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Abstract

Background: Chimeric Antigen Receptor T-cell (CAR-T) cell therapy has revolutionized
cancer treatment and is now being explored as a novel approach to treat refractory autoim-
mune diseases by targeting autoreactive immune components, especially B cells. Objective:
Our aim was to provide a narrative review of the current evidence, mechanisms, efficacy,
safety, and future directions of CAR-T cell therapy in autoimmune diseases. Methods:
A structured literature search was conducted in MEDLINE via PubMed using keywords
such as “CAR-T”, “chimeric antigen receptor T-cell”, “autoimmune diseases”, “lupus”,
“rheumatoid arthritis”, “multiple sclerosis”, and “vasculitis”. Studies on CAR-T mecha-
nisms, efficacy, safety, and clinical outcomes were included. Results: CAR-T cell therapies,
especially CD19-directed constructs, demonstrated sustained drug-free remission in all pa-
tients across early SLE case series (n = 5–7), with normalization of serological markers and
improved renal outcomes. Emerging preclinical and early clinical data in rheumatoid arthri-
tis, multiple sclerosis, ANCA-associated vasculitis, juvenile autoimmune diseases, and
idiopathic inflammatory myopathies also report clinical improvement and biomarker nor-
malization. Reported adverse events in autoimmune cohorts were limited to mild cytokine
release syndrome in a minority of cases, with no severe neurotoxicity or life-threatening
infections, suggesting a more favorable safety profile compared to oncology settings. In
parallel, next-generation innovations—including dual-target CARs, CAR-Tregs, and molec-
ular safety switches—are advancing toward clinical translation. Conclusions: CAR-T cell
therapy is emerging as a transformative strategy for autoimmune disease management,
especially in refractory cases. Although initial outcomes are promising, long-term safety,
cost-effectiveness, and broader accessibility remain key challenges. Future research should
focus on optimizing cell targets, minimizing off-target effects, and improving affordability.

Keywords: chimeric antigen receptor T-cell (CAR-T); autoimmune diseases; systemic lupus
erythematosus (SLE); rheumatoid arthritis; multiple sclerosis; B cell depletion; CAR-Tregs;
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1. Introduction
Chimeric Antigen Receptor T-cell (CAR-T) therapy stands as one of the most celebrated

milestones in modern immunotherapy. Initially developed for hematological malignancies
such as leukemia and lymphoma, CAR-T cell therapy involves extracting autologous T cells
from patients, genetically modifying them to express synthetic receptors—typically directed
at the CD19 surface antigen on B cells—and reinfusing them to eliminate disease-causing
cells [1–3]. This approach has demonstrated profound success in patients with relapsed or
refractory cancers who have failed conventional treatments [4–6], and its entry into routine
oncology care has redefined the concept of “curative intent” in immunotherapy.

Inspired by its success in oncology, researchers are now exploring the broader im-
munological potential of CAR-T cells, particularly in autoimmune diseases such as systemic
lupus erythematosus (SLE), rheumatoid arthritis (RA), and multiple sclerosis (MS). These
disorders are characterized by pathological immune activation, often driven by hyperactive
B cells and the generation of autoantibodies [7]. The idea that these dysregulated B-cell
populations could be selectively eliminated—much like malignant clones—has opened new
therapeutic horizons for patients who fail to respond to traditional immunosuppressive
regimens [2].

Recent pilot studies in autoimmune diseases, particularly in SLE, have reported
remarkable outcomes. Several patients with severe, treatment-refractory lupus have entered
prolonged drug-free remission following a single infusion of CD19-targeted CAR-T cells [8].
While these outcomes are striking, they are derived from small, uncontrolled cohorts
and must be interpreted cautiously. Importantly, they highlight both the promise and
the challenge of CAR-T in autoimmunity: the therapy may act as a cellular reset, but
whether such remissions can be consistently replicated, sustained beyond one to two years,
or generalized across diverse patient populations remains uncertain. These questions
underscore the need for multicenter randomized trials and longer-term follow-up [9–12].
In this respect, CAR-T cell therapy represents a shift from chronic management toward
durable immune modulation.

However, the application of CAR-T cell therapy in autoimmunity requires reimagining
its design and intent. The objective is not to eradicate diseased tissue, but to reestablish
immune tolerance. Unlike cancer, where tumor destruction is the endpoint, autoimmune
therapy demands finesse—to suppress or recalibrate autoreactive cells without crippling
host immunity. This necessitates the development of CAR-T cells that can not only deplete
autoreactive B cells, but also target specific autoantigens, suppress inflammatory pathways,
or promote regulatory immune cell function [13–15]. Early prototypes such as CAR-Tregs
and dual-antigen CARs are being investigated to achieve these goals, reflecting a more
sophisticated engineering philosophy.

Crucially, this transition is not without challenges. Autoimmune diseases are diverse
and dynamic; their pathogenesis is multi-cellular, and the same antigen target may not be
relevant across all patients. Moreover, the risks of cytokine release syndrome, neurotox-
icity, long-term B-cell aplasia, and manufacturing bottlenecks raise practical and ethical
considerations. Yet, despite these hurdles, the conceptual leap that CAR-T represents in
autoimmune disease therapy is profound—from blanket immunosuppression to selective,
durable immune reprogramming.

This review critically evaluates the landscape of CAR-T cell therapy in autoimmune
diseases. We synthesize current knowledge, assess mechanistic and clinical insights, explore
design innovations, and anticipate the next generation of immune engineering. Beyond
simply describing what CAR-T has achieved so far, this article argues that CAR-T cell
therapy represents a move toward precision immune modulation rather than broad sup-
pression [4,16].
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This review aims to bridge a critical gap in the field by synthesizing emerging preclini-
cal and clinical evidence on CAR-T cell therapy in autoimmune diseases and framing it
within the broader context of precision immunotherapy. Building upon these preliminary
findings, future studies must expand to larger, controlled cohorts. By critically evaluat-
ing both mechanistic advances and translational challenges—including cost, safety, and
scalability—this review underscores the scientific and clinical relevance of CAR-T cells as
a transformative platform. Our goal is not only to summarize existing knowledge, but
also to articulate how CAR-T technology may redefine the future of autoimmune disease
management, thereby advancing discourse and guiding future research directions.

Objective of the Review

To provide a critical and narrative synthesis of current evidence on CAR-T cell therapy
in autoimmune diseases—examining not only its mechanistic underpinnings, efficacy,
and safety but also its transformative potential as a precision immunotherapy platform.
This review highlights the conceptual shift from broad immunosuppression to immune
recalibration, discusses innovations such as CAR-Tregs and dual-target CARs, and outlines
future directions for optimizing design, delivery, and clinical integration across diverse
autoimmune conditions.

2. Methods—Literature Search Strategy
This review was conducted using a structured narrative methodology, guided by the

principles outlined in the Scale for the Assessment of Narrative Review Articles (SANRA).
We aimed to comprehensively synthesize peer-reviewed literature evaluating the use of
CAR-T cell therapy in autoimmune diseases.

We performed a systematic literature search of the MEDLINE database via PubMed,
covering publications up to June 2025. The search strategy employed a combination
of MeSH terms and keywords, including: (“CAR-T” OR “chimeric antigen receptor T-
cell”) AND (“autoimmune diseases” OR “lupus” OR “systemic lupus erythematosus” OR
“rheumatoid arthritis” OR “multiple sclerosis” OR “vasculitis” OR “autoantibody”). Only
English-language articles were included.

Eligible sources comprised observational studies, clinical trials, case series, experimen-
tal models, and comprehensive reviews that addressed the mechanism, clinical application,
safety, efficacy, or translational advances of CAR-T cell therapy in autoimmune contexts.
Editorials, commentaries, and conference abstracts without full-text data were excluded.

In addition, we performed backward citation tracking by manually reviewing reference
lists of key included studies to identify any missed relevant publications. Where necessary,
supplementary information from preprint servers and regulatory reports was consulted to
contextualize emerging therapies.

The inclusion criteria were determined a priori and focused on relevance to human au-
toimmune disease, translational insights, and mechanistic innovation. All selected articles
were assessed for methodological quality, relevance, and data richness to ensure a balanced
and coherent synthesis across disease indications and CAR-T cell engineering strategies.

In total, 112 records were screened and approximately 60 relevant publications were
included, spanning preclinical models, case series, early clinical trials, and reviews. We se-
lected a structured narrative review model rather than a systematic review or meta-analysis
because the current evidence base on CAR-T cell therapy in autoimmune diseases is still
in its infancy. Most available data consist of case reports, small case series, pilot studies,
and preclinical models, which are too heterogeneous and limited in number to permit
meaningful meta-analytical synthesis. A narrative approach therefore allows for critical
interpretation, integration of mechanistic and translational insights, and contextualization
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of emerging innovations such as dual-target CARs, kill switches, and CAR-Tregs. This
framework enables us to capture both established findings and forward-looking perspec-
tives, which would not be feasible with a more rigid systematic review methodology at this
stage of the field.

3. Mechanisms of Action
At its core, CAR-T cell therapy involves the genetic reprogramming of autologous T

lymphocytes to enhance their ability to recognize and eliminate target cells. This is achieved
by introducing a synthetic construct—known as a chimeric antigen receptor (CAR)—that
redirects T-cell specificity toward a chosen antigen. While this approach has revolutionized
cancer therapy by enabling precise targeting of tumor-associated antigens, it is now being
adapted to the context of autoimmune diseases, where pathogenic immune cells, rather
than malignant clones, drive tissue destruction [4] (Figure 1).

Figure 1. Schematic of CAR-T cell engineering and immune modulation in autoimmune disease.
Autologous T cells are extracted, genetically modified to express a chimeric antigen receptor (CAR),
expanded, and reinfused to eliminate autoreactive B cells and reset immune homeostasis. While
early constructs focus on CD19-directed B-cell depletion, this framework also provides the basis for
next-generation innovations—including dual-target CARs, CAR-Tregs, and integrated kill switches—
designed to enhance specificity, safety, and durability in the treatment of autoimmune diseases.

In hematological cancers, the prototypical CAR-T design targets CD19, a surface pro-
tein expressed on B cells. B cells, while central to protective immunity through antibody
production, can also play a destructive role in autoimmunity by producing autoantibodies,
presenting autoantigens, and sustaining inflammatory networks. As such, CD19-directed
CAR-T cells can deplete both autoreactive and normal B cells, thereby disrupting the au-
toimmune cascade and inducing disease remission in conditions such as SLE and RA [2,17].

Evidence from small-scale studies has demonstrated that CD19-specific CAR-T cell
therapy can lead to durable, drug-free remission in patients with refractory SLE—an effect
attributed to deep B-cell depletion and immune system reprogramming [5] (Table 1). Impor-
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tantly, the goal here is not cytotoxic eradication per se, but resetting immune homeostasis
by eliminating key drivers of autoimmunity.

Table 1. Clinical studies of CAR-T cell therapy in systemic lupus erythematosus (SLE).

Category Summary

Patient population (n = 7,
2 case series + 1 case report)

Ages 18–24; severe, active SLE with Class IV glomerulonephritis ± cardiac, pulmonary,
cutaneous, joint involvement; all had received steroids, HCQ, MMF, belimumab (plus

cyclophosphamide, rituximab, tacrolimus, thalidomide/lenalidomide in some).

CAR-T protocol
Apheresis Day—13 → lentiviral transduction of ~1 × 108 T cells → infusion of

~1 × 106 CAR-T cells/kg on Day 0; lymphodepletion with fludarabine
(25 mg/m2 Days—5 to —3) and cyclophosphamide (1000 mg/m2 Day—3).

Efficacy

• CAR-T peaks in blood Day 9; complete B-cell depletion by Day 2; naïve IgM+

B-cell reconstitution at ~110 ± 32 days.
• 100% achieved treatment-free remission by Month 3.
• GN and complement normalized; anti-DNA below threshold.

Duration of
remission/Follow-up Sustained remission ≥12 months in all patients (longest follow-up 24 months).

Safety

• 1/7 mild CRS (single tocilizumab dose).
• No neurotoxicity (ICANS).
• No acute serious infections.
• Vaccine titers preserved; no hypogammaglobulinemia.

Abbreviations: SLE = Systemic lupus erythematosus; HCQ = Hydroxychloroquine; MMF = Mycophenolate
mofetil; GN = Glomerulonephritis; CRS = Cytokine release syndrome; ICANS = Immune effector cell–associated
neurotoxicity syndrome.

However, autoimmune diseases are immunologically complex and heterogeneous. A
one-size-fits-all CD19-targeted approach may not suffice. Newer CAR designs are now
being developed to recognize disease-specific autoantigens, such as citrullinated peptides
in RA or myelin basic protein in multiple sclerosis [10] This antigen-directed strategy offers
the potential to spare non-pathogenic immune cells, reducing the risk of immunodeficiency
while increasing therapeutic specificity.

An even more nuanced innovation involves engineering regulatory T cells (Tregs)
with CARs—termed CAR-Tregs. Rather than eliminating target cells, CAR-Tregs modulate
immune responses and promote tolerance in a localized, antigen-specific manner [13].
This strategy is particularly attractive in chronic inflammatory diseases such as juvenile
idiopathic arthritis and inflammatory bowel disease, where immune hyperactivation leads
to progressive tissue damage [15]. CAR-Tregs represent a pivot from immune suppression
to immune rehabilitation, potentially offering sustained disease control without global
immunosuppression.

The structural design of CARs has also evolved. In addition to the extracellular antigen-
recognition domain, CARs now incorporate intracellular co-stimulatory domains such as
CD28 or 4-1BB, which enhance T-cell persistence, proliferation, and function [14]. Moreover,
safety switches are being encoded into CAR constructs—molecular “kill switches” that
allow clinicians to deactivate the cells in the event of adverse reactions such as cytokine
release syndrome or off-target effects [11].

Despite these advances, challenges remain. Autoimmune diseases involve diverse
immune pathways, and not all patients will benefit from a single antigen-targeted CAR.
Additionally, immune adaptation or antigen escape may result in therapeutic resistance.
To address this, dual CAR constructs are being developed to recognize two distinct anti-
gens simultaneously, enhancing both specificity and durability while reducing relapse
rates [12,17] (Table 2).



Rheumato 2025, 5, 15 6 of 16

Table 2. CAR-T construct designs and modifications for autoimmunity.

CAR Type Co-Stimulatory
Domain Safety Module Antigen Target Development

Stage Key Advantage

Basic CAR-T
(CD19) CD28 None CD19 (B cells) Clinical (phase

I/II)
Deep B-cell
depletion

Dual-CAR 4-1BB Inducible suicide
switch

CD19 +
disease-specific

antigen (e.g.,
citrullinated

peptide, myelin
protein)

Preclinical
Increased

specificity; reduces
antigen escape

CAR-Treg 4-1BB Drug-inducible
on/off

Disease-specific
autoantigen

Preclinical/early
trials

Promotes
tolerance; low CRS

risk

Switchable CAR CD28 + 4-1BB
Antibody-

activated off
switch

CD19 Exploratory
clinical

Real-time toxicity
control

Next-generation
safety-enhanced

CAR
CD28 or 4-1BB

iCasp9 “suicide
gene”/molecular

kill switch
CD19/dual targets Preclinical

Rapid deactivation
in case of severe

toxicity

Abbreviations: CAR: Chimeric antigen receptor CAR-Treg: Regulatory T cell engineered with a CAR CD28, 4-1BB:
Co-stimulatory domains CD28; iCasp9: Inducible caspase-9 suicide switch; CRS = Cytokine release syndrome.

In sum, the mechanisms of CAR-T cell therapy in autoimmunity are rapidly evolv-
ing from a single-target, cytotoxic model to a highly adaptable platform for precision
immunomodulation. Through antigen-specific targeting, Treg engineering, and synthetic
control circuits, CAR-T technologies offer not just immune suppression, but the possibility
of restoring immune tolerance at its roots.

4. Efficacy in Autoimmune Diseases
CAR-T cell therapy has rapidly transitioned from an oncological innovation to a

promising investigational strategy for treating autoimmune conditions that are unrespon-
sive to conventional immunosuppressants. Originally designed to eradicate malignant B
cells in hematologic cancers, CAR-T cell therapy has demonstrated potential in reprogram-
ming immune responses in complex autoimmune diseases, including SLE, RA, and MS
(4;18). Early clinical observations suggest that CAR-T cell therapy may induce long-term
remission by selectively depleting autoreactive lymphocytes and modulating pathogenic
immune circuits (Table 3).

Table 3. Summary of efficacy of CAR-T cell therapy by autoimmune indication.

Disease Model Cellular Target Observed
Response

Response
Duration Sample Size Biomarker

Changes

SLE Human (cases) B cells (CD19) 100% drug-free
remission ≥12 months n = 7

↓ anti-dsDNA;
C3/C4

normalization

Rheumatoid
arthritis (RA) Mouse B cells (CD19) ↓ synovitis;

↓ bone erosion 6–9 months 10 ↓ ACPA; ↓ IL-6

RA (early
translational)

Human
(ongoing pilot)

B cells (CD19);
exploratory
CAR-Tregs

Clinical
improvement

reported
(ongoing trials)

Interim Small cohorts ↓ CRP; ↓ IL-6
(preliminary)



Rheumato 2025, 5, 15 7 of 16

Table 3. Cont.

Disease Model Cellular Target Observed
Response

Response
Duration Sample Size Biomarker

Changes

Multiple
sclerosis (MS) Animal CNS B cells

↓ neuroinflamma-
tion; improved

function
6 months n = 8 ↓ neurofilament

in CSF

Juvenile
idiopathic
arthritis

Human
(case report) B cells (CD19) Steroid reduction;

clinical remission 6 months n = 1 ↓ CRP; ↓ ESR

ANCA-
associated
vasculitis

Anecdotal B cells (CD19)
ANCA titer
reduction;
remission

3–6 months n = 3 ↓ ANCA levels

Idiopathic
inflammatory
myopathies

Human (series) B cells (CD19) ↑ muscle strength;
↓ CK levels 6 months n = 3 ↓ creatine

kinase

Abbreviations: SLE: Systemic lupus erythematosus. RA: Rheumatoid arthritis. MS: Multiple sclerosis. ACPA: Anti-
citrullinated protein antibody. CK: Creatine kinase. CSF: Cerebrospinal fluid. ↑ increase; ↓ decrease.

4.1. Systemic Lupus Erythematosus (SLE)

SLE is a prototypic autoimmune disease characterized by systemic inflammation
driven by autoreactive B cells and autoantibodies, resulting in multi-organ damage, includ-
ing to the skin, joints, kidneys, and central nervous system. Although corticosteroids and
immunosuppressants remain the cornerstone of therapy, many patients exhibit treatment
resistance or suffer from cumulative toxicity [2].

Recent studies have demonstrated the transformative potential of CAR-T cell therapy
in SLE. In a landmark case series, five patients with refractory disease received a single
infusion of CD19-targeted CAR-T cells and achieved sustained, drug-free remission, with
elimination of autoreactive B cells and a marked decline in autoantibody titers [5]. Follow-
up data showed improved renal function in lupus nephritis patients and normalization of
inflammatory biomarkers [9,17–19] (Figure 2). Importantly, these outcomes were observed
in individuals who had failed to respond to multiple biologics and immunosuppressants,
underscoring the capacity of CAR-T cell therapy to reset immune tolerance rather than
merely suppress disease symptoms [6].

Figure 2. Development timeline of CAR-T cell therapy for autoimmune indications. Early applications
(2019–2021) focused on CD19-directed CAR-T in refractory systemic lupus erythematosus (SLE).
Subsequent milestones include pilot studies in rheumatoid arthritis (RA), multiple sclerosis (MS),
juvenile idiopathic arthritis (JIA). Next-generation innovations—such as dual-target CARs to reduce
antigen escape, CAR-Tregs to promote tolerance, and safety switches (e.g., suicide genes, antibody-
activated off switches)—are emerging as critical design elements, advancing the field toward safer
and more precise immune modulation.
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Although the results of early SLE case series are highly encouraging, they are based
on very small patient numbers and uncontrolled settings. The durability of remission
beyond two years remains uncertain, and whether similar outcomes will be achieved in
more diverse populations or in patients with less severe disease is not yet known. These
limitations highlight both the promise and fragility of the current evidence base.

4.2. Rheumatoid Arthritis (RA)

RA is a chronic autoimmune disease driven by sustained synovial inflammation and
joint destruction, where both B cells and autoantibodies such as anti-citrullinated protein
antibodies (ACPA) play central roles. Despite the availability of targeted biologics, a subset
of patients remains refractory to current treatment paradigms.

Preclinical studies in murine models have shown that CD19-directed CAR-T cell
therapy significantly reduced synovial inflammation and bone erosion [19]. Early-phase
translational efforts are now evaluating CAR-T cell therapy in patients with RA who are
refractory to methotrexate, TNF inhibitors, or JAK inhibitors [12]. In parallel, regulatory
CAR-T cells (CAR-Tregs) are being explored for their ability to suppress inflammation
without depleting immune cells, potentially offering a safer, immune-tolerant approach to
long-term disease control [13].

Preclinical RA data provide proof of principle that B-cell depletion with CAR-T can
suppress synovitis and erosions; however, the translation to humans is still at an exploratory
stage. Unlike SLE, RA has heterogeneous pathogenic drivers, suggesting that CAR-T
efficacy may be variable across patient subsets. It is therefore premature to assume that RA
outcomes will parallel those observed in lupus.

4.3. Multiple Sclerosis (MS)

MS is an immune-mediated demyelinating disease of the central nervous system,
driven by autoreactive T and B cells. Disease-modifying therapies provide partial control
but fail to prevent progression in many patients with aggressive forms of the disease.
Although MS is traditionally classified as a neuro-autoimmune disorder, it shares core
immunologic mechanisms with rheumatologic diseases, justifying its inclusion for cross-
disciplinary relevance.

Although still in early development, CAR-T cells targeting B cells implicated in
MS pathogenesis are being engineered to cross the blood–brain barrier and attenuate
neuroinflammation [11]. In animal models, CAR-T cell therapy has been shown to reduce
brain inflammation, preserve myelin, and improve neurological function [10]. Combination
strategies pairing CAR-T cell therapy with neuroprotective agents or checkpoint inhibitors
may further enhance efficacy in future clinical trials [11].

While preclinical MS studies suggest potential benefit, translation faces additional
hurdles, including central nervous system penetration and the risk of neuroinflammation
exacerbation. At present, claims of efficacy in MS remain largely speculative, underscoring
the need for cautious interpretation until human trials provide clarity.

4.4. Juvenile Autoimmune Diseases

Pediatric autoimmune diseases such as juvenile idiopathic arthritis (JIA) and juvenile-
onset SLE pose additional challenges due to disease severity, growth concerns, and steroid
toxicity. In case reports, CAR-T cell therapy has been explored as a rescue intervention
in children with refractory disease. Early outcomes suggest that it may reduce reliance
on long-term corticosteroids and promote clinical remission [15]. Given the plasticity
of the pediatric immune system, these patients may be uniquely responsive to immune
reprogramming via CAR-T cells.
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Isolated case reports in pediatric populations must be interpreted with extreme caution.
Children may display heightened responsiveness due to immune plasticity, but they also
face unique safety concerns such as impaired vaccine responses and long-term infection
risk. Thus, while early signals are promising, broader validation is essential before pediatric
CAR-T use can be considered beyond salvage therapy.

4.5. ANCA-Associated Vasculitis

Anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis—including gran-
ulomatosis with polyangiitis and microscopic polyangiitis—is characterized by autoantibody-
mediated inflammation of small blood vessels. These diseases often require prolonged
immunosuppression with significant infection risk.

Preclinical data and early anecdotal reports suggest that B cell depletion via CAR-T
cell therapy can suppress ANCA production and induce disease remission. By reducing
reliance on long-term cytotoxic agents, CAR-T cell therapy may offer durable disease
control while minimizing cumulative toxicity [4]. However, large-scale clinical trials are
needed to validate efficacy and identify biomarkers for response.

Evidence in AAV is anecdotal and cannot yet inform practice. The complexity of
vasculitic syndromes, with both B-cell-dependent and -independent pathways, raises
uncertainty as to whether CD19-directed CAR-T alone will be sufficient. Controlled studies
are needed to determine which patient subsets may benefit.

4.6. Idiopathic Inflammatory Myopathies (IIMs)

In a recent case series, three patients with treatment-refractory idiopathic inflamma-
tory myopathies received CD19-specific CAR-T cell therapy and demonstrated clinical
improvements in muscle strength, reductions in creatine kinase levels, and decreased
systemic inflammation [7]. These findings highlight the broader applicability of CAR-T
cell therapy to B-cell-driven autoimmune muscle diseases and emphasize the need for
expanded trials.

Although early reports on myositis show improvement in muscle strength and
biomarker normalization, these findings come from only a handful of patients. Given
the heterogeneity of myositis subtypes and their distinct immune mechanisms, extrapola-
tion to the entire disease spectrum is premature.

4.7. Systemic Sclerosis

Recent clinical data now extend the potential of CAR T-cell therapy to fibrotic autoim-
mune diseases such as diffuse cutaneous systemic sclerosis (dcSSc). Auth et al. reported
the first detailed case series of CD19-targeting CAR T-cell therapy in six patients with
severe, treatment-refractory dcSSc. Each patient received a single infusion of autologous
CD19-CAR T cells (1 × 106 cells per kg) following fludarabine/cyclophosphamide lym-
phodepletion and was followed for a median of 487 days. No progression events were
recorded during follow-up, and the therapy was generally well tolerated—cytokine-release
syndrome was mild (grade 1–2 in all cases) with no neurotoxicity. Clinical responses
were striking:

• Modified Rodnan Skin Score decreased by a median 31% (≈8 points) within 100 days.
• EUSTAR-Activity Index declined by ~47%.
• FVC improved by a median 195 mL, and CT imaging showed a 4% reduction in

ground-glass opacities with stability of the reticular fibrotic pattern.
• Digital ulcers and Raynaud’s pain improved.
• Autoantibody titers (anti-topoisomerase I, anti-RNA polymerase III) markedly de-

creased, in some cases becoming undetectable.
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These results demonstrate that deep B-cell depletion through CD19-CAR T therapy can
intercept fibrotic progression in SSc, improving both skin and pulmonary manifestations
without serious toxicity. The study provides the first proof of concept that CAR T therapy
may reset immune–fibrotic homeostasis in systemic sclerosis, warranting confirmation in
larger controlled trials (e.g., CASTLE Phase 1/2, NCT06347718) [1].

4.8. General Clinical Observations and Outcomes

Across disease indications, early-phase CAR-T studies have demonstrated encourag-
ing efficacy signals. Most patients achieved clinical remission within weeks of infusion,
accompanied by depletion of pathogenic B cells and normalization of inflammatory mark-
ers [16]. Longitudinal follow-up reveals that remission may persist for months to over a
year, even in the absence of additional therapy—a stark contrast to the relapse-prone course
observed with conventional agents [14].

Notably, a prospective longitudinal study of CAR-T cell therapy across autoimmune
diseases reported that over 80% of participants experienced sustained disease improvement
without flare-ups [8]. These data support the hypothesis that CAR-T cell therapy offers a
mechanistically distinct and potentially curative modality by interrupting the underlying
autoimmune circuitry.

However, caution is warranted. Most current evidence is derived from small case series
or pilot studies. Large, randomized, controlled trials are essential to confirm these results,
define long-term safety, and optimize CAR-T constructs for disease-specific applications [7].

5. Safety and Complications
CAR-T cell therapy, while offering transformative potential, is not without risks. Much

of the safety profile of CAR-T has been characterized in oncology, where the therapy was
first implemented. In the context of autoimmune diseases, emerging data suggest that
the adverse event spectrum may be milder, but long-term safety remains incompletely
understood [4] (Table 4).

Table 4. Safety profile and complications in autoimmune populations.

Toxicity/Effect Clinical
Manifestations

Frequency in
Autoimmunity Management Long-Term Considerations

Cytokine release
syndrome (CRS)

Fever, hypotension,
hypoxia, possible organ

dysfunction

Mild; rare
Grade ≥ 3 cases

IL-6 blockade
(tocilizumab),
corticosteroids

Monitor for delayed CRS;
impact of repeated dosing

unknown

ICANS
(neurotoxicity)

Headache, confusion,
aphasia, seizures

Very infrequent; no
severe cases reported

Supportive care;
steroids if needed

Neurocognitive follow-up
recommended

Flu-like symptoms Fever, chills, myalgia Common, transient Symptomatic
(antipyretics, fluids) None

Mild cytopenias
Neutropenia,
lymphopenia,

thrombocytopenia
Common, transient Monitor counts;

transfuse if severe
Implications during B-cell

reconstitution

Self-limited fever Low-grade fever
post-infusion Common Symptomatic —

B-cell aplasia Complete peripheral
B-cell depletion

Universal after CD19
CAR-T; reconstitution

IVIG replacement if hy-
pogammaglobulinemia

Infection prophylaxis
during aplasia; optimal

monitoring unclear

Off-target toxicity
Potential organ damage

if CAR-T binds
non-target cells

Rare Stop/“kill switch”;
supportive care

Surveillance for late
autoimmunity or organ

dysfunction

Abbreviations: CAR-T: Chimeric antigen receptor T cell. CRS: Cytokine release syndrome. ICANS: Immune
effector cell-associated neurotoxicity syndrome. IL-6: Interleukin-6. IVIG: Intravenous immunoglobulin.
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5.1. Typical Side Effects of CAR-T Cell Therapy

One of the hallmark toxicities of CAR-T cell therapy is cytokine release syndrome
(CRS). CRS results from rapid immune activation and massive cytokine secretion following
CAR-T infusion. Clinically, CRS manifests as fever, hypotension, hypoxia, and in severe
cases, multi-organ dysfunction [7]. Prompt management using IL-6 receptor blockade
(e.g., tocilizumab) or corticosteroids can mitigate these effects, but vigilance is critical.

Neurotoxicity, often referred to as immune effector cell-associated neurotoxicity syn-
drome (ICANS), is another significant complication. Symptoms range from headache and
confusion to aphasia, seizures, or coma. While most episodes are reversible with supportive
therapy, severe ICANS can be life-threatening if unrecognized [3].

Notably, the severity of these toxicities tends to be lower in autoimmune patients
compared to cancer patients. This difference is likely due to the lower CAR-T cell doses
administered, the absence of a high tumor burden, and the use of less aggressive lymphode-
pletion regimens [4].

A comparison with oncology populations highlights important differences. In
large oncology cohorts, CRS occurs in ~70–90% of patients, with 10–20% experiencing
Grade ≥ 3 severity. ICANS is reported in 30–40% of cancer patients, with severe events
in 10–15%. In contrast, across published autoimmune case series (n < 20), CRS has been
reported in <15% of patients, all Grade 1–2, with no severe neurotoxicity to date. Similarly,
cytopenias—common in oncology populations, where prolonged cytopenias are seen in up
to 40–50% of patients—appear to be milder and transient in autoimmune settings. While
these observations suggest a more favorable safety profile in autoimmunity, they must be
interpreted cautiously given the small sample sizes and limited follow-up.

It is important to note, however, that the apparently milder toxicity profile in autoim-
mune cohorts may reflect patient selection, lower CAR-T doses, or limited follow-up, rather
than an inherently safer biology. Until larger datasets are available, assumptions of superior
safety compared to oncology must remain tentative.

5.2. Autoimmune-Specific Safety Observations

Early clinical experience with CAR-T cell therapy in autoimmune diseases has been
encouraging. In trials involving lupus patients, no cases of life-threatening CRS or severe
neurotoxicity have been reported. The most common adverse events were transient flu-
like symptoms, mild cytopenias, and self-limited fever [5]. This suggests a potentially
more favorable safety profile when CAR-T is used for immune recalibration rather than
tumor eradication.

However, B cell aplasia—a predictable on-target effect of CD19-directed CAR-T cell
therapy—remains a concern. Prolonged B cell depletion increases susceptibility to infec-
tions and may necessitate immunoglobulin replacement therapy during immune reconsti-
tution [7]. While expected, this effect underscores the need for careful patient monitoring.

Another potential risk is off-target toxicity, where CAR-T cells inadvertently recognize
antigens expressed on healthy tissues. Although rare, such events could result in organ
damage or non-specific immune activation [10].

Importantly, over-depletion of immune cells could have unique implications in
younger or comorbid patients, leading to impaired host defense. Thus, patient selec-
tion, pre-infusion immune profiling, and long-term follow-up are essential to minimize
risks [15].

5.3. Long-Term Risks and Unknowns

As CAR-T cell therapy is still nascent in autoimmune diseases, its long-term safety
profile remains largely unknown. Persistence of CAR-T cells—beneficial for preventing
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relapses in cancer—may have ambiguous implications in autoimmune patients. On one
hand, prolonged CAR-T activity may sustain remission; on the other, it could lead to
chronic immune suppression or dysregulation [19].

There is also theoretical concern for secondary autoimmune phenomena triggered by
immune reconstitution or unintended immune reshaping. Although such events have not
been observed in early trials, ongoing surveillance is warranted [12].

Encouragingly, next-generation CAR constructs are addressing many of these safety
concerns. Regulatory CAR-T cells (CAR-Tregs), for example, are engineered to dampen
immune activation rather than eliminate entire B-cell populations. Early data suggest they
carry a lower risk of CRS and neurotoxicity, positioning them as a safer long-term strategy
for diseases driven by chronic inflammation [13].

The safety challenges of CAR-T cell therapy in autoimmunity must be viewed against
the high morbidity and toxicity burden of conventional therapies, which often require
lifelong immunosuppression. The emerging evidence suggests that with judicious patient
selection and optimized CAR designs, the risk–benefit balance strongly favors CAR-T in
refractory, severe cases. However, long-term registries and multicenter trials are critical to
fully establish safety, particularly for pediatric and young adult populations.

6. Future Perspectives
CAR-T cell therapy represents one of the most promising frontiers in the treatment of

autoimmune diseases. Its early success in inducing durable remissions in refractory cases
of systemic lupus erythematosus and other immune-mediated conditions has validated
the potential of cell-based therapies to go beyond symptom control and offer immune
recalibration. However, for CAR-T to transition from experimental promise to routine
practice, key technical, clinical, and logistical hurdles must be addressed.

6.1. Technical and Clinical Challenges

A central challenge in applying CAR-T to autoimmunity is the selection of appropriate
disease-specific targets. While CD19-directed CAR-T cells have shown efficacy in B-cell-
driven diseases like SLE, RA, and ANCA-associated vasculitis, not all autoimmune diseases
are mediated by B cells, and even among B cell-driven disorders, the antigenic drivers differ.
Autoimmune pathogenesis is often multifactorial, involving combinations of autoreactive
B and T cells, cytokine cascades, and organ-specific contexts [4]. Tailoring CAR-T designs
to target these diverse pathways—such as citrullinated peptides in RA or myelin proteins
in MS—will be critical for efficacy and safety.

Striking the right balance of immune suppression is equally complex. Unlike in can-
cer, where the therapeutic goal is cytolytic destruction, in autoimmunity the aim is to
reestablish tolerance without eroding essential immune defense. Overactivation of CAR-T
cells can trigger adverse effects such as cytokine release syndrome (CRS) or neurotoxicity,
while underactivation may fail to produce clinical benefits [3,12]. Dosing strategies, vector
design, and co-stimulatory domains must therefore be carefully optimized for autoim-
mune indications.

Manufacturing complexity and access limitations present further barriers. CAR-T
production involves harvesting autologous T cells, genetically modifying them in a spe-
cialized laboratory, and reinfusing them after expansion—a process that is time-intensive,
expensive, and currently limited to advanced centers [7]. In its current form, CAR-T cell
therapy remains largely inaccessible to most patients worldwide (Table 5).
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Table 5. Future challenges and mitigation strategies.

Challenge Mitigation Strategy Current Status Accessibility Impact

High per-patient cost Allogeneic (“off-the-shelf”)
CAR-T Preclinical/early trials ↑ potential affordability

Manufacturing complexity Process automation Development ↑ production capacity

Biomarker identification Multicenter longitudinal
studies Initiated Better patient selection

Unpredictable toxicity Advanced kill-switch designs Preclinical ↑ clinical safety

Global scalability Universal donor platforms Exploratory ↓ treatment delays

↑ increase; ↓ decrease.

6.2. Innovations on the Horizon: Dual CARs, Safety Switches, and CAR-Tregs

Next-generation CAR designs are being developed to address these limitations and
enhance both efficacy and safety.

Dual CAR-T cells, which recognize two antigens simultaneously, are being explored
to improve specificity and reduce off-target effects. These constructs can be activated only
when both antigenic signals are present, minimizing collateral damage to healthy tissue
while addressing the redundancy of autoimmune pathways [10,18] (Table 2).

Safety switches—such as suicide genes or inducible on/off systems—enable clinicians
to halt CAR-T activity in the event of severe toxicity. These mechanisms are especially
important in autoimmune diseases, where patient variability and systemic inflammation
may amplify risk [16].

CAR-T regulatory cells (CAR-Tregs) represent another exciting innovation. Rather
than killing target cells, CAR-Tregs function by promoting immune tolerance in an antigen-
specific manner. In early studies of inflammatory bowel disease and rheumatoid arthritis,
CAR-Tregs have demonstrated the ability to suppress inflammation while preserving im-
mune surveillance, making them particularly suited for chronic, relapsing diseases [13,15]
(Table 2).

While these innovations are intellectually appealing, most remain at the preclinical
stage, and it is unclear whether they can be manufactured and scaled at reasonable cost.
Overemphasis on engineering sophistication without clinical feasibility risks widening the
gap between concept and practice.

6.3. Limitations and Economic Barriers

An important limitation of this review is that, as a structured narrative synthesis, it
did not include a formal risk of bias assessment or systematic quality appraisal of included
studies. This reflects the current evidence base, which is dominated by case reports, small
case series, and preclinical models, where formal grading would not yield meaningful
comparisons. Instead, we adopted a structured narrative approach to integrate mechanistic,
translational, and early clinical insights. While this limits reproducibility, it allows for
broader contextual interpretation and critical appraisal, which are essential at this early
stage of CAR-T development in autoimmune diseases.

Despite clinical promise, the economic and infrastructural barriers to CAR-T cell
therapy are substantial. Current costs range from USD 373,000 to 530,000 per patient—
excluding hospitalization and post-treatment care—placing it well beyond reach for most
health systems. Moreover, manufacturing timelines and capacity constraints hinder scala-
bility and responsiveness, especially in rapidly progressing diseases.

Nonetheless, CAR-T cell therapy could prove cost-effective over the long term, partic-
ularly in severe, relapsing conditions like ANCA-associated vasculitis or refractory SLE,
where the lifetime cost of biologics and immunosuppressants may exceed $100,000 annu-
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ally. Development of off-the-shelf (allogeneic) CAR-T products, improvements in vector
technology, and automation of cell processing are urgently needed to reduce costs and
expand access [9].

7. Areas for Future Research and Trials
Several Directions Warrant Priority in Future Investigations

• Disease Expansion: To date, most CAR-T trials in autoimmunity have focused on
lupus. Future studies should explore broader indications, including type 1 diabetes,
psoriasis, myasthenia gravis, and autoimmune encephalitis [14].

• Long-Term Safety and Durability: Although many patients have remained in remis-
sion for over one year, the durability of response beyond this time horizon remains
unknown. Longitudinal studies must evaluate risks of delayed relapse, sustained
immunosuppression, or new-onset secondary autoimmune diseases [9].

• Universal Donor Platforms: The development of allogeneic or universal CAR-T cells
derived from healthy donors could dramatically reduce production time and cost,
making therapy more scalable and equitable [19]. However, such products must
overcome barriers of host-versus-graft immune responses.

• Combination Strategies: CAR-T cell therapy may be synergistic with other modalities,
including biologics (e.g., anti-IL-6, anti-CD20), immune checkpoint inhibitors, or
tolerogenic agents. Rational combinations could enhance efficacy while mitigating
toxicity [6].

In summary, CAR-T cell therapy in autoimmune diseases is on the cusp of a paradigm
shift—from proof of principle to platform technology. Achieving this will require col-
laborative, multidisciplinary innovation across immunology, synthetic biology, clinical
rheumatology, and health systems science. With continued progress, CAR-T cell therapy
could become not just a salvage option, but a cornerstone in the management of refractory
and relapsing autoimmune disease.

8. Conclusions
CAR-T cell therapy is redefining the landscape of autoimmune disease management.

What began as a revolutionary intervention in hematologic malignancies is now emerging
as a disruptive technology in rheumatology, with the capacity to induce deep, durable
remissions in patients with treatment-refractory autoimmune diseases such as SLE, RA,
and MS [11].

Early-phase studies—although limited in size—have demonstrated impressive clinical
responses, including drug-free remissions after a single infusion, minimal toxicity com-
pared to oncologic applications, and signs of immune recalibration rather than transient
suppression [7]. These findings signal a paradigm shift: from chronic immunosuppression
to precision-guided immune modulation.

Key advances—including dual-target CARs, safety switches, and regulatory CAR-T
cells (CAR-Tregs)—are already being integrated into next-generation platforms, enhancing
specificity, safety, and long-term efficacy. Moreover, the emergence of disease-specific CAR
constructs and efforts to personalize cell engineering based on individual immunopheno-
types signal a move toward precision rheumatology (Figure 3).
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Figure 3. Next-generation CAR constructs for autoimmune disease therapy. Schematic representation
of advanced designs including dual-target CAR-T cells (targeting both CD19 and disease-specific
autoantigens), CAR-Tregs (engineered regulatory T cells for localized immune tolerance), and molec-
ular safety switches (e.g., iCasp9 suicide switch, antibody-activated off modules). Together, these
platforms enhance specificity, durability, and safety, shifting the paradigm from broad immunosup-
pression to precision immune recalibration.

Yet the journey toward routine clinical adoption remains incomplete. Realizing the
full potential of CAR-T cell therapy in autoimmune diseases will require:

• Large-scale, multicenter trials with long-term follow-up.
• Mechanistic biomarkers to stratify responders.
• Scalable manufacturing platforms.
• Health system-level reforms to enable equitable access.

If these challenges are addressed, CAR-T cell therapy could become not just a salvage
strategy for refractory cases, but a first-line option for immune restoration in selected
high-risk autoimmune conditions.

In summary, CAR-T cell therapy is no longer confined to oncology—it represents a
frontier in immunological medicine. With sustained investment, collaborative innovation,
and thoughtful clinical integration, CAR-T cells may soon stand alongside biologics and
small molecules as pillars of autoimmune disease treatment—and perhaps, for some
patients, a pathway to a cure.
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