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Objective: Systemic sclerosis (SSc) is a chronic systemic disease characterized by
immune dysregulation and fibrosis for which there is no effective treatment.
Animal models are crucial for advancing SSc research. Tree shrews are
genetically, anatomically, and immunologically closer to humans than rodents.
Thus, the tree shrew model provides a unique opportunity for translational
research in SSc.

Methods: In this study, a SSc tree shrew model was constructed by
subcutaneous injection of different doses of bleomycin (BLM) for 21 days. We
assessed the degree of inflammation and fibrosis in the skin and internal organs,
and antibodies in serum. Furthermore, RNA sequencing and a series of
bioinformatics analyses were performed to analyze the transcriptome changes,
hub genes and immune infiltration in the skin tissues of BLM induced SSc tree
shrew models. Multiple sequence alignment was utilized to analyze the
conservation of selected target genes across multiple species.

Results: Subcutaneous injection of BLM successfully induced a SSc model in tree
shrew. This model exhibited inflammation and fibrosis in skin and lung, and some
developed esophageal fibrosis and secrum autoantibodies including antinuclear
antibodies and anti-scleroderma-70 antibody. Using RNA sequencing, we
compiled skin transcriptome profiles in SSc tree shrew models. 90 differentially
expressed genes (DEGs) were identified, which were mainly enriched in the PPAR
signaling pathway, tyrosine metabolic pathway, p53 signaling pathway, ECM
receptor interaction and glutathione metabolism, all of which are closely
associated with SSc. Immune infiltration analysis identified 20 different types of
immune cells infiltrating the skin of the BLM-induced SSc tree shrew models and
correlations between those immune cells. By constructing a protein-protein
interaction (PPI) network, we identified 10 hub genes that were significantly
highly expressed in the skin of the SSc models compared to controls.
Furthermore, these genes were confirmed to be highly conserved in tree
shrews, humans and mice.
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Conclusion: This study for the first time comfirmed that tree shrew model of SSc
can be used as a novel and promising experimental animal model to study the
pathogenesis and translational research in SSc.
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1 Introduction

Systemic sclerosis (SSc) is a chronic systemic disease
characterized by immune dysregulation and the development of
cutaneous and visceral fibrosis (1). The prevalence of SSc is
estimated to be approximately 1 in 10,000 individuals (2). Despite
its relatively low incidence, SSc stands as one of the rheumatic
diseases associated with the highest mortality rates, primarily due to
the involvement of vital organs such as the lung, heart, digestive
tract, and kidney (3). Notably, the 5-year survival rate for SSc
patients is reported to be 74.9%, which significantly declines to 40%
in cases where visceral organ damage occurs (4, 5). Moreover, the
incidence of malignancy was significantly increased in SSc patients
(6). Therefore, SSc imposes a substantial financial burden on
patients and their families (7, 8). Despite extensive research
efforts, the etiology and pathogenesis of SSc remain elusive, and
effective therapeutic interventions for this disease are currently
lacking. Consequently, it is of utmost importance to investigate
the potential mechanisms underlying SSc progression, as such
insights hold significant implications for the diagnosis and
treatment of this debilitating condition.

An optimal animal model holds significant value in investigating
the etiology and pathogenesis of SSc and in the development of novel
therapeutic interventions. Currently, mouse models serve as the
primary animal models for SSc resarch, employing various
approaches such as exogenous drug administration and genetic
engineering (9-11). Among the induced models, the bleomycin
(BLM)-induced SSc mouse model stands as the classical model due
to its ease of implementation, cost-effectiveness, and high success rate
in modeling. This model primarily focuses on the inflammatory
response and tissue fibrosis characteristic of SSc, while comparatively
neglecting the immune response and vascular pathology associated
with the disease. Genetic models, on the other hand, exhibit
advantages in simulating tissue fibrosis and vasculopathy in SSc,
compensating for the limitations of induction models to some extent.
However, the technical intricacy and elevated costs associated with
genetic models restrict their widespread application. Although mouse
models play an essential role in elucidating the mechanisms
underlying SSc and facilitating drug development, it is important to
acknowledge that mice and humans have divergent origins, resulting
in notable disparities in physiological and immunopathological
characteristics. Consequently, the translation of findings from
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animal models to clinical applications is somewhat limited. This
limitation is exemplified by the failure of certain antifibrotic drugs,
which demonstrated efficacy in mouse SSc models, to yield positive
outcomes in clinical trials (12, 13). Nonhuman primates, given their
closer anatomical, physiological, and genetic resemblance to humans,
are frequently employed in the study of human diseases. However,
ethical concerns, high costs, and lengthy reproductive cycles have
hindered their widespread utilization. Therefore, it is imperative to
explore alternative animal models that closely resemble humans,
possess ease of reproduction, and faithfully replicate the clinical
manifestations of human SSc.

The tree shrew (Tupaia belangeri), a diminutive mammal
resembling squirrels in physical appearance, exhibits a
geographical distribution primarily encompassing South Asia,
Southeast Asia, and the Yunnan and Guangxi regions of China
(14). Through whole-genome sequencing, it has been ascertained
that tree shrews exhibit a closer transcriptome similarity to primates
than mice across four mammalian tissues, including those from
humans, macaques, tree shrews, and mice (14, 15). In contrast to
mice and other rodents, tree shrews demonstrate a remarkable
resemblance to primates in terms of taxonomy, anatomy,
physiology, biochemistry, neurodevelopment, immunology, and
other biological characteristics. Consequently, tree shrews have
emerged as promising small mammal models that hold potential
for replacing primates in disease research (16, 17). Furthermore,
tree shrews possess several advantageous traits, including their
small size, short reproductive cycle and lifespan, and low feeding
costs, thereby combining the benefits of both primates and rodents
(18). Notably, tree shrews have been extensively employed in the
establishment of disease models for viral hepatitis, neuropsychiatric
disorders, metabolic ailments, visual impairments, and cancers,
thereby showcasing unique advantages that have garnered
recognition across various medical disciplines (19-23). In recent
years, researchers have increasingly turned to tree shrews as a
valuable resource for constructing animal models of autoimmune
diseases, successfully establishing models for rheumatoid arthritis
and systemic lupus erythematosus in tree shrews (24, 25). However,
to date, no studies have explored the development of a tree shrew
model for SSc. Notably, the anatomical structure of tree shrew skin
bears striking resemblance to that of human skin (26), suggesting
that the tree shrew holds promise as a novel animal model for
investigating SSc.
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To gain a deeper understanding of genes and their involvement
in various biological processes, gene sequencing and bioinformatics
methods have become indispensable tools in molecular biology and
genetics research (27-29). Recently, the application of RNA
sequencing has facilitated the investigation of the transcriptional
profile of brain tissue in the tree shrew model of diabetes
complicated with ischemic stroke (22), as well as the
transcriptional landscape of the liver in the tree shrew model of
diabetic liver disease (30). However, no relevant study has explored
the transcriptome sequencing of tree shrew skin.

In this study, we successfully established a tree shrew model of
SSc for the first time. This SSc tree shrew model exhibited
inflammation and fibrosis in skin and lung, part of the animals
developed esophageal fibrosis and autoantibodies, including
antinuclear antibodies (ANA) and anti-scleroderma-70 (anti-
Scl-70) antibody, all of which close to the pathological
characteristic of human SSc. Using RNA sequencing, we anlysed
the transcriptome profiles and immune cell infiltration in the skin
of SSc tree shrew models, and controls, and identified hub genes
through a series of bioinformatics analyses. Our study offers a
novel and promising experimental animal model to study the
pathogenesis and translational research in SSc.

2 Materials and methods
2.1 Animal grouping and SSc modeling

Forty-four adult tree shrews of both sexes (10-12 months old,
weight 120-140 g, production approval number: SCXK (Dian)
2020-0004) were provided by the Experimental Animal Center of
the Kunming Institute of Zoology, Chinese Academy of Sciences.
Animals were housed in individual cages at a room temperature of
23 + 2°C and a 12/12-hour light/dark cycle at the Primate
Experimental Center of Guangxi Medical University with free
access to water and food. The protocol of the present study was
approved by the Experimental Animal Ethics Committee of
Guangxi Medical University (No. 20180521).

The concentration of BLM administered was determined using
the body surface area method of dose conversion (31, 32). Prior to the
experiments, adaptive feeding was conducted for a duration of two
weeks. Thirty-five tree shrews were randomly allocated into four
groups, including the control group (n=8), low-dose (n=9), medium-
dose (n=9), and high-dose (n=9) BLM-induced SSc model group. The
optimal BLM concentration was determined after model evaluation.
Sequently another 9 animals were randomly divided into control
(n=4) and SSc model group which was induced by optimal BLM
concentration (n=>5) for skin RNA sequencing. In the model groups,
the animals received daily subcutaneous injections on their shaved
upper back (2 cm x 2 cm) for a period of 21 days. The injection
consisted of 100 pl of BLM solution with concentrations of 0.4 mg/ml
(low-dose group), 2 mg/ml (medium-dose group), or 4 mg/ml (high-
dose group). Shaving of the upper back was repeated weekly or as
required. In contrast, the control group received daily subcutaneous
injections of 100 ul of phosphate buffered saline (PBS) for 21 days.
Throughout the experiment, the health status and changes in skin
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lesions of the animals were monitored on a daily basis, and their
weight was recorded weekly. On the day of the final BLM injection,
the animals were sacrificed, and their serum, skin, lungs, esophagus,
and kidneys were collected for subsequent analyses.

2.2 Histopathology

The harvested skin, lungs, esophagus and kidneys were fixed and
paraffin-embedded. Paraffin tissue sections (4 um) were stained with
hematoxylin and eosin (HE) and Masson’s trichrome. The Olympus
pathological image analysis system software was utilized to measure
the skin thickness. The collagen volume fraction (CVF) of the skin
tissue was quantified and analyzed using ImageJ software. The skin
inflammation scores were determined by employing a
semiquantitative scoring system, as previously described, based on
the examination of five microscopic fields. The scoring system ranged
from 0 to 4 (0, none; 1, little; 2, mild; 3, moderate; and 4, severe) (33).
The lung inflammation scores were assessed by counting leukocytes
in the perivascular, interstitial, and peribronchial areas, with scores of
0 (scattered), 1 (5-15 leukocytes/field), 2 (15-50 leukocytes/field), and
3 (>50 leukocytes/field) (34). The average inflammation score from
five different fields was calculated. The Ashcroft lung scores, which
range from 0 (normal lung) to 8 (complete fibrosis), were determined
by averaging scores from five microscopic fields (35). All
measurements and scores were performed by two observers who
were blinded to the group assignments.

2.3 Hydroxyproline assay

Skin and lung fibrosis are characterized by the excessive
accumulation of collagen. Hydroxyproline is a major component
of collagen. The quantification of hydroxyproline content in skin
and lung tissues serves as a reliable indicator of collagen deposition
and enables the evaluation of fibrosis severity. The measurement of
hydroxyproline content was conducted following established
protocols. In brief, 50 mg of skin and lung tissue was
homogenized in saline and subsequently hydrolyzed in 2 N
NaOH at 95°C for 20 minutes. The pH of the solution was
adjusted to 6-6.8, and distilled water was added to achieve a final
volume of 10 ml. After centrifugation, the resulting supernatant was
prepared for hydroxyproline content measurement. The optical
density (OD) value at a wavelength of 550 nm was converted to
the corresponding hydroxyproline content (mg/g).

2.4 Measurement of a-smooth muscle
actin in the skin

Immunohistochemistry was employed to detect o-Smooth
muscle actin (SMA) in skin tissue. To elaborate, paraffin-
embedded tissue sections were subjected to deparaffinization
through preheating, xylene deparaffinization, and rehydration.
Subsequently, antigen retrieval and blocking were carried out.
The tissue sections were then incubated overnight at 4°C with
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primary antibodies (rabbit anti-o-SMA antibody, Cell Signaling
Technology, diluted at 1:500). Following this, secondary antibodies
were applied for 15 minutes at room temperature in the absence of
light. The tissue sections were further treated with DAB for 5
minutes and counterstained with hematoxylin. Quantitative
analysis was performed using the Olympus image acquisition
system and Image] software analysis system. Ten nonoverlapping
fields (400x) were randomly selected to measure the cumulative
optical density (IOD) and positive area (area) in each field. The
average optical density (AOD) value was calculated as AOD=IOD/
area. The AOD value obtained from the measurement of 10 sections
was considered as the representative AOD value for the respective
sample. Two independent observers conducted image reading
and measurements.

2.5 Detection of serum antinuclear
antibody and anti-Scl-70 antibody

Serum anti-nuclear antibodies (ANA) was detected by indirect
immunofluorescence assay on HEp-2 cell substrates following the
manufacturer’s instruction and the initial dilution was 1:100
(EUROIMMUN Medizinische Labordiagnostika AG). The ANA
partern was judged according to the International Consensus on
ANA Patterns (ICAP). Photographs were taken by the LED
fluorescence microscope EUROStar III Plus at 495 nm (green).
The measurement of serum anti-Scl-70 antibody was conducted by
enzyme-linked immunosorbent assay (ELISA). The mouse anti-Scl-
70 ELISA kit was procured from Shanghai Yubo Biotechnology
Company. All experimental procedures were meticulously
performed in strict accordance with the instructions provided
with the respective Kkits.

2.6 RNA sequencing

A total of 9 skin samples were collected for RNA sequencing: 5
skin samples with fibrotic lesions from SSc tree shrews models
induced with medium-dose BLM and 4 from controls. In brief, the
isolated skin tissues were promptly frozen in liquid nitrogen to
prevent RNA degradation. Total RNA extraction was performed
using the TRIzol reagent kit (Invitrogen, Carlsbad, CA, USA).
Subsequently, the mRNA was subjected to enrichment, while the
rRNA was effectively eliminated. The enriched mRNA was
subsequently subjected to reverse transcription, resulting in the
generation of complementary DNA (cDNA). The cDNA was
purified, followed by the addition of poly(A) tails, and subsequent
ligation to Illumina sequencing adapters. The resulting ligation
products were subjected to size selection, PCR amplification, and
ultimately sequenced using the Illumina NovaSeq 6000 platform.

2.7 Data processing and DEG screening

For background correction, normalization among the arrays of 9
skin samples, and differential expression analysis, the limma package
in R was utilized. The cutoff thresholds for differentially expressed
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genes (DEGs) were samples with |log fold change (FC)| > 2 and an
adjusted false discovery rate P <0.05. The DEGs are displayed in the
heatmap and volcano plot.

2.8 Functional enrichment analysis

The Gene Ontology (GO) terms, which consisted of molecular
function, cellular component, and biological process, were analyzed.
ClusterProfiler (http://www.bioconductor.org/packages/release/bioc/
html/clusterProfiler) was used to determine whether GO keywords
were highly enriched with respect to the DEGs during GO analysis.
GO words identify the biological processes, molecular activities, and
cellular components to which a certain set of genes is most closely
related. The clusterProfiler R program was used to conduct the
pathway enrichment analysis for KEGG, with a significance level of
p<0.05. ClusterProfiler was used to determine whether KEGG
pathways were highly enriched in relation to the differentially
expressed genes during the KEGG study. The data provided by
KEGG pathways can be used to elucidate the molecular networks
and interactions that underpin a wide range of biological activities.

2.9 Immune infiltration analysis

The CIBERSORT algorithm (36) was utilized to calculate an
estimate of the proportion of immune cells that are present in
involved skin tissues of control and BLM-induced SSc models. The
method builds a machine learning-based model using known gene
expression profiles of immune cell subsets. It then compares the
gene expression data of a sample to the model to infer the relative
proportions of different immune cell subsets within that sample. R’s
“corrplot” tool was utilized for correlation analysis as well as
visualization of the 22 distinct types of immune cells that had

<

penetrated the tissue. The “vioplot” package in R was used to
generate violin plots to illustrate the differences in infiltrated
immune cells that were found between the two groups.
Correlations between immune cell infiltration were evaluated via

Spearman correlation analysis.

2.10 PPI network construction

The PPI and molecular function networks of the DEGs were
built using STRING. We used Cytoscape (https://cytoscape.org/) to
depict the PPI network and the plugin Molecular Complex
Detection (MCODE) to determine whether the heavily linked
modules were molecular complexes or clusters.

2.11 Conservation analysis of genes

To analyze the conservation of tree shrew genes, the target gene
sequence data of tree shrew, human and mouse were collected from
public databases. Multiple sequence alignment analysis was used to
analyze the conservation of the selected target genes in tree shrews,

humans and mice.
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2.12 GeneMANIA

Protein interaction prediction and analysis of coexpression,
colocalization, pathways, and physical interactions were
performed using GeneMANIA (http://www.genemania.org). The
possible protein functions of genes were investigated using website
prediction and other profiles.

2.13 Statistical analyses

All statistical analyses were performed using SPSS statistical
software version 26.0 (SPSS Inc., Chicago, IL, USA). All data were
analyzed using one-way ANOVA for differences between groups,
comparisons between groups with homogeneous variance were
made using the Least-significant difference (LSD) method, and
those with heterogeneous variance were analyzed using the
Games-Howell method. Data are shown as the mean + SD. A
P <0.05 was considered statistically significant.

3 Results

3.1 Safety of tree shrew SSc model induced
by subcutaneous injection of BLM

The overall process of tree shrew SSc modeling is shown in
Figure 1. When treated with BLM, some tree shrews exhibited
reduced food intake and activity, but no significant changes in body
weight compared with the controls. Throughout the modeling
period, 2 out of 8 tree shrews in control group escaped, 2 out of 9
tree shrews in low-dose BLM group died, 2 out of total 14 tree

Tree Shrews
(n=44)

10.3389/fimmu.2024.1315198

shrews in medium-dose BLM group died. No animals in the high-
dose BLM group died, but ulcers in the skin injection site were
common. Overall, the subcutaneous injection of BLM was safe for
tree shrew SSc modeling.

3.2 Histologic assessment of the BLM-
induced SSc tree shrew model

Pathologic evaluation of the SSc tree shrew model was
conducted 21 days of BLM treatment. Overall, our findings
showed that subcutaneous injection of BLM in tree shrews
successfully induced inflammation and/or fibrosis in the skin and
internal organs.

3.2.1 Skin

No histologic changes were found in the skin of control group.
The low-dose BLM group showed mild thickening of the dermis,
slight infiltration of inflammatory cells and mild increase in
collagen fibers. In the medium- and high-dose BLM groups, tree
shrews exhibited marked thickened dermis, infiltration of
inflammatory cells and increased collagen fibers. Skin
inflammation score and hydroxyproline content were the most
significant in the medium-dose BLM group. The skin collagen
volume fraction (CVEF) exhibited a dose-dependent increase in
response to BLM administration (Figure 2; Table 1).

3.2.2 Lung

The pathology of the lung in the control group was normal.
Tree shrews treated with BLM showed significant pulmonary
septal thickening, fibrosis and inflammatory cells infiltration
(Figure 2). In addition, some small blood vessels showed wall

BLM-induced SSc models

(n=32)

Controls
(n=12)
PBS Low-dose group
(BLM 0.4mg/ml,n=9)

High-dose group
(BLM 4mg/ml,n=9)

Medium-dose group
(BLM 2mg/ml,n=14)

0.1 ml/d/per tree shrew, S.C
total 21d

Serum, skins, lungs, esophaguses and kidneys were collected

Histopathology Immunohistochemistry

Skin RNA sequencing:
Controls (n=4)
BLM-induced SSc (n=5)

Autoantibody

FIGURE 1
Workflow of this study.
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thickening, lumen narrowing and occlusion. Compared with the
controls, the lung inflammation scores of tree shrews in each BLM
group were increased significantly in a dose-dependent manner.
The Ashcroft lung fibrosis score was highest in tree shrews from
medium-dose BLM group. However, no significant difference was
observed in the lung hydroxyproline content among the groups
(Figure 2; Table 1).

10.3389/fimmu.2024.1315198

3.2.3 Esophagus

HE staining showed that the esophagus of the tree shrews in
each groups was structurally intact, and no inflammation or
vascular changes were seen. However, Masson staining showed
that fibrosis was found in all layers of esophageal tissue of some tree
shrews in both the medium- and high-dose BLM groups, but not in
the low-dose BLM group (Figure 2).

BLM induced SSc groups

Control

Skin

Masson

HE

Lung

Masson

Esophagus
HE

Masson

Kidney
HE

Masson

FIGURE 2

Pathological changes in various organs of tree shrews. Subcutaneous injection of BLM successfully induced a tree shrew SSc model to mimic human
SSc inflammation and fibrosis characteristics. Representative skin, lung, esophagus and kidney histologic sections in each group of tree shrews
stained with hematoxylin and eosin (HE) and Masson's trichrome (original magnification x200 for skin, lung and kidney; original magnification x100

for esophagus) are shown.
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TABLE 1 Skin and lung pathology scores of tree shrews in each group.

10.3389/fimmu.2024.1315198

Skin Skin Skin HYP Lung Lung Lung HYP
thickness inflammation content inflammation fibrosis content
(um) score (mg/g) score Ashcroft (mg/g)
Control 6 134.87+19.97 0.40+0.13 32.45+8.37 0.60+0.18 0.38+0.14 3.87+0.50 0.84+0.22
Low-
ow 7 152.94+14.37 0.49+0.16 36.92+4.05 0.97+0.31* 0.69+0.28 4.27+0.40 0.85+0.07
dose BLM
Medium-
7 230.05+44.42 2.23+0.84%## 43.69+8.70* 1.2120.22%* 1.51:£0.34% 44 4.88+0.85* 0.82+0.13
dose BLM
High-
dose‘f’;a M| 9 2362157028 1.49+0.35*### 50.29+7.45% % ## 1.29+0.35%*# 0.91+0.32° &&& 4.55+0.52* 0.80+0.11
F 11.750 24.06 8.449 8.122 18.449 3.394 0.185
P <0.001 <0.001 <0.001 <0.001 <0.001 0.033 0.906

Inflammation and fibrosis scores were significantly higher in the skin and lungs of the tree shrew SSc model. Data are shown as the mean + SD. (1) *P<0.05, **P<0.01, ***P<0.001 compared with
control group; (2) “P<0.05, “*P<0.01, **P<0.001 compared with Low-dose BLM group; (3) ¥P<0.05, ¥*P<0.01, ***P<0.001 compared with Medium-dose BLM group.

3.2.4 Kidney

No inflammation, fibrosis, or characteristic vascular changes
were observed in the kidney tissues in all groups of tree
shrews (Figure 2).

3.3 Expression of a.-SMA in skin tissues of
BLM-induced SSc tree shrew model

0-SMA is one of the markers to evaluate the degree of fibrosis.
The result of immunohistochemistry showed that increased
expression of 0-SMA in the skin tissues of tree shrews treated
with BLM. The AOD value of skin a-SMA was significantly higher
in each BLM-induced groups compared to the control group,
expecially in medium-dose BLM group (Figure 3).

3.4 Expression of autoantibodies in BLM-
induced tree shrew SSc model

ANA and anti-Scl-70 antibody were detectable in serum of
BLM-induced tree shrew SSc model. ANA was detected positive in
only 1 tree shrew in each BLM induced group, and the rest of the
animals tested negative. In the low-dose BLM induced group, ANA
was weakly positive in a speckled pattern (1:100), whereas in the
medium- and high-dose groups, ANA was positive in a nucleolar
pattern (1:320) (Figure 4A). On the other hand, the anti-Scl-70
antibody titers showed a trend of BLM dose-dependent increase,
which was significantly higher in the high-dose BLM group, but not
statistically different in the low- and medium-dose BLM groups
compared with the control group (Figure 4B).

3.5 Identification of DEGs in skin of BLM-
induced SSc tree shrew model

To screen functional genes involved in the progression of SSc,
we utilized the “limma” package using 5 skin samples with fibrotic
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lesions from the medium-dose BLM induced SSc tree shrew models
and 4 from controls. A total of 90 DEGs were identifined: 54 genes
were significantly downregulated, suggesting their potential role in
the pathogenesis of SSc through negative regulation. Conversely, 36
genes were significantly upregulated, indicating their potential
importance in the disease process through positive regulation
(Figures 5A, B).

3.6 GO and KEGG enrichment analysis

Using clusterProfiler software, we performed GO and KEGG
pathway enrichment studies to investigate the possible biological
role of shared DEGs. As shown in Figure 6A, GO assays revealed
that 90 DEGs were mainly associated with nuclear division,
organelle fission, mitotic nuclear division, collagen-containing
extracellular matrix, spindle, condensed chromosome,
extracellular matrix structural constituent and iron ion binding.
In addition, KEGG assays suggested that 90 DEGs were mainly
enriched in the PPAR signaling pathway, tyrosine metabolism, p53
signaling pathway, drug metabolism-cytochrome P450, ECM-
receptor interaction and glutathione metabolism (Figure 6B). The
research findings indicate that DEGs in SSc are mainly associated
with nuclear division, extracellular matrix regulation, signaling
pathways and metabolic pathways.

3.7 Immune infiltration in skin of BLM-
induced SSc tree shrew model

Based on CIBERSORT deconvolution, we identified 20
distinct types of immune cells that infiltrated in skin of BLM-
induced SSc tree shrew models and controls (Figure 7A). The
composition and proportion of immune cells in tree shrew skin
were similar to that observed in human skin (data not shown).
Furthermore, we established potential correlations between the
different types of immune cells infiltrating the skin lesions
(Figure 7B). M1 macrophages exhibited positive correlations
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with monocytes (r = 0.7) and activated CD4 memory T cells (r =
0.9), while displaying a negative correlation with plasma cells (r =
-0.69). M2 macrophages demonstrated positive correlations with
Tregs (r = 0.84) and resting NK cells (r = 0.72), but exhibited
negative correlations with T follicular helper cells (r = -0.89),
activated NK cells (r = -0.8), and monocytes (r = -0.78).
Monocytes displayed positive correlations with T follicular

helper cells (r = 0.72), activated NK cells (r = 0.69), and

A
Control

Medium-dose BLM

FIGURE 4

activated memory CD4 T cells (r = 0.77). Tregs demonstrated
negative correlations with T follicular helper cells (r = -0.91),
activated NK cells (r = -0.69), and monocytes (r = -0.84). Notably,
our findings revealed a significant increase in CD8 T cells
infiltration in skin of SSc tree shrew model, while activated CD4
memory T cells showed a tendency to increase in SSc
tree shrew model, but the difference was not statistically
significant (Figure 7C).
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model. (A) Expression of serum ANA in tree shrews in each group (original magnification x200). (B) Bar graph showing the expression of serum
anti-Scl-70 antibody in tree shrews in each group (n= 7-9 for each BLM-induced tree shrew group. n=6 for the control group). ns, no

significant difference
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DEGs between BLM-induced SSc tree shrew and control skin samples are shown in (A) a volcano plot and (B) a heatmap.

3.8 PPl network for the identification of
the top 10 hub genes

The PPI network data obtained from the STRING database was
subjected to analysis using the Cytoscape software to gain insights
into the key genes associated with systemic sclerosis (SSc). The
analysis revealed a PPI network comprising 110 nodes, with an
average local clustering coefficient of 0.461 and a combined score
exceeding 0.9 (Figure 8A). Subsequently, the cytoHubba’s
Maximum Clique Centrality (MCC) method was employed to
identify the top 31 genes with the highest enrichment rating
(Figure 8B). The subgroup analysis results are presented in
Figures 8C, D. Notably, a total of 10 hub genes, namely KIF20A,
KIF11, UBE2C, BUBI1B, CDK1, CCNB2, AURKB, TOP2A, PLK1,
and NCAPG, were identified (Figure 8E). Furthermore,
GeneMANIA analysis provided insights into the relationship
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(A) GO and (B) KEGG enrichment analysis of 90 DEGs.
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between these 10 core genes and their closest relatives (Figure 8F).

3.9 Functional enrichment analysis of the
10 hub genes

Functional enrichment analysis was conducted to gain insights
into the potential roles of the 10 hub genes. Gene Ontology (GO)
analysis revealed significant associations between these genes and
various biological processes, including nuclear division, organelle
fission, mitotic nuclear division, chromosomal region,
chromosome, spindle, centromeric region, protein serine/
threonine kinase activity, tubulin binding, and microtubule
binding (Figure 9A). Furthermore, Kyoto Encyclopedia of Genes
and Genomes (KEGG) assays demonstrated that PLK1, CDK1,
CCNB2, and BUBI1B were predominantly enriched in the p53
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categories, Pearson correlation coefficient analysis was performed. (C) The immune cell compositions between BLM-induced SSc tree shrew and

control skin samples.

signaling pathway, oocyte meiosis, cell cycle, and progesterone-
mediated oocyte maturation (Figure 9B).

3.10 The expression pattern of the 10 hub
genes and their correlation with
immune cells

We assessed the expression patterns of the 10 hub genes in
both SSc and control tree shrew skin samples. Notably, we
observed a distinct upregulation of these hub genes in the skin
samples of BLM-induced SSc model tree shrews compared to
control samples (Figure 10). Furthermore, we conducted an
analysis to determine the correlation between the 10 hub genes
and skin-infiltrating immune cells (Figure 11). A significant
correlation was defined as | r | > 0.4 and p < 0.05. Our results
revealed a positive association between the levels of NCAPG,
CCNB2, KIF20A, and UBE2C with the levels of CD8 T cells
(Figures 11A-D). Moreover, the levels of CCNB2, KIF20A,
UBE2C, KIF11, and CDKI1 exhibited a negative correlation with
the levels of activated mast cells (Figures 11B, C, E, I). However,
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no significant associations were observed between the other genes
and immune cells (Figures 11G-J).

3.11 Conservation analysis of the 10
hub genes

To investigate the conservation of genes in tree shrew, we
performed multiple sequence alignments of these 10 gene sequences
in tree shrews, humans, and mice. The results showed that these 10
genes had high conservation among above species, that is, their
sequences were relatively consistent among tree shrews, humans, and
mice. This suggests that these genes may play important functional
roles during evolution and that their sequences are conserved across
species (Supplementary Data: Excel Table 1).

4 Discussion

In this study, we successfully constructed a BLM-induced SSc
tree shrew model for the first time. The recommended method of
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PPI network and identification of 10 hub genes. (A, B) Dissecting the PPl web. When the PPI was reduced to only the linked nodes, 32 genes
remained. Network visualization was performed in Cytoscape 3.6.1. (C, D) Subgroup analysis of 32 genes. (E) Ten hub genes were identified.
(F) GeneMANIA was used to examine hub genes and the genes with which they were coexpressed.

modeling is subcutaneous injection of 100ul of 2 mg/L BLM
solution daily for 21 days. The SSc tree shrew models exhibited
inflammation and fibrosis in skin and lung, part of the animals
developed esophageal fibrosis and autoantibodies, sharing similar
characteristics as human SSc. Hydroxyproline and o-SMA are
recognized markers of tissue fibrosis. The skin hydroxyproline
content and 0-SMA expression were significantly elevated in the
SSc tree shrew models, providing further confirmation of the
successful establishment of the model.

Autoantibodies serve as serological indicators of SSc (37). ANA
is detectable in the majority of SSc patients, with the nucleolar
pattern being the most prevalent. Anti-Scl-70 is a marker for diffuse
SSc and is associated with rapid progression of skin lesions and
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pulmonary fibrosis (38). In our study, positive ANA with nucleolar
pattern was detected in the BLM-induced SSc tree shrew model,
although its positivity rate was low, it presents the serologic
characteristics of human SSc. Similarly, higher anti-Scl-70 titers
were also observed in our SSc tree shrew model. Of note, the anti-
Scl-70 antibody titers in control tree shrews was higher than
expected. This high background of anti-Scl-70 antibody in
controls may due to the fact that the anti-Scl-70 antibody ELISA
kit was not designed specifically for tree shrew but for mouse.
Development of tree shrew-specific reagents will be beneficial for
further research on tree shrews.

RNA sequencing was applied to comprehensively understand
the genetic changes in the skin of tree shrews with SSc. Skin tissues
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were collected from 5 SSc tree shrew models and 4 control
individuals, followed by RNA sequencing. A total of 90 DEGs
were identified between the two groups. GO and KEGG
enrichment analyses unveiled that these 90 DEGs exhibited
significant associations with nuclear division, extracellular matrix,
and were enriched in the PPAR signaling pathway, tyrosine
metabolism, p53 signaling pathway, and ECM-receptor
interaction. The excessive production of extracellular matrix
serves as the fundamental basis of SSc, and the regulation of
extracellular matrix formation remains a focal point in SSc
research. Previous studies have demonstrated the crucial role of
the peroxisome proliferator-activated receptor (PPAR) signaling
pathway in inflammation, fibrosis, and vascular remodeling (39).
Impaired PPAR-yactivity in SSc may contribute to the uncontrolled
progression of fibrosis and pulmonary arterial hypertension (40,
41). Notably, the pan-PPAR agonist lanifibranor has been shown to
mitigate lung fibrosis and cardiorespiratory manifestations in a
mouse model of SSc¢ (42). Transcriptome analysis of lung tissues
afflicted with SSc-associated interstitial lung disease has revealed
significant enrichment of the p53 signaling pathway at both the
tissue and cellular levels, which is closely associated with lung
function, cellular senescence, and apoptosis (43). Further
investigations into the functions and regulatory mechanisms of
these genes hold promise for a deeper understanding of the
pathogenesis of SSc.

The analysis of immune cells in tree shrews is impeded by the
limited availability of commercial experimental reagents. Our
attempts to detect immune cells in tree shrews using flow
cytometry with either human or murine flow cytometry
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antibodies yielded unsuccessful results (data not shown).
Consequently, we employed CIBERSORT to analyze the immune
cell composition. In the skin tissues of both groups of tree shrews,
we identified 20 types of immune cells, and their composition and
proportions resembled those observed in human skin (data not
shown). Notably, we observed dysregulated levels of CD8 T cells in
SSc model specimens. Consistent with our findings, CD8 T cells
were found to be enriched in the skin of SSc patients and have been
implicated in the pathogenesis of SSc through their
proinflammatory, profibrotic, and cytotoxic effects (44-46).

To further elucidate the key genes involved in the progression of
SSc, we conducted PPI network analysis and identified 10 hub
genes: KIF20A, KIF11, UBE2C, BUB1B, CDK1, CCNB2, AURKB,
TOP2A, PLK1, and NCAPG. We confirmed that the expression of
these 10 hub genes was significantly upregulated in SSc samples
compared to normal skin samples. To investigate the conservation
of these 10 key genes in different species, we performed multiple
sequence alignments of these 10 gene sequences in tree shrews,
humans, and mice. The results showed that these 10 genes had high
conservation among different species, that is, their sequences were
relatively consistent among tree shrews, humans, and mice. This
suggests that these genes may play important functional roles
during evolution and that their sequences are conserved
across species.

Among these proteins, PLK1, CDK1, TOP2A, and AURKB are
protein kinases that play crucial roles in regulating cellular
physiological processes, including the cell cycle, cell division,
and signaling. Importantly, these kinases are implicated in the
pathogenesis of fibrosis. A comprehensive analysis of lung samples
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The expression patterns of 10 hub genes in skin samples of BLM-induced SSc tree shrews and controls.

from 585 patients with idiopathic pulmonary fibrosis (IPF)
revealed that CDK1, a cell cycle-dependent kinase, is a key
regulator in fibrosis (47). CDK1 regulates fibrosis by controlling
the stemness and self-renewal of pathological mesenchymal
progenitor cells in IPF (48). Inhibition of CDK activity in SSc
hinders fibroblast proliferation and directly suppresses matrix
production (49). VCE-004.8, a synthetic cannabidiol derivative
that lacks psychotropic effects, has been shown to prevent and
inhibit angiotensin II-induced fibrosis in mice by suppressing the
expression of CDK1 and TOP2A (50). However, the function of
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TOP2A, a cell cycle regulatory protein, in SSc or fibrosis remains
unexplored. PLK1, also known as Polo-like kinase 1, interacts with
CDKI to ensure proper cell division and orderly replication. PLK1
has been predicted to be a marker gene in IPF and is
predominantly expressed in myofibroblasts. PLK1 serves as a
promoter of myofibroblast differentiation. In vitro experiments
have demonstrated that suppression of PLK1 leads to a reduction
in 0-SMA expression and inhibition of TGF-B1l-mediated
myofibroblast differentiation (51). In vivo studies have shown
that inhibition of PLK1 alleviates pulmonary fibrosis induced by
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Correlations between (A-J) the 10 hub genes and infiltrating immune cells in skin samples of BLM-induced SSc tree shrews.

BLM in mice by inhibiting the proliferation of pulmonary
fibroblasts (52, 53).

AURKB, also known as Aurora kinase B, is upregulated in
fibroblasts from IPF patients and in lung tissues of TGF-o. and
BLM-induced pulmonary fibrosis. AURKB promotes the
proliferation and survival of fibroblasts, and thus, inhibition of
AURKB attenuates fibroblast activation and lung fibrosis (54).
Further investigation into the functions and regulatory mechanisms
of these five genes may provide insights into the pathological
processes underlying SSc. UBE2C is a gene associated with cellular
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senescence and has the potential to serve as a biomarker for poor
prognosis in IPF patients (55). However, functional studies regarding
UBE2C have not yet been conducted. To date, there have been
limited reports on the relationships between CCNB2, NCAPG,
KIF20A, KIF11, and BUBI1B with SSc or fibrosis. However, our
findings indicate that the levels of NCAPG, CCNB2, KIF20A, and
UBE2C are positively correlated with CD8 T cell levels, suggesting
their potential role in promoting the progression of SSc by positively
regulating CD8 T cells. Nevertheless, further research is warranted to
fully elucidate these mechanisms.
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5 Conclusion

This study successfully established an SSc model in tree shrews,
demonstrating similar pathological and serological changes to
human SSc. Through RNA-seq analysis, we identified 90
differentially expressed genes (DEGs) in the skin of SSc models
compared to controls, providing insights into the transcriptome
profiles of tree shrews. Additionally, we investigated the
composition of infiltrating immune cells in the skin of SSc
models and identified 10 key genes, including KIF20A, KIF11,
UBE2C, BUBI1B, CDK1, CCNB2, AURKB, TOP2A, PLKI, and
NCAPG, and were further confirmed to be highly conserved in
tree shrews, humans and mice. These findings contribute to a better
understanding of the underlying mechanisms involved in the
development of systemic sclerosis. The dysregulated expression of
these key genes may contribute to disease progression. Overall, our
research provides valuable guidance for future investigations and
clinical interventions in systemic sclerosis. However, despite these
significant discoveries, further studies are needed to fully
comprehend the complexity of this disease.

Data availability statement

The raw sequencing data of this present study have been
deposited in the Genome Sequence Archive in BIG Data center
(https://bigd.big.ac.cn/), Beijing Institute of Genomics, Chinese
Academy of Science, under the accession number: CRA012348.

Ethics statement

The animal study was approved by the Experimental Animal
Ethics Committee of Guangxi Medical University (No. 20180521).
The study was conducted in accordance with the local legislation
and institutional requirements.

Author contributions

LZ: Data curation, Funding acquisition, Methodology, Project
administration, Writing - original draft. SC: Data curation,
Methodology, Writing - original draft. QW: Data curation,

References

1. Volkmann ER, Andreasson K, Smith V. Systemic sclerosis. Lancet. (2023) 401
(10373):304-18. doi: 10.1016/S0140-6736(22)01692-0

2. Allanore Y, Simms R, Distler O, Trojanowska M, Pope J, Denton CP, et al.
Systemic sclerosis. Nat Rev Dis Primers (2015) 1:15002. doi: 10.1038/nrdp.2015.2

3. Chen J, Yang C, Pan J, Zhao C, Chen Z, Wen J, et al. Clinical features and
prognostic factors of systemic sclerosis in Guangxi, China: Retrospective, single-center
study of long-term survival in 470 patients. Int | Rheum Dis (2022) 25(2):182-91.
doi: 10.1111/1756-185X.14261

Frontiers in Immunology

15

10.3389/fimmu.2024.1315198

Methodology, Software, Writing - original draft. XL: Methodology,
Writing - original draft. WZ: Methodology, Writing — original draft.
FD: Data curation, Writing — original draft. WA: Methodology,
Writing - original draft. FQ: Methodology, Writing - original
draft. LL: Writing - review & editing. CZ: Conceptualization,
Funding acquisition, Supervision, Writing - review & editing.

Funding

The author(s) declare that financial support was received for the
research, authorship, and/or publication of this article. This work was
supported by the National Natural Science Foundation of China
(82360326, LZ), the Joint Project on Regional High-Incidence
Diseases Research of Guangxi Natural Science Foundation
(2023GXNSFAA026302, LZ) and the Scientific Research Project of
Guangxi Health Commission (52021103, LZ) and Guangxi Natural
Science Foundation(2018GXNSFAA281257, CZ).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1315198/
full#supplementary-material

4. Rubio-Rivas M, Royo C, Simeoén CP, Corbella X, Fonollosa V. Mortality and
survival in systemic sclerosis: systematic review and meta-analysis. Semin Arthritis
Rheumatol (2014) 44(2):208-19. doi: 10.1016/j.semarthrit.2014.05.010

5. Perelas A, Silver RM, Arrossi AV, Highland KB. Systemic sclerosis-associated interstitial
lung disease. Lancet Respir Med (2020) 8(3):304-20. doi: 10.1016/S2213-2600(19)30480-1

6. Vondenberg JA, Muruganandam M, Nunez SE, Emil NS, Sibbitt WL]Jr. Increased
Malignancies in systemic sclerosis. Int | Rheum Dis (2022) 25(1):90-2. doi: 10.1111/
1756-185X.14244

frontiersin.org


https://bigd.big.ac.cn/
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1315198/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1315198/full#supplementary-material
https://doi.org/10.1016/S0140-6736(22)01692-0
https://doi.org/10.1038/nrdp.2015.2
https://doi.org/10.1111/1756-185X.14261
https://doi.org/10.1016/j.semarthrit.2014.05.010
https://doi.org/10.1016/S2213-2600(19)30480-1
https://doi.org/10.1111/1756-185X.14244
https://doi.org/10.1111/1756-185X.14244
https://doi.org/10.3389/fimmu.2024.1315198
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zheng et al.

7. Chen Y, Wu L ], Hernandez-Muioz J, Miller ], Pope M, Huyan M, Y, et al. The
economic burden of systemic sclerosis-A systematic review. Int ] Rheum Dis (2022) 25
(2):110-20. doi: 10.1111/1756-185X.14270

8. Padala SD, Lao C, Solanki K, White D. Direct and indirect health-related costs of
systemic sclerosis in New Zealand. Int J Rheum Dis (2022) 25(12):1386-94.
doi: 10.1111/1756-185X.14433

9. Beyer C, Schett G, Distler O, Distler JH. Animal models of systemic sclerosis:
prospects and limitations. Arthritis Rheumatol (2010) 62(10):2831-44. doi: 10.1002/
art.27647

10. Yoshizaki A, Iwata Y, Komura K, Ogawa F, Hara T, Muroi E, et al. CD19
regulates skin and lung fibrosis via Toll-like receptor signaling in a model of bleomycin-
induced scleroderma. Am ] Pathol (2008) 172(6):1650-63. doi: 10.2353/
ajpath.2008.071049

11. Noda S, Asano Y, Nishimura S, Taniguchi T, Fujiu K, Manabe I, et al.
Simultaneous downregulation of KLF5 and Flil is a key feature underlying systemic
sclerosis. Nat Commun (2014) 5:5797. doi: 10.1038/ncomms6797

12. Denton CP, Merkel PA, Furst DE, Khanna D, Emery P, Hsu VM, et al.
Recombinant human anti-transforming growth factor betal antibody therapy in
systemic sclerosis: a multicenter, randomized, placebo-controlled phase I/II trial of
CAT-192. Arthritis Rheumatol (2007) 56(1):323-33. doi: 10.1002/art.22289

13. Khanna D, Denton CP, Jahreis A, van Laar JM, Frech TM, Anderson ME, et al.
Safety and efficacy of subcutaneous tocilizumab in adults with systemic sclerosis
(faSScinate): a phase 2, randomised, controlled trial. Lancet (2016) 387(10038):2630-
40. doi: 10.1016/S0140-6736(16)00232-4

14. Fan 'Y, Huang ZY, Cao CC, Chen CS, Chen YX, Fan DD, et al. Genome of the
Chinese tree shrew. Nat Commun (2013) 4:1426. doi: 10.1038/ncomms2416

15. Ye MS, Zhang JY, Yu DD, Xu M, Xu L, Lv LB, et al. Comprehensive annotation
of the Chinese tree shrew genome by large-scale RNA sequencing and long-read
isoform sequencing. Zool Res (2021) 42(6):692-709. doi: 10.24272/j.issn.2095-
8137.2021.272

16. Yao YG. Creating animal models, why not use the Chinese tree shrew (Tupaia
belangeri chinensis)? Zool Res (2017) 38(3):118-26. doi: 10.24272/j.issn.2095-
8137.2017.032

17. Zhang J, Xiao H, Bi Y, Long Q, Gong Y, Dai J, et al. Characteristics of the tree
shrew humoral immune system. Mol Immunol (2020) 127:175-85. doi: 10.1016/
j.molimm.2020.09.009

18. Xiao J, Liu R, Chen CS. Tree shrew (Tupaia belangeri) as a novel laboratory
disease animal model. Zool Res (2017) 38(3):127-37. doi: 10.24272/j.issn.2095-
8137.2017.033

19. Yang C, Ruan P, Ou C, Su J, Cao J, Luo C, et al. Chronic hepatitis B virus
infection and occurrence of hepatocellular carcinoma in tree shrews (Tupaia belangeri
chinensis). Virol ] (2015) 12:26. doi: 10.1186/s12985-015-0256-x

20. Schmelting B, Corbach-Séhle S, Kohlhause S, Schlumbohm C, Fligge G, Fuchs
E. Agomelatine in the tree shrew model of depression: effects on stress-induced
nocturnal hyperthermia and hormonal status. Eur Neuropsychopharmacol (2014) 24
(3):437-47. doi: 10.1016/j.euroneuro.2013.07.010

21. Hu K, Lv L, Huang H, Yin G, Gao J, Liu J, et al. A novel tree shrew model of
chronic experimental autoimmune uveitis and its disruptive application. Front
Immunol (2022) 13:889596. doi: 10.3389/fimmu.2022.889596

22. Zhao L, Tan S, Liao Q, Li X, Ke T, Li S. The neuroprotective effect and RNA-
sequence analysis of postconditioning on the ischemic stroke with diabetes mellitus tree
shrew model. Brain Behav (2021) 11(11):e2354. doi: 10.1002/brb3.2354

23. Elliot OS, Elliot MW, Lisco H. Breast cancer in a tree shrew (Tupaia glis). Nature.
(1966) 211(5053):1105. doi: 10.1038/2111105a0

24. Gao B, Lin J, Jiang Z, Yang Z, Yu H, Ding L, et al. Upregulation of chemokine
CXCLI10 enhances chronic pulmonary inflammation in tree shrew collagen-induced
arthritis. Sci Rep (2018) 8(1):9993. doi: 10.1038/s41598-018-28404-y

25. Ruan GP, Yao X, Liu JF, He J, Li ZA, Yang JY, et al. Establishing a tree shrew
model of systemic lupus erythematosus and cell transplantation treatment. Stem Cell
Res Ther (2016) 7(1):121. doi: 10.1186/s13287-016-0385-1

26. ZhangJ, Luo RC, Man XY, Lv LB, Yao YG, Zheng M. The anatomy of the skin of
the Chinese tree shrew is very similar to that of human skin. Zool Res (2020) 41(2):208—
12. doi: 10.24272/j.issn.2095-8137.2020.028

27. Wang Z, Gerstein M, Snyder M. RNA-Seq: a revolutionary tool for
transcriptomics. Nat Rev Genet (2009) 10(1):57-63. doi: 10.1038/nrg2484

28. Byron SA, Van Keuren-Jensen KR, Engelthaler DM, Carpten JD, Craig DW.
Translating RNA sequencing into clinical diagnostics: opportunities and challenges.
Nat Rev Genet (2016) 17(5):257-71. doi: 10.1038/nrg.2016.10

29. Stark R, Grzelak M, Hadfield J. RNA sequencing: the teenage years. Nat Rev
Genet (2019) 20(11):631-56. doi: 10.1038/s41576-019-0150-2

30. Wu X, Xu H, Zhang Z, Chang Q, Liao S, Zhang L, et al. Transcriptome profiles
using next-generation sequencing reveal liver changes in the early stage of diabetes in
tree shrew (Tupaia belangeri chinensis). ] Diabetes Res (2016) 2016:6238526.
doi: 10.1155/2016/6238526

31. Blyszczuk P, Kozlova A, Guo Z, Kania G, Distler O. Experimental mouse model
of bleomycin-induced skin fibrosis. Curr Protoc Immunol (2019) 126(1):e88.
doi: 10.1002/cpim.88

Frontiers in Immunology

10.3389/fimmu.2024.1315198

32. Xia W, Huang ZJ, Feng YW, Tang AZ, Liu L. Body surface area-based equivalent
dose calculation in tree shrew. Sci Prog (2021) 104(2):368504211016935. doi: 10.1177/
00368504211016935

33. Yamamoto T, Takagawa S, Katayama I, Mizushima Y, Nishioka K. Effect of
superoxide dismutase on bleomycin-induced dermal sclerosis: implications for the
treatment of systemic sclerosis. J Invest Dermatol (1999) 113(5):843-7. doi: 10.1046/
j.1523-1747.1999.00758.x

34. Fineschi S, Bongiovanni M, Donati Y, Djaafar S, Naso F, Goffin L, et al. In vivo
investigations on anti-fibrotic potential of proteasome inhibition in lung and skin fibrosis.
Am ] Respir Cell Mol Biol (2008) 39(4):458-65. doi: 10.1165/rcmb.2007-03200C

35. Ashcroft T, Simpson JM, Timbrell V. Simple method of estimating severity of
pulmonary fibrosis on a numerical scale. J Clin Pathol (1988) 41(4):467-70.
dok: 10.1136/jcp.41.4.467

36. Newman AM, Liu CL, Green MR, Gentles AJ, Feng W, Xu Y, et al. Robust
enumeration of cell subsets from tissue expression profiles. Nat Methods (2015) 12
(5):453-7. doi: 10.1038/nmeth.3337

37. Nihtyanova SI, Sari A, Harvey JC, Leslie A, Derrett-Smith EC, Fonseca C, et al.
Using autoantibodies and cutaneous subset to develop outcome-based disease
classification in systemic sclerosis. Arthritis Rheumatol (2020) 72(3):465-76.
doi: 10.1002/art.41153

38. Yayla ME, Balc1 G, Torgutalp M, Eroglu DS, Dinger ABK, Giiloksiiz EGA, et al.
Interstitial lung disease in systemic sclerosis: a single-center retrospective analysis. Curr
Rheumatol Rev (2022) 18(2):150-6. doi: 10.2174/1573397117666210913104029

39. Koékény G, Calvier L, Hansmann G. PPARY and TGFB-major regulators of
metabolism, inflammation, and fibrosis in the lungs and kidneys. Int ] Mol Sci (2021) 22
(19):10431. doi: 10.3390/ijms221910431

40. Wei ], Bhattacharyya S, Varga J. Peroxisome proliferator-activated receptor 7y:
innate protection from excessive fibrogenesis and potential therapeutic target in systemic
sclerosis. Curr Opin Rheumatol (2010) 22(6):671-6. doi: 10.1097/BOR.0b013e32833dela7

41. Wei J, Bhattacharyya S, Tourtellotte WG, Varga J. Fibrosis in systemic sclerosis:
emerging concepts and implications for targeted therapy. Autoimmun Rev (2011) 10
(5):267-75. doi: 10.1016/j.autrev.2010.09.015

42. Derrett-Smith E, Clark KEN, Shiwen X, Abraham DJ, Hoyles RK, Lacombe O,
et al. The pan-PPAR agonist lanifibranor reduces development of lung fibrosis and
attenuates cardiorespiratory manifestations in a transgenic mouse model of systemic
sclerosis. Arthritis Res Ther (2021) 23(1):234. doi: 10.1186/s13075-021-02592-x

43. Jung SM, Park KS, Kim KJ. Integrative analysis of lung molecular signatures
reveals key drivers of systemic sclerosis-associated interstitial lung disease. Ann Rheum
Dis (2022) 81(1):108-16. doi: 10.1136/annrheumdis-2021-220493

44. Fang D, Chen B, Lescoat A, Khanna D, Mu R. Immune cell dysregulation as a
mediator of fibrosis in systemic sclerosis. Nat Rev Rheumatol (2022) 18(12):683-93.
doi: 10.1038/s41584-022-00864-7

45. Meng M, Tan J, Chen W, Du Q, Xie B, Wang N, et al. The fibrosis and
immunological features of hypochlorous acid induced mouse model of systemic
sclerosis. Front Immunol (2019) 10:1861. doi: 10.3389/fimmu.2019.01861

46. Skaug B, Khanna D, Swindell WR, Hinchclifft ME, Frech TM, Steen VD, et al.
Global skin gene expression analysis of early diffuse cutaneous systemic sclerosis shows
a prominent innate and adaptive inflammatory profile. Ann Rheum Dis (2020) 79
(3):379-86. doi: 10.1136/annrheumdis-2019-215894

47. Kim SK, Jung SM, Park KS, Kim KJ. Integrative analysis of lung molecular
signatures reveals key drivers of idiopathic pulmonary fibrosis. BMC Pulm Med (2021)
21(1):404. doi: 10.1186/s12890-021-01749-3

48. Yang L, Gilbertsen A, Smith K, Xia H, Higgins L, Guerrero C, et al. Proteomic
analysis of the IPF mesenchymal progenitor cell nuclear proteome identifies
abnormalities in key nodal proteins that underlie their fibrogenic phenotype.
Proteomics (2022) 22(13-14):€2200018. doi: 10.1002/pmic.202200018

49. Steinman RA, Robinson AR, Feghali-Bostwick CA. Antifibrotic effects of
roscovitine in normal and scleroderma fibroblasts. PloS One (2012) 7(11):e48560.
doi: 10.1371/journal.pone.0048560

50. Garcia-Martin A, Navarrete C, Garrido-Rodriguez M, Prados ME, Caprioglio D,
Appendino G, et al. EHP-101 alleviates angiotensin II-induced fibrosis and inflammation
in mice. BioMed Pharmacother (2021) 142:112007. doi: 10.1016/j.biopha.2021.112007

51. Yu J, Xu H, Cui ], Chen S, Zhang H, Zou Y, et al. PLK1 Inhibition alleviates
transplant-associated obliterative bronchiolitis by suppressing myofibroblast
differentiation. Aging (Albany NY) (2020) 12(12):11636-52. doi: 10.18632/aging.103330

52. Imakura T, Sato S, Koyama K, Ogawa H, Niimura T, Murakami K, et al. A polo-
like kinase inhibitor identified by computational repositioning attenuates pulmonary
fibrosis. Respir Res (2023) 24(1):148. doi: 10.1186/512931-023-02446-x

53. Min F, Gao F, Liu Z. Screening and further analyzing differentially expressed
genes in acute idiopathic pulmonary fibrosis with DNA microarray. Eur Rev Med
Pharmacol Sci (2013) 17(20):2784-90.

54. Kasam RK, Ghandikota S, Soundararajan D, Reddy GB, Huang SK, Jegga AG,
et al. Inhibition of Aurora Kinase B attenuates fibroblast activation and pulmonary
fibrosis. EMBO Mol Med (2020) 12(9):e12131. doi: 10.15252/emmm.202012131

55. Yang C, Han Z, Zhan W, Wang Y, Feng J. Predictive investigation of idiopathic
pulmonary fibrosis subtypes based on cellular senescence-related genes for disease
treatment and management. Front Genet (2023) 14:1157258. doi: 10.3389/
fgene.2023.1157258

frontiersin.org


https://doi.org/10.1111/1756-185X.14270
https://doi.org/10.1111/1756-185X.14433
https://doi.org/10.1002/art.27647
https://doi.org/10.1002/art.27647
https://doi.org/10.2353/ajpath.2008.071049
https://doi.org/10.2353/ajpath.2008.071049
https://doi.org/10.1038/ncomms6797
https://doi.org/10.1002/art.22289
https://doi.org/10.1016/S0140-6736(16)00232-4
https://doi.org/10.1038/ncomms2416
https://doi.org/10.24272/j.issn.2095-8137.2021.272
https://doi.org/10.24272/j.issn.2095-8137.2021.272
https://doi.org/10.24272/j.issn.2095-8137.2017.032
https://doi.org/10.24272/j.issn.2095-8137.2017.032
https://doi.org/10.1016/j.molimm.2020.09.009
https://doi.org/10.1016/j.molimm.2020.09.009
https://doi.org/10.24272/j.issn.2095-8137.2017.033
https://doi.org/10.24272/j.issn.2095-8137.2017.033
https://doi.org/10.1186/s12985-015-0256-x
https://doi.org/10.1016/j.euroneuro.2013.07.010
https://doi.org/10.3389/fimmu.2022.889596
https://doi.org/10.1002/brb3.2354
https://doi.org/10.1038/2111105a0
https://doi.org/10.1038/s41598-018-28404-y
https://doi.org/10.1186/s13287-016-0385-1
https://doi.org/10.24272/j.issn.2095-8137.2020.028
https://doi.org/10.1038/nrg2484
https://doi.org/10.1038/nrg.2016.10
https://doi.org/10.1038/s41576-019-0150-2
https://doi.org/10.1155/2016/6238526
https://doi.org/10.1002/cpim.88
https://doi.org/10.1177/00368504211016935
https://doi.org/10.1177/00368504211016935
https://doi.org/10.1046/j.1523-1747.1999.00758.x
https://doi.org/10.1046/j.1523-1747.1999.00758.x
https://doi.org/10.1165/rcmb.2007-0320OC
https://doi.org/10.1136/jcp.41.4.467
https://doi.org/10.1038/nmeth.3337
https://doi.org/10.1002/art.41153
https://doi.org/10.2174/1573397117666210913104029
https://doi.org/10.3390/ijms221910431
https://doi.org/10.1097/BOR.0b013e32833de1a7
https://doi.org/10.1016/j.autrev.2010.09.015
https://doi.org/10.1186/s13075-021-02592-x
https://doi.org/10.1136/annrheumdis-2021-220493
https://doi.org/10.1038/s41584-022-00864-7
https://doi.org/10.3389/fimmu.2019.01861
https://doi.org/10.1136/annrheumdis-2019-215894
https://doi.org/10.1186/s12890-021-01749-3
https://doi.org/10.1002/pmic.202200018
https://doi.org/10.1371/journal.pone.0048560
https://doi.org/10.1016/j.biopha.2021.112007
https://doi.org/10.18632/aging.103330
https://doi.org/10.1186/s12931-023-02446-x
https://doi.org/10.15252/emmm.202012131
https://doi.org/10.3389/fgene.2023.1157258
https://doi.org/10.3389/fgene.2023.1157258
https://doi.org/10.3389/fimmu.2024.1315198
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Tree shrews as a new animal model for systemic sclerosis research
	1 Introduction
	2 Materials and methods
	2.1 Animal grouping and SSc modeling
	2.2 Histopathology
	2.3 Hydroxyproline assay
	2.4 Measurement of α-smooth muscle actin in the skin
	2.5 Detection of serum antinuclear antibody and anti-Scl-70 antibody
	2.6 RNA sequencing
	2.7 Data processing and DEG screening
	2.8 Functional enrichment analysis
	2.9 Immune infiltration analysis
	2.10 PPI network construction
	2.11 Conservation analysis of genes
	2.12 GeneMANIA
	2.13 Statistical analyses

	3 Results
	3.1 Safety of tree shrew SSc model induced by subcutaneous injection of BLM
	3.2 Histologic assessment of the BLM-induced SSc tree shrew model
	3.2.1 Skin
	3.2.2 Lung
	3.2.3 Esophagus
	3.2.4 Kidney

	3.3 Expression of α-SMA in skin tissues of BLM-induced SSc tree shrew model
	3.4 Expression of autoantibodies in BLM-induced tree shrew SSc model
	3.5 Identification of DEGs in skin of BLM-induced SSc tree shrew model
	3.6 GO and KEGG enrichment analysis
	3.7 Immune infiltration in skin of BLM-induced SSc tree shrew model
	3.8 PPI network for the identification of the top 10 hub genes
	3.9 Functional enrichment analysis of the 10 hub genes
	3.10 The expression pattern of the 10 hub genes and their correlation with immune cells
	3.11 Conservation analysis of the 10 hub genes

	4 Discussion
	5 Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


