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Systenuc sclerosis

Animal modet

Microangiopathy

Profiferative pulmonary vasculopathy
Fibrosis {Graphical abstract)

In systemic sclerasis, microvascular injury often precedes the development of fibrasis, Whereas the develop-
ment of digital ulcers and skin fibrosis causes high morbidity, the affection of intternal organs, in particular
complications such as interstitial lung disease and pulmonary (arterial) hypertension, account for the high
disease-associated mortality of these patients, Vascular animal modets of systemic sclerosis are of utmost im-
portance to study pathophysiological aspects, to identify molecular key players, and to perform interventional
proof of concept-studies. So far, animal models of systemic sclerosis have mainly reflected the pro-fibrotic
features of the human disease, The Fra-2 (Fos-related antigen-2} transgenic mouse model simultaneously
displays both pro-fibrotic and vascular characteristics of human systemic sclerasis. ‘

© @ 2012 Elsevier inc. Al rights reserved.

1. Introduction
" ‘ :

Systemic sclerosis (SSc) is an autoimmune disease characterized
by widespread vascular changes and progressive fibrosis of the skin
and imternal organs. Alterations of microvessels, preceded by endo-
thelial cell damage and likely an increased apoptosis of endothelial
cells (EC) (Sgonc et al., 1996), lead to clinical vascular manifestations
such as digital ulcers, scleroderma renal grisis and pulmonary arterial
hypertension (PAH) (Steen et al, 2009)| Vascular manifestations such
as Raynaud’s phenomenan and digitat ulcers might occur even before
the onset of fibyosis suggesting a crucial role of microvascular injury
for the overall disease process. In general, there is a destructive
vascuiopathy of capillaries with vasodilation and rarefication, as well
as a proliferative vasculopathy of small arteries with intimal thickening
(Table 1).J0ften these morphological changes occur in paralle] and are
often found even in the absence of clinical manifestations,

To date, PAH and interstitial lung disease {ILD) are the leading
causes of death in SSc patients {Steen and Medsger, 2007). Patlents
with SSc-PAH have a worse prognosis than patients with idiopathic
PAH (IPAH) or PAH related to other condective tssue diseases

\\&(?‘_ggnliffeheml.."zm\g)hhe overali response to PAH-specific therapies

is less lavorable in patients with SSc-PAH than in IPAH patients
(Mathai et al, 2009} which might be explained by histopathological

differences of pulmenary changes in IPAH and $Sc-PAH (Dorfmuller |

et al, 2007; Overbeek et al., 2009}, The prognosis of SSc patients
with co-existing PAH and ILD is even worse compared to patients
with isolated SSc-PAH with a 3-year survival of 28% even when treated

"7 Cotresponding authar. Tel.; 41 44 255 2577 fax: +#41 44 255 4170,
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with targeted therapies for PAH (Cendliffe et al, 2009). Apparently,
(subcinical) ILD, detécted by sensitive techniques such as histology,
occurs in 70% of 5S¢ patients (D'Angelo et af, 1969; Matucci-Cerinic
et al., 2011) with non-specific interstitial pneumonia (NSIP) as the most
frequent histological pattern {Bouros et al, 2002).

The observed clinical, prognostic and histopathological differences in
$Sc-PAH and the frequent co-existence of [LD support the concept of a
specific pathophysiology of pulmonary hypertension (PH) related to
SSc, However, research in $Sc-PH is hampered by the lack of human
biosamples and most animal models in SSc deal with fibrotic rather
than vaseular changes (Beyer, Schett et al, 2010). Given the high morbid-
ity and mortality of vascular changes in SSc, animal models that reflect
vascular features of SSc are of utmost importance to 1) study pathophys-
inlogical interactions of vasculopathy and fibresis, to 2) identify molecu-
lar key players and potential therapeutic targets and for 3) preclinical
proof of concept studies, especially in S5c-PH.

In this review, we will discuss the Fra-2 (Fos-related antigen-2}
transgenic (tg) mouse model as a potential novel animal model of
SSc that simultaneously displays features of vasculopathy with-fibro-.
sis of the skin and internal otgans. o ‘

2. Characterization of the Fra-2 model

The transcription factor AP-1 (activator protein-1) is a héterodimeric
melecule, composed of members of the Jun (c-Jun, JunB, JunD}) and the
Fos family (c-Fos, FosB, Fra-1, Fra-2). AP-1 family members are immedi-
ate early genes which are induced by a variety of stress signals and con-
trol subsequent stress responses including cell proliferation, apoptosis,
inflammation, wound healing and tumorigenesis {Eferl and Wagner,
2003). Whereas Jun proteins and the majority of Fos proteins are well
characterized, relatively little is known about Fra-2 and lts functions in
vivo {Foletta, 1996; Bozec et al,, 2008). in the Fra-2 tg mouse model,
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generated by Wagner and co-workers (Efer] et al, 2008), the murine '

Fra-2 gene is expressed under the control of the ubiquitous major histo-
compatibility complex class | antigen H2Kb promoter. In Fra-2 tg mice,
the mRNA of the transgene is detectable in various tissues, but the extent
and distribution of protein expression varies,

2.1. Peripheral manifestations
2.1.1. Microvasculopathy

We could show in one of cur initial studies on the Fra-2 tg mouse
model that Fra-2 tg mice display various features of the peripheral

vasculopathy of human SSc {Maurer et al, 2009}. In the skin of.

both, Fra-2 tg mice and SSc patients, but not in controls, Fra-2 protein
was predominantly expressed in vascular structures, in particalar in
endothelial cells (EC) and vascular smooth muscle cells.

Whereas Fra-2 tg mice did not differ from wt mice at an age of
9 weeks, starting from week 12, a significant decrease in capillary
density occurred {Fig. 1). Increased perivascular inflammatory infil-
trates as another characteristic feature of early human SS¢ were also
present in the skin of 9 week old Fra-2 tg mice compared to wt
mice, but not in older mice. Of note, the rarefication of ¢apillaries in
Fra-Z tg mice paralleled the development of skin fibrosis. Starting

from 12 weels, Fra-2 tg mice showed a time-dependent increase of .

dermal thickness due to accurnulation of extracellular matrix that
became even more pronounced at an age of 16 weeks {Fig. 2).

~~"The most remarkable finding was, however, that in Fra-2 tg mice
the apoptosis of dermal EC at the age of 9 weeks clearly preceded
the development of microangiopathy and skin fibrosis suggesting
that similar to what has been proposed for human S$Sc, apoptosis of
EC could be, one of the initiating events for the microangiopathy in
this model.{By functional in vitro experiments, it could be shown
that the €Xpression of Fra-2 had impact mediated apoptosis, and

microvascuiar endothelial cefls. Additional experiments indicatéd that
the expression of Fra-2 in HUMECs was independent of major cytokines
and growth factors operative in S5c such as TGFR, PDCF-B and VEGF, In
susnmary, this sudy showed that in Fra-2 tg mice — as hypothesized in
early human SSc - apoptesis of dermal EC was the initial pathogenic
event, followed by the development of microangiopathy and fibrosis.
Clinical. manifestation of peripheral Microvasculopathy such as ulcers or
\Effue necrosis did nat occur during the 16 week observation period,

2.1.2. Skin fibvosis

A recent study in our laboratories (Reich et al, 2010} elucidated
the underlying mechanisms of skin fibrosis in Fra-2 tg mice. Previous
data had indicated a role for ¢-jun and Fra-2 in TGF} signaling
(Fichiner-Feigl et al., 2006}, In this recent study, it could be demon-
strated that Fra-2 proiein is overexpressed not only in activated dermal
fibsoblasts of Fra-2 tg mice, but also in two other well established

Tahte 1, b

Microvascutar features of human $5c.

Microvascular changes

Destructive Proliferative

Histopathelogical Dilated, malformed, giant Intimal thickening,

findings capitlaries, microbteedings, finally  acclusion of small
loss of capillaries/small arteries arteries and capillaries
Celiular key Apaptosis of endothelial cells Proliferation of
players endaothelial cells, smooth

E muscle cells
Dysregulation of seluble pra- and
anti-angiogenic mediators includ-
ing soluble adhesion melecules, |
cytokines, chermokines and growth
[actors

Qverexpression of Fra-2 reduced
expression of Fli

Molecular key
players

Transcripnonal
regulatees

Overexpression of Fra-2

~ signaling, Fra-2 was shown to regulate the expression of Collal,

inhibited proliferation, migration and tube formation capacity of human-

pro-fibrotic animal maodels, the bleomycin model and the TSKI-model,
and most importantly in the skin fibroblasts of $Sc patients. By in vitro
experiments, it could be proven that in contrast to human microvascular
EC (Maurer et al, 2009), stimulation with both, PDGF and TGFP, in-
creased the expression of Frai2 in S5c skin fibrobfasts, although the ef-
fects of PDGF were indirectly mediated through TGF signaling,
Further experiments provided evidence that in.55¢ skin fibro-
blasts, Fra-2 signaling was regulated by TGEp-and ERK-, but not
Smad-dependent pathways. As a downstream mediator of ERK-

Colla2, and Cal5al, all of which are major components of fibrotic le-
stofis in patients with SSc, Based on this and additional experiments it
was suggested that Fra-2 might be the central mediator of the regulato-
ry effects on collagen-synthesis described for AP-1. Underlining the
pro-fibrotic role of Fra-2/AP-1 in vivo, a recent study demonstrated
that inhibition of AP-1 prevented the-development of skin fibrosis in
different animal models of 5Sc (Avouac et al, 2012).

2.2. Lung disedse

2.2.1. Interstitial lung disease

Besides the pesipheral disease manifestations, Fra-2 tg mice devel-
op an involvement of internal organs, in particular of the lungs (Eferl
et al,, 2008), In the initial study, Fra-2 tg mice died at a median age of
17 weeks with ciinical signs of respiratory distress such as tachypnea
and hunched posture. Further examination revealed-an increase of
lung weight and size, accompanied by increased pulmonary stiffness
due to tissue fibrosis. The expression of the transgene, visualized by
EGEP fluorescence, was most prominent in pulmonary arteries, bron-
chi, and fibroblastic proliferations.

Whereas in the skin, apoptosis of EC accurred before the develop-
ment of microangiopathy and fibrosis (Maurer et al, 2009), no in-
creased apoptosis could be obsérved in the lungs. Of note, obliteration
of pulmonary arteries, accompanied by perivascular inflammatory infil-
trates, becoming apparent at an age of 12 weels preceded the onset
of fibrosis by 2-3 weeks. At later stages, interstitial inflammation and
fibrosis became more prominent, and cellular structures reniinding of
fibrablastic foci occurred,

In end-stages, Fra-2 tg lungs dlsplayed histological charactenstlcs

of human NSIP- and 1PF-related usuat interstitial pneurnonia includ-

ing fibrosis, dense lymphdcytic infiltration, hypetplasia of bronchus-
associated iymphoid tissue, and honeycombing. Interestingly, in our
recent analysis (Maurer et al, 2012), the phenotyje of ILD in Fra=2 tg
mice resembled features of human NSIE, whereas fibroblastic foci

and honeycombmg, ‘associated with UIP, were rarely detectable-

{Fig. 3). This might be explained by the different background of Fra-2
tg rnice, as the mice in our study were backcrossed from a mixed
{C57BL/6 x CBA) genetic background intoe a pure C57/BI6 background.
Interestingly, most puimonary myofibroblasts expressed the epithelial
marker cytokeratin 8/18 suggesting that epithelial-to-mesenchymal
transition, an often discussed pathogenic mechanism, might be an
important source of pulmonary myofibroblasts in Fra-2 tg mice.

in additional experiments, Eferl et al, showed that the increased
collagen producticn of pulmonary fibroblasts did not occur in a
cell-autonomous manner because. 1) the debnsmon of extracellular

matrix proteins was not elevated in primary pulmonary fibroblasts -

of Fra-2tg mice in vitro arid 2) after the stimulation with pro-fibratic
cytokines such as TGFR1 and IL-4 the collagen productmn of pul-
monary myofibroblasts derived from Fra-2 tg mice did not differ
from thase of wt littermates.

Given the presence of perivascular and pEI‘lb[‘OﬂChla] 1nﬂammato-
iy infiltrates, the role of inflammation in the pathogenesis of pulmo-
nary fibrosis in Fra-2 tgz mice was next assessed. In two different
experimental settings, firstly by performing reciprocal bone marrow
reconstitution experiments and secondly by assessing Fra-2 tg mice
lacking fimctional B and T lymphocytes (fra-2tg/rag2 =/ ™), the authors
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generated by Wagner and co-workers (Efer] et al., 2008), the murine

Fra-2 gene is expressed under the control of the ubiguitous magor histo-
compatibility complex class | antigen H2Kb promoter, In Fra-2 tg mice,
the mRNA of the transgene is detectable in various tissues, but the extent
and distribution of protein expression varies.

2.1. Peripheral manifestations
2.1.1. Microvasculopathy

We could show in ane of our initial studies on the Fra-2 tg mouse
model that Fra-2 tg mice display various features of the peripheral

vasculopathy of human 55c¢ {(Maurer et al, 2009). in the skin of.

hoth, Fra-2 tg mice and 55c¢ patients, but not in controls, Fra-2 protein
was predominantly expressed in vascular structures, in particular in
endothelial cells {EC} and vascular smooth muscle cells.

Whereas Fra-2 tg mice did not differ from wt mice at an age of
9 weeks, starting from week 12, a significant decrease in capillary
density occurred (Fig. 1). Increased perivascular inflammatory infil-
trates as another characteristic feature of early human S5c were also
present in the skin of 9 week old Fra-2 tg mice compared to wt
mice, but not in otder mice. Of note, the rarefication of capillaries in
Fra-2 tg mice paralleled the cevelopment of skin fibrosis, Starting

from 12 weeks, Fra-2 tg mice showed a time-dependent increase of

dermal thiclkness due to accumulation of extracellular matrix that
became even more pronounced at an age of 16 weeks (Fig, 2).

The most remarkable finding was, however, that in Fra-2 tg mice
the apoptosis of dermal EC at the age of 9 weeks clearly preceded
the devetopment of microangiopathy and skin fibrosis suggesting
that similar te what has been proposed for human $Sc¢, apoptosis of
EC could be one of the initiating events for the microangiopathy in
this model, By functional in vitro experiments, it could be shown
that the expression of Fra-2 had impact mediated apoptosis, and
inhibited proliferation, migration and fisbe formation capacity of human
microvascutar endothelial cells, Additional experiments indicatéd that
the expression of Fra-2 in HUMECs was independent of major cytokines
and growth factors operative in SSc such as TGFR, PDBGF-B and VEGF, In
summary, this study showed that in Fra-2 tg mice ~ as hypothesized in
early human 5S¢ - apoptosis of dermal EC was the initial pathogenic
event, followed by the development of microangiopathy and fibresis.
Clinical manilestation of peripherat Microvasculopathy such as ulcess or
tissue necrosis did not eccur during the 16 week observation period.

2.1.2. Skin fibrosis

A recent study in our laboratories (Reich et al., 2010} elucidated
the undertying mechanisms of skin fibrosis in Fra-2 tg mice, Previous
data had indicated a role for c-Jun and Fra-2 in TCF) signaling
(Fichtner-Feigl et ai., 20086), In this recent study, it could be demon-
strated that Fra-2 protein js overexpressed not only in activated degmal
fibroblasts of Fra-2 tg mice, but also in two other well established

Tabie 1 .
Microvascular features of human SSc.

Microvascular changes

Destructive Proliferative

Histopathological  Dilated, malformed, giant Intireal thickening,

findings capiilaries, microbieedings, finally  occlusion of smalf
loss of capillaries/small arieries arteries and capillaries
Celtular key Apoptasis of endothelial cells Proliferation of
players endothetial cells, smooth

muscle cells

Molecular key Dysregulation of soluble pro- and

piayers anti-angiogenic mediators includ-
ing soluble adhesion molecuies,
cytokines, chemokines and growth
[aclors
Trapscripnonal  Ovesexpression of Fra-2 reduced  Overexpression of fra-2

regulators expressien of Flil

195

‘ pro-fibrotic animal models, the bleomycin model and the TSKi-model,

and most importantly in the skin fibroblasts of SSc patients. By in vitro
expertments, it could be proven that in contrast to human microvascular
EC (Maurer et al, 2009), stimulation with both, PDGF and TGF, in-
creased the expression of Fra-2 in SSc skin fibroblasts, although the ef-
fects of PDGF were indirectly mediated through TGE? signating,
Further experiments provided evidence that in. 55c skin fibro-
blasts, Fra-2 signaling was regulated by TGFp-and ERK-, but not
Smad-dependent pathways. As a downstream mediator of ERK-

_ signaling, Fra-2 was shown to regulate the expression of Collat,

Col1a2, and Col5al, ail of which are major camponents of fibrotic le-
sions in patients with $5c¢, Based on this and additional expetiments it
was suggested that Fra-2 might be the central mediator of the regulato-
1y effects on collagen-synthesis described for AP-1. Underlining the
pro-fibrotic role of Fra-2/AP-1 in vivo, a recent study demonstrated
that inhibition of AP-1 prevented the-development of skin fibrosis in
different animal models of 5S¢ (Avouac et al, 2012).

2.2. Lung disease

2.2.1. Interstitial lung disedse .

Besides the peripheral disease manifestations, Fra-2 tg mice devel-
op an involvement of internal organs, in particular of the lungs (Eferl
et al,, 2008). In the initial study, Fra-2 tg mice died at a median age of
17 weelks with clinical signs of respiratory distress such as tachypnea
and hunched posture, Further examination revealed an increase of
lung weight and size, accompanied by increased pulmonary stiffness
due to tissue fibrosis. The expression of the transgene, visualized by
EGFP fluorescence, was most prominent in pulmonary arteries, bron-
chi, and fibroblastic proliferations.

Whereas in the skin, apoptosis of EC occurred before the develop-
ment of microangiopathy and fibrosis (Maurer et al, 2009}, no in-
creased apoptosis could be observed in the lungs, OFf note, obliteration
of pulmonary arteries, accompanied by perivascalar inflammatory infil-
trates, becoming apparent at an age of 12 weeks preceded the onset
of fibrosis by 2-3 weeks. At later stages, interstitial inflammation and
fibrosis became more prominent, and celtular structures reminding of
fibroblastic foci occurred, _

In end-stages, Fra-2 tg lungs displayed histological characteristics

of human NSIP- and IPF-related usual interstitial pnewmonia includ-

ing fibrosis, dense lymphdcytic infiltration, hyperplasia of bronchus-
asseciated lymphoid tissue, and honeycombing. Interestingly, in our
recent andlysis (Maurer et al., 2012), the phenotype of ILD in Fra-2 tg
mice resembled features of human NSIP, whereas fibroblastic foci

and honeycombing, -associated with UIP, were rarely detectable-

(Fig. 3}, This might be explained by the different background of Fra-2
tg mice, as the mice in our study were backcrossed from a mixed
(C57BL/6 x CBA) genetic background into a pure C57/Bl6 background,
Interestingly, most pulmonary myofibroblasts expressed the epithelial
marker cytokeratin 8/18 suggesting that epithelial-to-mesenchymal
transition, an often discussed pathogenic mechanism, might be an
important source of pulmonary myofibrablasts in Fra-2 tg mice.

In additional experiments, Eferl et al. showed that the increased
collagen production of pulmonary fibroblasts did not occur in a
cell-autonomous manner because 1} the depo‘sition of extracellular
matrix proteins was not elevated in primary pulmonafy fibroblasts
of Fra-2tg mice in vitro and 2} after the stimulation with pro-fibrotic
cytokines such as TGFPp1 and IL-4 the collagen production of pul-
monary myofibroblasts derived from Fra-2 tg mice did not differ
from those of wt littermates. - .

Given the presence of perivascular and peribronchial inflammato-
1y infiltrates, the role of inflammation in the pathogenesis of pulmo-
nary fibrosis in Fra-2 tg mice was nekt assessed. In two different
experimental settings, firstly by performing reciprocal bone marrow
reconstitution experiments and secondly by assessing Fra-2 tg mice
lacking functional B and T lymphocytes (fra-2tg/rag2 ™/}, the authors
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most abunelant in vascular structures suggesting a potential role for
PDRGF-BB signaling in the pulmonary pathophysiology of Fra-2 tg mice.

To address the potential use for interventional proof of concept
studies, we additionally investigated the model's sensitivity to change
over treatment by applying the tyrosine kinase inhibitor nilotinib to a

subgroup of Fra-2 tg mice, As expected, the PDGF-BB/PDGFR pathway

was inhibited by nilotinib, which was accompanied by a remarkable
and almest complete prevention of vascular remodeling and also by
a prevention of lung fibrosis in Fra-2 tg mice,

3. Conclusion and open questions

Cl]iven the fact that there are increasing data supporting the patho-
physiologic interaction of vasculopathy and fibrosis in SSc, there is
a shartage of animal models which do not only develop fibrosis,
but also vascular features of SS¢, and even less of these animal models

display both loss of microvessels and a proliferative vasculopath;lé:]

(Table 2). In addition, rat und mouse models of human [PAH Jac
5S¢ characteristic features (Stenmark et al, 2009; Gomez-Arroyo

et al, 2012),

Sa far, Fra-2 tg mice are the only 5S¢ model that mirrors the
time-dependent development of hoth - destructive and proliferative -
vasculopathy preceding the onset of peripheral and pulmonary fibrosis,
As such, Fra-2 tg mice hold great promise to further delineate the path-
ophysiological links between vascular remedeting and fibrosis in periph-
eral and pufmonary S5c and to identify potential specific melecalar and
cellular targets for intervention. Furthermore, the studies also underline
a prominent role of PDGF and TGEP in the pathophysiology of pulme-
nary disease manifestations of SSc and suggest Fra-2 tg mice as a preclin-
ical model for interventional proof of concept studies, especially in

i_EuEmonary SSc,

As a limitation, autoimmune phenomena do not occur in Fra-2 tg
mice (Eferl et al,, 2008), and it should therefore primarily be considered
a model for microvascular and fibrotic disease manifestations of SSc,
A couple of additional questions need to be addressed in future

Table 2
Vascelar featares of hurman 5S¢ that ought to be reflected in ammal mudels

Histopathology
Microvascular
changes

Apoptosis of endothelial cells (Sgonc et al., 1996)

Dilatation: and rarefication of dermal vassels resulting in is-
chemic lesions

intimal proliferation of small arteries and capillaries of in-
rernal organs, esp. of kidneys and lungs jeading to organ
damage/failure

PlAYH:

Presence oft proliferation and obliteration of pulmonary
arteries: intimal thickening with mainly concentric lami-
nar lesiens, medial hypertrophy; perivascular inflammatory in-
filtrates, adventitial fibrosis, lung fibrosis: with interstitial
inflarnmatory infiltrates, pulmonary occlusive venopathy
Absence of: complex lesions (e.g, plexiform and thrombetic le-
sions) (Dorfmuller et al., 2007; Qverbeek et al., 2009}

Right heart disease with reduced ability of the right ventricle to
adapt to pressure [oad; ambiguous findings on fibrosis and in-
flammation; impairment of microcircufation might play a role
(Fernandes, Ramires et ak. 2003; Allanore and Meune 2010;
Overbeek, Mouchaers et al, 208)

Atherosclerosis, increased stifiness of asteries (Champion, 2008) -

+

Macrovascutar
changes

Echocerdiogrephy _
Dilatation of the right heart chambers .
Hypertrophy of the right ventricle
Pericardial effusion
Decreased tricuspid annulus plane systolic excarsion {(<1.5 mm)
RV systolic pressure >40 mm Hg

Kight heart catheterization
Mean pulmanary artery pressure > 25 mm Hg at rest, pulmonary
wedge pressure <15 mm Hg (Simonneau et al., 2009)

studies, e.g, 1} what are the molecular and cellular key players that
potentiaily link both the peripheral destructive vascutepathy and
the proliferative pulmonary vasculopathy to peripheral and pulmo-
nary fibrosis it Fra-2 tg mice — and do they play.a role in human
$5¢? 2) Does the vascular remodeling of pulmonary arteries in
Fra-2 tg mice that closely resembles pulmonary SSc-P{A)H aiso re-
sult in changes of the pulmonary hemodynamics? 3) Do Fra-2 tg
mice develop late-stage complications of PAH including the devel-
opment of right heart hypertrophy/failure? 3) Can the histopatho-
logical changes of 55c-associated heart disease and maybe other
organ manifestations also be detected in Fra-2 tg mice? These pro-
posed experiments will provide further important insight into the
pathophysiclogy of Fra-2 tg mice and also characterize for which
specific aspects of vascular 5S¢ (Table 2) and nonwvascular SSc
Fra-2 tg mice can be optimally used.
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