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Summary:
Chimeric antigen receptor (CAR) T cell therapy, a revolutionary approach proven highly effective in eradicating malignant B cells in cancer, is now demonstrating transformative potential for the treatment of autoimmune diseases (AIDs). Pioneering clinical studies targeting the B cell marker CD19 have shown robust efficacy in patients with refractory systemic lupus erythematosus (SLE), leading to deep and sustained B cell depletion, complete remission of clinical symptoms, and the discontinuation of all prior immunosuppressive medications. The core advantage of this "living drug" over conventional monoclonal antibody therapies lies in its ability to proliferate within the patient and actively migrate into tissues, achieving a more profound and lasting therapeutic effect.
The success in SLE has spurred intense interest, leading to a rapidly expanding clinical landscape. As of May 2025, a review of the ClinicalTrials.gov database identified 164 trials investigating CAR-based technologies for a wide range of AIDs, including myositis, systemic sclerosis, and multiple sclerosis. While CD19 remains the predominant target, strategies targeting BCMA, CD20, and dual-antigen approaches are also being actively explored. Early safety data is encouraging, with adverse events such as cytokine release syndrome (CRS) appearing milder than in oncology settings.
Despite this promise, significant hurdles to broad clinical implementation remain. These include complex manufacturing logistics, prohibitive costs, the need for specialized multidisciplinary clinical teams, and the substantial risks associated with the requisite lymphodepleting chemotherapy regimens, which are a major concern for patients with non-life-threatening chronic conditions. To overcome these barriers, the field is rapidly advancing next-generation strategies, including the development of "off-the-shelf" allogeneic CAR T cells from healthy donors, the use of alternative effector cells like NK cells and γδ T cells, and innovative in vivo gene delivery systems, such as lipid nanoparticles (LNPs) carrying mRNA, which could eliminate the need for complex ex vivo cell manufacturing. CAR T cell therapy represents a paradigm shift, offering the potential to "reset" the immune system and achieve drug-free remission, though the long-term durability of this effect remains a key question for ongoing research.

1. The Rationale for CAR T Cell Therapy in Autoimmunity
The application of CAR T cell therapy to autoimmune diseases is a logical extension of its success in oncology, built upon a deep understanding of B cell pathophysiology.
Success in Oncology as a Blueprint
CAR T cell therapy has become a standard-of-care component for various B cell cancers. This form of adoptive immunotherapy involves engineering a patient's own T cells to express a CAR, which typically consists of an antibody's single-chain variable fragment (scFv) for antigen recognition, a transmembrane domain, and intracellular signaling domains (from CD3ζ and a co-stimulatory receptor like CD28) to activate the T cell.
· Approved Therapies: Six CAR T cell therapies are approved by the US FDA: four targeting the B cell antigen CD19 for leukemia and lymphoma, and two targeting B cell maturation antigen (BCMA) for multiple myeloma.
· High Efficacy: In B cell acute lymphoblastic leukaemia (B-ALL), remission rates exceed 75% in pediatric patients. In adults with various lymphomas, complete response rates are between 40-60%. For multiple myeloma, anti-BCMA therapies have achieved complete response rates from 33% to 82.5%.
· Manageable Safety: Despite differences in constructs and protocols, efficacy and toxicity profiles in oncology have been similar and generally manageable, providing a robust clinical foundation for expansion into non-malignant conditions.
The Central Role of B Cells in Autoimmune Pathophysiology
Most AIDs involve the crucial participation of B cells, making them an ideal therapeutic target. The pathogenic contributions of B cells are multifaceted:
1. Autoantibody Production: Terminally differentiated plasma cells secrete autoantibodies that can directly bind to tissues (e.g., anti-desmoglein 3 in pemphigus vulgaris) or form immune complexes that deposit in organs like the kidneys and joints, driving inflammation (e.g., in SLE and rheumatoid arthritis).
2. Antigen Presentation: B cells are potent antigen-presenting cells (APCs) that can capture and present self-antigens to T cells, thereby amplifying and entrenching pathogenic T cell responses.
3. Cytokine Secretion: B cells secrete pro-inflammatory cytokines like IL-6 and GM-CSF, which can influence other immune cells and contribute to overall pathogenesis, as seen in multiple sclerosis.
Conceptual Advantages Over Monoclonal Antibodies
CAR T cells offer distinct advantages over existing B cell-depleting monoclonal antibodies like rituximab (an anti-CD20 agent).
· Proliferation and Persistence: CAR T cells proliferate in vivo after infusion, creating a sustained therapeutic effect, whereas injected biologic agents are cleared from the bloodstream over time.
· Active Tissue Penetration: CAR T cells actively migrate into diverse tissue compartments to eliminate resident B cells, a process more efficient than the passive diffusion of antibodies from blood to tissue.
· Broader Target Coverage: Targeting CD19 is particularly effective because its expression is maintained on plasmablasts and memory B cells, whereas CD20 expression decreases on these subsets. This allows for the elimination of a broader range of antibody-producing cells that may escape CD20-based depletion, explaining the success of anti-CD19 CAR T cells in patients with SLE who were resistant to rituximab.
2. The Clinical and Preclinical Landscape
Evidence from both animal models and pioneering human trials supports the transformative potential of CAR T cell therapy for AIDs.
Pioneering Preclinical Evidence
Mouse models have been invaluable for establishing proof-of-principle and refining therapeutic strategies.
· Effective B Cell Depletion: Studies demonstrated that anti-CD19 CAR T cells effectively eliminated most pathological signs in mouse models of SLE and pemphigus vulgaris (PV), proving more efficacious than monoclonal antibodies.
· Antigen-Specific Targeting: A novel approach was developed for PV using Chimeric Autoantibody Receptor (CAAR) T cells. These cells express the autoantigen itself (desmoglein 3, or Dsg3) as "bait" to specifically target and eliminate only the harmful, Dsg3-reactive B cells while sparing the healthy B cell population.
· Cautionary Findings: Experiments in a transgenic mouse model of systemic sclerosis (SSc) showed that anti-CD19 CAR T cells worsened lung fibrosis and mortality, possibly due to excessive cytokine production in tissues with high T cell burden. This highlights the importance of animal models for identifying potential risks and the need for careful translation to human diseases.
	Disease
	Model
	CAR Target antigen
	Outcome
	Ref.

	Type 1 diabetes mellitus
	WT and immunodeficient NOD mice
	Anti-InsB-g7 CAR Treg cells
	Insulin B peptide–MHC complex
	Prevented development of diabetes in NOD mice

	Inflammatory bowel disease
	TNP-specific CR transgenic mice
	Anti-TNP CAR Treg cells
	TNP
	Improved survival when administered before or after disease induction

	Multiple sclerosis (MS)
	Mice immunized with rhMOG
	Anti-MOG CAR Treg cells
	MOG
	Resolved disease and prevented relapse

	Myasthenia gravis (MG)
	EAMG mice
	Anti-MuSK CAR T cells and anti-CD19 CAR T cells
	MuSK or CD19
	Disease resolution in both groups but less B cell depletion in MuSK-targeted group

	NMDAR encephalitis
	Passive transfer NMDAR encephalitis mice
	Anti-NMDAR CAR T cells
	NMDAR
	Autoantibody production and CNS penetrance reduced

	Systemic lupus erythematosus (SLE)
	(NZB × NZW) F1 and MRLfas/fas
	Anti-CD19 CAR T cells
	CD19
	Reversed disease and improved survival significantly

	Systemic sclerosis (SSc)
	Fra-2 transgenic mouse model
	Anti-CD19 CAR T cells
	CD19
	Worsened pulmonary disease and failed to show efficacy

	Pemphigus vulgaris (PV)
	Modified active immunized PV mice
	Anti-DSG3 CAR T cells
	DSG3
	Efficacy in targeting human anti-DSG3 B cells


Transformative Early Clinical Results
The translation of CAR T cell therapy to human AIDs has produced remarkable early outcomes.
· Durable, Drug-Free Remission: Initial case series in patients with severe, refractory SLE, SSc, and myositis treated with anti-CD19 CAR T cells reported deep clinical remissions, normalization of laboratory parameters, and discontinuation of all immunosuppressive therapies. One patient with SLE has remained in remission without any signs of autoimmunity for over three years.
· Immune System "Reset": The therapeutic mechanism appears to involve a profound depletion of B cells in tissues, followed by a repopulation of new, naive B cells, effectively resetting the B cell repertoire.
· Favorable Safety Profile: To date, the therapy has been generally safe. Side effects common in oncology, such as CRS and immune-effector cell-associated neurotoxicity syndrome (ICANS), have occurred at a lower incidence and severity. A new side effect, termed "local immune-effector cell-associated toxicity syndrome," has been observed but was generally mild and responsive to treatment.
Overview of Ongoing Clinical Trials (as of May 2025)
The field is experiencing exponential growth, with 164 clinical trials underway for a broad spectrum of autoimmune indications.
· Primary Targets: CD19 is the most common target, followed by BCMA. Other strategies include targeting CD20, BAFF, CD70, or using dual-targeting CARs (e.g., CD19/BCMA, CD19/CD20).
· Key Indications: The most frequently studied conditions are SLE and lupus nephritis (LN), with numerous trials also targeting SSc, idiopathic inflammatory myopathies (IIM), myasthenia gravis (MG), and multiple sclerosis (MS).
	Clinical condition
	NCT number
	Target
	Cell type
	Phase
	Sponsor/PI

	Lupus nephritis (LN)
	NCT06904729
	CD19
	T cell
	III
	Guangzhou Women and Children’s Medical Center

	Myasthenia gravis (MG)
	NCT06799247
	BCMA
	T cell
	III
	Cartesian Therapeutics

	ANCA-associated vasculitis (AAV)
	NCT06868290
	CD19
	T cell
	II
	Novartis Pharmaceuticals

	Autoimmune disease (AID)
	NCT06794008
	CD19 and BCMA
	T cell
	II
	Peking University People’s Hospital

	Stiff person syndrome (SPS)
	NCT06588491
	CD19
	T cell
	II
	Kyverna Therapeutics

	LN
	NCT06581198
	CD19
	T cell
	II
	Novartis Pharmaceuticals

	Multiple sclerosis (MS)
	NCT06384976
	CD19
	T cell
	II
	Kyverna Therapeutics

	MG
	NCT06193889
	CD19
	T cell
	II
	Kyverna Therapeutics

	Systemic lupus erythematosus (SLE)
	NCT06038474
	BCMA
	T cell
	II
	Cartesian Therapeutics

	MG
	NCT04146051
	BCMA
	T cell
	II
	Cartesian Therapeutics

	MS
	NCT07006805
	CD19
	T cell
	I/II
	Cabaletta Bio

	LN|systemic sclerosis (SSc)|Sjögren’s syndrome (SS)
	NCT06947473
	CD19 and BCMA
	T cell
	I/II
	Beijing GoBroad Hospital

	LN|SSc|SS
	NCT06947460
	CD19 and BCMA
	T cell
	I/II
	Beijing GoBroad Hospital

	LN
	NCT06935474
	CD19
	T cell
	I/II
	AbelZeta

	SLE
	NCT06897930
	CD19 and BCMA
	T cell
	I/II
	AstraZeneca

	SLE|LN
	NCT06839976
	CD19
	T cell
	I/II
	Children’s Hospital of Philadelphia

	SLE|SSc|SS|AAV|IIM|APS
	NCT06828042
	CD19
	T cell
	I/II
	Peking University Third Hospital

	SLE|SSc|IIM|AAV|SS
	NCT06821659
	CD19
	T cell
	I/II
	Peking University Third Hospital

	MG
	NCT06704269
	CD19
	T cell
	I/II
	Novartis Pharmaceuticals

	AID
	NCT06688799
	CD19
	T cell
	I/II
	Beijing GoBroad Hospital

	SLE|SSc|AAV|IIM
	NCT06685042
	CD19
	T cell
	I/II
	Fondazione Policlinico Universitario Agostino Gemelli IRCCS

	MS
	NCT06675864
	CD19
	T cell
	I/II
	Novartis Pharmaceuticals

	MS
	NCT06617793
	CD19
	T cell
	I/II
	Novartis Pharmaceuticals

	AAV
	NCT06590545
	CD19
	T cell
	I/II
	David Simon

	SLE
	NCT06585514
	CD19
	T cell
	I/II
	Beijing GoBroad Hospital

	SLE
	NCT06530849
	CD19 and BCMA
	T cell
	I/II
	Gracell Biotechnologies

	Rheumatoid arthritis (RA)
	NCT06475495
	CD19
	T cell
	I/II
	Charite University

	AID
	NCT06435897
	CD19 and BCMA
	T cell
	I/II
	Shenzhen Geno-Immune Medical Institute

	SLE
	NCT06428188
	CD19 and BCMA
	T cell
	I/II
	Essen Biotech

	SSc
	NCT06400303
	CD19
	T cell
	I/II
	Kyverna Therapeutics

	MG
	NCT06359041
	CD19
	T cell
	I/II
	Cabaletta Bio

	Immune thrombocytopenia (ITP)
	NCT06352281
	BCMA
	T cell
	I/II
	920th Hospital of Joint Logistics Support Force of People’s Liberation Army of China

	SLE|LN|AAV|GPA|MPA|SSc|IIM|SS
	NCT06350110
	CD19 and BCMA
	T cell
	I/II
	Essen Biotech

	SLE|SSc|IIM
	NCT06347718
	CD19
	T cell
	I/II
	University of Erlangen-Nürnberg

	LN
	NCT06342960
	CD19
	T cell
	I/II
	Kyverna Therapeutics

	SSc
	NCT06328777
	CD19
	T cell
	I/II
	Cabaletta Bio

	SLE
	NCT06189157
	CD19
	T cell
	I/II
	Miltenyi Biomedicine GmbH

	IIM
	NCT06154252
	CD19
	T cell
	I/II
	Cabaletta Bio

	SLE|LN
	NCT06153095
	CD19 and CD20
	T cell
	I/II
	Lyell Immunopharma

	SLE|LN
	NCT06121297
	CD19
	T cell
	I/II
	Cabaletta Bio

	SLE
	NCT06106906
	CD19 γδ T cell
	T cell
	I/II
	Wuhan Union Hospital

	SLE
	NCT06106893
	CD19 γδ T cell
	T cell
	I/II
	Wuhan Union Hospital

	LN
	NCT05938725
	CD19
	T cell
	I/II
	Kyverna Therapeutics

	SLE|LN
	NCT05798117
	CD19
	T cell
	I/II
	Novartis Pharmaceuticals

	AID
	NCT05459870
	CD19
	T cell
	I/II
	Shenzhen Geno-Immune Medical Institute

	MS
	NCT07008378
	CD19 and CD20
	T cell
	I
	Genentech

	SLE
	NCT06984341
	CD19 and CD20
	T cell
	I
	Genentech

	SLE|IIM|SSc|AAV
	NCT06980597
	NA
	γδ T cell
	I
	Beijing GoBroad Hospital

	SLE|AHA|MG|SSc|AAV|IIM|IgG4-RD
	NCT06978738
	CD19 and BCMA
	T cell
	I
	Changzhou No. 2 People’s Hospital

	MG
	NCT06958939
	BCMA
	T cell
	I
	Ting Chang

	SLE|SSc|IIM|AAV
	NCT06941129
	CD19 and BCMA
	T cell
	I
	Institute of Hematology & Blood Diseases Hospital

	SLE
	NCT06934447
	CD70 and BCMA
	T cell
	I
	Children’s Hospital of Zhejiang University School of Medicine

	SLE|LN|SSc|IIM
	NCT06925542
	CD19
	T cell
	I
	CRISPR Therapeutics

	SLE|SSc|IIM
	NCT06913608
	CD19
	T cell
	I
	Calibr (Scripps Research)

	SLE
	NCT06892145
	CD19
	T cell
	I
	Chongqing Precision Biotech

	MS|NMOSD|MOGAD|MG
	NCT06869278
	CD19
	T cell
	I
	Wuhan Union Hospital

	SLE
	NCT06852573
	CD19
	T cell
	I
	Beijing Immunochina Medical Science & Technology

	ITP
	NCT06826430
	CD19
	T cell
	I
	Juventas Cell Therapy

	SLE|SSc
	NCT06822881
	NA
	T cell
	I
	Beijing GoBroad Hospital

	ITP
	NCT06787989
	CD19 and BCMA
	T cell
	I
	iCell Gene Therapeutics

	MG
	NCT06759948
	CD19 and BCMA
	T cell
	I
	Chongbo Zhao

	SLE|LN
	NCT06752876
	CD19
	T cell
	I
	Caribou Biosciences

	AHA
	NCT06733610
	CD19 and BCMA
	T cell
	I
	Institute of Hematology & Blood Diseases Hospital

	SLE
	NCT06710717
	CD19
	T cell
	I
	National University of Malaysia

	LN|SLE|SSc
	NCT06708845
	CD19 and CD20
	T cell
	I
	Miltenyi Biomedicine

	SLE
	NCT06694298
	BCMA
	T cell
	I
	CSPC ZhongQi Pharmaceutical Technology

	SLE
	NCT06691152
	CD19
	T cell
	I
	The Children’s Hospital of Zhejiang University School of Medicine

	MG
	NCT06688435
	CD19
	T cell
	I
	CSPC ZhongQi Pharmaceutical Technology

	AID
	NCT06680037
	CD19
	T cell
	I
	TG Therapeutics

	AID
	NCT06633042
	BCMA and CD19
	T cell
	I
	Bioray Laboratories

	MG
	NCT06626919
	BCMA
	T cell
	I
	Arcellx

	AID
	NCT06567080
	CD19 and CD20
	T cell
	I
	RenJi Hospital

	LN|SLE|SSc
	NCT06544330
	CD19
	T cell
	I
	Synthekine

	SLE
	NCT06465147
	CD19
	T cell
	I
	Seattle Children’s Hospital

	MS
	NCT06451159
	CD19
	T cell
	I
	Bruce Cree

	SLE
	NCT06429800
	CD19
	T cell
	I
	Atara Biotherapeutics

	LN
	NCT06375993
	CD20
	γδ T cell
	I
	Adicet

	SLE
	NCT06373991
	CD19
	T cell
	I
	EdiGene

	MG
	NCT06371040
	CD19 and BCMA
	T cell
	I
	Ting Chang

	RA
	NCT06201416
	Citrullinated proteins
	Treg cell
	I
	Sonoma Biotherapeutics

	Hidradenitis suppurativa (HS)
	NCT06361836
	Citrullinated proteins
	Treg cell
	I
	Sonoma Biotherapeutics

	SLE
	NCT06349343
	CD19 and BCMA
	T cell
	I
	Wuhan Union Hospital

	SLE
	NCT06340750
	BAFF
	γδ T cell
	I
	Luminary Therapeutics

	SLE
	NCT06340490
	CD19
	T cell
	I
	Guangdong Ruishun Biotech

	SLE
	NCT06333483
	CD19
	T cell
	I
	Autolus Limited

	AAV|IIM|SSc|SLE
	NCT06308978
	CD19
	T cell
	I
	Fate Therapeutics

	Dermatomyositis
	NCT06298019
	CD19
	T cell
	I
	Stanford University

	SLE
	NCT06297408
	CD19
	T cell
	I
	Shanghai Ming Ju Biotechnology

	SLE|AAV|GPA|MPA
	NCT06294236
	CD19
	T cell
	I
	Sana Biotechnology

	LN|AAV|MN|IgG4-RD
	NCT06285279
	CD19 and BCMA
	T cell
	I
	Nanjing University School of Medicine

	SLE|IMNM|NMO|MS|MG
	NCT06249438
	CD20 and BCMA
	T cell
	I
	RenJi Hospital

	AHA
	NCT06231368
	CD19
	T cell
	I
	Inst. Hematology & Blood D

	SLE
	NCT06222853
	CD19
	T cell
	I
	The Children’s Hospital of Zhejiang

	MS
	NCT06220201
	CD19
	T cell
	I
	Juno Therapeutics (BMS)

	AHA
	NCT06212154
	CD19
	T cell
	I
	Institute of Hematology & Blood Diseases Hospital

	IIM|SSc|SLE|AAV
	NCT06152172
	CD19
	T cell
	I
	David Porter

	MS
	NCT06138132
	CD19
	T cell
	I
	Stanford University

	SLE|SS|SSc|dermatomyositis|AAV
	NCT06056921
	CD19
	T cell
	I
	Chongqing Precision Biotech

	SLE|IIM|SSc
	NCT05869955
	CD19
	T cell
	I
	Juno Therapeutics (BMS)

	SLE
	NCT05846347
	CD19 and BCMA
	T cell
	I
	Zhejiang University

	MG
	NCT05828225
	CD19
	T cell
	I
	Zhejiang University

	NMO
	NCT05828212
	CD19
	T cell
	I
	Zhejiang University

	SLE
	NCT05765006
	CD19
	T cell
	I
	Shanghai Ming Ju Biotechnology

	SLE
	NCT05474885
	CD19 and BCMA
	T cell
	I
	iCell Gene Therapeutics

	MG
	NCT05451212
	MuSK
	T cell
	I
	Cabaletta Bio

	Pemphigus vulgaris (PV)
	NCT04422912
	DSG3
	T cell
	I
	Cabaletta Bio

	SLE
	NCT03030976
	CD19
	T cell
	I
	Shanghai GeneChem

	AID
	NCT06993493
	CD19
	T cell
	NA
	Beijing Boren Hospital

	AID
	NCT06983964
	CD19
	T cell
	NA
	Beijing Boren Hospital

	MG
	NCT06965309
	CD19
	T cell
	NA
	Shenzhen MagicRNA Biotechnology

	SLE|LN
	NCT06902844
	BCMA
	T cell
	NA
	Tongji Hospital

	SLE
	NCT06900764
	NA
	T cell
	NA
	Wuhan Union Hospital

	AID
	NCT06887985
	CD19
	T cell
	NA
	He Huang

	SSc
	NCT06871644
	CD7
	T cell
	NA
	PersonGen BioTherapeutics

	SLE
	NCT06801119
	CD19
	T cell
	NA
	Shenzhen MagicRNA Biotechnology

	AID of the nervous system
	NCT06797024
	CD19
	T cell
	NA
	Tongji Hospital

	AID
	NCT06661811
	NA
	T cell
	NA
	Beijing Boren Hospital

	SLE
	NCT06513429
	CD19
	T cell
	NA
	Peking University Third Hospital

	AAV
	NCT06508346
	CD19
	T cell
	NA
	The Children’s Hospital of Zhejiang University

	AID
	NCT06503224
	CD19 and BCMA
	T cell
	NA
	1st Affiliated Hospital of the University of Science and Technology

	SLE|SS|SSc|IIM|AAV|APS
	NCT06373081
	CD19
	T cell
	NA
	Shanghai Changzheng Hospital

	SLE|IIM|SSc|IgG4-RD|SS
	NCT06361745
	CD19
	γδ T cell
	NA
	PersonGen BioTherapeutics

	SLE
	NCT06310811
	CD19
	T cell
	NA
	Wuhan Union Hospital

	LN|AAV
	NCT06277427
	BCMA
	T cell
	NA
	Lingli Dong

	SLE
	NCT05988216
	CD19
	T cell
	NA
	Bioray Laboratories

	SLE|SS|SSc|IIM|AAV|APS
	NCT05859997
	CD19
	T cell
	NA
	Bioray Laboratories

	IIM|AAV
	NCT06986018
	CD19
	T cell
	Early I
	Peking University People’s Hospital

	SLE
	NCT06946485
	CD70
	T cell
	Early I
	The Affiliated Nanjing Drum Tower Hospital of Nanjing University Medical School

	NMO|MG|MS|CIDP|AIE
	NCT06939166
	CD19
	T cell
	Early I
	Tianjin Huanhu Hospital

	MG
	NCT06933563
	CD19 and BCMA
	T cell
	Early I
	Zhejiang University

	AHA
	NCT06920446
	CD19 and BCMA
	T cell
	Early I
	Zhejiang University

	SLE
	NCT06920433
	CD19 and BCMA
	T cell
	Early I
	Zhejiang University

	SLE
	NCT06886919
	CD19
	T cell
	Early I
	Beijing Immunochina Medical Science & Technology

	AID
	NCT06866080
	CD19, CD20 and CD22
	T cell
	Early I
	Nanjing Legend Biotech Co.

	LN
	NCT06785519
	CD19 and BCMA
	T cell
	Early I
	He Huang

	SLE|SSc|IIM|NMOSD|MS|MG|AAV
	NCT06775912
	CD19 and BCMA
	T cell
	Early I
	Nanjing Bioheng Biotech

	AID
	NCT06762119
	NA
	T cell
	Early I
	Zhejiang University

	SLE
	NCT06711146
	CD19
	T cell
	Early I
	Zhejiang University

	IgAN|MN
	NCT06690359
	CD19
	T cell
	Early I
	Beijing Immunochina Medical Science & Technology

	LN
	NCT06681337
	CD19 and BCMA
	T cell
	Early I
	Bioray Laboratories

	AID
	NCT06680388
	CD19
	T cell
	Early I
	Institute of Hematology & Blood Diseases Hospital

	SLE
	NCT06653556
	CD19, CD20 and CD22
	T cell
	Early I
	Wuhan Union Hospital

	SLE|SSc|AAV|IIM|SS
	NCT06549296
	CD19
	T cell
	Early I
	Nanjing Bioheng Biotech

	AID
	NCT06548620
	CD19
	T cell
	Early I
	Nanjing Bioheng Biotech

	ITP
	NCT06519565
	BCMA
	T cell
	Early I
	Wuhan Union Hospital

	NMO|MG|MS|CIDP|AIE
	NCT06485232
	CD19 and BCMA
	T cell
	Early I
	Xuanwu Hospital

	SLE
	NCT06420154
	CD19
	T cell
	Early I
	First Affiliated Hospital of Wenzhou

	MG
	NCT06419166
	CD19 and BCMA
	T cell
	Early I
	Zhejiang University

	AID
	NCT06417398
	CD19
	T cell
	Early I
	PersonGen BioTherapeutics

	SLE
	NCT06316791
	CD19
	T cell
	Early I
	Juventas Cell Therapy

	SLE
	NCT05930314
	CD19
	T cell
	Early I
	Peking Union Medical College Hospital

	AID of the nervous system
	NCT04561557
	BCMA
	T cell
	Early I
	Tongji Hospital

	SLE|SSc|AAV|IIM|SS
	NCT06548607
	CD19
	T cell
	Early I
	Nanjing Bioheng Biotech

	LN|IgG4-RD
	NCT06497387
	BCMA
	T cell
	Early I
	Tongji Hospital

	IgG4-RD|LN
	NCT06497361
	CD19 and BCMA
	T cell
	Early I
	Tongji Hospital

	SLE|AAV|IIM
	NCT06462144
	CD19 and CD20
	T cell
	Early I
	Nanjing University Medical School

	AID
	NCT06279923
	CD19 and BAFF
	T cell
	Early I
	Zhejiang University

	SLE
	NCT05858684
	CD19 and BCMA
	T cell
	Early I
	RenJi Hospital

	POEMS|amyloidosis|AHA|vasculitis
	NCT05263817
	CD19 and BCMA
	T cell
	Early II
	Zhejiang University

	Crohn’s disease (CD)|UC| dermatomyositis|Still disease
	NCT05239702
	CD7
	T cell
	Early I
	Zhejiang University

	SSc
	NCT05085444
	CD19 and BCMA
	T cell
	Early I
	Zhejiang University

	SS
	NCT05085431
	CD19 and BCMA
	T cell
	Early I
	Zhejiang University

	SLE
	NCT05030779
	CD19 and BCMA
	T cell
	Early I
	Zhejiang University

	Immune nephritis
	NCT05085418
	CD19 and BCMA
	T cell
	Early I
	Zhejiang University


3. CAR Design, Implementation Hurdles, and Future Innovations
The success and broad applicability of CAR T cell therapy depend on continued innovation in receptor design and overcoming significant logistical and safety challenges.
Principles of CAR Design and Signaling
The efficacy of a CAR T cell is determined by its molecular design. Nuanced understanding of T cell signaling informs the engineering of more effective constructs.
· Co-stimulatory Domains: The inclusion of a co-stimulatory domain (e.g., from CD28 or CD137/4-1BB) is critical for CAR T cell persistence and proliferation. CD28 domains tend to drive rapid proliferation, while CD137 domains may promote longer persistence and reduce T cell exhaustion.
· Tonic Signaling: Even without antigen binding, CAR constructs can deliver low-level "tonic" signals that are important for persistence and function but can also contribute to exhaustion.
· Advanced Designs: To better mimic natural T cell activation, new constructs are being developed. These include HLA-independent TCR-like receptors (variously called HIT, STAR, or TRuC) that incorporate antibody binding domains into the TCRα/β constant regions, which may enhance sensitivity and physiological signaling.
Significant Hurdles to Clinical Implementation
The widespread use of current autologous CAR T cell therapies in autoimmunity is limited by formidable challenges.
· Clinical and Logistical Barriers: Therapy administration is restricted to specialized academic centers with advanced infrastructure and requires close collaboration between oncologists (experienced with cell therapy) and rheumatologists. The manufacturing process is complex, with typical production timelines of 2–3 weeks.
· Cost and Scalability: Autologous therapies are burdened by high direct costs (manufacturing, hospitalization) and are difficult to scale for the larger patient populations of AIDs compared to rare cancers.
· Risks of Lymphodepletion: Patients must undergo lymphodepleting chemotherapy (e.g., fludarabine and cyclophosphamide) before CAR T cell infusion. This aggressive regimen induces profound immunosuppression, increasing the risk of infections. The risk-benefit calculation is more challenging for patients with chronic, non-life-threatening AIDs, and there are additional concerns regarding fertility.
Pathways to Broader Access and Improved Safety
Innovation is focused on creating more accessible, safer, and scalable CAR-based therapies.
· Allogeneic ("Off-the-Shelf") Therapies: These use T cells from healthy donors that are gene-edited to remove the endogenous TCR, preventing graft-versus-host disease. This approach allows for the creation of large, standardized batches of cryopreserved cells that are immediately available, reducing costs and expanding access.
· Alternative Cell Types:
· CAR NK cells: Natural killer (NK) cells do not require HLA matching, offering a safer allogeneic option. However, achieving durable efficacy has been challenging.
· CAR γδ T cells: These T cells have a natural propensity for tissue homing and recognize antigens in an MHC-independent manner, making them an attractive allogeneic platform.
· CAR Treg cells: Regulatory T cells (Tregs) engineered with CARs are designed to suppress, rather than kill, target cells. This approach aims to restore immune tolerance at sites of inflammation and is being trialed in RA and hidradenitis suppurativa.
· In Vivo CAR T Cell Generation: The ultimate goal is to eliminate ex vivo manufacturing by administering a gene therapy vector directly to the patient to engineer T cells in vivo.
· Lipid Nanoparticles (LNPs): Non-viral LNP technology, famously used for COVID-19 vaccines, can deliver mRNA encoding the CAR to T cells. This method leads to transient CAR expression, which may be safer and sufficient for AIDs, and avoids the risks of permanent genomic integration associated with viral vectors. A therapy using autologous T cells modified with mRNA (Descartes-08) is already in a Phase III trial for myasthenia gravis.
4. B Cell Pathophysiology in Key Autoimmune Diseases
A detailed understanding of B cell subset dysregulation in specific AIDs provides the foundation for targeted cell therapies.
	B cell subset
	Core markers
	Key markers
	Characteristics

	Pro-B cell
	CD19+, CD20–, CD10+, CD38+, CD21–, IgM–, IgD–
	CD34+, TdT+
	Early precursor in bone marrow; no immunoglobulin rearrangement

	Pre-B cell
	CD19+, CD20+, CD10+, CD38+, CD21–, IgM–, IgD–
	CD34–, cytoplasmic μ (cμ+)
	Pre-BCR expressed (μ-chain, surrogate light chain)

	Immature B cell
	CD19+, CD20+, CD10+, CD38+, CD21–, IgM+, IgD–
	Surface IgM+, IgD–
	First surface IgM; negative selection begins

	Transitional B cell
	CD19+, CD20+, CD10+, CD38++, CD21+/–, IgM+, IgD+/–
	CD27–, CD10+
	Early bone marrow emigres entering periphery

	Naive mature B cell
	CD19+, CD20+, CD10–, CD38–/low, CD21+, IgM+/–, IgD++
	IgD++, CD27–
	Mature, circulating naive B cell

	Activated B cell
	CD19+, CD20+, CD10–, CD38–/low, CD21–, IgM+/–, IgD+/–
	CD69+, CD86+, MHC-II++, CD71+
	Upregulated MHC class II and co-stimulatory molecules

	Germinal centre B cell
	CD19+, CD20+, CD10+, CD38+, CD21–, IgM–, IgD–
	BCL6+, CXCR5+, Ki67+, AID
	Somatic hypermutation and class switch recombination

	IgM+ memory B cell
	CD19+, CD20+, CD10–, CD38–/low, CD21+, IgM+, IgD+/–
	CD21+, CD27+ (subset CD27–)
	T cell-dependent and T cell-independent responses

	Plasmablast B cell
	CD19+ (reduced), CD38+, CD27+, CD44+, CD24low
	CD44+, CXCR4
	Proliferate rapidly and appear usually transiently in blood



	Autoimmune disease
	Increased B cell subsets
	Clinical relevance
	Refs.

	Systemic lupus erythematosus (SLE)
	CD27−IgD− (double-negative (DN2)) B cells, ABCs/atypical B cells, plasmablasts
	Correlate with disease flares, autoantibody production and poor prognosis
	33,188

	Rheumatoid arthritis (RA)
	Memory B cells in synovium, CD27+ switched memory B cells, plasma cells, ABCs
	Drive joint inflammation and autoantibody (for example, RF, anti-CCP) production
	189–191

	Multiple sclerosis (MS)
	CD19+CD27+ memory B cells, B cells in CSF, plasmablasts during relapses, ABCs
	Contribute to CNS inflammation and oligoclonal band formation
	192,193

	Pemphigus vulgaris (PV)
	Desmoglein-specific memory B cells, plasmablasts, autoreactive B cells, ABCs
	Essential for production of anti-desmoglein IgG autoantibodies
	194,195

	Type 1 diabetes
	CD20+CD27+ memory B cells, islet-antigen-specific B cells, B naive D (BND) B cells
	Support autoantibody responses to islet antigens (for example, IAA, GADA, IA2, ZnT8)
	196,197

	Myasthenia gravis (MG)
	CD19+CD27+ memory B cells, plasmablasts, anti-AChR autoreactive clones, ↑ ABCs
	Facilitate production of anti-AChR antibodies and disease exacerbations
	198,199


· Systemic Lupus Erythematosus (SLE): Defined by autoantibodies against nucleic acids. A key feature in active disease is the expansion of autoreactive double-negative 2 (DN2) B cells, which mature via an extrafollicular pathway into short-lived plasmablasts that express high levels of CD19 but low levels of CD20.
· Rheumatoid Arthritis (RA): B cells produce rheumatoid factor (RF) and anti-citrullinated peptide antibodies (ACPA). They also aggregate in affected joints, forming ectopic lymphoid structures that sustain local inflammation.
· Systemic Sclerosis (SSc): Pathogenesis involves B cell activation (marked by CD19 upregulation), direct B cell-mediated fibroblast activation, and the production of pro-fibrotic cytokines and disease-specific autoantibodies (e.g., anti-topoisomerase I).
· Other Key AIDs: Pathogenesis is also driven by autoantibody-producing B cells in pemphigus vulgaris (anti-desmoglein antibodies causing skin blistering), myasthenia gravis (anti-acetylcholine receptor antibodies impeding nerve transmission), and ANCA-associated vasculitis (antibodies targeting neutrophil enzymes, causing small vessel inflammation).
Conclusion
CAR T cell therapy is poised to disrupt the treatment landscape for autoimmune diseases, shifting the paradigm from chronic immunosuppression to a potentially curative intervention that "resets" the immune system. The profound and durable remissions observed in early clinical trials have generated tangible enthusiasm and catalyzed a wave of clinical investigation across numerous AIDs. Experiences indicate that if B cell depletion is sufficiently deep, the immune system can re-establish self-tolerance. However, the field is still in its early stages. The long-term efficacy and safety of this approach are not yet fully understood, and it is crucial to recognize that the therapy does not eliminate the underlying genetic predisposition to autoimmunity, leaving open the possibility of future relapse. The successful translation of this therapy to a broader patient population will depend on overcoming the formidable hurdles of cost, complexity, and the risks of lymphodepletion through the development of next-generation allogeneic and in vivo engineered cell therapies.

