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ABSTRACT
Aim: To investigate the effect of abatacept in the hypochlorous acid (HCLO)-induced fibrosis model and to analyze changes in 
immune cell fractions within the abatacept-treated early diffuse systemic sclerosis (SSc) cohort.
Methods: Fibrosis was induced in BALB/c mice by subcutaneous injection of HCLO, and abatacept was injected intraperito-
neally on alternate days starting on day 28. After 6 weeks, we assessed the pathological changes, inflammation, myofibroblast 
activation, and the percentage of ICOS in CD3+ T cells. Potential pathways affected by abatacept were also investigated. Finally, 
we analyzed immune infiltration and multiple scores in early diffuse SSc patients and in the skin and lung tissues of the HCLO 
model after abatacept administration.
Results: Abatacept significantly decreased the proportion of M2 macrophages in the abatacept-treated HCLO model and the 
inflammatory improver subset of SSc patients. Furthermore, abatacept reduced CD28 signaling, the inflammation-related path-
way, and the ICOS expression on CD3+ T cells in HCLO mice. In the inflammatory subset of SSc patients and HCLO mice, 
microenvironmental and immune scores tended to decrease after abatacept treatment. Unexpectedly, abatacept had no effect on 
skin or lung collagen content in HCLO mice. The number of T cells and myofibroblasts was not reduced in the abatacept-treated 
HCLO group.
Conclusion: Although abatacept did not improve skin and lung fibrosis in the HCLO mice, it reduced the immune response 
signature and the proportion of M2 macrophages. These findings suggest that further research is needed to assess the therapeutic 
value of abatacept in SSc patients and preclinical mouse models.

1   |   Introduction

Systemic sclerosis (SSc) is a systemic autoimmune disease of 
unknown etiology characterized by microvascular disease, 
abnormal autoimmune response, and progressive fibrosis 

[1–3]. Dysregulation of both immunity and inflammation 
plays a prominent part in SSc. The activated immune cells 
have been highlighted in the early stages of the disease [4–7]. 
Therefore, the activation of fibroblasts and the deposition of 
extracellular matrix (ECM) in the skin and visceral organs 
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place a significant burden on the later stages of SSc patients. 
Pulmonary fibrosis is the primary cause of mortality among 
SSc patients, and there is presently no cure for its treatment 
[8, 9].

Dysregulated T-cell activation is thought to have a substantial 
impact on the pathogenesis of SSc disease [4]. Co-stimulation, 
which CD28 mediates, is fundamental in facilitating T-cell 
activation and function [10]. Blocking this pathway demon-
strates potential in treating aberrant autoimmune diseases. 
CTLA-4 is an effective inhibitor of the costimulatory interac-
tions of CD28-B7 by binding with high affinity to CD80 and 
CD86 [11–13]. Consequently, it acts as an antagonist to this 
pathway.

Abatacept, a CTLA-4-Ig fusion protein, has been approved to 
restrain the adaptive immune response and downregulate a 
series of pro-inflammatory agents, such as interleukin (IL)-6, 
tumor necrosis factor (TNF)-α, IL-1β, and transforming 
growth factor (TGF)-β [14, 15]. In a preliminary observational 
study of 11 SSc patients, EUSTAR showed that abatacept im-
proved skin and musculoskeletal activity after 24 months of 
drug monitoring in juvenile localized scleroderma ( jLS) pa-
tients resistant to standard therapy [16]. However, several 
studies have suggested that abatacept is insufficient in com-
pletely alleviating or suppressing T-cell-mediated inflamma-
tion in most patients [17, 18]. Moreover, no discernible pattern 
was observed in the modification of fibrotic lesions in patients 
with SSc-associated polyarthritis and myopathy who received 
abatacept treatment [19].

As the role and mechanisms of abatacept in fibrotic diseases 
remain poorly understood and results are controversial, we 
conducted a study to investigate its potential anti-fibrosis and 
anti-inflammatory effects in a HCLO-induced fibrosis model 
and elucidate the mechanisms of abatacept in this context. In 
this model, an imbalance between active oxygen and antioxi-
dant systems leads to oxidative stress and the production of free 
radicals and peroxides, resulting in the development of fibrosis 
in mice. Our previous research has shown that HCLO-induced 
fibrosis exhibits systemic vasculopathy, immune cell infiltra-
tion, and more extensive fibrosis compared to BLM-induced 
fibrosis [20]. In this study, we examined the morphological 
changes, inflammatory cell infiltration and activation of fibro-
blasts, immune response signature, and altered functional en-
richment pathways induced by the administration of abatacept 
in the HCLO model. Finally, we examined the controlled alter-
ations in immune infiltration in individuals with SSc and HCLO 
mice who received abatacept treatment.

2   |   Methods

2.1   |   Animals and Reagents

Six-week-old female BALB/c mice were obtained from Janvier 
Laboratory (STA, China) and housed in a specific pathogen-free 
barrier facility, where they received appropriate care in accor-
dance with our institution's guidelines. All chemical agents, ex-
cept for abatacept (Bristol-Myers Squibb, USA), were acquired 
from Macklin Agency (Shanghai, China).

2.2   |   Experimental Procedure

2.2.1   |   HCLO-Induced Fibrosis Mouse Model

The HCLO mice were induced following the protocol outlined 
in our study [20]. In summary, HCLO was created by mixing 
NaCLO solution with KH2PO4 solution (1:110). A total of 200 μL 
of HCLO and PBS (phosphate-buffered saline) were then subcu-
taneously administered into specific 1.5 cm2 areas on the shaven 
backs of the mice daily for 6 weeks, using a 27-gauge needle 
(n = 6).

2.2.2   |   Effects of Abatacept in the HCLO-Induced Mice

To evaluate the ability of abatacept to alleviate fibrotic and in-
flammatory responses during the mid-stage of HCLO-induced 
fibrosis, we administered 100 μg of abatacept intraperitoneally 
to BALB/c mice every other day on day 28 of modeling (n = 6). 
The mice were sacrificed 6 weeks after the first HCLO injection. 
To ensure adequate drug exposure, we implemented additional 
abatacept dose groups, including 200 μg/mouse, 400 μg/mouse, 
and 600 μg/mouse (n = 4).

2.3   |   Histopathological Analysis

Mouse skin and lung tissues were fixed in a 10% formalin solu-
tion for 24–48 h, dehydrated, and embedded in paraffin sec-
tions for hematoxylin and eosin (HE) and Masson's trichrome 
staining. Skin thickness measurement was defined as the 
mean distance between the epidermis-dermis junction and the 
dermis-subcutaneous fat junction. Images were captured using 
an Olympus camera (Shinjuku, Japan), and the skin thickness 
was assessed by two independent observers.

2.4   |   Hydroxyproline Content

The frozen samples including skin and lung tissues were hy-
drolyzed and analyzed for hydroxyproline content according to 
the manufacturer's guidelines for the Mak008-1KT kit (Sigma, 
USA). Each analysis had a calibrated standard curve to deter-
mine hydroxyproline content.

2.5   |   Immunohistochemical Analysis

Expression levels of CD4, CD8, α-SMA, vimentin, and CD163 
were assessed through immunohistochemistry in the skin and 
lung fragments of the PBS, HCLO, and drug groups. Tissue 
sections were deparaffinized and underwent antigen retrieval 
utilizing citric acid repair buffer. Following the inhibition of 
endogenous peroxidase using 3% H2O2 for 25 min, nonspe-
cific binding was blocked for 30 min using 3% bovine serum 
albumin (BSA). Slides were incubated overnight at 4°C with a 
mouse monoclonal antibody mixture consisting of anti-CD4, 
anti-CD8, anti-vimentin, anti-αSMA (Abcam, UK), and an-
ti-CD163 (Servicebio, China), at dilution concentrations of 
1:750, 1:1500, 1:750, 1:200, 1:75, and 1:500, respectively. The 
slides were incubated with an enzyme-labeled goat anti-rabbit 
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antibody (Servicebio, China) at room temperature for 50 min. 
Subsequently, they were stained using a diaminobenzidine kit as 
a chromogenic agent. All slides were examined using a standard 
bright field microscope from Olympus, located in Shinjuku, 
Japan. The mean intensity optical density (IOD) was quantified 
using Image-pro Plus v. 6.0.

2.6   |   Analysis of ICOS+ CD3+ T Cells in the Skin, 
Lung, and Spleen Tissues

Skin from the injection sites underwent digestion in RPMI1640 
medium with 2 mg/mL Collagenase IV and 1 mg/mL Disperse 
II at 37°C for 3–4 h. This was terminated using 4 mL RPMI1640 
medium containing 10% FBS, followed by filtration through a 
70 μm filter to produce a single-cell suspension of the skin. In 
addition, lung and spleen tissues were crushed and filtered using 
a cell strainer. After hypotonic lysis of erythrocytes, we counted 
cell suspensions from the mentioned three tissues. Subsequently, 
we incubated the cells with properly labeled antibodies in PBS 
containing 2% fetal calf serum. To identify CD3+ ICOS+ T cells, 
we stained them with anti-CD45-BV510, anti-CD3-Percp-Cy5.5, 
and anti-ICOS-BV421 (BD Biosciences). The cells underwent 
analysis using a Cytek flow cytometer (BD Biosciences) in ac-
cordance with standard protocols. Once analyzed, the resulting 
data were subjected to analysis using FlowJo software.

2.7   |   Analysis of Serum Cytokines

According to the manufacturer's instructions, serum levels of 
TNF-α, IFN-γ, IL-6, IL-9, IL-10, IL-17A, and IL-22 in mice were 
determined using the Mouse Inflammation Cytometric Bead 
Assay (CBA; BD Biosciences, Germany) on a BD FACSCanto II 
flow cytometer (Cytek).

2.8   |   RNA Extraction, Library Construction, 
and Sequencing Data Analysis

RNA was extracted from skin and lung tissues using TRIzol 
(Invitrogen Life Technologies, CA, USA) following the man-
ufacturer's protocol. RNA libraries were generated using the 
NEBNext UltraTM RNA Library Prep Kit from Illumina (NEB, 
USA) in accordance with the provided instructions. Total RNA 
and purified library products were measured using the Qubit2.0 
Fluorometer and Agilent 2100 bioanalyzer. Paired-end se-
quences (PE150) were used for the sequencing process on the 
Illumina HiSeq 3000 platform at Beijing Novogene Co. Ltd. in 
Beijing, China. Subsequently, the read quality was assessed and 
clean reads were generated using FastQC software (v0.11.8). 
Alignment and mapping of sequencing reads were performed 
using Hisat2 (v2.1.0). The reference genome utilized for mouse 
datasets was Mus musculus GRCm38. The count data were 
normalized using the “TMM” methodology before calculating 
DEGs via edgeR (V3.32.0), using the selection criteria of |log-
2foldchange| > 1 and a p value of < 0.05. Enriched pathways for 
DEGs were analyzed using the Gene Set Enrichment Analysis 
(GSEA) method, with the R package clusterProfiler. The identi-
fication of significantly enriched pathways used a threshold of 
a p < 0.05.

2.9   |   Deconvolution Analysis to Detect 
Skin-Infiltrating Cells in SSc Patients and Mice

The analytical tool CIBERSORTx was utilized to determine the 
fractions of immune cells in mixed cell populations (https://​
ciber​sortx.​stanf​ord.​edu/​). This tool allowed for the quantifi-
cation of immune cell abundance in both SSc patients and the 
mouse model, using bulk RNA-seq data. The raw RNA-seq data 
obtained from skin biopsy samples of 47 SSc patients were down-
loaded from GSE217067. Both the mouse and human datasets 
were processed in the TPM format. By utilizing the LM22 gene 
signature matrix for humans and mice [21], we applied B-batch 
correction, absolute mode, and 1000 permutations to assess the 
proportions of each cell type.

We then utilized the xCell package to conduct cell type enrich-
ment analysis on 64 immune and stromal cell types, which have 
been confirmed through in silico simulations and cytometry 
immunophenotyping [22]. We used xCell to analyze cellular 
components and markers within tissues from fibrotic models 
and SSc patients, resulting in diverse cellular expression profiles 
identified.

2.10   |   Statistical Analysis

GraphPad Prism 8 software was utilized to analyze and present 
the data, excluding bioinformatics data. Unpaired t-tests were 
performed on numerical variables with normal distributions, 
while paired T tests were used to evaluate immune cell types 
and multiple scores in SSc patients between baseline and month 
6. For data with non-normal distributions, the Mann–Whitney U 
test was used. Quantitative data are expressed as mean ± SEM, 
and statistical significance is considered as p < 0.05.

3   |   Results

3.1   |   Effects of Abatacept on Fibrosis in 
HCLO-Induced Mice

Compared to the skin tissues from the control group, the HCLO 
model group showed increased skin thickness, skin swelling, 
and subcutaneous fat loss. The lung tissue of the model group 
displayed a disordered structure, and a high volume of inflam-
matory cells was detected. Furthermore, collagen bundles had 
formed alongside blood vessels and alveoli. Additionally, the 
hydroxyproline content of the lungs, which indicates collagen 
deposition, was considerably higher in the treated HCLO groups 
compared to the PBS groups.

Based on our previous research [20], we administered 100 μg of 
abatacept on the first day of week 4 (referred to as “4w”) to exam-
ine its effects on inflammation and fibrosis, as we had observed a 
substantial number of inflammatory cells at the 4-week mark in 
the HCLO-induced skin and lung fibrotic model. Nevertheless, 
the pathological analysis indicated no substantial amelioration 
in skin fibrosis within the treatment groups in comparison to 
the control groups, as evidenced by the deposition of collagen 
fibers and a reduction in subcutaneous adipose tissue. The drug 
groups exhibited hyperkeratosis in certain epidermal regions. 

https://cibersortx.stanford.edu/
https://cibersortx.stanford.edu/
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FIGURE 1    |    Effects of abatacept on skin and lung fibrosis in hypochlorous acid (HCLO)-induced mice at the time point of the fourth week of model-
ing. (A) Schematic showing the experimental design and time course of the mouse model. Skin and lung fibrosis was induced by subcutaneous (s.c.) injec-
tion of 200ul of HCLO daily for 6 weeks. Abatacept was applied for the last 3 weeks according to the protocol of the animal experiment. (B) Representative 
skin and lung sections of PBS-injected and HCLO-injected mice from the 6-week experiment, treated with or without abatacept. The scale bar of the 
panel is 40 μm (magnification, 200X) (C) Assessment of skin thickness after abatacept treatment in the 6-week experiment. (D) Hydroxyproline content 
after abatacept treatment in the 6-week experiment expressed in μg/mg lung. Values in (C) and (D) are mean ± SEM. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.
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FIGURE 2    |    Effects of abatacept on inflammatory cells and myofibroblasts in skin tissue from HCLO mice. (A) Representative IHC staining 
(brown) of T cells (CD4+/CD8+), myofibroblasts (SMA+/vimentin+), and M2 macrophages (CD163+) on dorsal skin sections counterstained with 
hematoxylin from PBS, HCLO, and HCLO/abatacept-treated mice. The brown-yellow color means positive staining. The scale bar of the panel 
is 40 μm (magnification, 200X). (B) Statistical analysis of major immune cells and myofibroblasts in skin tissue (*p < 0.05; ***p < 0.001; ****p < 
0.0001. IOD: Integrated optical intensity).
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FIGURE 3    |     Legend on next page.
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Moreover, the infiltration of inflammatory cells in the lung tis-
sues of HCLO groups was comparatively higher. However, the 
drug groups exhibited a slightly lower infiltration rate and de-
creased tendency. Additionally, there was no significant differ-
ence in the hydroxyproline content (Figures 1 and S1).

We additionally set an extra dose of abatacept, including 200 μg/
mouse, 400 μg/mouse, and 600 μg/mouse, none of which re-
duced skin thickness or attenuated pulmonary fibrosis com-
pared with the HCLO group (Figure S2).

3.2   |   Effects of Abatacept on the Inflammatory 
Cells in HCLO-Induced Mice

Previous studies have indicated that an aberrant immune re-
sponse and fibroblasts have a significant involvement in the 
development of SSc. In this study, we analyzed the infiltration 
of inflammatory cells, fibroblasts, and M2 macrophages in the 
target organs, including the skin and lungs, using immunohis-
tochemistry. The quantities of CD4+ T cells, CD8+ T cells, and 
CD163+ M2 macrophages within the skin of HCLO models 
were markedly elevated compared to the control group, specifi-
cally within the dermal layer and subcutaneous tissue layer, al-
though the variance from the abatacept group was insignificant 
excluding M2 macrophages. Also, the manifestation of α-SMA 
and vimentin, which indicate the number of myofibroblasts, 
had amplified within the model in comparison to control mice. 
However, no difference was observed between the model and 
drug groups (Figures  2 and S3). In the lung tissue, there was 
a significant infiltration of inflammatory cells (CD4+ T cells, 
CD8+ T cells, and M2 macrophages) as well as myofibroblasts 
in the model group. The results in the lung tissue of the medical 
group were comparable to those in the skin (Figure 3 and S4). 
The results indicated that abatacept has some degree of anti-
inflammatory activity and has had no effect on fibroblast activa-
tion in either skin or lung tissue.

We further measured the levels of cytokines important in the 
fibrosis process in the HCLO mouse model after abatacept ad-
ministration. Compared with control mice, HCLO mice exhib-
ited significantly increased levels of TNF-α, IFN-γ, IL-6, IL-9, 
IL-10, and IL-22; mice treated with abatacept showed signifi-
cantly decreased levels of IL-6. No differences in the levels of 
TNF-α, IFN-γ, IL-9, IL-10, and IL-22 were observed (Figure S5).

3.3   |   Effects of Abatacept on the CD28-Dependent 
Signaling and Immune Response Signature in 
HCLO-Induced Mice

In addition to assessing the anti-fibrogenic and anti-
inflammatory activities of abatacept in vivo, we also performed 

RNA-seq analysis of skin and lung tissues to investigate the 
potential and broader effects of abatacept on HCLO-modulated 
gene expression. The volcano plot illustrated the differentially 
expressed genes (DEGs) in both skin and lung tissues between 
the drug and model groups (Figure  4A,C). As the function of 
abatacept is to inhibit the activation of CD28-dependent T lym-
phocytes, we primarily observed a reduction in gene expression 
associated with T lymphocyte activation, specifically CD28-
dependent signaling. The results of the heatmap analysis re-
vealed a significant improvement in the expression of various 
genes involved in immune activation, such as Cd84, Cd80, Ctla4, 
Cd86, Icos, and Cd28, within the drug group when compared to 
that of the lung and skin tissues of the HCLO group. They also 
included chemokine ligands and receptors (Ccl7), adhesion mol-
ecules (BCAM), complement components (C3), and other genes 
engaged in the immune system (Figure 4A–D). ICOS is a T-cell 
costimulatory molecule and part of the CD28 co-stimulatory sig-
nal, and CD28 dose-dependently induces ICOS [23]. The ICOS 
expression analysis via flow cytometry supported the findings of 
RNA-seq analysis. Following abatacept treatment, the propor-
tion of ICOS in CD3+ T cells was significantly reduced in three 
tissues, including skin, lung, and spleen, compared to HCLO 
mice (Figure 4E,F).

3.4   |   The Potential Mechanisms of Abatacept in 
HCLO-Induced Mice

We complemented the GSEA analysis with the full set of genes 
in the skin and lung tissues of all groups. The administration 
of HCLO led to substantial alterations in several pathways in 
the skin lesions, including remodeling of fibrotic tissue, inflam-
mation, profibrotic signaling, angiogenesis, metabolism, and 
cell death. It is noteworthy that abatacept further aggravated 
the processes of epidermis and skin development, similar to the 
results of the HE. On the other hand, several immune response 
pathways were reduced in the drug group compared to the 
model group, including myeloid leukocyte-mediated immunity, 
B-cell activation and proliferation, and lymphocyte chemotaxis. 
Regrettably, abatacept failed to impact lipid balance, vasculogen-
esis, metabolism, and cell death affected by HCLO, except for a 
noted increase in vascular permeability (Figure 5A). The GSEA 
findings revealed that the genes in the lung tissue of the HCLO 
group were primarily associated with fibrotic tissue remodeling, 
inflammation, profibrotic signaling, angiogenesis, metabolism, 
cell death, and response to low oxygen levels. Furthermore, the 
abatacept group exhibited a decrease in several signaling path-
ways such as ECM organization, epithelial migration, regulation 
of macrophage activation, mucosal innate immune response, 
lipid localization, and response to hypoxia. Furthermore, the 
drug had a partial impact on angiogenesis and did not affect fi-
brosis pathways and cell death (Figure 5B). RNA-seq analysis 
indicated that mice treated with abatacept exhibited a reduced 

FIGURE 3    |    Effects of abatacept on inflammatory cells and myofibroblasts in the lung tissue from HCLO mice. (A) Representative IHC staining 
(brown) of T cells (CD4+/CD8+), myofibroblasts (SMA+/vimentin+), and M2 macrophages (CD163+) on lung tissues counterstained with hema-
toxylin from PBS, HCLO, and HCLO/abatacept-treated mice. The brown-yellow color means positive staining. The scale bar of the panel is 40 μm 
(magnification, 200X). (B) Statistical analysis of major immune cells and myofibroblasts in lung tissues (*p < 0.05; **p < 0.01; ***p < 0.001. IOD: 
Integrated optical intensity).
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FIGURE 4    |     Legend on next page.
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immune activation signature in skin and lung tissues, and less 
ECM organization and angiogenesis in lung tissues after HCLO 
induction.

3.5   |   Effects of Abatacept on Immune Infiltration 
in SSc Patients and HCLO-Induced Mice

To more fully evaluate the proportions of immune cells after 
administering abatacept, we first used CIBERSORTx to de-
convolute our RNA-seq data of skin and lung tissues. Notably, 
abatacept significantly reduced M2 macrophages in skin tis-
sues compared to HCLO mice, while the remaining immune 
cells showed no significant changes. In lung tissues, both M2 
macrophages and monocytes demonstrated a considerable re-
duction in the abatacept-treated HCLO group when compared 
to the model groups (Figure  6A). Furthermore, a comparable 
analysis was conducted on an SSc group treated with abata-
cept (comprising of 47 SSc patients at both baseline and after 
6 months of treatment). A comprehensive study was performed 
based on the grouping system outlined in the article [24], exam-
ining the alterations in immune cells within intrinsic molecular 
subsets of SSc patients, including the inflammatory subsets, the 
fibroproliferative subsets, the normal-like subsets, and the lim-
ited subsets. The study revealed that the subset of patients with 
inflammatory improvers had a significant decrease in the ratio 
of M2 macrophages and monocytes between the baseline and 
6-month time points. Furthermore, the proportion of patients 
with nonimproving inflammation showed a declining trend of 
M2 macrophages. These results align with our histochemical 
findings. It is worth noting that these cells were not significantly 
present in the normal-like and fibroproliferative subsets of pa-
tients (Figure 6A).

We conducted a thorough analysis of various scores after ad-
ministering abatacept treatment to both the fibrosis model and 
SSc patients using xCell analysis. We observed a decrease in 
immune and microenvironmental scores in both skin and lung 
tissue from the HCLO model and in the inflammatory subset of 
SSc patients after drug treatment (Figure 6B).

4   |   Discussion

Although the exact pathogenesis is not fully understood, a better 
understanding of the pathogenic mechanism underlying SSc and 
appropriate therapeutic agents is essential [25, 26]. Consistent 
with our previously published study, we found that the propor-
tions of CD4+ T cells, CD8+ T cells, and myofibroblasts were in-
creased in the skin and lung tissues of HCLO-induced mice [20]. 
In this study, abatacept did not reduce the ratio of lymphocytes 
and myofibroblasts. In addition, abatacept treatment failed to 

reduce skin and lung fibrosis induced by subcutaneous injection 
of HCLO. Notably, we observed a reduction in CD28 costimula-
tion and the immune response signature in HCLO-induced mice 
treated with abatacept. Abatacept also reduced the proportion of 
M2 macrophages in both skin and lung tissues.

Dysregulation of innate and adaptive immunity plays a signifi-
cant role in SSc. Abnormal inflammatory cells and features exist 
in target tissues such as skin and lungs, while the number and 
functions of immune cells are altered [27]. Previous studies have 
indicated a decline in the CD28 gene family among clinical im-
provers receiving abatacept between baseline and 6 months [24]. 
ICOS is expressed on activated T cells and is also significantly 
reduced as a key enrichment gene for CD28 family costimula-
tion. However, there were no significant changes in abatacept-
treated nonresponders. When the patient population with SSc 
was stratified according to intrinsic subsets, the trend was fur-
ther clarified in the inflammatory subset that improved with 
abatacept, rather than in the fibroproliferative or normal-like 
subsets [24]. In a separate investigation, the proportion of ICOS-
positive T cells in relation to total CD3-positive T cells was sig-
nificantly diminished in the skin lesions of the abatacept-treated 
model group when contrasted with control IgG1 mice [28]. Our 
findings corroborate this impact of T-cell deactivation, whereby 
a decrease in CD28 signaling and the ratio of ICOS+ CD3+ T 
cells in skin, lung, and spleen tissues was witnessed after abata-
cept administration. This outcome could potentially be linked to 
the mechanism of action of abatacept, which facilitates costim-
ulatory blockade, thus restraining hyperactivated T-cell subsets.

The innate immune response has been observed to be activated at 
various stages of SSc [29, 30]. In fact, activated M2 macrophages 
that are present in the blood and target organs exhibit an essen-
tial pathogenetic role, demonstrating both anti-inflammatory 
and pro-fibrotic attributes [31]. A prior examination revealed 
that there was a significant reduction in the number of mono-
cytes (CD68+) in the lesional skin of BLM-induced mice treated 
with abatacept compared to those injected with control IgG1 [28]. 
In the lungs affected by lesions in the Fra-2 transgenic mouse 
model, which demonstrates systemic fibrosis, microangiopathy, 
and pulmonary hypertension, the administration of abatacept 
was found to significantly decrease the proportion of M2 mac-
rophages (cMAF, arginase, and F4/80) to overall macrophages 
[32]. Additionally, acazicolcept, a dual ICOS/CD28 antagonist, 
lowered the number of macrophages (CD68+) infiltrating the 
fibrotic skin of the HCLO model [33]. The immune infiltration 
pattern was assessed with CIBERSORTx, revealing that the per-
centage of M2 macrophages in the skin biopsy of the inflam-
matory subset that responded to abatacept was substantially 
reduced at 6 months compared to baseline (GSE217067) [24]. 
Similarly, there was a noteworthy decrease in the percentage of 
M2 cells in the skin and lungs of the abatacept-treated model 

FIGURE 4    |    Effects of abatacept on the CD28-dependent signaling and immune response signature in the HCLO model. (A and C) Volcano plot 
showing differentially expressed genes in skin and lung tissues by RNA-seq. Genes up or downregulated by > 2-fold and p < 0.05 are shown in red 
and green, respectively. (B and D) Hierarchical clustering of core enrichment genes in skin and lung tissues of the HCLO model and the abatacept 
(ABA) group from the costimulation of the CD28 family and the immune response signature. (E) Representative flow plots of ICOS in CD3+ T cells 
in skin, lung, and spleen of HCLO model and abatacept group. (F) The summarized percentages of ICOS in CD3+ T cells in skin, lung, and spleen of 
HCLO model and abatacept group. Values in (F) are mean ± SEM. *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001; ****p < 0.0001.
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FIGURE 5    |    Functional analysis of abatacept on pathways regulated by the HCLO model. Significant pathways show the effects of abatacept on 
skin (A) and lung (B) tissues of the HCLO model by GSEA functional enrichment analysis. The color depth represents the p value. The area of the 
circles in the graph indicates the number of genes.
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FIGURE 6    |     Legend on next page.
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group. This result paralleled the discovery of considerably di-
minished CD163+M2 macrophages in the skin and lung tissue of 
the treated mice compared to the model group, as demonstrated 
by immunohistochemistry. These findings support the view that 
abatacept treatment attenuates inflammatory pathways.

However, dermal thickening and collagen deposition in the tar-
get area of the HCLO model were not reduced by abatacept in 
our study, nor was the number of myofibroblasts. A 2022 Phase 
II randomized controlled trial (NCT02161406) involving 88 SSc 
patients yielded noteworthy findings. While no significant differ-
ence in MRSS was observed between the abatacept and control 
groups overall, subgroup analysis based on gene expression phe-
notypes revealed that only the inflammatory subgroup showed 
a significant reduction in MRSS after abatacept treatment. By 
contrast, the fibroproliferative subgroups exhibited no differ-
ences. These findings underscore the heterogeneity of SSc, and 
abatacept may only exert its therapeutic effect when cases are 
stratified based on intrinsic gene expression subsets and targeted 
accordingly [34]. After 11 months of treatment with abatacept in 
another clinical trial, SSc patients with refractory polyarthritis 
showed significant improvement in joint parameters and met 
EULAR good response criteria. However, there was no signifi-
cant improvement in muscle outcome indicators in SSc myopa-
thy, and there was no observed trend in skin or lung fibrosis after 
being treated with abatacept [19]. These studies suggested that 
inhibiting the CD28 pathway alone may not have a significant 
impact on fibrotic skin lesions in SSc patients. In fact, activated 
T cells often downregulate CD28 and become less dependent on 
CD28 co-stimulation, and CD28-negative T cells accumulate in 
various autoimmune diseases. The quantity of specific CD28-
negative T cells correlates with disease activity and damage in-
dexes, which are also predictive of clinical response to abatacept 
in patients with rheumatoid arthritis [35–38].

Abatacept has been administered in preclinical mouse models. 
The drug prevented and induced regression of inflammation-
induced skin fibrosis in BLM-injected mice, and the control in 
this study was human IgG1 [28]. Nevertheless, a separate study 
on the effect of abatacept in mice with heart failure found ev-
idence indicating that the administration of human Ig could 
be immunogenic in mice. The use of IgG control may exacer-
bate the inflammatory response induced by transverse aortic 
constriction and also create the appearance of a greater pro-
tective effect in the abatacept group, which is why PBS was 
used as a control in this study [39]. Furthermore, it was found 
that abatacept had no impact on fibrosis in either CB17-SCID 
or TSK-1 mice. The former does not possess T cells, while the 
latter operates as an inflammation-independent mouse model. 
Consequently, the anti-fibrosis effect of abatacept may require 
T cells [28]. Previous research indicates that elevated indicators 

of oxidative stress and reduced levels of antioxidant components 
are present in individuals with SSc [40]. These factors have been 
linked to the disease progression and modified Rodnan skin 
score (mRSS), renal vascular injury, and level of lung fibrosis 
[41–45]. Furthermore, certain therapeutic agents have been 
found to selectively reduce specific ROS components or have no 
impact at all [43]. The potential pathogenesis of HCLO in the 
skin and lungs of mice differs and is independent of the immune 
system. First, the copious ROS provided by HCLO acts directly 
on fibroblasts, activating the Ras pathway, which induces colla-
gen synthesis in skin tissue. Recent research has demonstrated 
that ROS acts on numerous targets in SSc. Activation of endo-
thelial cells leads to increased vascular reactivity, impaired 
angiogenesis, differentiation and proliferation of fibroblasts, 
and organization of the ECM. Conversely, ROS also promotes 
autoimmunity and chronic inflammation through the creation 
of neoepitopes and activation of lymphocytes and macrophages. 
The tissue damage directly caused by oxidative stress may by-
pass the involvement of T cells. An active loop exists in SSc that 
sustains ROS production and transduction. The mechanism and 
timing of abatacept during mid-phase induction may explain the 
unrelieved skin fibrosis directly caused by oxidative stress. In 
light of these results, it is suggested that rather than fibrosis, the 
costimulation blocker abatacept may be more advantageous in 
correcting the immune response induced by HCLO.

To the best of our knowledge, our study was the first in vivo experi-
ment of abatacept in a preclinical model of murine HCLO-induced 
fibrosis, and RNA-seq analysis allowed us to comprehensively 
analyze the mechanism of abatacept in HCLO-induced skin and 
lung fibrosis. The findings have verified the inhibitory impact of 
abatacept on the CD28 pathway and immune response established 
in earlier investigations [24], which endorses the potential applica-
tion of this drug in the treatment of other diseases with abnormal 
immune response. At the same time, this study confirmed the pre-
vious findings on HCLO modeling mechanism [46] and encour-
aged researchers to select appropriate animal models with specific 
modeling mechanisms for different drugs.

This study has limitations. Our study only concentrates on 
HCLO-induced fibrosis mice to investigate the efficacy and 
mechanism of abatacept. There are several fibrosis models 
currently available that mimic SSc, each exhibiting distinct 
characteristics. Additional studies may be conducted in other 
models to better understand the effects and mechanisms of 
abatacept in SSc in the future.

In conclusion, abatacept demonstrated an immunosuppressive 
effect on the skin and lungs of HCLO models, as evidenced by a 
reduction in CD28 signaling and a decrease in the proportion of 
M2 macrophages. However, abatacept did not decrease collagen 

FIGURE 6    |    Effects of abatacept on immune infiltration in HCLO mice and systemic sclerosis (SSc) patients (GSE217067). (A) Histograms show-
ing the representative infiltrating immune cells in the skin and lung tissues of HCLO and in the skin of medical SSc patients at both baseline and 
after 6 months of treatment, including abatacept improver, abatacept nonimprover, inflammatory abatacept improver, inflammatory abatacept non-
improver, normal-like abatacept improver, normal-like abatacept nonimprover, and proliferative abatacept improver by CIBERSORTx analysis. (B) 
Histograms showing the proportion of multiple scores in the skin and lung tissues of HCLO and in the skin of medical SSc patients at both baseline 
and after 6 months of treatment, including abatacept improver, abatacept nonimprover, inflammatory abatacept improver, inflammatory abatacept 
nonimprover, normal-like abatacept improver, normal-like abatacept nonimprover, and proliferative abatacept improver by xCell analysis. *p < 0.05.
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deposition and fibroblast activation in the skin and lungs of 
HCLO-induced mice.
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