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Sichuan, China

Autoimmune diseases (AID) comprise a diverse group of disorders driven by
aberrant B-cell and T-cell reactivity against self-tissues. In recent years, cell-
based therapies utilizing engineered T cells have emerged as a promising
therapeutic strategy for AIDs. Notably, chimeric antigen receptor (CAR)-T cells
have demonstrated the ability to selectively target and eliminate autoreactive
immune populations, including pathogenic B cells and antibody-producing
plasma cells. Beyond T-cell modulation, macrophages (M®s) exhibit remarkable
plasticity, differentiating into pro-inflammatory (M1) or anti-infammatory (M2)
phenotypes in response to microenvironmental cues. Advances in genetic
engineering have enabled the development of CAR-M®s (CAR-M), which hold
potential for adoptive immunotherapy in certain diseases. However, CAR-M
therapy remains experimental and requires further clinical validation. This review
systematically evaluates the therapeutic potential of CAR-T and CAR-M in AIDs,
comparing their respective advantages and limitations to provide a comprehensive
foundation for future translational applications.

CAR-T, CAR-M, autoimmune diseases, macrophages, RA, SLE

1 Introduction

Autoimmune disease (AID) management is rapidly evolving from broad
immunosuppression toward selective immune reprogramming. Chimeric antigen
receptor (CAR)-based approaches employ genetically engineered immune cells, such as
T cells and macrophages (M®s), expressing CARs to recognize and eradicate target cells
presenting specific antigens (1). First-generation CAR concepts emerged in the 1980s (2).
Clinically, CAR-T cells targeting CD19 and other B-cell antigens have achieved notable
success in relapsed/refractory B-cell malignancies, spurring exploration of CAR-T therapy
in AIDs, including systemic lupus erythematosus (SLE), where CD19-targeted CAR-T cells
have reduced anti-dsDNA antibodies with no notable adverse events reported (3). Unlike
conventional T cells, CAR-T cells recognize antigens via an extracellular CAR binding
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domain, providing MHC-independent recognition and signaling
through tandem intracellular modules (e.g., CD3( with CD28) for
activation and costimulation in a single receptor (4). CAR-T cells
are classified into autologous (autoCAR-T), derived from the
patient, and allogeneic (alloCAR-T), derived from a donor;
autologous CAR-T offers high compatibility with reduced graft
versus-host disease (GvHD) risk but faces manufacturing delays
and costs (5).

CAR-engineered M®s (CAR-M) may rebalance M1/M2
polarization and foster anti-inflammatory responses. Mechanistic
studies identify signaling domains such as Megf10, FcRy, and PI3K
p85 that promote phagocytosis, with tandem signaling enhancing
engulfment (6). Preclinical work in humanized models laid the
groundwork for AID applications (7), and Elite CAR-M showed
efficacy in rheumatoid arthritis models, supporting safety signals
(8). However, CAR-M in AID remains largely preclinical, with
translational pathways still needed.

The field must balance between efficacy and safety. CAR-M in
AID is early and largely preclinical, whereas CAR-T therapies are
more mature and have been explored across several AIDs including
rheumatoid arthritis (RA), SLE and Sjogren’s syndrome (SS) (3, 8, 9).
Safety concerns include cytokine release syndrome (CRS), immune
effector cell-associated neurotoxicity syndrome (ICANS), and
GVHD; IL-6 is a central CRS mediator and target of tocilizumab.
Long-term safety, immune reconstitution, and durable responses
require more data. Before broad clinical adoption, scalability,
accessibility, and health-system integration must be addressed (10,
11). In sum, this review highlights the potential of CAR-T and CAR-
M in AID and advocates continued exploration to translate
preclinical gains into safe, scalable therapies.

2 CAR-T cell engineering

2.1 CAR-T cell manufacturing and
structural design

Ex vivo CAR-T production comprises five stages with rigorous
quality controls to ensure consistency and safety (12). Stage 1 isolates
and activates T cells from either healthy donors (alloCAR-T) or
patients (autoCAR-T) via leukapheresis (13), followed by enrichment
and standardized activation with beads coated with anti-CD3 and
anti-CD28 antibodies. Stage 2 constructs and transduces the CAR,
comprising (1) an antigen-recognition domain (scFv), (2) an
extracellular hinge, (3) a transmembrane domain, and (4) an
intracellular signaling domain; current FDA-approved products
employ lentiviral or retroviral transduction to achieve stable CAR
expression (14). Stage 3 expands CAR-T-expressing T cells in
cytokines (e.g., IL-2, IL-7, IL-15) and fetal bovine serum (FBS) to
reach therapeutic doses while depleting non-T cells, typically over 1-
2 weeks (15). Stage 4 evaluates safety, purity, potency, functionality,
and stability per established clinical criteria (16, 17). Lastly, the fifth
stage involves cryopreservation and storage of the CAR-T cell
products, which are preserved in a liquid state at -80°C in a liquid
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nitrogen freezer; recent advances include DMSO together with
hydroxyethyl starch (HES) for optimized viability (18), Figure 1A.

2.2 Generations of CAR-T cells

Five generations of CAR-T cells have been developed. The first-
generation CAR-T prototype developed nearly four decades ago,
incorporates a CD3( signaling domain in its intracellular region (19).
The second generation, in addition to the CD3{ signaling domain,
incorporates a co-stimulatory domain, typically comprising the
intracellular domains of CD28 or 4-1BB (CD137). The third
generation features two co-stimulatory domains. The fourth
generation is developed by incorporating interleukin (IL)-12 into
the second-generation construct framework and is designated as T
cell redirected for general cytokine-mediated killing (TRUCK) (20).
Additionally, fourth-generation CAR-T cells are engineered with an
intracellular domain containing a nuclear factor of activated T cells
(NFAT) domain. This design enhances the secretion of cytokines,
including IL-12, IL-15, and granulocyte-macrophage colony-
stimulating factor (GM-CSF), which mediates T cell activation
(21). Recent advancements in fifth-generation CAR-T technology
enable enhanced in vitro expansion and prolonged cytotoxic activity
in vivo by incorporating intracellular domains with cytokine
receptors. Specifically, these CAR-T cells feature the truncated
cytoplasmic domain of the IL-2 receptor beta chain (IL-2Rp),
which activates the JAK-STAT signaling pathway, promoting
cell proliferation and preventing terminal differentiation in vitro
(22, 23), Figure 2A.

3 CAR-M engineering

3.1 CAR-M manufacturing and structural
design

M® are traditionally framed as M1 (classically activated) and
M2 (alternatively activated), though polarization exists along a
functional continuum, reflecting dynamic states rather than
discrete categories (21). Mantovani et al. further subdivided M2
into M2a (wound healing), M2b (regulatory), M2c (acquired
inactivated), and M2d (tumor-associated M®s) (24). M1 cells
express CD68, CD80, CD86, MHCII, and iNOS, whereas M2
secrete IL-6, IL-10, and TGF-p, shaping a Th2-type milieu.

CAR-M therapy manufacturing follows core CAR-T steps but
differs in cell origin, separation methods, and transduction
strategies (25). M® sources include PBMC-derived M®s (most
accessible) but with lower gene-editing efficiency and clinical
feasibility challenges (26). Alternative origins encompass induced
pluripotent stem cells (iPSCs), human embryonic stem cells
(hESCs), and the THP-1 monocytic line (26). CAR-M share the
canonical CAR architecture: an extracellular antigen-recognition
domain, a hinge, a transmembrane domain, and an intracellular
signaling module. CD3{ is a common signaling component for both
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The manufacture of CAR-T (A) and CAR-M (B) cell therapies involves distinct isolation and transduction strategies for different cell types. (A) Manufacture of
CAR-T. The left panel (A) illustrates the T cell processing workflow, encompassing cell isolation, activation, transduction, and in vitro expansion, followed by
quality control assessment before reinfusion into the patient. (B) Manufacture of CAR-M. The right panel (B) demonstrates application workflows using
human pluripotent stem cells (WPSCs), induced pluripotent stem cells (iPSCs), peripheral blood mononuclear cells (PBMCs), and THP-1 cells as starting cell
lines. Macrophages (M) undergo cell isolation, activation processing, transduction, and in vitro expansion, followed by quality control assessment. Upon

passing quality control, they are reinfused into the patient.

CAR-T and CAR-M; additional CAR-M-relevant modules include
CD147, FcRy, and Megf10 (6, 7). Gene transfer increasingly relies
on lentiviral or adenoviral vectors (e.g., Ad35; often combined with
Ad5F35 to enhance lymphocyte infection and overcome M®
resistance), supporting sustained M1 polarization and improved
efficacy (27). Post-transduction, CAR-M are expanded in vitro
(commonly with FBS and GM-CSF) and CAR expression is
verified (e.g., GFP by flow cytometry) (28), as illustrated
in Figure 1B.

3.2 Generations of CAR-M

The first-generation CAR-M utilize intracellular signaling
domains such as Megfl0 or CD147. Morrissey et al. pioneered
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enhanced phagocytic capabilities using Megf10 (6), while Zhang
et al. developed CAR-HER2 constructs that employ CD147 to
activate matrix metalloproteinases, enabling extracellular matrix
degradation to overcome physical barriers (29). In addition,
Klichinsky et al. reported notable clinical activity in a Phase I
trial of anti-HER2 CAR-M for recurrent/metastatic HER2-
overexpressing solid tumors (NCT04660929) (7). The second
generation of CAR-M incorporates co-stimulatory domains. Lei’s
tandem CD3(-TIR dual signaling design yields induced M®s
(iMAC) with enhanced phagocytosis, antigen-dependent M1
polarization, and NF-kB-dependent resistance to M2 polarization
(30). Zhang et al. reprogrammed donor PBMCs into iPSCs, added
FcyR co-stimulation and CAR via lentivirus to produce CAR-
iMACs with >50x expansion, >30 days persistence, and CAR
expression up to 85% (31). Third-generation CAR-M is defined
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Evolution of CAR-T (A) and CAR-M (B) designs across generations, showing changes in structural domains and signaling elements. (A) Evolution of
CAR-T cells. The first generation features a CD3{ domain. The second adds a single co-stimulatory domain, such as CD28 or 4-1BB, enhancing T
cell activation. The third generation builds upon this by incorporating two co-stimulatory domains, further improving signaling strength and efficacy.
The fourth, or TRUCK, integrates IL-12 and an NFAT domain to boost cytokine production. The fifth incorporates cytokine receptor domains for
better expansion and sustained activity. (B) Evolution of CAR-M. First-generation CAR-Ms targeted antigens and polarized M®s to an M1 phenotype.
Second-generation CAR-Ms used Ad5f35 vectors to convert M2 to M1, enhancing T cell activation. CAR-iMacs, derived from iPSCs, demonstrated
antigen-dependent phagocytosis, while dual-signal CARs further boosted M1 polarization. Third-generation CAR-Ms employed nanobiotechnology

to reprogram M2 into M1, enhancing anti-tumor activity.

by its molecular design, which incorporates cytokine-based co-
stimulatory domains and utilizes non-viral in vivo reprogramming
strategies, representing an emerging paradigm in cellular
engineering (32). Zhou et al. used lipid nanoparticles to deliver
Trop2-CAR plasmid DNA (LNP/CAR-Trop2) for in situ CAR-M
generation after intravenous administration; Trop2-CAR-Ms
selectively target Trop2-overexpressing tumors and promote NK
and CD8 T cell proliferation, with peak IL-6 levels ~one-fifth of
those seen with conventional CAR-T and no serious CRS events
(33). This in vivo reprogramming strategy presents a promising
approach to circumvent the complexities of ex vivo CAR
manufacturing and mitigate potential systemic toxicities. Duan
et al. designed a CAR-M targeting VEGFR2, showing upregulated
CD86, MHCII, and TNF-o in vitro and substantially inhibited
tumor progression in 4T1-bearing mice without notable toxicity
(34). Together, these studies highlight two key innovations in third-
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generation CAR-M: cytokine signaling modules and non-viral in
vivo delivery, as shown in Figure 2B.

4 CAR-T cell therapy: an emerging
therapeutic strategy for autoimmune
diseases with perspectives on CAR-M

Although CAR-T and CAR-M therapies are designed with similar
chimeric antigen receptor constructs, their core immunological
mechanisms of action in AID are fundamentally distinct (35), as
illustrated in Figure 3. The efficacy of CAR-T therapy primarily stems
from the clonal deletion of pathogenic immune cells. Clinical studies
confirm its capacity to precisely deplete CD19" B cells, resulting in a
marked reduction or seroconversion of autoantibodies (e.g., anti-

04 frontiersin.org


https://doi.org/10.3389/fimmu.2025.1658867
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Zheng et al.

10.3389/fimmu.2025.1658867

P

CAR-T

41’crforin
.Granzyme
7 e
a ¥

mature B ce

Ils y

Signal path
CD37+CD28/4-1BB
activates NFAT,NF-KB

Core Mechanism :
Clone Deletion

Lmmune Consequences:
Resolution of Inflammation
Tissue Repair

Reduction of Fibrosis

FIGURE 3

Mechanism

CAR-M

phagocyte fragments release IL-10

N b
3]
IL-10 o
& inflammatory environment
Signal path release IL-10,TGF- 3

FcRy, Megf10, PI3K
activates Syk, NF-KB

Core mechanism:
Phagocytosis

Immune Regulation
Lmmune Consequences:
CR
ICANS

Long-term Immunosuppression

o

Mechanisms and outcomes of CAR-T and CAR-M therapies in autoimmune disease. Left: CAR-T cell therapy targets B-cell antigens (e.g., CD19/
BCMA), triggering cytotoxic elimination of pathogenic B cells and plasma cells via NFAT/NF-kB activation and perforin/granzyme release. This
achieves B cell depletion and reduced autoantibodies but risks CRS and neurotoxicity ICANS. Right: CAR-Macrophage (CAR-M) therapy engages
antigens on apoptotic debris or profibrotic cells, inducing phagocytosis (via Syk) and anti-inflammatory polarization (via PI3K/NF-xB). CAR-M clear
debris and secrete IL-10/TGF-B, promoting inflammation resolution and tissue repair. Key challenges include short persistence and hepatic

sequestration.

dsDNA) (3, 36). Critically, an immune reset is observed post-
treatment, characterized by the reconstitution of a native B cell
repertoire, which may underpin the establishment of long-term
immune tolerance (36). This is accompanied by a concomitant
reduction in inflammatory cytokines, indicating a recalibration of
the cytokine network (37, 38). In contrast, CAR-M therapy does not
primarily mediate direct cytotoxicity. Instead, it leverages the innate
functions of engineered macrophages to remodel the local tissue
microenvironment. The following sections will elaborate on their
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specific applications across various autoimmune diseases within this
mechanistic framework.

4.1 Autoimmune arthritis
RA is driven by T lymphocytes, with collagen, citrullinated

collagen (cit C), and chondrocytes playing pivotal roles in disease
pathogenesis (39). Collagen, a major extracellular matrix protein,
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acts as a natural ligand for LAIR-1, whose activation suppresses
autoimmune responses (40). HLA-DR alleles confer genetic risk in
RA development. Collagen type II (Col2al), linked with HLA-
DRB1/DRA1 expression, has been used to target and eliminate CII-
specific CD4 T cells, reducing RA in murine models (41).
Citrullination of collagen (cit C) is a fundamental RA mechanism;
cit C is detected in RA synovium and is a primary target of
autoantibodies (ACPA) in serum and synovial fluid (42, 43). As a
competitive inhibitor, cit C binds LAIR-1, dampening LAIR-1-
mediated inhibition and potentiating autoimmunity (40). Targeting
or depleting cit C presents a novel therapeutic approach, including
anti-FITC CAR-T cells directed against FITC-labeled citrullinated
peptides to selectively target self-reactive B cells, though this
remains preclinical (44). The chondrocyte-T cell interaction
drives RA; Liu et al. created Col2al-CAR-T cells (Col2al-CAR
with scFv-CD137-CD3() via lentiviral infection, which secrete
TNF-o and induce IL-6 in chondrocytes, highlighting the need
for regulatory mechanisms to prevent excessive activation in
cartilage-immune interactions (45).

Acute RA is associated with increased M1 activity. Therapeutic
strategies aimed at reducing M1 and promoting M2 polarization
show promise in alleviating disease severity (46-48). CAR-M has also
made significant progress in RA. IL-10 serves as a crucial mediator in
M2 polarization. Clustered regularly interspaced short palindromic
repeats transcriptional activation (CRISPRa) exploits endogenous
cellular mechanisms to effectively upregulate the expression of
endogenous genes. Huang integrated the CRISPRa system with
CAR-M-based adoptive immunotherapy to generate engineered,
durable IL-10 receptor CAR-M (Elite M). Elite M enhances IL-10
secretion, thereby inducing a pre-activated state in M2 through an
autocrine mechanism. Additionally, it produces paracrine signals
that inhibit the release of pro-inflammatory mediators from MI,
thereby promoting chondrocyte differentiation. In a mouse model of
RA, CRISPRa-engineered Elite M®s significantly reduced immune
cell infiltration, synovial hyperplasia, and joint destruction.
Furthermore, the absence of significant in vivo toxicity observed in
the RA mouse model supports the safety profile of this approach
(8), Table 1.

4.2 Systemic lupus erythematosus

In SLE, B cell-targeted CAR-T strategies (CD19, BCMA) show
early preclinical efficacy and favorable safety signals; preclinical data
support anti-CD19 CAR-Ts with 4-1BB, and BCMA-expressing B
cell targeting (APRIL-based CAR-T) prolongs survival in SLE
models, underpinning ongoing clinical exploration (49, 50). The
therapeutic potential of CAR-T therapy in SLE was first
demonstrated in a landmark study by Mougiakakos et al., who
reported the successful use of anti-CD19 CAR-T cells to treat a
patient with refractory SLE and lupus nephritis, achieving
serological remission including seroconversion of anti-dsDNA
antibodies in the absence of significant adverse events, thereby
establishing a foundational milestone for the field (3). This proof-
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of-concept has since been corroborated and extended in larger
clinical investigations. A recent study involving individuals with
severe, refractory SLE and multi-organ involvement demonstrated
that all three patients treated with CDI19-directed CAR-T cells
exhibited peak CAR-T expansion by day 14, followed by a
contraction phase, accompanied by a pronounced reduction in
both the proportion and absolute count of circulating B cells.
Notably, no cases of GvHD, CRS, ICANS, or other serious adverse
events were observed (51). Together, these findings solidify the role
of CD19-targeted CAR-T therapy as a transformative intervention
for refractory SLE.

A promising therapeutic approach involves the isolation of
adequate T cell populations from late-stage SLE patients, then
genetic modification and autologous reinfusion (52). In a
refractory SLE cohort (n=5; 4F/1M), autologous T cells
transduced with a lentiviral anti-CD19 CAR vector and given
after lymphodepletion (fludarabine/cyclophosphamide) achieved
remission at 3 months (median SLEDAI = 0) with durable, drug-
free remission beyond eight months; Naive, non-class-switched B
cells re-emerged at a median of 110 days; therapy was well tolerated
with only mild, manageable CRS (36). Hul19-CD828Z is a second-
generation CAR-T construct targeting CD19 with a fully human
anti-CD19 antibody and a CD8a hinge/transmembrane (H/TM)
domain fused to CD28 and CD3( signaling; in five SLE patients,
Hul9-CD828Z-derived CAR-T cells showed CD19-dependent
proliferation with markedly low release of inflammatory cytokines
IL-2,1L-6, and IL-1f (37, 38). In a Phase I/II open-label, single-arm
multicenter study of YTB323 (NCT05798117) in SLE (n=3 sentinel
cohort), 12.5 x 10° YTB323 CAR-T cells given at 28-day intervals
depleted transient T cells and persistently depleted B cells, with
marked reductions in SLEDAI and PhGA and declines in dsDNA,
complement, and proteinuria; one grade 1 CMV reactivation and
mild CRS occurred, both manageable with tocilizumab (53).

Emerging therapeutic strategies for SLE extend beyond B cell
depletion to target CD4 follicular helper T (Tth) cells: E4BP4 inhibits
Tth differentiation by repressing BCL-6 transcription via recruitment
of HDACI and EZH2, while impaired E4BP4 function and IFN-I-
driven IL-21/IFN-y production promote Tth expansion and
autoreactive B cell responses, supporting Tth-directed CAR-T
approaches (54, 55). Peripheral blood analysis of 29 SLE patients
shows significantly increased circulating Tth-like cells versus healthy
controls (p < 0.05); Tth-like cells drive B cell differentiation into IgG-
secreting plasma cells, with frequency correlating with circulating
plasmablasts, dsDNA, and antinuclear antibody (ANA) levels (56).
There is growing anticipation for CAR-T therapies targeting Tth
cells based on their physiological roles (Figure 4).

4.3 Sjogren’s syndrome

SS is a chronic AID primarily affecting the lacrimal and salivary
glands, resulting in lymphocytic infiltration, exocrine gland
damage, xerostomia, and xerophthalmia, with a significant female
predominance (57, 58). Treatment options for SS remain limited.
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TABLE 1 Summary of CAR-based therapeutic targets, cell types, and experimental models applied to autoimmune diseases.

get antigen Targeted cell Disease/pathology Experiment type Citation Trial numbers

CAR-T BCMA B cell SLE AEM (50)

CAR-T BCMA B cell MG CT (64) NCT04146051
CAR-T BCMA B cell MG CT (65) NCT04561557
CAR-T BCMA B cell IMNM CT (66) NO

BCMA
CAR-T and B cell MG CT (62) NO
CD19

CAR-T CD19 B cell SLE In Vitro (52)

CAR-T CD19 B cell SLE In Vitro (38)

CAR-T CD19 B cell SLE CT (75) NO
CAR-T CD19 B cell refractorySLE CT 3) NO
CAR-T CD19 B cell refractorySLE CT (51) NCT05859997
CAR-T CD19 B cell SiD CT ) NO
CAR-T CD19 B cell MG CT (63) NO
CAR-T CD19 B cell MS AEM (71)

CAR-T CD19 B cell MS CT (129) NCT05859997
CAR-T CD19 B cell j:iyt :’;;Eihf;:??;: d:Zii cT (67) NO
CAR-T CD19 B cell ITP AEM (89)

CAR-T TSHR B cell GD AEM (80)
CARR-T TSHR B cell GD In Vitro (81)

CART Citrullinated peptide B cell RA In Vitro (4)

epitopes

CAR-T XCR1 DC EAE AEM (72)

CAR-T pMHCII CD4 T cell EAE AEM (69)

CAR-T pMHCII CD4 T cell T1D AEM (76)

CAR-T DRI1-CII CD4 T cell Autoimmune Arthritis AEM (41)

CAR-T CII chondrocyte RA In Vitro (45)

CT?;' MOG CD8 T cell EAE AEM (70)

CAR-T PD-1 CD8 T cell PBC AEM (85)
CAR-M IL-10 Macrophage RA AEM (8)
CAR-M uPAR HSC Fibrosis AEM (88)
CAR-M FAP HSC Fibrosis AEM (89)
CAR-M FAP cardiac myocyte Fibrosis AEM (87)
CAR-eM BAI1 NPC - In Vitro (92)

In Vitro refers to experiments conducted outside a living organism, specifically using human cells in this context.
CT, Clinical Trial; AEM, Animal Experimentation with Mice.
No: This experiment did not have an NCT.

Its pathology involves the activation of B cells by T cells, leading
to the secretion of inflammatory factors, immunoglobulins, and

autoantibodies (anti-SSA and anti-SSB), resulting in inflammation,

tissue damage, and clinical symptoms. B cells, surrounded by T cells
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within ectopic germinal centers, increase the risk of lymphoma
(59, 60).

CAR-T therapy shows promise for SS, illustrated by a case

where anti-CD19 CAR-T induced serologic remission (ANA and
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FIGURE 4

Targeted antigens of CAR-T and CAR-M on their respective target cells. (A) CAR-T cells engage with multiple immune and non-immune cell types,
including T cells, B cells, dendritic cells (DCs), and chondrocytes. Key targets include PD-1, pMHC II, DR1-ClIl, XCR1, and autoantigens such as ClI
and citrullinated peptides. B cell targets involve CD19, BCMA, TSHR, and mAb287. (B) CAR-M cells interact with various cell types, including hepatic
stellate cells (HSCs), cardiac myocytes, and macrophages, through distinct binding sites. Key targets include uPAR on HSCs, FAP on cardiac

myocytes, and IL-10 on macrophages.

anti-Ro-52 negative by day 90) with SS Activity Index (SSDAI)
SSDAI dropping from 5 to 2 and normalization of serum cytokines
by six months, despite initial grade 2 cytokine release syndrome and
grade 1 neurotoxicity; yet clinical data in SS remain scarce,
underscoring the need for further research (9).

4.4 Myasthenia gravis and necrotizing
myopathy

Myasthenia gravis (MG) is a T-cell-dependent, B-cell-mediated
AID characterized by anti-acetylcholine receptor (AChR) antibodies,
which cause muscle weakness and fatigue (61). Bispecifically targeted
CAR T therapy is an emerging approach for MG that mitigates escape
variants and lowers disease recurrence. In a notable case, a 64 year old
man received lymphodepleting chemotherapy with
cyclophosphamide (300 mg/m?®) and fludarabine (30 mg/m?) prior
to infusion of 1 x 10° bispecific BCMA/CD19 targeted CAR T cells
per kilogram. Over a total follow up of 210 days, early improvements
were observed by day 14, with the Quantitative Myasthenia Gravis
(QMG) score decreasing from 8 to 6 and the MG Activities of Daily
Living (MG-ADL) score from 6 to 5; both scores subsequently
reached 0 by day 60, indicating remission. Mild adverse events,
including conjunctivitis and upper respiratory tract infections,
occurred but resolved promptly (62, 63). In RNA-based CAR T
therapy (rCAR T), CAR expression is achieved with messenger RNA
(mRNA), exploiting its transient and non-replicating nature to yield
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predictable pharmacokinetics and enhanced safety. In a study of 14
MG patients receiving rCART, two achieved independence from
intravenous immunoglobulin and three experienced mild side effects;
over 6-12 months of follow up, gains were maintained when
infusions were delivered across six weeks (64). In refractory MG
treated with anti BCMA CAR T (NCT04561557), B cells returned to
baseline around 18 months, with ~80% of reconstituted cells
immature and a naive repertoire, suggesting long term humoral
suppression and relapse prevention (65). In immune-mediated
necrotizing myopathy (IMNM), expanded CD8 T cells markedly
reduce autoreactive CD4 T cells via enhanced cytotoxicity (66); in
antisynthetase syndrome treated with CD19-targeted CAR T cells,
declines in disease-associated serum markers (including anti Jo 1)
and peripheral B cells were observed, with a transient CAR T peak on
day 7 and a drop by day 14, suggesting limited durability of response;
preconditioning included fludarabine and cyclophosphamide in the
days preceding CAR T infusion, and MRI demonstrated radiological
improvement post-treatment. However, CAR-T cell levels peaked on
day 7 and rapidly decreased by day 14, suggesting that the therapeutic
effect was not sustained (67).

4.5 Autoimmune encephalomyelitis and
multiple sclerosis

Experimental autoimmune encephalomyelitis (EAE) is a CD4"*
T cell-mediated AID characterized by central nervous system (CNS)
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demyelination, exhibiting pathology that resembles multiple sclerosis
(MS), in which M®s predominantly polarize to the M1 (68). Myelin
oligodendrocyte glycoprotein (MOG) pMHCII CAR-T cells
specifically target peptide-reactive T cells, with the affinity of the
PMHCII TCR influencing their ability to recognize and eliminate
target cells. Transduction of the pMHCII-CAR retrovirus is
performed on initial CD8 T cells activated with anti-CD3 and anti-
CD28. In host mice, pMHCII CAR-T cells exhibit high-affinity TCR
specificity, effectively eliminating both initial and activated CD4 T
cells, thereby preventing the onset of EAE. In contrast to foreign
reactive TCRs, the self-reactive TCRs encountered in the thymus
typically have lower affinity, and notably, these lower-affinity CD4 T
cells dominate during EAE. To improve sensitivity to low-affinity
TCRs and reverse established EAE, artificial disulfide bond trapping
(DST) and inhibition of Fas function have been integrated into the
structure of pMHCII CARs (69). MOG-CAR-T regulatory cells
(Tregs) suppress autoreactive T cells, selectively migrate to the
CNS, and reduce pathogenic activity, thereby delaying the onset of
EAE (70). After cyclophosphamide preconditioning, anti-CD19
CAR-T cell therapy induced peripheral and CNS B cell depletion,
reduced clinical scores and lymphocyte infiltration, and ameliorated
EAE (71). In Dendritic cell (DC) type 1 (DC1)-driven autoimmunity,
targeting X-C motif chemokine receptor 1 (XCR1) CAR T cells
deplete DCI1 across multiple organs in mouse models (including
inguinal and cervical lymph nodes, spleen, lung, and liver) and inhibit
Th1 driven EAE progression; DC1 depletion increases DC2 without
altering total dendritic cells; CD4 XCR1 CAR T cells produce higher
pro inflammatory cytokines (INF o, IL 27, IL 10) than CD8 XCRI1
CAR T cells, indicating higher CRS risk, and the approach remains
largely proof of concept requiring further safety evaluation (72).

4.6 Neuromyelitis optica spectrum disorder

In neuromyelitis optica spectrum disease (NMOSD), anti BCMA
CAR T therapy demonstrates therapeutic potential, with engineered
CAR T cells showing enhanced chemotaxis and the ability to traverse
both the blood-brain barrier and CSF to target plasma cells and
plasmablasts, thereby attenuating neuroinflammation (73). In a clinical
study, twelve patients (10 females; median age 49.5 years, range 30-67)
received anti BCMA CAR T infusions. Over a median follow up of 5.5
months, 11 patients remained relapse free and all reported
improvements in disability and quality of life. Serum aquaporin-4
(AQP-4) antibody levels trended downward in 11 patients at baseline.
At final follow up, EDSS scores decreased for all patients compared with
baseline. All patients experienced grade 1-2 cytokine release syndrome
and leukopenia, most of which resolved within four weeks. Overall, anti
BCMA CAR T therapy demonstrated tolerable safety and potential
efficacy in relapsed/refractory AQP4 IgG seropositive NMOSD (74).

4.7 Type 1 diabetes

Type 1 diabetes (T1D) is an organ-specific AID characterized by
the CD4 T cell-mediated destruction of pancreatic B cells (75). The
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B:9-23 peptide binds to the non-obese diabetic (NOD) MHC II
molecule (I-Ag7), forming a complex that stimulates pathogenic B:9-
23-specific CD4 T cells. Zhang et al. developed a monoclonal antibody
(mAD287) targeting this critical I-Ag7-B:9-23(R3) complex. A single
infusion of CAR-T cells has been shown to delay T1D onset in NOD
mice. Compared to untreated animals, a single infusion of 287-CAR
CD8 T cells into young (5 weeks old) NOD mice significantly delayed
the onset of overt hyperglycemia (p = 0.022). However, the protective
effect diminished over time, with no significant difference in overall
incidence rates between the 287-CAR CD8 T cell therapy group and
the control group at 30 weeks (76).

Depletion of regulatory T cells (Tregs) disrupts T cell
homeostasis and can lead to T1D. Strategies to repair or replace
Tregs may reverse autoimmunity and protect 3 cells. Attempts to
generate HPi2-directed CAR-Tregs using anti-HPi2 scFv failed
because the antibody was broadly expressed on CD4 T cells,
rendering the approach non-viable (77). In a Phase I trial, 14
adults with T1D received ex vivo—expanded autologous Tregs
(0.05 x 10® to 26 x 10%) across four dose cohorts, with peak
circulating Tregs reaching up to 25% at one year and no infusion
reactions or high-grade adverse events. These results support a
Phase II trial to evaluate Treg therapy (78), and insulin-specific
CAR-Tregs remain a promising avenue for immunomodulation in
T1D (79), potentially enhanced by combining mAb287 CAR-T cells
with specific CAR-Tregs.

4.8 Graves' disease

Targeting the thyroid-stimulating hormone receptor (TSHR)
constitutes a novel therapeutic strategy for Graves’ disease (GD), an
AID driven by thyroid receptor antibodies (TRAb). Duan et al. (80)
were the first to develop TSHR CAR-T cells by utilizing TSHR’s
extracellular region in mouse experiments. Unlike traditional scFvs,
TSHR is a G protein-coupled receptor with four extracellular domains
that specifically bind pathogenic autoantibodies to its N-terminal (21-
413 amino acids), offering a novel approach for treating Graves’ disease.
TSHR-CAR-T cells effectively reduce levels of TRAD and increase the
secretion of IL-2 and IFN-y in a dose-dependent manner, although
serum antibodies may interfere with CAR-T cell functionality,
necessitating further exploration of affinity regulation or Fc receptor
blockade. Cheever (81) proposed the chimeric autoantibody receptor
(CAAR), where autoantigens act as binding domains for CAR-T cells.
TSHR CAAR T cells, co-cultured in vitro with anti-TSHR B cells that
were transduced by lentivirus, exhibited significant increases in IFNY,
IL-2, and TNF levels within 24 hours, effectively eliminating
autoreactive anti-TSHR B cells without affecting other B cell
populations. However, TSHR CAAR T cells showed reduced
cytotoxicity against anti-TSHR B cells in the plasma of Graves’
disease patients compared to healthy plasma. These two experiments
represent significant innovations in the field, as the novel scFv structure
and the reformulated CAR-T approach provide new therapeutic
directions for CAR-T cell therapy. Nonetheless, as both studies are
preclinical, further evaluation of their efficacy and safety is essential
through additional research.
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4.9 Primary biliary cholangitis

PD-1, an immune checkpoint receptor on activated T and B
cells, interacts with PD ligand 1 (PD-L1) to inhibit T cells (82).
Impaired PD-1/PD-L1 signaling increases susceptibility to AID
(83). Notably, combining PD-1 inhibition with CAR-T therapy is
an established strategy, and directly targeting PD-1 represents a
bold approach (84). In primary biliary cholangitis (PBC), PD-1-
targeted CAR-T cells deplete CD4 T cells, reducing biliary epithelial
cytotoxicity in mice (85). It is important to emphasize that treating
AID by targeting PD-1 necessitates strict safety monitoring.
Furthermore, several preclinical model experiments must be
conducted to ensure the safety and efficacy of this approach.

4.10 Immune thrombocytopenia

Immune thrombocytopenia (ITP) is an AID characterized by
anti-platelet autoantibodies, with glycoprotein Iba. (GPIbar) serving
as a key autoantigen linked to refractoriness. In a modified mouse
model, CD19 CAR-T cells targeting GPIba-positive cells
demonstrated accelerated platelet count recovery, effective
depletion of CD19 B cells and CD138 plasma cells, and a
significant reduction in anti-GPIbo. autoantibodies in both in vivo
and in vitro experiments. Additionally, CD19 CAR-T cell therapy
notably alters T cell subsets by increasing populations of regulatory
T cells, helper T cell 1, and helper T cell 17. Monitoring of body/
spleen weight and body temperature indicated no significant CRS,
suggesting favorable safety (86). Nonetheless, further clinical studies
are required to assess the safety and efficacy of this approach in
human patients.

4.11 Fibrosis and inflammation

CAR-M therapies show promise for treating fibrosis by
targeting profibrotic cells and remodeling the extracellular matrix.
A FAP-targeting CAR-M incorporating an anti-FAP scFv and the
intracellular signaling domain CD147 was administered
intravenously after cardiac ischemia-reperfusion (I/R) in mice,
with echocardiographic improvements in left ventricular ejection
fraction (LVEF) and fractional shortening (FS), reduced fibroblast
numbers in the infarct area, and no observed cardiac toxicity (87).
Intravenous delivery of a uPAR-targeting CAR-M in cirrhosis
models markedly reduced serum ALT and fibrosis-associated
gene expression (Collal, Col2al, Acta2), accompanied by
increased hepatocyte proliferation and partial liver function
recovery; adaptive immune responses were suggested by enhanced
CD8 T cell-mediated killing post-phagocytosis, without severe
adverse events (88). FAP-CAR-Ms and FAP-CAR-AZETA-Ms
derived from bone marrow inhibited activation of FAP-positive
hepatic stellate cells in vivo, promoting extracellular matrix
degradation via downregulation of Collal and Acta2 and
upregulation of MMP-9 and MMP-13 (89). A novel in vivo
approach using mannose-modified mRNA lipid nanoparticles to
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target CD206 on M2 reprogrammed them into FAP-CAR-M,
yielding decreases in activated cancer-associated fibroblast
markers, collagen volume, and Collal in a pancreatic ductal
adenocarcinoma model (90). Collectively, these studies illustrate
the therapeutic potential of CAR-M-mediated anti-fibrotic effects
across organ systems, while underscoring the need for further
investigation into in vivo delivery mechanisms, safety, and oft-
target risks to support clinical translation.

CAR-M therapies are expected to exert strong anti-
inflammatory effects in intervertebral disc degeneration (IDD) by
promoting clearance of apoptotic nucleus pulposus cells (NPCs)
within the intervertebral disc (IVD) and modulating the
inflammatory microenvironment (91). Zhou et al. developed a
THP-1-derived CAR-engineered M®s (CAR-eM) that upregulates
brain-specific angiogenesis inhibitor 1 (BAIl) expression and
employs an intradiscal annular microneedle delivery system to
target deeper layers of the intervertebral disc (IVD) in vitro (92).
The robust phagocytic activity of the M®s facilitates clearance of
apoptotic nucleus pulposus cells (apo-NPCs), improves the
inflammatory milieu, and supports repair of damaged IVD tissue.
In surgically resected nucleus pulposus specimens, the ratios of
CD206/CD68 and CD86-expressing M®s significantly increased,
indicating a shift toward M2 polarization (92). Co-culture
experiments involving tissue-derived macrophages (TDMs) and
bone marrow-derived M®s (BMDMs) with apo-NPCs, assessed
by flow cytometry, revealed that efferocytosis can regulate the
propensity for M2 polarization, a finding further validated at the
transcriptional level (92).

5 CAR-T/M advantages and limitations
in autoimmune diseases

5.1 Adaptation and advantage conditions

In order to facilitate a direct comparison of the therapeutic
profiles of CAR-T and CAR-M therapies, key quantitative metrics
were extracted from a selection of representative clinical studies (for
CAR-T) and preclinical studies (for CAR-M). These are
summarized in Table 2. It is imperative to exercise caution when
interpreting these data, given the inherent disparities in research
platforms and developmental stages. Nevertheless, these
representative benchmarks offer valuable insights into the
fundamental distinctions between the two modalities with respect
to their mechanisms of action, durability of response, and
safety profiles.

Compared with the emerging CAR-M therapy, CAR-T cell
therapy has a larger clinical sample size and demonstrates
favorable safety and efficacy across AID (93), including effective B
cell ablation, seroconversion, improved disease activity, and durable
remission at six months. CD19 CAR-T cell therapy demonstrated a
favorable safety profile and was generally well-tolerated in patients
with severe AID. In a 15-patient study with severe autoimmune
diseases, all achieved symptomatic remission after a median 15-
month follow-up, with a mean B-cell aplasia duration of 112 days
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TABLE 2 Comparison of key characteristics between CAR-T and CAR-M therapies for autoimmune diseases.

Comparison metric

CAR-T cell therapy

(3,48, 51

CAR-M cell therapy

8,31

Analysis and implications

Clinical Stage

Core Mechanism

Key Efficacy Outcome

Clinical validation
(SLE)

Cytotoxic depletion of
immune cells (Subtractive)

SLEDAI=0; Anti-dsDNA
seroconversion

Preclinical proof-of-concept
(Arthritis model)

Microenvironment
remodeling via
phagocytosis/cytokines
(Regulatory)

70% reduction in clinical
score

This disparity defines a fundamental difference in developmental risk
and translational pathways.

CAR-T is undergoing efficacy and safety verification, whereas CAR-M’s
therapeutic potential and risks remain largely unexplored.

The fundamental mechanistic divergence—cytotoxic depletion versus
regulatory remodeling—dictates distinct therapeutic applications and
risk profiles.

The efficacy in distinct disease models suggests complementary
therapeutic niches: CAR-T for systemic humoral autoimmunity and

CAR-M for localized, macrophage-driven pathologies.

o The disparity in durability underscores a critical challenge for CAR-M

Cellular Persistence Long-term (>8 months) Short-term (30 days) as a short-lived intervention, potentially requiring repeat dosing and

complicating its clinical translation for chronic diseases.

o The CRS associated with CAR-T is a known, manageable risk of its

L. potent mechanism.
. No severe toxicity reported
Primary Safety Event

Manageable CRS (G1-2) The absence of reported severe toxicity for CAR-M reflects the

limitations of preclinical research; its potential long-term tissue impacts
remain a primary safety concern.

(preclinical)

Data are derived from representative clinical studies in lupus (CAR-T) and preclinical models of arthritis (CAR-M). The fundamental distinctions in clinical maturity, mechanism of action,
efficacy, persistence, and safety profiles are summarized. The mechanistic divergence—subtractive immune cell depletion (CAR-T) versus regulatory microenvironment remodeling (CAR-M)—
dictates their respective application scenarios: systemic humoral immunity versus organ-specific macrophage-driven pathology. The significant difference in cellular persistence underscores a key
translational challenge for CAR-M.

Mechanistic definitions: Subtractive: Depletion of specific immune cell populations via cytotoxicity; Regulatory: Remodeling of the tissue microenvironment via phagocytosis and cytokine
secretion.

CD20), anti-CD19 CAR-T cells, and anti-BCMA CAR-T cells—
using PhIP-Seq analysis. A comparison of the PhIP-Seq enrichment

and a manageable safety profile that was primarily characterized by
grade 1 CRS (94). However, rare cases of low-grade CRS, ICANS,
and prolonged cytopenia have been reported, predominantly in  profiles from nine individuals, obtained before and after anti-
BCMA CAR-T cell treatment, revealed minimal similarity in the
autoreactive repertoire post-treatment (median Pearson’s r value =
0.006; Q1 = 0.002 and Q3 = 0.130 for 8 out of 9 individuals). This
complete “reset” of the autoreactive repertoire indicates that
successful treatment with anti-BCMA CAR-T cells is sufficient to

eliminate antibody-producing plasma cells accumulated over a

patients with coexisting hematologic malignancies (95).

CAR-T cell therapy demonstrates superior cytotoxicity, efficacy,
and durability compared to treatments involving monoclonal
antibodies (mAbs). CAR-T enables more extensive depletion of B
cells compared to mAb treatment, effectively targeting B cells in
both the CNS (71) and resident tissues (96). Anti-CD20 mAbs, such
as rituximab, primarily deplete peripheral B cells, leaving CNS B lifetime (52). Miiller conducted a comparison of CD19 and
BCMA in the context of AID. A 45-year-old female patient with

refractory Jo-1 associated anti-synthetase syndrome experienced a

cells unaffected, with regeneration occurring within 6 to 12 months,
thereby increasing the risk of disease relapse (97). A similar
limitation was observed with the anti-CD19 monoclonal antibody  relapse nine months after initially successful CD19-CAR-T cell
obexelimab in a Phase II trial for SLE. In this trial, patients received ~ therapy. Upon reinfusion with the same product, CAR-T cell
expansion failed, and anti-CD19 CAR-T cells were detected. After
thorough evaluation, the patient received BCMA-CAR-T cell

therapy, which resulted in successful CAR-T cell expansion,

intravenous injections of obexelimab at a dose of 5 mg/kg biweekly
until week 32 or until loss of improvement (LOI) was observed.
Analysis revealed a 50% reduction in B cell levels; while the time to
LOI increased, the primary endpoint was not achieved (98). It is
noteworthy that anti-BCMA CAR-T targeted therapy has a more
pronounced effect on the characteristics of individual

clearance of plasma cells in lymphoid tissues, decreased
autoantibody levels, and the reinduction of stable drug-free
remission. However, further evaluation of safety and efficacy is
required (102). CAR-T cells demonstrate greater durability and
potential efficacy than monoclonal antibodies, owing to their

autoantibodies (99). CD19 is recognized as one of the most
reliable surface biomarkers for B cells, with expression initiated in
pre-B cells and continuing until the terminal differentiation of these  proliferative and persistent nature. In two patients with chronic
cells into plasma cells (100). Conversely, BCMA is predominantly  lymphocytic leukemia, persistently active CD19 CAR-T cells
expressed in specific subsets at the late stages of B cell  achieved complete remission (CR) after infusion, with detectable
differentiation, including plasma cells, plasmablasts, certain ~ CAR-T cells maintained for more than a decade while remission
memory B cells, and malignant B cells (e.g., malignant plasma  persisted. At later time points, the CAR-T cell pool was
cells in multiple myeloma) (101). Bodansky et al. compared the  predominantly comprised of highly activated CD4 T cells. Single-

effects of three major B cell depletion therapies—rituximab (anti-  cell analyses revealed that these long-lived CD4 CAR-T cells
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possessed cytotoxic features alongside sustained functional
activation and proliferation (14). However, due to their long-term
persistence, the safety of these treatments can be more challenging
to manage, particularly concerning cytokine release CRS
and ICANS.

The inherent advantages of CAR-M for AID are primarily
reflected in their high infiltration capacity into the ECM and their
low interference with the immune microenvironment (103, 104). In
contrast, CAR-T cells exhibit limited infiltration capacity into the
ECM. Mondal et al. developed fucosylated sLe(X)-modified CAR-T
cells that possess enhanced E-selectin binding properties, leading to
a 10-fold increase in infiltration efficiency into the bone marrow
compared to non-fucosylated CAR-T cells (105). Additionally,
CAR-M cells have a limited lifespan in vivo, which reduces the
risk of CRS, neurotoxicity, and GvHD. In a clinical trial, tumor
patients treated with autologous CAR-M demonstrated only
transient cytokine fluctuations and lymphocytopenia, with no
other high-grade (=3) adverse events or CRS observed (106).
However, this short survival time can also be a double-edged
sword, as it limits the therapeutic effect (29). Furthermore,
although infused M®s have the capacity to infiltrate extensively,
most CAR-M tend to localize in organs such as the liver and lungs,
which may limit their overall numbers and therapeutic
efficacy (107).

In stark contrast to the advancing clinical trajectory of CAR-T
therapy, CAR-M therapy remains firmly entrenched in the
preclinical proof-of-concept stage for AID applications. Despite
compelling preclinical evidence for fibrosis resolution and anti-
inflammatory effects, formidable translational barriers—including
the limited persistence (29), hepatic sequestration (107), and host
immune clearance (108) of adoptively transferred macrophages—
must be overcome before the clinical potential of CAR-M can be
realistically assessed.

5.2 Limitations and perspectives

The clinical translation of CAR therapy in AID faces significant
practical hurdles of cost and manufacturing complexity. The
autologous process, requiring patient-specific T cell isolation,
modification, and expansion, remains resource-intensive and
economically challenging, potentially limiting widespread
application in AID populations (109, 110). In the AID context,
where repeated or urgent treatment may be necessary, rapid and
cost-effective production is paramount. Nanocarrier technology
offers a promising solution for both CAR-T and CAR-M
production, potentially streamlining manufacturing and reducing
costs (111). For instance, in vivo reprogramming via nanocarriers
could bypass resource-intensive ex vivo processes, enabling quicker
and more accessible therapy for AID patients (32). Furthermore,
while cryopreservation can reduce T cell viability, optimized
protocols still yield sufficient cells for CAR-T production,
addressing logistical concerns in AID treatment centers (112).
Safety of genetic modification is also critical; vector design, such
as the third-generation KL-h198a28z with its enhanced safety
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profile, requires careful consideration for chronic AID
applications where long-term safety is a primary concern (113).

Innovations in CAR-M delivery hold particular promise for
treating organ-specific AID. Inhalable CARmRNA@aCD206 sEV's
carry CAR-mRNA with surface-integrated anti-CD206 scFvs to
enable in situ CAR-M generation in the lung; inhaled CARmMRNA@
aCD206 sEVs accumulate in lung tissue and selectively deliver
CAR-mRNA to M®s, promoting local CAR-M production and
presenting a promising immunotherapy strategy (114). Chuang
et al. describe a nano-immunoengineering approach combining
THP-1-derived CD47 CAR-M with surface-anchored HPB-CD
lipid nanoparticles (B-CD LNPs); under oxidative stress, HPB-CD
released from B-CD LNPs dissolves cholesterol crystals and
upregulates the liver X receptor (LXR) pathway in M®s,
enhancing clearance of apoptotic debris, with THP-1 M®ds
showing 1.57-fold increases in Mertk and IL-10 compared with
untreated M®s (115). By fusing a humanized single-chain variable
fragment with FcyRIla and integrating short hairpin RNA, SIRPo
can be silenced, disrupting CD47-SIRPa. signaling; THP-1-derived
CAR-shSIRP0-M exhibit high levels of CD80, CD86, and TNF-o.
under resting conditions, with significant upregulation of M1I-
associated and glycolysis-related genes, suggesting CAR
modification may bolster M1 polarization via enhanced glycolysis
(116). Similarly, CAR-M strategies that incorporate anti-
inflammatory intracellular domains (e.g., IL-4Ro) have
demonstrated efficacy in reducing inflammation in a renal injury
model (117), suggesting a direct application in autoimmune
nephritis. Despite these advances, CAR-M research in AIDs
remains largely preclinical, underscoring the need for clinical
safety validation, and systemic CAR-M distribution, notably
hepatic accumulation, poses risks of off-target toxicity and
reduced efficacy (108). Structural modifications in CAR receptor
design signify significant progress in the field. Innovative
extracellular domain designs, such as TSHR-CAR-T cells, have
emerged (80). Furthermore, intracellular domains, including
Megf10, FcRy, and PI3KP85, have been shown to enhance
phagocytosis, with tandem structures amplifying this effect (6).
Their efficacy and safety have been validated in humanized mouse
models (7). The intracellular domain TIRs can induce stronger
activation, which may open new avenues for applications in non-
tumor diseases such as AID (30). Additionally, rCAR-T cells signify
a pioneering advancement in immunotherapy, overcoming the
limitations of conventional DNA-based CAR-T, which relies on
DNA proliferation for CAR signal amplification and is associated
with unpredictable pharmacokinetics and severe adverse events,
particularly CRS (64). Nevertheless, current research remains
limited, necessitating further validation of efficacy.

CAR-T cell source and culture duration determine efficacy and
safety across oncology and AID, with shorter ex vivo culture
yielding less differentiated CAR-T cells that exhibit enhanced
effector function and proliferative capacity, especially beneficial
for sustained immune regulation in AID (118). AutoCAR-T cells
prevent immune rejection, while allogeneic T cells from healthy
donors exhibit stronger cytotoxicity and allow for quicker treatment
through pre-collection. Second-generation anti-CD19 CAR-T cells
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(KYV-101) were generated from 20 patients’ PBMCs, enriched for
CD4/CD8 T cells, transduced with KL-h198a28z lentivirus, and
expanded in vitro, achieving CAR expression across neurological,
rheumatic, and healthy-donor groups (47-77%, 37-73%, 50-75%
respectively) with 11-66 fold expansion by day 8, indicating
comparable efficacy across disease types (119). The choice
between autologous and allogeneic CAR-T cell sources involves a
critical risk-benefit calculation in AID. Allogeneic ‘off-the-shelf
products allow for rapid treatment initiation—a significant
advantage in rapidly progressive AID. Their potent cytotoxicity,
as seen in studies like the BCP-ALL trial (120), could translate to
more profound B-cell depletion in AID conditions. However, this
potency comes with risks: the high proportion of naive T cells in
healthy donors may elevate the risk of severe CRS and ICANS, and
alloreactive T cells pose a threat of GVHD (120, 121).

Toxicity management strategies for CRS and ICANS in
oncology may need adaptation for AID, relying on supportive
care, tocilizumab, and corticosteroids, and Anti-CD19 CAR-T-
driven rises in IL-6, IL-10, and IFN-y promote perforin/
gasdermin release that amplifies tissue damage and sHLH/MAS
and CRS (122-124). In the CTL0O19 cohort (n = 45; 24 male, 21
female; median age 12), the median time from CRS onset to first
tocilizumab dose was 4 days (0-18). CRS resolution within 14 days
after the first tocilizumab dose occurred in 69% (31/45; 95% CI 53—
82%), with up to two doses and fever resolution for >24 hours
without vasopressors or non-corticosteroid treatments. Further
studies are needed to define optimal tocilizumab dosing and
safety for CAR-T-induced CRS (125). For tocilizumab-resistant
CRS, corticosteroids are used, but higher cumulative doses and
early/prolonged use after CAR-T infusion are linked to shorter
overall survival (126). Exploring AID-specific toxicity mitigation
strategies, such as concurrent AIM2 inflammasome blockade, is an
important future direction (127). In AID, where sustained immune
modulation is often prioritised over short-term ablation, proactive
management of acute cell therapy-related risks is essential. This has
driven the development of next-generation safety strategies that
extend beyond conventional interventions such as tocilizumab and
corticosteroids to enable preemptive control of CAR-T cell activity.
The following approaches have been identified: The following
examples are provided of switches that ensure the safety of the
system: inducible caspase-9 suicide genes for emergency cell
ablation (128), CRISPR-Cas9-mediated disruption of TCR
expression to reduce graft-versus-host disease risk in allogeneic
products (129, 130), logic-gated CAR circuits that require sensing of
complex, disease-specific signals to trigger activation (131), and
transient expression systems employing non-viral mRNA delivery
to restrict CAR persistence (132), thereby precisely defining the
therapeutic window. Despite the evident potential of these
innovations, it is crucial to acknowledge the paucity of safety data
specifically pertaining to AID populations (133). This underscores
the imperative for additional clinical validation within this
specific context.

A paramount challenge in achieving long-term remission in
AID is combating CAR-T-cell exhaustion and ensuring persistent
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regulatory function, which requires sustained immune regulation.
Mechanisms driving exhaustion, such as oxidative stress (134, 135),
present key targets. A previous study demonstrated that during
primary viral infection, counteracting ROS effects with antioxidants
reduced T cell expansion (136). Mitochondria-targeted antioxidant
treatments, such as mitoquinone and MitoTEMPO, mitigate
oxidative stress from mitochondrial membrane potential (A¥m)
depolarization and excessive ROS levels in exhausted CD4 T cells,
significantly enhancing cell viability and antiviral function (137).
Additionally, IL-21 treatment of CAR-T cells promotes oxidative
phosphorylation (OXPHOS) and reduces levels of HIF1A, CD38,
SIRT1, TET2, CTLA4, and TOX2, suggesting that IL-21 may inhibit
T cell exhaustion and senescence through the CD38-NAD-SIRT1
axis (138). Conversely, the limited proliferative capacity and
persistence of CAR-M (139, 140) is a major hurdle for sustained
antigen clearance in chronic AID. Developing strategies to enhance
CAR-M survival and function is therefore a critical research priority
for AID applications.

The polarization state of CAR-M can be regulated by the
intracellular domain (141). In anti-tumor therapy, enhancing
therapeutic effects through M1 polarization of CAR-M has
proven effective, as demonstrated with the tandem CD3{-TIR
dual-signal CAR-M (30). In non-tumor diseases, M1 polarization
may be detrimental. When M®s fail to maintain a proper balance
during the wound healing process—such as not transitioning from
the M1 to the M2 phenotype—it can impair wound healing (142).
Chronic wound formation results in sustained inflammation that
hinders tissue repair (143). A reduced phagocytic ability of M®s
toward apoptotic neutrophils leads to the accumulation of
inflammatory substances, obstructing the transition to the M2b
phenotype, thereby exacerbating inflammation and delaying the
healing process (144). Exosomes rich in miR-146a-5p can inhibit
the activation of M1 and reduce the expression and release of pro-
inflammatory factors, such as MCP-1, IL-6, and TNF-a, by
targeting CD80 (145). Conversely, promoting M2 polarization
can be beneficial by resolving inflammation and promoting
tissue repair, as seen in liver fibrosis and neuroinflammation
models (146, 147). The critical challenge for AID therapy is
designing CAR-Ms whose polarization state (e.g., towards pro-
resolving M2a or M2c phenotypes (148)]) can be tuned to the
disease context—suppressing inflammation without hindering
essential repair mechanisms. The safety and efficacy of CAR-M in
AID will be profoundly influenced by achieving this delicate
balance, necessitating extensive preclinical evaluation in specific
AID models.

The employment of combination strategies that capitalise on
the strengths of both CAR-T and CAR-M cells represents a
promising new frontier in the treatment of AID. Two synergistic
models are envisioned: a sequential approach, where CAR-Ms first
precondition the microenvironment by clearing antigenic debris
and immune complexes to enable safer, more effective CAR-T
deployment against pathogenic lymphocytes; or co-
administration, simultaneously targeting both the inflammatory
milieu (via CAR-M) and adaptive immune drivers (via CAR-T)
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for a rapid, comprehensive reset (104, 149). The distinctive capacity
of CAR-M to target a more extensive array of entities serves to
further expand its potential. Future research should concentrate on
adapting these synergistic regimens to the specific pathophysiology
of individual AIDs, thereby creating the basis for personalised
cellular therapies.

Beyond the biological and clinical limitations discussed above,
the successful translation of CAR-based therapies for autoimmune
diseases must also address profound manufacturing, accessibility,
and ethical challenges (10, 11). The autologous process remains
prohibitively expensive and logistically complex, limiting patient
access globally (109, 110). While allogeneic ‘off-the-shelf” products
offer a solution, they require sophisticated gene editing to mitigate
graft-versus-host disease risks, raising additional safety and ethical
considerations (120, 121). Emerging technologies, particularly in
vivo reprogramming via non-viral delivery platforms like lipid
nanoparticles, hold the promise of radically simplifying
manufacturing, reducing costs, and enabling rapid and repeat
dosing (32, 33, 111). However, these approaches necessitate
careful ethical scrutiny regarding long-term genomic safety and
equitable implementation (113). Therefore, the future of CAR
therapy in autoimmunity depends not only on scientific
innovation but also on parallel advancements in affordable
manufacturing, thoughtful health policy, and ethical oversight to
ensure these transformative treatments can reach the broad patient
population in need (10, 11, 109).

6 Conclusion

In the future, the clinical translation of CAR therapies for
autoimmune diseases will require a strategic shift towards
overcoming three fundamental barriers. Firstly, the development
of dual-antigen sensing CARs to achieve disease-lesion-specific
targeting. Secondly, the engineering of CAR-M with enhanced
tissue-penetrating and extracellular matrix remodeling capabilities
to surmount fibrotic barriers. Thirdly, the adoption of transient in
vivo mRNA delivery platforms to ensure controllable persistence
and mitigate safety risks. By focusing on these targeted strategies—
smarter targeting, better delivery, and safer control—the next
generation of cellular therapies can be tailored to meet the
chronic and complex demands of autoimmune pathologies.
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