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ABSTRACT

Systemic sclerosis (SSc) is a complex, multisystem autoimmune connective tissue disease characterized by microvascular injury, immune
dysregulation, and progressive fibrosis involving multiple organs. The absence of a single in vivo model that fully reproduces the
multifaceted pathogenesis of human SSc remains a major challenge in translational research. In this structured narrative synthesis, we
reviewed experimental SSc models based on their ability to recapitulate immune activation, vasculopathy, fibrosis, and organ-specific
disease phenotypes. Models were grouped by induction strategy, including induced, genetic, spontaneous, and chimeric models, and were
complemented by emerging human in vitro platforms. Each model was evaluated primarily in terms of translational fidelity across key
pathogenic domains rather than protocol convenience. Induced models, including bleomycin-, hypochlorous acid-, and angiotensin II-
based models, are useful for investigating early inflammatory responses, oxidative stress, and fibrotic activation. Genetic models, such as
Tight-Skin 1, Fra-2 transgenic, and K1f5/Flil double heterozygous mice, provide important mechanistic insights into fibrillin-1 alterations,
AP-1-related transcriptional regulation, epigenetic dysregulation, fibrogenesis, and vasculopathy. Spontaneous and chimeric models,
including the UCD-200 avian model and graft-versus-host disease models, more closely reflect spontaneous autoimmunity and deep organ
involvement. Emerging concepts such as endothelial-to-mesenchymal transition, macrophage polarization, type I interferon signaling,
and microbiome-related mechanisms are increasingly recognized as central components of SSc pathogenesis. Overall, no single model
adequately reproduces the full spectrum of human SSc. Therefore, model selection should be guided by the dominant pathogenic domain
under investigation rather than by convenience or historical use. The combinatorial use of complementary animal models with emerging
technologies, including single-cell RNA sequencing, 3D organoid systems, and spatial transcriptomics, offers a pragmatic strategy to
narrow the translational gap and support the development of domain-targeted therapeutics.
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INTRODUCTION

Systemic sclerosis (SSc) is a complex, systemic autoimmune
diseasecharacterized by microvasculardamage, dysregulation
of innate and adaptive immune control mechanisms, and
ultimately, progressive tissue fibrosis in the skin and internal
organs (1,2). The initial clinical manifestation of the disease
is typically Raynaud’s phenomenon, which arises from
reversible vasospasm; over time, this condition progresses to
irreversible vascular remodeling characterized by capillary
loss, ischemic digital ulcers, and tissue hypoxia (3,4). Damage
to the vascular endothelium leads to the extravasation of
inflammatory cells into the perivascular space, initiating the
early inflammatory phase of the disease. The accumulation
of T cells, B cells, and macrophages in the damaged tissue
results in the secretion of profibrotic cytokines, particularly
transforming growth factor-beta (TGF-B) and interleukin-6

(IL-6). These cytokines stimulate interstitial fibroblasts,
transforming them into myofibroblasts that excessively
produce extracellular matrix (ECM) proteins (3,5).

Although two main types of SSc have been defined based
on the extent of skin thickening—Ilimited and diffuse
cutaneous SSc—the primary determinants of mortality are
specific internal organ involvements, such as pulmonary
arterial hypertension (PAH), SSc-associated interstitial
lung disease (SSc-ILD), and scleroderma renal crisis (SRC)
(1,3). Currently, there is no “perfect” experimental animal
model that can fully encapsulate the complex immune
activation, vasculopathy, and fibrosis cascade of human
SSc under a single framework. Despite this limitation,
these in vivo models remain indispensable during the pre-
clinical testing phases of targeted therapies (5,6). Recent
advances in single-cell RNA sequencing (scRNA-seq) and
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spatial transcriptomics have further highlighted the cellular
heterogeneity within SSc tissues, emphasizing the need for a
multifaceted approach to studying disease pathogenesis (7).
Furthermore, an international consensus has underscored
that collaborative global efforts integrating genomics,
proteomics, metabolomics, and microbiome profiling
are crucial for developing a comprehensive, mechanistic
understanding and enabling personalized therapies for SSc

(8).

GENERAL CLASSIFICATION OF SYSTEMIC
SCLEROSIS ANIMAL MODELS

Animal models used in SSc research are divided into three
main groups based on the etiology of the developed disease
and the methods used to obtain the models, as summarized in
Table (1). Induced models are animal models created through
the administration of exogenous chemical substances or
biological agents. The most commonly used examples are
mouse models induced by bleomycin (BLM), hypochlorous
acid (HOCI), and DNA topoisomerase I (Topo I) (9-11).
These models are ideal for investigating the fibrosis phase
that develops secondary to early-stage inflammation and the
role of environmental toxins. Genetic models include Tight-
Skin 1 (Tskl) mice harboring a duplication mutation in the
Fibrillin-1 gene, Fra-2 transgenic mice, and KIf5/Flil double
heterozygous knockout mice, which reflect the epigenetic
basis of SSc (6,12). Spontaneous and chimeric models
encompass the Graft-versus-Host Disease (GvHD) model,
which is based on the rejection of host tissue by transplanted
immune system cells following stem cell or bone marrow
transplantation, and the UCD-200 chicken model, which
develops the disease spontaneously without any external
intervention (13,14). A fourth emerging category includes
in vitro three-dimensional (3D) models such as patient-
derived skin organoids and vascularized tissue constructs,
which offer human-relevant platforms for studying SSc
pathogenesis without relying solely on animal models (15)..

INDUCED MODELS:
OXIDATIVE STRESS

Bleomycin (BLM) Model
This standard in vivo model, most frequently used to
investigate skin and lung fibrosis in SSc, is developed via
subcutaneous or intratracheal injections of BLM (10). BLM
directly stimulates the production of reactive oxygen species
(ROS) in the tissue, leading to DNA damage, impairment
of endothelial cell function, and severe infiltration of
macrophages and T cells, particularly Th2/Th17 subsets
(16). A significant limitation of these models is that when
BLM administration is discontinued, the tissue fibrosis tends
to regress (resolution), failing to fully reflect the progressive
nature of the disease in humans (10,16). Recent studies have
demonstrated that the BLM model also recapitulates the type
I interferon (IFN) signaling activation pattern present in SSc
patients. Global gene expression data from human SSc and
mice skin samples from BLM-injected animals demonstrated
a prominent cluster of IFN genes (5). Mice treated with
IFN-02 (IFNA2) encoded adeno-associated virus (AAV) in
combination with subcutaneous BLM for 4 weeks showed
strongly accelerated skin fibrosis with increased Endothelial-
to-Mesenchymal Transition (EndoMT) and pro-fibrotic
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factors (17). Studies on Irf5—/— mice showed attenuated skin
and lung fibrosis after BLM administration, while Irf7—/—
mice exhibited attenuated dermal inflammation and fibrosis
(18,19). Furthermore, a novel approach combining BLM
administration with immunization against the structural
protein vimentin has been shown to induce a more robust
systemic immune activation and autoantibody production,
better mimicking human SSc (20).

Hypochlorous Acid (HOCI) Model

Developed to evaluate the impact of oxidative stress on the
development of SSc¢, the HOCI model overcomes some of the
limitations of the BLM model. HOCI administered to mice
causes simultaneous fibrosis in the skin, lungs, and kidneys,
strongly simulating the clinical picture of diffuse cutaneous
scleroderma (9). In this model, anti-DNA topoisomerase |
(anti-Scl-70) autoantibodies, which are specific to human
SSc, are also synthesized at high titers (9). TGF-B, Smad3,
TLR-4, NF-xB, and STAT3 were increased in the fibrotic
skin tissues of the HOCI-induced animal model. These
fibrotic mediators were also increased in the lung tissues
of HOCI-treated mice but not in the subcutaneous injection
BLM model (9). A striking increase of CD4+ and CD8+ T
cells and CD19+ B cells was predominantly found in the
dermal layer in both the BLM and HOCI-induced mice.
Cytokines including IL-1B, IL-6, IL-17, IL-33, and TNF-a
were also increased in HOCl-induced mice (9). The HOCI
model provides a comprehensive platform for studying the
interplay between oxidative stress, systemic autoimmunity,
and multi-organ fibrosis.

Topoisomerase I and Complete Freund’s Adjuvant
(CFA) Induced Model

In humans, the presence of anti-Topo I antibodies is
associated with the development of severe skin sclerosis
and fatal interstitial lung disease. The administration of
exogenous Topo I antigen and the immune stimulator
Complete Freund’s Adjuvant (CFA) to animals leads to the
activation of the adaptive immune system mediated by IL-6
production, followed by the development of simultaneous
fibrosis in the skin and lungs, successfully mimicking SSc
pathogenesis (11). Topo-I IgM and IgG autoantibodies
were elevated in these animals, and IL-6, IL-17, and
TGF-B cytokine levels were upregulated while IL-10 was
downregulated (11). This model serves as an excellent tool
for investigating autoimmunity and the role of B cells in SSc
pathogenesis.

Angiotensin II (Ang II) Induced Model

The continuous administration of Ang II to mice via
subcutaneous osmotic pumps directly triggers fibrosis seen
in SSc, in addition to classic vascular spasm. This model
stimulates EndoMT, causing vascular endothelial cells to
transform into collagen-producing myofibroblasts (21).
This model is particularly useful for studying the vascular-
fibrotic axis and the role of the renin-angiotensin system in
SSc pathogenesis.

GENETIC MODELS: FIBRILLIN AND GROWTH
FACTOR SIGNALING

Tsk1 (Tight-Skin 1) and Tsk2 Mouse Models

Tskl mice, the oldest of the hereditary models that
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spontaneously develop the disease, are born with a tandem
duplication mutation in the fibrillin-1 gene (12). The mutated
fibrillin-1 protein leads to the binding of abnormally high
amounts of latent TGF-f to the ECM, resulting in excessive
collagen synthesis. In the Tskl model, skin fibrosis is
primarily observed in the deep fascial layers and hypodermis,
unlike the epidermal thickening seen in human SSc (12,22).
Emphysema-like changes, rather than fibrosis, are observed
in the lungs of Tskl mice. Because of lacking prominent
inflammatory features, the Tsk1 mouse model is frequently
used as a second model of SSc for studying fibrotic features
in conditions lacking inflammation. Interestingly, a study
demonstrated that lacking the Irf7 gene in the type I IFN
signaling pathway in Tskl mice had decreased dermal
and hypodermal thickness and dermal fibrosis with
attenuated collagen and profibrotic genes (19). CD19-
dependent signaling pathway in B cells may contribute to
the development of systemic autoimmunity and TGF-8
driven skin fibrosis in Tskl mice (5). The Tsk2 model,
on the other hand, is induced by a chemical mutagen and
harbors a deleterious coding mutation in Col3al. This model
presents an autoimmune profile closer to SSc, characterized
by mononuclear cell infiltration in skin lesions, positive
antinuclear antibodies (ANA), and anti-Scl70 and anti-
centromere antibodies (22,23).

TGF-p Receptor Models

In mice expressing a mutant Type II TGF-B receptor
(TBRIIAK) lacking kinase activity in fibroblasts, the TGF-f
signaling pathway is paradoxically overactive. These mice
exhibit patchy lung fibrosis and severe vascular remodeling
that closely resembles hypoxia-induced PAH (24).

NEXT-GENERATION MODELS: VASCULOPATHY
AND EPIGENETIC DYSREGULATION

Fra-2 Transgenic Mouse Model

In these transgenic mice, where the Fos-related antigen-2
(Fra-2) gene from the activator protein-1 (AP-1)
transcription factor family is systemically overexpressed,
the simultaneous vascular damage and fibrotic involvement
in tissues perfectly mimic SSc (25). In Fra-2 mice, severe
proliferation begins in the smooth muscle cells of the
pulmonary arteries, leading to luminal occlusion and PAH.
These events are followed by progressive interstitial lung
fibrosis exhibiting a UIP or NSIP-like pattern (25,26). IFN
signature and other cytokine/chemokines of Igf-1, I1-6, II-
1B, Ifn-y, Ccll-4, Cxcl2, Cxcl10, and Cxcl11 are presented
in these mice (25). Nintedanib, an anti-fibrotic medicine
approved for the treatment of SSc-ILD, ameliorates vascular
remodeling, fibrosis, and endothelial cell apoptosis in
the Fra-2 transgenic model (27). However, another study
demonstrated that the antifibrotic drug Pirfenidone treatment
aggravated pulmonary inflammation, fibrosis, and vascular
remodeling in Fra-2 transgenic mice, whereas it attenuated
BLM-induced pulmonary remodeling (26). Increased 1L-4
levels and eosinophil numbers of pronounced immune
response and disrupted endothelial integrity was observed in
pirfenidone-treated Fra-2 transgenic mice (26). This critical
finding underscores the importance of model selection in
preclinical drug testing.

Fibrosis and Immune Dysregulation

KIf5+/-;Flil+/- Double Heterozygous Mice (Epigenetic
Regulation)

In the fibroblasts and endothelial cells of SSc patients, the
transcription factors Flil and KLF5 are suppressed via
epigenetic mechanisms (28). To replicate this silencing in
vivo, double heterozygous mice were generated in which
a single allele of both genes was knocked out. In these
mice, following the natural pathological process, narrowing
of the arterioles in the skin occurs first, followed by the
development of B lymphocyte clusters, tissue hypoxia, ANA
positivity, and severe fibrosis in the tissues (6,28). This
model also exhibits the clinical picture of Pulmonary Veno-
Occlusive Disease (PVOD), which is fatal in SSc patients
(6). Furthermore, recent studies have highlighted the role
of Flil deficiency specifically in Keratin 14-expressing
epithelial cells, which drives systemic autoimmunity and
fibrosis, underscoring the complex cellular interplay in SSc
(29).

TNF-Transgenic Mouse Model of CTD-PAH

PAH is one of the complications of SSc with the highest
mortality. A recent study demonstrated that TNF-Tg mice
represent a novel animal model of connective tissue disease
PAH (CTD-PAH) including SSc-PAH (30). TNF-Tg
mice exhibit a gradual development of pulmonary arterial
thickening, vascular fibrosis, and luminal occlusion. These
changes correlate with ventricular myocyte hypertrophy,
providing a valuable platform for studying the vascular
component of SSc pathogenesis.

Xenotransplant Mouse Model

Plasmacytoid dendritic cells (pDCs), specialized innate
immune cells with anti-viral functions, play a pivotal role
in the pathogenesis of autoimmune disorders including
SSc (5). A recent study developed a novel SSc model by
xenotransplanting human pDCs into immunocompromised
NOD-SCID mice treated with Aldara (inflammatory model)
or BLM (fibrotic model) (31). Xenotransplantation of human
pDCs markedly amplified the in vivo skin response to TLR-
9 agonist-induced type I IFNs, while also significantly
enhancing both the fibrotic and immune response to BLM.
This animal model has great potential to study human pDCs
and immune cells in SSc.

SYSTEMIC SCLEROSIS-INTERSTITIAL LUNG
DISEASE (SSc-ILD) MODELS

The intratracheal administration of BLM is the most
frequently used model for SSc-ILD, characterized by
alveolitis and macrophage/Th2 cell accumulation in the
early phase (16). In medical research, the use of tree shrews
(Tupaia belangeri), which are genetically and anatomically
much closer to primates than rodents, is considered a new
and promising development in SSc modeling (32). The
subcutaneous administration of BLM to tree shrews resulted
in skin, lung, and esophageal fibrosis. The presence of anti-
Scl-70 antibodies, which are rarely found in rodents, was
detected in these primate-like animals. RNA sequencing
analyses demonstrated that tissue fibrosis developed through
the inhibition of the PPAR (Peroxisome proliferator-
activated receptor) pathway (32). This model offers a
significant advantage in terms of translational relevance
due to the closer phylogenetic relationship of tree shrews to
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humans compared to conventional rodent models.

RENAL DAMAGE (SRC) AND SPONTANEOUS
(CHIMERIC) MODELS

Graft-versus-Host Disease (GVHD) Scl Model

In the GvHD model, obtained by transferring immune system
cells between mice with minor genetic incompatibility,
fibrosis develops in the kidneys and gastrointestinal tract
(GIT) alongside skin fibrosis (13). Similar to SRC, a
significant narrowing (vasoconstriction) is observed in the
lumens of the renal arterioles of these mice, and an increase
in Endothelin-1 (ET-1), a potent vasoconstrictor, is detected
in the tissue (13). SSc inflammatory skin and its associated
IFN signaling molecules such as Statl, Irfl, Ccl5, Ifi30,
Aifl, Ccl2, and Jak3 are highly upregulated in the early
scl GVHD animal model (5). The murine Scl GVHD model
provides a great tool for understanding the immunological
responses including immune reconstitution, IFN signaling,
and autoantibodies involved in SSc pathogenesis.

UCD-200 (Avian Scleroderma) Chicken Model

This is the only avian model that spontaneously exhibits the
disease cascade due to genetic reasons without any external
intervention (14). The disease begins with ischemia and
erythema, which develop secondary to endothelial apoptosis
and are the exact counterparts of Raynaud’s phenomenon
and digital ulcers in humans. In the later stages, intense
lymphocyte migration to the tissues and severe fibrosis in
internal organs, particularly the skin and esophagus, are
observed (14). Cultured fibroblasts from UCD-200 chickens
display an activated phenotype with increased collagen
production, similar to SSc fibroblasts (33).

FIBROTIC AND VASCULAR BALANCE: CELLULAR
EFFECTS

Endothelial-to-Mesenchymal Transition (EndoMT)
Under severe hypoxia and TGF-f signaling in SSc, CD31-
positive endothelial cells lose their structural characteristics
and transform into collagen-producing mesenchymal
fibroblasts (myofibroblasts) (4,34). EndoMT is the primary
cellular bridge between the impaired vascular endothelium
and tissue fibrosis in SSc. Recent studies have identified
novel regulators of EndoMT, such as Chitinase 3-Like 1
(CHI3L1), which facilitates this transition and presents
a promising therapeutic target (35). The JAK2 pathway
has also been implicated in EndoMT in SSc, and JAK2
inhibitors have shown potential in blocking this process (36).
Furthermore, NOTCH4 signaling has been identified as a
critical regulator, with genetic, chemical, antibody, or FDA-
approved drug inhibition of NOTCH4 signaling rescuing
angiogenesis and returning EndoMT to baseline (37).

VEGF165b Isoform and Macrophage Polarization
Compensatory angiogenesis, which should normally be
stimulated by hypoxia, fails to function in SSc. This is
due to the excessive production of VEGF165b, an anti-
angiogenic variant of Vascular Endothelial Growth Factor
(VEGF), synthesized in the ischemic SSc environment (38).
This variant molecule directs macrophages toward a pro-
inflammatory and anti-angiogenic M1 phenotype, thereby
preventing new blood vessel formation (3,38).

Fibrosis and Immune Dysregulation

Morphogen Signaling Pathways: Wnt, Notch, and
Hedgehog

Beyond the classical TGF- signaling, several morphogen
pathways have been implicated in SSc fibrosis. Canonical
Wnt signaling enhances TGF-f target gene expression and
activates fibroblast proliferation and differentiation. The
Notch signaling pathway contributes to perivascular fibrosis
and is upregulated in SSc skin. Hedgehog signaling has been
shown to synergize with Wnt signaling in promoting fibrosis.
These pathways represent potential therapeutic targets for
SSc treatment (39).

THE ROLE OF THE GUT MICROBIOME IN SSc
PATHOGENESIS

Emerging evidence highlights the role of gut dysbiosis in
the pathogenesis of SSc. The GIT microbiome of patients
with SSc is characterized by a reduction in commensals,
including butyrate-producing bacteria, and an increase
in pathobionts (40). Gut dysbiosis can compromise the
integrity of the intestinal barrier, leading to increased
intestinal permeability. Consequently, this breach permits
the translocation of microbial products into the systemic
circulation, potentially triggering or exacerbating immune
activation and fibrosis (41). Therapeutic approaches aiming
to modulate the intestinal microbiota have emerged as
alternatives to treat gastrointestinal symptoms in SSc. These
findings underscore the importance of considering the gut-
immune axis in the development of comprehensive SSc
animal models and therapeutic strategies.

TRANSLATIONAL MEDICINE: CHALLENGES IN
TRANSITIONING FROM MODELS TO THE CLINIC
The primary reason a molecule that shows success in animal
models fails in human clinical trials (the translational gap) is
that the selected model often reflects only a specific stage of
the disease. The most typical example of this occurred with
Pirfenidone, an anti-fibrotic drug. While Pirfenidone halted
fibrosis in the classic BLM model, which develops early-
stage inflammation, its application to the Fra-2 transgenic
mouse model—which more accurately simulates the
vasculopathy and the Th2 pathway of the immune system
in SSc—paradoxically worsened the remodeling in the
pulmonary tissue by collapsing the endothelial barrier (26).
This finding demonstrates that therapeutic agents to be tested
must be validated through cross-studies in multiple genetic
models capable of establishing immune-vascular-fibrotic
connections before clinical application (26).

Recent advancements in in vitro models, such as patient-
derived 3D wvascularized skin organoids, offer a valuable
platform for studying disease mechanisms and therapeutic
interventions without relying solely on animal models (15).
These organoids recapitulate the complex crosstalk between
fibroblasts and endothelial cells, providing a more accurate
representation of human SSc pathology. Furthermore, the
integration of single-cell RNA sequencing (scRNA-seq)
has revealed significant fibroblast heterogeneity in SSc,
identifying specific profibrotic subpopulations that could
serve as novel therapeutic targets (7). An international
consensus has emphasized that innovative clinical trial
designs, patient-centered approaches, and the integration
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of advanced research techniques such as spatial biology,
transcriptomics, genomics, proteomics, metabolomics, and
artificial intelligence are essential for developing effective
treatments for SSc (8).

EMERGING THERAPEUTIC TARGETS AND
FUTURE DIRECTIONS

Several emerging therapeutic approaches have shown
promise in preclinical SSc models. Nintedanib, a tyrosine
kinase inhibitor, has been approved for SSc-ILD based on
the SENSCIS trial and has demonstrated efficacy in the Fra-
2 transgenic model (27,42). Tocilizumab, an IL-6 receptor
antagonist, has shown benefits in preserving lung function in
SSc patients, and its combination with nintedanib has been
explored in real-world settings (43,44). Anifrolumab, a type
I IFN receptor antagonist, has shown promise in attenuating
fibrosis and vascular remodeling in animal studies (45).
Cell-based therapies, including mesenchymal stromal cells
and CAR-T cell approaches, represent novel frontiers in
SSc treatment (46). The identification of novel biomarkers
such as CCL19, LOXL2, and S100A4 provides insights into
disease pathogenesis and may guide the development of
targeted therapies (47,48).

Sex differences in SSc pathogenesis and animal models
represent an important but understudied area. While women
are more frequently affected, men often experience a
more severe disease course, including diffuse cutaneous
involvement (49). Understanding these differences in
animal models could lead to more personalized therapeutic
approaches. The development of CRISPR-based gene
editing technologies offers new possibilities for creating
more precise genetic models of SSc, potentially allowing
researchers to study specific genetic variants identified
through genome-wide association studies (GWAS) in the
context of SSc¢ pathogenesis (50).

CONCLUSION

The fatal nature of fibrosis, vascular occlusion, and immune
dysregulation in SSc can only be elucidated through multi-
disciplinary translational research (3,4). Next-generation
animal models, suchas Fra-2, KIf5/Flil, TNF-Tg, and the Tree
Shrew, help explain why immunosuppression or anti-fibrotic
therapy alone remains insufficient. These models, along with
emerging technologies like 3D organoids, scRNA-seq, and
spatial transcriptomics, are pioneering the development of
personalized, combined therapeutic approaches that also
encompass endothelial repair (8,26,28,32). Future research
must continue to bridge the translational gap by integrating
findings from diverse models, incorporating sex-specific
considerations, and leveraging advanced technologies to
develop effective, disease-modifying treatments for SSc.
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