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ABSTRACT

Autoimmune diseases are caused by a dysfunction of the acquired immune system. In a subset 
of autoimmune diseases, B cells escaping immune tolerance present autoantigen and produce 
cytokines and/or autoantibodies, resulting in systemic or organ-specific autoimmunity. 
Therefore, B cell depletion with monoclonal Abs targeting B cell lineage markers is standard 
care therapy for several B cell-mediated autoimmune disorders. In the last 5 years, genetically-
engineered cellular immunotherapies targeting B cells have shown superior efficacy and long-
term remission of B cell malignancies compared to historical clinical outcomes using B cell 
depletion with monoclonal Ab therapies. This has raised interest in understanding whether 
similar durable remission could be achieved with use of genetically-engineered cell therapies 
for autoimmunity. This review will focus on current human clinical trials using engineered cell 
therapies for B cell-associated autoimmune diseases.
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INTRODUCTION

Autoimmune diseases are caused by a dysfunction of the acquired immune system, 
leading T and B lymphocytes to attack normal cells or proteins in the body. Although 
autoimmune diseases are classified as being predominantly T or B cell-mediated, both T 
and B cells contribute to pathogenesis in many autoimmune diseases. B cells can contribute 
to autoimmunity through Ag presentation, cytokine production, and the production of 
autoantibodies, which normally protect against infection by several mechanisms, such 
as: 1) direct neutralization to prevent infection; 2) opsonization and phagocytosis to clear 
pathogens; and 3) Ab-dependent cellular cytotoxicity, and 4) complement-dependent 
cytotoxicity to lyse bacteria or virus-infected cells. T cells differentiate into several subtypes 
including: 1) cytotoxic T cells that recognize infected cells and lead to cell death; 2) helper T 
cells that directly engage and activate B cells or indirectly activate B cells or cytotoxic T cells 
through cytokine production; and 3) regulatory T cells that suppress a broad range of effector 
immune functions to maintain homeostasis.
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Current therapies for autoimmune disease aim to suppress the immune system using small 
molecules that inhibit immune cell activation or proliferation and biological drugs such as 
monoclonal Abs that target immune cells or their downstream effectors, such as complement 
(1-3). In particular, B cell depletion with drugs such as the anti-CD20 monoclonal Ab 
rituximab, which was initially approved for certain types of B cell malignancies, has now been 
established as a treatment for B cell-mediated autoimmune diseases including rheumatoid 
arthritis, pemphigus vulgaris, and vasculitides such as granulomatosis with polyangiitis 
and microscopic polyangiitis (4). However, repetitive rituximab infusions are required for 
maintenance of disease control, resulting in chronic B cell depletion and risk of infections 
due to chronic immunosuppression, with autoimmune disease registries indicating 5.3 
serious infections per 100 person-years and a 1.9% lifetime risk of fatal infection (5).

Chimeric Ag receptor T (CART) cells are genetically-engineered T cell immunotherapies that 
express a synthetic receptor consisting of 4 major domains: 1) an Ag recognition domain, 
such as an anti-CD19 single-chain variable fragment Ab; 2) an extracellular hinge or spacer 
domain; 3) a transmembrane domain; and 4) an endodomain consisting of a costimulatory 
domain and T cell receptor cytoplasmic signaling domain (6). Upon binding of Ag-expressing 
target cells, such as malignant or healthy CD19+ B cells, chimeric Ag receptors (CARs) direct 
target cell lysis as well as CART cell differentiation into long-lived memory CART cells. In this 
review, we will discuss the clinical trials using CART cell therapy for autoimmune diseases, 
as well as a novel technology for Ag-specific B cell depletion known as chimeric autoantibody 
receptor T (CAART) cell therapy (Fig. 1). We searched the clinicaltrials.gov database using the 
keywords CAR, CAAR, and autoimmune disease and identified 10 clinical trials registered as 
of April 8, 2022 (Table 1).
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Figure 1. CAR and CAAR T cell therapies in clinical development for autoimmune diseases (ClinicalTrials.gov). 
*Clinical development for multiple myeloma and plasmacytoid lymphoma.
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B CELL TARGETING STRATEGIES IN AUTOIMMUNE 
DISEASES
B cells expressing self-reactive B cell receptors (BCRs) are normally eliminated by central or 
peripheral tolerance mechanisms (7,8). Autoreactive B cells that escape immune tolerance 
checkpoints can activate and differentiate into plasma cells (PCs), which can be either long-
lived (LLPCs) or short-lived (SLPCs). LLPCs persist for years, whereas SLPCs typically survive 
for only a few days after differentiation and are replenished by memory B cells. CD19 is 
expressed from the pro-B cell stage and is downregulated on SLPCs and LLPCs, but a subset 
of PCs retains CD19 expression (Fig. 2) (9). CD20 is first expressed at the pre-B cell stage and 
is downregulated on PCs. The BCR, a surface Ig (sIg) that dictates a B cell’s Ag specificity, is 
first expressed at the immature B cell stage as surface IgM and can undergo class switch to 
IgG or IgA (or remain as IgM) in memory B cells. B cell maturation Ag (BCMA) is expressed in 
SLPCs and LLPCs and critical for their survival.

As a result of these Ag expression patterns, the anti-CD20 monoclonal Ab rituximab 
indirectly targets SLPCs by depleting precursor memory B cells, but does not target LLPCs. 
CD19-targeting agents target pro-B cells and can reduce SLPCs and LLPCs. BCMA-targeting 
agents deplete PCs. There are currently 4 CART therapies targeting CD19 (CD19-CART) 
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Table 1. Clinical trials using CAR or CAAR T cells in autoimmune diseases
NCT number Title Status Conditions Interventions Study 

start
Study 

completion
Study 
report

Phase

NCT03030976 A Study of CD19 Redirected Autologous 
T Cells for CD19 Positive Systemic Lupus 
Erythematosus (SLE)

Unknown SLE CD19 CAR 
T-cells

Mar-17 Mar-18 No results 
posted

I

NCT05030779 A Study of CD19/BCMA Chimeric Antigen 
Receptor T Cells Therapy for Patients With 
Refractory Systemic Lupus Erythematosus

Recruiting SLE CD19/BCMA 
CAR T-cells

Sep-21 Sep-22 Active I

NCT05085418 A Study of CD19/BCMA Chimeric Antigen 
Receptor T Cells Therapy for Patients With 
Refractory Immune Nephritis

Recruiting Immune Nephritis CD19/BCMA 
CAR T-cells

Nov-21 Nov-24 Active I

NCT04422912 Open-label Study to Determine the 
Maximum Tolerated Dose of DSG3-CAART in 
Mucosal-dominant PV Patients (mPV)

Recruiting mPV DSG3-CAART Sep-20 Sep-26 Active I

NCT05085431 A Study of CD19/BCMA Chimeric Antigen 
Receptor T Cells Therapy for Patients With 
Refractory Sjogren's Syndrome

Recruiting Syndrome CD19/BCMA 
CAR T-cells

Nov-21 Nov-24 Active I

NCT05085444 A Study of CD19/BCMA Chimeric Antigen 
Receptor T Cells Therapy for Patients With 
Refractory Scleroderma

Recruiting Scleroderma CD19/BCMA 
CAR T-cells

Oct-21 Oct-24 Active I

NCT04561557 Safety and Efficacy of CT103A Cells for 
Relapsed/Refractory Antibody-associated 
Idiopathic Inflammatory Diseases of the 
Nervous System

Recruiting Neuromyelitis Optica 
Spectrum Disorder

BCMA CAR 
T-cells 

(CT103A)

Sep-20 Dec-23 Active I

NCT04146051 Descartes-08 CAR-T Cells in Generalized 
Myasthenia Gravis (MG)

Recruiting Generalized MG BCMA CAR 
T-cells 

(Descartes-08)

Dec-19 Dec-23 Active I/II

NCT05263817 A Clinical Study of CD19/BCMA CAR-T 
Cells in the Treatment of Refractory POEMS 
Syndrome, Amyloidosis, Autoimmune 
Hemolytic Anemia, and Vasculitis

Recruiting Refractory POEMS 
Syndrome, Amyloidosis, 
Autoimmune Hemolytic 
Anemia, and Vasculitis

CD19/BCMA 
CAR T cells

Oct-21 Oct-24 Active I

NCT05239702 Clinical Study of Targeting CD7 CAR-T Cells in 
the Treatment of Autoimmune Diseases

Recruiting Crohn’s Disease, Ulcerative 
Colitis, Dermatomyositis, 

Still's Disease, 
Autoimmune Diseases

CD7 CAR T 
cells

Feb-22 Dec-24 Active I

NCT05451212 Open-label Study to Determine the 
Maximum Tolerated Dose of MuSK-CAART for 
MuSK Myasthenia Gravis

Not yet 
recruiting

MuSK MG MuSK-CAART Oct-22 Oct-28 Active I
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and 2 CART therapies targeting BCMA (BCMA-CART) that are approved for clinical use in 
oncologic indications. Ag loss or downregulation in target B cells has been observed with 
both CD19 and BCMA after CART therapy (10). Dual CD19/BCMA-CART products are also in 
development to enhance B cell depletion.

CLINICAL TRIALS EVALUATING ENGINEERED CELLULAR 
THERAPIES FOR AUTOIMMUNE DISEASES
Clinical trials evaluating CART therapy for systemic lupus erythematosus (SLE)
SLE is a systemic autoimmune disease characterized by polyclonal B cell activation and 
autoantibody production, with over 100 autoantibody specificities having been described (11-13). 
Current treatments include corticosteroids, adjunctive immunosuppressants, antimalarials such 
as hydroxychloroquine, and monoclonal Ab therapies targeting soluble B lymphocyte stimulator 
(belimumab) and type I IFN receptor (anifrolumab) (14,15). The importance of B cells in the 
pathogenicity of SLE has been established by the failure of disease development in the absence of 
B cells in various mouse models (16-18). Although B cell depletion with rituximab failed to show 
clinical efficacy in two independent SLE randomized clinical trials (19), the recent preclinical and 
clinical success of B cell depletion with anti-CD19 CART cells (CD19-CART) has sparked interest 
in further exploring the role of B cell depletion with CART cells in SLE.

Engineered cellular therapy using CD19-CART has been tested in SLE mouse models, 
including murine CD8+ CD19-CART in both NZBxNZWF1 and MRL-lpr mouse models and 
murine CD19-CART in the MRL-lpr mouse model (20,21). In these 2 studies, CD19-CART 
caused CD19+ B cell depletion and decreased titers of autoantibodies such as anti-nuclear 
Ab (ANA) and anti-double stranded DNA (dsDNA). However, incomplete depletion of 
autoantibodies was observed after syngeneic CD19-CART treatment (20). In further analysis, 
the authors identified the presence of IgMlowCD19− B cells in CD19-CART treated mice. 
Residual CD138+ PCs were observed in the latter study after CD19-CART treatment, although 
almost all circulating CD19+ B cells in the blood were depleted (21), suggesting that LLPCs 
may mediate autoantibody production or that other factors in the mouse models evaluated 
may have prevented complete remission of serologic disease.
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Recently, a report of the successful treatment of a severe refractory SLE patient with CD19-
CART using a CD137 costimulatory domain was published (22). A 20-year-old woman with 
lupus nephritis, nephrotic syndrome, pericarditis, pleurisy, rash, arthritis, and a history of 
Libman-Sacks endocarditis (22), who had failed hydroxychloroquine, high-dose glucocorticoids, 
cyclophosphamide, mycophenolate mofetil, tacrolimus, rituximab, and belimumab, was 
treated with 1.1×106 CD19-CART cells/kg, after a preconditioning regimen of three daily doses 
of 25 mg/m2 fludarabine and one 1000 mg infusion of cyclophosphamide. The Systemic Lupus 
Erythematosus Disease Activity Index score with the Safety of Estrogens in Lupus National 
Assessment modification (SLEDAI-SELENA) decreased from 16 at baseline to 0 by day 44 after 
infusion, alongside a decrease of anti-dsDNA autoantibodies from 5,000 to 4 U/mL within 5 
weeks after treatment. CD19-CART related adverse events such as cytokine release syndrome, 
neurotoxicity, or prolonged cytopenias were not observed. Although it remains unclear to what 
extent the fludarabine and cyclophosphamide preconditioning before CD19-CART infusion 
contributed to the patient’s disease remission, an updated report demonstrating long-term 
remission of the patient’s disease up to 10 months after CD19-CART infusion, plus additional 
patients who achieved complete or near complete disease remission after CD19-CART therapy, 
support favorable outcomes of CD19-CART treatment regimens for refractory SLE (23).

Another case study was recently published using a BCMA-CD19 compound CART to treat a 
41-year-old woman with a 20-year history of SLE who was diagnosed with stage IV diffuse 
large B cell lymphoma (24). The clinical trial (NCT04162353) is evaluating the safety and 
efficacy of a compound CART product expressing tandem anti-BCMA and anti-CD19 
CARs with a CD137 costimulatory domain, separated by a P2A ribosome skip site for 
equimolar expression in the same T cell. The patient was preconditioned with fludarabine 
and cyclophosphamide before CART infusion. Although B cells began to repopulate 
approximately 28 weeks after treatment, ANA titers remained undetectable at 37 weeks, 
and the patient’s SLE remained stable until 20 months after treatment despite receiving no 
additional systemic therapies.

Currently, 3 clinical trials are registered to evaluate CART therapies for SLE. A single-arm 
open-label phase 1 study to assess the safety and efficacy of CD19-CART cells engineered 
from autologous T cells with an anti-CD19 CAR containing CD137 as a costimulatory domain 
in subjects with SLE (NCT03030976) is intending to enroll 5 subjects. A cyclophosphamide 
preconditioning regimen (0.5 g/m2) is dosed two days prior to an initial infusion of 1−10×106 
CART cells/kg. Adverse events, overall response rates, and CART persistence in the peripheral 
blood, detected by quantitative PCR, will be assessed during the 6-week follow-up period.

Two additional clinical trials sponsored by the same institutions are evaluating dual CD19/
BCMA-CART cells for subjects with refractory SLE (NCT05030779) and refractory immune 
nephritis (NCT05085418), as well as numerous other immune conditions including Sjogren’s 
syndrome, scleroderma, autoimmune hemolytic anemia (AIHA), and vasculitis, described 
further below. The primary endpoints are dose-limiting toxicity (1×106 to 4×106 cells/kg) up 
to 28 days and the incidence of treatment-emergent adverse events up to 90 days after CD19/
BCMA-CART infusion.

Clinical trials using chimeric autoantibody receptor T cell therapy for 
mucosal pemphigus vulgaris
Pemphigus vulgaris is a B cell-mediated autoimmune disease in which autoantibodies 
against the desmosomal protein desmoglein 3 (DSG3) interfere with keratinocyte adhesion, 

https://doi.org/10.4110/in.2022.22.e37

Engineering Cell Therapies for Autoimmune Diseases

http://clinicaltrials.gov/ct2/show/NCT04162353
http://clinicaltrials.gov/ct2/show/NCT03030976
http://clinicaltrials.gov/ct2/show/NCT05030779
http://clinicaltrials.gov/ct2/show/NCT05085418


6/16https://immunenetwork.org

leading to epithelial blistering (25-28). Standard care therapy for pemphigus vulgaris includes 
corticosteroids and rituximab, with repeated infusions every 6 months to maintain disease 
control (29,30). Anti-DSG3 Abs drop to the undetectable range after rituximab treatment, 
indicating that SLPCs are the main source of autoantibodies in pemphigus vulgaris patients 
(31,32). However, chronic B cell depletion from the rituximab and corticosteroid regimen 
was associated with a 4%–9% annual rate of severe infections (29,30), indicating that a 
therapeutic strategy to deplete only anti-DSG3 B cells may be desirable to achieve a targeted 
remission of disease without global immune suppression.

DSG3 chimeric autoantibody receptor T cell (DSG3-CAART) therapy for Ag-specific B cell 
depletion was developed by replacing the anti-CD19 extracellular domain of an anti-CD19 
CAR with CD137-CD3z costimulatory and activation domains with the extracellular domains 
of the DSG3 autoantigen, which directs T cell cytotoxicity against autoreactive B cells 
expressing an anti-DSG3 BCR (33,34). DSG3-CAART showed specific cytotoxicity against 
anti-DSG3 BCR-positive target cells and no off-target cytotoxic interactions in various in 
vitro assays and in vivo mouse models (33,34). A difference between the clinical applications 
of CART and CAART therapy for autoantibody-mediated disease is the presence of soluble 
Abs that could theoretically have numerous effects including: 1) inhibition of CAAR and 
BCR interaction, either by direct blocking or CAAR internalization; 2) Ab-mediated CAART 
lysis, which is not expected in pemphigus vulgaris as anti-DSG3 Abs are IgG4 predominant 
and hence do not bind complement or activating Fc gamma receptors; and/or 3) CAART 
activation leading to IFN-γ production and CAART proliferation, which could risk cytokine 
release syndrome but could also provide a survival signal in vivo to enhance persistence of 
DSG3-CAART. Given that DSG3-CAART demonstrated activity in in vitro assays even in the 
presence of soluble anti-DSG3 Abs and in an experimental autoimmune pemphigus vulgaris 
model with circulating anti-DSG3 Ab titers comparable to higher than those observed in 
pemphigus vulgaris patients, a phase 1 clinical trial of DSG3-CAART without preconditioning 
or removal of soluble anti-DSG3 Abs was initiated to evaluate its safety and preliminary 
efficacy in subjects with anti-DSG3 Ab-positive mucosal pemphigus vulgaris (NCT04422912).

Early clinical data from the first four cohorts of the DSG3-CAART trial have shown no 
dose-limiting toxicities up to a dose of 2.5×109 CAAR+ T cells and a dose-related increase in 
DSG3-CAART persistence in the 28 days after DSG3-CAART infusion (35), approaching the 
lower range of persistence levels observed among responders receiving anti-CD19 CART plus 
lymphodepletion for B cell leukemias (36), indicating that soluble Abs do not induce cytokine 
release syndrome or mediate CAART destruction. Transient improvements in clinical disease 
activity scores up to 2 months after DSG3-CAART infusion and variable effects on anti-DSG3 
Ab titers were reported. Dose escalation in this study is currently ongoing.

Clinical trials using CART therapy for Sjogren’s syndrome
Sjogren’s syndrome is a chronic autoimmune disease characterized by the impaired secretory 
function of exocrine glands leading to ocular and mouth dryness and can be associated with 
multiple organ system dysfunction (37). B cell hyperactivity is a hallmark of the disease as 
evidenced by altered circulating levels of B cells, increase in serum B cell-activating factor (BAFF) 
levels, hypergammaglobulinemia, and various autoantibodies, most notably those targeting 
ribonucleoproteins SS-A/Ro and SS-B/La (38). Currently, no disease-modifying drug has been 
approved for the treatment of Sjogren’s syndrome. Limited benefits of rituximab were reported 
in 2 large randomized controlled trials, including Tolerance and Efficacy of Rituximab in 
primary Sjogren’s syndrome (TEARS) and Trial of Anti-B-Cell Therapy In subjects with primary 
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Sjogren’s Syndrome (TRACTISS) (39,40). The TEARS randomized clinical trial (NCT00740948) 
was designed to evaluate the efficacy of a 1-g dose of rituximab given 2 weeks apart compared 
to placebo. Although rituximab-treated subjects did not achieve the primary end point (≥30-
mm decrease in ≥2 of 4 visual analogue scale (VAS) scores for global disease, pain, fatigue, or 
dryness) at week 24, rituximab treatment resulted in transient clinical improvements in fatigue 
at week 6 (39). The TRACTISS study evaluated 1 g rituximab treatment at week 0 and 2, repeated 
at week 24 and week 26 to extend the period of B cell depletion (40,41). The TRACTISS study also 
did not achieve its primary outcome (30% reduction at 48 weeks in VAS scores), however, stable 
glandular secretory function was observed in rituximab treated groups, while it worsened in the 
placebo-treated group (41,42). It is unknown whether LLPCs residing in the salivary glands of 
Sjogren’s syndrome patients may explain the partial therapeutic results of CD20+ B cell depletion 
with rituximab for Sjogren’s syndrome (43). Although CART therapy has not been evaluated in 
animal models of Sjogren’s syndrome, a clinical trial (NCT05085431) evaluating CD19/BCMA-
CART for refractory Sjogren’s syndrome has been initiated as a single-arm, open-label study to 
assess safety and efficacy. The primary outcomes of this clinical trial are dose-limiting toxicities 
(1×106 to 4×106 cells/kg) up to 28 days and incidence of treatment-emergent adverse events up to 
90 days after CD19/BCMA-CART infusion.

Additionally, a CAAR strategy targeting La/SSB-reactive B cells has been reported (44). 
Approximately 25%–40% of Sjogren’s syndrome patients demonstrate anti-La/SSB 
autoantibodies (45). A NK cell line (NK92MI) was engineered to express a CAAR comprising 
an immunodominant domain of the La/SSB protein (44). Although no in vivo data were 
reported, La-CAAR NK92MI cells showed selective cytotoxicity against anti-La BCR+ target 
cell lines, as well as a partial decrease in B cell frequency by flow cytometry after co-culture 
of whole blood samples obtained from anti-La seropositive patients with La-CAAR NK92MI 
cells, while no change in B cell frequency was observed in the same experimental system 
using whole blood samples from healthy donors.

Clinical trials of CART therapy for scleroderma
Scleroderma is an autoimmune disease characterized by the hardening and tightening of 
the skin. The disease overlaps with systemic sclerosis (SSc) when the fibrosis extends to 
lung or other internal organs (46). Upregulated CD19 expression in B cells may contribute 
to activation and hyperreactivity of memory B cells, which is associated with autoantibody 
production and fibrosis (47).

A clinical trial evaluating rituximab effects on skin and lung fibrosis in subjects with SSc 
was reported from the European Scleroderma Trial And Research (EUSTAR) group (48). 
This post hoc nested case control observational study of 63 rituximab treated patients 
demonstrated improvement of skin fibrosis (mean 24.0 point decrease in modified Rodnan 
skin score compared to 7.7 point decrease in controls) and prevention of lung fibrosis 
progression (forced vital capacity increase of 0.4% in rituximab-treated subjects compared 
to 7.7% decrease in controls). An open-label comparative study of rituximab (n=33) versus 
oral immunosuppressive therapies such as azathioprine (n=2), methotrexate (n=6), and 
mycophenolate mofetil (n=10) for SSc-associated interstitial lung disease also demonstrated 
favorable clinical improvements in lung function and skin fibrosis with rituximab (49). 
Additionally, a double-blind, placebo-controlled study of rituximab evaluated 56 subjects 
with SSc randomly assigned to receive rituximab (n=28) or placebo (n=28) (50). Subjects in 
the rituximab treated group demonstrated a 6.3 point decrease in modified Rodnan Skin 
Score compared to a 2.1 point increase in the placebo treated group.
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A single-arm open-label clinical trial (NCT05085444) to evaluate the safety and efficacy of 
CD19/BCMA-CART in the treatment of refractory scleroderma is currently enrolling. The 
primary outcome is the determination of dose-limiting toxicity (1×106 to 4×106 cells/kg) up to 
28 days and observing the incidence of treatment-emergent adverse events up to 90 days after 
CD19/BCMA-CART infusion.

Clinical trials of CART therapy for AIHA and vasculitis
AIHA is an autoimmune disease characterized by severe anemia due to autoantibodies 
against red blood cell Ags, most often of the IgG isotype in warm AIHA and the IgM isotype 
in cold AIHA, classified based on the temperature at which autoantibodies bind maximally to 
red blood cells. Although randomized controlled trials of rituximab have not been performed 
in AIHA, several case series and retrospective studies report favorable results of rituximab 
treatment for both warm and cold AIHA (51,52).

Vasculitis is an autoimmune inflammatory disease of the blood vessel wall associated with 
autoantibodies against anti-neutrophil cytoplasmic Abs (ANCA). A randomized controlled 
trial of rituximab versus cyclophosphamide for ANCA-associated vasculitis demonstrated 
superiority of rituximab in inducing remission of relapsing disease at 6 months (67% in the 
rituximab treated group [n=51] compared to 42% in the control group [n=50]) (53). Another 
randomized controlled trial of rituximab with a 2-year follow-up indicated similar rates of 
relapse between rituximab-treated and cyclophosphamide-treated groups (54), suggesting 
that repeated rituximab infusions may be necessary for maintenance of disease control or 
that CART therapy may provide a more durable therapeutic option.

Based on this rationale, a basket clinical trial (NCT05263817) has been registered to evaluate 
CD19/BCMA-CART for subjects with AIHA and vasculitis. The primary outcome of this 
clinical trial is the determination of dose-limiting toxicity (1×106 to 4×106 cells/kg) up to 28 
days and observing the incidence of treatment-emergent adverse events up to 90 days after 
CD19/BCMA-CART infusion.

Clinical trials of CART therapy for neuromyelitis optica spectrum disorders 
(NMOSD)
NMOSD is a debilitating autoimmune inflammatory disease of the central nervous system 
in which lesions in the spinal cord and optic nerves can lead to loss of sensation, paralysis, 
and blindness. Over 70% of NMOSD patients have autoantibodies against the water channel 
aquaporin-4 (AQP4) (55). The therapeutic effect of plasmapheresis for NMOSD patients support 
the importance of autoantibodies in disease pathogenesis (56). A double-blind randomized 
controlled trial of rituximab for NMOSD was conducted in which subjects received rituximab 
(n=19) or placebo (n=19) followed by concomitant oral corticosteroid taper; the primary outcome 
was time to first relapse (57). None of the rituximab treated subjects relapsed during the 72 week 
follow up period compared to 7 (37%) of 19 subjects who relapsed in the placebo-treated group.

In 2020, the anti-CD19 monoclonal Ab inebilizumab was approved by the FDA for the 
treatment of NMOSD. In the N-Momentum double-blind randomized clinical trial 
(NCT02200770), 213 (93%) of the 230 NMOSD subjects were seropositive for AQP4 
autoantibodies and were treated with either inebilizumab (n=174) or placebo (n=56) (58). The 
benefit of inebilizumab for preventing NMOSD attacks was 12% in the inebilizumab-treated 
group versus 39% in placebo: 39%, with comparable incidence of serious adverse events 
between the two groups (5% with inebilizumab versus 9% with placebo).
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An open-label clinical trial (NCT04561557) has been registered to evaluate the safety and 
efficacy of BCMA-CART in the treatment of NMOSD. The study design includes treatment 
of 3 subjects with an initial dose of 0.5×106 CAR+ T cells per kg. If no dose-limiting toxicity 
occurs and at least one subject benefits from the first cohort, then the subsequent 3 subjects 
will be infused with either the same dose (0.5×106 CART cells per kg) or an increased dose 
(1×106 CART cells per kg) based on the available clinical data.

Clinical trials of CART and CAART therapy for myasthenia gravis (MG)
MG is a chronic autoimmune neuromuscular disorder caused by autoantibodies to the 
acetylcholine receptor (AChR), muscle-specific tyrosine kinase (MuSK), or low-density 
lipoprotein receptor-related protein (LRP4) expressed in postsynaptic muscle cells (59). 
Approximately 80% of MG patients demonstrate AChR autoantibodies, and approximately 
40% of anti-AChR Ab-seronegative MG patients demonstrate autoantibodies against MuSK. 
Seronegative MG patients may demonstrate reactivity to LRP4 or other proteins, or may have 
low-level reactivity against AChR or MuSK (60). Depending on the affected muscle groups, 
MG is classified as generalized or ocular. Passive transfer of Abs is sufficient to induce the 
MG phenotype, indicating the primary role of autoantibodies in disease pathogenesis (61).

In a single-center retrospective study of rituximab treatment for MG (62), MuSK MG patients 
experienced earlier time to remission, fewer disease exacerbations and hospitalizations 
post-rituximab treatment than AChR MG patients, although both groups experienced clinical 
improvement after rituximab infusion. The randomized phase 2 B cell targeted treatment 
in MG (BeatMG) study to treat AChR autoantibody-positive generalized MG showed that 4 
weekly 375 mg/m2 infusions of rituximab were safe and well tolerated but did not achieve the 
primary outcome of ≥75% reduction in mean daily prednisone dose from weeks 48–52 (63).

An open-label clinical trial (NCT04146051) is currently enrolling to assess the maximum tolerated 
dose (MTD) until day 28 and efficacy until day 168 after BCMA-CART (named Descartes-08) 
infusion. Descartes-08 is engineered by electroporating autologous CD8+ T cells with RNA 
encoding a BCMA-CAR, which allows temporal expression of the BCMA-CAR in T cells. Early 
clinical results have shown that treatment is well-tolerated, with no serious adverse events (64). 
The mean improvement in the Myasthenia Gravis Composite (MGC) scale was over 50% three 
months after Descartes-08 treatment. Two subjects enrolled into the weekly dosing cohort 
received 6 infusions of Descartes-08. At the week 10 visit, one subject demonstrated improvement 
in the MGC score from 27 to 2 and the other subject improved their MGC score from 23 to 3.

An independent open-label clinical trial (NCT04561557) is concurrently enrolling to evaluate 
the safety and efficacy of BCMA-CART to treat generalized MG, starting with an initial dose 
of 0.5×106 CAR+ T cells per kg in the first cohort and a dose of 0.5−1×106 CAR-T cells per kg for 
subsequent cohorts pending clinical data.

The same sponsor that developed DSG3-CAART for mucosal pemphigus vulgaris announced 
plans to initiate a clinical trial of MuSK-CAART for MuSK autoantibody-positive MG patients 
in 2022 (NCT05451212) (65), based on preclinical studies leading to FDA clearance of the 
MuSK-CAART Investigational New Drug application (66). B cell depletion with rituximab 
preferentially reduces anti-MuSK IgG relative to total IgG (67), indicating that like pemphigus 
vulgaris, autoantibodies in MuSK MG patients are produced by SLPCs (68,69). Therefore, 
targeted depletion of anti-MuSK BCR-positive B cells by MuSK-CAART may prevent the 
replenishment of PCs producing anti-MuSK autoantibodies, while retaining healthy B cells.
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Clinical trials of CART therapy for chronic immune demyelinating 
polyradiculoneuropathy (CIDP) and immune-mediated necrotizing myopathy 
(IMNM)
A basket clinical trial (NCT04561557) has been initiated to evaluate BCMA-CART treatment 
of autoimmune inflammatory diseases of the nervous system (CIDP and IMNM). CIDP is an 
autoimmune disease of the peripheral nerves and nerve root characterized by symmetric loss 
of motor and sensory function (70). Autoantibodies targeting NF155, CNTN1, CASPR1, and 
Ranvier’s nodal proteins NF140 and NF186 have been described. Current off-label treatments 
for CIDP include glucocorticoids, intravenous immunoglobulin, plasmapheresis, and 
rituximab (70,71). Plasma exchange is effective for both chronic progressive and relapsing 
CIDP, although 66% of plasma exchange responders relapsed within 2 weeks after stopping 
plasma exchange (72). Rituximab treatment also has been reported to be effective for CIDP 
(73,74). IMNM is a subtype of idiopathic inflammatory myopathies (75) characterized by 
high serum creatine kinase and necrotic muscle fibers (76), associated with autoantibodies 
against signal recognition particle (SRP) or 3-hydroxy-3-methylglutaryl-coA-reductase 
(HMGCR). Although there are no randomized clinical trials evaluating rituximab in IMDM, a 
systematic review reported 61.8% of patients reported across 12 individual studies improved 
after rituximab therapy for IMDM (76). Patients presenting with anti-SRP Abs were more 
responsive (77.8%) to rituximab treatment than those who have anti-HMGCR Abs (43.8%).

An open-label clinical trial (NCT04561557) is currently enrolling to evaluate the safety and 
efficacy of BCMA-CART to treat CIDP or IMNM, starting with an initial dose of 0.5×106 CAR+ 
T cells per kg in the first cohort and a dose of 0.5−1×106 CAR-T cells per kg for subsequent 
cohorts pending clinical data.

FUTURE DIRECTIONS

To date, CART therapy has demonstrated its greatest clinical impact against malignancies 
of the B cell lineage, which has increased both academic and industry interest in pursuing 
CART or CAART approaches to B cell-mediated autoimmune diseases. Current clinical trials 
using CART technology are mainly focused on the depletion of B cells targeting B cell lineage 
markers such as CD19 or BCMA, which can result in partial or complete B cell aplasia after 
treatment. Next-generation technologies that allow for temporal control of CART-mediated B 
cell depletion, such as suicide cassettes or transient CAR surface expression, may be required 
to avoid chronic immunosuppression associated with long-term CART engraftment. CAART 
technology is designed for Ag-specific memory B cell depletion, which aims to avoid B cell 
aplasia by targeting only autoreactive B cells and sparing healthy B cells, although diseases 
mediated by long-lived plasma cells are not targetable by the CAART approach. Future data 
from ongoing clinical trials will inform the field on the persistence of CAART cells in the 
absence of lymphodepletion and how factors unique to autoimmunity versus cancer, such as 
soluble autoantibody and rare target cells, may influence clinical outcomes.

Another major frontier for the field is whether T cell mediated autoimmune diseases can be 
addressed through CART therapy. CART therapy for malignancies of the T cell lineage have 
not yet received clinical approval, in part due to the challenge of using a T cell therapeutic 
to target a T cell-mediated disease, although CART therapies targeting the T cell markers 
CD5 and/or CD7 have been developed for the treatment of T cell malignancies in preclinical 
and clinical studies (77-79). To avoid fratricide, anti-CD5/CD7 CARTs employ strategies to 
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suppress endogenous CD5 and/or CD7 expression, such as CRISPR/Cas9-based gene editing 
or intracellular retention of CD7 by a CD7-binding protein having an endoplasmic reticulum 
retention signal sequence (77,79). CD7-CART has been evaluated in a clinical study of subjects 
with relapsed or refractory T cell acute lymphoblastic leukemia (T-ALL) (NCT04689659), 
which demonstrated that 18 (90%) of 20 T-ALL subjects who received CD7-CART achieved 
complete remission at 30-day follow-up and 15 subjects remained in remission at subsequent 
follow-up (average, 6.3 months; range, 4.0–9.2 months) (79). CD7− T cell expansion was 
observed in these subjects, suggesting selective cytotoxicity and persistence of CD7-CART 
cells. CD7− T cells are found in several autoimmune diseases such as RA (80), psoriasis (81), 
and autoimmune enteropathy (82). A case report suggested that the reduction of CD8+CD7− 
T cell population is related with the improvement of disease phenotype in autoimmune 
enteropathy (82). A clinical trial (NCT05239702) has been registered to evaluate the safety 
and efficacy of CD7-CART for the treatment of autoimmune diseases such as Crohn disease, 
ulcerative colitis, dermatomyositis, and Still disease (Table 1), which will be valuable to 
determine whether infusion of activated CD7− T cells can have beneficial therapeutic effect by 
depleting CD7+ T cells without flaring the underlying autoimmune disease activity.

In summary, a recent plethora of clinical trials using gene-engineered cellular 
immunotherapy has entered clinical stage development. Emerging clinical results from these 
studies will offer critical in vivo human data on the potential to program the immune system 
to durably reverse autoimmunity after a single treatment, a therapeutic ideal that has not 
been previously achievable.
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