
Frontiers in Medicine 01 frontiersin.org

Cell therapy for scleroderma: 
progress in mesenchymal stem 
cells and CAR-T treatment
Liting Chen 1, Rongshan Huang 1, Chaoshuo Huang 1, 
Guiming Nong 1, Yuanyuan Mo 1, Lvyin Ye 1, Kunhong Lin 1 and 
Anping Chen 1,2*
1 Department of Rheumatology and Immunology, Qinzhou First People's Hospital, Qinzhou, Guangxi, 
China, 2 Minda Hospital of Hubei Minzu University, Enshi, China

Cell therapy is an emerging strategy for precision treatment of scleroderma. This 
review systematically summarizes the research progress of mesenchymal stem 
cell (MSC) and chimeric antigen receptor T cell (CAR-T) therapies in scleroderma 
and discusses the challenges and future directions for development. MSCs possess 
multiple functions, including immunomodulation, anti-fibrosis, and promotion of 
vascular regeneration, all of which can improve multiple pathological processes 
associated with scleroderma. Studies have demonstrated that MSCs can alleviate skin 
fibrosis by inhibiting CCL2 production and reducing the recruitment of pathological 
macrophages; their paracrine effects can exert extensive regulatory functions. 
CAR-T cell therapy ca specifically target and eliminate autoreactive immune cells, 
exhibiting enhanced specificity and personalized potential. Different cell therapies 
may have complementary and synergistic effects in treating scleroderma, such 
as MSCs exerting their effects through paracrine mechanisms while CAR-T cells 
specifically eliminate pathological cells. Furthermore, cell-free therapies derived 
from MSCs, such as extracellular vesicles or exosomes, may help circumvent the 
limitations of MSC therapy. Although cell therapy has opened new avenues for 
the precision treatment of scleroderma, it still faces numerous challenges. In 
the future, it is essential to strengthen integration of basic and clinical research, 
establish standardized protocols for cell preparation and quality control, develop 
personalized treatment plans, and rationally combine cell therapy with existing 
treatment methods to maximize its advantages and improve patient prognosis 
and quality of life.
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1 Introduction

Scleroderma is a chronic autoimmune disease characterized by widespread microvascular 
damage, endothelial cell injury, immune activation, and fibrosis of the skin and internal organs 
(1). Patients typically present with skin hardening, thickening, facial changes, and digital 
ulcers. In severe cases, vital organs such as the lungs, kidneys, and heart may be involved, 
threatening life (2). Although the exact cause of scleroderma remains unclear, it is widely 
believed that its pathogenesis is closely related to dysfunction in the vascular and immune 
system, with sustained immune activation and uncontrolled fibrosis playing key roles in 
disease progression (3). This suggests that when exploring treatment strategies for scleroderma, 
we should focus on suppressing abnormal immune responses and fibrotic processes.
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Treatment of scleroderma still faces many challenges. For localized 
scleroderma, mainly local and physical therapies utilized, but their 
efficacy is limited. In the case of diffuse scleroderma, immunosuppressants 
such as glucocorticoids and cyclophosphamide can control the disease 
to some extent; however, their effectiveness is often inadequate, and the 
efficacy associated side effects can be significant, making it difficult to 
halt disease progression fundamentally. The effects of vasodilators and 
antifibrotic agents are also unsatisfactory. As such, traditional treatments 
struggle to meet the clinical needs of scleroderma patients, highlighting 
the urgent need for the development of new strategies to improve 
prognosis. This highlights the important research significance of cell 
therapy in the field of scleroderma.

Stem cells have become ideal tools for treating various diseases due 
to their self-renewal and multi-lineage differentiation potential. In 
recent years, stem cell therapy has shown good prospects in clinical 
studies of autoimmune diseases such as systemic lupus erythematosus 
and rheumatoid arthritis (4), providing inspiration for its application 
in scleroderma treatment. As a class of abundantly sourced and easily 
isolated adult stem cells, mesenchymal stem cells (MSCs) have garnered 
significant attention for their low immunogenicity, immunomodulation, 
and tissue repair properties (5, 6). Previous studies have shown that 
MSCs can exert anti-scleroderma effects through the paracrine 
secretion of cytokines, extracellular vesicles, and other products at 
multiple levels, including regulating immune responses, improving 
fibrosis, and promoting damaged tissue repair (7). This suggests that 
MSCs may become a new cellular tool for scleroderma treatment. In 
addition, chimeric antigen receptor T cell (CAR-T) therapy, an 
emerging immune cell technology that has made breakthroughs in 
B-cell malignancy in recent years, may also be applied to autoimmune 
disease treatment by genetically engineering T cells to specifically target 
and kill cells (8). Given the immune dysregulation characteristics of 
scleroderma, whether CAR-T therapy to provide new breakthroughs 
in its treatment warrants in-depth exploration.

2 Research progress of mesenchymal 
stem cell therapy for scleroderma

2.1 Biological characteristics and 
mechanisms of action of mesenchymal 
stem cells

Mesenchymal stem cells (MSCs) are a type of adult stem cell 
characterized by their self-renewal and multi-lineage differentiation 
potential. Initially discovered in bone marrow, subsequent studies 
showed their widespread presence in adipose tissue, umbilical cord, 
and various other tissues (6, 9–11). Morphologically, MSCs are 
spindle-shaped or fibroblast-like, expressing specific surface markers 
such as CD105, CD73, and CD90, but not express hematopoietic and 
endothelial cell markers like CD45, CD34, CD14, CD11b, CD79α, 
CD19, and HLA-DR (6, 9, 10). MSCs can differentiate into osteoblasts, 
chondrocytes, adipocytes, and other cell lineages, thereby playing a 
key role in tissue repair and regeneration (11).

In recent years, numerous studies have revealed the unique 
advantages of MSCs in regulating immune responses, inhibiting 
fibrosis, and promoting angiogenesis, making them as a focus in 
autoimmune disease treatment (12–16). Mechanistic studies 
indicate that MSCs can secrete various immunosuppressive factors 

such as IL-10, HGF, and PGE2 to inhibit the proliferation and 
activation of immune cells like T cells, B cells, NK cells, and 
dendritic cells. This process induces inducing immune tolerance 
and thus alleviating autoimmune damage (15, 17, 18). Moreover, 
MSCs can downregulate the expression of pro-fibrotic factors such 
as TGF-β and CTGF to inhibit fibroblast proliferation and collagen 
deposition, thereby reducing tissue fibrosis (12, 19, 20). 
Simultaneously, MSCs secrete angiogenic factors like VEGF and 
HGF to stimulate endothelial cell proliferation and angiogenesis, 
thereby improving tissue ischemia and damage (13, 18). Given the 
synergistic effects of MSCs in immunomodulation, anti-fibrosis, 
and tissue repair, they may become an ideal cell therapy approach 
to intervene in complex pathological processes such as scleroderma.

Although the exact mechanisms by which MSCs exert their 
therapeutic effects are not fully elucidated, studies have suggested their 
paracrine effects may be  key. Extracellular vesicles, especially 
exosomes, secreted by MSCs can selectively enrich and deliver various 
bioactive substances such as, microRNAs and growth factors to 
damaged tissues and effector cells, regulating gene expression and 
conveying the therapeutic effects of MSCs (21, 22). This discovery 
provides new ideas for revealing the mechanisms of action of MSCs 
and optimizing MSC treatment strategies. Future studies should 
explore the component characteristics and functional regulatory 
networks of MSC exosomes at both the molecular and cellular levels 
to clarify their therapeutic mechanisms in diseases like scleroderma, 
thereby providing a theoretical guidance and material basis for cell 
therapy (Figure 1).

2.2 Therapeutic effects of mesenchymal 
stem cells in scleroderma animal models

2.2.1 Comparison of efficacy of mesenchymal 
stem cells from different sources in scleroderma 
animal models

To explore the application prospects of MSCs in scleroderma 
treatment, several studies have employed mouse models induced by 
bleomycin or hypochlorous acid to investigate the therapeutic effects of 
MSCs from bone marrow, adipose tissue, umbilical cord, and other 
tissue sources (11, 23–28). Zhang et al. compared the efficacy of single 
tail vein injection of autologous or allogeneic bone marrow MSCs 
derived from the mouse in a bleomycin-induced scleroderma mouse 
model. They found that both sources of MSCs effectively alleviated 
inflammatory infiltration and collagen deposition in skin and lung 
tissues, reduced the imbalance of Th1/Th2 cell cytokines in the lungs, 
and have similar efficacy (26). Abdel et al. compared the therapeutic 
effects of allogeneic bone marrow MSCs and adipose MSCs on a 
hypochlorous acid-induced scleroderma mouse model. The results 
showed that both types of MSCs improved skin and lung fibrosis; 
however, adipose-derived MSCs were superior to bone marrow-derived 
MSCs in reducing inflammatory cytokines and autoantibody levels 
(17). In addition, Liang et al. confirmed that human umbilical cord 
MSCs could dose-dependently inhibit skin thickening, inflammation, 
and collagen deposition in bleomycin-induced scleroderma mice, with 
high-dose (1 × 10^6 cells/mouse) being more effective than medium 
and low doses (2.5 × 10^5 and 5 × 10^5 cells/mouse) (28).

However, the aforementioned studies mainly used intravenous 
administration, and it is unclear whether MSCs can effectively home 
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to damaged tissues. Considering that scleroderma lesions mainly 
involve local tissues such as the skin and lungs, future studies should 
explore more precise cell delivery strategies such as local 
administration, to enhance the enrichment and therapeutic efficacy of 
MSCs in lesion tissues. In addition, scleroderma animal models differ 
considerably from clinical phenotypes, and caution is needed when 
extrapolating the above results to the clinic. Translational research 
based on humanized animal models and clinical samples to provide 
reliable evidence for formulating optimal MSC treatment regimens.

2.2.2 Mechanism exploration of mesenchymal 
stem cell exosomes exerting effects through 
MicroRNAs and signaling pathways

The paracrine effects of MSCs are an important mechanism 
through which they exert their therapeutic effects. Among them, 
extracellular vesicles, especially exosomes, secreted by MSCs, have 
received much attention for their potential role in scleroderma 
treatment. Studies have shown that MSC-derived exosomes can 
selectively enrich and deliver various bioactive substances such as 
microRNAs and growth factors, to regulate gene expression and signal 
transduction in recipient cells, conveying the therapeutic effects of 

MSCs (21, 22). Yamashita et al. isolated and purified human MSC 
exosomes and administered them in bleomycin-induced scleroderma 
mice. The results demonstrated that exosomes significantly alleviated 
fibrosis in the skin and visceral organs and inhibited fibroblast 
activation and macrophage infiltration. Further mechanistic studies 
revealed that MSC exosomes were enriched in anti-fibrotic 
microRNAs such as miR-196a, which could target and downregulate 
the expression of fibrotic genes like Col1a1, Col1a2, and αSMA in 
fibroblasts (22). Similarly, Zhang et  al. also confirmed that MSC 
exosomes alleviated skin hardening and lung fibrosis in scleroderma 
mice by carrying miR-29a, which inhibits the fibrosis-related TGF-β/
Smad signaling pathway (21).

These studies reveal, at the molecular level, that MSC exosomes 
sever as important carriers of MSCs’ therapeutic effects, exert anti-
fibrotic effects by selectively enriching and delivering specific bioactive 
substances, such as microRNAs, to regulate fibroblast phenotype and 
collagen metabolism. This provides new ideas for elucidating the 
mechanisms of action of MSCs and optimizing MSC treatment 
strategies. Given the complex composition and diverse structures and 
functions of MSC exosomes, future studies should explore their 
component characteristics and functional regulatory networks to 

FIGURE 1

Illustration of Application of CAR-T Therapy treatment. Mesenchymal stem cells can be derived from bone marrow, fat and umbilical cord. These stem 
cells can themselves home to diseased tissues, or release vesicles or exosomes carrying various signaling substances such as proteins, nucleic acids 
and micro-RNAs through paracrine action to act on diseased tissues. The main affected organs in systemic sclerosis include the skin, lungs, kidneys, 
heart and blood vessels. Stem cells themselves or the exosomes secreted by them can act on the diseased tissues of systemic sclerosis and improve 
the inflammation and fibrosis of these tissues.
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establish standardized systems for exosome preparation and quality 
control, laying the foundation for advancing the clinical application of 
MSC exosomes. In addition, the mechanisms by which exosomes 
achieve tissue-specific enrichment and targeted delivery still unclear, 
limiting their therapeutic efficacy. In-depth exploration of the 
biodistribution patterns and targeting mechanisms of exosomes and 
optimization of administration routes and dosing regimens will help 
improve the therapeutic effects and clinical translation potential of 
exosomes. In summary, as a new cellular therapy medium, MSC 
exosomes may overcome the bottlenecks faced by MSC treatment of 
scleroderma, but transforming them into a mature treatment modality 
still requires extensive in-depth research.

2.3 Current status of clinical research on 
mesenchymal stem cell therapy for 
scleroderma

Given the therapeutic potential demonstrated by MSCs in 
scleroderma animal models, several preclinical studies have conducted 
preliminary explorations in scleroderma patients, using autologous or 
allogeneic MSC infusion to assess their safety and efficacy (29–36). The 
majority of participants were patients with diffuse scleroderma 
characterized by extensive skin and visceral involvement. They were 
given single or multiple intravenous infusions of bone marrow or 
umbilical cord-derived MSCs at a dose of (1, 2) × 10^6/kg, with 
efficacy assessed at 3–12 months of follow-up. The main observation 
indicators included skin hardening improvement (modified Rodnan 
skin score, mRSS), vascular lesion manifestations (digital ulcers, 
Raynaud’s phenomenon), lung function indicators (forced vital 
capacity FVC, lung diffusion function DLCO), autoantibody titers (14, 
20, 32, 33). Safety evaluation mainly observed the occurrence of 
infusion-related adverse reactions and complications, such as 
infections. Most studies found that 4–12 weeks post-MSC infusion, the 
degree of skin hardening in the face, hands, and trunk was significantly 
reduced, skin luster and elasticity improved, and mRSS scores 
decreased by more than 30% from baseline (6, 14, 37, 38). At the same 
time, MSC therapy was found to promote the healing of refractory 
digital ulcers, relieve pain, and improve patients’ quality of life (14, 18). 
For patients with concomitant pulmonary hypertension, right heart 
function improved, and pulmonary artery pressure decreased after 
MSC treatment (6). In addition, MSCs could also alleviate visceral 
involvement such as gastrointestinal motility disorders (18). These 
studies indicate that intravenous infusion of MSCs can comprehensively 
improve skin, vascular, and visceral lesions in scleroderma patients, 
with preliminary but encouraging efficacy.

Existing research indicates that MSC therapy is well-tolerated, 
with only a few patients experiencing transient mild infusion 
reactions, such as fever and rash, and no reports of serious adverse 
events (20, 33). In terms of efficacy, most studies have observed 
significant reductions in skin hardening and mRSS scores after MSC 
treatment, with effects lasting for several months (29, 32, 33, 36). 
Some patients with concomitant interstitial lung disease also showed 
improvements in lung function indicators and CT imaging (31, 33). 
In addition, serum levels of inflammatory cytokines, such as IL-6 
and TNF-α decreased after MSC treatment, as did titers of 
autoantibodies such as anti-Scl-70 and anti-centromere antibodies 
(20, 36). The above studies preliminarily confirmed the safety and 

potential efficacy of MSC therapy for refractory scleroderma 
patients, but small sample sizes, lacked control groups, and efficacy 
evaluation indicators and follow-up times were not uniform enough. 
On the other hand, existing studies are mostly single-center, open-
label clinical trials lacking uniform inclusion criteria, administration 
regimens, and efficacy judgment standards, making objective 
comparisons and meta-analyses difficult. In the future, evidence-
based guidelines for scleroderma cell therapy should be developed 
to standardize clinical trial design, unify efficacy judgment and 
adverse event reporting standards, and improve the comparability 
and evidence level of different study results. At the same time, 
stratified research and subgroup analyzes should be conducted for 
patients with disease stages and clinical manifestations to clarify the 
optimal indications and timing of MSC therapy and achieve 
precision treatment. Currently, clinical research on MSC therapy for 
scleroderma is still in its infancy, and many key scientific questions 
await systematic in-depth exploration, such as the in vivo homing 
distribution and pharmacokinetic characteristics of MSCs, optimal 
administration routes, dosage regimens, and treatment courses, and 
optimization of combination therapy regimens. Large-sample, 
multicenter prospective cohort studies are urgently needed to 
accumulate high-quality evidence-based medicine evidence.

Although clinical research on MSC therapy for scleroderma has 
made positive progress, transforming it into a mature treatment 
strategy still faces many challenges. The primary issue is the 
standardization of MSC preparation and quality control. Uniform 
protocols must be  established for MSC sourcing, isolation, 
purification, and in  vitro expansion to preferentially select 
low-immunogenicity allogeneic sources, such as umbilical cord tissue, 
and to ensure the stability and comparability of preparation quality. 
Secondly, the allogeneic MSC therapy has long-term immunogenicity 
and tumorigenicity risks still require vigilance (20, 39). Furthermore, 
whether intravenous infusion can deliver MSCs to lesion tissues 
remains questionable, and optimal administration routes and dosage 
regimens need further optimization (5). In addition, to objectively 
evaluate efficacy, a unified evaluation indicator system needs to 
be  established, taking into account improvements in patient 
symptoms, signs, and histopathology at multiple levels (39).

3 Application of adipose-derived 
mesenchymal stem cells and tissue 
engineering in scleroderma treatment

Adipose tissue serves as an important source of MSCs, and 
ADSCs have the advantages of convenient material acquisition, 
minimal trauma, and high yield. Compared to bone marrow-derived 
MSCs, ADSCs have stronger proliferative capacity, differentiation 
potential, and immunomodulatory effects, and they are less 
age-dependent (11, 40, 41). In addition to osteogenic, chondrogenic, 
and adipogenic lineages, ADSCs can also differentiate into endothelial 
cells, smooth muscle cells, and other cell types. Furthermore, they 
secrete angiogenic factors such as VEGF and HGF, which play an 
important role in tissue repair (11, 42).

For autoimmune diseases such as scleroderma, ADSCs offer distinct 
advantages in immunomodulation and anti-fibrosis (11, 40, 43). ADSCs 
derived from scleroderma patients express more pluripotency genes 
such as IDO-1 and SOX2, have stronger ability to secrete cytokines such 
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as IL-6 and HGF, and have more significant inhibitory effects on T cells 
(41, 44). Animal experiments have confirmed that the transplantation 
of allogeneic or autologous ADSCs can effectively improve skin and lung 
fibrosis in hypochlorous acid-induced mice, with efficacy comparable 
to bone marrow MSCs, but ADSCs have greater advantages in reducing 
inflammatory cytokines such as TNF-α and IL-1β and increasing the 
MMP-1/TIMP-1 ratio (40). In addition, extracellular vesicles secreted 
by ADSCs have regulatory effects on fibroblasts and can reverse their 
pro-fibrotic phenotype (44). Therefore, ADSCs may become an ideal 
choice for cell therapy in scleroderma.

Given the therapeutic effects of ADSCs in scleroderma animal 
models, adipose tissue and ADSC transplantation strategies have 
begun to be explored clinically (11, 45, 46). For facial skin hardening, 
autologous fat transplantation is a minimally invasive and 
individualized treatment method that can not only improve skin 
texture and contour but also locally deliver ADSCs to exert 
immunomodulatory effects and promote microcirculation 
reconstruction (11, 45). In the case of digital ulcers, local multiple 
injections of autologous adipose tissue extract can significantly 
promote wound healing and improve pain and function (42, 45). A 
prospective study conducted 6 months of autologous fat 
transplantation treatment for 13 patients with localized scleroderma 
and digital ulcers showed that all ulcers healed, pain was relieved, 
quality of life improved, and no recurrence was observed at 1-year 
follow-up (45). For diffuse scleroderma with interstitial lung disease, 
bronchial injection of autologous adipose tissue extract can safely and 
effectively alleviate pulmonary inflammation and delay the 
progression of pulmonary fibrosis (11). However, current studies have 
small sample sizes, lack control groups and uniform efficacy evaluation 
standards, and still require large-scale randomized controlled trials to 
further verify their long-term efficacy and safety.

4 Research progress of chimeric 
antigen receptor T cell (CAR-T) 
therapy for scleroderma

4.1 Basic principles of CAR-T cell therapy 
and its application in autoimmune diseases

In recent years, chimeric antigen receptor T cell (CAR-T) therapy, 
as a major breakthrough in the field of cancer immunotherapy, has 
brought new hope to numerous patients with refractory malignancies. 
CAR-T cells are T lymphocytes that have been genetically engineered 
to specifically recognize and kill tumor cells (45). Unlike conventional 
T cell receptors (TCRs), CARs can directly recognize tumor cell 
surface antigens in a non-MHC-restricted manner and release 
perforin and granzyme B to induce apoptosis in tumor cells. This 
mechanism demonstrates enhanced killing efficiency and broader 
application prospects (47, 48). CD19-targeted CAR-T cells have made 
breakthrough progress in the treatment of B-cell malignancies, with 
multiple clinical studies showing that CD19 CAR-T cells can induce 
complete remission in up to 80–90% of patients with refractory or 
relapsed B-cell leukemia and lymphoma (49). These encouraging 
efficacy results provide new ideas and directions for CAR-T cell 
therapy in autoimmune diseases.

Given the key role of B cells in the pathogenesis of autoimmune 
diseases, CD19 CAR-T cells may effectively control disease progression 

by specifically clearing autoreactive B cells, blocking autoantibody 
production, and reestablishing immune tolerance (50, 51). Compared 
to the B-cell- depleting drug rituximab currently approved for 
autoimmune diseases, CAR-T cell therapy has several advantages: first, 
CAR-T cells have higher killing efficiency and can clear deep-tissue B 
cells to maintain long-term efficacy; second, CAR-T cells have in vivo 
proliferative capacity and can exert sustained antitumor effects 
following a single infusion; third, CAR-T cells also have multiple 
immunomodulatory effects such as regulating T cell subset balance 
and inducing regulatory T cells (Tregs) (4, 45, 47). Therefore, CD19 
CAR-T cells may become an innovative treatment option for 
autoimmune diseases, particularly those that are mediated by B cells.

CAR-T therapy in the field of autoimmune diseases is still in its 
infancy, but it has shown good application prospects in refractory 
rheumatic immune diseases such as systemic sclerosis (SSc). As an 
acquired autoimmune disease characterized by extensive skin and 
visceral fibrosis, SSc seriously affects patient survival and quality of life, 
and conventional immunosuppressive therapy has poor efficacy. 
Research indicates that chimeric antigen receptor technology provides 
new ways to overcome the limitations of conventional SSc treatment. 
CAR-T cells designed to target B cell subsets and SSc-specific antigens 
may play unique advantages in blocking SSc autoimmune responses 
and reversing fibrotic processes. This article will focus on discussing the 
research progress of CAR-T cell therapy in SSc and related rheumatic 
immune diseases, analyzing the opportunities and challenges it faces, 
and looking forward to its future development direction.

4.2 Current status of CD19-CAR-T cell 
therapy for systemic sclerosis and 
autoimmune disease

The results of multiple preclinical and early clinical studies support 
the feasibility and potential benefits of using CD19 CAR-T cells for the 
treatment of autoimmune diseases, such as SSc. Ingelfinger et al. first 
reported a case of a refractory SSc patient who received 
HLA-mismatched donor-derived CD19 CAR-T cell infusion after 
conventional immunosuppressive therapy had failed. The patient’s skin 
hardening and lung function improved significantly, and no serious 
adverse reactions occurred, suggesting that CD19 CAR-T cells are both 
safe and effective for SSc (52). A further multicenter phase I clinical trial 
enrolled 15 autoimmune disease patients, including SSc, systemic lupus 
erythematosus (SLE), and idiopathic inflammatory myopathy (IIM). 
Following a single CD19 CAR-T infusion treatment, the European 
Scleroderma Study Group (EUSTAR) activity scores of all SSc patients 
and disease indexes of SLE and IIM patients decreased significantly, 
with only a few mild cytokine release syndrome (CRS) occurrences, 
confirming the broad-spectrum anti-autoimmune effects and safety of 
this therapy. In addition to conventionally sourced CAR-T cells, healthy 
donor CAR-T cells can also be gene-edited and directly applied to 
patients as an “off-the-shelf” treatment product. The CRISPR/Cas9 was 
used to knock out the endogenous TCR and HLA-I genes of CAR-T 
cells to obtain universal CD19 CAR-T cells, which were infused into 1 
patient with refractory necrotizing myopathy and 2 patients with diffuse 
SSc. At 6 months of follow-up, disease activity and organ function 
improved significantly, and no rejection reactions or severe CRS 
occurred, suggesting the safety and efficacy of gene-edited allogeneic 
CAR-T cells in SSc treatment (53). As research deepens, multiple 
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centers at home and abroad are conducting prospective randomized 
controlled clinical trials to obtain more high-quality evidence-based 
medicine to support the application and promotion of CD19 CAR-T in 
the treatment of SSc and other rheumatic immune diseases (1, 54).

Existing research has preliminarily confirmed the feasibility and 
potential benefits of CD19 CAR-T cell therapy for autoimmune diseases 
such as SSc and inflammatory myopathy, but its clinical application still 
faces many challenges. For example, CAR-T therapy is expensive, and 
the economic burden on patients is heavy. Additionally, the long-term 
efficacy and safety are still unclear, and there may be risks of disease 
recurrence and secondary infection complications; its drug dosage, 
infusion frequency, combination therapy regimen. Furthermore, the 
monitoring and management processes for adverse reactions still need 
further improvement. Therefore, large-sample, multicenter prospective 
randomized controlled studies are still needed in the future to 
comprehensively evaluate the benefits and risks of CAR-T therapy in 
the long-term management of SSc and related rheumatic immune 
diseases. These studies should aim to establish standardized treatment 
regimens and adverse reaction prevention and management of adverse 
reactions, ultimately transforming this emerging technology into a 
routine clinical treatment to benefit a larger patient population.

4.3 Exploration of CAR-T cell therapy 
optimization strategies for scleroderma

Although CD19 CAR-T treatment has shown feasibility and 
potential efficacy in SSc, how to further improve CAR-T cell function, 
reduce adverse reactions, prolong the duration of efficacy, and develop 
it as a routine treatment for SSc are still key issues that need to 
be urgently addressed (55, 56).

The optimized design of next-generation CAR structures may 
improve the anti-tumor activity and persistence of CAR-T cells. Third-
generation CARs introduce two or more co-stimulatory domains that 
can more effectively activate T cells, promote their proliferation and 
cytokine secretion, and enhance their cytotoxic capabilities and in vivo 
persistence. Hunder et al. used this strategy to treat refractory SSc and 
achieved more significant efficacy than second-generation CAR-T 
cells (1, 55). In the future, introducing pro-T cell cytokine genes, such 
as IL-12 and IL-15, may further enhance the effector function and 
in vivo expansion capacity of CAR-T cells (56).

Selecting SSc-specific antigens such as Scl-70 and centromere as 
new therapeutic targets may improve efficacy while reducing off-target 
toxicity. The CAAR-T strategy, by integrating autoantigens into the 
CAR, can specifically clear autoreactive B cells and may be applied to 
SSc patients with characteristic autoantibody positivity (47, 56).

Optimizing administration regimens, such as reducing fludarabine 
dosage in pretreatment and local administration, may lower the 
incidence and severity of CRS and neurotoxicity while ensuring 
CAR-T expansion (50, 57). For SSc with concomitant interstitial lung 
disease, bronchoscopic airway administration of CAR-T cells may 
enhance pulmonary T cell infiltration, directly inhibit pulmonary 
inflammation and fibrosis, and reduce systemic adverse reactions (56).

CAR-T cell and ADSC transplantation have brought new hope for 
the treatment of scleroderma. Fully leveraging the immunomodulatory 
and anti-fibrotic properties of both cell types and optimizing them 
through genetic engineering and tissue engineering techniques, may 
maximize the precision and effectiveness of cell therapy and extend 

the duration of its efficacy. In-depth research on scleroderma-specific 
cell therapy strategies, expansion of clinical research sample sizes, 
conduction of randomized controlled trials, and establishment of 
standardized efficacy evaluation and adverse reaction management 
systems are essential for advancing cell therapy into a routine precision 
treatment for scleroderma.

5 Challenges and countermeasures of 
cell therapy in scleroderma

5.1 Limitations and optimization strategies 
of key aspects such as cell preparation, 
administration routes, and efficacy 
evaluation

Cell preparation is key to ensuring therapeutic effects. Currently, 
the heterogeneity of mesenchymal stem cells (MSCs) is still a major 
challenge. MSCs derived from different sources exhibit significant 
differences in functions, such as immunomodulation (9, 11). 
Establishing a standardized quality control system and optimizing cell 
isolation, purification, and in vitro expansion are important ways to 
improve the efficacy of MSCs. In addition, the issue of cell viability 
loss during cryopreservation urgently needs to be addressed (58). 
Developing new cryoprotectants and advanced programmed freezing 
technologies may help maximize the retention of cell viability.

The choice of administration route directly affects therapeutic 
efficacy. Although intravenous infusion is simple to perform, the 
homing efficiency of cells in vivo remains low. While local injection 
can improve targeted delivery efficiency, it may not achieve systemic 
therapeutic effects. Developing new cell delivery systems, such as 
constructing injectable hydrogels in combination with biomaterials, 
may overcome the limitations of local administration. In addition, 
using cell-derived extracellular vesicles and other cell-free products for 
treatment can, to some extent avoid the safety risks of live cell infusion.

The lack of specific indicators for evaluating efficacy evaluation is 
another key issue. Currently, it mainly relies on clinical scores, such as 
mRSS and lacks biomarkers that can accurately reflect disease 
progression (59). Actively developing new molecular markers and 
imaging evaluation methods will yield more objective and accurate 
evidence for assessing the efficacy e of cell therapy. Discovering 
specific biomarkers through omics analysis and dynamically 
monitoring treatment responses using functional imaging are crucial 
directions for future development.

5.2 Combining cell therapy with 
conventional treatment methods to 
improve efficacy

The pathology of scleroderma is complex, and single treatment 
methods often fail to achieve satisfactory efficacy. Combining cell 
therapy with conventional treatment methods such as drugs may 
achieve a synergistic effect. For example, combining MSCs with 
immunosuppressants such as glucocorticoids may promote tissue 
repair while simultaneously controlling inflammation (5). 
Exploring the combined use of MSCs with vasoactive drugs may 
more effectively improve microvascular lesions (37). It is worth 
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noting that biologics, such as anti-CD20 monoclonal antibodies, 
have shown good effects in scleroderma treatment (60). Combining 
these targeted drugs with cell therapy may achieve more precise 
immunomodulation. However, the safety and optimal timing for 
the administration of combination therapy regimens still need to 
be verified by rigorous clinical trials.

5.3 Functionally enhancing therapeutic 
cells targeting scleroderma pathogenesis 
to improve efficacy

Targeted modification of therapeutic cells for the specific 
pathological processes of scleroderma is a key strategy to improve 
efficacy. Using genetic engineering to make MSCs overexpress anti-
fibrotic factors, such as HGF and KGF can significantly enhance their 
ability to inhibit fibrosis (61, 62). In addition, targeted regulation of 
signaling pathways, such as TGF-β can improve the therapeutic potential 
of MSCs within the scleroderma microenvironment (63). For CAR-T 
cell therapy, designing new CAR molecules, such as targeting specific 

antigens other than B cells may further expand its application in treating 
scleroderma (4, 55). However, the clinical safety and long-term effects 
of cell modification strategies still need to be carefully evaluated.

Using extracellular vesicles secreted by MSCs and other cells for 
treatment is another recently emerging research hotspot. Compared 
to live cells, cell-free products such as extracellular vesicles are more 
stable in vivo and may reduce safety risks, such as immunogenicity 
(64). Optimizing cell culture systems to selectively enrich specific 
miRNAs and other active components within extracellular vesicles 
could further enhance their immunomodulatory and anti-fibrotic 
functions. This strategy may improve the controllability of MSC 
therapy while retaining its therapeutic advantages.

5.4 Strengthening the evidence level of cell 
therapy clinical trials to support 
standardized clinical application

Several studies have preliminarily confirmed the efficacy and 
safety of cell therapy in scleroderma, but the current evidence level 

TABLE 1 CAR targeting various targets or MSC in different organs and systems affected by scleroderma.

Target/Action object Effects Related studies

CD19 for CAR-T
 • Improves skin sclerosis and lung function

 • Reduces disease activity scores

 • Infusion of CD19 CAR-T cells from HLA-mismatched donors improved 

skin sclerosis and lung function in refractory SSc patients

 • Phase I multicenter trials showed significant reduction in disease activity 

scores after a single infusion of CD19 CAR-T cells in SSc patients

 • Genetically edited allogeneic CD19 CAR-T therapy improved organ 

function in refractory necrotizing myopathy and diffuse SSc patients

Scl70, centromere antigens 

(under exploration) for CAR-T

 • Enhances efficacy and reduces off-target toxicity

 • Specifically eliminates autoreactive B cells

 • Promising for SSc patients with characteristic 

autoantibodies

 • Research on CAAR-T strategies

MSC Therapy (Skin)

 • Reduces inflammatory infiltration and collagen deposition

 • Improves sclerosis, elasticity, and appearance

 • Promotes healing of refractory finger ulcers and relieves 

pain and dysfunction

 • Autologous fat grafting improves texture and contour, 

promotes microcirculation reconstruction

 • Various MSCs reduced skin-related lesions in SSc mouse models

 • Clinical studies showed reduced skin sclerosis after MSC infusion

 • Studies on autologous fat grafting for treating facial skin sclerosis and 

finger ulcers

MSC Therapy (Lungs)

 • Reduces imbalance of Th1/Th2 cytokines

 • Improves pulmonary fibrosis lesions

 • Alleviates inflammation and delays fibrosis progression

 • Improves pulmonary function and lowers pulmonary 

artery pressure

 • Animal model studies showed improvement in pulmonary fibrosis

 • Research on bronchial injection of autologous fat-derived extracts for 

treating diffuse SSc with interstitial lung disease

 • Clinical studies showed partial improvement in lung function

MSC Therapy (Blood vessels)

 • Promotes vascular regeneration

 • Improves vascular damage, such as healing finger ulcers 

and reducing Raynaud’s phenomenon

 • Enhances endothelial function and improves right heart 

function

 • Studies on MSC secretion of pro-angiogenic factors

 • Clinical studies showed improvements in vascular lesions after 

MSC therapy

MSC Therapy (Immune 

System)

 • Suppresses proliferation and activation of immune cells

 • Induces immune tolerance

 • Reduces inflammatory cytokine levels and 

autoantibody titers

 • Studies on MSC secretion of immunosuppressive factors

 • Clinical studies observed changes in inflammatory cytokines and 

autoantibodies after MSC therapy

MSC Therapy (Gastrointestinal 

Tract)

 • Alleviates gastrointestinal motility disorders and other 

visceral involvement
 • Observations from clinical studies
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remains low. Most existing studies are small-sample, single-center, 
non-randomized controlled trials (14, 32). To achieve standardized 
application of cell therapy in scleroderma, high-quality prospective, 
multicenter randomized controlled clinical trials are still needed. At 
the same time, establishing standardized cell preparation and 
administration processes and optimizing dosage and administration 
frequency, is crucial for reducing the heterogeneity of clinical trial 
results (5, 65). Developing individualized cell therapy regimens 
tailored to different scleroderma subtypes and disease severities will 
be an important future direction.

In addition, the cost-effectiveness of cell therapy deserves attention. 
Currently, expenses associated with cell therapy are substantial, which 
may hinder patient accessibility (59). Actively exploring new 
technologies to improve cell preparation efficiency and reduce costs is 
crucial for promoting the widespread adoption of cell therapy (Table 1).

6 Summary and outlook

Scleroderma is a complex autoimmune disease involving multiple 
pathological processes, such as immune dysregulation, vascular 
damage, and tissue fibrosis. Although various treatment methods are 
currently available, they still fail to meet the clinical needs of 
scleroderma patients. With the development of precision medicine, 
cell therapy, as an emerging strategy, provides new possibilities for the 
precise treatment of scleroderma.

Mesenchymal stem cells (MSCs) and chimeric antigen receptor T 
cells (CAR-T) are two prominent representatives in the field of cell 
therapy. MSCs have multiple functions, including immunomodulation, 
anti-fibrosis, and promoting vascular regeneration, which may 
concurrently enhance various pathological processes of scleroderma. 
On the other hand, CAR-T cell therapy provides a new strategy for the 
targeted clearance of specific autoreactive immune cells, exhibiting 
stronger specificity and personalized potential.

In summary, cell therapy has opened new avenues for the precise 
treatment of scleroderma. In the future, it is essential to strengthen the 
integration of basic research and clinical application, establish 
standardized cell preparation and quality control, develop 
personalized treatment plans, and rationally combine cell therapy with 
existing treatment methods. These steps will maximize its advantages 
and improve the prognosis and quality of life of patients with 
scleroderma. It is believed that through the joint efforts of researchers 
and clinicians, cell therapy will undoubtedly promote the 
transformation of scleroderma treatment models and benefit a greater 
number of patients.
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