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Chimeric Antigen Receptor (CAR) T-cell therapy, revolutionary in treating hematological malignancies, is emerging as a promis-
ing approach for systemic autoimmune rheumatic diseases (SARDs). This review examines the potential of CAR T-cell therapy in
treating conditions such as systemic lupus erythematosus (SLE), systemic sclerosis (SSc), and idiopathic inflammatory myopathies
(ITMss). The evolution of CAR T cells technology, from first to fifth generation, has enhanced its efficacy and persistence. Early
clinical studies in SARDs have shown encouraging results, with some patients achieving drug-free remission. CD19-targeted
CAR T cells have demonstrated significant B-cell depletion and clinical improvement in patients with SLE, SSc, and IIMs. Despite
promising outcomes, challenges remain, including cytokine release syndrome and the need for careful patient selection. Future
directions include exploring dual-targeting CARs, chimeric autoantibody receptors (CAARs), and alternative cell sources like y§
T cells, regulatory T cells, natural killer cells. The integration of CAR-based cell therapy into treatment paradigms of patients with
SARD:s requires further research to optimize efficacy, mitigate side effects, and identify suitable target biomarkers. While hurdles
exist CAR-based cell therapy holds the potential to revolutionize management of patients with SARDs, offering hope for long-
term, drug-free remission in these complex autoimmune conditions.
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INTRODUCTION

Systemic autoimmune rheumatic diseases (SARDs) encom-
pass a group of chronic and debilitating conditions character-
ized by dysregulation of the immune system, thereby leading
to inflammation and damage across multiple organ systems.
SARDs, such as systemic lupus erythematosus (SLE), systemic
sclerosis (SSc), and idiopathic inflammatory myopathies (IIMs),
affect millions of people worldwide and pose significant chal-

lenges in terms of diagnosis, treatment, and long-term manage-
ment [1].

Despite advances in conventional therapies and the introduc-
tion of biological disease-modifying antirheumatic drugs, a
substantial proportion of patients with SARDs fail to achieve
sustained remission or experience recurrent disease flares. The
complex pathogenesis of these SARDs, involving multiple im-
mune cell types and inflammatory pathways, underscores the

need for novel therapeutic approaches to provide targeted and

Received October 23, 2024; Revised November 30, 2024; Accepted January 3, 2025, Published online January 20, 2025

Corresponding author: Ji Hyeon Ju,

https://orcid.org/0000-0002-1381-5466

Division of Rheumatology, Department of Internal Medicine, Seoul St. Mary’s Hospital, College of Medicine, The Catholic
University of Korea, 222 Banpo-daero, Seocho-gu, Seoul 06591, Korea. E-mail: juji@catholic.ac.kr

*These authors contributed equally to this work.

Copyright © The Korean College of Rheumatology.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/
camrem licenses/by-nc/4.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

154 www.jrd.orkr


https://orcid.org/0000-0002-1381-5466
http://crossmark.crossref.org/dialog/?doi=10.4078/jrd.2024.0122&domain=pdf&date_stamp=2025-07-01

CAR T-cell therapy in systemic autoimmune rheumatic diseases

effective disease control [2].

Recently, the remarkable success of Chimeric Antigen Re-
ceptor (CAR) T-cell therapy in treating certain hematological
malignancies has attracted interest in its potential applications
to SARDs [3]. CAR T-cell are genetically engineered T lympho-
cytes that express a synthetic receptor capable of recognizing
specific antigens and eliciting potent immune response [4]. The
ability to redirect T-cell specificity towards chosen targets offers
a promising avenue for addressing the underlying immunologi-
cal aberrations in SARD:s [5].

This review aims to provide a comprehensive analysis of the
current landscape and future prospects of CAR T-cell therapy
for SARDs. We examine the mechanistic basis of CAR T-cell
function, evaluate ongoing studies and clinical trials, discuss
potential cellular and molecular targets, and address the unique
challenges and opportunities related to this innovative approach
in the context of SARDs.

OVERVIEW OF CAR T-CELL THERAPY

Basic structure, production, and administration of CAR

Tcells
CAR T-cell therapy is a groundbreaking approach in cellular

immunotherapy. At its core, the therapy involves genetic modifi-
cation of a patient’s own T cells to express a CAR. This synthetic
receptor combines the specificity of an antibody with the cyto-
toxic and proliferative capabilities of T cells [6].

CAR is a sophisticated fusion protein that forms the corner-
stone of CAR T-cell therapy. Its structure typically comprises
four main components, each crucial for the functionality of
CAR T cells [7]. The extracellular antigen-binding domain,
responsible for recognizing and binding to the target antigen,
is most commonly derived from the single-chain variable frag-
ment (scFv) of a monoclonal antibody (mAb). This scFv consists
of variable regions of heavy and light chains of an antibody, con-
nected by a flexible linker [8]. Connected to this is the hinge or
spacer region, which is a flexible segment that links the antigen-
binding domain to the transmembrane domain. Derived from
molecules like CD8q, CD28, or IgG4-Fc, this hinge provides
optimal spacing and flexibility, allowing the CAR to effectively
engage with its target antigen. The length and composition of
the hinge can significantly affect the function of CAR T cells
and often needs to be optimized for each target antigen [9,10].

The transmembrane domain, typically a hydrophobic a-helix

derived from type I membrane proteins, such as CD8, CD28, or
CD3(, anchors the CAR in the T-cell membrane. The choice of
the transmembrane domain can affect the stability and function
of the CAR [11,12]. Finally, the intracellular signaling domains
are crucial for activating T cells upon antigen recognition. They
typically include an activation domain, usually the CD3( chain
containing three immunoreceptor tyrosine-based activation
motifs, and one or more costimulatory domains, most com-
monly CD28 or 4-1BB (CD137) [12,13]. The precise configura-
tion of these components can be finetuned to optimize various
aspects of CAR T-cell functions, including antigen sensitivity,
T-cell activation threshold, persistence, and effector functions.
This adaptability allows the design of each CAR to be tailored to
a specific target antigen depending on the disease context, high-
lighting the versatility and potential of CAR T-cell therapy in
addressing a wide range of medical conditions, including chal-

lenging autoimmune disorders such as SARDs.
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Figure 1. Overview of Chimeric Antigen Receptor (CAR) T cells
production and mechanism of action. A schematic illustration
depicting the key steps in CAR T-cell therapy process and the
structure of a CAR. The left figure shows the basic structure of
a CAR, consisting of an extracellular domain with variable heavy
(VH) and light (VL) chains, a hinge region, a transmembrane
domain, and an intracellular signaling domain. The numbered
steps illustrate the production and administration process: (1)
Leukapheresis is performed to collect the patient’s T cells. (2)
The collected T cells are genetically modified using viral vectors
to express the CAR. (3) The engineered T cells expressing CAR
undergo selection. (4) Selected CAR T cells are expanded ex vivo
to achieve therapeutic numbers. (5) The expanded CAR T cells
are formulated for infusion. (6) After administration, CAR T cells
recognize and eliminate target cells expressing specific antigens.
This process has shown promising results in treating various
systemic autoimmune rheumatic diseases. Adapted from the
article of Guffroy et al. (Joint Bone Spine 2024;91:105702) [14].
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The processes of CAR T cells production and administration
involve several key steps (Figure 1). Initially, the patients T cells
are harvested by leukapheresis. These cells are genetically modi-
fied, usually through viral vector transduction, to express the
CAR construct. The modified T cells undergo ex vivo expansion
to achieve therapeutic numbers. Prior to CAR T cells infusion,
patients typically undergo lymphodepleting chemotherapy to
create a favorable environment for the engraftment of CAR T
cells. Expanded CAR T cells are then reinfused into the patient,
where they proliferate and exert their effector functions upon

encountering target antigens [14].

From the first to the fifth generation of CAR T cells
The evolution of CAR T-cell technology has been marked by

significant advancements aimed at enhancing its efficacy, persis-
tence, and safety. This progression can be categorized into five
distinct generations, each based on the strengths of its predeces-
sors while addressing their limitations.

First-generation CAR T cells, developed in the late 1980s,
consisted of an extracellular antigen-binding domain derived
from an scFv fused to the intracellular signaling domain of
CD3( [13]. While these pioneering constructs demonstrated the
feasibility of redirecting the specificity of T cells, they showed
limited in vivo expansion and persistence. To address these
shortcomings, second-generation CAR T cells were developed
by incorporating a costimulatory domain. This crucial modifi-
cation, usually involving CD28 or 4-1BB (CD137), markedly en-
hanced the functionalities of T cells, including improved prolif-
eration, cytokine production, and persistence [15]. The success
of this design has been exemplified by therapies approved by US
Food and Drug Administration (FDA), such as tisagenlecleucel
(Kymriah) and axicabtagene ciloleucel (Yescarta), for treating
certain hematological malignancies [16].

Third-generation CAR T cells were built on this framework
by integrating two costimulatory domains. Common combi-
nations included CD28 with either 4-1BB or OX40, aiming to
synergistically boost the activation and longevity of T cells [17].
Although promising in preclinical models, the clinical superior-
ity of the third-generation CARs over their second-generation
counterparts remains a subject of ongoing investigation [18].

The advent of fourth-generation CAR T cells, also known as
T cells Redirected for Universal Cytokine Killing or armored
CARs, has marked a significant leap in design complexity. These

sophisticated constructs incorporate additional elements for
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enhancing their functionality and overcoming the limitations
observed in treating solid tumors. These features may include
inducible cytokine expression (e.g., interleukin [IL] 12 or IL-18)
to modulate the tumor microenvironment, chemokine receptors
to improve tumor homing, or safety switches for considerable
control [19]. This generation aims to create relatively versatile
and potent CAR T cells that are capable of overcoming immu-
nosuppressive tumor environments.

The emerging fifth-generation CAR T cells represent the
cutting edge of this technology. These designs typically include
components that can activate constitutive signaling pathways,
such as the Janus kinase-signal transducer and activator of
transcription (STAT) pathway, in addition to the other features
from earlier generations [20]. For instance, some constructs
incorporate a truncated cytokine receptor domain, such as IL-
2Rp, to enhance the proliferation and survival of T cells through
STAT?3/5 signaling. This approach aims to create CAR T cells
with enhanced antitumor efficacy and persistence, potentially
expanding their applicability to a relatively broad range of ma-
lignancies and autoimmune diseases [21].

Each generation of CAR T cells has been built upon its pre-
decessors and opened new avenues for research and clinical
applications. For example, the principles for developing the rela-
tively late-generation CARs are being explored in the context of
other immune cells, such as natural killer (NK) cells and mac-
rophages, for broadening the scope of cellular immunotherapy
[22,23].

Current applications in hematology

Currently, anti-CD19 and anti-B-cell maturation antigen
(BCMA) CAR T-cell therapies are authorized for use in pa-
tients with hematological malignancies in Europe and the US.
The field of hematology has witnessed revolutionary advance-
ments with the approval of several CAR T-cell therapies. These
groundbreaking treatments have shown remarkable efficacy in
various hematological malignancies, particularly relapsed or
refractory B-cell leukemia and lymphomas [16]. The first CAR
T-cell therapy to receive FDA approval was tisagenlecleucel
(Kymriah) in 2017, indicated for treating pediatric and young
adult patients with B-cell precursor acute lymphoblastic leu-
kemia [24]. This was followed by the approval of axicabtagene
ciloleucel (Yescarta) for use in adult patients with large B-cell
lymphoma [25]. Both therapies target CD19, a surface protein

expressed on B cells. In 2020, brexucabtagene autoleucel (Tecar-
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tus) was approved for treating mantle cell lymphoma, offering a
new option for this aggressive form of non-Hodgkin lymphoma
[26]. The following year, lisocabtagene maraleucel (Breyanzi)
was approved for treating large B-cell lymphomas, adding to
the armamentarium against these challenging diseases [27]. Re-
cently, idecabtagene vicleucel (Abecma) became the first CAR
T-cell therapy approved for treating multiple myeloma by tar-
geting BCMA [28]. These approvals mark significant milestones
in cancer immunotherapy and are hopeful for patients with
limited treatment options. However, although these therapies
have shown impressive response rates, they also have potentially
serious side effects, including cytokine release syndrome (CRS)
and neurotoxicity, thereby necessitating careful patient selection
and management [29]. The success of CAR T-cell therapy in
hematology, particularly its ability to induce deep and durable
responses in refractory diseases, has paved the way for exploring
its potential in other fields including SARDs [30].

CURRENT STATUS OF CAR T-CELL THERAPY IN
SARDS

Application of CAR T-cell therapy for systemic lupus
erythematosus

SLE is a prototypic systemic autoimmune disease with a wide
range of clinical manifestations including skin rashes, arthritis,
nephritis, and neurological involvement [31]. B cells play a cru-
cial role in the pathogenesis of SLE and are characterized by the
production of autoantibodies against nuclear antigens [32]. The
presence of autoantibodies, particularly anti-double-stranded
DNA (anti-dsDNA) antibodies, often precedes the clinical
manifestations of SLE, highlighting the central role of B cells in
disease initiation and progression [33]. This understanding has
led to developing B cell-targeted therapies, with B-cell depletion
emerging as a promising therapeutic strategy [34]. B-cell deple-
tion therapy with rituximab failed to meet primary endpoint
in randomized controlled trial for SLE, despite some promis-
ing observations in case series [35]. Although rituximab has
demonstrated effectiveness in some patients, particularly those
with refractory disease, its use in SLE remains off-label in many
countries owing to mixed results in large clinical trials [36].
Other B-cell-targeting biologics, including belimumab (which
targets B-cell activating factor) and obinutuzumab (a second-
generation anti-CD20 antibody), have also been studied in SLE
with promising results [37,38].

The advent of CAR T-cell therapy has opened new avenues
for highly targeted and potentially effective B-cell depletion in
SLE. CAR T-cell therapy, which has shown remarkable suc-
cess in hematological malignancies, is now being explored as
a novel treatment approach for severe and refractory SLE. The
most common target for CAR T cells in SLE is CD19, a surface
protein expressed on B cells from the pro-B-cell stage through
memory B cells but absent in long-lived plasma cells [30].

Preclinical studies on CAR T-cell therapy for SLE has pro-
vided crucial insights into its potential efficacy and mechanisms
of action. CD19-targeted CAR T cells have demonstrated sig-
nificant promise in murine models of lupus. Anti-CD19 CAR T
cells effectively deplete B cells and plasma cells in MRL/lpr mice,
leading to a marked reduction in autoantibodies and improve-
ment in kidney function; This study has also reported long-term
disease remission and prevention of lupus development in mice
[39]. Second-generation CD19 CAR T cells with either CD28
or 4-1BB offer preventive and therapeutic effects in a murine
model of SLE [40]. These preclinical studies have demonstrated
the potential efficacy of CAR T-cell therapy in SLE and provided
valuable insights into optimal targeting strategies and potential
mechanisms of action, paving the way for clinical trials in hu-
mans.

Early case reports and small case series have provided en-
couraging results for CD19-targeted CAR T-cell therapy in
patients with SLE. A landmark case report published in 2021
has described a patient with severe refractory SLE who achieved
durable remission following treatment with CD19 CAR T cells;
the patient experienced rapid and sustained depletion of CD19+
B cells, accompanied by a reduction in anti-dsDNA antibod-
ies and improvement in clinical symptoms [30]. Following this
initial report, a small case series of five patients with SLE treated
with CD19 CAR T cells has further supported the potential
of this approach; four of the five patients showed significant
improvement in disease activity, with two achieving drug-free
remission at the 12-month follow-up; the treatment was gener-
ally well tolerated, with manageable CRS in some patients [41].
These results suggest that CAR T-cell therapy may offer more
profound and durable B-cell depletion than do conventional
therapies, potentially leading to long-term disease modifica-
tion in SLE. Several clinical trials (registered at ClinicalTrials.
gov) are currently underway to further investigate the safety
and efficacy of CAR T-cell therapy in patients with SLE (Table
1). These include a phase I trial of CD19-targeted CAR T cells
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Table 1. Representative clinical trials using CAR T-cell therapy for SARDs (registered at ClinicalTrials.gov)

ClinicalTrials.gov ID Target antigen Target diseases Distinctive properties of CAR T cells
NCT06585514 1 CD19 SLE Not applicable
NCT06150651 1 CD19 SLE Not applicable
NCTO06056921 1 CD19 SLE, SSc, Sjogren’s syndrome, Not applicable

Dermatomyositis, AAV
NCT06106906 1/2 CD19 SLE Not applicable
NCT06121297 1/2 CD19 SLE Not applicable
NCT05859997 Not applicable CD19 SLE, Sjogren’s syndrome, [IMs, AAV, Allogenic
Antiphospholipid syndrome
NCT05988216 Not applicable CD19 SLE Allogenic
NCT06294236 1 CD19 SLE, AAV Allogenic
NCT06106893 1/2 CD19 SLE Allogenic, CAR y3 T cell
NCT06544330 1 CD19 SLE CART cell co-expressing an engineered
IL-2 beta receptor.
Followed by multiple subcutaneously
engineered pegylated IL-2 cytokine.

No conditioning chemotherapy.
NCT06308978 1 CD19 SLE iPSC-derived CAR T cell
NCT06277427 Not applicable BCMA SLE, AAV Not applicable
NCT04561557 1 BCMA IMNM Not applicable
NCT06497387 1 BCMA SLE,|IgG4-related disease Not applicable
NCT06038474 2 BCMA SLE Not applicable
NCT06340750 1/2 BAFF SLE Not applicable
NCT05030779 CD19 and BCMA SLE Double antigen target
NCTO5846347 CD19 and BCMA SLE Double antigen target
NCT06249438 CD20 and BCMA SLE, IMNM Double antigen target
NCT06530849 1/2 CD19 and BCMA SLE Double antigen target
NCT05085444 1 CD19 and BCMA SSc Double antigen target
NCT05085431 CD19 and BCMA Sjogren’s syndrome Double antigen target
NCT06497361 CD19 and BCMA SLE,IgG4-related disease Double antigen target
NCT06462144 CD19 and CD20 SLE, AAV, lIMs Double antigen target
NCT06153095 1/2 CD19 and CD20 SLE Double antigen target

CAR: Chimeric Antigen Receptor, SARDs: systemic autoimmune rheumatic diseases, BCMA: B-cell maturation antigen, BAFF: B-cell
activating factor, SLE: systemic lupus erythematosus, SSc: systemic sclerosis, AAV: anti-neutrophil cytoplasmic antibody-associated
vasculitis, 1IMs: idiopathic inflammatory myopathies, IMNM: immune-mediated necrotizing myopathy, IL: interleukin, iPSC: induced

pluripotent stem cell.

(NCT03030976) and a study exploring BCMA-targeted CAR
T cells in severe and refractory SLE (NCT04550910). Recently,
results from a phase 1, single-arm, and open-label clinical trial
have been published, focusing on patients of SLE with biopsy-
confirmed lupus nephritis treated with BCMA and CD19 dual-
targeting CAR T cells; dual-targeting CAR T cells were found to
be effective in achieving drug-free remission and led to a signifi-
cant reduction in SLE autoantibodies (NCT05030779) [42].
These trials aimed to provide highly robust data on the poten-
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tial of CAR T-cell therapy in SLE and to help define the optimal
patient population for this treatment approach.

However, the application of CAR T-cell therapy in SLE is chal-
lenging. The therapy is associated with significant potential side
effects, including CRS and neurotoxicity, which require careful
management [29]. Additionally, the long-term consequences of
profound B-cell depletion in patients with SLE, including the
risk of infections and potential for the emergence of new auto-

immune phenomena, remain to be fully elucidated.
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In summary, although CAR T-cell therapy shows promise as
a potentially transformative treatment strategy for severe and
refractory SLE, further studies are needed to fully understand
its long-term efficacy, safety profile, and optimal position in the
SLE treatment paradigm. Ongoing clinical trials and accumulat-
ing real-world experiences will be crucial for shaping the future
role of CAR T-cell therapy in SLE and other autoimmune dis-

€ases.

Application of CAR T-cell therapy for systemic sclerosis

SSc is a complex autoimmune disease, which is characterized
by extensive fibrosis of the skin and internal organs, vascular ab-
normalities, and immune dysregulation [43]. The pathogenesis
of SSc involves an intricate interplay among fibroblast activa-
tion, vascular dysfunction, and aberrant immune responses
[44]. Recent studies have shed light on the potential role of B
cells in the pathogenesis of SSc. The presence of SSc-specific au-
toantibodies, such as anti-topoisomerase I and anti-centromere
antibodies, often precedes clinical manifestations, highlighting
the potential importance of B cells in disease initiation and pro-
gression [45]. Further supporting this hypothesis, experimental
studies using mouse models of SSc have demonstrated that the
removal of B cells can lead to a reduction in fibrosis, a hallmark
of the disease [46]. These findings collectively indicate that B
cells play important roles in the complex pathophysiology of
SSc and open new avenues for therapeutic interventions. Several
studies have investigated the efficacy of rituximab in managing
various aspects of SSc, including skin fibrosis, lung involvement,
and overall disease activity [47]. A systematic review of observa-
tional studies and case series has suggested that rituximab may
improve skin fibrosis and stabilize lung function in patients with
SSc [48]. Despite these promising results, the use of rituximab
for treating SSc faces several limitations. The heterogeneity of
SSc presentation and variable responses to treatment among
patients pose challenges in predicting treatment outcomes. Ad-
ditionally, the optimal dosing regimen and treatment duration
remain unclear, despite studies using different protocols [49,50].
Moreover, the effect of rituximab on specific SSc manifestations,
such as digital ulcers and gastrointestinal involvement, is not
well-established [51]. Although autologous hematopoietic stem
cell transplantation has demonstrated significant therapeutic
efficacy in severe SSc by surpassing the limitations of conven-
tional treatments, it is associated with considerable transplant-

related mortality [52]. Therefore, a therapeutic approach that

achieves profound and comprehensive depletion of CD19+ B
cells may offer a highly favorable safety profile while potentially
maintaining high efficacy. Such an approach could strike a bal-
ance between treatment potency and tolerability in managing
severe SSc.

The first case report detailing the administration of autolo-
gous CD19 CAR T-cell therapy to a patient with SSc was pub-
lished in 2023 [53]. This landmark publication provides initial
insights into the potential application of this innovative thera-
peutic approach for SSc treatment. According to a subsequently
published case series, four patients with SSc treated with CD19
CAR T-cell therapy have shown improved modified Rodnan
skin scores and European Scleroderma Trials and Research
Group activity indices during a 1-year follow-up with drug-
free remission [54]. A recent study has reported the outcomes
of allogeneic CD19 CAR T-cell therapy, genetically engineered
using the CRISPR-Cas9 technology, in two patients with diffuse
cutaneous SSc. Remarkably, complete B-cell depletion has been
observed in all patients within two weeks post-infusion, and
extensive fibrosis in major organs, previously considered irre-
versible, has shown significant improvement [55]. These clinical
studies demonstrate significant improvements in fibrosis and
disease activity, and seroconversion of SSc-specific autoantibod-
ies, thereby providing compelling evidence for the potential ef-
ficacy of CAR T-cell therapy in SSc.

Application of CAR T-cell therapy for idiopathic
inflammatory myopathies

IIMs are rare autoimmune diseases characterized by muscle
inflammation, weakness, and various systemic manifestations.
The pathogenesis of IIMs involves a complex interplay among
genetic susceptibility, environmental factors, and dysregulated
immune responses [56]. The presence of myositis-specific and
myositis-associated autoantibodies is a hallmark of IIMs and
often correlates with distinct clinical phenotypes and disease
courses [57]. These autoantibodies, produced by B cells, can be
detected in patient sera even before the onset of clinical symp-
toms, suggesting a potential role of B cells in disease initiation.

Although glucocorticoids in high doses remain the first-line
treatment for IIMs, their long-term use is associated with sig-
nificant adverse effects. Other immunosuppressive agents, such
as methotrexate, azathioprine, and mycophenolate mofetil, are
often used as steroid-sparing agents or in refractory cases; how-

ever, their efficacy varies [58]. Several studies have investigated
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the efficacy of B-cell depletion therapies, particularly rituximab,
in managing various aspects of IIMs. A large randomized con-
trolled trial has indicated that rituximab in myositis study does
not meet its primary endpoint in treating patients with refrac-
tory adult and juvenile myositis [59]. Subsequent analyses and
case series have suggested that rituximab may be particularly
effective in certain subgroups of patients with IIMs, particularly
those with anti-synthetase syndrome (ASS) or dermatomyositis
[60].

CAR T-cell therapy has shown remarkable success in SLE;
however, its application in IIMs is still in the early stages (Table
1). As of 2024, a few pioneering studies have emerged, offer-
ing initial insights into the potential of this approach. Two case
reports published in 2023 have described the treatment of a pa-
tient with refractory ASS using autologous CD19 CAR T cells,
resulting in a significant improvement in muscle strength and
reduction in muscle enzyme and anti-Jo-1 antibody levels, with
a favorable safety profile [61,62]. This was followed by a small
case series by Miiller et al. [54], which included three patients
with severe idiopathic inflammatory myositis treated with CD19
CART cells, showing complete remission of clinical manifesta-
tions and serological markers. Unlike previous CAR T cells that
were derived from autologous sources, a recent case series has
demonstrated that allogenic CD19 CAR T cells led complete re-
mission and alleviate muscle damage in a patient with refractory
immune-mediated necrotizing myopathy [40].

Although these early findings are encouraging, they also high-
light the need for relatively large and controlled studies to fully
elucidate the efficacy, safety, and long-term outcomes of CAR T-
cell therapy in IIMs.

FUTURE DIRECTIONS OF CAR T-CELL THERAPY
IN SARDS

CAR T-cell therapy and mAbs are two innovative approaches
for treating SARDs, each with distinct advantages and limita-
tions (Table 2). MAbs offer targeted immunosuppression with
a well-established safety profile and are easily administered.
Furthermore, mAbs are readily available and have relatively
broad applicability at low costs across various autoimmune con-
ditions. However, their effects are often transient and require
repeated dosing [63]. In contrast, CAR T cells have the potential
for long-lasting remission through persistent immunomodula-
tion, as demonstrated in recent trials of SLE, SSc, and IIMs. A
fundamental characteristic distinguishing CAR T-cell therapy
from conventional B-cell depleting approaches lies in its su-
perior capacity to achieve deep tissue B-cell depletion. Recent
investigations have revealed that CAR T cells possess the unique
ability to effectively penetrate and eliminate B cells within sec-
ondary lymphoid organs, particularly lymph nodes, in patients
with SARDs- a capability not observed with rituximab treat-
ment [64]. This enhanced tissue penetration may explain the
profound and durable clinical responses observed in CAR T-cell
therapy recipients. Nevertheless, CAR T-cell therapy faces chal-
lenges, including the risk of severe CRS, neurotoxicity, and com-
plexity of production [16]. Recent clinical trials on SARDs are
advancing towards maximizing the advantages of CAR T cells
while minimizing their limitations, with the scope of research
now expanding to include diseases such as anti-neutrophil cyto-
plasmic antibody-associated vasculitis and IgG4-related disease

(Table 1). Furthermore, innovative technologies are being ex-

Table 2. Comparison between autologous CAR T-cell therapy and monoclonal antibodies in treatment of patients with SARDs

Autologous CAR T cells Monoclonal antibodies

Advantage Drug-free remission achieved through a single infusion
Deep tissue depletion efficacy
Disadvantage Serious side effects

Cytokine release syndrome

Immune effector cell-associated neurotoxicity syndrome
Severe infection associated with lymphodepletion

pretreatment
High costs

Relatively safe

Ready access without delay

Standardized output across multiple productions
Industrial-level production output

Inconvenience of repeated administration

Persistent medication uses to sustain disease remission

Restricted therapeutic penetration beyond peripheral
circulation

Manufacturing complexity and time-consuming nature of

production

CAR: Chimeric Antigen Receptor, SARDs: systemic autoimmune rheumatic diseases.
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plored for enhancing the efficacy and safety of CAR-based cell
therapy for SARDs (Figure 2).

The selection of appropriate targets is crucial for the success
and safety of CAR T-cell therapy for SARDs. A promising strat-
egy involves the use of dual-targeting CAR T cells designed to
recognize two distinct antigens (e.g., CD19/BCMA and CD19/
CD20) of B cells, which potentially improves specificity and re-
duces the risk of antigen escape [65]. To more selectively target
specific autoreactive B cells, chimeric autoantibody receptor
(CAAR)-based T-cell therapy has been developed [66]. This ap-
proach is expected to reduce toxicity by minimizing the deple-
tion of normal B cells. A phase I clinical trial is currently under-
way for anti-Muscle-Specific Tyrosine Kinase (MuSK) CAAR-T
cell therapy in patients with MuSK-associated myasthenia gravis
(NCT05451212). The development of CAAR-T cell therapy is
anticipated for other SARDs where disease mechanisms associ-
ated with specific autoantibodies are well understood.

Besides conventional T cells, other cellular sources such as
v8 T cells, regulatory T cells, and NK cells could also be effec-
tive therapeutic strategies for CAR-based cell therapy in SARDs
(Figure 3). The innate ability of y§ T cells to distinguish healthy

and pathogenic tissues may offer improved safety profiles in
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autoimmune settings [67]. Furthermore, although CAR-T regu-
latory cells exhibit a short survival period in vivo, they were able
to modulate the autoimmunity in a lupus mouse model [68].
Additionally, the innate immune response and cytotoxic effects
mediated by NK cells could make CAR-NK cells a promising
therapeutic strategy for SARDs [69]. Allogeneic CAR T-cell
therapies are being investigated as off-the-shelf options that
could ensure immediate availability and reduce production
complexities associated with autologous products [70]. Build-
ing on this, the advent of induced pluripotent stem cell-derived
CAR T cells presents an opportunity for relatively standardized
and scalable production, thereby potentially addressing manu-
facturing challenges and reducing variability among batches
[71].

While advancing CAR-based cell therapy technology is cru-
cial, it is equally important to carefully select SARDs patients
who are most likely to benefit. CAR-based cell therapy may be
more effective in patients with active, progressive inflammation
driven by excessive B-cell-mediated autoantibody production,
rather than those in the advanced stages of tissue damage. Fur-
thermore, as cytotoxic agents such as fludarabine and cyclo-

phosphamide are administered as preconditioning regimens
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Figure 2. The evolution of Chimeric Antigen Receptor (CAR) technology for systemic autoimmune rheumatic diseases (SARDs). This
figure illustrates the evolution of CAR technology from its inception in the 1980s to future directions. Early CARs in the 1980~1990s
featured a basic design with a CD3( signaling domain but limited efficacy. The 2000s saw the introduction of second-generation CARs
with costimulatory domains (e.g., CD28 or 4-1BB) to enhance T-cell activation, and third-generation CARs combined multiple costimulatory
domains for improved antitumor activity. In the 2010s, fourth-generation CARs incorporated transcriptional activation domains like NFAT to
induce cytokine release (e.g., IL-12 or IL-18), while fifth-generation CARs added cytokine receptor signaling pathways (e.g., IL-2RB and JAK-
STAT) for enhanced functionality. The 2020s brought advanced CAR variants such as CAAR-T cells for pathological B-cell depletion, dual-
targeting CARs, CAR-y0 T cells, CAR-NK cells, allogeneic CAR T cells derived from stem cells. Looking ahead, CAR technologies are being
explored for SARDs like systemic sclerosis (SSc), systemic lupus erythematosus (SLE), and idiopathic inflammatory myopathy (IIM), with
innovations targeting diverse immune subsets and enhancing therapeutic efficacy while reducing toxicity. CD: cluster of differentiation,
IL: interleukin, JAK: Janus kinase, STAT: signal transducer and activator of transcription, NK cells: natural killer cells, NMDAR: N-methyl-
D-aspartate receptor, BCMA, B-cell maturation antigen, NFAT: nuclear factor of activated T cells, TCR: T-cell receptor, CAAR: chimeric
autoantibody receptor.
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Figure 3. Fundamental principles and new approaches of
Chimeric Antigen Receptor (CAR)-based cell therapy. The figure
illustrates the two main approaches to CAR-based cell therapy:
autologous and allogeneic. In autologous therapy, immune
cells are collected from the patient, while allogeneic therapy
utilizes cells from healthy donors. Various immune cell types
can be engineered to express CARs, including conventional T
cells, regulatory T cells (T Reg cells), natural killer (NK) cells, and
macrophages. Before CAR-cell infusion, patients typically undergo
lymphodepletion pretreatment to create a favorable environment
for the engineered cells. This comprehensive diagram showcases
the versatility of CAR-based therapy platforms and their potential
applications in treating systemic autoimmune rheumatic diseases
(SARDs). The ability to utilize different cell types and sources
provides multiple therapeutic strategies that can be tailored to
individual patient needs. Adapted from the article of Capsomidis
et al. (Mol Ther 2018;26:354-65) [67], Doglio et al. (Nat Commun
2024;15:2542) [68], Hassan et al. (Med Oncol 2024;41:127)
[69], Aparicio et al. (Exp Hematol Oncol 2023;12:73) [70], and
Sadeqi Nezhad et al. (Pharm Res 2021;38:931-45) [71].

Filtration
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for CAR-based cell therapy, careful consideration must be given
when deciding on treatment for patients at higher risk of com-
plications, such as the elderly. In this context, further clinical
studies are needed to determine the necessity and optimal dos-
ing of preconditioning agents in SARDs [72].

The impact of CAR T-cell therapy on vaccination efficacy,
both before and after treatment, represents a critical safety con-
sideration in clinical practice. A recently published study evalu-
ated immune responses to SARS-CoV-2 vaccination in patients
who underwent CAR T-cell therapy, providing valuable insights
into this important clinical question [73]. The investigation
revealed that patients who received vaccination prior to CAR
T-cell therapy demonstrated sustained humoral and cellular re-
sponses over an extended period. Also, the study demonstrated
that even in patients vaccinated after CAR T-cell therapy, de-

spite the absence of neutralizing antibody production, vaccine
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effectiveness was maintained through the development of T-cell
responses. Based on these findings, there is an urgent need to
establish comprehensive vaccination guidelines for the pre- and
post-CAR T-cell therapy period, with particular emphasis on
infection-related safety considerations.

The integration of CAR T-cell therapy into the treatment
paradigm for SARDs requires a multidisciplinary approach in-
volving rheumatologists, immunologists, and experts in cellular
therapy. As our understanding of the complex interplay between
CAR T cells and the autoimmune environment grows, we may
see the emergence of highly personalized approaches, tailoring
CAR designs and treatment protocols to individual patient char-

acteristics and disease manifestations.

CONCLUSION

Despite significant challenges, the potential of CAR T-cell
therapy for inducing profound and sustained remission in
SARDs warrants further investigation and optimization. Early
clinical success, particularly in refractory cases of SLE, SSc, and
IIMs, highlights the transformative potential of this approach.
As research progresses, the key areas for improvement include
enhancing CAR specificity, mitigating adverse events, and iden-
tifying target biomarkers. Achieving drug-free remission, long
considered elusive in rheumatology, may now be possible thanks
to the precise mechanism of action of CAR T-cell therapy. This
innovative approach could potentially reset a dysregulated im-
mune system and address the root causes of complex autoim-
mune conditions. Although various challenges are recognized,
the scientific community remains cautiously optimistic. As our
understanding deepens, CAR-based cell therapy may offer new
hope for patients with severe and refractory autoimmune dis-
eases, and fundamentally transform SARD management, bring-

ing us closer to the goal of long-term and drug-free remission.
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