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ABSTRACT 

Background: Autoimmune rheumatic diseases (ARDs) are characterized by a failure of immune tolerance, leading to 
chronic inflammation, autoantibody production, and progressive organ damage. Conventional therapies often fail to induce 
long-term, drug-free remission in refractory patients. Chimeric antigen receptor (CAR) T-cell therapy, originally developed 
for hematological malignancies, has appeared as a promising strategy to achieve the sustained depletion of pathogenic 
immune cells in rheumatology. 
Objective: This review critically synthesizes current evidence regarding the pathophysiological mechanisms, molecular 
designs, clinical efficacy, and toxicity profiles of CAR-T therapy across systemic lupus erythematosus (SLE), rheumatoid 
arthritis (RA), systemic sclerosis (SSc), idiopathic inflammatory myopathies (IIM), and adult-onset Still's disease (AOSD). 
Methods: 77 peer-reviewed sources, including clinical trials, preclinical models, and case series, were analyzed and 
objectively categorized by target antigens, cellular modifications, and clinical endpoints. 
Results: CD19-directed CAR-T cells successfully penetrate inflamed tissues and deplete the autoreactive B-cell 
compartment, resulting in measurable clinical remission in highly refractory SLE, SSc, and IIM cohorts.This enables the 
complete discontinuation of concurrent immunosuppressive drugs. Due to a complex, hypoxic synovial microenvironment, 
targeted RA treatment needs advanced approaches, such as fourth-generation CARs and in vivo generation techniques. 
Therapy-associated toxicities, primarily cytokine release syndrome (CRS) and immune effector cell-associated neurotoxicity 
syndrome (ICANS), generally present with significantly lower clinical severity in ARD patients compared to heavily pre-
treated oncological cohorts. 
Conclusion: CAR-T cell therapy represents a fundamental paradigm shift in the management of severe ARD, shifting the 
objective from chronic immunosuppression to definitive immune reconstitution. Despite logistical, financial, and safety 
challenges, clinical efficacy in treatment-refractory cases remains exceptionally high. 
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Abbreviations: 
aHSCT:Autologous Hematopoietic Stem Cell Transplantation 
AOSD:Adult-Onset Still's Disease 
APS:Antiphospholipid Syndrome 
ARDs:Autoimmune Rheumatic Diseases 
ASS:Antisynthetase Syndrome 
BCMA:B-Cell Maturation Antigen 
CAR:Chimeric Antigen Receptor 
CAR-M:Chimeric Antigen Receptor Macrophages 
CAR-Tregs:Regulatory Chimeric Antigen Receptor T cells 
CRS:Cytokine Release Syndrome 
DM:Dermatomyositis 
DMARDs:Disease-Modifying Antirheumatic Drugs 
dsDNA:Double-Stranded DNA 
FVC:Forced Vital Capacity 
GVHD:Graft-Versus-Host Disease 
ICANS:Immune Effector Cell-Associated Neurotoxicity Syndrome 
IFN:Interferon 
IIM:Idiopathic Inflammatory Myopathies 
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IL:Interleukin 
JDM:Juvenile Dermatomyositis 
LICATS:Local Immune Effector Cell-Associated Toxicity Syndrome 
LNPs:Lipid Nanoparticles 
MAS:Macrophage Activation Syndrome 
MHC:Major Histocompatibility Complex 
MRSS:Modified Rodnan Skin Score 
RA:Rheumatoid Arthritis 
scFv:Single-Chain Variable Fragment 
SLE:Systemic Lupus Erythematosus 
SSc:Systemic Sclerosis 
TCR:T-Cell Receptor 
TGF-beta:Transforming Growth Factor-beta 
TNF-alpha:Tumor Necrosis Factor-alpha 
TRUCKs:T Cells Redirected for Universal Cytokine-Mediated Killing 
 
Introduction 
The standardized pharmacological management of autoimmune rheumatic diseases (ARDs) involves 

the continuous, long-term administration of conventional synthetic, targeted synthetic, and biological disease-
modifying antirheumatic drugs (DMARDs) [1, 2]. The underlying pathophysiology of ARDs, encompassing 
systemic lupus erythematosus (SLE), rheumatoid arthritis (RA), systemic sclerosis (SSc), and idiopathic 
inflammatory myopathies (IIM), is mechanistically driven by the systemic failure of both central and peripheral 
immunological tolerance mechanisms [3, 4]. This critical tolerance breakdown directly results in the aberrant 
activation, proliferation, and clonal expansion of autoreactive B and T lymphocyte populations [5]. Following 
activation, these autoreactive lymphocytes produce highly pathogenic autoantibodies, facilitate the systemic 
deposition of immune complexes, and mediate the infiltration of mononuclear cells into target solid tissues, 
including the renal glomeruli, pulmonary interstitium, and synovial membrane [6, 7]. Biological therapies 
engineered to target specific pro-inflammatory cytokines, such as tumor necrosis factor-alpha (TNF-alpha) and 
interleukin-6 (IL-6), or specific cellular surface receptors, have statistically improved clinical outcomes across 
broad patient populations [2, 8]. However, primary non-response and secondary therapeutic resistance occur 
in a clinically significant percentage of ARD patients [2, 8]. Refractory patient cohorts inevitably present with 
progressive, irreversible end-organ damage and exhibit statistically increased mortality rates when compared 
to the matched general population [1, 9]. 

Prior to the conceptualization and development of advanced cellular therapies, autologous 
hematopoietic stem cell transplantation (aHSCT) was selectively utilized for severe, highly refractory cases of 
ARDs [10]. The mechanism of action of aHSCT involves the induction of profound immunoablation utilizing 
high-dose conditioning chemotherapy regimens, typically incorporating cyclophosphamide and antithymocyte 
globulin [10, 11]. Following immunoablation, the procedure requires the infusion of autologous hematopoietic 
progenitor cells to theoretically reconstitute a naive, non-autoreactive immune system [10, 11]. The widespread 
clinical application of aHSCT is severely limited by high rates of procedure-related morbidity, the emergence 
of life-threatening opportunistic infections, and clearly documented nonrelapse mortality [10]. The clinical 
need for focused treatments that achieve complete immunological reconstitution with significantly lower 
mortality risk has directly led to the investigation of engineered cellular therapies in rheumatology [9, 12, 13]. 

Chimeric antigen receptor (CAR) T-cell therapy is a highly advanced cellular immunotherapy that was 
initially developed and approved for the curative treatment of relapsed or refractory B-cell acute lymphoblastic 
leukemia and aggressive non-Hodgkin lymphomas [14, 15]. The therapy utilizes autologous T lymphocytes 
that are genetically modified ex vivo using either lentiviral or retroviral vectors to permanently express a 
synthetic transmembrane receptor [16, 17]. This synthetic receptor allows the engineered T cells to recognize 
and bind specific target antigens independently of major histocompatibility complex (MHC) presentation 
pathways [18, 19]. Because B lymphocytes act simultaneously as autoantibody producers and as primary 
antigen-presenting cells that continuously stimulate T cells in ARDs, researchers are actively investigating the 
use of CAR-T cells to precisely deplete autoreactive B-cell populations in systemic autoimmune conditions 
[20, 21, 22]. This comprehensive review critically analyzes molecular construct designs, complex 
pathophysiological mechanisms, detailed clinical trial outcomes, and specific toxicity profiles associated with 
CAR-T cell therapy in modern rheumatology. 
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Mechanistic Foundations of CAR-T in Autoimmunity 

The biological function and targeted cytolytic capacity of CAR-T cells depend strictly on their synthetic 

molecular architecture [23, 24]. A standard, first-generation CAR construct consists of an extracellular single-

chain variable fragment (scFv), which is typically derived from a murine or humanized monoclonal antibody 

and is responsible for specific antigen recognition [16, 25]. This extracellular domain is linked via a structural 

hinge region to a robust transmembrane domain, which is subsequently attached to an intracellular CD3-zeta 

signaling domain necessary for the initiation of the primary T-cell activation cascade [16, 25]. Second-

generation CAR constructs obligatorily include additional intracellular costimulatory endodomains, most 

typically derived from the CD28 or 4-1BB (CD137) surface receptors [13, 24]. The inclusion of these 

costimulatory domains is physiologically required to enhance cellular proliferation, alter metabolic profiles 

toward oxidative phosphorylation or glycolysis, and support prolonged in vivo cellular persistence [13, 24]. 

In the targeted treatment of B-cell mediated ARDs, the CD19 glycoprotein is the most frequently used 

target antigen [26, 27]. CD19 is a transmembrane glycoprotein expressed continuously throughout B-cell 

development, from the early pro-B cell stage in the bone marrow to mature, circulating memory B cells [25, 

28]. A critical biological limitation of targeting the CD19 antigen exclusively is that long-lived plasma cells, 

which reside within specific protective niches in the bone marrow and continuously secrete autoantibodies, 

often exhibit significant downregulation or the complete absence of CD19 surface expression [29]. To 
effectively address this immunological evasion mechanism, researchers have engineered compound CAR-T 

cells designed to simultaneously target both CD19 and B-cell maturation antigen (BCMA) [30, 31]. BCMA is 

highly and specifically expressed on the surface of mature plasma cells [29, 30]. This dual-targeting 

methodology permits comprehensive depletion of both the precursor memory B-cell pool and the terminally 

differentiated, autoantibody-producing plasma cell compartment [29, 30]. 

CAR-T cells show unique, highly dynamic pharmacokinetic properties compared with conventional 

monoclonal antibodies [25, 32]. Monoclonal antibodies, such as the anti-CD20 agent rituximab, demonstrate 

limited tissue penetration due to their large molecular size and do not effectively deplete tissue-resident 

memory B cells located deep within secondary lymphoid organs or inflamed solid tissues [6, 28]. Conversely, 

CAR-T cells operate as living drugs capable of active migration across the vascular endothelium and 

subsequent diapedesis into solid tissues [25, 32]. Histological data and tissue biopsies confirm that CD19-

directed CAR-T cells induce deep tissue depletion of B cells and actively dismantle ectopic tertiary lymphoid 

structures that are frequently present in chronic autoimmune lesions [25, 28]. 

Concurrent research is also focused on the development and optimization of regulatory CAR-T cells 

(CAR-Tregs) designed specifically to restore systemic immune homeostasis [18, 33]. In rigorously controlled 

preclinical murine models of SLE, CAR-Tregs engineered to target the CD19 antigen migrated directly to 

secondary lymphoid organs [18, 33]. Upon encountering the specific CD19 antigen on target cells, these CAR-

Tregs secreted high local concentrations of suppressive cytokines, primarily including interleukin-10 (IL-10) 

and transforming growth factor-beta (TGF-beta) [24, 33]. The localized secretion of these cytokines effectively 

inhibited the activation and proliferation of autoreactive B cells without causing the systemic B-cell aplasia 

that is universally associated with cytotoxic CD8+ CAR-T cell interventions [24, 33]. Modulating the specific 

costimulatory domains of CAR-Tregs is critical for maintaining the lineage stability of FoxP3 expression and 

preventing their pathogenic conversion into an effector T-cell phenotype in highly inflammatory environments 

[24, 34]. 

 

Safety, Toxicities, and Clinical Management 

The systemic administration of CAR-T cells is inextricably associated with a specific, highly complex 

toxicity profile that requires specialized hematological monitoring and intensive care infrastructure [35, 36]. 

Cytokine release syndrome (CRS) is the most common acute adverse event recorded following CAR-T cell 

infusion [9, 35]. The pathophysiology of CRS is initiated by the rapid, synchronous activation of CAR-T cells 

upon target antigen engagement, leading to the systemic release of pro-inflammatory cytokines such as IL-6, 

IL-1, and interferon-gamma [35, 37]. These primary cytokines subsequently activate host bystander 

macrophages, which further amplify the systemic inflammatory cascade [35, 37]. Clinical manifestations of 

severe CRS routinely include high-grade fever, systemic hypotension, tachycardia, and potentially life-

threatening tissue hypoxia [35, 38]. Observational data derived from early autoimmune clinical trials 

consistently indicate that CRS in ARD patients is typically classified as low-grade, specifically Grade 1 or 

Grade 2, according to the American Society for Transplantation and Cellular Therapy (ASTCT) consensus 

grading criteria [27, 39]. The significantly lower severity of CRS observed in autoimmune patients compared 
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to oncology patients is directly attributed to a much lower baseline total body burden of target CD19-positive 

cells [9, 40]. The standard pharmacological treatment for symptomatic CRS is the prompt intravenous 

administration of tocilizumab, an IL-6 receptor antagonist [35, 37]. Tocilizumab effectively reduces systemic 

inflammation and reverses hypotension without preventing the necessary in vivo expansion or cytolytic 

efficacy of the infused CAR-T cells [35, 37]. 

Immune effector cell-associated neurotoxicity syndrome (ICANS) is a severe neurological complication 

characterized by widespread endothelial activation and increased permeability of the blood-brain barrier [35, 

37]. The structural breakdown of the blood-brain barrier allows high concentrations of circulating cytokines 

and activated T lymphocytes to physically enter the central nervous system parenchyma [9, 35]. Because the 

large monoclonal antibody tocilizumab does not efficiently penetrate the central nervous system, the clinical 

management of ICANS strictly requires the administration of highly penetrant systemic corticosteroids, most 

frequently dexamethasone [35, 37]. Immune effector cell-associated haematotoxicity frequently manifests as 

delayed, biphasic, or highly prolonged cytopenias, primarily including severe neutropenia and 

thrombocytopenia [36]. This hematological condition results from the combined toxicity of lymphodepleting 

conditioning regimens, which typically use specific doses of fludarabine and cyclophosphamide, and the 

persistent cytokine-mediated suppression of early hematopoietic progenitor cells in the bone marrow [36]. 

Consequently, these severe and prolonged cytopenias drastically increase the risk of fatal opportunistic 
infections, representing a major driver of nonrelapse mortality following CAR-T cell therapy [41]. 

Retrospective clinical analyses also indicate a statistically increased incidence of cardiovascular events, 

including dangerous arrhythmias and transient left ventricular dysfunction, occurring during the peak of 

systemic inflammation following CAR-T therapy [42]. Rigorous pre-infusion cardiological screening and 

continuous hemodynamic monitoring are absolutely required due to the elevated baseline cardiovascular risk 

inherently present in patients with chronic ARDs [21, 42]. 

Local immune effector cell-associated toxicity syndrome (LICATS) has been specifically identified and 

documented in rheumatological patients receiving CAR-T therapy [43]. The clinical presentation of LICATS 

is characterized by acute inflammatory flares strictly localized to pre-existing target tissues, such as the 

synovial membrane in patients with RA or the dermis in patients with SSc [32, 43]. These highly localized 

flares correlate directly with the active tissue infiltration, localized expansion, and cytotoxic activity of CAR-

T cells [32, 43]. Importantly, LICATS occurs temporally just prior to the deep depletion of tissue-resident B 

cells and the subsequent induction of clinical disease remission [32, 43]. 

 

Systemic Lupus Erythematosus (SLE) 

SLE is a highly complex systemic autoimmune disease fundamentally characterized by a complete loss 

of B-cell tolerance and the continuous production of multiple pathogenic autoantibodies, including anti-

double-stranded DNA (anti-dsDNA) and anti-Smith (anti-Sm) antibodies [3, 4]. The systemic circulation and 

subsequent tissue deposition of these autoantibody-antigen immune complexes lead to local complement 

activation and severe end-organ damage, which frequently presents clinically as life-threatening lupus 

nephritis [6, 7]. Preclinical murine models rigorously demonstrated the high efficacy of CD19-targeted CAR-

T cells in treating lupus-like pathology [44, 45]. In genetically prone NZB/W F1 murine models, the 

administration of CD19-directed CAR-T cell therapy significantly reduced proteinuria, structurally improved 

renal histopathology, and statistically increased overall animal survival [33, 45]. Furthermore, detailed 

transcriptomic analyses indicated that CD19 CAR-T cell therapy durably suppresses the type I interferon 

signature, which is a critical molecular pathway heavily involved in the sustained pathogenesis of SLE [28]. 

The groundbreaking phase 1/2 CASTLE basket trial systematically evaluated the safety and clinical 

efficacy of CD19-targeted CAR-T cells in patients with refractory SLE [27]. Patients presenting with severe, 

multi-organ SLE who had definitively not responded to multiple lines of standard DMARDs received a 

carefully calibrated single infusion of autologous CD19-directed CAR-T cells following standard 

lymphodepletion [26, 27]. The clinical evaluations demonstrated a rapid and profound reduction in systemic 

disease activity, the absolute normalization of previously depleted C3 and C4 complement levels, and the 

complete serological clearance of anti-dsDNA autoantibodies from the peripheral blood [6, 26]. 

The remarkable clinical response observed in these initial trials strictly met the established criteria for 

drug-free remission, allowing for the complete and safe discontinuation of all prior immunosuppressive 

medications [26, 39]. Long-term follow-up data indicated that upon the physiological repopulation of the B-

cell compartment months later, the newly generated B cells consistently exhibited a naive phenotype. 

Concurrently, the pathogenic, autoreactive memory B-cell clones remained completely undetectable via high-
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sensitivity flow cytometry [39]. In specific patients presenting with SLE and concomitant severe 

antiphospholipid syndrome (APS), CAR-T cell therapy led to sustained, complete disappearance of 

antiphospholipid antibodies [46, 47]. This critical observation suggests that CD19 CAR-T cell therapy 

effectively and permanently depletes the specific autoreactive B-cell subpopulations responsible for producing 

highly thrombogenic autoantibodies [46, 47]. To preemptively address the theoretical potential for disease 

relapse originating from CD19-negative plasma cells, clinical trials evaluating dual-targeted BCMA-CD19 

compound CAR T cells for SLE have been officially initiated [30, 31]. 

 

Rheumatoid Arthritis (RA) 

RA is a chronic, highly destructive inflammatory joint disease, characterized by profound synovial 

hyperplasia, dense infiltration of diverse immune cells, and progressive, irreversible destruction of articular 

cartilage and subchondral bone [22, 48]. 

The hyperplastic synovial pannus constitutes an exceptionally complex, hypoxic microenvironment 

containing aggressive fibroblast-like synoviocytes, activated macrophages, and interacting T and B 

lymphocytes [48, 49]. Because broad B-cell depletion utilizing the monoclonal antibody rituximab produces 

highly heterogeneous and often inadequate clinical responses in RA, the use of standard CD19 CAR-T cells is 

severely limited by poor synovial tissue penetrance and localized microenvironmental immunosuppression [48, 
49]. To mechanistically address these severe limitations, researchers are actively developing fourth-generation 

CAR-T therapies, frequently referred to in the literature as TRUCKs (T cells redirected for universal cytokine-

mediated killing) [17, 49]. TRUCKs are genetically engineered to conditionally express transgenic pro-

inflammatory or regulatory cytokines that actively modulate the fibrotic synovial stroma and enhance local 

immune regulation within the joint [17, 49]. 

Sophisticated in vitro mechanistic studies demonstrate the high efficacy of universal chimeric antigen 

receptor T cells in recognizing and eliminating autoreactive B cells directly isolated from RA patients [50, 51]. 

These universal CAR platforms utilize proprietary soluble adapter molecules to target multiple, distinct cell 

surface antigens, thereby significantly reducing the probability of cellular antigen escape [5, 51]. Experimental 

models also rigorously evaluate engineered CD8+ T cells expressing an HLA-DR1 CAR that is specifically 

designed to target and eliminate pathogenic autoimmune CD4+ T cells [52, 53]. This highly precise, antigen-

specific targeting aims to definitively inhibit the upstream autoimmune response without inducing the severe 

risks associated with broad, systemic immunosuppression [52, 53]. 

Translational research is rapidly progressing toward the in vivo generation of CAR-T cells to entirely 

avoid the logistical and financial burdens of ex vivo cellular manufacturing [54, 55]. These experimental 

methods utilize highly specialized T-cell-targeted fusogenic nanovesicles or engineered lipid nanoparticles 

(LNPs) to deliver CAR-encoding mRNA directly into circulating host T lymphocytes [54, 55]. This 

revolutionary approach has the distinct potential to eliminate the clinical need for patient leukapheresis and 

highly toxic lymphodepleting chemotherapy [54, 56]. Historically, clinical observations of CAR-T efficacy in 

human RA were derived primarily from detailed case reports of patients treated for concomitant hematological 

malignancies [57, 58]. However, recent breakthrough studies utilizing fourth-generation CAR-T platforms 

have now demonstrated direct tolerability and clinical efficacy specifically in patients with treatment-resistant 

RA [49]. Complete, drug-free remission of RA symptoms was definitively documented in a patient who 

received tandem CD20-CD19-directed CAR-T cell therapy indicated for a diffuse large B-cell lymphoma [57, 

59]. Furthermore, profound autoantibody seroconversion and significant clinical improvement were rigorously 

observed in an RA patient suffering from coexisting myasthenia gravis following the successful administration 

of autologous CD19-CAR T cells [58, 60]. 

 

Systemic Sclerosis (SSc) 

SSc is a highly lethal connective tissue disease defined pathophysiologically by widespread 

microvascular dysfunction, systemic autoimmunity, and massive extracellular matrix deposition resulting in 

severe fibrosis of the skin and internal organs [61, 62]. Pathogenic B cells contribute heavily to SSc 

pathogenesis by continuously secreting specific autoantibodies, such as anti-topoisomerase I (anti-Scl70), and 

by producing high levels of pro-fibrotic cytokines, including TGF-beta and IL-6 [9, 25]. These secreted 

cytokines directly and persistently stimulate local dermal and pulmonary fibroblasts to synthesize excessive, 

pathological amounts of collagen [61, 63]. Rigorous preclinical studies utilizing a validated murine model of 

SSc demonstrated that deep B-cell depletion achieved via CD19-targeted CAR-T cells significantly reduced 

both dermal and pulmonary fibrosis [63]. These promising in vivo results are highly consistent with recent 
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clinical observations in human patients, where CAR-T cell therapy reversed dermal thickening and stabilized 

pulmonary function [62]. 

In nascent clinical applications, systemic administration of CD19-targeted CAR-T cells to patients with 

severe, rapidly progressive diffuse SSc resulted in highly measurable and significant clinical improvements [9, 

61]. Detailed clinical case reports and series reported statistically significant, rapid reductions in the Modified 

Rodnan Skin Score (MRSS), which objectively indicates decreased skin thickness and improved dermal 

elasticity [61, 62]. The application of CAR-T cell therapy also contributed significantly to the structural 

stabilization of internal organ disease, particularly regarding life-threatening interstitial lung disease [61, 62]. 

Serial pulmonary function tests consistently showed the stabilization of forced vital capacity (FVC) in the 

treated patient cohorts [61, 62]. Complex pharmacodynamic studies emphasize that the initial physical 

penetration of CAR-T cells into dense fibrotic tissues transiently induces localized inflammation (LICATS) 

before long-term clinical improvements in skin elasticity are observed [32, 43]. The careful clinical 

management of this localized toxicity is absolutely required during the acute phase of in vivo cellular 

expansion [32, 43]. 

 

Idiopathic Inflammatory Myopathies (IIM) 

The diverse IIM spectrum clinically includes polymyositis, dermatomyositis (DM), and antisynthetase 
syndrome (ASS), all of which present with debilitating proximal muscle weakness and an exceptionally high 

incidence of rapidly progressive interstitial lung disease [64, 65]. The complex pathophysiology involves 

severe complement-mediated microangiopathy, direct cellular infiltration into muscle tissue, and the 

continuous production of highly specific myositis-associated autoantibodies, such as anti-Jo-1 [29, 66]. 

Clinical evaluations indicate that CD19-targeted CAR-T cells are highly effective in treating refractory 

myositis and ASS-associated interstitial lung disease [64, 67]. 

CD19 CAR-T cell therapy has been successfully utilized as a critical salvage treatment in severely ill 

ASS patients who had previously failed multiple lines of therapy with conventional anti-CD20 monoclonal 

antibodies [64, 68]. Within the specialized field of pediatric rheumatology, autologous CD19-targeted CAR-

T cells were successfully administered to a pediatric patient diagnosed with highly refractory juvenile 

dermatomyositis [15, 65]. This advanced cellular treatment resulted in the rapid normalization of elevated 

muscle enzymes, significant improvement in objective muscle strength, and the safe, complete discontinuation 

of all systemic corticosteroids [65]. 

The established pathological role of terminal plasma cells in IIM pathology heavily contributes to the 

high risk of disease relapse observed following isolated CD19-directed therapy [29, 69]. A detailed clinical 

report described a specific patient with relapsing IIM who experienced a severe recurrence of disease activity 

shortly after an initially successful response to CD19 CAR-T cells [69]. This patient subsequently achieved 

deep clinical remission following a second infusion utilizing BCMA-directed CAR-T cells [67, 69]. This 

critical case indicates that targeting the BCMA antigen is essential to completely deplete the plasma cell 

lineage and maintain durable remission in specific, highly refractory IIM subtypes [29, 69]. 

 

Adult-Onset Still's Disease (AOSD) 

AOSD is a severe, systemic autoinflammatory disorder clinically characterized by daily spiking fevers, 

an evanescent salmon-colored rash, inflammatory polyarthritis, and extreme hyperferritinemia [70, 71]. The 

pathophysiology of AOSD differs markedly from that of classical autoantibody-mediated ARDs and is driven 

exclusively by massive dysregulation and hyperactivation of the innate immune system [70, 71]. The 

uncontrolled hyperactivation of macrophages and neutrophils directly leads to excessive systemic production 

of highly inflammatory cytokines, primarily IL-1, IL-6, and IL-18 [70, 72]. Conventional, evidence-based 

biological therapies for AOSD strictly involve the continuous use of specific IL-1 and IL-6 receptor antagonists 

[70, 71]. 

Highly refractory cases of AOSD carry an extreme risk of rapidly progressing to macrophage activation 

syndrome (MAS), a fulminant condition characterized by profound bone marrow hemophagocytosis, severe 

coagulopathy, and rapid organ failure [70, 73]. Because CD19 and BCMA are exclusive markers of the B-cell 

lineage, standard, commercially available CAR-T therapies targeting these specific antigens are completely 

inapplicable to the targeted treatment of AOSD and MAS [71, 72]. 

Advanced preclinical research is currently investigating alternative cellular therapies that specifically 

target the innate immune system based on the detailed transcriptomic profiling of MAS [73, 74]. Experimental 

therapeutic approaches include the bioengineering of Chimeric Antigen Receptor Macrophages (CAR-M) and 
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highly specialized CAR-Tregs, which are genetically programmed to bind strictly to activated myeloid cells 

[24, 75]. Upon target cellular engagement, these engineered cells secrete high local concentrations of 

suppressive cytokines, such as IL-10, to rapidly and effectively inhibit the inflammatory cytokine cascade [24]. 

These theoretical, highly advanced applications currently remain sequestered in the preclinical, in vitro stage 

of scientific development [24, 75]. 

 

Current Barriers and Future Perspectives 

The widespread clinical application of CAR-T cell therapy in routine rheumatology is currently limited 

by severe logistical challenges, astronomical financial costs, and significant biological toxicities [76, 77]. The 

standard autologous manufacturing process strictly requires patient leukapheresis, complex ex vivo viral 

transduction, and prolonged cellular expansion within certified Good Manufacturing Practice (GMP) facilities 

[76, 77]. This rigid process is inextricably associated with exceptionally high manufacturing costs and severe 

production delays that negatively impact patients experiencing active, life-threatening disease flares [76, 77]. 

The mandatory administration of pre-conditioning lymphodepleting chemotherapy, typically utilizing 

specific weight-based doses of fludarabine and cyclophosphamide, causes profound, prolonged bone marrow 

suppression [36, 76]. This induced lymphodepletion drastically increases the clinical risk of opportunistic 

bacterial, viral, and fungal infections in patients with severe pre-existing immunosuppression [36, 41]. The 
rapid scientific advancement of novel CAR technologies is absolutely required to systematically address these 

major clinical barriers [55, 75]. 

The ongoing development of allogeneic, off-the-shelf CAR-T cells critically involves the use of 

CRISPR/Cas9 gene-editing technology to permanently delete the endogenous T-cell receptor (TCR) to prevent 

lethal graft-versus-host disease (GVHD) [55, 75]. Additionally, prominent researchers are rigorously 

investigating in vivo cellular programming using specifically targeted lipid nanoparticles (LNPs) or fusogenic 

nanovesicles [54, 75]. The successful clinical application of in vivo programming would eliminate the 

logistical need for ex vivo cellular manufacturing and highly toxic pre-conditioning lymphodepletion [54, 55]. 

 

Conclusions 

The clinical application of CAR-T cell therapy radically changes the established therapeutic approach 

to treating severe, refractory autoimmune rheumatic diseases [9, 15]. Objective clinical data demonstrate that 

the intravenous administration of CD19 and BCMA-targeted CAR-T cells successfully induces deep B-cell 

depletion and sustained, drug-free remission in specific patients with treatment-refractory SLE, SSc, and IIM 

[26, 61]. The extensive evaluation of cellular therapies clearly indicates a major paradigm shift from 

chronically managing clinical symptoms with standard DMARDs to achieving definitive, sustained immune 

reconstitution [9, 15]. 

The ongoing development of universal CAR adapters, specific CAR-Tregs, and in vivo delivery 

platforms aims to address the biological limitations of conventional CAR-T cells in treating compartmentalized 

diseases such as RA and innate autoinflammatory disorders [49, 54]. The long-term optimization of CAR-T 

cell therapy strictly requires the implementation of standardized clinical protocols for the management of CRS 

and hematotoxicity, as well as necessary modifications to scale the manufacturing process [35, 36]. Future, 

large-scale randomized clinical trials will definitively determine the long-term safety profile and the exact 

placement of CAR-T cell therapy within established rheumatological treatment algorithms [9, 15]. 
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