
SSc which has extensively been reviewed [13, 30, 177-180]. There are circulating stigmata of
endothelial injury, including von Willebrand factor and supranormal (larger) vWF
multimers [126, 131, 139, 181-184], soluble adhesion molecules, such as E-selectin or vascular
cell adhesion molecule (VCAM)-1 and ICAM-1, thrombomodulin, tPA, or endothelin [185-
188]. Increased nitrate in the plasma or serum of patients has been described, and been
related to EC injury, as there are correlations with soluble E-selectin and soluble VCAM-1
[189, 190]. Elevated circulating ECs were also attributed to vascular damage in SSc [191]. EC
apoptosis is a common and early feature in SSc [192]; however pathologic evidence for EC
apoptosis remains controversial [177]. However there are inherent limitations to the
interpretations of such biomarkers [193], these results show that there is an early insult to
the vasculature during the course of the disease.

Importantly, the Raynaud’s phenomenon itself, one, if not the first manifestation of SSc,
preceding the onset of other symptoms of the disease [194-198], is associated with platelet
activation [132]. The absence of endothelium abnormalities in the primary Raynaud’s
phenomenon is generally accepted, although limited morphological abnormalities have
been described [199]. However, features of platelet activation are found in primary
Raynaud’s phenomenon [158, 200, 201] and platelet activation was proposed to play a role
in its pathogenesis [135, 202]. Therefore, events responsible for the Raynaud’s phenomenon
lead to platelet activation in the absence of EC damage, a possible argument to place platelet
activation as a very early pathogenic event in the reciprocal activation dialogue between
platelets and ECs. Intriguingly, several factors that have been put forward as being
potentially causative or susceptible to modify the progression of SSc, as exposure of
extremities to cold, mechanical vibrations, exposure to organic solvents or silica, CMV
infection are associated to some extent to platelet activation, and for some of them to trigger
the Raynaud’s phenomenon.

Finally, autoantibodies against platelet gpllb/Illa have been described in SSc [203].
However their role in platelet activation remains uncertain.

8. Platelet activation and the progression of SSc

SSc is a complex disease for which no specific causative mechanism has been identified. The
disease may be initiated in the vasculature, as morphological changes are apparent before
the onset of the disease; however, it is not clear how endothelium injury begins. Platelets
play a large and complex physiological role in health and disease, as they contribute to
hemostasis, inflammation, tissue repair, and to the innate and adaptative immunity,
standing as essential links [69, 204]. Platelets establish intimate bidirectional relationship
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with the endothelium, making them potential contributors to SSc vasculopathy. The
microcirculation is a characteristic target in SSc pathogenesis. Microcirculation
hemorheologic conditions result in an intimate platelet/endothelium interface,
characterized by a near capillary wall platelet concentration. Clearly, cross-interactions
between ECs and platelets are inextricably linked under the form of feed-back activation
loops and whether or not being a primary event, any condition leading to an endothelium
insult drives platelet activation. Conversely, platelet activation drives to EC activation; the
fact that platelet activation is observed in the primary Raynaud’s phenomenon, in the
absence of EC detectable damage, may signify that subtle early events activating platelets,
such as disturbed blood flow or hypoxia, precede the onset of the disease. Following platelet
activation in the microcirculation, as described above, a wide array of soluble and platelet-
bound mediators with a pleiotropic range of actions are released that can contribute to
several pathophysiological features of the disease including (i) vascular tone dysregulation,
(ii) endothelium activation, (iii) inflammation, (iv) activation of the coagulation system, (v)
fibrogenic response, (vi) altered angiogenesis. Apart from the possible deleterious cross-talk
between endothelium and platelets, described above, two chief features of SSc progression
that may be connected to platelets have been the subject of very recent reports. Altered
angiogenesis and progressive perivascular and interstitial fibrosis are hallmarks of SSc [27].
First as summarized above, platelets are essential contributors to angiogenesis during
wound healing, and ongoing platelet activation in capillary beds may be involved in the
altered angiogenesis associated with SSc. In fact, in line with the major VEGF transporter
role of platelets, platelet VEGEF is increased in SSc patients. However, this is not the case for
other angiogenic regulators, such as TGF-B1, PDGF-BB or angiopoietins [122]. VEGF, jointly
with other mediators, determines the angiogenic or non-angiogenic status of the EC and an
imbalance between the relative concentrations of angiogenic mediators is likely to alter
angiogenesis homeostasis [170, 177]. Indeed, the deregulated expression of VEGF is thought
to lead to abnormal angiogenesis, as exemplified by the resulting disorganization of the
capillary network with large, leaky, fragile capillaries; dynamic parameters, such as the
magnitude or the kinetics of VEGF release being critically important [170, 205-207].
Therefore platelet activation in the patient’s microvascular beds may result in the release of
inappropriate combinations of angiogenic and angiostatic mediators, and such
disequilibrium may be relevant to the vascular disease in SSc [122, 208, 209]. Further, as
summarized above, there are connections between angiogenesis, vascular remodeling and
fibrosis and an unbalance between factors promoting and factors inhibiting angiogenesis
may also be relevant to the progression of fibrosis. Second, as summarized above, platelets
provide a cornucopia of mediators that may be relevant to the natural history of tissue
fibrosis, i.e. through fibrocompetent cell activation. Sustained activation of fibrocompetent
cells contribute to excessive ECM production in tissues. Indeed, fibroblasts expanded from
the fibrotic skin or lungs from SSc patients have a myofibroblastic phenotype and there is a
strong correlation between myofibroblast labeling in the lesional skin and the Rodnan skin
score [210]. Crucial platelet links with tissue fibrosis have recently been emphasized in
humans. In liver fibrosis the secretion of platelet-derived CXCL4 is instrumental [211]. In
SSc, the role of platelet-derived serotonin in skin fibrosis is strongly suggested by the
stimulation of the production of ECM by serotonin through binding to dermal fibroblasts
serotonin receptor 5-HT5p, increased expression of 5-HTop in the fibrotic skin of SSc patients
and reduction of experimental fibrosis through pharmacological targeting of the 5-HT/5-
HT>p signaling and anti-platelet drugs [212].
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9. Conclusion; Platelet activation in SSc: A deleterious loop?

The primary triggering event in SSc remains unclear. However, inflammation of the
vasculature is a common denominator, whether resulting from an autoimmune response to
a yet undefined antigen or other mechanisms. Whatever the primary target, inflammation
leads to EC activation and, due to the reciprocal activating interplay between platelets and
endothelium, EC activation in turn activates platelets and vice-versa. Platelet activation,
through the release of cytokines, chemokines, angiogenic and chemotactic mediators....,
amplifies the inflammatory reaction by triggering its many facets, including leukocyte
recruitment, leading to further endothelium activation and perivascular inflammation,
deregulated angiogenesis and, eventually, fibrosis (Figure 1). A chronic inflammatory
scenario may contribute to fibrosis by the way of fibrocompetent cell activation, if the initial
pathogenic trigger persists, either continuously or repetitively. Self-sustained myofibroblast-
dependent fibrotic process takes place on the grounds of a chronic inflammation. Platelets
may therefore stand at an important place in the ill-understood hierarchy of cell and soluble
mediators interplay responsible for the disease. This scenario is evidently highly simplified
due to the extreme complexity and heterogeneity of the disease pathophysiology. The lack
of suitable animal models [213, 214] that would accurately recapitulate each steps of SSc
progression remains a real handicap to understand the natural history of this disease.
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Fig. 1. Platelet activation in SSc: a deleterious loop?

This schematic model underlines the potential role that platelets may play in the initiation
and progression of SSc; see text for details. The role of platelet-derived MPs may also be an
important point to consider, as they recapitulate several platelet functions and may transfer
platelet deleterious effects at sites distant from their generation.
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1. Introduction

Increased efforts have been made during the last few decades to develop new technologies
capable of identifying and quantifying the expression proteome in different cellular systems
in physiological and physiopathological conditions for determining illness biomarkers,
pharmaceutical targets and/or posttranslational modifications (PTM) by means of
proteomic techniques. 2D gel electrophoresis, with immobilized pH gradients, associated
with mass spectrometry, is one of the fundamentals steps in studying proteomics. The 2D
technique can be used in studying the quantitative expression of protein profiles according
to iso-electric point (Ip), molecular weight (Mr), protein solubility and the relative
abundance of the above. This methodology provides a protein profile reflecting changes in
protein expression levels, isoforms and PTM.

Proteins can be classified into those known by their structure and function, those recognized
by determined domains and about which there is some knowledge, and those whose
function is still not known. Proteomics is defined as the large-scale study of proteins
expressed for a specific tissue from a genome, (global proteomics) or differentially expressed
proteins (differential proteomics). Determining differentially expressed proteins, or proteins
suffering a change in physiological circumstances, is the clue to understanding such
pathology’s cellular mechanisms. Although an expressed gene in specific tissues (as an
answer to biologic alterations) could be analyzed by a mRNA expression study
(transcriptomics), these results do not always coincide with the expected expression profiles
since the number and activity of proteins associated with the same regulation in different
stages could be modified. Genomic data integration is required, as well as transcritomics,
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proteomics, variome, peptidomics, and metabolome to wunderstand physiological
phenomenon in a comprehensive manner.

Systemic sclerosis (SSc) is a chronic illness of the connective tissue having unknown
etiology; it has a variable course and severity and is characterized by intercellular matrix
alterations and secondary fibrosis of enormous amounts of connective tissue. This results
in hardening and thickening of the skin, alterations in the microvasculature and the large
vessels, secondary to changes in the endothelial cells together with Raynaud’s
phenomenon, self-immunity alterations, and musculoskeletal and visceral degenerative
fibrotic changes (1).

Despite recent advances having been made in understanding some molecular pathways
involved in SSc, its etiopathogenesis remains unknown. Treatment for these patients has
had very limited effectiveness, and the natural course of the illness inevitably leads to a fatal
outcome. A better understanding of the illness” physiopathology is required to be able to
orientate suitable therapeutic measures, carry out effective monitoring of its response, and
determine severity criteria indicating a bad prognosis for the illness. This is where
genomics, micro-array analysis and proteomics appear as valuable therapeutic and
diagnosis tools.

Several groups have reported gene expression profiles for SSc-patient’s tissues and cells
(2-6).

Zhou found that fibroblasts in SSc patients showed different RNAm expression profiles
for fibrilarine autoantigens, B centromere protein, P27 centromeric autoantigen , RNA
polymerase I , DNA topoisomerase I, and PMScl (2). Luzina found high chemokine and
cytokine levels in bronchoalveolar lavage (LAB) in SSc patients (3). Whitfield examined
skin biopsies in four SSc patients, identifying 2,776 genes which expressed themselves in
different ways to that of healthy controls (4).Tan (using a fibroblast culture) identified 62
genes which expressed themselves in different ways in SSc (5). Zhou reported fibroblast
micro-array analysis results for fibroblasts from 18 sets of discordant twins in SSc (6,7).
Protein analysis using two-dimensional electrophoresis electrophoresis on polyacrylamide
gel (2D PAG) will contribute to and extend the knowledge produced by analyzing gene
expression, especially for proteins undergoing crucial PTM in their function.

Proteomic analysis involves many methodologies orientated towards identifying and
characterizing altered proteins as a result of illness. Thousands of proteins are evaluated in
just one trial in such studies, leading to detecting expression profiles as a consequence of
abnormality in cell function or interaction. Traditional methods used in proteome analysis
have included 2D PAG where proteins are first separated according to their electric charge
and then by their mass in the second direction before being stained, thus allowing mixtures
of 1,000 to 3,000 proteins to be visualized. The development of special software and the use
of Internet have allowed multiple genes and databases to be compared. When being
combined with mass spectrometry, a separation appears which allows efficient
identification of proteins of interest, including many of their PTM. This analysis can be
applied in comparative studies of expression profiles during different stages of the illness or
healthy tissue compared to affected tissue, thus being able to identify the different
modifications in the protein characteristics of clinical interest in different illnesses (8).
Clinical proteomics is aimed at identifying proteins involved in pathological processes, as
well as evaluating changes in their expression during different stages of an illness.
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Proteomics in clinical practice offers the technical skill for identifying biomarkers for
diagnosis and therapeutic intervention. Potential biomarkers developed from proteomic
analysis will have further specificity and sensitivity in clinical trials, since they measure
protein alteration involved in an illness (9). A good understanding of data management,
correlation, interpretation, and validation is crucial in obtaining precise results contributing
towards understanding cellular alterations which could be involved in developing SSc.

Only two proteomic studies were found in the current literature. Rottoli has analyzed the
type of immune response and protein composition in pulmonary fibrosis patients” LBA
medium associated with SSc, sarcoidosis and idiopathic pulmonary fibrosis. Proteomic
analysis revealed quantitative differences between the three illnesses, finding increased
SSc in plasmatic proteins such as alphal-beta glycoprotein, C3 complement, alpha 1-
antitrypsin, beta- haptoglobin, and prothrombin (10,11). Czubaty has used a commercial
cell line (HelLa S3) for proteomic analysis of Topoisomerase I protein patterns by
comparing co-immunoprecipitation with mass spectrometry and identified 36 new
proteins which were associated with Topoisomerase I and their possible interaction site in
the RRM domain (12). However, these studies have been carried out in a not very specific
medium, such as LBA.

A two-phase fibroblast proteomic study was thus proposed (pre-treatment and post-
treatment) in fibroblasts, these being the cells initially involved in SSc physiopathology in
one of its most important expressions: fibrosis. Fibrosis is one of the pathognomonic
pathological findings for SSc, representing one of the most exemplary phenotypes.
Characteristically, there is uncontrollable collagen production and that of other extracellular
matrix proteins due to resident fibroblasts in the skin, lungs and other vital organs leading
to an excessive accumulation of connective tissue. As the illness progresses, this increased
deposit of connective tissue alters the tissues’ normal architecture, ending in a functional
alteration of the latter and determining a very significant involvement in morbidity-
mortality of patients suffering fibrosis-related SSc (13).

Protein expression pattern was observed when carrying out a proteomic analysis on SSc
patients’ fibroblasts during different stages of the illness and comparing them to healthy
individuals’ fibroblasts. Their appearance was analyzed and thus an increase, decrease, or
absence of their profiles was determined, looking for an association of the proteins found
with phases and serological and clinical characteristics. Proteins involved in the illness’
etiopathology during its different stages were isolated as this could have therapeutic
implications in an illness in which current treatment is very limited and not very efficient.

2. Materials and methods

2.1 Patients

This was a cases and controls study in which 11 patients who fulfilled with American
College of Rheumatology SSc criteria were included during different phases of the illness
(14,15) and subdivided into two groups: limited SSc and diffuse SSc, according to the
parameters proposed by Le Roy (1). Table 1.

The cutaneous involvement of the skin was evaluated according to the modified Rodnan
index (16) which ranges from 0 (normal) to 3 (severe), measured in 17 different body areas
(maximum possible score is 51).
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Clinical features SSc Patients (n=11)
Age at onset/yrs 44.75 £10
Female/male ratio 3:01
Disease duration yrs 9,65+4
SSc subtype
1SSc 7
dSSc 3
Morphea 1
Raynaud phenomenon % 90
Raynaud duration, yrs 91+4
Rodnan Score 221+9
Calcinosis % 45
Telangiectsias % 64
Renal Crisis % 0
Digital ulcers % 0
Gastrointestinal involvement % 20
Pulmonary involvement % 0
Antibodies Anticentromere % 60
Antibodies Anti SL-70 % 30
Antibodies Antinuclear % 90

Table 1. General characteristics of SSc patients

Patients had no treatment or had suspended 4 weeks before taking the biopsy (a treatment
scheme was defined as involving any of the following medications, alone or combined:
prednisone, D-penicillamine, colchicine, micophenolate mofetil, methotrexate,
cyclophosphamide).

Healthy controls were individuals without an autoimmune illness or who had not
undergone previous immunodepressor treatment.

Registration forms were completed; they then contained SSc patients’” demographic data,
clinical characteristics and antibody levels.

All individuals involved in the study signed the participation consent form according to
established ethical norms.

2.2 Skin biopsy

Following the cutaneous biopsy technique’s guidelines by means of punch (17), two skin
biopsies were taken from each SSc patient: a skin sample with SSc involvement obtained
from the body area having the maximum Rodan score and another clinically healthy skin
sample having a zero Rodan score. The same technique was used for a skin biopsy of
healthy individuals taken from a non-esthetic non-visible area. The material was prepared
for cell culture.

2.3 Obtaining fibroblasts from skin biopsies from healthy controls and SSc patients
This stage of the study, as well as the rest of the procedures, had been previously agreed on
by the interdisciplinary team for which the critical route in each process was determined.
Clear coordination of activities was needed to guarantee that:
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e The patients were appropriately and conveniently informed about the investigation and
the lab procedures that would be carried out for analyzing samples;

e The biopsies would arrive at the lab immediately after samples had been taken to
ensure rapid processing; and

e  Serum taken from patients was convenient and suitable for lab procedures.

e According to previously-defined protocols, the sample should have arrived at the lab
on the day the sample was taken as follows (18):

e Tubes marked with the names of the patients, indicating whether the fragment of skin
had been taken from a clinically healthy area or from a clinically sick one; and

e  Dry tubes to take the blood sample from the same patient.

The following procedures had been previously carried out in the lab:

e  Preparation of the means of transport for the biopsy: A DMEM medium was used with
a F-12 medium supplemented with an antibiotic solution (100ug/ml streptomycin,
0.25ug/ml B anphotericin) at 3% in sealed sterile glasses; and

e Preparation of the material and supplies for the culture: a culture medium was
prepared to be supplemented with autologous human serum.

The skin biopsies immersed in the transport medium and the serums were transported at

4°C and taken to a lab specializing in human fibroblast cultures. Once in the lab, the samples

were processed in the white zone, cell culture room, in the safety cabin following
management protocols for these areas, according to the Lab Quality Manual.

e  Each sample was washed three times with HANK’s saline solution supplemented at 3%
with antibiotic and antimycotic solution (100mg/ml penicillin, 100ug/ml streptomycin,
0.25ug/ml B anphotericine);

e The samples were cut by a scalpel into small explants (half millimeter maximum size).
The fragments so obtained were planted as explants in six-well culture plates;

e A total blood sample was taken from each patient in a dry tube to obtain serum by
centrifuging at 2,500 rpm for 20 minutes at room temperature, with which the fibroblast
culture medium would be autologously supplemented;

¢ 2ml DNEM culture medium with F-12 supplemented at 20% with autologous serum
and 1% antimycotic antibiotic solution was added to each well; and

e Each sample was identified with a number for each patient, followed by whether the
sample was healthy or unhealthy.

The cultures were monitored daily under an inverted microscope at 10X by 40X enlargement:

e  Observations and photographs were registered;

e  The culture medium was changed every third day; and

e The first cells began to be observed during the second week after culture.

Confluence was obtained around the fourth week.

Cell preparation for obtaining the proteins was carried out, following the following steps:

o  Cells were previously washed with 1X PBS solution;

¢  Once the washing solution had been removed, 600 ul extraction protein buffer was
added to each well as described in the protocol for 2D electrophoresis or Trizol study
for obtaining NRA; and

e The fibroblasts were incubated for 10 minutes and then homogenized with the help of a
rake. Cell separation was confirmed with an inverted microscope and each well’s content
was placed in a 1.5 ml Eppendorf tube and stored at -80°C until proteins were analyzed.
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3. 2D electrophoresis for analyzing human fibroblast proteins in SSc patients
and controls

14 fibroblast culture samples were studied by 2D-SD PAGE obtained from skin biopsies
from three healthy controls and skin from a healthy and unhealthy region in 11 SSc patients.
A recognition code was assigned. All individuals involved in the study signed the
participation consent form, according to the ethical standards for such protocol.

The fibroblasts were lysed in a 600 ul protein extraction buffer made up of 7M thiourea, 2M
ABS-14 detergent (1%), 40 mM Tris base and 0.001% bromophenol, all of which form part of
BIO RAD protein extraction kit (cat. 163-2086). Anpholites (pH 3-10) were added at 200 mM
final concentration before starting the lysis for reducing cysteine disulphide links.

The samples suspended in lysis buffer were initially sonified on ice to break up the genomic
DNA cells and fragments (10%). The product was spun at 16,000 g for 20 minutes,
separating proteins from the remains of cells and other macromolecules. These samples
were stored at -80°C until subsequent analysis.

The Lowry method (RC DC, assay protein, Bio-Rad) was used for protein quantification;
uni-dimensional electrophoresis was carried out by means of Laemmli’s method to obtain
an electrophoretic map and thus guarantee the integrity of proteins from fibroblast lysates.
Once protein concentration and integrity had been verified, 2D PAG SDS electrophoresis
trials were carried out. Electrophoresis was carried out on 10% and 12% acrylamide gels
(30%/0.8v/v acrylamide/bisacrylamide), best results being obtained at 12%.
Isoelectrofocusing (IEF) followed BIO RAD’s recommended method (cat.163-2105); 7 cm IPG
strips, pH 3-10 and pH 4-7 ranks were selected. The latter were placed on trays to hold
samples of interest suspended in rehydration buffer (125ul total volume); this buffer
contained (m urea, 2% CHAPS, 50 Mm dithiethreitol (DTT), 3-10 anpholites (0.2%) and blue
bromophenol traces. The fibroblast lysates were left (for one or two hours) and it was
verified that the gel was totally covered by the previous solution, after which mineral oil
was placed on the strip to avoid evaporation. The samples were covered and incubated for
sixteen hours. Two functions were fulfilled in this step: the strips were hydrated and the
samples were absorbed by the pH strip gel (which is why time taken and conditions for this
procedure were so important).

Human fibroblast culture protein IEF was carried out on Protean IEF Cell equipment (BIO
RAD), initially on a linear gradient until reaching 250V for 30 minutes, then at 4,000V for 2
hours on a linear gradient and finally on a fast ramp until the equipment reached 12,000V
when the IEF finished. Small wicks of filter paper were placed before passing the strip from
the hydration tray to the IEF equipment; they were moistened with ultrapure water and the
strip was then placed. However, everything had to be covered with mineral oil so as to
avoid evaporation before starting the process.

The 2D in which the proteins were separated according to weight was developed on 12%
gels according to the preliminary analysis. Once the IEF was finished, the strips were
separated from the electrode and placed in the equilibrium solution trays again, with 2% of
equilibrium buffer I (6M urea, 2% SDS, 0.375M Tris-HCl (pH 8.8), 20% glycerol and 2%
DTT). They were incubated for 10 minutes, the disulphur groups thus being reduced. The
strips were then incubated for 10 minutes in equilibrium II buffer (6M urea, 2% SDS, 0.375M
Tris-HCI (pH 8.8), 20% glycerol and 0.5g iodoacetamide). The sulphidryl groups were
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removed to avoid reduction reversibility. This step was repeated, but this time the strips
were placed in the 2D running bulffer (tri/ glycine/SDS at pH 8.8).

Meanwhile the 2D gel was placed in low fusion point agarose solution which was dissolved
in SDS_PAGE running buffer. The proteins were separated in BIO RAD chambers, whether
with Mini-Protean 3 cell (cat165-3301/02) or Mini-Protean Tetra cell (CAT 165-8000/01); the
procedure began with a 40V voltage and was slowly increased to 60V voltage.

Once the proteins had been separated in 2D, they were silver stained according to
manufacturer’s recommendations (Invitrogen, Silver Express staining kit, cat.LC 61000).

The gels were documented with Quantity One 1-D Analysis Software and differential
expression points were found with PDQuest 2-D Analysis Software.

The spots or differential expression points between controls and patients were analyzed
with MALDI-TOF/TOF (4700 Proteomics Analyzer, Applied Biosystems). Four points were
split and sent to the Cérdoba University’s central research support service (SCAI)
proteomics unit in Spain.

It should be pointed out that the best results obtained in separating proteins from fibroblasts
in patients and controls by means of 2D electrophoresis were on 4-7 pH strips and 12% gels.
All 2D electrophoresis trials were carried out from the same human fibroblast culture lysate
for both patients” samples and triplicate controls.

4. Statistical study

The results were presented descriptively with measurements, medians and interquartile
ranges expressed according to expected variables. Association measurements having
binominal categorical variables were presented in the analysis, depending on population
distribution. A Wilcoxon or Mann-Whitney chi square test was used and association was
measured by odds ratio (OR). Controls having similar conditions to the chosen patient cases
regarding age and gender were sought to avoid differential expression which could have
been explained by a physiological condition associated with these two variables and which
could have increased or decreased potential associations.

5. Results

Proteins in cells from silver stained fibroblast cultures were observed in representative 2D
SD-Page electrophoresis. The trials were carried out on 12% gel and IPG strips having pH4-
7. Standardization studies were carried out on strips having pH 3-10 but most proteins were
located in the pH 4-7 range where better resolution appeared. Each fibroblast sample was
analyzed by 2D electrophoresis in triplicate.

2D electrophoresis images of human fibroblast proteins from controls and SSc patients
were analyzed by PDQest software allowing the gels to be normalized. Proteins (spots)
which were differentially expressed in controls and scleroderma patients (marked with
arrows and numbers on each gel in Figure 1) were isolated, digested with trypsin and the
peptides so produced were analyzed by mass spectrometry (peptide mass fingerprints)
(MALDI-TOF). The analyzed spots from silver stained gels as well as isolated ones stained
with Coomasie blue were mainly from different haptoglobin protein isoforms (Table 2),
having greater than
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Table 2. Proteins identified by mass spectrometry (MALDI/TOF- TOF) which were

separated by 2 D electrophoresis and obtained from cultures of human fibroblasts from SSc

patients and healthy subjects. The proteins corresponding to isolated spots in Figure 1,

which differ in expression profile between controls subjects and patients.
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99% protein score confidence interval (the search will be more credible the nearer this is to
100 but confirmation must be above 99%). The protein score is a score given by a search
engine (MASCOT) to each identified peptide, according to the probabilistic system based on
peptide mass distribution, depending on the mass of the protein to which they belong
(Mowse System). These were identified by comparing the MALDI-TOF peptide map to the
theoretic value calculated for peptides from all SWISS-PROT database proteins and the
TrEMBLE database for human sequences and by applying Mascot software. Proteins
corresponding to spots identified by MALDI-TOF (Table 2) were correlated with their
molecular weights and isoelectric points when located on the 2D gels (Figure 1 and 2)

Fig. 1. Representative electrophoresis of proteins obtained from isolated lysates human
fibroblasts cultures from skin biopsies of healthy and Scleroderma patients using 2D SDS -
PAGE (12% ). Healthy controls (A, D) SSc patient F11, healthy skin (B) and diseased skin (C)
SSc patient F7, healthy skin (E) and sick skin (F). IPGs strips were used (pH 4- ) and staining
of the gels were developed with silver reagent.
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Fig. 2. Amplified region noted in Figure 1. 2D electrophoresis of human fibroblast proteins
corresponding to differentially expressed spots were identified by MALDI-TOF/TOF (4700
Proteomics Analyzer, Applied Biosystems). Healthy controls (A, D) SSc patient F11, healthy
region (B) and diseased region (C) SSc patient F7, healthy region (E) and sick region (F).
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Table 3. Main clinical and serological variables and intensity of expression of the spots in

Colombian patients suffering SSc
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presenting approximately identical molecular weight but having a different isoelectric point,
thus reflecting different protein processing mechanisms as previously described in
scleroderma patients. Table 2 shows the identity of haptoglobin isoforms in scleroderma-
derived human fibroblasts in scleroderma patients.

It was determined whether there were any associations between the clinical and serologic
variables and the intensity of the spots’ expression. Gender, initiation age, Raynaud’s
disease duration, pulmonary hypertension, antinuclear antibodies’ pattern and dilution,
modified Rodnan index, microstomy, calcinoses, telangiectasia and classification of the
illness were then categorically and quantitatively evaluated with dominant spots’
expression intensity, without finding any type of association (Table 3 and 4).

Characteristic Health Skin | Sick Skin
Microstomy 0,72 0,821
Antibodies antinuclear [0,465 0,602
Calcinosis 0,97 0,821
Sclerodactilia 0,43 0,502
Hyperpigmentation 0,152 0,821
Hypopigmentation 0,233 0,821
Telangiectasia 0,437 0,502
SSc Subtype 0,151 0,119
PAH 0,181 0,978

Table 4. Association between clinical characteristics and expression of the spots. Measured
by the intensity of protein electrophoresis. Determined by Chi square - p value

6. Discussion

Despite recent advances in understanding some molecular paths involved in SSc, its
etiopathogenesis still remains unknown. Treating these patients has very limited
effectiveness and the disease’s natural course inevitably leads to a fatal outcome. A better
understanding of its physiopathology is required to orientate suitable therapeutic treatment
for efficiently monitoring its response and determining severity criteria indicating a poor
prognosis for the illness. Genomics, micro-array analysis and proteomics thus appear as
valuable diagnostic and therapeutic tools.

Proteomic analysis uses many methodologies orientated towards identifying and
characterizing altered proteins as a result of illness. Millions of proteins are evaluated in one
trial in these studies, leading to the detection of expression profiles as a consequence of
abnormal function or cell interaction. The traditionally-used methods in proteomic analysis
include 2D electrophoresis on polyacrylamide gel where proteins are separated first
depending on their electric charge and then by their mass in the second direction and finally
stained, visualizing 1,000 to 3,000 proteins. Special software having been developed and the
use of internet have led to many genes and databases being compared. Separation is
achieved when combined with mass spectrometry leading to the efficient identification of
proteins of interest, including many of their PTMs. Such analysis can be applied to
comparative expression profile studies during different stages of the illness or comparing
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healthy tissues to unhealthy tissues, thereby identifying modifications in the characteristics
of t proteins of clinical interest in different illnesses.

Haptoglobin was identified in the current study after proteomic analysis in fibroblasts from
SSc patients during different stages of the illness as being a protein which expressed itself in
a different but constant way in all SSc patients by contrast with healthy individuals.
Haptoglobin is an acute phase protein, indicative of different pathological conditions such
as forms of cancer, hepatic cirrhosis and hepatitis C. This protein appears with around 6
phenotypes, besides combinations in PTM, such as glycolization and deamination, thus
increasing the number of presentation forms (19).

Recent studies have demonstrated that idiopathic pulmonary fibrosis is caused by alteration
of protein expression involved in different processes such as matrix remodeling,
inflammation and tissue damage and repair. Similar studies to the current study (carried out
in LBA in pulmonary fibrosis by proteomics) have demonstrated that this protein’s
expression significantly increased (20). However, the advantage of this study was the
identification of this protein in a fibroblast culture, cells directly involved in the illness’s
physiopathology and whose increase did not correlate to the illness” severity but to its
presence, thereby assuming that high haptoglobin values can predict SSc development.
Once haptoglobin has been identified as a protein present in untreated SSc patients,
proteomic studies must be carried out to analyze this protein’s behavior when influenced by
different therapeutic schemes. Such study is currently taking place.

7. Conclusion

Identifying haptoglobin in a fibroblast culture in untreated SSc patients did not correlate
with the severity of the illness but with its presence. It could thus become a predictive tool
for SSc development. However, it is worth studying its behavior in the same patients using
different therapeutic schemes and prospective studies are needed including a bigger
population to verify these observations.
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1. Introduction

Systemic sclerosis (SSc) is a systemic, autoimmune, chronic inflammatory disease affecting
the connective tissue. SSc is mainly characterised by progressive fibrosis of the skin,
subcutaneous tissue and internal organs, leading to their failure (1). In the majority of cases,
lesions involve the osteoarticular, gastrointestinal or cardiovascular system, lungs, kidneys,
and nervous system (2-4). The disease occurs in all ethnic groups and mainly affects women;
its peak incidence is observed in the 5th and 6th decade of life. Occasionally, lesions develop
in childhood (about 3% of cases) (5).

The aetiology and pathogenesis of SSc have not been fully elucidated. The immune system
activation appears to be essential for the development of disease (6-8). By releasing
cytokines and growth factors, the immune response markedly affects the growth and
differentiation of fibroblasts as well as synthesis of collagen (9). The study findings
demonstrate that the extent of lymphocytic infiltrates in the affected skin of SSc patients
correlates with the severity and degree of skin hardening (10). In the early stages of SSc,
inflammatory infiltrates in the skin composed of T lymphocytes, macrophages, mast cells,
eosinophils, basophils, and, although less frequently, of B lymphocytes, precede the
histological features of fibrosis (7,11). With the progression of fibrosis, inflammatory
infiltrates tend to regress (12).

2. The role of T lymphocytes in SSc

T lymphocytes are essential for the pathogenesis of immunological abnormalities in
systemic sclerosis. CD4+ T lymphocytes and macrophages are most abundant in the skin
whereas CD8+ T lymphocytes are abundant in the lungs (13). The total number of
lymphocytes in the peripheral blood is normal or slightly decreased; however, the ratio of
circulating CD4/CD8 lymphocytes and the percentage of CD4+25+ T cells are increased
while the number of CD8+ T lymphocytes is reduced. Additionally, increased concentration
of the soluble CD8 molecule (sCD8) in peripheral blood is suggestive of enhanced activation
of lymphocytes in systemic sclerosis (14-16). In the inflammatory stage of SSc, the activated
T lymphocytes induce fibrotic processes through the production of cytokines or through
direct contact with fibroblasts. The mediators secreted by Thl lymphocytes (IL-2, IL-12, IL-
18, IFN-y), Th2 lymphocytes (IL-4, IL-5, IL-6, IL-10, IL-13, IL-17) and macrophages are of
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particular importance (17-19). Serum levels of 1L-4, IL-10, IL-13, IL-17 secreted by Th2
lymphocytes are elevated. IL-4 appears to be essential for fibrosis. It increases the synthesis
of collagen in fibroblasts and induces the production of TGF-B, which stimulates the
synthesis of various types of collagen, proteoglycans and fibronectin, and inhibits their
synthesis by increasing the production of a tissue inhibitor of matrix metalloproteinases.
Moreover, a negative correlation between the serum concentration of IL-10, severity of skin
lesions and duration of vasomotor disorders has been demonstrated (20). Through the
inhibition of IFN-y and TNF activities, IL-10 is most likely to stimulate indirectly the
processes of tissue fibrosis (16), because both IFN-y and TNF are important SSc mediators.
IFN-y is secreted by Thl lymphocytes and, to a lesser degree, by NK cells, CDS8
lymphocytes, macrophages and dendritic cells. IFN-y is one of the key inhibitors of collagen
synthesis. It decreases the levels of procollagen I, II and III, inhibits proliferation of
fibroblasts and stimulating effects of TGF-p. Its involvement in the pathogenesis of systemic
sclerosis is supported by significantly lower levels of this cytokine in serum of patients
compared to controls (19). TNF, on the other hand, affects directly and indirectly the growth
of fibroblasts, synthesis of collagen and activation of the endothelial cells. Increased
concentrations of the soluble CD30 molecule (sCD30), belonging to the TNF receptor family,
are suggestive of activation of Th2 cells and are directly proportionally correlated with the
severity of skin lesions (16).

The involvement of T lymphocytes in the pathogenesis of systemic sclerosis is also
confirmed by changes in concentration of these mediators secreted by immune response
cells. Increased levels of IL-2 were found in serum of SSc patients, which correlated with
the extent of skin involvement and progression of the disease, as IL-2, a pro-inflammatory
cytokine, stimulates monocytes and macrophages to increased synthesis of TGF-B, which
in turn stimulates fibroblasts to secrete the extracellular matrix (3,20). Furthermore,
elevated levels of a soluble IL-2 receptor (sIL2R) were observed; the relation between the
duration of Raynaud's phenomenon and sIL2R concentrations in patients with 1SSc was
found to be inversely proportional whereas in dSSc patients directly proportional (10).
Elevated levels of IL-1, IL-6, IL-13 and the connective tissue growth factor (CTGF) were
detected in serum and tissues of SSc patients. IL-17 was found to be overexpressed in the
peripheral blood and skin of SSc patients. IL-17 is synthesized by Thl and Th2
lymphocytes. It induces the endothelial cells to produce IL-1, IL-6 and stimulates the
expression of adhesive molecules ICAM-1 and VCAM-1 (12,21). Moreover, it stimulates
proliferation of fibroblasts and activates macrophages to produce TNF and IL-1, which in
turn induces fibroblasts to produce collagen, IL-6 and the platelet-derived growth factor
(PDGF) (7).

Since cytokines are essential for the activation of mediators and humoral immune response,
their impaired production by Thl and Th2 lymphocytes may be the key factor for the
development of systemic sclerosis. Noteworthy, cytokines secreted by Th2 cells stimulate
whereas those secreted by Thl cells inhibit the synthesis of collagen. However, some studies
demonstrate the inhibiting effects of Th2 cells on synthesis of type I collagen (14).
Furthermore, the most recent reports indicate significant involvement of B lymphocytes in
the pathogenesis of systemic sclerosis (18). The activation of B lymphocytes in SSc is
manifested by hypergammaglobulinaemia, presence of autoantibodies, stimulation of
polyclonal B cells and overexpression of CD 19 molecules on naive and memory B
lymphocytes (22,23). Noteworthy, homeostasis of the peripheral B lymphocyte
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subpopulation is impaired in systemic sclerosis. Increased activity of naive B lymphocytes
and decreased numbers of memory cells as well as plasmoblasts are observed. Despite their
reduced numbers, memory lymphocytes are activated continuously, which is most likely
associated with CD 19 overexpression (13). Overexpression of CD 19 appears to be specific
for systemic sclerosis (24). It has not been demonstrated in other autoimmune diseases, such
as systemic lupus erythematosus or dermatomyositis (18). The detection of autoantibodies
in over 90% of SSc patients is a relevant diagnostic and prognostic marker of internal organ
involvement and severity of disease (25). In systemic sclerosis, antinuclear antibodies react
mainly with the nucleolar antigens and are directed against one antigen (26). A close genetic
relationship of autoantibodies with the HLA system suggests the involvement of
immunogenetic mechanisms in the development of SSc (1). T lymphocytes have been shown
to affect the synthesis of anti-DNA topoisomerase antibodies, other autoantibodies and
accumulation of B lymphocytes in skin lesions. This confirms the hypothesis that
interactions between T and B lymphocytes are likely to play a significant role in the
pathogenesis of systemic sclerosis (7,27).

The cause of lymphocyte activation in systemic sclerosis is not known. Genetic
predisposition (haplotypes DR3, DR5, DRwb2) and environmental factors are considered
(28). Moreover, microchimerism, exposure to organic solvents and toxins (toluene, benzene,
xylene, aliphatic hydrocarbons, epoxy resins), infective factors, particularly human
cytomegalovirus, some drugs, including bleomycin, vitamin K, penicillamine, beta-blockers,
pentazocine, and genetically-determined individual susceptibility to oxidative stress,
combined with secretion of free radicals, are also implicated (1,29-32). Recent studies stress
the role of impaired or deregulated apoptosis in the pathogenesis of SSc immune changes
regarding compromised ability to eliminate autoreactive T or B lymphocytes (2,13,33).
According to the recent findings, the abnormal ratio of CD4/CD8 lymphocytes, associated
with excessive loss of CD8+ T lymphocytes, may result not only from the activity of
lymphocytotoxic antibodies and anti-lymphocyte antibodies blocking determinants but also
from enhanced apoptosis of CD8+ T cells (34). Noteworthy, inhibition of apoptosis in
systemic sclerosis leads to excessive activation of T and B lymphocytes, contributing to
overproduction of antibodies (35).

The objective of the present review is to discuss the selected parameters of T lymphocyte
apoptosis in patients with systemic sclerosis.

3. Apoptosis — genetically programmed cell death

Apoptosis (from Greek - “dropping off” of leaves) is an active, programmed process of
morphological and biochemical changes determined by the expression of appropriate
genes leading to cell death. It enables the elimination of cells without inducing
inflammation and damage to the surrounding tissues (36). Apoptosis always involves
single cells although their overall number may be high. As a genetically programmed cell
death, apoptosis plays a key role in maintaining proliferation and homeostasis of
multicellular organisms. It counteracts excessive proliferation and ensures the choice of
cells with an optimal set of receptors in the immune system. Moreover, it conditions the
precise control of the number and type of cells during ontogenesis and organogenesis,
and eliminates excessively produced embryonic and damaged cells, whose survival
would not be beneficial for the organism (37-39). The process of apoptosis was discovered
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by Alastair Currie, John Kerr and Andrew Wyllie in 1972 (40). Morphologically, apoptosis
is characterized by shrinkage of the cytoplasm, condensation of the cell nucleus followed
by its fragmentation (41); due to such changes, the microvilli are lost and apoptotic bodies
formed, composed of morphologically intact nuclear fragments or other cell organelles.
Finally, the apoptotic bodies are phagocytised by the adjacent scavenger cells (Fig.1) (42).
The biochemical changes observed during apoptosis involve a decrease in mitochondrial
potential, release of cytochrome c from mitochondria, an increase in intracellular
concentration of calcium ions, formation of free radicals, activation of caspases, loss of
asymmetric distribution of phospholipids in the cell membrane and enzymatic
degradation of DNA. Due to gradual suppression of metabolic activity and increased
permeability of the cell membrane, the cell, whose nucleus shows apoptotic changes, dies
within several hours (43). Normal apoptosis neither impairs the tissue structure and
function nor generates the immune response (44).
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Fig. 1. Morphological cell changes during apoptosis (42)

There are several stages of programmed cell death: initiation, effector, and destruction (45).
The initiation stage involves cell damage in response to a death signal, which leads to
critical DNA damage, metabolic stress or activation of programmed cell death receptors. A
relevant element of initiation is protein p53, which decides whether the signal received is
strong enough to initiate apoptosis or if there is still a possibility to inhibit the cell cycle at
phase G1 and activate the repair mechanisms. When the signal is strong enough, the cell
enters the effector stage, which determines the irreversibility of changes. At this stage,
however, internal regulation (e.g. mediated by Bcl proteins) is possible. The activation of
caspase cascade initiates the destruction stage - irreversible structural and functional
changes leading to cell death. The remaining parts of a damaged cell are phagocytised, most
commonly by tissue macrophages (44,46).
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Apoptosis may be induced by direct DNA damage caused by intrinsic (e.g. cytokines) or
extrinsic factors (e.g. hyperthermia, ionizing radiation). The physiological activators of
apoptosis are considered to be the tumour necrosis factor (TNF), transforming growth factor
B (TGF-B), some neurotransmitters (e.g. dopamine), calcium, glucocorticosteroids, NK cells
or cytotoxic T lymphocytes. Moreover, apoptosis is induced by loss of cell-extracellular
matrix contact. The pathological factors inducing apoptosis include some bacterial toxins,
free radicals, metabolites and some viruses. Apoptosis can also be triggered by physical
factors, e.g. ultraviolet radiation, gamma radiation, thermal shock or hypoxia (43,47,48). The
pharmacological inducers of apoptosis include chemotherapeutics such as cisplatin,
doxorubicin, bleomycin, cytosine arabinoside, methotrexate, vincristine, inhibitors of DNA
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topoisomerase I (from the camptothecin family) and inhibitors of DNA topoisomerase 11
(etoposide, teniposide) (49).

Apoptosis can be induced via the intrinsic (mitochondrial) or extrinsic (receptor) pathway.
The dominating mitochondrial pathway is connected with caspase cascade activation. The
permeability of the outer mitochondrial membrane is increased resulting in translocation of
proteins from the perimitochondrial space to the cytoplasm. The mitochondria release the
programmed cell death-inducing factors: cytochrome c, apoptosis-inducing factor (AIF), the
second mitochondria-derived activator of caspase/direct inhibitor of apoptosis-binding
protein with low pi (Smac/Diablo), Omi/HtrA2 serine protease (high temperature
requirement) and endonuclease G. This results in decreased mitochondrial potential - the
marker of early apoptosis, autocatalytic activation of pro-caspase 9 and effector caspases,
which induces proteolysis of various nuclear and cytoplasmic proteins (44,50,51). The
extrinsic (receptor) pathway induces apoptosis through binding of a specific ligand by the
receptor on the cell surface. The receptors in question are the TNF receptors (TNF-R, Fas),
binding TNF and FasL, respectively. The ligands are protein death signals sent by other
cells. The activated ligand-bound receptor binds adaptor proteins, which results in
autocatalytic activation of pro-caspase 8 and other effector caspases, ultimately leading to
cell death (Fig.2) (44,52).

4. The role of Bcl in SSc apoptosis

The best-known products of cellular oncogenes regulating apoptosis are Bcl proteins. The
family includes both proteins inhibiting (Bcl-2, Bcl-X;, Bcl-w, Mcl-1, BAG-1) and initiating
(Bax, Bcl-xs, Bak, Bik, Bad, Bid, Bim, NOXA) apoptosis (40). The basic functional elements of
Bcl proteins are p26, responsible for binding the protein with intracellular membranes, and
at least one of the four Bcl-2 homology domains (BH 1-4). The BH1 subunit determines the
regulation of apoptosis, BH2 is responsible for formation of homo- or heterodimers with
other Bcl proteins, BH3 occurs also in other proteins regulating the process of programmed
cell death whereas BH4 enables the anti-apoptotic action (53,54). According to the function
and structure of Bcl-2 constituents, the proteins can be divided into three groups: 1- proteins
with all four domains and anti-apoptotic effects (e.g. Bcl-2, Bcl-Xi); 2 - pro-apoptotic proteins
(e.g. Bax, Bak), deprived of the BH4 domain (except for Bcl- xs); and 3 - pro-apoptotic
proteins containing only the BH3 domain (e.g. Bim, Bid, Bik, Bad) (46,55).

B cell lymphoma/leukaemia 2 (Bcl-2) is the product of bcl-2 gene localized on chromosome
18. It is detected in the inner mitochondrial membrane, endoplasmic reticulum and nuclear
membrane, albeit in smaller amounts. Bcl-2 shows the anti-apoptotic action; therefore, under
physiological conditions, its expression is observed in the cells of all three embryonic germ
layers, non-renewable cells (e.g. neurons) and epithelial basilar cells (56,57). Bcl-2 acts anti-
apoptotically thanks to formation of heterodimers with the molecules enhancing apoptosis
(Bax) (46). In addition to blocking pro-apoptotic proteins, Bcl-2 stabilizes the cell membranes
contributing to increased membranous potential, increased adenosine triphosphate (ATP)
synthesis and inhibition of calcium ion escape. Moreover, it activates the regulatory proteins
of G1 phase (including p53) (58).

In systemic sclerosis, the effects of Bcl-2 on T lymphocytes are regulated by various
cytokines, such as IL-2, IL-4, IL-7, IL-13, and IL-15 (59). The study conducted by Stummvoll
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et al. in 39 SSc patients, demonstrated significantly higher expression of Bcl-2 in CD4+
lymphocytes compared to the control group of 47 healthy individuals. There were, however,
no significant differences in the expression of Bcl-2 in CD8+ lymphocytes, which suggests
that increased expression of Bcl-2 exerts protective effects on CD4+ lymphocytes, hence
promotes increased loss of CD8+ lymphocytes and increased ratio of CD4+/CD8+ ( in
favour of CD4+) (60). Kessel et al., who studied 27 SSc patients, did not find significant
differences in Bcl-2 expression in CD8+ lymphocytes compared to the control group (28
healthy individuals), which strongly suggests that anti-apoptotic effects of Bcl-2 do not
involve CD8+ lymphocytes (61). Furthermore, Czuwara et al. observed increased apoptosis
and impaired expression of Bcl-2 in mononuclear cells of peripheral blood in SSc patients as
well as reduced response to camptothecin. They demonstrated that camptothecin, an
inhibitor of topoisomerase I, stimulated the process of programmed cell death resulting in
decreased expression of Bcl-2. In mononuclear cells of peripheral blood of SSc patients, this
effect was markedly lesser compared to the control group of healthy individuals (62).

Bcl-2 is an anti-apoptotic protein, which prevents programmed cell death both via the
intrinsic pathway, inhibiting the release of pro-apoptotic particles from the mitochondria
and via the receptor pathway, inducing the anti-apoptotic action of NF-«xB (45,63).

Extremely enhanced spontaneous expression of Bcl-2 in peripheral mononuclear cells and
its high increase mediated by camptothecin and IL-2 were demonstrated in a female patient
with systemic sclerosis and breast cancer. Increased expression of Bcl-2 was likely to be
caused by the coexistence of two diseases. The authors suggest that further studies
involving a larger population of patients are required to interpret explicitly the pathogenetic
and diagnostic role of Bcl-2 (62).

The findings reported by Stummvoll et al., who studied 17 patients with diffuse and 22
patients with limited SSc, did not reveal significant differences in Bcl-2 expression in CD4+
and CD8+ lymphocytes. The authors suggest that expression of Bcl-2, as a marker of
apoptosis, may not be dependent on the clinical form of systemic sclerosis (60). Similar
results were presented by Cipriani et al. in 17 patients with dSSc and 5 with 1SSc, which is
likely to indicate that Bcl-2-mediated apoptosis is not dependent on the clinical form of SSc
(59). Moreover, there were no significant relations between the expression Bcl-2 in
peripheral blood lymphocytes in SSc patients and the duration of disease, its activity, degree
and extent of skin lesions, duration of sclerotic microangiopathy, organ changes, antinuclear
antibodies or treatment applied (59,60).

The Bcl-2 - Bax ratio is thought to be essential for apoptosis - due to antagonistic effects of
these proteins, the ratio decides about cell survival or otherwise (64).

The Bcl-2-associated X protein (Bax) is one of the best-known proteins of the Bcl family. It
has an important function in pro-apoptotic regulation of programmed cell death via the
mitochondrial pathway. In its inactive form, it is localized in the cytoplasm. Having
stimulated the cell to apoptotic death, Bcl-2 translocates to the outer mitochondrial
membrane, where it is oligomerised (63). The functional molecule is the 21 kDa protein of
the structure similar to Bcl-2. The action of p53 results in increased amounts of Bax and
decreased amounts of Bcl-2, which leads to their imbalance and formation of Bax-Bax
homodimers. This results in formation of the mitochondrial membranous channel, release of
cytochrome c to the cytoplasm, activation of caspases and disintegration of cell structures
(40,46). Moreover, Bax accelerates the transition of the cell into the phase of genetic material
replication, which suggests its relevant role in proliferative processes, i.e. promoting



76 Systemic Sclerosis — An Update on the Aberrant Immune System and Clinical Features

neoplasia. This could explain worse prognosis in neoplasms with high Bax expression and
better prognosis in cancers with low Bcl-2/Bax ratio (46).

According to the study carried out by Stummvoll et al. in 39 SSc patients and 47 healthy
controls, there were no significant differences in Bax expression in CD4+ and CDS8+
lymphocytes, which is likely to suggest that Bax does not play any significant role in
apoptosis regulation in SSc patients. Moreover, there were no significant differences in Bax
expression in relation to the clinical subtype, duration of disease, or immunosuppressive
therapy administered (60). Our findings in 40 patients with systemic sclerosis revealed
higher expression of Bax in CD8+ lymphocytes in patients with active disease (65). This
enhanced Bax expression in CD8+ lymphocytes may suggest the increased loss of these cells
through the process of apoptosis. The pathogenesis of SSc is associated with increased
proliferation of CD4+ and loss of CD8+ lymphocytes. Apoptosis appears to be one of the
possible mechanism for CD8+ loss (14).

5. The role of NF-kB in SSc apoptosis

Another relevant transcription factor responsible for activation and regulation of expression
of genes involved in apoptosis is the nuclear factor xB (NF-xB) (66). It plays a crucial role in
regulation of the immune response, inflammatory processes, oncogenesis, and virus
replication. Moreover, it is necessary for activation of lymphocytes, proliferation and
expression of cytokines (61). The NF-kB-activated genes include genes encoding cytokines
IL-1, IL-2, IL-6, IL-12, TNF, LTa/p), granulocyte macrophage-colony stimulating factors
(GM-CSF), immunoreceptors ( with the MHC ligand), cell adhesion molecules (ICAM,
VCAM, ELAM), acute phase proteins (SAA - serum amyloid), enzymes (inducible nitric
oxide synthase - iNOS, cyclooxygenase-2 - COX-2) and genes encoding oncogenesis-
involved factors (cIAP1, cIAP2, fasl, c-myc, p53, cyclin D1) (67). To date, ten various
transcription factors belonging to the NF-«B family (Rel) have been identified in mammals.
Five of them are transcription regulators: Rel/NF-«xB (p50/p105 - NF-xB1, p52/p100 - NF-
kB2, c-Rel-Rel, RelA - p65 and RelB); the remaining ones have inhibitory properties (IxB-
IxBa, IxBb, IxBg-p105, IxkBd-p100, Bcl-3) (68). All regulatory factors contain the rel homology
domain (RHD), composed of 300 amino acids, which is responsible for formation of
dimmers, their permeation to the nucleus and binding to an appropriate DNA fragment
(69). The terminal fragment of RHD contains a nuclear location sequence (NLS), which
permits binding to the nucleus (67).

The NF-xB proteins may be homo- and heterodimers (except for RelB). The majority of
homodimers are not capable of inducing transcription whereas heterodimeric structures
contain transactivating domains indispensible for induction of genes involved in the
immune response (68,70). The best-known heterodimer is p50/Ril, composed of two
subunits, p50, a product of NF-«xB1 gene, and p65, a product of RelA gene (67).

NF-kB, found bound to IkB in all cells, except for lymphocytes B, is activated in the
cytoplasm, following the cell exposure to pro-inflammatory factors, e.g. lipopolysaccharides,
(LPS), the tumour necrosis factor (TNF-a, TNF-p), epidermal growth factor (EGF), free
radicals, cytokines, viruses, ionizing or ultraviolet radiation. NF-«B, released during IxB
degradation, is translocated to the nucleus, where it binds to DNA and activates suitable
genes, e.g. mediators of inflammation, carcinogenesis or kB mediators (68, 70).
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Numerous data highlight a significant regulatory role of NF-«B in the process of apoptosis.
Being involved in various pathways of programmed cell death, NF-«B exerts anti- and pro-
apoptotic effects, which is most likely dependent on the predominance of factors activating
or inhibiting the expression of the cascade of apoptotic events. Apoptosis is inhibited due to
NF-kB-induced transcription of Bcl anti-apoptotic genes (Bcl-xl, BFl/Al) and inhibitors of
apoptosis (cIAP1, cIAP2) (which indirectly reduces the activity of cytochrome c). Moreover,
the mechanism of activation of tumour receptor-associated factors (TRAF1, TRAF2) and
IAPs (cIAP1, cIAP2, XIAP), resulting in inhibition of the caspase cascade, is involved;
caspase 8 is deactivated by TRAF1, TRAF2, cIAP1, cIAP2, whereas caspase 3 mainly by
activated proteins cIAP1 and cIAP2 (Fig.3) (61,66,71,72).
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NF-kB— Bclx, Bel2 —| Mitochondrion

cIAPs, XIAP |— Diablo/Smac Cyto. C
Caspase-8 ‘ Caspase-3,7 Caspase -9 <:I Apaf-1
Apoptosis < AIF

Fig. 3. Possible pathways of NF-«B anti-apoptotic action (66)

An example of NF-«B anti-apoptotic action is its involvement in transcriptional regulation
of genes associated with liver regeneration after partial hepatectomy or protection of
cortical neurons against apoptotic effects of p-amyloid (exposure of cortical neurons to -
amyloid is connected with an increase in IkB-a mRNA level, which reduces the NF-kB
activity) (73,74).

On the other hand, the role of NF-kB in transcriptional regulation of several pro-apoptotic
genes is noteworthy. It is highly likely that this process results from rapid activation of NF-
kB in response to the apoptotic signal and from effects of NF-xB on expression of some
genes associated with programmed cell death, e.g. TNF, c-myc or fasl genes (66). By
increasing the expression of FasL, NF-kB enhances the Fas-FasL interactions. Moreover, as
demonstrated earlier, the transcription factor RelA (p65) is essential for activation of the
promoter fragment FasL (75,76). It should be emphasized, however, that some researches do
not confirm possible NF-kB-activated apoptosis mediated by expression of Fasl gene (77,78).
Another indirect example of pro-apoptotic NF-kB action is activation of nitric oxide
synthase required for production of nitric oxide. The process results in inhibition of caspase
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cascade, which leads to cell apoptosis (61). It is worth noting that apoptosis may be
regulated by the antagonistic action of protein p53 towards NK-«xB, which compete for
binding to the co-activator p300 (33).

The involvement of NF-kB in cell cycle regulation involves facilitation of transition from
phase G1 to S through inhibition of activation or function of p53 and increased expression of
the cyclin D1. Additionally, NF-xB can activate the transition from phase G2 to M by
inhibiting the expression of the growth arrest DNA-damage protein 45 (GADD45), which
blocks the cyclin B/ CDK2 complex (66).

The ability of transcription factor NF-«xB proteins to suppress apoptosis and regulate the cell
cycle indicates that NF-kB may play an essential role in oncogenesis. Enhanced expression
of NF-kB has been demonstrated in numerous neoplastic diseases, e.g. breast, lung or
thyroid cancer, T and B cell leukaemia, malignant melanoma, prostate, gallbladder, head
and neck cancer (34,35,79-82).

In the study performed in 27 SSc patients and 28 healthy controls, Kassel et al. observed
reduced expression of NF-kB in CD8+ lymphocytes of SSc patients compared to controls;
additionally, an inverse correlation was found between the percentage of anti-apoptotic
CD8+ T lymphocytes and NF-kB expression. The authors believe that decreased NF-xB
expression in CD8+ lymphocytes in peripheral blood is likely to be one of the mechanisms
of enhanced apoptosis of CD8+ lymphocytes in SSc patients. This weighs in favour of the
anti-apoptotic action of NF-kB in systemic sclerosis and thus confirms an important role
of NF-«B in regulation of homeostasis and tolerance of T lymphocytes (61, 83). The exact
mechanism leading to decreased NF-xB expression in CD8+ lymphocytes in SSc patients
has not been fully explained. The ability of NF-kB to regulate the expression of anti-
apoptotic genes, such as cellular inhibitors of apoptosis (c-IAP1, c-IAP2, IXAP), TNF
receptor-associated factors (TRAF1 and TRAF2) as well as Bcl-2 proteins, appears to be
crucial (83,72). Importantly, NF-kB, as a nuclear transcription factor, and pathways of its
anti-apoptotic action can be activated by various factors: cytokines, free radicals,
lipopolysaccharides, or directly acting receptors, e.g. TNF receptor (61). The NF-xB
involvement in regulation of apoptosis has been confirmed in experimental studies
carried out for over ten years. Numerous reports indicate that NF-kB activation is
necessary for protection of lymphocytes against apoptosis induced by various factors (83).
In 1997, Ivanov et al. suggested a possible relevant role of NF-«B in the regulation of Fas
receptor-induced apoptosis of T lymphocytes (84). Two years later, Dudley et al.
confirmed protective effects of NF-kB on T lymphocytes against Fas receptor- and TNF-
induced apoptosis (85). The recent reports demonstrate that NF-xB activation is
indispensible for protection of T lymphocytes against apoptosis induced by mutagens and
anti-Fas antibodies (78).

According to Auphan et al. and Lanza et al., steroid preparations are likely to contribute to
NF-«B inactivation, hence increasing the percentage of apoptotic cells. Glucocorticosteroids,
as one of the most powerful anti-inflammatory and immunosuppressive agents, inhibit the
synthesis of cytokines and many cell surface molecules required for induction of immune
responses. NF-xB is inactivated due to steroid-induced increased synthesis of IxB. IkB, a
nuclear factor inhibitor, retains NF-«B in the cytoplasm in the form of inactive complexes
(86,87).
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6. The role of mitochondrial membrane potential in SSc apoptosis

Many researchers stress an important role of mitochondria in programmed cell death (88-
90). The majority of human cells undergo apoptosis via the intrinsic pathway (91). It has
been shown that the key point in induction of mitochondrial pathway of apoptosis is
increased permeability of the outer mitochondrial membrane, usually accompanied by
decreased potential of inner mitochondrial membrane (A¥m). The differences result from
metabolic features of membranes. High values of inner mitochondrial membrane (Aym)
have to be maintained for proper mitochondrial energetic processes, which lead to the
formation of adenosine triphosphate (ATP). In normal cells, the inner mitochondrial
membrane is virtually impermeable; however, it is equipped with transport systems for
selected metabolites, whose weight does not exceed 1.5 kDa. Thanks to the presence of
voltage-dependent anion channels (VDACs), the outer mitochondrial membrane acts as a
molecular sieve, which is permeable to the majority of ions and low-molecular substances
dissolved in water of a molecular weight below 5 kDa. VDACs are characterized by
reversibility and selectivity, both for anions and cations; at low voltages, they are open for
anion metabolites. Thus, under normal conditions they are impermeable to positively
charged cytochrome c. The mechanism for opening and closing of VDACs is regulated by
Bcl proteins (55,63,92-94).

The results of studies in patients with chronic B-cell leukaemia reveal that decreased
mitochondrial potential is a marker of early apoptosis mediated by the mitochondrial
permeability transition pores (MPTPs) formed in the inner mitochondrial membrane. The
major constituents of MPTPs are adenine nucleotide translocase (ANT) and cyclophilin D,
located in the inner mitochondrial membrane as well as VDACs and the peripheral
benzodiazepine receptor located in the outer membrane. In normal mitochondria, VDACs and
ANTs form a macromolecular complex responsible for transport of adenine nucleotides from
the site of ATP production within the mitochondrial matrix to that of ATP consumption in the
cytosol. Since apoptosis is relevant for the development of systemic sclerosis, impaired
production of ATP should be expected in T lymphocytes of SSc patients. It is known that the
mitochondria are essential for apoptosis, which results from the fact that permeability of the
mitochondrial membrane and activation of caspases determine irreversibility of the process.
Interestingly, permeability of the outer mitochondrial membrane is a constant feature of
apoptosis. The opening of several MPTPs, or even one of them, leads to depolarization of
mitochondria, impaired oxidative phosphorylation and marked swelling of mitochondria.
With progression of programmed cell death, the mitochondrial potential decreases, which
results in the release of proteins closed within the intermembrane space (e.g. cytochrome c,
apoptosis-inducing factor (AIF), pro-caspase 2, 3, 9, adenylate kinase, the second
mitochondrial activator of caspases). The outflow of these molecules is necessary for quick
activation of the cascade of programmed cell death events (95,96).

In contrast to the outer membrane, apoptotic permeability of the inner membrane is not a
constant feature of apoptosis and does not cause such an intense release of proteins from the
matrix. An increase in inner membrane permeability to dissolved molecules of molecular
weight of about 1.5 kDa is a characteristic feature, which is associated with dispersion of the
proton gradient responsible for mitochondrial transmembrane potential (AWy,) (97,98).

The available literature lacks studies assessing the mitochondrial membrane potential in the
population of CD4+ and CD8+ lymphocytes. In our study, the percentage of apoptotic cells
was analysed using chloromethyl-X-rosamine (CMXRos) (65). The method assesses the
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mitochondrial potential, an indicator of the induction of an intrinsic apoptotic pathway. The
method was chosen as it enabled the assessment of the very early stages of apoptosis, before
the cells undergoing apoptosis are eliminated from the circulation through phagocytosis (89).
Our findings show higher percentages of CD4+ and CD8+ lymphocytes with reduced
mitochondrial membrane potential (A¥m) in patients compared to healthy controls, which
is likely to suggest the activation of early CD8+ T lymphocyte apoptosis through the
mitochondrial pathway in patients with systemic sclerosis (65). It is noteworthy to mention
that a decrease in mitochondrial potential is characterized by specificity, as the process
involves only the cells entering apoptosis, and universality, as it regards all cells entering
the programmed cell death pathway. Moreover, decreased mitochondrial potential is
characterized by irreversibility since the cells of decreased A¥Ym undergo apoptosis even
when the triggering stimulus is removed (99,100). Thus, the measurement of mitochondrial
potential seems to be an extremely sensitive and precise method for assessment of apoptotic
cell percentages.

7. The role of Fas receptor and Fas ligand in SSc apoptosis

The role of the soluble Fas (sFas) in initiation of programmed cell death is illuminated by the
results of studies in patients with systemic sclerosis and other autoimmune diseases (101).
The Fas receptor (APO-1, CD95) and Fas ligand (FasL) belong to the family of TNF receptors
(102). Soluble Fas (sFas) is a 4 kDa glycosylated type I membrane protein, whereas FasL is
synthesized as a 40 kDa type II transmembrane protein. The Fas receptor is expressed on the
surface of various types of normal and neoplastic human cell lines, e.g. T and B
lymphocytes, macrophages, hepatocytes or thymocytes. FasL is produced by activated
CD4+, CD8+ T lymphocytes and NK cells; it is expressed in the eyes and testes and is
characterized by high cytotoxic activity towards the Fas receptor-bearing cells. The activity
of FasL is stimulated by UV radiation, gamma radiation and some drugs, e.g. bleomycin,
anisomycin and doxorubicin, and inhibited by cyclic adenosine monophosphate (cAMP),
retinoic acid, nitric oxide and vitamin Dj (39,75,76,103).

In response to an apoptotic signal, FasL binds to the Fas receptor, which results in Fas
trimerisation. The interactions between Fas and FasL are relevant for induction of lymphoid
line apoptosis and systemic immune response. The pro-apoptotic action is possible thanks to
the complex of adaptor proteins, the mediators of the reaction, or to cell contact. This
happens because Fas receptor fragments are deprived of catalytic domains. One of the
adaptor proteins contains the death domain (DD) - the sequence of specific amino acids,
which enables interactions of FADD protein with the cytoplasmic fragment of activated Fas
receptor. Consequently, the death-inducing signalling complex (DISC) is formed. In
addition to DD, the FADD protein has the death effector domain (DED), to which pro-
caspase 8 binds with its DED. This complex is necessary for autocatalytic activation of pro-
caspase 8. At this stage, two pathways of further signalling leading to apoptosis are possible.
In the first one, active caspase 8 is sufficient to activate pro-caspase 3, which finally leads to
condensation of nuclear chromatin and DNA degradation. The cells characterized by this
signalling on the extrinsic pathway are called type I cells. In contrast, in type II cells,
activation of caspase 8 is insufficient for induction of apoptosis as it is usually weak, and
thus does not lead to formation of sufficient amounts of the product. The signal has to be
enhanced on the mitochondria-dependent intrinsic pathway. A link between both apoptotic
pathways is the Bid protein (Fig.4) (39,76,104,105).
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Fig. 4. The pathway of apoptotic events induced by FasL (39)

Wetzig et al. demonstrated significantly increased levels of sFas in the group of 30 patients
with systemic sclerosis compared to 15 healthy controls. The authors suggested that
increased sFas levels might be an important marker of prevention of T lymphocyte
apoptosis in systemic sclerosis (103). Similar results were reported by Dziankowska-
Bartkowiak et al., who studied the group of 29 SSc patients and 10 healthy controls and
found significantly higher levels of sFas in SSc patients, which is likely to implicate an
important role of sFas in apoptosis prevention in systemic sclerosis (106). By affecting FasL-
Fas coupling sFas may prevent the induction of apoptosis, thus promote the activation of T
lymphocytes in systemic sclerosis. The available results suggest that sFas may be essential
for inhibition of apoptosis in the pathogenesis of systemic sclerosis. By preventing the
initiation of programmed cell death, sFas is likely to increase the proliferative response of
lymphocytes to autoantigenes, ultimately leading to excessive activation of T lymphocytes
(14,101,107). Stummvoll et al. observed statistically significantly higher concentrations of



82 Systemic Sclerosis — An Update on the Aberrant Immune System and Clinical Features

sFas in serum of SSc patients compared to healthy controls. Additionally, they showed
higher Fas expression in CD8+ lymphocytes in SSc patients compared to controls, which is
likely to suggest increased apoptosis of these lymphocytes. However, they did not observe
any significant differences in Fas expression in CD4+ lymphocytes. Abnormal serum sFas
levels in SSc patients are likely to be a marker of T lymphocyte activation during systemic
sclerosis (60). Cipriani et al. demonstrated significantly higher serum sFas concentrations in
22 SSc patients in comparison with healthy controls, which also seems to confirm the earlier
implicated role of the receptor pathway of apoptosis in the pathogenesis of systemic
sclerosis (59). Moreover, elevated sFas levels in SSc patients compared to healthy controls
were observed by Nozawa et al., yet the differences were not statistically significant, which
may be associated with the smaller population of patients included in their study (only 16
patients) (108).

The literary data indicates that SSc patients are characterized not only by increased numbers
of activated T lymphocytes but also by the enhanced expression of Fas receptors in these
cells, compared with healthy controls (60). This shows that increased serum levels of sFas in
SSc patients may protect autoreactive T lymphocytes against apoptosis induced by the Fas-
ligand system and lead to excessive activation of T lymphocytes (14,101,107). Increased
concentrations of sFas may be indicative of inhibition of apoptosis induction by the receptor
pathway, and thus contributes to the activation of T lymphocytes in this disease.

It is worth mentioning, however, that there are studies in which no significant differences in
serum sFas levels in SSc patients were found compared to healthy controls, which may be
associated with different study designs, differences in disease activity or therapy
administered (101,109,110).

Apoptosis appears to be mediated by the Fas receptor pathway in both forms of disease;
nevertheless, considering the clinical picture of both forms, higher levels of sFas should be
expected in SSc patients, whose disease develops more rapidly and affects the internal
organs, especially in early stages (103,111-113). In the study by Wetzig et al., involving 16
ISSc and 14 dSSc patients, there were no significant differences in sFas levels according to
the clinical form of disease (103). Similar results were reported by Stummvoll et al.
Additionally, they demonstrated a positive correlation between Fas receptor expression and
the age of the patients. Their findings, showing statistically significant differences in Fas
expression and sFas concentration, are likely to indicate enhanced activation of T cells
resulting from impaired apoptosis of lymphocytes (60). Otherwise, the findings reported by
Dziankowska-Bartkowiak et al. revealed statistically significant differences in sFas levels
depending on the disease form. Their study involved two size-comparable groups of
patients (15 dSSc and 14 1SSc patients). The sFas concentrations in dSSc patients were found
higher in comparison with 1SSc patients (52,106). According to Ingegnoli et al., expression of
Fas receptor in CD4+ and CD8+ lymphocytes was significantly higher in dSSc patients.
These findings are likely to confirm impaired lymphocyte homeostasis in systemic sclerosis.
The authors suggested that enhanced Fas expression in dSSc patients might lead to the
development of autoregulation mechanisms due to abnormal immune response. sFas-
induced excessive activation of T lymphocytes is likely to lead finally to the elimination of
autoreactive lymphocytes through Fas receptor-activated apoptotic pathways (16).

In the studies carried out by Wetzig et al. in SSc patients, only a slight correlation between
sFas concentration and disease activity was found. The activity of disease was assessed
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based on elevated CRP, SR and/or presence of immune complexes, leucocytosis and clinical
markers of skin involvement (swelling, redness, or tenderness). The diagnostic criteria of
inactive disease included normal SR and CRP, as well as skin sclerosis without swelling or
atrophies. Elevated sFas levels were more common in patients with active disease, although
in single cases high sFas levels were also observed in patients with inactive SSc (103).

Ates et al. found no significant correlations between sFas concentration and degree or extent
of skin involvement in SSc patients. They assessed the severity and extent of sclerosis using
the 4-degree (0-3) scoring method of Kahaleh et al. in 15 body areas (101). Different results
were reported by Dziankowska-Bartkowiak et al, who also used the Kahaleh scale and
observed a positive correlation between sFas concentration and severity of skin lesions and
a directly proportional relation between the serum sFas level and osteoarticular
involvement. The authors suggest that elevated sFas levels in systemic sclerosis may be a
marker of skin and osteoarticular involvement (106).

Ates et al. did not show significant differences in serum sFas concentrations of patients with
lung fibrosis and those without HRCT-detected chest lesions. Moreover, they did not
observe significant correlations between serum sFas levels and lung diffusion capacity (101).
Similar results were presented by Luzin et al. and Wetzig et al. (103,114). However, there are
also reports stressing the role of sFas in the development of interstitial lung disease in SSc
patients. The evidence can be found in studies devoted to the role of apoptosis in the
pathogenesis of systemic sclerosis induced by bleomycin. According to Kuwano et al., anti-
FasL antibodies administered in injections may prevent lung fibrosis induced by bleomycin
in SSc patients. Anti-FasL antibodies are most likely to lead to inhibition of apoptosis
induced via the Fas-FasL pathway (115). This mechanism, however, does not seem
sufficiently protective as lung fibrotic processes are induced not only through the ligand-
receptor pathway (49).

Taking into account the treatment used, Ates et al. demonstrated significantly higher serum
sFas levels in untreated SSc patients in comparison to healthy controls and patients
undergoing therapy (101).

The available literature does not provide evidence for significant correlations between Fas
protein concentrations and disease duration or presence of oesophageal or cardiac lesions
(59,103).

8. The role of cytochrome c in SSc apoptosis

Furthermore, the role of cytochrome c in apoptosis should be highlighted. Cytochrome c is a
water-soluble 15 kDa haem protein, consisting of a 104 amino acid-long peptide chain
combined with the haem molecule. It plays an essential role in oxygen phosphorylation and
apoptosis, being involved in caspase 3 activation and DNA fragmentation (94,116,117). Like
the majority of mitochondrial proteins, cytochrome c is encoded by the nuclear gene and
synthesized in the cytoplasm as a precursor 12 kDa molecule, called apocytochrome c. It
translocates from the cytoplasm, independently of the receptors, along the outer
mitochondrial membrane to the perimitochondrial space where functionally active
molecules of cytochrome c are formed mediated by the inner mitochondrial membrane
enzyme - cytochrome c haem lyase. During programmed cell death, cytochrome c
translocates from the mitochondria to the cytosol in response to the apoptotic signal. The
molecular mechanism of this translocation is not fully explained. As demonstrated earlier, it
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results from decreased membranous mitochondrial potential characteristic of early stages of
apoptosis. The release of cytochrome c during apoptosis is regulated by Bcl proteins. Under
normal conditions, VDAC, formed in the outer mitochondrial membrane by the
mitochondrial channel protein porin, is impermeable to cytochrome c. Mediated by pro-
apoptotic proteins (Bax, Bak, tBid), VDAC opens and releases cytochrome c from the
intermembrane space, whereas anti-apoptotic proteins, e.g. Bcl-xl, close the channel
retaining cytochrome c within the mitochondria. Cytochrome c in the cytoplasm initiates
programmed cell death events through the caspase cascade-dependent pathway (44). By
catalysing the heptameric complex of caspase 9 and apoptosis protease activating factor 1
(Apaf 1), a proenzyme of caspase 9, cytochrome c acts as a cofactor of the reaction.
Cytochrome ¢ binds Apaf 1 without the involvement of deoxyadenosine triphosphate
(dATP); subsequently, in the presence of cytochrome c and with dATP involved, pro-
caspase 9 can bind to Apaf 1, which results in caspase 9 activation. In cases of cytochrome c
deficiency, even if dATP is available, this reaction is infeasible, which points to the relevant
role of cytochrome c in initiation of the cascade of caspases - executors of the death signal.
The consequence of caspase 9 activation is indirect involvement of cytochrome c in
activation of caspase 3, which leads to DNA fragmentation and cell death (Fig.5)
(45,117,118).
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Fig. 5. The role of cytochrome c in apoptosis (117)

9. The role of caspase 9 in SSc apoptosis

Caspase 9 (ICE-LAP6, Mché6) belongs to the intracellular proteases of cysteine, whose
common feature is hydrolysis of protein substrates at the place of asparagine acid carboxyl
residue. These enzymes play a key role in apoptosis; capable of destroying the enzymatic
and effector proteins, they ultimately lead to complete cell disintegration. Caspase 9 is
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synthesized in its pro-enzymatic form as a zymogene. Unlike other caspases, the caspase 9
zymogene shows high chemical activity, which may suggest that pro-caspase 9 proteolysis
is not necessary for enzyme activation (119,120). Like other cysteine proteases, pro-
caspase 9 has a N-terminal pro-domain consisting of a larger subunit - p20 (20kDa) and a
smaller subunit - p10 (about 10 kDa), joined with a short linker. This pro-domain is
involved in dimerisation of pro-caspase molecules and their maintenance in inactive
forms. According to its structure, caspase 9 is a caspase with a long pro-domain, with the
caspase activation and recruitment domain (CARD). The enzyme is activated due to
binding of the homological fragment of 85 amino acids of NH»- terminal fragment of Apaf
to CARD 1 in the presence of cytochrome c and dATP and due to the effects of caspase 3
and granzyme B on the pro-caspase 9 molecule, which was demonstrated under in vitro
conditions (118,121-124). Caspase 9 can also be activated with involvement of active
caspase 8 during Bid disintegration, which results in the release of cytochrome c to the
cytosol. Moreover, pro-caspase 9 may be proteolysed through the apoptosome-
independent pathway using caspase 12 (125,126). The enzymatically active caspase 9 acts
as a tetramer formed of two heterodimers consisting of a small and large subunit (p20, -
p102) (40,127-129). Ultimately, it is located in the cytosol, where to pro-caspase 9
translocates from the perimitochondrial space of various organs in response to the
apoptosis-inducing stimulus. High expression of caspase 9 was shown in the heart,
ovaries and testes. Its presence was also detected in the liver, kidneys, brain, spleen and
lymphoid cell lines and neuroblastoma lines (45,130).

In the process of apoptosis, caspase 9 plays an important role in induction of caspase
cascade - the pathway of biochemical events directly responsible for programmed cell death.
By activating the effector caspase 3 and 7, it substantially contributes to degradation and
fragmentation of cytoplasmic and nuclear proteins. Additionally, since it can be activated by
caspase 3, caspase 9, as an active enzyme, is crucially involved in irreversible changes
occurring in the cells during apoptosis (128,130,131). The caspase 9 involvement in apoptosis
is regulated by specific inhibitors, such as the tumour-up-regulated CARD-containing
antagonist of caspase nine (TUCAN) protein, Akt kinase (protein kinase B), anti-apoptotic
Bcl proteins and IAPs (132).

The role of cytochrome c and caspase 9 in apoptosis has not been fully elucidated; therefore,
further research is required.

10. Key points

1. The Bcl family appears to play a significant role in the regulation of T lymphocyte
apoptosis in SSc patients. Enhanced expression of Bax in CD8+ lymphocytes in patients
with active disease suggests increased loss of these lymphocytes through intensified
apoptosis.

2. Decreased expression of NF-kB in activated CD8+ lymphocytes in peripheral blood is
likely to be one of the mechanisms potentiating apoptosis of CD8+ lymphocytes in
patients with systemic sclerosis.

3. Measurements of mitochondrial potential appear relevant for assessment of early stages
of apoptosis in patients with systemic sclerosis.

4. Fas is likely to play an important role in prevention of T lymphocyte apoptosis during
systemic sclerosis.
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1. Introduction

Systemic sclerosis (SSc) is an autoimmune disease characterized by progressive sclerosis of
the skin and internal organ dysfunction. Cytokine production and release are key events in
SSc pathogenesis as they are involved in T and B cell activation leading to inflammation,
auto-antibodies production, microvascular damage and fibrosis (Katsumoto et al. 2011). The
Th1/Th2/Th17/Treg balance is one of the hallmarks of SSc pathogenesis, as the Th2 and
Th17 cytokines response leads to tissue fibrosis, whereas Thl and Th17 cytokines promote
inflammation in SSc patients. In our previous review, we analyzed the relationship between
cytokine release and SSc pathogenesis, based on experimental and clinical data. We
concluded that circulating or in situ cytokine levels could be assessed as diagnostic and
prognostic markers in SSc patients (Baraut et al. 2010).

The precise pathogenesis of SSc is still poorly understood. The use of microarray technology
showed significant differences of gene patterns in skin biopsies from diffuse scleroderma
(dSSc) and limited scleroderma (ISSc) patients, which also differed from normal controls
(Milano et al. 2008). An immune signaling cluster was evidenced, suggestive for a role of B and
T cells in SSc pathogenesis. Interleukin IL-la, IL-4, tumor necrosis factor-a (TNF- a),
connective tissue growth factor (CTGF), and transforming growth factor-p (TGF-B) have been
identified as some relevant genes related to SSc disease. More recently, major contributions
were made by experiments using genome-wide screening technology, which identified
specific nucleotide polymorphisms (SNPs) in relevant genes related to SSc disease, including
genes coding for cytokines and growth factors (Agarwal et al. 2008). The first genome-wide
association study (GWAS), performed in Korean patients and confirmed in US Caucasians
population, indicated that specific SNPs of HLA-DPB1 and/or DPB2 were strongly associated
with SSc patients who had anti-DNA topoisomerase I or anticentromere autoantibodies (X.
Zhou et al. 2009). More recently, a larger GWAS identified a new susceptibility locus for SSc
susceptibility, previously found in systemic lupus erythematosus, at CD247 (T cell receptor T3
zeta chain). The role of Major Histocompatibility complex (MHC), Interferon regulatory factor
5 (IRF5) and STAT4 gene regions as SSc genetic risk factors has also been confirmed in this
recent GWAS study (Radstake et al. 2010). GWAS approaches have identified multiple genetic
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markers related to innate and adaptive immunity as SSc susceptibility, such as HLA class II,
STAT-4, IRF5, B cell scaffold protein BANK1, B lymphocyte kinase (BLK), Tumor necrosis
factor ligand super-family member 4 (TNFSF4) and CD247 genes (Romano et al. 2011).
However no GWAS have been preformed to clarify the role of genes involved in vascular and
fibrotic processes in SSc¢ susceptibility.

2. Th17 lineage differentiation

The identification of a new subset of inflammatory T cells distinct from Th1 and Th2 cells,
so-called Th17 T cells, secreting interleukin IL-17A/F, IL-21 and IL-22, which play a major
role in inflammation, has significantly improved our understanding of autoimmune
diseases. Th17 cell differentiation can be induced by the combination of TGF-p and IL-6 or
IL-21 (Dong 2008). IL-1 also plays a crucial role in early Th17 cell differentiation (Chung et
al. 2009). Moreover, development and propagation of the Th17 lineage requires IL-1, IL-6,
IL-23, and TGF-f stimulation, whereas Th17 differentiation is inhibited by IFN-y and IL-4
(Harrington et al. 2005). The pro-inflammatory cytokine IL-23 is involved in Thl7-
mediated immune pathology since IL-23-deficient (p19—/—) mice contain very few Thl7
cells and are protected from autoimmune diseases such as experimental autoimmune
encephalomyelitis (EAE) and collagen-induced arthritis. However IL-23 is not required
for the differentiation of Th17 from naive CD4 T cells. Several transcription factors have
been shown as critical regulators of Th17 cell differentiation (Dong 2011). STAT3 has been
reported to be a crucial component of IL-6 and IL-21-mediated Th17-cell regulation.
Moreover, STAT3 deficiency greatly decreased the expression of RORyt and RORa,
transcriptions factors that drives Thl7-cell lineage differentiation. RORyt and RORa
overexpression are induced by TGFp or IL-6 and promote Th17-cell differentiation. Both
transcription factors RORyt and RORa have a synergistic effect in promoting Th17-cell
differentiation and have similar and redundant functions. Furthermore, Smad2 was
reported by several groups to positively regulate Th17 cell differentiation and Th17
immune response in vivo during pathogen infection or in autoimmune disease (Malhotra
et al. 2010) (Martinez et al. 2010) (Takimoto et al. 2010). Smad2 might be a co-factor for
RORyt to mediate the expression of Th17-specific genes (Martinez et al. 2010). In addition
to the ROR, STAT and Smad factors, interferon-regulatory factor 4 (IRF4) was recently
shown to be essential for Th17-cell differentiation upstream of RORyt (Briistle et al. 2007).
Other transcription factors such as the aryl hydrocarbon receptor (AHR), Batf (member of
AP-1 transcription factor family), IkB{ (encoded by the Nfkbiz gene) have recently been
shown to be required for Th17 cell development (Dong 2011).

Differentiation of Th17 and regulatory T cells, both of which depend on TGF-f, shares a
reciprocal regulation. In relation with tolerance induction, TGF-f is able to increase Foxp3
levels and reduces IL-23R expression shifting the differentiation of Th cells from Th17
towards regulatory T cells (L. Zhou et al. 2008). Foxp3 interacts with RORs and recruits
histone deacetylases to Th17-specific genes, thus inhibiting the transcriptional activity of
RORyt genes (X. O. Yang et al. 2008). Although Foxp3 has a strong inhibitory role in Th17
differentiation, IL-6 has been found to down-regulate Foxp3 expression in TGFp-induced
and thymically derived Treg cells and together with IL-1, to upregulate Th17-specific gene
expression (X. O. Yang et al. 2008) (L. Xu et al. 2007).
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In addition to Th17 cells, a wide variety of T cells also produce IL-17A and IL-17F: cytotoxic
CD8+ T cells (Tcl7), distinct populations of ydT (y8-17) cells, NKT (NKT-17) cells,
neutrophils, monocytes and lymphoid tissue inducer (LTi)-like cells (Iwakura et al. 2011).
NKT-17 and y5-17 cells rapidly produce IL-17A and IL-17F in response to pro-inflammatory
cytokine stimulation and may therefore provide an essential initial source of these two
cytokines. In contrast to naive CD4* and CD8* T cells, IL-23 and IL-1 can directly induce y&-
17 cell development in the absence of IL-6 and TCR ligation because they constitutively
express IL-23R, IL-1R, and RORyt.

Th17 which is a distinct lineage of T cells bridging the innate and adaptive immunity, is
characterized by expression of the transcription factors RORyt and RORa, as well as the
surface markers CCR4, CCR6 and IL-23R, the production of the potent proinflammatory
molecules 1L-17, IL-17F, 1L-21, 1L-22, IL-26 and G-CSF as well as the chemokine CCL20.
However, the mechanisms underlying the generation of these cells in vivo remain incomplete.

3. Th17 involvement in inflammation and fibrosis

Th17 effectors, IL-17A/F, IL-21 and IL-22, encompass both pro-inflammatory and pro-
fibrotic characteristics, suggesting that this cell type may act as an intermediate between the
Thl and Th2 lineages. Indeed, IL-17 has been shown to enhance the secretion of the pro-
inflammatory and pro-fibrotic cytokines IL-6 and IL-8 from fibroblasts (Fossiez et al. 1996).
Both IL-17 and IL-22 are mainly produced by Thl7 cells and promote production of
antimicrobial peptides (Liang et al. 2006) constituting thereby a link between innate and
adaptive responses (Stockinger et al. 2007).

Several studies have shown implication of Th17 cytokines in rheumatoid arthritis, asthma,
psoriasis, multiple sclerosis, systemic lupus erythematous, inflammatory bowel disease,
graft versus host (GVH), autoimmune diabetes, Sjogren's syndrome, autoimmune thyroid
diseases and thrombocytopenia (Stockinger & Veldhoen 2007) (Hemdan et al. 2010). Th17
cells have been implicated as the pivotal driving force of autoimmune inflammation in
several animal models of human autoimmune diseases, including autoimmune colitis (Elson
et al. 2007), experimental autoimmune encephalomyelitis (Langrish et al. 2005), collagen-
induced arthritis (CIA) (Nakae et al. 2003), and rat adjuvant-induced arthritis (AIA) (Bush et
al. 2002).

It has been demonstrated that IL-17A and IL-17F contribute to rheumatoid arthritis (RA)
pathogenesis by inducing specific expression patterns in RA synovial fibroblasts (Fossiez et
al. 1996). They enhance their response by stabilizing mRNA of IL-6 and IL-8 cytokines (Hot
& P. Miossec 2011) and enhancing IL-17RA and IL-17RC receptor expression (Zrioual et al.
2008) in the presence of TNFa. They contribute to the inflammatory cell accumulation by
increasing migration, chemokine gene expression (CXCL12 and its receptor CXCR4, CCL20)
and invasiveness of synoviocytes (K.-W. Kim et al. 2007) (Hirota et al. 2007). Moreover, they
induce up-regulation of RANKL, an important positive regulator of osteoclastogenesis
(Kelchtermans et al. 2009). They contribute to disease chronicity by inhibiting synoviocyte
apoptosis (Toh et al. 2010). Finally, they enhance metalloprotease secretion, such as MMP-1,
-2, -9 and -13 leading to cartilage damage (Moran et al. 2009). A recent study demonstrated
that Th17 cells mediate inflammation at very early stages of RA development and
progression (Leipe et al. 2010). They showed an impaired inhibition of Th17 cell
development in RA leading to increased frequencies of Th17 cells together with enhanced
production of IL-17.
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Recently, a role of IL-17 in SSc pathogenesis has been shown. First, Kurasama et al.
demonstrated that IL-17 is overproduced by T cells from the peripheral blood and fibrotic
lesions of the skin and lungs in SSc patients (Kurasawa et al. 2000). They reported that IL-17
also enhances the proliferation of fibroblasts and induces the expression of adhesion
molecules and IL-1 production in endothelial cells in vitro, while no collagen stimulation
was observed. This study also demonstrated that IL-17 overproduction was involved in the
early stage of SSc pathogenesis. Consistent with this report, another study showed that IL-17
production was transiently increased in the earlier phase of the disease (Murata et al. 2008).
More recently, Radstake et al. described increase levels of activated CD4* cells in SSc
patients compared to healthy controls and CD4* lymphocytes (activated or not) highly
expressed the IL23R, which was associated with a higher IL-17 expression. They also
observed increased levels of IL-6, IL-23 and IL-la cytokines in SSc patients, which all
induced IL-17 production (Radstake et al. 2009). Furthermore, IL-21 cytokine, which is
mainly produced by Thl7 and NK cells, potentiates Th17 inflammatory response via
stimulation of IL-23 receptor expression and Treg inhibition. IL-21 can also regulate the
Th1/Th2 response and Ig production (Wurster et al. 2002). It has been demonstrated that
cell adhesions molecules such as L-selectin and ICAM-1 were able to regulate Th2 and Th17
cell accumulation into the skin and lung, leading to the development of fibrosis, whereas P-
selectin, E-selectin, and PSGL-1 regulated Thl cell infiltration, resulting in the inhibition of
fibrosis (Yoshizaki et al. 2010).

4. IL-17 and auto-immunity

Distinct from its pro-inflammatory effects, IL-17 promotes autoimmune disease by
enhancing formation of spontaneous germinal centers (GCs), as shown by autoimmune
BXD2 recombinant inbred mouse strain which spontaneously develop glomerulonephritis
and erosive arthritis. These mice express more IL-17 than wild-type counterparts and show
spontaneous development of GCs by retaining B cells and promoting CD4 T-cell and B-cell
interactions, resulting in increased autoimmune antibodies (Hsu et al. 2008). Furthermore,
long-lasting apoptosis-resistant Th17 cells activate B cells and their immunoglobulin
production mediated by IL-21.

Effects of IL-17 on B-cell activation and antibody production have been also described
recently. Milovanovic and colleagues’ study showed that IL-17A enhances IgE production
(Milovanovic et al. 2010). Indeed, depletion of Th17 cells in vitro from allergic patients’
blood cells induced a decrease in IgE production; addition of IL-17A in the depleted
cultures reversed IgE reduction. In this study, PBMC cultures were stimulated with IL-17
+ IL-4, this leading to memory B-cell activation, IgE class switching and differentiation
into plasma cells.

Interestingly, a novel population of CD4 memory T cells (Th17/Th2) that produce both
IL-17 and IL-4 has recently been described (Cosmi et al. 2010). IL-17 and IL-4-coproducing
CD4 T cells were increased in the circulation of patients with severe asthma. This could
explain the relationship between Thl7 cells and increased IgE levels observed in this
disease.

Moreover, the gene encoding for IL-23 receptor has been identified as a susceptibility
gene for SSc development, and IL-23R polymorphisms are associated with anti-
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topoisomerase-I positivity and lower frequency of pulmonary hypertension (Agarwal et
al. 2009).

5. IL-17 and tolerance

Th17 and Treg differentiations are interconnected as previously introduced upper. Indeed,
naive T cells can differentiate into Treg cells in response to TGF-p, whereas in the presence
of TGF-P plus IL-6/1L-21, they will differentiate into Th17 lineage (Bettelli et al. 2006). Treg
and Th17 cells are reciprocally regulated via the induction of the transcription factors Foxp3
and RORyt, respectively, together in the presence of low or high levels of IL-6. The increase
in IL-6 production inhibits Thl and Treg cells and with low TGF-P levels promotes
differentiation of Th17 cells with a regulatory function. They still need support of IL-23 to
attain their full effectors’ potency with capacity to produce IL-22, CXC chemokines,
antimicrobial peptides and IL-21. The present literature clearly indicates that IL-6 and IL-21
play a major role in dictating how the immune response will be dominated by pro-
inflammatory Th17 cells or by protective Treg.

6. IL-17 measurement in SSc serum before and after HSCT

Autologous hematopoietic stem cell transplantation (HSCT) has been shown as a
promising treatment modality for severe and refractory autoimmune disorders, especially
in diffuse systemic sclerosis (Farge et al. 2002). Our data and others demonstrate that
HSCT induced a significant, progressive and sustained reduction of the modified Rodnan
skin score (mRSS) throughout follow-up, 4 years (M48) after HSCT (Vonk et al. 2008). In
this context, we analysed the IL-17 profile before and up to 4 years after HSCT and its
potential correlation with skin involvement in patients treated for diffuse systemic
cutaneous sclerosis (SSc). Our results showed that IL-17 levels were significantly higher in
SSc compared to control sera from healthy donors (106.7£33.7pg/ml (n=16) wvs
24.248.6pg/ml (n=6), p<0.05) (Fig.1). IL-17 levels observed in SSc patients were similar to
those observed in psoriasis patients (137.8£70.5/ml (n=3)). In regards to HSCT follow-up,
serum IL-17 levels were measured at 6, 12, 24, 36, 48 months after HSCT in SSc patients.
As compared to initial levels, IL-17 levels were reduced at M6 (39.3+17.6pg/ml), but not
significantly because of the wide-range of inter-individual variations (Fig.2). A
progressive recovery was observed throughout follow up to 183.9£63.7pg/ml 4 years
(M48) after HSCT (Fig.2). This observation confirmed the involvement of IL-17 in the
pathogenesis of SSc and the efficacy of HSCT to down-regulate IL-17 initially levels. The
increase observed after 6 months after HSCT cannot be involved in the fibrotic process
since we observed reduction of Rodnan skin score throughout follow-up. More patients
treated by HSCT must be further investigated during long-term follow-up to conclude
about IL-17 involvement and cellular origin of this cytokine in the immune reconstitution.
Our previous report showed that 4 years after HSCT, pro-fibrotic (VEGF, MCP1) and Th2
(IL-6, IL-8,) cytokines were significantly decreased and associated with the progressive
and sustained reduction of the Rodnan skin score (Michel et al. 2011 submitted). That
cytokine changes coincided with increasing numbers of reemerging CD3+ CD4+ T cells
and memory CD4+CD45RA+RO-CD4+ T cells in SSc patients. It might be suggested that
IL-17 progressive increase observed after HSCT could be due to an active and efficient
immune reconstitution.
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Fig. 1. Serum levels of interleukin 17 (IL-17) in patients with systemic sclerosis (55c) and
healthy donors

Serum levels of IL-17 were determined by a specific ELISA (R&D Systems Inc., Minneapolis,
MN, USA) in patients with systemic sclerosis (SSc) and healthy donors. Data are presented
as dot plots and the lines indicate the mean values. IL-17 levels are expressed in pg/ml.
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Fig. 2. Serum interleukin 17 (IL-17) levels in SSc patients after HSCT

Serum interleukin 17 (IL-17) levels at MO and following HSCT (M: month) in 6 patients with
systemic sclerosis (SSc). Mean (+SD) levels of IL-17 detected in the serum by ELISA assay
are expressed in pg/ml.

*p<0.05, significant difference between mean levels at M6 compared with basal level
detected at MO.

7. Conclusion

Th17 cells have been implicated as the pivotal driving force of autoimmune inflammation
and fibrosis in several animal models and autoimmune diseases. Several studies showed
that circulating and in situ IL-17 levels are up regulated in SSc patients. It is well known that
IL-17 plays a major role in the pathogenesis of SSc through its involvement in the
inflammation process, the fibrosis and the auto-antibody production, as confirmed by our
present data.
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1. Introduction

Systemic Sclerosis (SSc) is an autoimmune disease that is typified by several characteristic
hallmarks such as vasculopathy, immune activation and extensive fibrosis of the skin and
inner organs (1). Although the disease has an overwhelming effect on morbidity and
mortality, a cure or even a well defined pathogenic chain of events remains to be
discovered. SSc is quite a rare disease (prevalence between 3 and 24 per 100,000 persons)
and as a consequence, it has taken a relatively long time to define well-recognised
classification criteria. This initially hindered detailed research into the pathogenesis of this
debilitating disease (2-7). However, during the last 20 years research has intensified and
several significant leaps forward have been made, assessing susceptibility risk either via
epidemiologic/environmental or genetic research. SSc susceptibility disease does not show
typical Mendelian heritability, but appears multi-factorial, with an onset later in life. This
implies that the effects of many small genetic variations may combine over time to
precipitate the disease in a SSc susceptible individual. Recently, this dogma was further
underscored by a genome wide association study in SSc, showing that there was not one
single genetic factor posing enough risk to be fully accountable for SSc development (8).
However, investigations of interaction networks composed of multiple genetic risk variants,
which together culminate in a higher disease risk, are just starting in this field (9-10).
Research focusing on environmental factors has initially yielded some interesting results.
Environmental risk factors range from exposure to solvents and silicone breast implants, as
well as CMV and parvo B19 virus infection (11,12). Although interesting, these results
remain not well established, due to the lack of replication or small cohort size (11). Silica
exposure is an exception and seems to be a rather reproducible risk factor among multiple
small cohorts and case-series. This even led to the incorporation of SSc in insurance fees for
silica workers in some countries (11). Next to these associations, a few studies failed to show
an association between silica and SSc risk. A recently published and highly anticipated
meta-analysis on this matter was severely hampered by heterogeneity in the methods used
by the separate studies (13).
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When we overview the results from these two fields of interest in SSc research, it becomes
clear that the risk for developing SSc is highly unlikely to be fully explained by genetic
factors on the one hand, but that the field of epidemiology failed to identify clear
environmental factors on the other hand. Hence, these observations are suggestive for the
presence of more subtle processes that may be involved in determining disease on a
genetically susceptible background. Since SSc rarely develops at very young age, it is logical
to suppose that these processes may take place in the temporal dimension. More specifically,
ageing at the level of cells, tissues and organs, i.e. biological as opposed to chronological
ageing, might have an impact on development of the disease and has been increasingly
implicated in SSc pathogenesis over the last few years. This review aims at critically
describing findings coming forth from this area of research and attempts to place them in a
hypothetical framework with regard to SSc pathogenesis.

2. What is biological ageing, how is it defined and how is it measured

Biological ageing is ageing at the level of a cell, tissue or organ and by extrapolation the whole
organism. It need not necessarily equate with the chronological age of the individual. Indeed,
it can be used to explain inter-individual variation in the rate of ageing between individuals of
the same chronological age. Extrapolation of cellular ageing to the level of the tissue or organ,
or the whole organism, is not straightforward. To do so, one must take account of the number
of senescent cells (generated by both replicative senescence and stress or aberrant signaling-
induced senescence (STASIS)), their location and similarly the number and location of cells lost
through insult, in each respective organ or tissue, to gauge properly the effect on its functional
capacity. Typically, functional capacity would be expected to decline with increasing biological
age. The rate of biological ageing is influenced by the levels of oxidative insult at a cellular
level, by lifestyle, socio-economic factors and environmental factors.

3. Telomeres

Telomeres are specialized nucleoprotein complexes at the end of eukaryotic chromosomes.
They comprise tandem TTAGGG repeat arrays bound to a variety of proteins with roles in
chromosomal protection, nuclear attachment and replication. Telomeres function to cap the
chromosome, preventing chromosomal fusions and the recognition of the chromosome end as
a DNA break. Telomeres facilitate chromosomal attachment within the correct sub-cellular
compartment and have a critical role in DNA replication. The proteinaceous component of the
telomere helps maintaining its structural integrity and functions in sensing, signalling and
repair of DNA damage (14). The length of telomeric DNA repeats shortens during the ageing
of cultured somatic cells ( e.g. fibroblasts, peripheral blood lymphocytes and colon epithelia),
but the rate of shortening is also under both polygenic and environmental influences (15,16).
As a consequence, telomere length reflects the “miles on the clock” of a given individual or cell
type. The characteristic telomeric repeats typically end in a 3' single guanine strand overhang
(17). This is folded back into a double loop structure, comprising a large telomeric loop ( the T
loop) with the single stranded repeat invading the adjacent double stranded DNA helix to
form a second loop, called the displacement, or D loop. This loop is stabilized by, and
dependent on, a cluster of proteins called the shelterin complex, which allows cells to
distinguish telomeres from sites of DNA damage. (18).
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Of interest in this respect, is another, non shelterin, telomeric protein, the Werner syndrome
protein (WRN) protein, which is involved inthe maintenance of telomeric stability (19,20).
Mutations in the WRN gene cause the progeroid condition Werner syndrome. Notably, this
syndrome is macroscopically quite similar to SSc, with features of scleroderma like skin
changes, calcinosis cutis and ulcera and therefore is advocated to be entitled a place in the
differential diagnosis when considering SSc (21-23). However, the syndrome has also many
features, such as hyperglycemia and osteoporosis that are atypical for SSc and Werner’s is
virtually never accompanied by Raynaud’s phenomenom or the typical SSc related auto-
antibodies (23).

Increased chromosomal damage has been repeatedly reported in SSc lymphocytes as well as
fibroblasts, (24-29). Most authors advocate that such damage is due to a higher amount of
oxidative damage, caused by the production of reactive oxygen species (ROS) in the SSc
inflammatory state (24, 25). In addition, SSc fibroblasts produce more ROS than their healthy
counterparts. It is reasonable to expect that in the presence of such elevated levels of ROS, that
telomere biology would be implicated in the chromosomal abberances observed in SSc.

An initial study investigated telomere lengths of peripheral blood leukocytes (PBLs) and
fibroblasts from 43 SSc patients, 182 SSc family members and 96 age-matched controls
restriction fragment length polymorphism (RFLP) and chemiluminescent labelled probes.
They observed an average loss of telomeric DNA in PBLs from SSc patients and their family
members of 3 kb compared to the controls. This loss withstood correction for age and
disease duration. Of interest, although telomeres in SSc fibroblasts were shorter overall
compared to healthy control fibroblasts, this difference was not significant. The investigators
did not observe an association with antibody profiles and telomere shortening. Furthermore,
family members of SSc patients often had shorter telomeres compared to the patients. Two
things can be distilled from this observation. Firstly, it seems unlikely that the telomeres
shorten as a consequence of the disease, but that shorter telomeres are a risk factor for SSc
themselves, or a secondary effect from another risk factor. Secondly, following from the
previous hypthesis, this risk factor might very well be a genetic one, considering the familial
occurrence of the shortened telomeres regardless of age (30).

Another study addressing telomere length in SSc focused solely on females with the 1cSSc
phenotype. Forty-three 1cSSc patients with an age ranging from 37 to 80 years were
included. Terminal restriction fragment (TRF) analyses were used to determine telomere
lengths in this study. Regression analysis showed significantly longer mean TRF lengths in
1cSSc  patients compared to their age-matched healthy counterparts. Moreover, these
telomeres did not show any attrition, usually observed with ageing. When the authors
analyzed the results by defined age groups, the difference between the 1cSSc and control
telomere lengths was only significant beyond the fifth decade. Below 50 years of age, no
difference was observed between healthy females and females with 1cSSc. Noteworthy,
patients using non-steroid anti-inflammatory drugs (n=3) were observed to have longer
telomeres, than those not on NSAIDs (n=17) (31). It is noteworthy that using Southern
blotting to determine terminal restriction fragment lengths also includes detection of
subtelomeric region sequences which are known to show interindividual variation.
Consequently, these observations may indicate a subtelomeric component in 1cSSc and
masking TTAGGG repeat attrition, simply as a matter of methodology.

Until now, literature addressing the role of telomeres in SSc appears conflicting, but this
may be due to the different clinical subsets of SSc investigated by these studies and or
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methodological differences (see above). In this aspect it is important to note that each single
telomeric repeat is a potential topoisomerase cleavage site (32). Since anti-topoisomerase
antibody (ATA) positive patients are usually not of the 1cSSc subset but from the dcSSc
subset, it is tempting to speculate that the presence of these antibodies contributes to the
differences between the studies. This is likely considering the first study included 40%
patients with dcSSc. Although the study states no differences were observed with the
antibody status of these patients, the authors do not provide numbers or data on this matter.
When considering the size of both these studies, it is yet unlikely that they harbour enough
power to provide a conclusive answer on the involvement of ATA+ in telomere shortening.
A second point of consideration is the dissimilar methodology used in both studies. Both
studies used different percentage gels affecting resolution; this is partially reflected by the
differences in variation of the mean TRF, which was remarkably larger in the initial study.
Considering the currently increasing amount of discrepancies coming forth from the use of
diverse methodologies in telomere measurements, a study with a sufficient number of fully
clinically characterized patients, analyzed by a single method, is essential to define the exact
impact of different SSc clinical features on telomere length (33).

4. Telomerase

Telomerase is a holo-enzyme able to synthesize novel telomeric DNA. Typically, in the
absence of telomerase activity (or of a second mechanism-alternative lengthening of
telomeres-ALT), telomeres in somatic cells will gradually shorten resulting in cell growth
arrest and eventual apoptosis. Telomerase activity is able to circumvent these processes by
adding new TTAGGG repeats, thus enlarging the cells proliferative lifespan and combating
the cellular ageing process (14). Telomerase has been a target of investigation in SSc several
times, although each of the respective studies focused on different aspects of telomerase
biology. A synopsis of these studies is presented below.

One study investigating the role of telomerase in SSc hypothesized that telomerase
activation may participate in activation and proliferation of circulating lymphocytes. This
was based on a study in rheumatoid arthritis (RA) and pigmented villonodular synovitis
(PVS) showing that telomerase activity is present at a high level in synovial infiltrating
lymphocytes obtained from patients with RA, indicating that telomerase activation may be
involved in lymphocyte activation and proliferation in RA (34). To address the role of
telomerase activity, peripheral blood mononuclear cells from 9 female SSc patients and 10
healthy age-matched females were obtained and subjected to the telomeric repeat
amplification protocol. Next to this, PBLs from SLE, Sjogren syndrome (SS) and mixed
connective tissue disease (MCTD) were included. Telomerase activity was detected in 64.7%
of SLE patients, 63.6% of MCTD, 54.5% of SS, and 44.4% of SSc. Telomerase activity in SSc
was not significantly different from the activity observed in the controls, although it has to
be noted that high telomerase activity was detected in some patients with this disease.
However, a significant difference was observed in PBLs from patients with SLE, MCTD, and
SS. Although of interest, this study is not conclusive considering the very small number of
SSc patients included (35).

In SSc, the observation was made that SSc fibroblasts had a longer longevity and were less
likely to go into apoptosis than fibroblasts from healthy controls (36). From this perspective,
the hypothesis was put forward that SSc fibroblasts have higher telomerase activity
compared to fibroblasts from their healthy counterparts. To address this issue indirectly, a
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study investigated the presence of a polymorphism at position 514 in the telomerase gene in
53 patients with SSc and 98 healthy controls restriction fragment length analysis. The
investigators found a significant higher presence of the 514 AA genotype in SSc. Again,
these results are interesting, but the very small sample size and the lack of clearness of any
functional implication of this polymorphism renders any firm conclusions vain (37).
Notably, somatic cells such as fibroblasts express negligible levels of telomerase, so that a
hypothesis based on differential telomerase activity between healthy and diseased cells, is
highly questionable.

A further cross-sectional study aimed at evaluating telomerase activity in various connective
tissue diseases was similarly hampered by lack of power (38). This used 19 patients with
SSc, 15 with SLE, 10 with RA and 14 with SS. Twenty-nine healthy subjects were also
included. Human telomerase-specific reverse transcriptase (WTERT) was measured in PBLs,
using RT-PCR. The highest values were observed subsequently in RA, SLE and SS. Whereas
RA was the only disease with significantly higher telomerase expression than controls; SSc
PBLs displayed significantly lower expression compared to controls.

To place this observation in the proper perspective, additional features have to be
considered. The mean age of the SSc patients was not the highest of the tested groups,
making an effect of age on telomerase activity unlikely. In their discussion the authors put
their findings in the light of the study by Artlett et al. describing significantly shorter
telomeres in SSc PBLs (reviewed above). They advocated that the shorter telomeres in SSc
might be caused by lower telomerase activity. This is not intuitive from the point of view of
telomere biology, where disease stress may simply result in increased telomeric attrition and
replicative senescence. None of the studies above have tested for this, even by simply
looking at senescence associated cell surface markers on PBLs (39). Another pivotal
observation is that nearly half of the SSc patients included in this study received
cyclophosphamide treatment, which has been suggested to influence telomerase activity
(40). Unfortunately, the authors do not provide a comparison between the SSc patients with
and without cyclophosphamide treatment, which would have certainly been helpful to rule
out this possible bias.

Also of note, is that the initial hypothesis of higher telomerase activity in SSc fibroblasts
recently inspired researchers to isolate high collagen-producing fibroblasts from SSc
biopsies and extend their lifespan with hTERT immortalization by lentiviral infection. This
was done to the purpose of creating long living SSc fibroblast cell lines to better study and
phenotype the characteristics of the SSc fibroblast in a consistent model (41). Such cell lines ,
while useful research tools, are blunt instruments, and negate primary telomere based
damage response mechanisms that may be subverted by the disease, as they artificially
immortalise the fibroblasts and bypass damage responses, as a consequence. It will be
interesting to evaluate such cell lines for levels of DNA damage and chromosomal
abnormalities with increasing passage in culture, in order to try to disentangle these from
disease specific changes. A further criticism of such an approach is that it negates the
contribution of any epigenetic driver of the disease state which may affect telomere biology
and hence cellular life span.

5. Impaired cytological senescence in SSc

Immune senescence describes the ageing of the immune system and is rather than a
chronological ageing process a biological ageing process. The most well defined findings in
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this field surround the involution of the thymus. This process starts after puberty, continues
during ageing and ultimately results in partial failure of T cell receptor expression and a
decrease in production of CD4+ and CD8+ cells. This ultimately results in a larger T
memory cell pool. Both CD4+ and CD8+ cells lose CD28 expression. Intriguingly, CD28- T
cells are less prone to apoptosis, autoreactive and profoundly interferon gamma (IFNg)
producing. Among others, defective Fas signalling also plays an important role in the
maintenance of thymus function. In addition, interleukin 2 (IL-2) production and response
of aged people declines. A recent study showed that patients with SSc, during their lifespan,
undergo a progressive expansion of the naive CD4+ T cell subset. This could be addressed
to an age-inappropriate peripheral distribution of naive CD4+ T cells. It was regarded as
age-inappropriate because, in contrast to healthy controls, the distribution of naive cells
increased with age in SSc patients. Intriguingly, this is also in sharp contrast to RA, where
the high levels of T cell activation and apoptosis ultimately produce a larger memory subset
pool in disadvantage of the naive T cell pool (42). As described above, thymus involution
seems to play an important role in maintaining the T cell pool. To investigate the role of
thymus involution in the observed differences in T cell populations, the proportion of recent
thymus emigrants by analysis of CD31 expression has been investigated. This has led to the
observation that there was no correlation with decrease of recent thymus emigrants in the
peripheral blood in inactive and the 1cSSc forms of the disease, but not in patients with the
diffuse and active disease. This indicates that in the 1cSSc and inactive disease subsets, the
physiological ageing related decrease in thymic T cells is evaded. However, there seems to
be more at play than just an increase in thymically produced cells, since the observed
increase in CD31 cells did not correlate significantly with the total number of CD4+ T cells.
Based on this finding, it has been hypothesized that peripheral mechanisms must be
involved as well to explain the increased frequencies of naive CD4+ T cells discovered in SSc
patients. Several explanations have been proposed for these observations, including
persistent in vivo antigenic stimulation and cytokine production. Of interest however is the
finding that higher sFAS and Bcl-2 levels were detected in the SSc patients included in this
study, possibly contributing to the difference in T cell homeostasis (43). As mentioned
above, defective FAS functioning is implicated in conserving thymic function and has been
involved on a functional and genetic level in SSc previously, more specifically in 1cSSc
patients, which fit with the 1cSSc specific observations made in this study (44,45).

Following injury, epithelial cells undergo an epithelial-mesenchymal transition (EMT), in
which they start migrating over the wound site and begin proliferating to replace lost cells.
In this respect, it is important to note that most cells exhibit a finite ability to replicate,
termed the Hayflick limit (46). Based on this, it has been proposed that repeated eptithelial
injury can lead to epithelial cells that enter a state of replicative senescence and can no
longer proliferate. At this point a fibroblast response can be initiated as a compensatory
mechanism that serves to patch injury site. This, partially hypothetical framework is
consistent with an increasing prevalence of SSc in age and with the occurrence of the most
aggressive SSc cases being described in late onset disease (47). More importantly, this
hypothesis provides a direct connection between the process of ageing and fibrosis. In line
with this hypothesis, although targeting endothelial cells, is a recent study addressing the
ability of mesenchymal stem cells (MSCs) to differentiate into endothelial cells in SSc. This
process is of interest in SSc, since endothelial damage has been strongly implicated in its
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characteristic vasculopathy. A recent study investigated the ability of MSCs derived from 7
SSc patients and 15 healthy controls to differentiate into endothelial cells. The cells were
cultured in endothelial-specific medium, and subsequently the endothelial-like MSC
phenotype was characterized by surface expression of vascular endothelial growth factor
receptors. In addition, the authors investigated cellular senescence of these cells by
measuring the telomerase activity in MSCs from SSc patients and controls. Intriguingly,
telomerase activity in MSCs from SSc patients was significantly reduced as compared with
that in MSCs from the controls. This observation is counterintuitive to previous hypotheses
relating to higher telomerase activity in disease SSc. MSC’s are a telomerase positive cell
type. A lack of or a decrease in telomerase activity in these cells is indicative of a reduced
proliferative repair capacity. This significant difference between SSc and control MScs
disappeared after full endothelial differentiation. At this point, both subsets displayed
decreased activity, with a stronger decrease in endothelial like MSCs from SSc patients as
compared with those from controls. The authors propose that this reflects early senescence
and that it is caused by an increased number of pathologic stimuli and events encountered
by these cells during their lifespan in the SSc patients (48). It is also consistent with aberrant
telomere biology in SSc and a reduced damage repair capacity.

6. The X chromosome and age

Perhaps unexpectedly at a first glance, X chromosomal expression alters with age. This is of
particular interest in SSc, since this disease predominantly affects females, with ratio’s
reported as high as 14:1 (2-6). Interestingly, skewing of X chromosome inactivation and X
chromosome monosomy, both affecting X chromosomal expression, have been implicated in
SSc susceptibility or pathogenesis. These two aspects of biological ageing will be discussed
in this paragraph in the context of SSc.

The X-chromosome accommodates 1098 genes (49). Most X-linked genes are present with
one copy in males (XY) and two copies in females (XX). To level differences between males
and females in X chromosomal gene expression, several species including mammals,
evolved dosage compensation mechanisms (50). One of these mechanisms balances
expression of the X-linked genes, present as a single copy in males (XY) and as two copies in
females (XX), by inactivation of one of the two X-chromosomes in females (50). The human
X chromosome goes through several phases of inactivation and reactivation during germ
cell development and in the first part of the embryogenesis. In female embryos, imprinted
inactivation of the paternal X chromosome is effectuated at the two- to four-cell phase,
pursued by random X-inactivation at the blastocyst stage. As a consequence of this, females
are functional mosaics for inactivation of the paternal or maternal X-chromosome (51).
About 15% from the X chromosomal genes escapes inactivation; this inactivation pattern
shows some heterogeneity between females (52). Although inactivation of the X-
chromosome is apparent to be permanent for all descendants of a cell, the XCI pattern alters
with age. The frequency of skewed XCI in peripheral blood cells increases in elderly
compared to younger healthy females. This is thought to be caused by the exhaustion of
progenitor cell populations in the bone marrow with ageing, leaving only a few progenitor
cells left to produce cells that will reflect the skewed XCI patterns of their progenitors in the
periphery (53).
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Intriguingly, women with SSc comprise a significantly higher frequency of peripheral blood
cells with a skewed XCI pattern compared to healthy women. The same observation has
been made in females with auto-immune thyroid disease and juvenile arthritis, but was not
observed in systemic lupus erythemathosous and primary biliairy cirrosis (54). Two
overlapping Turkish studies postulated that in 195 female SSc patients and 160 female
controls skewed XCI patterns were significantly more present; 44.9% of 149 informative
patients and in 8% of 124 healthy controls. (55,56). Interestingly, there seemed to be no age
related increase in skewed XCI patterns. A recent study replicated the significantly higher
percentage of XCI skewing in a cohort of 217 women with SSc and 107 healthy women.
More depth was added to this observation by showing that there was no significant
difference between skewing patterns of peripheral blood mononuclear cells, plasmacytoid
dendritic cells, T cells, B cells, myeloid dendritic cells and monocytes. At sharp contrast with
the healthy control population, skewing percentages of X chromosomal inactivation were
independent of age in patients with SSc. Furthermore; this study investigated the effect of
the skewed XCI on Foxp3 gene expression. Foxp3 plays an important role in T regulatory
cell development. Intriguingly, Foxp3 expression was diminished in the patients with SSc
exhibiting the most markedly increased skewing, which in turn was associated with less
efficient suppressive activity (57).

Females suffering from Turner’s syndrome, and are hence harbouring only one X
chromosome, are at increased risk for developing autoimmune disease. Based on this
observation an effort was undertaken to investigate the presence of X monosomy in
peripheral blood leukocytes from 44 females with SSc and 73 age-matched healthy women.
Interestingly, monosomy rates in SSc, regardless of its clinical subtype, were significantly
higher compared to healthy women. Furthermore, X monosomy rates increased with age
and were higher in T and B cells compared to monocytes/macrophages,
polymorphonuclear, and natural killer cells. Noteworthy, male cell microchimerism, also
advocated to play a role in SSc, was ruled out by excluding the presence of an Y
chromosome in these cells (58). These observations together imply that age related X
chromosomal changes might play a role in the higher SSc prevalence in females at
increasing age.

7. Conclusions

This review aimed to summarize findings related to biological ageing that are involved in
SSc susceptibility and pathogenesis. When we overlook the publications in this field it
becomes obvious that most of the investigations can be traced back to chromosomal
changes, whether it concerns telomere and telomerase associated damage control, or
senescence as well as well as altering X chromosomal expression.

The pivotal question in addressing the relevance of the described findings is whether the
observed changes in cell senescence, XCI and telomeres/telomerase are caused by a higher
turnover of cells, forced by the ongoing inflammatory processes in SSc, or that some of these
results are truly involved in initiating or perpetuating SSc. When considering the results
describing telomere shortening, increased XCI, X monosomy and early MSC senescence,
these results might all flow logically from a higher demand of immune progenitor cells and
epithelial/endothelial cells in SSc. This cannot be said about the finding of decreased
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telomere attrition in 1cSSc PBLs and the decreased rate of physiologic thymus function
reduction, which seems counterintuitive considering healthy ageing processes and which is
different to other autoimmune diseases. These findings are potentially very relevant in
pointing towards processes sustaining or initiating the inflammatory status. More
specifically, the factors sustaining thymic cell production and telomeric repeat length could
be involved in the decreased capability to drive out immune cells based on cell damage or
senescence, more prone to be autoreactive. It has to be noted here, that both processes take
place predominantly in the 1cSSc subset of patients, advocating for full clinical data to be
included in future studies. The sustenance of telomeric length in PBLs from 1cSSc patients is,
based on the published literature, unlikely to come from an increase in telomerase activity,
which was found steeply decreased in SSc patients. In this light it is of interest to compare
telomere shortening in SSc with other ageing markers, such as CDKN2A, to see whether the
shortening is an isolated process, or follows a general, systemic state of increased biologic
ageing (33). Notably, although telomeric shortening seems to be influenced by socio-
economic factors and events, no ubiquitous socio-economic correlations have been made
with SSc so far (2-6, 15, 59).

The involvement of the X chromosome in SSc is also interesting, considering the increased
prevalence of SSc in females. In this light it has to be noted that genetic data on X
chromosomal genes in SSc are a scarce commodity and were not included in a recent GWAS
publication (8). Genetic analysis of the X chromosome might identify genes involved in SSc
directly or either indirectly in prompting XCI and X monosomy at an earlier onset than
expected by physiological ageing alone.

Finally, when over-viewing the literature in this field it becomes apparent that although
very interesting observations have been made, the results described are hampered by small
numbers of SSc patients and therefore have to be regarded cautiously. Nevertheless, these
observations warrant more research since a strong point can be made for the involvement of
age related phenomena in SSc. Therefore, a large study with well characterized SSc patients
addressing current controversies in telomere and telomerase functioning, as well as further
corroboration of EMT response aberrances is currently highly anticipated.
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1. Introduction

Systemic sclerosis (SSc) or “Scleroderma” is a disease characterized by cutaneous and
visceral fibrosis that affects both the skin and internal organs. The worldwide prevalence
ranges from 50-300 cases per million (Chifflot et al., 2008) and much of the morbidity in this
population results from pulmonary complications. In fact, nearly 70% of scleroderma
patients show some form of lung disease. Of the two forms of lung involvement, pulmonary
arterial hypertension and interstitial lung disease, the latter has emerged as the greatest
cause of death in these patients. The lungs of patients with scleroderma associated
interstitial lung disease (SSc-ILD) exhibit replacement of the normal lung architecture with
inflamed and fibrotic tissue that cannot participate in gas exchange. While approximately
42% of patients with SSc-ILD die of disease progression within ten years of diagnosis (Steen
& Medsger, 2007) evidence is emerging that some patients progress slowly and in some
cases spontaneously improve while others follow an accelerated clinical course (Goh et al.,
2008). There is currently no way to predict which patients will progress rapidly and require
more intensive therapy (Daoussis et al., 2010 ; Swigris et al.,, 2006; Tashkin et al., 2006)
and/or referral for lung transplantation (D'Ovidio et al., 2005a; D'Ovidio et al., 2005b); and
which patients will follow a more indolent course requiring less intense follow up.
Therefore the development of a clinically predictive measure of pathologic progression
would benefit physicians caring for patients with this disease. The ideal biomarker would be
present in easily accessible clinical specimens, would be a potential contributor to disease
development, and would be easily studied in murine models of disease. For this reason,
peripheral blood fibrocytes have emerged as an exciting new area of study in the field of
Scleroderma (Gan et al., 2011; Mathai et al., 2010; Peng et al., 2011 ; Tourkina et al.,2011;
Reilkoff et al., 2011).

2. Fibrocytes

Fibrocytes are blood borne collagen-producing cells that were initially described in 1994.
Since then, they have been associated with a broad range of fibrosing disorders including
autoimmune illnesses and chronic inflammatory diseases. In some of these diseases, high
circulating levels correlate with poor outcomes. In addition to extracellular matrix (ECM)
synthesis, fibrocytes display other functions including antigen presentation and the
secretion of pro-fibrotic and pro-angiogenic factors.
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2.1 Disease associations

Identified by their co-expression of leukocyte markers such as CD45, extracellular matrix
proteins such as Collagen-1a and in some cases markers expressed by progenitor cells such
as CD34 (Bucala et al., 1994), fibrocytes are easily detected via flow cytometric and in vitro
culture techniques. These approaches demonstrate that abnormalities in peripheral blood
fibrocytes exist in diverse forms of autoimmune disease such as rheumatoid arthritis
(Galligan et al, 2010), autoimmune thyroiditis (Douglas et al., 2009), amyopathic
antisynthetase syndrome (Peng et al., 2011), and scleroderma (Gan et al., 2011 ; Mathai et al.,
2010). Elevations in peripheral blood fibrocytes are seen in chronic inflammatory disorders
not traditionally associated with autoimmunity such as idiopathic pulmonary fibrosis
(Mehrad et al., 2007; Mehrad et al., 2009; Moeller et al., 2009), asthma (Schmidt et al., 2003;
Nihlberg et al., 2006; Wang et al., 2008), nephrogenic systemic fibrosis (Vakil et al., 2009),
cardiovascular disease (Falk, 2006), pulmonary hypertension (Nikam et al., 2011), and even
normal aging (Mathai et al., 2010). Thus it is not surprising that the role fibrocytes play in
tissue repair and remodeling is a developing area of interest in the study of fibrosis and
autoimmunity.

2.2 Identification of fibrocytes in the circulation

Flow cytometry identifies fibrocytes from the circulation or tissue using the combination of
characteristic cell surface marker expression with intracellular staining for collagens or
extracellular matrix components. Human fibrocytes express hematopoietic markers such as
CD45 (Bucala et al., 1994), Leukocyte specific protein-1 (Yang et al., 2002), as well as markers
of adhesion and motility (Pilling et al., 2009), chemokine receptors such as CXCR4 (Mehrad
et al., 2007), proteins important in host defense and scavenger receptors (Pilling et al., 2009),
antigen presentation (Chesney et al., 1997), and cell surface enzymes such as CD10 and
CD13 (Pilling et al., 2009). Fibrocytes typically lack markers of lymphocytes (Bellini &
Mattoli, 2007; Pilling et al., 2009). Circulating and cultured fibrocytes also express CD34
(Bucala et al., 1994), a motility protein that allows fibrocytes to be distinguished from other
collagen-containing cell types such as fibroblasts and macrophages (Reilkoff et al., 2011).
However, because CD34 is frequently lost upon entry into target tissue (Peng et al., 2011;
Phillips et al., 2004) its absence does not rule out a cell as being a fibrocyte. Fibrocytes also
produce a wide array of ECM components (Bianchetti et al., 2011; Bellini & Mattoli, 2007;
Pilling et al., 2009). A listing of fibrocyte markers is shown in Table 1.

2.3 Differentiation and homing

Insight into potential fibrocyte functions may be gleaned from an understanding of the
factors promoting their differentiation and recruitment. Fibrocytes differentiate from a
precursor population within the CD14+ monocyte fraction of peripheral blood (Abe et al.,
2001). The monocyte to fibrocyte transition, which is increased by enrichment for CD11b(+)
CD115(+) Grl(+) expressing monocytes, is promoted by direct contact with activated CD4+
lymphocytes via an mTOR-PI3 kinase dependent pathway (Niedermeier et al., 2009). Other
studies have determined that the fibrocyte precursor expresses components of the Fcy
receptor (Pilling et al., 2003). Inhibition of this receptor with the short pentraxin protein
serum Amyloid P reduces fibrocyte outgrowth in human (Pilling et al., 2003; Pilling et al.,
2006) and rodent samples (Murray et al., 2011; Pilling et al., 2007). This effect appears to be



Fibrocytes in Scleroderma Lung Fibrosis 119

mediated via an ITIM-dependent mechanism (Castano et al., 2009). The monocyte to
fibrocyte transition is inhibited by exposure to Tyl cytokines (IFNy, TNF, and IL-12); and is
augmented by T2 cytokines (IL-4 and IL-13) (Shao et al., 2008). Fibrocyte differentiation is
further stimulated by TGF-p1, and via engagement of the 1 integrin subunit (Bianchetti et
al,, 2011 ; Gan et al., 2011 ; Nikam et al., 2011).

Murine modeling demonstrates that certain chemokine receptors such as CCR2, CCR7, and
CXCR4 promote fibrocyte recruitment to diseased tissue (Phillips et al., 2004; Moore et al.,
2006; Sakai et al., 2006). Thus it is particularly relevant that human fibrocytes express the
chemokine receptors CCR3 (eotaxin receptor) and CCR5 (MCP-1 receptor). Human
fibrocytes also express Semaphorin 7a (Quan et al., 2004), a GPI-anchored membrane protein
with important immunomodulatory effects (Czopik et al., 2006, Suzuki et al., 2007). Our
own work in scleroderma patients demonstrates an association between fibrocytes serum
concentrations of soluble factors such as TNF, IL-10, MCP-1 and IL-1 receptor antagonist
(IL-1Ra), suggesting that fibrocytes may be mobilized into the circulation in response to one
or more of these factors. Similarly, idiopathic pulmonary fibrosis (IPF) patients demonstrate
high levels of CXCL12 in their blood and lungs, which is the cognate ligand for CXCR4, and
these levels correlate with circulating fibrocyte concentrations (Mehrad et al., 2007). When
viewed in combination, this array of stimulatory factors suggests that fibrocytes are
recruited to injured tissue where they may play a role in the healing processes by via both
immunomodulatory and ECM-producing effects.

2.4 Immunologic function

One school of thought posits that the ultimate phenotype of fibrocytes is the activated
myofibroblast (Abe et al., 2001; Phillips et al., 2004; Quan et al., 2004; Gomperts & Strieter,
2007). This hypothesis is based on several studies demonstrating cultured fibrocytes
respond to TGF-B1 by expressing a-SMA and contracting collagen gels in vitro (Abe et al.,
2001; Phillips et al., 2004; Quan et al., 2004; Gomperts & Strieter, 2007). However, because in
vivo studies using bone marrow chimeras show only minimal contributions of fibrocytes to
a-SMA production in some models (Hashimoto et al., 2004; Kisseleva et al., 2006; Lin et al.,
2008), this feature of fibrocytes may not dominate in tissue remodeling responses. When
viewed in this light, it is particularly important to examine the immunomodulatory
functions that fibrocytes are known to possess.

Type of Marker Level of Expression Reference
Adhesion and Motility
(Galligan et al., 2011;
CD9, CD11a, CD11b, CD11c, CD43, Moderate Bucala et al., 1994;
CD164, Mac2, LSP-1 Yang et al., 2002;
Pilling et al., 2009)
(Mathai et al., 2010;
CD34 Low Bucala et al., 1994;
Barth et al., 2002)
(Mathai et al., 2010;
CD29, CD44, CD81, ICAM-1, CD49 Low Nikam et al., 2011;

complex, CD81 Bucala et al., 1994;
Pilling et al., 2009)
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Type of Marker Level of Expression Reference
Cell Surface Enzymes
CD10, CD172a Low (Bucala et al., 1994)
CD13, Prolyl-4-hydroxylase Low
FAP Low
Scavenging receptors and host defense
gg;éb,cgggé,c(?égzl D206, Variable (Bucala et al., 1994)
Fcyreceptors
CD16, CD32a, CD32b, CD32c Moderate (Bucala et al., 1994)
Chemokine receptors
CCR2, CCR5, CCR4, CCR?7, CCR9, Moderate (Mehrad et al., 2007;
CXCR1, CXCR4, CXC3R1 Pilling et al., 2009)
Antigen Presentation
CD80, CD86, MHCI, MCHII Low (Chesney et al., 1997)
Extracellular matrix
. . Bucala et al., 1994;
iiggf;n_l/ HI/1V, vimentin, Low S(chrpidt et al., 2003;
Pilling et al., 2009)
(Bianchetti et al., 2011;
Fibronectin, a-SMA Variable R
Pilling et al., 2009)
Collagen V Moderate (Bianchetti et al., 2011)
Glycosaminoglycans
Perlecan, Veriscan, Hyaluronan Moderate (Bianchetti et al., 2011)
Decorin Low
Miscellaneous
Semaphorin 7a Low (Mathai et al., 2010)
CD115 None (Pilling et al., 2009)
Thyl.1 Low (Douglas et al., 2009)
CD105 Low (Pilling et al., 2009)

Table 1. Fibrocyte Marker Expression

For example, human fibrocytes respond to Interleukin-1 beta (IL-1f) by increasing secretion
of proinflammatory mediators such as Interleukin-6 (IL-6), Interleukin-8 (IL-8), and
Chemokine (C-C motif) ligand 21. Porcine fibrocytes respond to innate immune stimulation
adopting certain properties of antigen presenting cells via their expression of Major
Histocompatibility Complex I and II, CD80 and CD86 (Balmelli et al., 2007). This function is
also seen in human fibrocytes (Chesney et al., 1997). In addition to these pro-inflammatory
effects, fibrocytes also secrete paracrine factors such as Interleukin-10 (Chesney et al., 1998),
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TGF-B1, and platelet-derived growth factor (PDGF), which are expected to dampen
inflammation and induce repair and angiogenesis.

This latter function is augmented via their secretion of matrix metalloproteinases (MMPs),
vascular endothelial growth factor (VEGF), PDGF-A, hepatocyte growth factor (HGF),
granulocyte-macrophage colony stimulating factor (GM-CSF), basic fibroblast growth factor
(b-FGF), IL-8 and IL-1p (Hartlapp et al,, 2001). Via their expression of Semaphorin 7a,
fibrocytes may directly activate macrophages and dendritic cells (Suzuki et al., 2007) and
negatively regulate T cell responses (Czopik et al., 2006). This array of functions suggest that
fibrocytes are a highly plastic cell population that may significantly promote the aberrant
immune response and tissue remodeling seen in scleroderma. In order to further explore the
factors promoting fibrocyte accumulation in the blood and lungs of patients with SSc-ILD,
we performed the following set of translational studies.

3. Materials and methods

TGFp1 transgenic mice: All mouse experiments were approved by the Yale School of
Medicine Institutional Animal Care and Use Committee. The CC10-tTS-rtTA- TGF-p1
transgenic mice used in this study have been described (Lee et al., 2004). The Sema-7a null
mice were provided by Dr. Alex Kolodkin (Johns Hopkins) and have been described
previously (Pasterkamp et al., 2003).

Doxycycline Administration: Eight-to-10 week old CC10-tTS-rtTA- TGF-f1 transgene
positive (Tg+) or transgene negative (Tg-) mice with the Sema-7a locus null or intact were
given doxycycline 0.5mg/ml in their drinking water for up to 2 weeks.

Bone marrow transplantation: Mice were prepared for bone marrow transplantation using
400 cGy total body irradiation. Bone marrow harvest, preparation, and injection were
performed as previously described (Herzog et al., 2006).

p1 integrin blocking antibodies: TGF-p1 Tg* and Tg- mice with an intact Sema-7a locus
were injected with 125 pg of a neutralizing anti-p1 integrin antibody or isotype control (both
from Biolegend) as previously described (Bungartz et al., 2006).

Lung inflammation: Euthanasia and bronchoalveolar lavage were performed as previously
described (Lee et al., 2004). Lung inflammation was assessed via bronchoalveolar lavage
(BAL) samples as described previously (Lee et al., 2004).

Collagen assessment: Total left lung collagen was measured using the Sircol Assay
following the manufacturer’s protocol (Biocolour, Ireland).

Flow cytometry for fibrocytes: Flow cytometry was performed as previously described
(Mathai et al., 2010).

Histologic analysis: Formalin-fixed and paraffin-embedded lung sections were stained with
hematoxylin and eosin to assess gross morphology or Mallory's trichrome stains to visualize
collagen deposition.

mRNA analyses: Total RNA was obtained using TRIzol reagent (Invitrogen) according to
the manufacturer's instructions. Primers specific for human Sema-7a, p1 integrin subunit,
Plexin C1 and GAPDH, and murine P1 integrin subunit, Plexin C1, and f-actin were
purchased from Superarray Bioscience. Gene expression levels were quantified using real
time RT-PCR (Applied Biosystems), according to the manufacturer's protocols and
normalized to GAPDH or -actin mRNA.
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Human cell isolation and culture: All studies were performed with HIC approval and
written informed consent at Yale University School of Medicine. Cells were cultured as
previously described (Mathai et al., 2010).

TUNEL: TUNEL was performed as previously described (Murray et al., 2011).

Caspase activation: Detection of caspase cleavage and activation using
immunohistochemistry was performed as previously described (Lee et al., 2004).

Annexin V: Flow cytometric assessment of annexin V externalization was performed via
flow cytometry as previously described (Lee et al., 2004).

Statistics: Normally distributed data were expressed as means + SEM and assessed for
significance by Student's t test or ANOVA as appropriate. Data that were not normally
distributed were assessed for significance using the Mann-Whitney U test.

4. Results

4.1 Circulating fibrocytes are elevated in SSc-ILD

In order to determine whether fibrocytes are found with increased frequency in the
circulation of patients with SSc-ILD, peripheral blood mononuclear cells were obtained from
a cohort of patients with SSc-ILD (n=12) and normal controls (n= 27) and assessed for
fibrocytes based on the coexpression of CD45 and Pro-Collagen-la. This double positive
population was seen in both cohorts, and while overall percentages of fibrocytes were not
increased in the SSc-ILD subjects, total quantities of collagen producing leukocytes, were
increased by 79% in the SSc-ILD cohort compared to controls (Figure 1, p<0.05) (Mathai et
al.,, 2010) and reflected impairments in ventilatory function as measured by the percent-
predicted forced vital capacity (FVC) (E. Herzog, unpublished data). These cells displayed
enriched expression of CD34 and in some cases also expressed CD14, indicating both their
multipotent potential as well as their monocytic origin. Since this work was first published
these results have been confirmed by at least one other group (Tourkina et al., 2011)
indicating the reproducibility of the fibrocyte assay in this patient population.

4.2 Circulating fibrocytes exist in a profibrotic milieu

In order to determine the immunologic milieu in which these fibrocytes exist, further
phenotyping of these subjects was performed. Further analysis of circulating monocytes
from these individuals found them to be skewed towards an alternatively activated,
profibrotic phenotype as evidenced by a propensity to adopt both CD163 expression and
CCL18 secretion when stimulated with LPS. Multianalyte ELISA of plasma from these
patients demonstrated increased concentrations of profibrotic cytokines and chemokines
such as IL10, TNF-a, and IL-1 RA (Mathai et al., 2010). Many of the mediators are
commonly associated with alternatively activated macrophages (or “M2”) leading to some
speculation that fibrocytes may simply represent an intermediate population in the
terminal differentiation of profibrotic macrophages (Reilkoff et al.,, 2011). Another
interesting aspect of these data were that similar (though not identical) results were seen
in a cohort of aged but otherwise healthy individuals, leading to the speculation that the
presence of fibrocytes may represent a previously unrecognized form of
immunosenscence in patients with SSc-ILD. The presence of increased fibrocytes in the
senescence associated mouse model of accelerated aging supports this hypothesis though
further work is required to prove its validity.
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Fig. 1. Comparison of CD45+/pro-Col-la* percentages (left axis) and quantities (right axis)
in normal (n=27, gray bar) and SSc-ILD subjects (n=12, black bar). CD45+/pro-Col-la* cell
quantities, but not percentages, are increased in SSc-ILD. (Mathai et al., 2010)

4.3 Local apoptosis regulates fibrocyte accumulation

While it has long been noted that fibrocytes arise in the setting of profibrotic stimuli such as
TGF-P1, the local factors regulating the monocyte to fibrocyte transition have remained
largely unexplored. Several of our recent studies, however, lend insight into these processes.
One outstanding question in this area has been the relationship between injury and
fibrocytes. A requirement for apoptosis in the intrapulmonary accumulation of fibrocytes
was recently explored in a model of lung fibrosis caused by inducible, lung-specific
overexpression of the bioactive form of the human TGF-p1 gene. These mice develop an
epithelial injury response dominated by apoptosis that peaks at 48 hours following
doxycycline administration. Shortly thereafter a dense monocytic infiltrate arises that is
predominantly composed of CD206+ M2 macrophages (Murray et al, 2011). These
macrophages persist, and are required for the induction of activated myofibroblast
development and the induction of a robust accumulation of ECM products and fibrosis that
is evident by between 10-14 days of doxycycline exposure. It is not until fibrosis is relatively
well established that intrapulmonary fibrocytes appear in this model. Because scleroderma
related lung disease is characterized by heightened responsiveness to autocrine TGF-31
signaling via both canonical and non-canonical pathways (Sargent et al., 2011), this model is
an ideal tool to study the pathogenesis of SSc-ILD.

The role of apoptosis in fibrocyte accumulation was tested in this model using a fairly
straightforward approach. TGF-f1 mice were randomized to receive systemic injections of
the pan-caspase inhibitor Z-VAD/fmk or vehicle control. Reductions in apoptosis were
confirmed at 48 hours by comparison of TUNEL staining and caspase 3 activation in Z-
VAD/fmk treated TGF-B1 mice. Reductions in lung inflammation and fibrosis were noted at
day 14. Fibrocytes, defined via classical flow cytometric criteria by CD45 and Pro-Collagen-
Ia co-expression, were reduced by nearly 10-fold at the 14 day time point (Figure 2a,
p<0.001). The human relevance of these findings was supported by the finding that SSc-ILD
lungs contain increased levels of CD45+ collagen-producing cells (Peng et al., 2011), and that
these lungs contain increased numbers of TUNEL+ve apoptotic cells. Additionally CD14+
monocytes cultured in the presence of Z/VAD-fmk fail to adopt the spindle-shaped,
collagen expressing phenotype that characterizes fibrocytes (Figure 2c,d, p<0.001). Thus,
from these studies it is reasonable to conclude that fibrocytes arise in response to apoptotic
stimuli.
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In addition to the information regarding the precise relationship between apoptosis and
fibrocytes, these studies also allowed new insight into the relationship between M2
macrophages and fibrocytes. Recent literature has suggested that macrophages are capable
of expressing collagen (Pilling et al., 2009) and thus the CD45/Col-la signature may not
sufficiently differentiate between fibrocytes and alternatively activated (M2) macrophages.
Prior studies have demonstrated that alveolar macrophages obtained from patients with
SSc-ILD demonstrate a distinct M2 profibrotic phenotype and that alternatively activated
macrophages (M2) in part regulate fibrosis (Atamas et al., 2003). Thus it could be argued
that the reduction in CD45/Col-la cells previously noted could be related to changes in
alternatively activated macrophages quantities or rather that M2 macrophages regulate the
appearance of CD45/Col-la cells. However, in our studies caspase inhibition demonstrated
no significant differences in numbers of CD206/MRC positive cells between sham treated
and ZVAD treated mice, nor was there a significant difference in M2 related genes
CD206/MRC and MSR-1 using quantitative RT-PCR between the two cohorts (Peng et al.,
2011). Likewise, in a separate set of studies in which M2 macrophages were removed by
intratracheal instillation of liposomal clodronate, removal of M2 macrophages did not affect
intrapulmonary fibrocyte content. Curiously, fibrocytes persisted despite profound
attenuation of collagen deposition (Murray et al., 2011). When viewed in combination, these
studies suggest that fibrocytes and M2 macrophages are regulated independently of each
other and that each cell type exert separate, but complementary, effects on TGF-f1
fibrogenesis.
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Fig. 2. Caspase inhibition administration attenuates apoptosis and collagen production in
cultured human monocytes. (a) Z-VAD/fmk reduces CD45*Col-lal* cells in TGF-p1 Tg*

mice. (b) Treatment with ZVAD/fmk attenuates collagen production in samples from all
groups. (c,d) CT-ILD cultured monocytes fail to adopt a spindle shaped phenotype when
treated with Z-VAD/fmk. (Peng et al., 2011)



Fibrocytes in Scleroderma Lung Fibrosis 125

4.4 Role of semaphorin 7a in fibrocyte outgrowth

Previous studies have indicated that fibrocyte biology is induced by exposure to soluble
factors such as Th2 cytokines and activation of several chemokine pathways including
CXCL12, MCP-1, and CCL21. However, the TGF-P1 specific factors controlling their
differentiation has remained less clear. Because SSc-ILD is associated with a unique
“signature” of TGF-P1 responsiveness (Sargent et al., 2010) we explored the role of TGF-$1
signaling in fibrocyte accumulation. Because the monocyte-driven effects on fibrosis appear
to be SMAD2/3 independent (Murray et al, 2011), we explored noncanonical TGF-$1
pathways in this model. One such pathway is controlled by activation of Semaphorin 7a.
Semaphorins (Semas) are a family of highly conserved, secreted or membrane-associated
proteins, expressed on stroma as well as nerve, myeloid and lymphoid cells. Originally
discovered as axonal guidance proteins (Pasterkamp et al., 2003), eight classes of
Semaphorins have since been discovered with Semas 3-7 subsequently being found to
participate in a variety of processes related to organogenesis, angiogenesis, apoptosis,
neoplasia and immune regulation (Pasterkamp & Kolodkin, 2003). Semaphorin 7a (Sema
7a), also called CDw108, is a GPI-anchored membrane protein that by signaling through its
two main receptors, Plexin C1 and 1 integrin, contributes to inflammation (Suzuki et al.,
2007), modulation of T cell function (Czopik et al., 2006), and TGF-p1 induced pulmonary
fibrosis (Kang et al, 2007). However, until recently a role for Sema 7a in fibrocyte
development had not been explored.

In order to explore this question we crossed TGF-B1 mice with mice harboring null
mutations of the Sema 7a gene. In addition to effects on lung fibrosis and remodeling, which
had been described previously, we found that fibrosis (quantified via sircol analysis) and
fibrocytes were markedly reduced in the TGF-P1 mice that lacked Sema 7a (Figure 3a, p <
0.001). These effects were explored further in bone marrow chimera experiments in which
TGF-p1 mice were created in which Sema 7a expression was restricted to lung stroma or to
bone marrow derived cells. Lung restricted Sema 7a expression in TGF-p1 mice revealed a
modest but insignificant reduction in fibrosis and fibrocyte content. However in the TGF-31
x Sema 7a null cohort of mice where Sema 7a expression was restored on bone marrow
derived cells these mice developed increased fibrosis and fibrocytes (Gan et al., 2011). These
studies reveal that Sema 7a expressing bone marrow derived cells are sufficient, but not
necessary, for the development of fibrosis and fibrocyte accumulation in the TGF-1
exposed murine lung.

In order to explore the human relevance of these findings we interrogated the relationship
between Sema 7a and fibrocyte biology in a second cohort of patients with SSc-ILD. In these
studies, enhanced expression of Sema 7a and its two known receptors (1 integrin and
Plexin C1) were detected in peripheral blood mononuclear cells (PBMCs) from patients with
SSc-ILD, but not SSc only, indicating that the Sema 7a axis may be unique to patients with
interstitial lung involvement. Flow cytometric analysis revealed that the increased
expression of Sema 7a appeared to be related to augmented cell surface on fibrocytes and
CD19+ lymphocytes. In contrast, Sema 7a receptors 1 integrin and Plexin C1 were located
on CD14+ monocytes (Gan et al., 2011). This led to speculation that exogenous ligation of
these receptors by Sema 7a (either membrane bound or secreted) controls the monocyte to
fibrocyte transition in this patient population.

The validity of this hypothesis was then tested in ex vivo studies of fibrocytes using standard,
serum containing conditions. Specifically, monocytes from scleroderma subjects or controls
were cultured in the presence or absence of recombinant Sema 7a stimulation for 14 days.
These cultures were further exposed to Sema 7a receptor blockade of p1 integrin or Plexin C1.
In normal controls, Sema 7a exposure led to enhanced fibrocyte outgrowth, however, in
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monocytes obtained from individuals with SSc-ILD, stimulation with Sema 7a had little effect
on the already markedly enhanced fibrocyte numbers that exist at baseline in these cultures. In
both groups these results were attenuated by p1 integrin blockade and enhanced by Plexin C1
blockade (Figure 3 c¢,d). When viewed in combination it appears that Sema 7a controls the
monocyte to fibrocyte transition in a 1 integrin dependent manner that is opposed by Plexin
C1 (Gan et al,, 2011). Thus, the increased Plexin C1 gene expression seen in the SSc-ILD
patients may represent a novel counter-regulatory response and a new target for therapy.
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Fig. 3. (a) Total left lung collagen in wild type mice (white bar) and TFG-p1 Tg* mice (black
bar). Left: Sema-7a locus intact. Right: Sema-7a locus deleted. (b) Compared to TGF-B1XWT
mice, lungs from TGF-p1XSema-7a null mice contain significantly decreased quantities of
CD45*Col-Ia* cells. White bar: WT. Black bar: TGF-p1 Tg* mouse. (c) Sema-7a stimulated
PBMCs show increased fibrocyte differentiation (white, left comparisons). In contrast, SSc-
ILD subjects show increased fibrocyte outgrowth at baseline (black, left comparisons) with
no response to exogenous Sema stimulation but pronounced reduction via
immunoneutralization of the B1 integrin subunit (right comparisons). (d) Inhibition of
Plexin C1 promotes fibrocyte differentiation in Sema-7a stimulated monocytes from control
and SSc-ILD subjects as well as in unstimulated SSc-ILD monocytes. (Gan et al., 2011)

5. Conclusion

Fibrocytes have been implicated in a wide array of human autoimmune and inflammatory
diseases since their identification 17 years ago. Human and animal studies have confirmed
elevated levels of these mesenchymal progenitor cells in blood and tissue during fibrotic
disease states. Animal models have also revealed the fibrocytes” complex role in the repair
and remodeling of injured tissue, which includes antigen presentation, ECM and cytokine
production, promotion of angiogenesis and differentiation to myofibroblasts. Because of
their role in the maintenance and homeostasis of connective tissue, they have emerged as a
cell of interest in scleroderma, and specifically SSc-ILD. Our work in these patients revealed



Fibrocytes in Scleroderma Lung Fibrosis 127

a significant association between circulating fibrocytes and SSc-ILD. Targeting these cells,
and their relationship with such regulatory factors as TGF-p1, apoptosis, and Semaphorin 7a
may ultimately lead to the discovery of new biomarkers and perhaps even novel therapeutic
targets in SSc-ILD.

6. References

Abe, R, S. C. Donnelly, T. Peng, R. Bucala, and C. N. Metz. 2001. Peripheral blood fibrocytes:
differentiation pathway and migration to wound sites. ] Immunol 166:7556-7562.

Atamas, S. P, I. G. Luzina, J. Choi, N. Tsymbalyuk, N. H. Carbonetti, I. S. Singh, M.
Trojanowska, S. A. Jimenez, and B. White. 2003. Pulmonary and activation-regulated
chemokine stimulates collagen production in lung fibroblasts. Am ] Respir Cell Mol
Biol 29:743-749.

Balmelli, C., M. P. Alves, E. Steiner, D. Zingg, N. Peduto, N. Ruggli, H. Gerber, K.
McCullough, and A. Summerfield. 2007. Responsiveness of fibrocytes to toll-like
receptor danger signals. Immunobiology 212:693-699.

Barth, P. J., S. Ebrahimsade, A. Hellinger, R. Moll, and A. Ramaswamy. 2002. CD34+ fibrocytes
in neoplastic and inflammatory pancreatic lesions. Virchows Arch 440:128-133.

Bellini, A., and S. Mattoli. 2007. The role of the fibrocyte, a bone marrow-derived mesenchymal
progenitor, in reactive and reparative fibroses. Lab Invest 87:858-870.

Bianchetti, L., M. Barczyk, J. Cardoso, M. Schmidt, A. Bellini, and S. Mattoli. 2011. Extracellular
matrix remodelling properties of human fibrocytes. ] Cell Mol Med.

Bucala, R, L. A. Spiegel, J. Chesney, M. Hogan, and A. Cerami. 1994. Circulating fibrocytes
define a new leukocyte subpopulation that mediates tissue repair. Mol Med 1:71-81.

Bungartz, G., S. Stiller, M. Bauer, W. Muller, A. Schippers, N. Wagner, R. Fassler, and C.
Brakebusch. 2006. Adult murine hematopoiesis can proceed without betal and beta7
integrins. Blood 108:1857-1864.

Castano, A. P, S. L. Lin, T. Surowy, B. T. Nowlin, S. A. Turlapati, T. Patel, A. Singh, S. Li, M. L.
Lupher, Jr., and ]. S. Duffield. 2009. Serum amyloid P inhibits fibrosis through Fc
gamma R-dependent monocyte-macrophage regulation in vivo. Sci Transl Med
1:5ral3.

Chesney, J., M. Bacher, A. Bender, and R. Bucala. 1997. The peripheral blood fibrocyte is a
potent antigen-presenting cell capable of priming naive T cells in situ. Proc Natl Acad
Sci U S A 94:6307-6312.

Chesney, ]., C. Metz, A. B. Stavitsky, M. Bacher, and R. Bucala. 1998. Regulated production of
type I collagen and inflammatory cytokines by peripheral blood fibrocytes. ]
Immunol 160:419-425.

Chifflot, H., B. Fautrel, C. Sordet, E. Chatelus, and J. Sibilia. 2008. Incidence and prevalence of
systemic sclerosis: a systematic literature review. Semin Arthritis Rheum 37:223-235.

Czopik, A. K., M. S. Bynoe, N. Palm, C. S. Raine, and R. Medzhitov. 2006. Semaphorin 7A is a
negative regulator of T cell responses. Immunity 24:591-600.

D'Ovidio, F., M. Mura, M. Tsang, T. K. Waddell, M. A. Hutcheon, L. G. Singer, D. Hadjiliadis,
C. Chaparro, C. Gutierrez, A. Pierre, G. Darling, M. Liu, and S. Keshavjee. 2005a. Bile
acid aspiration and the development of bronchiolitis obliterans after Iung
transplantation. ] Thorac Cardiovasc Surg 129:1144-1152.

D'Ovidio, F., L. G. Singer, D. Hadjiliadis, A. Pierre, T. K. Waddell, M. de Perrot, M. Hutcheon,
L. Miller, G. Darling, and S. Keshavjee. 2005b. Prevalence of gastroesophageal reflux



128 Systemic Sclerosis — An Update on the Aberrant Immune System and Clinical Features

in end-stage lung disease candidates for lung transplant. Ann Thorac Surg 80:1254-
1260.

Daoussis, D., S. N. Liossis, A. C. Tsamandas, C. Kalogeropoulou, A. Kazantzi, C. Sirinian, M.
Karampetsou, G. Yiannopoulos, and A. P. Andonopoulos. 2010. Experience with
rituximab in scleroderma: results from a 1-year, proof-of-principle study.
Rheumatology (Oxford) 49:271-280.

Douglas, R. S, N. F. Afifiyan, C. J. Hwang, K. Chong, U. Haider, P. Richards, A. G.
Gianoukakis, and T. ]. Smith. 2009. Increased generation of fibrocytes in thyroid-
associated ophthalmopathy. ] Clin Endocrinol Metab 95:430-438.

Falk, E. 2006. Pathogenesis of atherosclerosis. ] Am Coll Cardiol 47:C7-12.

Galligan, C. L., K. A. Siminovitch, E. C. Keystone, V. Bykerk, O. D. Perez, and E. N. Fish. 2010.
Fibrocyte activation in rheumatoid arthritis. Rheumatology 49:640-651.

Gan, Y., R. Reilkoff, X. Peng, T. Russell, Q. Chen, S. K. Mathai, R. Homer, M. Gulati, J. Siner, J.
Elias, R. Bucala, and E. Herzog. 2011. Role of semaphorin 7a signaling in TGF-betal
induced lung fibrosis and scleroderma-related interstitial lung disease. Arthritis
Rheum.

Goh, N. S, S. R. Desai, S. Veeraraghavan, D. M. Hansell, S. J. Copley, T. M. Maher, T. J. Corte,
C. R. Sander, J. Ratoff, A. Devaraj, G. Bozovic, C. P. Denton, C. M. Black, R. M. du
Bois, and A. U. Wells. 2008. Interstitial lung disease in systemic sclerosis: a simple
staging system. Am ] Respir Crit Care Med 177:1248-1254.

Gomperts, B. N., and R. M. Strieter. 2007. Fibrocytes in lung disease. ] Leukoc Biol 82:449-456.

Hartlapp, I, R. Abe, R. W. Saeed, T. Peng, W. Voelter, R. Bucala, and C. N. Metz. 2001.
Fibrocytes induce an angiogenic phenotype in cultured endothelial cells and promote
angiogenesis in vivo. Faseb ] 15:2215-2224.

Hashimoto, N., H. Jin, T. Liu, S. W. Chensue, and S. H. Phan. 2004. Bone marrow-derived
progenitor cells in pulmonary fibrosis. ] Clin Invest 113:243-252.

Herzog, E. L., ]. Van Arnam, B. Hu, and D. S. Krause. 2006. Threshold of lung injury required
for the appearance of marrow-derived lung epithelia. Stem Cells 24:1986-1992.

Kang, H. R., C. G. Lee, R. J. Homer, and ]. A. Elias. 2007. Semaphorin 7A plays a critical role in
TGF-betal-induced pulmonary fibrosis. ] Exp Med 204:1083-1093.

Kisseleva, T., H. Uchinami, N. Feirt, O. Quintana-Bustamante, J. C. Segovia, R. F. Schwabe, and
D. A. Brenner. 2006. Bone marrow-derived fibrocytes participate in pathogenesis of
liver fibrosis. ] Hepatol 45:429-438.

Lee, C. G, S.]. Cho, M. . Kang, S. P. Chapoval, P. J. Lee, P. W. Noble, T. Yehualaeshet, B. Lu,
R. A. Flavell, J. Milbrandt, R. J. Homer, and J. A. Elias. 2004. Early growth response
gene 1-mediated apoptosis is essential for transforming growth factor betal-induced
pulmonary fibrosis. ] Exp Med 200:377-389.

Lin, S. L, T. Kisseleva, D. A. Brenner, and ]. S. Duffield. 2008. Pericytes and perivascular
fibroblasts are the primary source of collagen-producing cells in obstructive fibrosis
of the kidney. Am ] Pathol 173:1617-1627.

Mathai, S. K., M. Gulati, X. Peng, T. R. Russell, A. C. Shaw, A. N. Rubinowitz, L. A. Murray, J.
M. Siner, D. E. Antin-Ozerkis, R. R. Montgomery, R. A. Reilkoff, R. ]. Bucala, and E. L.
Herzog. 2010. Circulating monocytes from systemic sclerosis patients with interstitial
lung disease show an enhanced profibrotic phenotype. Lab Invest 90:812-823.

Mehrad, B, M. D. Burdick, and R. M. Strieter. 2009. Fibrocyte CXCR4 regulation as a
therapeutic target in pulmonary fibrosis. Int ] Biochem Cell Biol 41:1708-1718.



Fibrocytes in Scleroderma Lung Fibrosis 129

Mehrad, B., M. D. Burdick, D. A. Zisman, M. P. Keane, ]. A. Belperio, and R. M. Strieter. 2007.
Circulating peripheral blood fibrocytes in human fibrotic interstitial lung disease.
Biochem Biophys Res Commun 353:104-108.

Moeller, A., S. E. Gilpin, K. Ask, G. Cox, D. Cook, J. Gauldie, P. J. Margetts, L. Farkas, J.
Dobranowski, C. Boylan, P. M. O'Byrne, R. M. Strieter, and M. Kolb. 2009. Circulating
Fibrocytes Are an Indicator for Poor Prognosis in Idiopathic Pulmonary Fibrosis. Am
J Respir Crit Care Med.

Moore, B. B, L. Murray, A. Das, C. A. Wilke, A. B. Herrygers, and G. B. Toews. 2006. The role
of CCL12 in the recruitment of fibrocytes and lung fibrosis. Am ] Respir Cell Mol Biol
35:175-181.

Murray, L. A., Q. Chen, M. S. Kramer, D. P. Hesson, R. L. Argentieri, X. Peng, M. Gulati, R. J.
Homer, T. Russell, N. van Rooijen, J. A. Elias, C. M. Hogaboam, and E. L. Herzog.
2011. TGF-beta driven lung fibrosis is macrophage dependent and blocked by Serum
Amyloid P. Int ] Biochem Cell Biol. 43:154-162.

Niedermeier, M., B. Reich, M. R. Gomez, A. Denzel, K. Schmidbauer, N. Gobel, Y. Talke, F.
Schweda, and M. Mack. 2009. CD4+ T cells control the differentiation of Grl+
monocytes into fibrocytes. Proc Natl Acad Sci U S A 106:17892-17897.

Nihlberg, K., K. Larsen, A. Hultgardh-Nilsson, A. Malmstrom, L. Bjermer, and G. Westergren-
Thorsson. 2006. Tissue fibrocytes in patients with mild asthma: a possible link to
thickness of reticular basement membrane? Respir Res 7:50.

Nikam, V.S, G. Wecker, R. Schermuly, U. Rapp, K. Szelepusa, W. Seeger, and R. Voswinckel.
2011. Treprostinil Inhibits Adhesion and Differentiation of Fibrocytes via cAMP and
Rap Dependent ERK Inactivation. Am J Respir Cell Mol Biol.

Pasterkamp, R. J., and A. L. Kolodkin. 2003. Semaphorin junction: making tracks toward
neural connectivity. Curr Opin Neurobiol 13:79-89.

Pasterkamp, R. ], J. J. Peschon, M. K. Spriggs, and A. L. Kolodkin. 2003. Semaphorin 7A
promotes axon outgrowth through integrins and MAPKSs. Nature 424:398-405.

Peng, X., S. K. Mathai, L. A. Murray, T. Russell, R. Reilkoff, Q. Chen, M. Gulati, J. A. Elias, R.
Bucala, Y. Gan, and E. L. Herzog. 2011. Local apoptosis promotes collagen production
by monocyte-derived cells in transforming growth factor betal-induced lung fibrosis.
Fibrogenesis Tissue Repair 4:12.

Phillips, R. J., M. D. Burdick, K. Hong, M. A. Lutz, L. A. Murray, Y. Y. Xue, J. A. Belperio, M. P.
Keane, and R. M. Strieter. 2004. Circulating fibrocytes traffic to the lungs in response
to CXCL12 and mediate fibrosis. ] Clin Invest 114:438-446.

Pilling, D., C. D. Buckley, M. Salmon, and R. H. Gomer. 2003. Inhibition of fibrocyte
differentiation by serum amyloid P. ] Immunol 171:5537-5546.

Pilling, D., T. Fan, D. Huang, B. Kaul, and R. H. Gomer. 2009. Identification of markers that
distinguish monocyte-derived fibrocytes from monocytes, macrophages, and
fibroblasts. PLoS ONE 4:e7475.

Pilling, D., D. Roife, M. Wang, S. D. Ronkainen, J. R. Crawford, E. L. Travis, and R. H. Gomer.
2007. Reduction of bleomycin-induced pulmonary fibrosis by serum amyloid P. ]
Immunol 179:4035-4044.

Pilling, D., N. M. Tucker, and R. H. Gomer. 2006. Aggregated IgG inhibits the differentiation of
human fibrocytes. ] Leukoc Biol 79:1242-1251.

Quan, T. E., S. Cowper, S. P. Wu, L. K. Bockenstedt, and R. Bucala. 2004. Circulating fibrocytes:
collagen-secreting cells of the peripheral blood. Int ] Biochem Cell Biol 36:598-606.



130 Systemic Sclerosis — An Update on the Aberrant Immune System and Clinical Features

Reilkoff, R. A., R. Bucala, and E. L. Herzog. 2011. Fibrocytes: emerging effector cells in chronic
inflammation. Nature Reviews Immunology in press.

Sakai, N., T. Wada, H. Yokoyama, M. Lipp, S. Ueha, K. Matsushima, and S. Kaneko. 2006.
Secondary lymphoid tissue chemokine (SLC/CCL21)/CCR7 signaling regulates
fibrocytes in renal fibrosis. Proc Natl Acad Sci U S A 103:14098-14103.

Sargent, J. L., A. Milano, S. Bhattacharyya, J. Varga, M. K. Connolly, H. Y. Chang, and M. L.
Whitfield. 2010. A TGFbeta-responsive gene signature is associated with a subset of
diffuse scleroderma with increased disease severity. ] Invest Dermatol 130:694-705.

Schmidt, M., G. Sun, M. A. Stacey, L. Mori, and S. Mattoli. 2003. Identification of circulating
fibrocytes as precursors of bronchial myofibroblasts in asthma. ] Immunol 171:380-
389.

Shao, D. D., R. Suresh, V. Vakil, R. H. Gomer, and D. Pilling. 2008. Pivotal Advance: Th-1
cytokines inhibit, and Th-2 cytokines promote fibrocyte differentiation. ] Leukoc Biol
83:1323-1333.

Steen, V. D., and T. A. Medsger. 2007. Changes in causes of death in systemic sclerosis, 1972-
2002. Ann Rheum Dis 66:940-944.

Suzuki, K., T. Okuno, M. Yamamoto, R. J. Pasterkamp, N. Takegahara, H. Takamatsu, T. Kitao,
J. Takagi, P. D. Rennert, A. L. Kolodkin, A. Kumanogoh, and H. Kikutani. 2007.
Semaphorin 7A initiates T-cell-mediated inflammatory responses through
alphalbetal integrin. Nature 446:680-684.

Swigris, J. J., A. L. Olson, A. Fischer, D. A. Lynch, G. P. Cosgrove, S. K. Frankel, R. T. Meehan,
and K. K. Brown. 2006. Mycophenolate mofetil is safe, well tolerated, and preserves
lung function in patients with connective tissue disease-related interstitial lung
disease. Chest 130:30-36.

Tashkin, D. P., R. Elashoff, P. J. Clements, J. Goldin, M. D. Roth, D. E. Furst, E. Arriola, R.
Silver, C. Strange, M. Bolster, J. R. Seibold, D. ]. Riley, V. M. Hsu, J. Varga, D. E.
Schraufnagel, A. Theodore, R. Simms, R. Wise, F. Wigley, B. White, V. Steen, C. Read,
M. Mayes, E. Parsley, K. Mubarak, M. K. Connolly, ]. Golden, M. Olman, B. Fessler,
N. Rothfield, and M. Metersky. 2006. Cyclophosphamide versus placebo in
scleroderma lung disease. N Engl ] Med 354:2655-2666.

Tourkina, E., M. Bonner, J. Oates, A. Hofbauer, M. Richard, S. Znoyko, R. P. Visconti, ]. Zhang,
C. M. Hatfield, R. M. Silver, and S. Hoffman. 2011. Altered monocyte and fibrocyte
phenotype and function in scleroderma interstitial lung disease: reversal by caveolin-
1 scaffolding domain peptide. Fibrogenesis Tissue Repair 4:15.

Vakil, V., J. ]. Sung, M. Piecychna, J. R. Crawford, P. Kuo, A. K. Abu-Alfa, S. E. Cowper, R.
Bucala, and R. H. Gomer. 2009. Gadolinium-containing magnetic resonance image
contrast agent promotes fibrocyte differentiation. ] Magn Reson Imaging 30:1284-
1288.

Wang, C. H., C. D. Huang, H. C. Lin, K. Y. Lee, S. M. Lin, C. Y. Liu, K. H. Huang, Y. S. Ko, K. F.
Chung, and H. P. Kuo. 2008. Increased circulating fibrocytes in asthma with chronic
airflow obstruction. Am ] Respir Crit Care Med 178:583-591.

Yang, L., P. G. Scott, ]. Giuffre, H. A. Shankowsky, A. Ghahary, and E. E. Tredget. 2002.
Peripheral blood fibrocytes from burn patients: identification and quantification of
fibrocytes in adherent cells cultured from peripheral blood mononuclear cells. Lab
Invest 82:1183-1192.



8

Inhibition of Thrombin as a Novel Strategy in
the Treatment of Scleroderma-Associated
Interstitial Lung Disease

Galina S. Bogatkevich!, Kristin B. Highland!, Tanjina Akter?,

Paul J. Nietert!, Ilia Atanelishvilil, Joanne van Ryn? and Richard M. Silver!
IMedical University of South Carolina, Charleston,

2Boehringer Ingelheim GmbH & Co.KG, Biberach,

IUSA

2Germany

1. Introduction

Activation of the coagulation cascade leading to generation of thrombin has been
extensively documented in various forms of lung injury including systemic sclerosis-
associated interstitial lung disease (SSc-ILD). The molecular mechanisms underlying the
pathogenesis and progression of lung fibrosis in SSc-ILD and in idiopathic pulmonary
fibrosis (IPF) are not entirely clear. The conceptual process of fibrogenesis involves tissue
injury and activation of the coagulation cascade, the release of various fibrogenic factors,
and the induction of myofibroblasts culminating in enhanced extracellular matrix
deposition. Cells with a myofibroblast phenotype appear in the early stages of fibrosis and
are characterized by an increased proliferative capacity and abundant expression of a-SMA,
collagens and other extracellular matrix proteins (Hinz et al., 2007). Myofibroblasts can be
cultured from bronchoalveolar lavage (BAL) fluid of SSc-ILD patients, and thrombin activity
is also significantly greater in BAL fluid from SSc-ILD patients compared with healthy
controls (Ludwicka et al., 1992; Ohba et al., 1994). Thrombin differentiates lung fibroblasts to
a myofibroblast phenotype, increases lung fibroblast proliferation (Bogatkevich et al., 2001),
and enhances the proliferative effect of fibrinogen on fibroblasts (Gray et al., 1993).
Thrombin is also a potent inducer of fibrogenic cytokines, such as transforming growth
factor-p (TGF-P) (Bachhuber et al., 1997), connective tissue growth factor (CTGF) (Chambers
et al., 2000; Bogatkevich et al., 2006), platelet-derived growth factor-AA (PDGF-AA) (Ohba
et al, 1994), chemokines (Mercer et al, 2007), and ECM proteins such as collagen,
fibronectin, and tenascin in various cells, including lung fibroblasts (Tourkina et al., 2001;
Chambers et al., 1998; Armstrong et al., 1996).

Dabigatran is a selective direct thrombin inhibitor that reversibly binds to thrombin and
prevents the cleavage of Arg-Gly bonds of fibrinogen needed for the formation of fibrin.
Recently, we have demonstrated that binding of dabigatran to thrombin prevents cleavage
of the extracellular N-terminal domain of the protease-activated receptor 1 (PAR-1), which is
responsible for most profibrotic events induced by thrombin (Bogatkevich et al., 2009). In
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the absence of dabigatran, thrombin binds to PAR-1, cleaves the peptide bond between
residues Arg-41 and Ser-42, thereby unmasking a new amino terminus, SFLLRN, which
then can bind to the second extracellular loop of PAR-1 and initiate receptor signaling
(Macfarlane et al., 2001). Dabigatran-bound thrombin is unable to cleave and activate
PAR-1. The aim of this chapter is to provide a molecular basis for therapeutic interventions
in SSc-ILD by inhibition of thrombin.

2. Increased expression of thrombin and PAR-1 in SSc-ILD

Thrombin is a multi-functional serine protease and a key enzyme of blood coagulation,
catalyzing the conversion of fibrinogen to fibrin. In addition to its essential role in
coagulation, thrombin has several important functions at a cellular level, both in normal
health and in multiple disease processes, including pulmonary fibrosis (Chambers, 2008).
Our laboratory as well as others has demonstrated dramatically increased levels of thrombin
in BALF from scleroderma patients with lung fibrosis and other fibrosing lung diseases
(Ohba et al., 1994; Hernadez-Rodriguez et al., 1995). We have reported that BALF from
normal subjects contains a low level of thrombin activity ranging from zero to 150 units per
mg of BALF protein (48.6 £ 8.7 U/mg, mean + SEM). BAL fluids of SSc patients express up
to 100-fold higher thrombin activity, ranging from 22 to 7,525 units per mg of BALF protein
(699.9 + 201.1 U/mg, mean = SEM; P < 0.001) (Fig. 1A). Elevated levels of thrombin activity
have been also observed in bleomycin-induced pulmonary fibrosis in mice (Howell et al,,
2005). We found that the level of active thrombin in BAL fluid from bleomycin-treated mice
was 35-fold higher (1.3 + 0.1 ng/ml, mean + SEM) compared to that in control mice treated
with saline (46.1 + 7.9 ng/ml, mean + SEM; P < 0.01) (Fig. 1B).
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Fig. 1. (A) Thrombin levels in BALF of scleroderma patients (SSc, closed triangles, n = 42)
and normal subjects (Nml, closed circles, n = 27). Active thrombin was measured by
fluorometric method using a synthetic substrate Boc-Val-Pro-Arg-7-(4-methyl)
coumarylamide, and expressed as units per mg of BALF protein. (B) Thrombin levels in
BALF of mice treated with saline (1) and with bleomycin-induced pulmonary fibrosis (2).
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Fig. 2. Mechanism of PAR-1 activation. Proteolytic cleavage of the N-terminus results in the
unmasking of a tethered ligand SFLLRN, which in turn interacts with extracellular loop-2 of
the receptor and initiates cell signaling via activation of heterotrimeric G-proteins.
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Fig. 3. PAR-1 and a-SMA expression is significantly increased in pulmonary fibrosis
associated with scleroderma. Sections of normal and scleroderma (SSc) lung stained by
trichrome, a-SMA antibody, and PAR-1 antibody; a-SMA and PAR-1 were visualized as
brown color by diaminobenzidine (DAB) and counterstained with hematoxilin. Top panel
represents normal lung tissue, middle panel (SSc I) represents lung tissue in early stage of
lung involvement and bottom panel (SSc II) represents lung tissue with late stage of fibrosis.
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The majority of the cellular responses to thrombin are mediated via the G protein-coupled
PAR-1 receptor (Howell et al., 2002; Coughlin 1999). PAR-1 is activated by proteolytic
cleavage of N-terminal domains, leading to the exposure of a new amino-terminus, a
“tethered ligand” that in turn activates the receptor (Fig. 2). PAR-1 activation has been
shown to be an important in the pathophysiology of various lung diseases, including SSc-
ILD (Howell et al., 2002; Bogatkevich et al., 2005). PAR-1 is present in a variety of cell types,
including leukocytes, platelets, T cells, endothelial cells, vascular smooth muscle cells and
fibroblasts (Shrivastava et al., 2007). In the bleomycin model of pulmonary fibrosis, PAR-1
deficient mice show a significant reduction of inflammatory cells in BALF as compared with
wild-type mice, and significant protection from lung fibrosis is seen in the PAR-1 deficient
mice (Howell et al., 2005). The relative protection from pulmonary fibrosis observed in this
model is a reduction in expression of two major fibrogenic growth factors, CTGF and
transforming growth factor 3- (TGF-f), as well as a reduction of the chemokine (C-C motif)
ligand 2 (CCL2)/monocyte chemotactic protein 1 (MCP-1).

Elevated expression of PAR-1 has been shown in patients with IPF and in a murine model of
bleomycin-induced lung fibrosis (Chambers, 2008; Howell et al., 2005). In previous studies
we demonstrated that PAR-1 expression is also dramatically increased in lung tissue from
scleroderma patients, mainly in lung parenchyma in context with myofibroblasts present in
inflammatory and fibroproliferative foci (Bogatkevich et al., 2005). PAR-1 expression
diminishes in the later stages of pulmonary fibrosis (Fig. 3) suggesting its important role in
lung fibroblast activation during the early development of pulmonary fibrosis.

3. SSc-ILD, thrombin, and myofibroblasts

In the pathogenesis of pulmonary fibrosis in general and SSc-ILD in particular, lung
fibroblasts undergo specific phenotypic modulation and develop cytoskeletal features
similar to those of smooth muscle cells. These phenotypically altered, activated fibroblasts,
or “myofibroblasts”, express a contractile isoform of actin (a-smooth muscle actin, a-SMA)
and promote contractility of lung tissues. Myofibroblasts appear to be the principal
mesenchymal cells responsible for tissue remodeling, collagen deposition, and the restrictive
nature of the lung parenchyma associated with pulmonary fibrosis (Tomasek et al., 2002).
We have demonstrated that myofibroblasts are present in the BALF of SSc patients and
that myofibroblasts cultured from SSc BALF express more collagen I, III, and fibronectin
than normal lung fibroblasts (Ludwicka et al., 1992). Myofibroblasts from BALF also show
a greater proliferative response upon exposure to TGF-f and PDGF when compared to
normal lung fibroblasts. Several groups of investigators have demonstrated a correlation
between fibrosis and a-SMA expressing myofibroblasts in a number of different tissues
(Tomasek et al., 2002; Zhang et al., 1994; Walker et al., 2001). Myofibroblasts isolated from
various fibrotic tissues, including lungs, are thought to be the primary source of collagen
and other ECM proteins (Tomasek et al., 2002; Zhang et al., 1994). Studies in animals
employing the bleomycin-induced model of pulmonary fibrosis have identified
myofibroblasts to be the primary source of increased collagen expression and a major
source of cytokines and chemokines as well (Zhang et al., 1996; Vyalow et al., 1993).

The precise source(s) of myofibroblasts is still not well known. Relative contributions from
circulating mesenchymal stem cells or from local trans-differentiation of epithelial cells to
fibroblasts have been reported (Hinz et al., 2007). It has become generally accepted that lung
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fibroblasts may differentiate to a myofibroblast phenotype under the influence of local
growth factors and cytokines, such as TGF-f, endothelin-1, and thrombin (Hinz et al., 2007;
Bogatkevich et al., 2001; Shi-Wen et al., 2004). Interestingly, thrombin itself has been
demonstrated to induce the secretion of TGF-B and endothelin-1 (Shi-Wen et al., 2004;
Bachhuber et al., 1997).

4. Thrombin induces differentiation of lung fibroblasts to a myofibroblast
phenotype resistant to apoptosis while inducing apoptosis of alveolar
epithelial cells

Our previous studies demonstrated that thrombin differentiates normal lung fibroblasts
to a myofibroblast phenotype via the PAR-1/PKCe-dependent pathway (Bogatkevich et
al., 2001; 2003; 2005). We previously reported that thrombin induces resistance to FasL-
induced apoptosis in normal lung fibroblasts and that a similar level of resistance to FasL
is observed in SSc lung fibroblasts de novo (Bogatkevich et al., 2005). Interestingly, we also
found that thrombin-induced resistance to apoptosis is not specific only for FasL. We
showed that thrombin also induces resistance to other apoptotic factors such as
camptothecin and ceramide, and that SSc lung fibroblasts are also resistant to apoptosis
induced by these stimuli. Because of the involvement of Fas-FasL pathway in various
pulmonary disorders, we have selected this molecule for further investigations of
apoptosis. We demonstrated that FasL induces apoptosis in normal lung fibroblasts in a
dose-dependent manner and that this effect is inhibited by thrombin, as well as by
overexpression of constitutively-activated PAR-1 or -constitutively-activated PKCe
(Bogatkevich et al., 2005).

The activation of Akt in different cell lines is necessary for promotion of cell survival and
protection from apoptosis. We observed that thrombin induced sustained phosphorylation
of Akt at Ser-473 in lung fibroblasts. Phosphorylation of Akt occurred within 10 min of
thrombin treatment, reaching a maximum at 30 min and decreasing after 2 hours (Fig. 4 A).
Basal levels of total Akt were similar in lung fibroblasts and in A549 alveolar epithelial cells
(AEC), and thrombin induced Akt phosphorylation only in lung fibroblasts and not in AEC
(Fig.4B) at any time point.

Activation of the thrombin receptor PAR-1 is known to mediate apoptosis of intestinal
epithelial and lung epithelial cells (Suzuki et al, 2005; Ando et al., 2007). We incubated
human A549 AEC and mouse primary AEC with thrombin to determine if thrombin induces
apoptosis in these cells. After 24 hours of incubation with thrombin (1U/ml), A549 cells
demonstrated 4.2 times and AT2 cells demonstrated 3.45 times more DNA fragments when
compared to control cells, consistent with thrombin induction of apoptosis of these different
AEC types (Fig. 4C).

The best recognized hallmark of both early and late stages of apoptosis is the activation of
cysteine aspartate-specific proteases, caspases. Upon activation, the caspases cleave specific
substrates and thereby mediate many of the typical biochemical and morphological changes
in apoptotic cells, such as cell shrinkage, chromatin condensation, DNA fragmentation and
plasma membrane blebs (Kohler et al., 2002). Caspase-3 is activated during most apoptotic
processes and is believed to be the main executioner caspase. We observed that thrombin
activates caspase-3 in AEC, but not in lung fibroblasts (Fig. 4D)
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Fig. 4. Distinct effects of thrombin in lung fibroblasts and AEC. (A) Time course of
thrombin-induced Akt Phosphorylation was determined in lung fibroblasts treated with
1U/ml thrombin for various time points. (B) AEC (lanes 1 and 2) and lung fibroblasts (lanes
3 and 4) were incubated with or without thrombin for 30 minutes. Cell extracts were
immunoblotted with phospho-Akt or total Akt antibody (Cell Signaling Technology). (C)
Thrombin-induced apoptosis of human SAEC and mice AT2 cells. Each bar represents the
mean + SD of duplicate determinations in 3 experiments. *Statistically significant differences
between cells stimulated with thrombin and dabigatran versus cells stimulated with
thrombin (p<0.05). (D) Western blot analysis of caspase-3 expression in AEC and lung
fibroblasts. Confluent cultures of AEC (lanes 1 and 2) and lung fibroblasts (lanes 3 and 4)
were incubated with or without thrombin for 24 hours. Cell were collected with lysis buffer,
subjected to SDS-polyacrylamide gels, and analyzed by immunoblotting using anti-caspase-
3 antibodies from Cell Signaling Technology. Expression of B-actin is shown to confirm the
equal loading of protein. Note that caspase-3 antibody recognizes full length pro-caspase-3
(35kDa) and the fragment (17 kDa) from caspase-3 resulting from cleavage.

5. Effects of direct thrombin inhibitor dabigatran on aec and lung fibroblasts
in vitro

Thrombin is a well-known mitogen and has been shown to induce human lung fibroblast
proliferation. We measured the effect of dabigatran on thrombin-induced lung fibroblast
proliferation using a quick cell proliferation assay. This method is based on cleavage of a
tetrazolium salt, WST-1, to formazan by cellular mitochondrial dehydrogenases. Expansion
of the number of viable cells results in an increase in the activity of the mitochondrial
dehydrogenases leading to an increase in the amount of formazan dye detected by
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spectrometry. Basal levels of viable lung fibroblasts were in a range of between 0.38 and 0.51
OD. Thrombin increased fibroblast proliferation 1.8-fold within 24 hours. The direct
thrombin inhibitor, dabigatran, itself had no significant effect on lung fibroblast
proliferation, yet dabigatran significantly inhibited thrombin-induced proliferation of lung
fibroblasts. Neither thrombin nor dabigatran affected AEC cell proliferation (Fig. 5A).
Dabigatran, however, inhibited thrombin-induced apoptosis of AEC A549 (Fig. 5B).
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Fig. 5. (A) Dabigatran inhibits thrombin-induced lung fibroblasts proliferation and has no
effects on the proliferation of AEC. (B) Dabigatran inhibits thrombin-induced apoptosis of
AEC. The asterisk represents statistically significant (p<0.05) differences between cells
stimulated with thrombin versus cells stimulated with thrombin and dabigatran.
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Fig. 6. (A) Dabigatran inhibits a-smooth muscle actin (a-SMA) expression in lung
fibroblasts. (B) The images were scanned and analyzed with NIH Imaging software.
Densitometric analysis of immunoblots from 3 independent experiments is presented. The
asterisk represents statistically significant differences (p<0.05) between cells stimulated with
thrombin and dabigatran versus cells treated with thrombin alone.
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The appearance of myofibroblasts in areas of active fibrosis strongly suggests that
myofibroblasts are key contributors to the pathogenesis of SSc-ILD. Lung fibroblasts from
SSc-ILD patients express abundant and highly organized a-SMA (Bogatkevich et al., 2001).
Moreover, thrombin receptor PAR-1 and a-SMA co-localize in lung tissue in early stages of
lung fibrosis (see Fig. 3). In contrast, normal lung fibroblasts contain relatively small
amounts of a-SMA which is not fully organized. Previously we reported that within 24
hours of exposure thrombin increases the amount of highly organized a-SMA in normal
lung fibroblasts (Bogatkevich et al., 2001 and 2003). Although dabigatran had no effect on
the basal level of a-SMA in normal lung fibroblasts, dabigatran significantly decreased
thrombin-induced a-SMA expression in a dose-dependent manner (Fig. 6).

Contractile phenotype is another characteristic feature of myofibroblasts. Contractile forces
of the myofibroblast are generated by a-SMA, which is extensively expressed in stress fibers
and by large fibronexus adhesion complexes connecting intracellular actin with extracellular
fibronectin fibrils (Gabbiani, 2003). Fibroblasts cultured in collagen gel matrices provide an
in vitro model of fibrocontractility and fibrosing diseases such as scleroderma and IPF
(Grinnell, 1999). When cultured within collagen gels fibroblasts recognize collagen fibers
leading to contraction of the gels. This is believed to reflect the in vivo phenomenon of
wound contraction and extracellular remodeling in connective tissue. In lung fibrosis it
might also reflect the pathologic stiffness observed in SSc-ILD and other restrictive lung
diseases. We previously observed that thrombin induces collagen gel contraction by normal
lung fibroblasts in a dose-dependent manner with a maximal effect at 0.5 U/ml
(Bogatkevich et al., 2001). To further investigate the effects of dabigatran on collagen gel
contraction we used floating and fixed collagen gel assays with normal and SSc lung
fibroblasts treated with and without thrombin or dabigatran for 48 hours. Contraction of
floating collagen gels is considered to resemble more closely the initial phase of wound
contraction and reflects the induction of the myofibroblast phenotype by various growth
factors (Grinnell, 1999; Shi-Wen et al., 2004). In contrast, attached or fixed collagen gels serve
as a model of the late phase of excessive scarring observed in contractures and reflect the
direct ability of proteins to enhance contraction of already formed a-SMA through
mechanical stress. SSc lung fibroblasts inherently contain higher levels of a-SMA and
readily contracted both floating and fixed collagen gels (Fig. 7). Dabigatran significantly
reduced collagen gel contraction by SSc lung fibroblasts and a-SMA in both floating and
fixed collagen gels; however, thrombin only slightly induced a-SMA and did not
significantly affect collagen gel contraction by SSc lung fibroblasts.

We observed notable differences for floating and fixed collagen gels seeded with normal
lung fibroblasts when stimulated with thrombin. Thrombin strikingly contracted floating
collagen gels within 48 hours in a similar manner as within 24 hours; in contrast, thrombin
only slightly affected fixed collagen gels. Similarly, a-SMA was induced to a much higher
extent by thrombin in floating gels as compared to fixed gels. In contrast, dabigatran
inhibited collagen gel contraction and a-SMA not only in floating but also in fixed collagen
gels, thus blocking differentiation to a myofibroblast phenotype, as well as reversing the
already existing myofibroblast phenotype.

Normal lung fibroblasts naturally produce collagen type I and CTGF in very low
concentrations. Thrombin and the PAR-1 selective activating peptide PAR1-AP notably
increased the production of both of these proteins within 48 hours. Pre-treatment of lung
fibroblasts with dabigatran (1pug/ml) prevented the accumulation of collagen type I and
CTGF induced by thrombin, but not by PAR1-AP (Fig. 8A).
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Fig. 7. (A) Inhibition of floating and fixed collagen gel contraction by dabigatran in lung
fibroblasts. Data are presented as mean values + SD of three experiments. The asterisk
represents statistically significant differences (p<0.05) between cells stimulated with
thrombin and dabigatran versus cells treated with thrombin alone. (B) a-SMA expression in
floating and fixed collagen gels

Lung fibroblasts from SSc-ILD patients express considerably higher levels of a-SMA, CTGF,
and collagen type I when compared with normal lung fibroblasts. To establish whether
dabigatran would interfere with the expression of these markers of fibrogenesis, we
incubated SSc lung fibroblasts with dabigatran (1pg/ml) for 24, 48, 72, and 96 hours. We
observed that the addition of dabigatran for 72 and 96 hours reduced the levels of a-SMA
and CTGF; however, treatment of cells with dabigatran for 48 and 24 hours had little or no
effect (Fig. 8B). In contrast, the level of collagen type I was not significantly affected by
dabigatran even after 72 hours. Yet after 96 hours of incubation with dabigatran SSc lung
fibroblasts expressed significantly less collagen type I. To investigate whether, in addition to
a-SMA expression, a-SMA organization would also be affected by dabigatran in SSc lung
fibroblasts, we performed fluorescence microscopy studies. We observed that prolonged
incubation of SSc lung fibroblasts with dabigatran indeed results in decreased a-SMA
expression and organization (Fig. 8C). Over-production of collagen with increased
expression of CTGF is considered to be a molecular hallmark of fibrosis (Grotendorst et al.,
2004). Thrombin increases the expression of collagen type I and CTGF (Chambers et al., 1998
and 2000, Bogatkevich et al., 2006). Importantly, we have demonstrated that dabigatran
restrains thrombin-induced accumulation of collagen type I and CTGF in human lung
fibroblasts. Although we observed that incubation of SSc-ILD fibroblasts with dabigatran for
24 hours had no effect, upon longer exposure to dabigatran (72 hours) considerable
inhibition of CTGF and a-SMA expression/organization was observed. Even longer
exposure (96 hours) was required for dabigatran to significantly decrease collagen type I,
suggesting that down-regulation of collagen by dabigatran in SSc lung fibroblasts occurs
after inhibition of CTGF and a-SMA. It was reported that CTGF induces collagen I by
stimulating transcription and promoter activity (Chujo et al., 2005; Gore-Hyer et al., 2002),
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and diminishing CTGF by small interfering RNA lowers collagens I and IV in rats (Luo et
al., 2008). Similarly, the inhibition of a-SMA by the NH2-terminal peptide of a-SMA results
in reduction of collagen gene expression (Hinz et al., 2002). Therefore, our data suggest that
dabigatran may contribute to collagen type 1 down-regulation secondarily via reduced
expression of CTGF and a-SMA.
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Fig. 8. (A) Dabigatran inhibits thrombin- but not PAR-1-AP-induced collagen type I and
CTGF. (B) Dabigatran inhibits collagen type I, CTGF, and a-SMA expression in scleroderma
lung fibroblasts. (C) Dabigatran inhibits a-SMA expression and organization in scleroderma
lung fibroblasts. The experiments were repeated three times in three different cell lines and
representative immunoblots and images are presented.

6. In vivo antifibrotic effects of direct thrombin inhibition with dabigatran

Since dabigatran restrained important in vitro profibrotic events in lung fibroblasts, we
reasoned that dabigatran would diminish bleomycin-induced pulmonary fibrosis. For in
vivo studies we employed dabigatran etexilate, the oral prodrug of dabigatran. The prodrug
does not have antithrombin activity; however, after oral administration dabigatran etexilate
is rapidly converted by ubiquitous esterases to the active moiety, dabigatran (Sorbera et al.,
2005, Wienen et al., 2007). Drugs administrated during the early phase of tissue injury act
predominantly as anti-inflammatory agents and should be considered as “preventive
treatment”, whereas “true” antifibrotic agents might be effective irrespective of timing,
particularly if administrated during the “fibrotic” or later phase of the model (Moeller et al.,
2008). To distinguish between anti-inflammatory and antifibrotic drug effects, we compared
the effect of oral administration of dabigatran etexilate on the day of bleomycin instillation
(day 1) and on day 8 after bleomycin instillation in mice.

In control mice that received saline or saline and dabigatran etexilate, lung histology was
characterized by alveolar structures composed of septa, vascular components, and
connective tissue. Alveolar septa were thin allowing maximum air to occupy the lung. Lung
tissue isolated from bleomycin-treated mice demonstrated extensive peribronchial and
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interstitial infiltrates of inflammatory cells (H&E staining), thickening of the alveolar walls,
and multiple focal fibrotic lesions with excessive amounts of ECM protein shown by trichrome
differential staining (Fig. 9A). By contrast, significantly fewer cellular infiltrates, decreased
thickness of alveolar septa, and reduced accumulation of ECM proteins were all noted in mice
treated with dabigatran etexilate. Importantly, such beneficial effects of dabigatran etexilate on
bleomycin-induced pulmonary fibrosis were observed not only in mice receiving dabigatran
etexilate beginning on the same day as bleomycin (day 1), but were seen also in mice that
received dabigatran etexilate beginning on day 8 after bleomycin administration (Fig. 9A). The
overall level of fibrotic changes was quantitatively assessed based on the Ashcroft scoring
system (Ashcroft et al., 1988). The score in mice treated with bleomycin + placebo was nearly
9-fold higher compared to control mice (5.76+1.64 and 0.65+0.7 respectively). Fibrosis in mice
treated with dabigatran etexilate beginning on day 1 after bleomycin instillation was
significantly reduced (2.8-fold, p < 0.05) when compared to the bleomycin + placebo group,
suggesting an anti-inflammatory effect of dabigatran (Fig. 9B).
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Fig. 9. Effect of dabigatran etexilate on bleomycin-induced pulmonary fibrosis. (A)
Representative histological findings of lung inflammation and fibrosis. 1 - control (saline
+ placebo or saline + dabigatran), 2 - bleomycin + placebo, 3 - bleomycin + dabigatran
etexilate (day 1), 4 - bleomycin + dabigatran etexilate (day 8), n = 40 (10 mice per group)
(B) Quantitative evaluation of fibrotic changes (Ashcroft scores). (C) Collagen lung
content measured by hydroxyproline assay, n = 32 (8 mice per group). Values are the
mean * SD. * = P < 0.05 versus bleomycin + placebo-treated mice.

Interestingly, fibrosis in mice that received dabigatran beginning on day 8 after bleomycin
instillation was also significantly reduced (1.9-fold, p < 0.05) compared to the bleomycin +
placebo group, suggesting that in addition to anti-inflammatory properties dabigatran
demonstrated a strong anti-fibrotic effect.

The most profound development of fibrosis in the bleomycin model is observed by day 21;
therefore, we determined the effect of dabigatran on collagen accumulation in lungs 21 days
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after bleomycin treatment. To quantify collagen accumulation within the lungs we
employed hydroxyproline assay, which is based on colorimetric measurements of
hydroxyproline in lung hydrolysates reflecting total collagen in lung tissue. We observed
that dabigatran etexilate did not affect the basal level of hydroxyproline (data not shown).
However, dabigatran etexilate significantly lowered hydroxyproline in bleomycin-treated
mice by 64% and by 39% when administrated beginning on day 1 and day 8, respectively
(Fig. 9C). From these studies, we conclude that dabigatran etexilate downregulates lung
collagen by exerting an antifibrotic effect via thrombin inhibition.
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Fig. 10. Negative correlation of collagen content in lung tissue versus dabigatran levels in
plasma on day 1 (Group A) and day 8 (Group B), respectively.

The association between hydroxyproline levels in lung tissue and dabigatran concentrations
in plasma was tested using the Spearman rank correlation test. The average plasma
concentration of dabigatran obtained from mice fed with dabigatran chow was 342.1 + 90.0
ng/mL (n=21). We observed a strong negative correlation of hydroxyproline versus
dabigatran plasma levels (Fig. 10). There was no correlation between hydroxyproline and
dabigatran plasma levels in control mice receiving saline and dabigatran chow (data not
shown). This suggests that dabigatran affects collagen expression induced by tissue injury
(fibrosis) while not interfering with basal levels of collagen in normal lung tissue.

The total nucleated cell count in BALF was markedly higher in the bleomycin-treated group
on day 14 as compared to saline control animals (Table 1).

Bronchoalveolar lavage was performed on day 14 after bleomycin administration. Data are
presented as mean + SD (n = 8 mice per treatment group). * = P < 0.01 versus bleomycin +
placebo-treated mice.

Dabigatran etexilate treatment starting on day 1 and day 8 significantly reduced total
nucleated BAL cell counts from bleomycin-treated mice (p < 0.01). Dabigatran etexilate
alone did not affect BALF cell counts (data not shown). The percentage of BALF neutrophils
was significantly decreased in bleomycin/dabigatran etexilate-treated mice when compared
to bleomycin/ placebo-treated mice (p < 0.01). Total BALF protein was increased by 7.9-fold
in bleomycin-placebo treated mice when compared to control and was significantly
decreased by dabigatran treatment (p < 0.001). On day 21 after bleomycin instillation there
was notably fewer cells in BALF in mice treated with dabigatran etexilate when compared to
placebo-treated mice. However, there were no significant differences in cell numbers among
studied groups (data not shown).
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Parameters Control Bleo/Placebo  Bleo/Dabigatran Bleo/Dabigatran
Day 1 Day 8
Total Protein 0.24+0.09 1.89+0.26 0.87+0.41* 0.89+0.36*
(mg/ml)
Total Cell 8.0+3.5 41.9417.0 18.247.5* 21.048.5*
(x105/ml)
Macrophages 97.8+1.6 71.6+8.3 84.8+9.3* 79.449.0
(%)
Lymphocytes 22+1.4 10.3+4.4 8.7+3.7 9.1+5.8
(%)
Neutrophils (%) 0 18.15.6 6.542.2* 11.545.4*

Table 1. Analysis of bronchoalveolar lavage fluid
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Fig. 11. Effect of dabigatran etexilate on PDGF-AA (A) and TGF-p1 (B) levels in BALF. (C)
TGF-P1 expression in lung tissue. 1 - control (saline/ placebo), 2 - bleomycin/placebo, 3 -
bleomycin/dabigatran etexilate (day 1), 4 - bleomycin/dabigatran etexilate (day 8), n =24 (6
mice per group). Values are the mean + SD. * = P < 0.01 versus bleomycin/ placebo-treated

mice.

We observed that PDGF-AA was up-regulated (11.3-fold) when compared to controls in
bleomycin-placebo-treated mice. Dabigatran etexilate significantly reduced PDGF-AA by
65% and 54% when initiated on day 1 and day 8, respectively (p<0.01) (Fig. 11A). The level
of TGF-B1 in bleomycin-placebo-treated mice was 2.7-fold higher compared to controls
(saline/placebo- and saline/dabigatran-treated mice). Dabigatran etexilate significantly
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reduced TGF-P1 concentrations from 54.9+6.1 pg/ml in bleomycin/placebo-treated mice to
29.949.3 and 31.1+8.7 pg/ml when administered beginning on day 1 and day 8, respectively
(p<0.01, Fig. 11B). TGF-P1 expression was also assessed by immunohistochemistry in lung
tissue. In this analysis, TGF-1 was not detectable in lung from control mice, whereas it was
strongly expressed in fibrotic areas of lung tissue from mice treated with bleomycin plus
placebo (Fig. 11C). Dabigatran etexilate visibly reduced TGF-1 expression when used as
either early or late treatments. Similar to TGF-$1, CTGF and a-SMA were not detectable in
lung tissue from control mice, with the exception of a-SMA expression in smooth muscle
cells located in and around blood vessels and airways (Fig. 12). However, CTGF and a-SMA
were each strongly upregulated in the lungs of bleomycin-treated mice. Dabigatran etexilate
reduced this expression of CTGF and a-SMA in lung tissue, when administered beginning
on either day 1 or day 8 of bleomycin treatment.
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Fig. 12. Immunohistochemical evaluation for CTGF (A) and a-SMA (B) expression in lung
tissue.

In this and all other experiments within the study we found that both early and late
treatments with dabigatran etexilate were able to inhibit bleomycin-induced pulmonary
fibrosis; however, the inhibition of pulmonary fibrosis was more profound with early
administration. The efficacy of early treatment with dabigatran etexilate was higher because
it targeted the inflammatory stage of fibrosis, while later treatment was introduced at the
time of a more developed degree of lung injury. The role of inflammation in the
pathogenesis of progressive pulmonary fibrosis remains a controversial issue. Bleomycin
causes a severe acute inflammatory response followed by chronic inflammation and fibrosis.
It has been shown that the degree of inflammation in bleomycin-induced lung injury is
associated with the intensity of fibrosis (Moore & Hogaboam, 2008).

The concentration of dabigatran etexilate used in these experiments yielded plasma levels
that are slightly higher than those achieved in patients treated with dabigatran etexilate for
various thrombotic diseases (~180 ng/ml peak levels achieved with 150 mg twice daily
dose) (Van Ryn et al., 2010). The dose used in this study resulted in a ~2-fold elevation of the
aPTT and ~10-fold elevation of the TT (Fig. 13A).
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Fig. 13. (A) Effect of increasing concentrations of dabigatran on the thrombin time (TT) and
activated partial thromboplastin time (aPTT) clotting times in mouse plasma in vitro. Data
expressed as mean of duplicate determinations. (B) Effect of dabigatran etexilate on level of
active thrombin in BALF.

Such prolongation in mouse plasma is consistent with findings in human plasma, where it
has also been shown that change in the TT is more sensitive to dabigatran than is the aPTT.
Though it is not possible to directly relate plasma levels and/or anticoagulation from mice
to humans, it is important to note that the antifibrotic effects observed in our studies were
achieved at plasma levels and pharmacological effects consistent with human dosing.

It is also important to note that dose of dabigatran etexilate used in this study significantly
reduced but did not completely inhibit thrombin activity in BALF (Fig. 13B). We did not
observe any bleeding side-effects during the study suggesting that levels of dabigatran in
mouse plasma were not sufficient to completely eliminate thrombin from the normal
hemostatic process. However, such doses of dabigatran etexilate ameliorated lung fibrosis
even after it had been established, indicating that dabigatran etexilate could safely be
administered in chronic forms of lung fibrosis, at least in mice.

7. Conclusions

Tissue injury with activation of the coagulation cascade and increased thrombin activity
with deposition of fibrin are characteristic features of pulmonary fibrosis - the end result of
a heterogeneous group of disorders that includes IPF and SSc-ILD. Characterized by
microvascular injury and inflammation, SSc-ILD culminates in excessive deposition of
extracellular matrix proteins, often resulting in severe lung dysfunction and death.
Although cyclophosphamide treatment may stabilize lung function in some patients, long-
term treatment is required and significant toxicity may occur (Berezne et al., 2007; Strange et
al., 2008). There is, therefore, a great need for new therapeutic approaches that would be
more effective and less toxic than current treatments. Dabigatran etexilate represents the
first synthetic oral, reversible, direct inhibitor of thrombin with a very favorable biochemical
and pharmacological profile that translates into clinical efficacy and safety in patients with
or at risk of thrombotic disorders (Stangier, 2008). The current study provides important
preclinical information about the feasibility and efficacy of dabigatran etexilate for the
treatment of fibrotic diseases, including IPF and SSc-ILD, in which there is evidence for
tissue injury with overexpression of thrombin and downstream fibrogenesis. Any future
studies of thrombin inhibition for the treatment of SSc-ILD would need to demonstrate a
positive benefit/risk ratio taking into account potential risks such as gastrointestinal tract
hemorrhage.
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1. Introduction

1.1 Primary biliary cirrhosis

Primary biliary cirrhosis (PBC) is a chronic cholestatic liver disease characterized by immune-
mediated, chronic nonsuppurative cholangitis that affects interlobular and septal bile ducts
(Kaplan & Gershwin, 2005). PBC is a rare disease, with prevalence ranging from 28 to 402 per
million depending on geographical location (Table 1). PBC predominantly affects middle aged
women, and is exceedingly rare in males (James et al., 1999). Familial clustering of PBC cases
has been observed, which predominantly affects female family members. Several reports
indicate that the prevalence and incidence of PBC is increasing globally (James et al., 1999).
Concomitant autoimmune diseases are often found in patients with PBC (Kaplan & Gershwin,
2005). The serological hallmark of PBC is the presence of high-titer serum antimitochondrial
autoantibodies (AMA), which are present in 90-95% of patients with PBC (Bogdanos et al.,
2003; Bogdanos et al., 2008; Bogdanos & Komorowski, 2011; Kaplan & Gershwin, 2005). The
presence of AMA in asymptomatic patients is considered predictive of eventual disease
development (Metcalf et al., 1996). These autoantibodies are specific to the lipoylated domains
within components of the 2-oxoacid dehydrogenase family of enzymes, particularly the E2
component of the pyruvate dehydrogenase complex, located within the inner mitochondrial
membrane (Bogdanos et al., 2003; Bogdanos et al., 2008; Bogdanos & Komorowski, 2011,
Kaplan & Gershwin, 2005). Indirect immunofluorescence using rodent liver, kidney and
stomach sections as substrate are the most widely used screening assays for AMA in the
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routine setting (EASL 2009). Other techniques including immunoblotting and ELISA have a
higher sensitivity, and the use of cloned mitochondrial antigens and bead assay testing
systems allow for the identification of AMA in the sera of patients previously defined as AMA
negative. In addition to AMA, PBC specific anti-nuclear autoantibodies (ANA) are also
characteristic of PBC in approximately 30% of patients presenting with multiple nuclear dot
(antibodies against Sp100) or nuclear membrane staining patterns (antibodies against gp210)
(Bogdanos et al., 2008; Bogdanos & Komorowski 2011; Courvalin & Worman, 1997), which
preferentially are identified using HEp-2 cells as substrate . The multiple nuclear dot pattern
specific for PBC needs not to be confused with the nuclear dot pattern of anticentromere
antibodies (ACA). The autoimmune pathogenesis of PBC is supported by a plethora of
experimental and clinical data, such as the presence of autoreactive T cells in PBC patients, and
serum autoantibodies characteristic of the disease (Bogdanos et al., 2003; Bogdanos et al., 2010;
Bogdanos & Vergani, 2009; Shimoda et al., 1995).

The aetiology of PBC is unknown, however the current view is that both genetic
susceptibility, and environmental factors are involved together, although these need further
characterization. A number of chemicals and infectious agents have been proposed to
induce the disease in genetically predisposed individuals (Bogdanos et al., 2010; Bogdanos
& Vergani, 2009; Bogdanos et al., 2004a; Bogdanos et al., 2004b; Gershwin & Mackay, 2008;
Smyk et al., 2011; Vergani et al., 2004). The presentation of PBC may include symptoms such
as pruritus (the most specific symptom of PBC) and fatigue (the most common non-specific
symptom), and/or jaundice (Kaplan & Gershwin, 2005). More severe patients may present
with symptoms related to portal hypertension and its complications (Kaplan & Gershwin,
2005). However, a significant proportion of PBC patients are asymptomatic and diagnosed
incidentally during treatment for other conditions, which are quite often other concomitant
autoimmune conditions (Gershwin et al., 2005; Hudson et al., 2008). Currently, a definite
diagnosis of PBC is made on a combination of abnormal serum enzymes indicating
cholestasis (i.e. elevated alkaline phosphatase for at least six months), the presence of serum
AMA (titre > 1:40), and characteristic liver histology with florid bile duct lesions (EASL
2009, Kaplan & Gershwin, 2005). The presence of two of the three criteria is indicative of a
probable PBC diagnosis, but this definition is not globally accepted. Serum AMA may
precede disease onset by several years, and many individuals found positive for these
autoantibodies in the absence of other criteria eventually develop PBC (Metcalf et al.,
1996).

The progression of PBC may extend over many decades, and is highly variable among
patients. The final stages of this progression are characterised by cirrhosis, liver failure and
death. However, the patterns of clinical disease and natural history have changed
significantly in the last two decades after the introduction of medical treatment with
ursodeoxycholic acid (UDCA). When UDCA is administered in early PBC at adequate doses
(13-15 mg/kg/day), the progression of the disease is often altered, with many patients
having a normal life expectancy without additional therapeutic measures.

1.2 Systemic sclerosis (SSc)

Systemic sclerosis (SSc) is a chronic systemic connective tissue disease characterized by
vascular and immune dysfunction. The cardinal features are sclerosis of the skin with potential
involvement of other organs (kidney, oesophagus, heart and lung are the most frequent
targets), but involvement of the liver is relatively rare (Kalabay et al., 2002). The available data
indicate a prevalence of scleroderma ranging from 50 to 200 per million (Table 1), with women
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being at much higher risk for scleroderma than men (Chifflot et al, 2008). The poorly
understood pathogenesis of SSc is complex. Familial clustering and the high frequency of
other autoimmune disorders in families of patients with scleroderma, is suggestive of a
genetic involvement (Kalabay et al, 2002). In addition, infectious agents have been
suggested as possible contributing factors to the development and progression of SSc,
through mechanisms of molecular mimicry and immunological cross-reactivity involving
microbial/self homologues. SSc is extremely heterogeneous in its clinical manifestations,
pattern of organ involvement, natural history, and survival. Survival is correlated with
internal organ involvement and is inversely related to the severity of restrictive lung
disease. In the kidneys, injury to the medium-sized arteries can precipitate scleroderma
renal crisis with malignant hypertension, hyper-reninemia, microangiopathic hemolytic
anemia, and rapidly progressive renal failure. Pulmonary arterial hypertension develops in
40% of SSc patients, and is a major SSc complication and a leading cause of death (Kalabay
et al., 2002). Heart involvement in SSc may include cardiac fibrosis in addition to pulmonary
hypertension.

The autoantibody profile in SSc appears specific and is useful for confirming the diagnosis,
the disease subset, and for monitoring disease activity (Steen, 2005). Autoantibodies that
characterize limited cutaneous SSc (1cSSC) include ACA, anti-Th/To, anti-U1-RNP, and
PM/Scl. Diffuse cutaneous SSc (dcSSc) is characterized by anti-Scl 70 antibody (anti-
topoisomerase I antibody, TOPO), anti-RNA polymerase III and anti-U3-RNP. Severe lung
disease is the hallmark of anti-TOPO positive dcSSC patients. DcSSc patients with anti-RNA
polymerase III appear to have the most severe skin disease and the highest frequency of
renal crisis. Patients with the nucleolar antibody anti-U3-RNP have dcSSc with multiorgan
involvement (Steen, 2005).

2. PBC/SSc

2.1 Epidemiology

The main features of PBC and SSc are shown in Table 1. PBC is the most common liver
disorder in SSc patients (Abraham et al., 2004). One case from 1964 reports two patients with
SSc and possible (but unconfirmed) PBC. Murray-Lyon et al reports two cases of SSc with
PBC (Murray-Lyon et al., 1970). Despite several similar reports over the years, liver disease
has not been considered a significant feature of scleroderma, and larger studies have
demonstrated that liver disease was more common in the control groups. The association of
1cSSc and PBC was first described in 1970 with two cases of PBC and limited scleroderma
(Murray-Lyon et al., 1970). A further six cases were also reported, and several other case
reports have found an association between 1cSSc and PBC. The first case reporting an
association of PBC and scleroderma, without features of 1¢SSc, was described in 1972. The
prevalence of clinically evident PBC among patients with SSc was recently reported to be
2.5% in a registry of 1700 SSc patients (Norman et al., 2009), and 2% in a series of 817
patients with SSc (Assassi et al., 2009). On the other hand, the prevalence of SSc in patients
with PBC is estimated to be around 8%. However, case reports and some series (Akimoto et
al., 1999) reported wider range of prevalence (3-50%) of SSc, mostly 1cSSc, in PBC patients.
Large epidemiological studies on PBC note a small number of patients who also have SSc. A
large French study found SSc in 1% of a cohort of PBC patients, although 1% of their first
degree relatives and 1% of controls also had scleroderma (Corpechot et al., 2010). Gershwin
and colleagues found that 2% of PBC patients and 1% of their first degree relatives had
scleroderma, which was not found in any of the controls (Gershwin et al., 2005). First degree



154 Systemic Sclerosis — An Update on the Aberrant Immune System and Clinical Features

relatives with scleroderma were more often sisters, followed by daughters of PBC patients,
in keeping with the high female predominance (Gershwin et al., 2005; Parikh-Patel et al.,
2001). Twin studies in both conditions are scarce. One twin study for SSc found a
concordance of 4.2% among monozygotic (MZ) twins, compared to 5.6% in dizygotic (DZ)
twins, indicating a small genetic component to the disease (Feghali-Bostwick et al., 2003).
However, there was a 90% concordance for ANA among MZ twins, compared to 40%
among DZ (Feghali-Bostwick et al., 2003). The only twin study conducted in PBC
demonstrated a concordance of 63% among MZ twins (Selmi et al.,, 2004). Although both
twin studies note co-existing autoimmune disease, which was often the same condition in
the twin, none have noted SSc in twins with PBC and vice versa. If one of the affected twins
had SSc, it would be of interest to see whether the other would develop the disease, and
within how many years after presentation of the first twin.

2.2 Imnmunopathogenesis

The immunopathogenesis of PBC has not been fully clarified, but it appears that the
interaction between genetic predisposition, antigen-specific autoreactive T and B cells, the
innate immune system, and environmental factors are critical in the development of the
disease. Although PBC/SSc is relatively uncommon, several common factors found at the
genetic and environmental levels may account for the development of the disease in this
subgroup of patients.

2.2.1 Genetics

Genetic studies have recently implicated several gene loci in the pathogenesis of PBC
(Hirschfield & Invernizzi, 2011). Strong associations between PBC and HLA DQB1, as well
as at the IL12A, IL12RB2, STAT4 and CTLA4 loci were found in a large cohort of PBC
patients from North America (Hirschfield & Invernizzi, 2011). The role of HLA in PBC is
now believed to play a larger role that was previously suspected. Additionally, IRF5-
TNPO3, 17q12-21, and MMEL1 loci have also been found to be associated with PBC. A
cohort of Japanese PBC patients also showed an association with 17q12-21, however no
association was found with IL12A, IL12RB2 or IRF5-TNPO3, and similar findings in an
Italian cohort have also been reported. More recently, several new candidate genes have
also been identified, including STAT4, DENND1B, CD80, IL7R, CXCR5, TNFRSF1A,
CLEC16A and NFKBI. It should be noted that variability in gene associations have been
observed between different ethnicities and/or geographical locations.

In regards to SSc, several HLA and non-HLA regions have been identified (Agarwal &
Reveille, 2010). Positive HLA associations in whites and Hispanics include HLA-DRB1*1104,
DQA1*0501, DQB1*0301 (Assassi et al., 2009). Negative associations in those groups
included DRB1*0701, DQA1*0201, DQB1*0202, and DRB1*1501 (Assassi et al., 2009). In
African Americans, positive associations have been found with HLA-DRB1*0804,
DQA1*0501, DQB1*0301 (Assassi et al., 2009). That study also noted that ACA positivity was
closely associated with HLA-DQB1*0501 (Assassi et al., 2009), and another associated TOPO
positivity with HLA-DRB1*1104. Similar HLA findings to those noted above were also
found in a Spanish cohort. Non-HLA regions have also been identified in SSc, and include
STAT4 (Agarwal & Reveille, 2010), IRF5 (Agarwal & Reveille, 2010), BANK1, TNSF4, TBX21,
IL-23R , and C8orf13-BLK among others (Agarwal & Reveille, 2010). Overlapping PBC/SSc
genes include HLA-DRB1, DQA1, DQBI, IRF5, and STAT4, although it should be noted that
DR11, which is positively associated with SSc, is considered protective in PBC (Agarwal &
Reveille, 2010; Liu et al., 2010).
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PBC SSc

Prevalence (highly variable | 28-402/million 50-200/ million

geographically)

Incidence (highly variable 2.3-27 /million 0.6-122 /million

geographically)

Male to Female Ratio 1:8 1:1.5-12 (highly variable
geographically)

Peak Frequency Age 53 years 45-64 years

Autoantibodies AMA, ANA Limited disease: ACA,

anti-Th/To, anti-U1-RNP
Diffuse disease: TOPO,
anti-RNA polymerase III,

anti-U3-RNP
Genes HLA: DRB1, DQA1, DQBI, HLA: HLA-DRB1*1104,
(positive associations) DQA2 DQA1*0501, DQB1*0301,
Non-HLA: STAT4, IRF5, HLA-DRB1*0804,
SPIB, IKZF3-ORMDLS3, DQA1*0501, DQB1*0301
IL12A, IL12RB, MMEL1, Non-HLA: STAT4, IRF5,
DENND1B, CD80, IL7, BANK1, TNSF4, TBX21,
CXCR5, TNFRSF1A, IL-23R, and C8orf13-BLK

CLEC16A, NKFB1

Table 1. Major features of primary biliary cirrhosis (PBC) and systemic sclerosis (SSc)

2.2.2 Cellular immunity

Autoreactive T cells are likely to be involved in the pathogenesis of PBC. Histologically, PBC
is characterized by the presence of autoreactive T cells in the periductular spaces. CD4+ and
CD8+ lymphocytes purified from biopsy samples of PBC patients recognize PDC-E2
epitopes, and sequence overlap has been demonstrated between PDC-E2 specific T and B
cell epitopes (Shimoda et al., 1995). PBC appears to be unique among other classical
autoimmune diseases as it seems that there is only one immunodominant CD4+ epitope
within the major autoantigen (Shimoda et al., 1995). CD4+ T cell clones have also been
shown to recognize other mitochondrial autoantigens, including OGDC-E2, BCOADC-E2,
and E3BP (Shimoda et al., 2003). CD8+ T cells have been found to identify amino acids 159-
167 and 165-174 of PDC-E2 (Shimoda et al., 1995). As well, a 10 fold increase in these CD8+
cells has been found in liver tissues compared to peripheral blood of PBC patients. In
regards to PBC/SSc patients, it has been reported that this patient group has clonally
expanded CD8+ T cells expressing one T-cell receptor beta chain variable region, TCRBV3,
which may be involved in the disease pathogenesis (Mayo et al., 1999).

2.2.3 Humoral immunity

AMA has been found in approximately one-quarter of patients with scleroderma, and ACA
in one-quarter of patients with PBC. Positive ACA is reported in 9-30% of PBC patients
(Chan et al., 1994; Marasini et al., 2001; Mayes et al., 2009; Powell et al., 1984) and in 22-25%
of all SSc patients, the majority of which have 1cSSc. AMA positivity is found in 14-25% of
SSc (Gupta et al., 1984). ACA positivity is greater in PBC/SSc than in either disease in
isolation, but there is no cross reactivity between mitochondrial and centromere antigens
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(Whyte et al., 1994). Because ACA have been detected not only in SSc but also in other
autoimmune diseases (Kallenberg et al., 1982; Miyawaki et al., 2005) including PBC (Mayes
et al., 2009), the clinical significance of ACA has been investigated. Three major centromere
antigens have been recognized: centromere protein A (CENP-A, 18 kD polypeptide),
centromere protein B (CENP-B, 80 kD polypeptide), and centromere protein C (CENP-C, 140
kD polypeptide). One study attempted to identify the major centromeric antigen of ACA in
sera obtained from patients with PBC, and to classify the clinical characteristics associated
with this. Forty one patients with PBC were studied: 10 out of 16 (63%) patients with ACA
(all anti-CENP A) had one or more 1cSSc feature. The higher incidence of Raynaud’s
phenomenon seen in ACA positive patients with PBC than in ACA negative patients with
PBC suggested a close association of the presence of ACA with clinical features of 1cSSc.
This led to the proposal that there is a subset of PBC patients with scleroderma who are
ACA positive, and differ from both ACA negative PBC/SSc and ACA negative PBC non-SSc
patients, based on their clinical features and ACA epitope reactivity. As well, it has been
suggested that there may be cross-reactivity between ACA and AMA epitopes, but no such
link has been demonstrated (Whyte et al., 1994).

Immunological features of PBC/SSc patients were examined in a study by Akimoto and
colleagues (Akimoto et al., 1998), and compared to patients with PBC and SSc alone. ACA
positivity was observed in 80% PBC/SSc, 100% PBC/SSc spectrum, 25% PBC alone, and
100% SSc alone patients. AMA positivity was observed in 90% PBC/SSc, 75% PBC/SSc
spectrum, 91.7% PBC alone, and 0% SSc alone patients (Akimoto et al., 1998). Interestingly,
100% of PBC/SSc spectrum patients showed reactivity to PDC-E1p, as did 90% PBC/SSc
patients, but only 25% of PBC alone patients (Akimoto et al., 1998). Additionally, 70.6% of
SSc alone patients showed reactivity to PDC-E2 compared to only 23.8% of controls, and
100% showed PDC-E3 reactivity, although this was also observed in 90.5% of controls
(Akimoto et al., 1998). That study has suggested both clinical and immunological similarities
in PBC/SSc and PBC/SSc spectrum patients.

2.2.4 Infectious agents and molecular mimicry

Infectious agents have been implicated in the pathogenesis of both SSc and PBC, and
pathogens implicated in both are of interest in the pathogenesis of PBC/SSc. E. coli has been
strongly associated with PBC (Bogdanos et al., 2010; Burroughs et al., 1984), largely due to
the high occurrence of recurrent urinary tract infections in women with PBC (Corpechot et
al., 2010; Gershwin et al., 2005). Experimental data support the presence of cross-reactive
immune responses between human and E. coli PDC-E2 at the CD4 and CD8 T-cell level
(Shigematsu et al., 2000; Van de Water et al., 2001). Several studies have demonstrated cross
reactivity between the human PDC-E2 autoepitope (GDLLAEIETDKATI), and that of E. coli
(EQSLITVEGDKASM) at the CD4 T cell level (Shimoda et al., 1995). As well, a shared motif,
PDC-E2 (ExDK), was found to be critical for T cell epitope recognition (Shimoda et al., 1995).
T cells specific for human PDC-E2 have also been shown to be activated by a motif sharing
peptide of E. coli OGDC-E2 (Shimoda et al., 1995). In another study, 16 T cell clones specific
for E. coli OGDC-E2 were tested for proliferation when stimulated by human OADC-E2
autoepitopes from PDC-E2, OGDC-E2 and BCOADC-E2. Activation was seen in 13/16
clones when stimulated by human OADC-E2. These studies have demonstrated that cross-
reactivity between the highly conserved human and E. coli PDC-E2 epitopes may be a factor
in the development of PBC, but there is currently no evidence to suggest the association
between E. coli infection and the development of SSc.
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Helicobacter pylori and Chlamydia have been implicated in both PBC and SSc (Grossman et
al., 2011; Randone et al., 2008), however some studies indicate the Chlamydia are not
involved in the pathogenesis of these diseases (Mayes et al., 2009). DNA of H. pylori and H.
hepaticus have been isolated from livers of patients with PBC, leading to the suggestion that
Helicobacter species may be involved in PBC pathogenesis. Anti-helicobacter antibodies
have been detected in the serum and the bile of PBC patients. Helicobacter species have
induced a PBC-like pathology in experimental models of the disease. In regards to
molecular mimicry, it has been reported that a short H. pylori urease beta subunit sequence
shares significant amino acid similarity with the human PDC-E2515.26 autoepitope. The H.
pylori urease beta subunit mimic has been implicated as a candidate for the initiation of
cross-reactive immunity due to a high degree of sequence homology (13/15, 87%), and the
fact that the mimic originates from the urease beta subunit, which is a major target antigen
of anti-helicobacter immunity during infection. However, experimental studies have not
demonstrated evidence of cross-reactive immunity involving H. pylori in PBC. H. pylori has
more recently been implicated in the pathogenesis of SSc. H. pylori infection has been found
in as many as 78% of SSc patients in one cohort, while another study notes that there is no
difference between SSc and controls, although 90% of SSc patients had a highly virulent
strain compared to only 37% of controls (Danese et al., 2000).

Other pathogens implicated in SSc include herpes-virus, parvovirus B19, retroviruses, and
human cytomegalovirus. Sequence homology has been found between retroviral proteins
and TOPO, which is the target of anti-Scl 70 antibodies in SSc patients (Jimenez et al., 1995).
As well, fibroblast infection with retrovirus” has induced an SSc-like phenotype (Jimenez et
al., 1995). It is possible that certain infectious organisms contribute the development of PBC
or SSc in isolation, and that other organisms induce the disease in both conditions.
Additionally, if common pathogens are implicated in both PBC and SSc, then the possibility
of molecular mimicry in one disease may be applicable to the development of the other.

2.3 Screening and diagnosis of PBC in SSc patients and vice versa

Given the overlap between PBC with SSc and vice versa, including ACA positivity in PBC
patients and AMA positivity in SSc patients, the major challenge remains to clarify which
screening method would be best for early diagnosis of the associated conditions (Figure 1
and 2).

A recent study investigated the presence of antibodies against PBC disease-specific
mitochondrial antigens and antibodies against the sp100 nuclear body antigen in 52 SSc
patients using two commercially available ELISAs. In that study, AMA positivity was
observed in 13%, ANA in 2% (anti-sp100), and one patient (2%) was diagnosed with
symptomatic PBC. These figures were also found by Mytilinaiou et al., who confirmed
13.5% positive results with ELISA testing for antibodies against PBC disease-specific
mitochondrial antigens in 37 SSc patients (Mytilinaiou & Bogdanos, 2009). However, this
was not confirmed with the conventional indirect immunofluorescence based on unfixed
rodent kidney, liver, stomach tissue sections or HEp-2 cells as antigenic substrates, and none
of the ELISA positive patients showed features of PBC (Mytilinaiou & Bogdanos, 2009). The
specificity of ELISA testing needs clarification in regards to whether it is less specific with
false positive results, or that it simply represents a more sensitive method with respect to
indirect immunofluorescence, which remains the technique of choice.
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Systemic Sclerosis (SSc)

| HISTORY AND PHYSICAL EXAMINATION |

NO SYMPTOMS OR SIGNS OF SYMPTOMS OR SIGNS OF
CHOLESTATIC CHRONIC LIVER DISEASE CHOLESTATIC CHRONIC LIVER DISEASE
AND/OR
NORMALLIVER FUNCTION TESTS ABNORMAL LIVER FUNCTION TESTS
AMA AMA,

ABDOMINAL ULTRASOUND,
| TRANSIENTELASTOGRAPHY

NEGATIVE POSITIVE | |
| | NEGATIVE POSITIVE
SURVEILLANCE ABDOMINAL ULTRASOUND,
TRANSIENT ELASTOGRAPHY
| | RECONSIDER DIAGNOSISl | PROBABLE PBC |

NORMAL ABNORMAL I

| | REFER TO HEPATOLOGISTS |
| SURVEILLANCE |

Fig. 1. Diagnostic algorithm for patients with SSc and suspected chronic liver disease

The presence of AMA can precede clinical symptoms of PBC. It has been demonstrated that
the vast majority of AMA positive subjects have typical histological features of PBC despite
being asymptomatic and having normal liver biochemistry (Metcalf et al., 1996).
Furthermore, the study by Prince et al. suggested that 36% of initially asymptomatic PBC
patients would become symptomatic within 5 years (Prince et al., 2004). Thus, SSc cases, and
in particular those found to be positive for AMA, require urgent attention and long-term
monitoring for early detection of symptoms, signs and liver biochemistry suggestive of
chronic cholestatic liver disease. Routine follow-up of AMA positive SSc patients should
include liver biochemical tests (alaninoaminotransferase, aspartateaminotransferase,
gamma-glutamyltranspeptidase, alkaline phosphatase, albumin, bilirubin, international
normalized ratio), thyroid function and possibly annual abdominal ultrasound scans. Since
transient elastography of the liver has been emerging as a useful screening tool to detect
undiagnosed chronic liver disease in apparently healthy subjects, this could be used to
detect liver disease by evaluating liver stiffness on a yearly basis, and has the benefit of
being non-invasive. In addition, transient elastography is reported to be reliable in the
assessment biliary fibrosis. Figure 1 reports a proposed diagnostic and screening algorithm
for PBC in SSc patients.

Screening PBC patients for ACA is mandatory. Nakamura et al. reported that in PBC
patients, ACA positivity was significantly associated with more severe ductular pathology
histologically, and was a significant risk factor for the development of portal hypertension
(Nakamura et al., 2007). In another study, ACA positive PBC patients without clinical
features of SSc were shown to have similar symptoms and signs at diagnosis. These findings
need to be confirmed in large multicenter studies. Although ACA positivity is not
pathognomic of SSc, it is associated with an increased risk of developing connective tissue
disease. One review reported a sensitivity of 32% (17-56%) for SSc, 57% (32-96%) for 1cSSc,
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and specificity of at least 93%, while ACA positivity was present in 5% of patients with
other connective tissue diseases, and less than 1% of disease free controls. Since ACA could
be predictive of autoimmune rheumaticological disorders, it has been suggested that an
assessment of PBC patients should include careful questioning and evaluation for SSc
related symptoms, such as Raynaud’s phenomenon and CREST-related symptoms
(calcinosis, Raynaud's phenomenon, esophageal dysmotility, sclerodactyly and
teleangiectasia). The early diagnosis of SSc was recently defined into three domains
containing seven items: skin domain (puffy fingers/puffy swollen digits turning into
sclerodactyly), vascular domain (Raynaud's phenomenon, abnormal capillaroscopy with
scleroderma pattern) and laboratory domain (ANA, ACA and TOPO antibodies) (Avouac et
al.,, 2011). The use of nailfold video-capillaroscopy in patients suspected of having
connective tissue disease may also be a useful indicator. It has been suggested that this
assessment would need to be incorporated into the diagnostic and/or clinical management
of patients with PBC and suspected SSc. Experimental and clinical observations suggest that
endothelial dysfunction is present in PBC patients. One study found nailfold video-
capillaroscopy abnormalities in 91% of patients with PBC, and 54% had capillary alterations
characteristic of SSc (Fonollosa et al., 2001). Eleven out of the 22 PBC patients (50%) had
extrahepatic signs of connective tissue disease with most being related to SSc, while patients
with other types of chronic liver disease did not present with rheumatic manifestations
(Fonollosa et al., 2001). The high prevalence of nailfold capillary abnormalities characteristic
of SSc in patients with PBC, and correlation with sclerodermal manifestations, suggests that
this capillaroscopic finding could be a useful indicator to investigate rheumatic manifestations
in these patients (Fonollosa et al., 2001). Further clinical assessment of organ involvement
(especially lung by spirometry) in association with evaluation of pulmonary artery pressure on
echocardiography, should be considered in PBC patients diagnosed with SSc. A proposed
diagnostic and screening algorithm for SSc in PBC patients is presented in Figure 2.

PRIMARY BILIARY CIRRHOSIS (PBC)

| HISTORY AND PHYSICAL EXAMINATION |

NO SYMPTOMS OR SIGNS OF SSc¢ SYMPTOMS OR SIGNS OF SSc
ACA ACA, TOPO,ANA
NAILFOD VIDEOCAPILLAROSCOPY,
| ECOCARDIOGRAPHY,
| | SPIROMETRY
NEGATIVE POSITIVE | | |
| NEGATIVE POSITIVE
| SURVEILLANCE | | NAILFOD VIDEOCAPILLAROSCOPY | | |
| | | RECONSIDER DIAGNOSIS | | DIAGNOSIS OF SSc¢ |
NEGATIVE POSITIVE | |
| SURVEILLANCE | | ECHOCARDIOGRAPHY |— | REFER TO RHEUMATOLOGIST |

Fig. 2. Diagnostic algorithm for patients with PBC and suspected SSc
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2.4 Clinical presentation and prognosis

The clinical presentation of SSc precedes that of PBC in approximately 60% of cases. The
demographics of the disease in patients with overlapping features are not well-defined. For
example, it is not clear whether in the diagnosis of PBC in the PBC/SSc group occurs at a
lower age than in patients with PBC alone. In a study of 43 PBC/SSc patients (Rigamonti et
al., 2006), the median age at diagnosis of PBC made after SSc diagnosis was lower (46.1
years) than in PBC diagnosed before SSc (51.1 years). This was lower than the diagnosis in
PBC alone, with a median age of 53.2 years at diagnosis. The age difference at diagnosis in
the PBC/SSc patients compared to patients with PBC alone, may be attributed to lead time
bias (that is, screening for PBC in SSc patients and thus early diagnosis of asymptomatic
PBC, since 56% presented with SSc alone).

A higher first incidence of spontaneous bacterial peritonitis is found in PBC/SSc patients, in
addition to septicaemia during follow up, when compared to patients with PBC alone. This
is likely due to an increased risk of infection due to immune abnormalities and organ system
manifestations associated with SSc.

Both SSc and PBC are associated with increased morbidity and mortality (Bryan et al., 1996).
Among the disease-related causes of death in SSc patients, pulmonary fibrosis, pulmonary
arterial hypertension and cardiac causes (mainly heart failure and arrhythmias) are reported
to account for the majority. The most frequent non-SSc-related causes of death are infections,
malignancies and cardiovascular causes (Tyndall et al., 2010). In PBC patients, liver-related
causes account for roughly 50% of deaths, whereas cardio- and cerebrovascular causes
together with malignancies are responsible for the non-liver related deaths. Some case
reports suggest that PBC in association with SSc is associated with a more favourable
prognosis than PBC alone, whereas increased mortality due to SSc has been reported in
others. In the study, which included 43 PBC/SSc patients, liver disease had a slower
progression in PBC/SSc compared to matched patients with PBC alone (Rigamonti et al.,
2006). A lower rate of liver transplantation and liver related deaths was demonstrated in
PBC/SSc patients compared to patients with PBC alone, and these differences were not due
to earlier SSc related deaths. However, the improvement in liver related survival in the
PBC/SSc cohort was outweighed by an increase in non-liver related deaths due to SSc, and
thus overall survival was not different in PBC/SSc patients and those with PBC alone.
Prince and colleagues observed an increase in non-hepatic deaths in asymptomatic PBC,
even with a reduced liver related mortality, in comparison with symptomatic PBC (Prince et
al., 2004). Since the causes of death in PBC/SSc patients are mainly due to SSc and not to
liver disease, these patients may need different prognostic models in order to better predict
their liver related survival. Prognostic models for PBC alone may not be applicable for PBC
associated with SSc, or for other associated autoimmune diseases to assess the risk of liver
related mortality and the need for liver transplantation.

2.5 Therapy

All PBC patients with abnormal liver biochemistry should be considered for specific
therapy. UDCA at the dose of 13-15 mg/kg/day on a long term basis is currently considered
the mainstay of therapy for PBC (EASL 2009). In the early stages of PBC, UDCA protects
injured cholangiocytes against the toxic effects of bile acids. In later stages of the disease,
UDCA stimulates impaired hepatocellular secretion, mainly by posttranscriptional
mechanisms (Beuers, 2006). In addition, stimulation of ductular alkaline choleresis, and
inhibition of bile acid-induced hepatocyte and cholangiocyte apoptosis are included among
the beneficial effects of UDCA in PBC (Beuers, 2006). UDCA has been demonstrated to
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markedly decrease serum bilirubin, alkaline phosphatase, gamma-glutamyltranspeptidase,
cholesterol and immunoglobulin M levels, and to ameliorate histological features in patients
with PBC in comparison to placebo treatment (Poupon et al., 1991). However, no significant
effects on fatigue or pruritus were observed in these large trials, nor were effects on
survival. Favorable long-term effects of UDCA are observed in patients with early disease
and in those with a good biochemical response, which should be assessed after one year
from start of treatment (EASL 2009). A good biochemical response after one year of UDCA
treatment is currently defined by a serum bilirubin <1 mg / dl (17 micro-mol/1), alkaline
phosphatase <3 x ULN and aspartate aminotransferase <3 x ULN, according to the ““Paris
criteria”. The “Barcelona criteria” indicate a good response with a 40% decrease or
normalization of serum alkaline phosphatase.

The appropriate management of SSc is complex and includes early diagnosis of internal
organ involvement, identification of patients who are at risk of progressive disease, and
treatments tailored for each patient. Raynaud phenomenon and ischaemic digital ulcers are
common in patients with SSc and are a cause of disease-related morbidity. The European
League against Rheumatism (EULAR) recommended dihydropiridine-type calcium
antagonists, such as oral nifedipine, as first-line therapy for Raynaud phenomenon and
intravenous prostanoid iloprost for more severe forms (Avouac et al., 2009). The oral
treatment with endothelin-1 receptor antagonist bosentan is the treatment of choice for SSc-
related pulmonary artery hypertension (Avouac et al, 2009). The reportedly increased
incidence of elevated aminotransferases with bosentan (Rubin et al., 2002) gives further
support for the continual monitoring of liver function with this treatment, particularly in the
special group of patients with associated PBC. Cyclophosphamide given orally should be
considered for scleroderma interstitial lung disease (Avouac et al., 2009). Proton-pump
inhibitors and prokinetic are used for the management of SSc-related gastrointestinal
disease including gastroesophageal reflux, ulcers, strictures and motility disturbances.
Scleroderma renal-crisis should be treated with Angiotensin converting-enzyme inhibitors
(Avouac et al., 2009).

3. Conclusions

PBC-associated SSc is an intriguing autoimmune syndrome, which provides many
challenges to hepatologists and rheumatologists in terms of early diagnosis and
management, which should be shared between the two. A major effort should be made for
continuing collaborative research in this field aimed at achieving a better understanding of
the immunopathogenesis, genetic background, and demographic features of patients at
higher risk of developing the associated conditions. Joint outpatient clinics between
hepatologists and rheumatologists have been initiated in some large centers, and this may
be a good start in the management of these complex patients.
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1. Introduction

Systemic sclerosis (SSc) is an autoimmune disease characterized by fibrotic vasculopathy
and excessive organ fibrosis. Endothelial and vascular damage are main leading disability in
SSc. The goal of treatment lies in the prevention of excessive fibrosis affecting major organs
such as lung, esophagus or skin, and in minimizing microvascular injury to lessen the
deterioration in quality of life. Raynaud’s phenomenon is the clue of early diagnosis that
present vascular damage developing in the preclinical stage of SSc in 80-90% of patients.
Nailfold capillaroscopy (NFC) is a easily accessible diagnostic tool in secondary Raynaud’s
phenomenon. Examination of the nailfold capillaries can reveal the nature and extent of
microvascular pathology in patients with SSc. Several prominent nailfold capillary changes,
for example, megacapillary, capillary hemorrhage, loss in capillary distribution, is
distinctively apparent in SSc.

The main cytokines that induce fibrosis from fibroblasts and endothelial cells are
transforming growth factor-p (TGF-f), interleukin-1 (IL-1), endothelin-1 (ET-1), tumor
necrosis factor-a (TNF-a). Especially, ET-1 was reported to play an important role in
vasoconstriction, stimulation of fibroblasts growth incurring serious complications of SSc,
such as, pulmonary fibrosis or pulmonary hypertension. These aberrant biochemical
processes may involve systemic microcirculation and, thus, cause diffuse vascular
abnormalities.

2. Optimal NFC parameter in SSc

Nailfold capillary is represent microcirculation (Figure 1). NFC is a well-established imaging
technique widely used for diagnostic purposes in rheumatology as well as in other diseases, to
assess features of microcirculation in vivo. Nailfold videocapillaroscopy enables the study of
several aspects of capillary vessels, including morphology, distribution, density and blood
flow. For Significant correlation between the results of NFC and microvascular injury and lung
involvement was reported. Therefore, severity of the disease or response to the treatment
could be estimated. Recently, researches on new factors in NFC, that would enable earlier
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detection of change in clinical conditions and microvascular injury with computer-based
digitalied analysis, are underway. Despite these advantages, there is some debate regarding
the optimal parameter in assessing microvascular injury reflecting clinical status.

— dorssl digital anery

l& Nail fold

— lateral digital artery

1

capillary

Fig. 1. Scheme of nailfold capillary

2.1 Study design

We carried out this study to define the value of optimal NFC parameter in patients
diagnosed as SSc, by investigating correlation between clinical manifestations and plasma
ET-1 which are known to reflect disease activity.

2.1.1 Patients and investigations of clinical manifestations

Sixty patients were randomly selected from those fulfilling American College of
Rheumatology criteria for SSc and whom visited outpatient clinic. 30 healthy controls were
chosen from adults with no known medical history, and 23 disease controls were chosen
from the patients with connective tissue disorders other than SSc. The disease control group
consisted of 14 systemic lupus erythematosus (SLE), 4 primary Sjogren’s syndrome (pSS), 2
dermatomyositis (DM), 2 mixed connective tissue disease (MCTD) and 1 rheumatoid
arthritis (RA) patient.

All patients and controls underwent NFC and blood sampling. After removing plasma from
blood, the sample was stored at -70°C freezer (ULT-1386-5D-40) in order to measure ET-1.
Evaluation of patient group’s clinical manifestations was done with following exams;
manometry and gastrofiberscopy to discover gastric involvement, pulmonary function test
(PFT) and chest HRCT to discover pulmonary fibrosis, echocardiography to discover
pulmonary hypertension, urinalysis and kidney sonography to discover renal involvement.
Symptomatically, the presence of arthralgia, arthritis and digital ulceration was
investigated. Assessment of skin sclerosis was done by an experienced rheumatologist,
converting the severity into score using Modified Rodnan Score (MRS) (range : 0-51).
Antinuclear antibody (ANA), Anti scl-70 antibody, Anti centromere antibody, extracellular
nuclear antigen (ENA) was measured by immunoblot method.

2.1.2 Nailfold capillaroscopy
Patients were kept inside the procedure room for a minimum of 15 minutes before the
nailfold analysis can be performed, to adapt to the room temperature of 20-25 C. Each
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subject seated with dorsum of hand facing upwards, and with halogen lightings
illuminating upon the nails coated with immersion oil, under nailfold microscopy. The NFC
examination was performed by an experienced examiner without the patient’s clinical
information and nailfolds of second, third and fourth digits of both hands were observed
with light microscope (Olympus SZ-PT, Japan) under 100 times and 400 times magnification
(Figure 2). All microphotographs were transmitted to computer by digital camera (Polaroid,
USA) and after saving the images, enhancement was done by color filtering using Adobe
Photoshop® ver. 7.0 for analysis. Quantitative analysis was done by counting total number
of capillaries and number of capillaries with deletion, which were observed within 3mm
width of the central part of digits. The results were recorded in average value of 6 digits.
Also, an experienced rheumatologist measured the apical limb width and capillary width of
3 capillary rings located at the center, where resolution is the finest, directly from computer
screen, from all 6 digits (Figure 3). Previous reports have suggested that activity of SSc is in
strong correlation with capillary width and apical limb width, but not capillary length.
Therefore, we presumed that measuring capillary dimension at fixed capillary length
(25um) could be a new parameter. We defined capillary dimension as the sum of pixel
numbers of the area set by measuring capillary boundary at capillary length of 25 um. (Icm
on x 400) Adobe Photoshop® ver. 7.0 was used in this process (Figure 4).

Fig. 2. Nailfold capillaroscopy is a safe and noninvasive tool that possible to detect the
progression of the morphological changes.

Fig. 3. Scheme of capillary loop measurements (x 400). (1) Apical limb width, (2) Capillary
width.



170 Systemic Sclerosis — An Update on the Aberrant Immune System and Clinical Features

P [ mage lww Gelect Pl Mis Nreoo Hes

v U | g De— |

P POV TP O L PP LT S P O

25um

e

fis.

i
i

[, -

|

i | e Lo P v b s e po el s b 8 i g s

Fig. 4. The method of calculating “the sum of pixel number” with Adobe Photoshop®
version 7.0 as reflect of capillary dimension: A perpendicular length of 25um tangent to
internal limit of a capillary loop transverse segment defined the transverse segment area.

2.1.3 Measurement of plasma endothelin-1 and Statistical analysis

Plasma concentration of ET-1 was measured with ELISA (enzyme-linked immunosorbent
assay) method. 500 uL of plasma ET-1 in EDTA tube was evenly mixed with 750ul of
extraction solvent (acetone : 1IN HCI :Water (40 : 1 : 5)) and then microcentrifuged. The
supernant was dried down for 7 hours using speedVac concentrator and ET-1 ELISA kit
(R&D, Minneapolis, MN, USA) was used for measurement. The results were interpreted
using a microplate reader set to 450 nm as reference wavelength. The results were expressed
in median values and inter-quartile range. SPSS ver. 17.0 program for Windows (SPSS,
Chicago, IL) was used for statistical analysis. Mann-Whitney test was used for the
comparison of NFC parameters and continual variables of ET-1, and Chi-square test and
Fisher’s exact test was used for the comparison of clinical manifestations, between the SSc
patient group and the control groups. Spearman’s correlation coefficient was used to
express the relationship between MRS, measurement parameters of NFC, and plasma levels
of ET-1 in SSc. All results were interpreted to be statistically significant when p value < 0.05.

2.1.4 Results

There were 30 people of diffuse type of systemic sclerosis (dSSc), and 30 people of limited
type (ISSc). The mean age of 60 patients is 47 years old (12 - 66 years); 52 people are women
(84%), the mean prevalence period is 4 years (0.1-18 years), which is similar in the sexual
ratio and the age compared to the control groups. 57 people (95%) of SSc have Raynaud
phenomena and it was more frequent than the disease control group. Raynaud phenomenon
period is 12 months (1-120 months), statistically longer than the disease control group,
which is 6 months (3-24months). Among the clinical manifestations, dysfunction due to
gastrointestinal sclerosis, pulmonary fibrosis, arthralgia, arthritis, and digital ulcer were
significantly frequent in SSc (Table 1). The difference in clinical patterns due to the subtypes
of SSc was significantly elevated in the outbreak frequency of MRS high scores,
gastrointestinal dysfunction, pulmonary fibrosis, and digital ulcer in the dSSc than the 1SSc.
On the contrary, there was no difference in Raynaud phenomenon, pulmonary
hypertension, renal diseases, arthralgia, and arthritis. Statistically, autoantibody such as
ANA, anti scl-70 antibody, ENA showed more positive incidence in the dSSc (Table 2).
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Healthy Controls Disease control” SSc

(N =30) (%) (N =23) (%)  (dSSc=30, 155c=30) (%)
Female sex , n (%) 30 (100) 23 (100) 52 (83.87)
Age, yrs, median (IQR) 30 (24-53) 41 (18-57) 47 (12-66)
Disease duration, yrs, median
(IQR) 5 (0.5-10) 4 (0.1-18)
Raynaud’s phenomenon 0 (0) 10 (43.48) 57 (95.0)
Duration of Raunaud’s ph,
months, median (IQR) ’ 6 (3-24) 12 (1-120)
GI manifestation 0 (0) 0(0) 29 (48.33) #
Pulmonary fibrosis 0(0) 2 (8.70) 33 (55.0) #
Pulmonary Hypertension 0(0) 2 (8.70) 3 (5.0)
Renal disease 0 (0) 1 (4.35) 3 (5.0)
Arthralgia 0(0) 11 (47.83) 45 (75.0) *
Arthritis 0(0) 2(8.70) 14 (23.33) #
Digital ulceration 0 (0) 5 (21.74) 27 (45.0) #

Table 1. Clinical characteristics of control and patients with SSc.

Diffuse type of Limited type of

SSc SSc I

(N =30) (%) (N=30) (%) pryame
Clinical
Raynaud’s phenomenon 28 (93.33) 29 (96.67) NS
Modified Rodnan score, IQR 10.5 (4-33) 4 (2-18) p<0.05*
GI manifestation 19 (63.33) 10 (33.33) p<0.05*
Pulmonary fibrosis 19 (63.33) 14 (46.67) p<0.05*
Pulmonary Hypertension 1(3.33) 2 (6.67) NS
Renal disease 1(3.33) 2 (6.67) NS
Arthralgia 23 (76.67) 22 (73.33) NS
Arthritis 7(23.33) 7(23.33) NS
Digital ulceration 17 (56.67) 10 (33.33) p<0.05*
Serological positivity
ANA (>1:160) 30 (100) 24 (80.0) p<0.05*
Anti scl-70 Ab 18 (60.0) 12 (40.0) p<0.05*
Anticentromere Ab 3 (10.0) 4 (13.33) NS
ENA 15 (50.0) 6 (20.0) p<0.05*

Table 2. Clinical and serological finding according to type of SSc

2.1.5 Results of NFC parameter

In healthy control, nailfold capillary looks like comb-like patten with minor disorganization
and tortousity (Figure 5). Not like uniformly ordered capillary shape in the healthy control
group, there was statistical significance in the smaller number of capillaries within 3mm,
increased deletion numbers, apical limb with, capillary width, capillary hemorrhage and
dimension of capillary loop in SSc patient group.
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Fig. 5. The example of NFC finding (x400): (A)(B) In healthy control, the field of observation
is rather uniform as comb-like appearance. (C)(D) Minimal change of capillary dilatation
and increased tortousity are also seen even in healthy control.

The nailfold capillaroscopic pattern of early SSc is characterized by the massive dilatation
and presence of giant capillaries (homogeneous and symmetrical capillary enlargement over
10 times compared with normal pattern) and microhemorrages (Figure 6-A,B) (early to
active pattern). At the late phase of SSc progresses into fibrosis, the capillaroscopic pattern
most likely reflects the effects of capillary destruction, loss of capillaries, and avascular areas
are observed along with ramifications and bushy capillaries (Figure 6-C,D) (late pattern).

Fig. 6. The example of NFC finding (x400): (A)(B) In early to active phase of SSc, typically
many giant capillary and microhemorrage is noted. (C)(D) At the late phase, ramified
capillaries and avascular areas are observed along with bushy capillaries.
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Above all, the capillary dimension presented as the sum of pixel numbers per 25 um
capillary length was 1097, which showed the biggest difference; 516 from the healthy control
group, 561 from disease control group (p <0.001) (Table3-1). Median and range of plasma
ET-1 of the SSc patient group, normal control group and disease control group are on Table
3-1. The SSc patient group and disease control group had higher plasma ET-1 level than
normal control group.

Healthy Controls Disease control SSc

(N =30) (N =23) (N =30)
NFC feature, median
(IQR)
No. of loop (in 3mm) 21.8 (16-28) 20 (13.5-25) 11.8 (1-19.5)*
Deletion No. of loop 0.5 (0-2) 1 (0.5-5.5) 3 (0-13)*
Apical width (um) 9.2 (6.7-13.3) 9.5 (6.7-11.8) 14.23 (7.9-30)*
Capillary width (um) 19.6 (12.5-26.7) 25 (15-49.7) 37.5 (15-100.9)*
Capillary dimension* 515.9 (357-566) 561.0(420-920) 1096.7(312.6-2134)*
Endothelin-1 ml),
median (I QR)(Pg/ ) 1.7 (0.5-2.5) 2.1 (1.2-4.1)#a 2.4 (0.9-6.3)

#Capillary dimension is presented by the sum of pixel number
IQR: Inter-quartile range, median(range: minimum-maximum)
*:p <0.05 is significant value

#a: p <0.05 between disease control and heatrhy control group
#Db : p <0.05 between SSc and heatrhy control group

Table 3-1. Nailfold capillary microscopic feature and plasma endothelin-1 level
Other than that the capillary dimension of the dSSc was significantly wider than that of the

ISSc, there was no difference between the two subtypes. There was no difference in the
levels of plasma ET-1 among the subtypes of SSc patient group (Table 3-2).

dSSc 1SSc

(N =30) (N =30) p- value
NFC feature, median (IQR)
No. of loop (in 3mm) 10.1 (3-30) 13.5(3.5-23) NS
Deletion No. of loop 3 (0.5-13) 3 (0-8) NS
Apical width (um) 14.75(7.5-35) 12.75(8-30) NS
Capillary width (um) 40.25(8-100.75)  35.13(21.68-88.35) NS
Capillary dimension* 1312.7(313-2097) ~ 965.1(527-2156)  p<0.05*
Endothelin-1 (pg/ml), median (IQR) 2.63(0.86-4.54) 2.21(1.09-6.31) NS

Table 3-2. Nailfold capillary microscopic feature and plasma endothelin-1 between diffuse
and limited type in patients with Systemic sclerosis.

The NFC parameters did not differ in the presence of pulmonary fibrosis, renal diseases,
arthralgia and arthritis in SSc. However, the number of capillaries in 3mm and capillary
deletion had statistically significant smaller in gastrointestinal dysfunction and pulmonary
hypertension. When there is a digital ulcer, all parameters of NFC showed significant
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disparity, especially in number of capillary deletions (p <0.01) and capillary dimension (p
<0.001) (Table 4).

Comparison of plasma ET-1 of SSc patient group divided according to clinical characteristics
showed notably high in the group with digital ulcer and pulmonary hypertension (p < 0.01,
p < 0.05) (Table 4). It should be noted that plasma ET-1 is statistically proportional to MRS.
Moreover, there was a statistic correlation between the level of plasma ET-1 and the
capillary dimension in NFC (Table 5).

Clinical manifestation

G1 D% pu TN R Avthralgia Arthrids D18
fibrosis dis. ulcer

NEC feature

Ef;flrlg)op p<001* NS  p<001* NS NS NS  p<0.05*
Deletion No. of loop p<0.05* NS  p<0.01* NS NS NS p <0.01*
Apical width NS NS NS NS NS NS p <0.05*
Capillary width NS NS NS NS NS NS p <0.01*
Capillary NS NS NS NS NS NS  p<0.001*
dimension*

Endothelin-1 NS NS p<005 NS NS NS  p<0.01*

#Capillary dimension is presented by the sum of pixel number

G-L:abnormal finding in manometry including of GERD (gastro-esophageal reflux disease)
Pul. fibrosis: Pulmonary fibrosis

Pul. HTN: Pulmonary Hypertension

Renal dis.: Renal disease

NS: not significant

p <0.05* is significant value

Table 4. Correlation of clinical manifestations with NFC parameters and cytokines in
patients with SSc.

Endothelin-1

Skin hardness (MRS) p <0.05*
NFC feature

No. of loop NS
Deletion No. of loop NS
Apical width NS
Capillary width NS
Capillary dimension# p <0.05*

MRS: modified rodnan score

SSc: Systemic sclerosis

#Capillary dimension is presented by the sum of pixel number
NS: not significant

p <0.05* is significant value by Spearmam’s correlation.

Table 5. Correlation of plasma endothelin-1 with skin hardness and NFC parameters in
patients with SSc
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The level of plasma ET-1 and the capillary dimension were notably correlated in all of
healthy, disease control group and SSc patient group (Rs = 0.82 / p<0.001, Rs = 0.83 /
p<0.001, Rs = 0.31 / p<0.05) (Figure 7). The results suggest that computer-based microscopic
analysis of NFC is a useful method that potentially provides information on organ
involvement and plasma ET-1.
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Fig. 7. Relationship between plasma Endothelin-1 and capillary dimension; Capillary
dimension showed strong correlation with the level of endothelin-1 in (A) healthy control,
(B) disease control, (C) SSc (p <0.05* is significant value by Spearmam’s correlation).

3. Conclusion

NEFC is a non-invasive, relatively inexpensive modality in diagnosing secondary Raynaud’s
phenomenon and it detects characteristic changes of SSc. NFC is able to indirectly evaluate
vascular function of the connective tissue disorder. Recent researches reported the
correlation between the NFC change and the occurrence of gastrointestinal invasion,
pulmonary fibrosis, portal hypertension; thereby there is increasing the possibilities of the
early detection of internal organ invasion or the marker for the follow-up after treatment
based with digitalized computer-based analysis. Many clinical findings and plasma
cytokines was compared with traditionally used NFC parameter, which to observe the
number of capillaries and deletions in 3mm, apical limb width and the capillary width itself;
however, we suggest that a computer can generate a more powerful relation which predicts
the capillary dimension presented as the sum of pixel number in 25um of length.

Previously anderson et al. asserted that capillary dimension could be a new parameter for
Raynaud phenomenon; there were differences in capillary dimension according with
diabetic’s vasospastic symptoms. Also in our study, the capillary dimension positively
correlates with the apical limb width and capillary width in healthy control group. In
disease control and SSc group, the capillary dimension negatively correlates with the
number of capillary and showed positive correlations to the rest parameters, which
advocates as a new optimal parameter. The capillary dimension also is illustrated statistic
correlation to MRS which is the distinctive symptom in SSc. Additionally, the capillary
dimension increases the most with the incidence of digital ulcer, which best reflects the
activity of the disease in general. Not only in SSc, capillary dimension represented an
authentic correlation to plasma ET-1 level in both the healthy control and the disease control
group. For those reasons, the capillary dimension can be a factor that speaks for plasma ET-
1, regardless of the disease types.
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The endothelial cell or the smooth muscle cell secretes ET-1, which is a strong
vasoconstrictor related to the onset of numerous diseases. ET-1 is known to the main
cytokine which causes capillary deletion and directly to the development of fatal diseases
such as pulmonary fibrosis and portal hypertension in SSc. As like in other studies, in SSc,
plasma ET-1 level was increased than the healthy control group, but there was no statistic
difference with the disease control group. The reason is that ET-1 is also increased in other
connective tissue disorders that involve microvessel disruption due to vasoconstriction.
Scala et al. emphasized the research and control of essential cytokines that overproduces or
causes unbalance in extracellular materials in connective tissue cells, among many causes of
fibrosis, is adequate for pathophysiologic approach to the disease and to prevent the
progress of the disease. On the other hand, it is troublesome to measure the changes of
cytokines all the time and the relationship to internal organ invasion is uncertain.

From this study, plasma ET-1 is elevated in SSc than the healthy control group
proportionately to MRS, and meaningfully high in digital ulcer and pulmonary
hypertension. For that reason, ET-1 could be considered to be closely related to the disease
progression and severity of SSc. In our study, the capillary dimension is the best reflects of
plasma ET-1 in the NFC parameters. Consequently, capillary dimension using computer
pixel number is able to assume according to increasing in the plasma ET-1 and disease
activity. Capillary dimension maybe a powerful parameter, could be advantageous for early
diagnosis of complications as a result of organ involvement, and for the regular follow-ups
to assessments of the treatment in the patients with SSc.
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1. Introduction

Scleroderma renal crisis (SRC) is an infrequent complication of a rare disease. To date, many
aspects of the pathophysiology of SRC are still mysterious. Since SRC biopsies are not
frequently encountered in practice, our understanding of the spectrum of histologic changes
is derived from a combination of a limited personal experience and data obtained from
several relatively small pathologic studies.

This book chapter will be devoted to discuss the pathophysiology and the histologic
manifestations of SRC and will cover the most important aspects of clinical and laboratory
findings as well as treatment of SRC.

Systemic sclerosis (SSc) is a chronic systemic autoimmune disease characterized by excess
collagen production. According to the extent of cutaneous sclerosis, SSc can be classified as
either diffuse cutaneous (dc) or limited cutaneous (Ic) variant (Sakkas, 2005). Many studies
have been conducted to explore the pathogenesis of SSc. Activation of T-cells, B-cells and
macrophages have been described and linked to the development and progression of
fibrosis (Sakkas, Chikanza, & Platsoucas, 2006). Activated T-cells, mainly T helper
lymphocyte type-2 (TH-2), are associated with increased IL-4 and IL-13 production and
collagen accumulation. Activated B-cells produce autoantibodies that can facilitate
transformation of fibroblasts into more fibrotic phenotypes while activated macrophages
can accumulate in the perivascular spaces to produce transforming growth factor-B and
platelet derived growth factor, which can also promote fibrosis. In addition to collagen
accumulation, endothelial cell injury appears to play a central role in the pathogenesis of
SSc. Increased permeability of the nail fold capillaries (Bollinger, Jager, & Siegenthaler, 1986)
and increased endothelial apoptosis (Sgonc et al., 1996)have been described in SSc patients.
Endothelial cell injury in SSc may be triggered by anti-endothelial antibody (Worda et al.,
2003), cytokines (Kahaleh, 2004), complement abnormalities (Venneker, van den Hoogen,
Boerbooms, Bos, & Asghar, 1994) and/or cellular cytotoxicity (Sgonc et al., 2000).
Scleroderma renal crisis (SRC) can complicate the course of up to 10-20% of patients with
SSc. SRC is most commonly encountered in patients with dcSSc; however, it can still occur
in patients with 1cSSc(Sugimoto, Sanada, & Kashiwagi, 2008; Sugimoto et al., 2006) and even
in patients with no significant dermal sclerosis, termed systemic sclerosis sine scleroderma
(ssSSc) (Gonzalez, Schmulbach, & Bastani, 1994). Compared to SSc, much less is known

* Contributed equally



178 Systemic Sclerosis — An Update on the Aberrant Immune System and Clinical Features

about the pathophysiology of SRC. This is largely attributed to the rarity of the disease and
the absence of acceptable animal models for SRC. However, accumulating data suggest an
important role of antibody-mediated injury in the pathogenesis of SRC. The histologic
picture of SRC is not entirely specific for this disease. A similar histologic picture may be
encountered in a number of primary vascular diseases and clinical conditions that may
present as thrombotic microangiopathy. In addition to confirming the clinical diagnosis,
renal biopsy can help predict the clinical outcome and optimize therapy in SRC patients.
The mortality associated with SRC has decreased because of early diagnosis and
angiotensin-converting enzyme inhibitor therapy (Collins, Patel, Eastwood, & Bourke, 1996;
Steen, Costantino, Shapiro, & Medsger, 1990). Kidney transplantation remains as a
treatment option for a subset of SRC patients who develop end-stage renal failure despite
aggressive therapy. Unfortunately, the post-transplantation outcome for these patients
continues to be worse than that of the general renal transplant population.

2. Clinical and laboratory features

SRC occurs more frequently in females than males and in Caucasians compared to African
American (Sakkas, 2005). It is also much more common in patients with dcSSc than patients
with 1cSSc. However, only 10-20% of patients with dcSSc develop SRC (Ferri et al., 2002; Steen
& Medsger, 2000b). SRC usually occurs early in the course of SSc. Up to 75% of SRC develop
within the first four years from the diagnosis of SSc (Steen, 1994, 2003). SRC is classically
associated with a sudden increase in blood pressure (>150/90 mm Hg) (Mouthon et al.; Steen,
2003). This is usually accompanied by an acute deterioration in renal function. In addition,
such patients often complain of headache, blurred vision and dyspnea as a result of
hypertensive encephalopathy, congestive heart failure and pulmonary edema. Nevertheless,
up to 10% of SRC patients present with blood pressures below malignant hypertension levels
("normotensive SRC")(Helfrich, Banner, Steen, & Medsger, 1989; Kagan, Nissim, Green, & Bar-
Khayim, 1989). In these subjects, although blood pressure is within the normal range, it is
commonly increased from its baseline value (Helfrich, et al., 1989; Steen, 2003).

Thrombotic microangiopathy, characterized by thrombocytopenia, normocytic hemolytic
anemia, elevated levels of LDH and low serum haptoglobin can be encountered in
approximately 50% of SRC patients at clinical presentation (Penn et al., 2007; Steen, 2003;
Walker et al., 2003). In SRC patients, serum creatinine and blood urea nitrogen (BUN) are
consistently elevated and are usually proportional to the severity of renal involvement
(Steen, 2003). Renin blood levels are significantly elevated, especially in patients with
malignant hypertension (Traub et al., 1983). Urinalysis may reveal microscopic hematuria
and mild to moderate proteinuria (usually 0.5 to 2.5 grams per 24 hours) (Mouthon, et al,;
Steen, 2003).

With regard to autoantibodies, ANA is detected in up to 90% of SRC patients. The pattern of
ANA immunofluorescence is usually speckled (Penn, et al., 2007). Anti-centromere
antibody, which is typically observed in 1cSSc, has been infrequently reported in SRC
patients (Mouthon, et al.; Steen, 2005; Teixeira et al., 2008). Some investigators even consider
the detection of anti-centromere antibody to be protective against renal crises (Penn, et al.,
2007). Anti-topoisomerase antibody, formerly known as Scl-70 antibody, is typically
described in dSSc patients. This antibody has been shown to have some association with
renal involvement as well as pulmonary fibrosis and cardiac disease (Steen, Powell, &
Medsger, 1988). Anti-RNA polymerase III antibody is seen at a high frequency in patients
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with SSc who develop SRC (B. Nguyen, Assassi, Arnett, & Mayes; Okano, Steen, & Medsger,
1993). Anti Th/To antibodies have been reported in some cases of SRC without pulmonary
involvement (Gunduz, Fertig, Lucas, & Medsger, 2001) while anti-RNP3 or fibrillarin
antibodies have a stronger association with pulmonary hypertension and skeletal muscle
involvement than SRC (Aggarwal, Lucas, Fertig, Oddis, & Medsger, 2009). Compared to
other autoimmune connective tissue diseases, SRC has the worst prognosis (Ferri, et al.,
2002; LeRoy et al., 1988). Predictors of poor outcome in SRC include male gender, age above
fifty years, cardiac disease and dcSSc with extensive skin sclerosis (higher skin score)
(Denton, Lapadula, Mouthon, & Muller-Ladner, 2009; Teixeira, et al., 2008). Normal blood
pressure at presentation has also been associated with a poor prognosis (Medsger, Masi,
Rodnan, Benedek, & Robinson, 1971; Penn, et al., 2007; Teixeira, et al., 2008). Patients with
normotensive SRC could possibly have lower activation of their renin-angiotensin system
and therefore a lower blood pressure at presentation(Penn, et al., 2007). The poor prognosis
observed in the latter group might be attributed to a possible delay in diagnosis and
treatment (Haviv & Safadi, 1998; Helfrich, et al., 1989).

3. Pathophysiology

Despite efforts to investigate the underlying immune mechanisms, the pathophysiology of
SRC remains incompletely understood. Injury to the vascular endothelium appears to play a
key role in activating the pathological cascade of SRC. Endothelial injury leads to increased
endothelial permeability, vascular edema, accumulation of mucopolysaccharide material,
and proliferation of intimal cells. If the injury is sufficiently severe, endothelial damage can
initiate arteriolar and arterial fibrinoid necrosis and vascular thrombosis through platelet
activation and adhesion to the sub-endothelium (Batal, Domsic, Medsger, & Bastacky, 2010;
Fisher & Rodnan, 1958; Steen, 2003). With time, these changes can organize leading to
fibrointimal thickening and narrowing of the small arteries (Cannon et al., 1974; Fisher &
Rodnan, 1958). Intimal arteritis, manifested as lymphocytic and mononuclear cell
infiltration, is typically absent in SRC (Steen, 2003). Even though collagen overproduction
and accumulation is well established in the skin and lung lesions of SSc patients, collagen’s
role in early kidney lesions appears less important. Increased collagen appears later in the
form of vascular fibrointimal and adventitial thickening or as interstitial fibrosis. The latter
is often attributed to decreased perfusion due to chronic ischemic vasculopathy.

Intermittent vasospasm of renal arteries, also known as renal Raynaud’s phenomenon, has
also been proposed as a potential contributor to SRC-induced kidney injury (Cannon, et al.,
1974); Traub et al. reported an increase in the frequency of SRC in the winter suggesting
cold-induced vasoconstriction of renal arteries (Traub, et al., 1983). Vasospasm can also
participate in renal injury in SSc patients even in the absence of SRC. Following cold pressor
testing, Cannon et al. demonstrated a significant reduction in renal cortical blood flow in SSc
patients when compared to control subjects (Cannon, et al., 1974). In addition, Doppler
studies showed increased vascular resistance in SSc patients without concurrent renal
damage (Rivolta et al., 1996). Nevertheless, Raynaud’s phenomenon does not appear to be
the only explanation of renal injury in SSc patients without SRC. In an autopsy-based study,
Trostle et al. were able to show well established anatomic vascular changes in the form of
fibrointimal thickening in SSc patients without SRC (Trostle, Helfrich, & Medsger, 1986).
Regardless of the cause, reduction in kidney perfusion causes subsequent hyperplasia of the
juxtaglomerular apparatus (JGA) and increased renin secretion (Stone, Tisher, Hawkins, &
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Robinson, 1974). Kovalchik et al. (Kovalchik, Guggenheim, Silverman, Robertson, &
Steigerwald, 1978) proposed that renin production in SSc patients may be proportional to
the severity of vascular lesions. These authors also suggested that a substantial increment in
plasma renin activity in response to cold pressor testing could identify SSc subjects with a
preclinical renal involvement. However, more recent studies revealed that plasma renin
levels are neither sensitive nor predictive for SRC. Hyperreninemia has been described in
asymptomatic SSc patients who did not develop SRC (Mouthon, et al.). The potential
mechanisms of kidney injury in SRC are summarized in (Figure 1).
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Fig. 1. Potential mechanisms of injury in scleroderma renal crisis.

Endothelin-1 is a peptide produced mainly by endothelial cells. It has three isoforms ET-1,
ET-2 and ET-3. ET-1 binds to ET type A and ET type B receptors on muscular and
endothelial cells (Tirapelli et al., 2005). It modulates vascular constriction and smooth
muscle cell proliferation (Hirata, 1989; Takuwa, Takuwa, Yanagisawa, Yamashita, & Masaki,
1989). Accumulating data suggest that the latter might play an important role in the
pathogenesis of scleroderma. Higher serum ET-1 levels were detected in SSc compared to
healthy controls (Vancheeswaran et al., 1994). In kidney specimens, overexpression of ET-1
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and ET type B receptors were described in two patients who died following SRC (Kobayashi
et al., 1999). Mouthon et al. extended the aforementioned observations by studying the
pattern of ET-1 expression in kidney biopsies utilizing the immunoperoxidase technique
(Mouthon et al.). These investigators found glomerular and vascular overexpression of ET-1
in SRC specimens. In comparison, normal kidney biopsies revealed negative ET-1
glomerular staining and only weak vascular staining. In contrast, biopsies from patients
with hemolytic uremic syndrome (HUS) showed increased ET-1 expression on the
glomerular but not the vascular endothelium. ET-1 expression was largely detected in areas
of glomerular capillary wall thickening, glomerular and vascular thrombosis, and vessels
with either mucoid changes, onion-skin lesions, or fibrointimal thickening. Of note, ET-1
was recently identified as one of the most up regulated endothelial transcripts in allografts
following antibody-mediated rejection 48 4,

C4d is an early complement split product of the classical pathway of activation. When
detected in the peritubular capillary of an allograft biopsy, it is very suggestive of the
diagnosis of antibody-mediated rejection (Racusen et al., 2003). Using immunoperoxidase
techniques, we could detect similar pattern of C4d staining in a subset of SRC patients who
had poor renal outcome (Batal et al., 2009). Nevertheless, the presence and/or significance
of C4d deposits in SRC should be confirmed in larger studies using the more specific
immunofluorescence techniques.

In summary, accumulating data suggest the contribution of antibody-mediated injury in the
pathogenesis of SRC; First, specific autoantibodies have been associated with the
development of SRC. Second, the detection of peritubular capillary C4d staining has been
demonstrated in occasional patients with SRC. Third, ET-1 is overly expressed in SRC
biopsies.

In contrast, while the role of cytotoxicity is well accepted in SSc, cytotoxicity was not
systematically studied in SRC. The presence of peritubular capillary and tubulointerstitial
inflammation in some SRC biopsies suggests a possible contribution of cytotoxicity to
kidney injury. An immunohistochemical study to look at granzyme-B+ cells in such biopsy
in association with apoptosis of endothelial cells might be an initial step to investigate such
possibility.

Several factors such as pericardial effusion, arrhythmia(McWhorter & LeRoy, 1974; Satoh et
al., 1995; Steen et al., 1984), pregnancy (Karlen & Cook, 1974), sepsis (Steen, 2003) , non
steroidal anti-inflammatory drugs (NSAID) and cocaine(Lam & Ballou, 1992) can decrease
renal perfusion and precipitate or aggravate SRC in SSc patients. Corticosteroids are also
believed to trigger SRC; high dose prednisone might inhibit prostacyclin levels, increase in
angiotensin converting enzyme (ACE) activity and subsequent vasoconstriction (Sharnoff,
Carideo, & Stein, 1951).

Animal models are important tools to expand our knowledge of a particular disease process.
They offer the advantage of developing targeted therapies to diseases without placing
patients at risk of a direct intervention. Several experimental animal models of scleroderma
have been developed (Yamamoto). One of the better-known models is bleomycin-induced
scleroderma. A repeated intradermal or subcutaneous injection of bleomycin into rats and
mice leads to the development of dermal sclerosis (Mountz et al., 1983; Yamamoto;
Yamamoto & Nishioka, 2001, 2002, 2004; Yamamoto et al., 1999; Yamamoto, Takahashi,
Takagawa, Katayama, & Nishioka, 1999). The latter is microscopically characterized by the
deposition of thick collagen bundles, homogeneous acellular material, and cellular infiltrates
of T-cells, macrophages, and mast cells. Ishikawa et al. has recently shown that the adoptive
transfer of CD4+ T-cells from bleomycin-treated mice into untreated BALB/c nude mice
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induced a similar pathological picture with autoantibody production (Ishikawa, Takeda,
Okamoto, Matsuo, & Isobe, 2009). Dermal sclerosis in this animal model is generally limited
to the areas of bleomycin-injection and sclerotic changes are not observed in fingers or
abdominal skin. In addition to rodent animal models, UCD-200 chicken is another
extensively studied SSc animal model. In addition to clinical manifestations, UCD-200 is one
of the very few SSc models that display renal abnormalities. Endothelial cell apoptosis has
been described in the kidneys of such animals. However, the histologic picture is different
from what is typically observed in humans with SRC. In contrast to the typical thrombotic
microangiopathic pattern of injury, the kidneys of UCD-200 chicken are characterized by the
presence of glomerulonephritis associated with IgG deposition and thickening of the
muscular vascular layer (Gershwin et al., 1981; V. A. Nguyen, Sgonc, Dietrich, & Wick,
2000). From this model, one can conclude that SRC falls behind cutaneous sclerosis with
regard to in vivo models. To date, SRC still lack a well-accepted animal model.

Finally, one should remember that despite its importance in facilitating our understanding
of the pathophysiology and treatment options, differences do exist between human and
murine immune systems. The use of "humanized mouse model"(Pearson, Greiner, & Shultz,
2008; Zhang, Meissner, Chen, & Su, 2010), a small immune compromised murine model
possessing a functional reconstituted human immune system, might offer a potential way to
overcome some existing frustrations in improving scleroderma treatment.

4. Gross pathology

Macroscopic changes observed in SRC are relatively nonspecific, since similar changes can
be encountered in other thrombotic microangiopathic disorders. Petechial hemorrhages are
frequently observed on the surface of the affected kidneys while cut sections commonly
reveal small wedge shaped infarcts or, less often, larger foci of cortical necrosis (Fisher &
Rodnan, 1958).

5. Microscopic pathology

5.1 Light microscopy

In the absence of acceptable animal models, our current knowledge of the renal pathologic
changes in SRC is largely derived from histologic assessment of kidney biopsy specimens
performed during such crises. Autopsy materials provide another source to study the
morphologic alterations of this disease, although the histologic changes in autopsy
specimens often reflect a clinically severe and prolonged form of the disease typically
associated with end stage renal failure. A complete understanding of the spectrum of
pathologic changes in SRC is also limited by the low incidence of the disease and the fact
that renal biopsies are not routinely performed during the crisis. Such biopsies are basically
recommended when doubt exists about the etiology of renal dysfunction or, alternatively, to
exclude the coexistence of other diseases.

The histologic manifestations may vary during the course of the disease and the pathologic
changes predominate in small vessels and arterioles rather than larger arteries. Early
vascular changes can manifest as intimal edema and accumulation of acid
mucopolysaccharide material (Figure 2), which is positively stained with Alcian blue or
toluidine blue. Other early vascular changes include thrombosis (Figure 3) and/or fibrinoid
necrosis. Onion-skin lesions develop later as a result of cellular proliferation (Figure 4).
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Fig. 2. Intimal accumulation of mucoid material (artery on the right) with associated
adventitial fibrosis (artery of the left) in a patient with scleroderma renal crisis.
(Methenamine silver stain; original magnification x100) (Batal, et al., 2010).

Fig. 3. Arterial thrombosis (middle) and glomerular ischemic collapse (lower left) in a
patient with scleroderma renal crisis (Methenamine silver stain; original magnification x100)
(Batal, et al., 2010)
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Fig. 4. Onion skin lesion causing severe vascular narrowing in a patient with scleroderma
renal crisis (Methenamine silver stain; original magnification x400) (Batal, et al., 2010).

Fibrointimal sclerosis with or without adventitial fibrosis may be the result of chronic
ongoing damage or, alternatively, can represent a manifestation of burned-out injury from a
previous attack. Glomerular changes can be classified as acute or chronic. Acute glomerular
changes manifests usually as endothelial swelling and glomerular capillary thrombosis
(Figure 5).

Fig. 5. Glomerular thrombosis in a patient with scleroderma renal crisis. Note the associated
mild podocytic proliferation (Methenamine silver stain; original magnification x600) (Batal,
et al., 2010).
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Severe glomerular injury can lead to segmental glomerular fibrinoid necrosis or
mesangiolysis. Fragmentation of red blood cells and fibrin deposits can be observed within
the glomerular capillaries. These findings might sometime reflect a concurrent peripheral
micro-hemolytic anemia (Salyer, Salyer, & Heptinstall, 1973). A common form of secondary
glomerular injury is glomerular ischemic collapse due to decreased arterial perfusion.
Glomerular ischemic collapse is characterized by wrinkling and thickening of the capillary
walls and shrinkage of the glomerular tuft. Repetitive glomerular endothelial cell damage
results in significant remodeling of the glomerular capillary walls, with glomerular
basement membrane double contours (tram tracking) and a membranoproliferative pattern
of injury. In more subtle cases, these changes can be focal and segmental, but over time and
with more extensive injury, the remodeling becomes more complex and involves the
majority of the glomerular capillary loops. The membranoproliferative pattern in thrombotic
microangiopathies is usually associated with less mesangial proliferation, when compared
to immune complex-mediated diseases with a similar pattern of injury by light microscopy.
Endothelial cell injury, however, may result in mesangiolysis and resultant mesangial
expansion that leads to nodular glomerulosclerosis as the process heals.

Tubulointerstitial changes, usually occurring secondary to vasculopathy, are frequently
manifested acutely as ischemic acute tubular injury/necrosis or, chronically, as tubular
atrophy and interstitial fibrosis. A lymphohistiocytic interstitial inflammatory infiltrate can
infrequently be observed. Mild leukocytic margination in the peritubular capillaries can
occasionally be encountered. Small renal infarcts might be observed secondary to vascular
injury. Early in the course of infarction, neutrophils accumulate at the junction between
affected and non-affected areas while mononuclear cells predominate later.

The overall histologic picture is that of a thrombotic microangiopathic process (Fisher &
Rodnan, 1958; Mouthon et al., 2011). No histologic feature is absolutely pathognomonic for
SRC. However, in contrast to hemolytic uremic syndrome/thrombotic thrombocytopenic
purpura, small vessel changes predominate over glomerular changes in SRC. In hemolytic
uremic syndrome, Tostivint et al. showed that thrombotic microangiopathic alterations were
more frequently encountered in the glomeruli compared to small vessels [11/12 (92%)
versus 4/12 (33%), p = .009] (Tostivint et al., 2002). In SRC, thrombi were more commonly
detected in small vessels [11/17 (65%) small vessels thrombi versus 3/17 (18%) glomerular
thrombi, P = .01] (Batal, et al., 2009).

Small vessels in SRC may display thinning of the media and/or adventitial expansion.

A few investigators suggest that the latter (Figure 2) is specific for SRC, but more data are
needed to support this concept (Cannon, et al., 1974). Juxtaglomerular (JGA) hyperplasia can
be observed in SRC and is believed to be associated with increased renin production (Stone,
et al., 1974)(Figure 6). However, this feature is not entirely specific for SRC (Okada,
Lertprasertsuke, & Tsutsumi, 2000), and is not a consistent finding. We detected a
prominent JGA hyperplasia only in 12% of our SRC cases (Batal, et al., 2009).

Finally, it should be noted that vascular pathologic changes in scleroderma patients are not
restricted to SRC. Trostle et al. used morphometric techniques to study vascular changes in
autopsy specimens (Trostle, et al., 1986). In the absence of SRC, Trostle et al. were able to
demonstrate a significant increase in arterial fibrointimal thickness in dcSSc patients, and to
a lesser extent in 1cSSc patients, compared to age and sex matched controls. These
observations might be explained by a possible existence of mild ongoing renal vascular
injury below the threshold needed to trigger SRC.
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Fig. 6. Prominent juxtaglomerular apparatus (middle) in a patient with scleroderma renal
crisis (Methenamine silver stain; original magnification x400) (Batal, et al., 2010).

5.2 Immunofluorescence microscopy studies

Immunofluorescence microscopy studies typically reveal no evidence of an immune
complex-mediated renal disease, unless the patient suffers from overlap syndrome. IgM
deposition, which is frequently attributed to nonspecific entrapment, is the most frequently
detected immunoglobulin in the glomeruli and/or blood vessels (Lapenas, Rodnan, &
Cavallo, 1978; McCoy, Tisher, Pepe, & Cleveland, 1976; McGiven, De Boer, & Barnett, 1971).
Similarly, complement deposits are frequently detected. Fibrin or fibrinogen deposition
might also be observed in severely affected vessels or along the glomerular capillaries,
usually with dull continuous reactivity. Identical findings are seen also in thrombotic
angiopathies within other clinical settings.

5.3 Electron microscopy

Ultrastructural evaluation typically reveals severe endothelial cell injury. Well-formed
electron dense deposits are not detected in SRC. However, hyaline material, which can
sometime be difficult to distinguish from definite immune deposits, might accumulate in the
sub-endothelium of the glomeruli and/or blood vessels (Silva & Pirani, 1988). Endothelial
cell swelling and accumulation of sub-endothelial flocculent material and cell debris is a
common finding in SRC (Figure 7). Injured endothelial cells detach from the underlying
basement membrane and in most severe cases, the endothelial cells may be completely
sloughed off and missing. As the endothelium recovers from the injury, it will re-grow the
remodeled endocapillary surface and form a new basement membrane layer, resulting in
double contour formation. The repair is wusually irregular, resulting in complex
asymmetrical glomerular basement membrane with projections and deposits of cellular
debris in the expanded subendothelial space. The resultant pattern of glomerular wall injury
is membranoproliferative in the absence of electron dense deposits. Within the expanded
fibrointima of the small vessels, myointimal cells can also be demonstrated (Salomon,
Lamovec, & Tchertkoff, 1978).
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Fig. 7. Electron microscopic picture from a patient with scleroderma renal crisis. Note the
prominent sub-endothelial electron lucent fluffy material (Electron microscopy; original
magnification x5600)(Batal, et al., 2010).

6. Differential diagnosis (native kidneys)

As alluded to in paragraph four (Microscopic Pathology), acute SRC is very difficult if not
impossible to be differentiated from other thrombotic microangiopathies based on histologic
examination alone. Thrombotic microangiopathy is a pathologic term that encompasses a
number of clinical conditions that appear to be triggered by endothelial injury. In addition
to the rare SRC, this pattern of injury includes, although it is not limited to, thrombotic
thrombocytopenic purpura (TTP), typical and atypical HUS, preeclampsia, antiphospholipid
antibody syndrome, drug-induced thrombotic angiopathy(chemotherapy, cocaine,
calcineurin inhibitors), and what is known as '"idiopathic malignant hypertension".
Disseminated intravascular coagulation (DIC) also enters the differential diagnosis. The
latter is usually characterized by diffuse cortical necrosis and widespread glomerular,
vascular and intratubular microthrombi(Kawasaki, Hayashi, & Awai, 1987). However,
arterial mucoid changes and fibrinoid necrosis are usually absent. DIC is very rarely
encountered in surgical pathology samples compared to autopsy specimens.

The differential diagnosis of chronic/burned-out SRC is broad. These cases often show signs
of organization such as glomerular capillary double contours and glomerular scarring, and
vascular sclerosis and fibrointimal thickening. In some cases, the aforementioned
glomerular double contour can be associated with mesangial sclerosis and mild
hypercellularity reminiscent to membranoproliferative glomerulonephritis pattern of
glomerular injury. Membranoproliferative pattern of glomerular injury is typically seen in
three types of disorders, including immune complex-mediated disorders (such as
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autoimmune diseases and chronic infections), paraprotein and other deposition diseases
(such as monoclonal immunoglobulin deposition disease, fibrillary glomerulonephritis, and
immunotactoid glomerulopathy), and thrombotic microangiopathies. Immunofluorescence
and ultrastructural studies are essential in distinguishing these three groups of disorders.
The presence of polyclonal or monoclonal immunoglobulin deposition that show dense
deposits with or without organized substructures, favors immune complex and other
deposition diseases. In contrast, the absence of immunoglobulin deposition and the dull
continuous reactivity for fibrin along the glomerular capillary loops by immunofluorescence
studies, together with the absence of dense deposits by electron microscopy, characterize
various forms of thrombotic microangiopathies.

From a clinical perspective, one should remember that not all acute renal failure in SSc
patients is due to SRC. Distinguishing SRC from crescentic GN is important since
immunosuppressive therapy can exacerbate the former, but is used to treat the latter. The
hallmark of crescentic GN is the presence of glomerular extracapillary proliferative lesions
(crescents). As in non SSc patients, the most common form of crescentic GN in SSc patients
is pauci-immune ANCA-associated GN, followed by immune complex GN (Ramaswami et
al., 2008) and anti-glomerular basement membrane GN (Namba et al., 2008). In these cases,
immunofluorescence studies are necessary for a correct sub classification. They are negative
in the first; reveal granular immune complex deposits in the second, and linear glomerular
basement membrane IgG staining in the third group of diseases. In contrast, crescents are
typically absent in typical SRC, and if present, they are rare and very small (Kamen, Wigley,
& Brown, 2006; Ramaswami, et al., 2008). Ischemic glomerulopathy lesions in SRC can
sometime be accompanied by extracapillary epithelial cell proliferation, which can
occasionally mimic a crescentic proliferative process. However, these ischemic
“pseudocrescents” are characterized by the absence of necrotizing lesions, extracapillary
fibrin, or glomerular basement membrane destruction. Furthermore, although each of
crescentic glomerulonephritis and thrombotic microangiopathies can show vascular
thrombosis and/or fibrinoid necrosis, one should remember that small vessel vasculitis/
inflammatory changes are frequently observed in the former but are typically absent in the
latter.

Lastly, in addition to confirming the diagnosis, renal biopsy may help in predicting the
clinical outcome in SRC patients. A few studies have investigated the prognostic values of
different histologic parameters in SRC. When expressed as binary variables
(presence/absence), Penn et al. found that the presence of mucoid edema or vascular
thrombosis was associated with a suboptimal renal outcome (Penn, et al., 2007). We
extended Penn et al. observations by demonstrating that the severity and extent of acute
vascular damage and its consequences, namely arterial thrombosis/fibrinoid changes and
glomerular ischemic collapse, were indeed predictors of poor prognosis (Batal, et al., 2009).
In contrast to the study by Penn et al., we could not associate mucoid changes with poor
renal outcome.

7. Treatment

Before the advent of angiotensin converting enzymes (ACE) inhibitors, nephrectomy or
dialysis were the only available treatment options for SRC (Mitnick & Feig, 1978; Traub, et
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al., 1983). At that time, less than 10% of patients with SRC survived more than five
months(Steen, 2003). ACE inhibitors were first introduced as a potential treatment of SRC in
the late 1970s (Lopez-Ovejero et al., 1979). Since then, they have altered the management
and outcome of this disease (Thurm & Alexander, 1984; Zawada et al., 1981), considerably
increased patients' five year survival (up to 65%) (Steen, 2003) and rapidly became the first
line of treatment of both hypertensive and normotensive SRC (Steen, 2003). Bosentan is an
endothelin receptor blocker which is also considered a first line therapy (Dhaun, MacIntyre,
Bellamy, & Kluth, 2009). However, Bosentan did not show any significant advantage over
ACE inhibitors in regards to mortality and outcome (Patel et al., 2009). While angiotensin
receptor blockers (ARBs) had promising results in animals with hypertension, clinical
experience with these agents has not been very convincing (Siragy, de Gasparo, El-Kersh, &
Carey, 2001). Currently, these medications are only considered in patients who cannot
tolerate ACE inhibitors (Caskey, Thacker, Johnston, & Barnes, 1997; Mouthon, et al.; Steen,
2003).

In patients with SRC started on ACE inhibitors, one should aim for a blood pressure of
120/70 mm Hg (Steen, 2003). If this is not achieved within 12 hours of initiation of therapy,
then intravenous calcium channel blocker therapy should be considered. Conservative
medical treatment alone can successfully control blood pressure in approximately 30-40% of
SRC patients. These patients usually have a good prognosis. However, despite this
aggressive therapy, a proportion of patients (~20%) die within three months of the onset of
SRC due to multiorgan failure. Subjects in this group are often older males, presenting with
highly elevated serum creatinine and have pre-existing cardiac conditions (Steen &
Medsger, 2000a). In the remaining patients, the aforementioned medications fail to
normalize blood pressure and dialysis should be initiated. Of note, patients requiring
temporary dialysis (up to 18 months) had a five-year survival comparable to SSc patients
who never had SRC (90%). In contrast, patients who required permanent dialysis had a
considerably lower five-year survival (40%). A large subset of these patients fails to recover
renal function and require renal transplantation (Penn, et al., 2007; Steen & Medsger, 2000a).

8. Transplantation

Transplantation should be considered when renal failure persists beyond 18 months from
initiation of dialysis (Steen, 2003). In SRC, graft and patient survival post-transplantation is
inferior to general renal transplant patient (Pham et al., 2005). Recurrence of scleroderma
may participate in this poor outcome (Cheung, Gibson, Rush, Jeffery, & Karpinski, 2005).
Post-transplant recurrence of SRC has been reported even after transplantation from a twin
sister (Caplin, Dikman, Winston, Spiera, & Uribarri, 1999; Woodhall, McCoy, Gunnells, &
Seigler, 1976). Pham et al. (Pham, et al., 2005) suggested that SRC recurrence occurs early in
the post-transplantation course. However, Cheung et al. (Cheung, et al., 2005) challenged
this view when describing a late SRC recurrence observed seven years post-transplantation.

From a histologic perspective, establishing a diagnosis of recurrent SRC in a renal allograft
is more difficult than in a native kidney biopsy. The differential diagnosis in this case is
broader and includes acute antibody-mediated rejection, acute calcineurin inhibitor toxicity,
and occasionally infections such as CMV. Any other thrombotic microangiopathic disease
described in native kidneys can also manifest in the allograft as de novo thrombotic
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microangiopathic process (Liptak & Ivanyi, 2006). Chronic SRC changes are even more
challenging. Glomerular double contour resulting from SRC can be indistinguishable from
chronic transplant glomerulopathy, which has been recognized as a histologic manifestation
of chronic antibody-mediated rejection. Therefore, a careful clinicopathological and
immunological correlation with serum creatinine changes, blood pressure, circulating
donor-specific antibody, calcineurin inhibitor levels, and opportunistic infections are highly
important to achieve a correct diagnosis. A careful assessment of C4d in allograft biopsies
could also suggest the diagnosis of antibody-mediated rejection (Racusen, et al., 2003).
However, one should keep in mind that a few patients with SRC might show some levels of
peritubular capillary C4d staining while in contrast, C4d staining may be absent in some
cases of antibody-mediated rejection. C4d negative antibody-mediated rejection cases have
also been recently described (Haas, 2011; Sis & Halloran, 2010).
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1. Introduction

More than 30 years ago, pregnancy was not recommended for patients with systemic
sclerosis (SSc) because of the overrepresentation in the literature of pregnancies with poor
outcome. Thus, women with SSc had been strongly advised against pregnancy and often
counseled to terminate ongoing pregnancies.

Retrospective studies found an increased frequency of pre-term births and small full-term
infants in cohorts of patients with SSc. However, it turned out that finally the frequency of
miscarriage and neonatal survival rate did not differ from that observed in the general
population. Thus, in recent retrospective studies, maternal prognosis has improved as
compared to historical series, possibly as a consequence of a better knowledge of the natural
history of SSc and complications that may occur during pregnancy and a better
multidisciplinary management of pregnancies occurring in patients with SSc.

2. Epidemiology

SSc is a rare disease with a prevalence of 50 to 250 cases per million inhabitants [1]. SSc
predominantly affects women (3-8 for women one man) with a peak incidence between 45
and 64 years. However, women tend to develop SSc earlier than men and 1 out of 2 women
have early symptoms of the disease while of childbearing age. As a consequence,
pregnancies in patients with SSc are infrequent. In the past, this connective-tissue disease
ordinarily affected patients in the late reproductive and post-reproductive age [2]. In the
more recent decades, many women have postponed childbearing into their 30s and 40s year.
For this reason, the number of women who develop SSc and may become pregnant is likely
to increase. Interestingly, Johnson et al reported in 1988 that in 17% of women with SSc, the
onset of disease occur during pregnancy [3].

The number of gestations before the onset of SSc might influence the age at which the
disease starts [4], since nulliparous women are younger at SSc onset and present with a
more aggressive clinical course. Thus, the average age at SSc onset in women with a past
history of pregnancy is 44 years, whereas, in women in whom SSc started before or occurred
at the time of pregnancy, the average age at disease onset is 26 years [5]. This result, in favor
of a bimodal distribution, suggests that there may be differences in the pathogenesis of SSc
in these two groups of women.
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The type of SSc is associated with marked differences in term of number of pregnancies.
Thus, patients with limited SSc experience more pregnancies and get more children than
those with diffuse SSc, most probably because of the severity of the disease. In addition, an
association between the sex of the offspring and SSc has been suggested, women with SSc
being more likely to give birth to male children [6]. However, the underlying explanation
for this observation is not known and these data remain to be confirmed.

3. Pathogenesis

SSc is characterized by vascular hyperreactivity and collagen deposition. Endothelial cells,
fibroblasts and lymphocytes abnormalities have been reported in SSc. Endothelial cells
produce an excess of endothelin 1 and inducible NO synthase and undergo increased
apoptosis. Oxydative stress seems to play a major role in disease progression.

Fibroblasts dysfunction is characterized by an uncontrolled activation of the transforming
growth factor-f (TGF-B) pathway, an excess in synthesis of connective tissue growth factor
(CTGF) and free radicals, favoring the accumulation of extra-cellular matrix. Increased
levels of interleukine 4, a pro-fibrosing cytokine, have been detected in plasma and skin of
SSc patients. Autoantibodies are detectable in the serum of more than 90% of SSc patients,
which are directed against well identified ubiquitous nuclear proteins without evidence of a
pathogenic role. Other autoantibodies bind to endothelial cells and/or fibroblasts and may
exert a pathogenic role.

It has been proposed, by analogy to chronic graft versus host disease, that fetal cells might play
a role in the pathogenesis of SSc [7]. Thus, although histologic and immunologic parameters
differ between chronic graft versus host disease and SSc [8], it has been postulated that SSc
might be understood as a type of chronic graft versus host disease resulting from
transplacental transfer of cells between mother and fetus [9]. This hypothesis was further
supported by the identification of fetal Y DNA and cells in skin lesions from women with SSc
and a past history of delivery of male children [7]. Although a higher incidence of Y
microchimerism (the persistence of foetal cells in the mother after delivery) has been reported
in females with scleroderma who gave birth of child of male sex, than in healthy control
females [10], these data remain controversial since not confirmed in other studies, particularly
because of a higher incidence of detection of Y microchimerism in healthy control females than
in the initial publications. Thus, if microchimerism has been suspected to play a role in the
pathogenesis of SSc [11, 12], this postulate is actually controversial.

4. Influence of SSc on pregnancy

4.1 Fertility

Infertility is defined by difficulty in conception and the failure to achieve a successful
pregnancy by the age of 35. Reports are contradictory in females with SSc. Silman and Black
[13] reported a significantly higher spontaneous abortion rate in cases than in controls, with
33 (28.7%) vs 20 (17.4%), corresponding to a relative risk of 2.1 (p=0.05). In addition,
multiple abortions were more frequently reported in women with SSc. In a Swedish national
population-based registry [14], nulliparity was associated with increased risk of SSc (odds
ratio = 1.37, 95% confidence interval: 1.22-1.55). Another study reported that both delay in
conception and infertility were more common in patients who subsequently developed SSc.
Women with SSc were more likely than women in the whole population to have had a delay
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in conception (> or = 12 months): OR 2.6 (1.1, 5.7) or be infertile: OR 2.3 (0.7, 7.2). These
differences were not apparent when the group of patients with SSc was compared to the
group of women with Raynaud's phenomenon, with OR's of 0.7 and 1.1, respectively [15]. In
an Italian case-control study, the risk of SSc was found to be 70 percent lower for women
with a past history of pregnancy (odds ratio = 0.3, 95% confidence interval: 0.1, 0.8) and the
risk decreased with increasing parity [16]. It has been also reported that infertility was 3
times higher than in healthy controls in SSc patients before the diagnosis was made [6].
Similar findings were reported by Englert et al [15]. An alternative explanation might be that
women, who develop SSc early in life, cannot or may not want to get pregnant.

In recent studies, the frequency of miscarriage and neonatal survival rate did not differ in
patients with SSc as compared to healthy controls. Thus, Giordano et al did not find
significant level of infertility among a series of 86 women with SSc when compared with
matched healthy controls [17], although they observed a significantly increased frequency of
miscarriages per pregnancy (50 of 299 pregnancies in patients with SSc versus 32 of 322
pregnancies in controls; p<0.05). Steen and Medsger reported that fertility in SSc patients
did not differ significantly from that observed in either of the control groups [18]. In
addition, the proportion of nulliparous women did not differ significantly between SSc and
control patients.

4.2 Spontaneous abortion

Rates of early pregnancy loss of 14%-15% are somewhat increased from the estimated 10%
in the general population. Late pregnancy losses occurred scarcely, generally in women with
severe diffuse SSc [18]. The anti-Ro/SSA antibody might be associated with spontaneous
abortion [19]. A retrospective study of Silman did not find increased risk of fetal loss in SSc
patients [13].

4.3 Preterm delivery and fetal outcomes

Reported preterm delivery rates ranged from 8% to 40% in patients with SSc [18, 20, 21],
most of them being observed on or after gestational age 34.

The frequency of small full-term babies was slightly increased among SSc patients [18]. Low
birth weight infants (<10th% tile for gestational age) ranged from 0% to 50%.

4.4 Delivery

The optimal mode of delivery in patients with SSc remains controversial. Vaginal delivery is
associated with fewer shifts in blood volume but has a prolonged second stage of labor and
issues regarding increased pressure with contractions. Cesarean delivery reduces the second
stage of labor and may be necessary in cases of extreme maternal or fetal distress but
increases risks of infection and thrombosis [22]. Among women who had an elective
termination, 87.5% had diffuse SSc whereas 12.5% had limited SSc (p<0.0001) [6]. Cases of
preeclampsia were isolated [18]. Labor and delivery represent a very vulnerable period in
this setting, and extended observation in the hospital following delivery may be required,
particularly in patients with PAH, although PAH is a contra-indication to pregnancy [23].

4.5 Placenta
The placenta, which embodies the maternal-fetal interface, may be involved in women with
SSc, with vascular abnormalities inducing placental ischemia [22, 23]. The higher rates of
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prematurity and low birth weight infants encountered in SSc may be the direct consequence
of placental vascular insufficiency [23]. In a large study, 13 placentas from women with SSc
were examined and correlations were made with perinatal outcomes. In 5/13 placentas,
marked decidual vasculopathy was noted, in association with intrauterine fetal demise
between week 16 and 30 in 4 cases [24]. These findings are similar to those observed in
eclampsia. In 1986, Labarrere and colleagues investigated 18 placentas of 15 mothers with
various autoimmune diseases including idiopathic thrombocytopenic purpura, autoimmune
thyroid diseases, and multiple sclerosis. Interestingly, the group of patients with
autoimmune diseases had significantly more maternal vascular lesions and chronic villitis of
unknown etiology than the control group. Investigators failed to identify lesions that could
be attributed to any of the diseases in particular. Placental vascular damage with deposits of
IgM, C3, and Clq was more prominent in a patient with SSc. In both of these diseases, these
lesions were related to poor fetal outcome. Placental vascular damage with deposits of IgM,
C3, and Clq was more prominent in a patient with SSc and these lesions were related to
poor fetal outcome [25]. Thus, we are convinced that systematic placental examination
might help to identify the role of placental vasculopathy in pregnancy outcome [23].

5. Influence of pregnancy on the course of SSc

For years, SSc has been considered as a strict contraindication for pregnancy because of
physiologic changes observed during gestation, including blood volume, vascular
resistance, cardiac output and oxygen consumption, with a peak at the end of the second
trimester of pregnancy. Recent studies demonstrated that women with SSc have acceptable
pregnancy outcomes. More provocatively, it has been proposed that pregnancy might be
protective against SSc [2, 12, 20]. Artlett at al suggested in a retrospective study that
pregnancy was protective, since diffuse disease and worsening interstitial lung disease were
more common in nulliparous women with SSc. Alternatively, it has been reported that
pregnancy-related phenomena may contribute to SSc development [26, 27], and Cockrill at
al. [28] proposed in a large cohort of women with SSc and sibling controls that immune
responses associated with early childhood infections might predispose to the occurrence of
SSc. In this study, it was observed that the risk of SSc increased with increasing birth order,
and that a history of one or more pregnancy losses without any live births had the strongest
association with SSc development.

Visceral involvement represents the major hurdle to pregnancy outcome in women with SSc,
particularly in patients with pulmonary arterial hypertension (PAH), advanced pulmonary
fibrosis and/or scleroderma renal crisis (SRC). Thus, a past history and/or de novo severe
visceral involvement in a woman with SSc during pregnancy represent major risk factors for
the occurrence of complications and/or materno-foetal mortality. Overall, during pregnancy,
SSc remains clinically stable in 40-60% of patients, deteriorates in 20%, and improves in 20%.
The variation probably relates to the heterogeneous nature of SSc [2, 29].

5.1 Vasculopathy

Vasculopathy is a prominent feature of SSc which may influence pregnancy outcome in
women with preexisting SSc [23]. Thus, 22.9% of pregnant women with SSc develop
hypertensive disorders including preeclampsia, corresponding to a four-fold increased as
compared to the general population (85% CI, 2.4-6.6) [29]. Similarly, a nearly four-fold
increased rate of intrauterine growth restriction was observed in the same study.
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5.2 Scleroderma renal crisis

Scleroderma renal crisis (SRC) represent the worst complication that may occur in pregnant
SSc patients. SRC is characterized by malignant hypertension, proteinuria, acute renal
failure and in more than half of the cases thrombotic microangiopathy. SRC occur in
patients with rapidly progressing diffuse skin disease of less than four years evolution. The
frequency of maternal complications in SSc women with either diffuse or limited disease is
not increased as compared with healthy controls, except for SRC [30]. This risk of SRC is
lower if pregnancy is planned within 3-5 years from onset of symptoms [31]. Many of the
perinatal deaths reported among SSc women are reported in those who develop SRC [32,
33]. Steen reported two cases of SRC in retrospective study of 86 pregnancies occurring after
the diagnosis of SSc [34]. One woman developed end-stage renal disease, and the other died
from status epilepticus. In a prospective study of 91 pregnancies, two cases of renal crisis
were reported [20]. Both women required hemodialysis after delivery. Overall, it remains
unclear if rates of SRC are increased in pregnant women compared to non pregnant women
with severe diffuse disease [23]. Finally, SRC may be difficult to distinguish from
preeclampsia in the pregnant SSc patient and renal biopsy may be indicated in case of
difficulties to distinguish both disorders [35].

5.3 Pulmonary arterial hypertension

Pulmonary arterial hypertension is a major cause of morbidity and mortality in patients
with SSc. In contrast to SRC, PAH can occur both in patients with limited or diffuse
disease. Women with PAH identified by right heart catheterism are at extremely high risk
of severe hemodynamic complications during pregnancy. Thus, the reserve in the
pulmonary arterioles is markedly reduced and as a consequence vascular resistance
cannot be reduced to accommodate the increased blood volume and cardiac output that
occurs during pregnancy [23]. Reports estimated a 30%-56% maternal mortality rate in
women with PAH . This maternal mortality rate is relevantly higher (56%) in women with
secondary vascular pulmonary hypertension included connective tissues diseases, than in
primary PAH and Eisenmenger’s syndrome (30% and 36% respectively). The most
vulnerable period occurring with delivery and the first two weeks postpartum [36].
Women with PAH should be strongly discouraged from becoming pregnant. All
complaints of dyspnea in pregnant SSc women should prompt an immediate evaluation
for the occurrence or worsening of PAH. Despite currently available treatments, a
pregnancy is a principle-cons in pregnant women with PAH and a contraception is
recommended for women of childbearing age.

5.4 Other complications

Gastro-oesophageal reflux increases during third trimester of pregnancy. Skin thickening
has been reported to increase during post-partum in women with diffuse SSc.

Raynaud's phenomenon is characterized by vascular hyperactivity and vasospasm. Among
all vascular complications of SSc, Raynaud's phenomenon and digital ulcers are the most
likely to improve during pregnancy and worsen in postpartum [37]. Raynaud’s
phenomenon should not be considered a contraindication to pregnancy, even in patients
with recurrent digital ulcers [23]. Reduction in skin fibrosis has been reported in SSc patients
during pregnancy, with improvement lasting for up to one year post partum [38].
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6. Management of pregnancy in patients with SSc

Women with SSc who become pregnant should be considered at high risk for complication
related to the pregnancy. Multidisciplinary approach and aggressive prenatal monitoring
are necessary for the management of women presenting with complications. PAH requires
careful hemodynamic monitoring and specific management in collaboration with
pneumologists. Women with SSc require extended observation in hospitalisation following
delivery. Pregnancy must be planned when the disease is stable. Pregnancies should be
avoided in women with SSc with significant cardio-pulmonary or renal disease because of
the increased risk of maternal death. If women with SSc carefully consider the timing of
pregnancy recomanded by their physician and are closely monitored, successful outcome
can be obtained without excessive risk for the mother or the foetus [18].

7. Medications during pregnancy

At the time of diagnosis of pregnancy, drugs associated with an increased risk of fetal
toxicity must be stopped. The treatment of severe hypertension during pregnancy in
patients with SSc is difficult despite the use of multiple antihypertensive agents [39]. The
routine use of ACE inhibitors is not recommended during pregnancy. An increased risk of
fetal waste, teratogenic effects, fetal distress, and severe postpartum neonatal renal failure
has been reported in the literature in this setting [40]. However, if the women has a history
of SRC or is at high risk for developing SRC, an immediate initiation of Angiotensin
conversing enzyme (ACE) inhibitors may be indicated. In cases of profound maternal or
fetal distress, emergent delivery may be the most appropriate option followed by initiation
of ACE inhibitor therapy. The severity of SRC during pregnancy and the benefits of ACE
inhibitor treatment are highly likely to outweigh the risks of fetotoxicity [23].
Hydroxychloroquine in the setting of polyarthritis, intravenous immunoglobulin in the
setting of documented myositis and low doses of steroids may be safely used during
pregnancy. In case of pulmonary hypertension, successful use of epoprostenol and sildenafil
has been reported in patients with PAH during pregnancy. Anticoagulation with low-
molecular-weigth heparin is recommended to reduce risk of thromboembolism, since anti-
vitamine K agents are teratogenic [41].

Calcium channel blockers are classically contra-indicated during pregnancy. However,
Wilson and Kirby reported the successful conception and pregnancy in a woman with SSc
while receiving continuous treatment with nifedipine 30 mg/day, after a previously poor
obstetric record and involuntary secondary infertility. They speculated that nifedipine might
have had a beneficial effect on conceiving and maintaining the pregnancy in this patient
[42]. In addition, calcium channel blockers might prevent hypertension and premature
labour. Thus, nifedipine is regularly prescribed in women with SSc during pregnancy.
Finally, Basso and Ghio reported the first case of successful pregnancy in a woman with SSc
treated with cyclosporine [43].

A Japan team reported the case of a woman with SS¢c who experienced two spontaneous
abortions before delivering a healthy baby after administration of vitamin E. Vitamin E is
known to have properties of antioxidants and anti-platelet aggregation agents and may
prevent placental ischemia induced by decidual vasculopathy [19].
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Among immunosuppressive treatments prescribed in patients with SSc, azathioprine is the
only one which can be prescribed during pregnancy. Thus, the drug does not seem to be
teratogenic in humans [44], whereas cyclophosphamide, methotrexate and mycophenolate
mofetyl are teratogenic. Because of the potential for carcinogenesis and the unknown long-
term effects of fetal immunosuppression, the use of azathioprine should be reserved for
pregnant women whose diseases are severe or life-threatening. Reduction of the
azathioprine dose at 32 weeks' gestation may prevent serious neonatal leukopenia and
thrombocytopenia. Close prenatal monitoring for growth and long-term evaluation of the
offspring are essential [45].

8. Conclusion

Pregnancies in patients with SSc are infrequent. There is no increase in the frequency of
miscarriages but an increased premature births and small full-term babies in patients with
SSc. Vascular manifestations including SRC and PAH should be considered as
contraindications for pregnancy due to the increased risk of both maternal and fetal
morbidity and mortality. The use of ACE inhibitors is recommended in pregnant women
with SRC despite the risk of teratogenicity. In order to minimize risks, a multidisciplinary
approach is necessary to suggest the best timing for pregnancy and provide adequate
supportive treatment to patients with SSc during pregnancy.

SSc : Systemic sclerosis

SRC : Scleroderma renal crisis

PAH : Pulmonary arterial hypertension

ACE : Angiotensin conversing enzyme
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characterized by an exaggerated formation of collagen fibers in the skin, which leads
to fibrosis. Accumulating evidence now points toward three pathological hallmarks
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