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Abstract

Chimeric antigen receptor (CAR)-engineered immune cells have revolutionized cancer immunotherapy, expanding from the
established success of CAR-T cells to a diverse array of cellular platforms. While seven Food and Drug Administration-approved
CAR-T cell products demonstrate unprecedented efficacy in hematologic malignancies, significant limitations persist, includ-
ing severe inflammatory toxicities, resistance in solid tumors, and manufacturing barriers. These challenges have catalyzed
extensive research to extend CAR engineering into alternative effector cell types, such as unconventional T cell subsets, natural
killer (NK) cells, macrophages, neutrophils, and dendritic cells, as well as non-immune platforms. Each cell type exhibits dis-
tinct antitumor mechanisms, persistence profiles, safety characteristics, and manufacturing requirements, positioning them
to address complementary therapeutic needs. This review provides a comprehensive overview of diverse CAR-engineered
cellular platforms, encompassing their biological properties, advantages, sourcing strategies, and manufacturing processes,
alongside currentclinical progress and optimization approaches. Beyond oncology, these platforms have demonstrated signif-
icant potentialin treating autoimmune diseases, infections, cardiac fibrosis, and senescence-associated disorders. By leverag-
ing distinctimmune and non-immune cell types to mediate cytotoxicity or suppress pathogenic cells, CAR technology provides
versatile therapeutic avenues across varied disease contexts. Through synthesis of recent advances in CAR platform diversity,
this review identifies opportunities for targeted optimization and explores future directions for broadening CAR-based thera-
peutic applications.
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alternative immune effector cells to overcome these barriers
(Fig. 1) [3].

Introduction

Chimeric antigen receptor (CAR)-T cell therapy has achieved re-
markable clinical success in B-cell and plasma cell hemato-
logic malignancies, resulting in seven products approved by the
United States Food and Drug Administration (U.S. FDA), and
has emerged as a vital treatment option for hematologic malig-
nancies with expanding indications [1]. Despite impressive out-
comes in hematologic malignancies, CAR-T cell therapy faces
substantial challenges, particularly in solid tumors. These in-
clude limited efficacy stemming from poor trafficking and persis-
tence, antigen heterogeneity, and the immunosuppressive tumor
microenvironment (TME). Safety concerns—including cytokine
release syndrome (CRS), hematotoxicity, and immune effec-
tor cell-associated neurotoxicity syndrome (ICANS) [2]—together
with high production costs and requirements for individualized
manufacturing, further constrain widespread adoption. In re-
sponse, researchers are actively refining CAR designs, optimiz-
ing manufacturing processes, and extending CAR technology to
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To date, autologous a8 T cells have served as the primary vehi-
cle for CAR engineering [4]. However, to circumvent the inherent
constraints of traditional o8 T cell platforms and harness special-
ized biological functionalities, the research frontier has expanded
toward nonconventional T cell subsets and other innate immune
cellsincluding y § T cells [5], regulatory T (Treg) cells [6], IL-9 secret-
ing T (T9) cells [7-9], mucosal-associated invariant T (MAIT) cells,
double negative T (DNT) cells, natural killer T (NKT) cells, NK cells,
macrophages, neutrophils and dendritic cells [10]. Some studies
have even extended CAR technology beyond immune cells to stem
cells and mesenchymal stem/stromal cells (MSCs) [11, 12]. Rather
than viewing these platforms as interchangeable alternatives, a
more sophisticated perspective reveals their distinctive biologi-
cal attributes, which confer tailored advantages in diverse disease
contexts.

Building on these platforms, CAR-engineered cells have also
extended their applications beyond cancer immunotherapy [13],
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Beyond CAR-T: Expanding the Arsenal
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Figure 1 Evolution of CAR technology: from conventional CAR-T cells to diverse cellular platforms and clinical applications. An overview of different CAR
cell platforms, outlining their main advantages over conventional CAR-T cells. The flow begins with the major challenges hindering conventional CAR-T
cell therapies, such as systemic toxicities, manufacturing hurdles, and resistance in solid tumors. To address these limitations, the field is expanding
toward diverse cellular platforms, including various immune effectors and non-immune cells, each offering unique mechanistic advantages. Finally, this
diversification facilitates the expansion of therapeutic indications, moving beyond hematologic malignancies to encompass solid tumors, autoimmune

diseases, chronic infections, and other diseases.

demonstrating therapeutic potential in diverse disease contexts,
including autoimmune diseases [14], infections [15], cardiac fibro-
sis [16], graft-versus-host disease (GvHD) [17], and senescence-
associated disorders [18, 19]. Leveraging their distinct character-
istics, these platforms achieve therapeutic effects through two
primary mechanisms: direct elimination or phagocytosing of dis-
eased cells, or suppression of pathogenic cell populations. Spe-
cific applications align with these mechanisms. For example, NK
cells, which detect infected or senescent cells through a balance
of inhibitory and activating receptors [20], exemplify direct elim-
ination and are thus well suited for infectious diseases and age-
related conditions. In contrast, CAR-Tregs and CAR-MSCs suppress
pathogenic B or effector T cells in autoimmune diseases [21,
22], providing a precise alternatives to conventional systemic im-
munosuppression. Similarly, CAR-macrophages (CAR-M) remodel
the fibrotic microenvironment in cardiac fibrosis through phago-
cytosis [23]. Collectively, these examples illustrate the versatility
of CAR technology beyond oncology, paving the way for broader
therapeutic innovations [24].

This comprehensive review synthesizes current knowledge on
CAR-engineered cells, emphasizing their properties, advantages,
manufacturing processes, and clinical progress. We highlight the
challenges these platforms face, along with existing solutions, and
discuss comparative considerations across CAR cell platforms in
distinct disease contexts, as well as the emerging next-generation
CAR therapy ecosystem.

CAR-a T cells: the established gold
standard

Properties and advantages of CAR-a3 T
cells

aB T cells represent the predominant subset of peripheral T lym-
phocytes, accounting for ~90%-95% of the total T cell population
and are the best-characterized and most extensively studied T cell
subset. They express a T cell receptor (TCR) composed of one «
chain and one 8 chain, which specifically recognizes peptide anti-
gens presented by MHC molecules. Based on co-receptor expres-
sion, aB T cells are divided into CD4™ helper T cells, which reg-
ulate immune responses through cytokine secretion, and CD8*
cytotoxic T cells, which directly eliminate infected or malignant
cells [25]. Physiologically, «8 T cells are activated through MHC-
dependent recognition by antigen-presenting cells such as den-
dritic cells, which can be recapitulated ex vivo to efficiently acti-
vate and expand T cells [26].

Conventional CAR-« 8 T cells are typically generated as mixtures
of CD4™ (including Th1 and Th2 subsets) and CD8™ T lymphocytes
[27]. However, in some studies, these subsets have been evaluated
independently, e.g. Boulch etal. and Yang et al. evaluated the func-
tions of CAR-CD4* and CAR-CD8™ T cells separately [28, 29]. CD8"
T cells exhibit rapid and potent cytotoxicity [30, 31], whereas CD4™
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T cells contribute to long-term persistence and immunoregula-
tion [32]. Exploiting these complementary features, researchers
have optimized CAR-T cell formulations by mixing CD4* and
CD8" subsets in defined ratios, enhancing overall therapeutic
efficacy [27].

CAR-aB T cells are engineered to express synthetic recep-
tors combining antibody-derived single-chain variable fragments
(scFv) with T-cell receptor signaling machinery. Contemporary
second-generation CARs incorporate CD3¢ signaling combined
with CD28 or 4-1BB co-stimulation, substantially improving ex-
pansion, persistence, and clinical efficacy compared to first-
generation designs. Unlike TCR-T cells, CAR-engineered a8 T cells
directly recognize cell-surface antigens in an MHC-independent
manner; moreover, they exhibit distinct sensitivity and selectivity
toward target cells [33, 34]. Upon CAR engagement with a tumor
antigen, rapid signaling cascades activate downstream kinases
(Lck, ZAP-70), initiating the PLCy-, PI3K-AKT-mTOR-, and MAPK-
dependent signaling pathways. These pathways collectively pro-
mote the activation of NFAT, AP-1, and NF-« B, driving robust prolif-
eration and the upregulation of cytotoxic effector molecules (per-
forin, granzymes) as well as pro-inflammatory cytokines (TNF-«,
IFN-y, IL-2), which together induce target cell death via pathways
such as apoptosis and pyroptosis [35-37].

To date, all the U.S. FDA-approved CAR-T cell products are based
ona BT cells. Moreover, analyses of ClinicalTrials.gov data indicate
that CAR-T cell therapies account for the vast majority of registered
CAR clinical trials [38]. This predominance reflects widespread
adoption of aB T cells as the primary platform for CAR engineer-
ing, owing to several key advantages, including (i) well-established
biology with decades of immunology knowledge enabling ratio-
nal CAR design; (ii) robust ex vivo expansion (100-1000-fold in 2-
3 weeks); (iii) potent cytotoxic capacity through multiple mech-
anisms (granule exocytosis, death receptor-mediated killing); (iv)
demonstrated long-term persistence in responding patients, with
detectable CAR-T cells years after infusion [39]; (v) high transduc-
tion efficiencies (60%-80% with lentiviral vectors); (vi) established
clinical proof-of-concept with seven U.S. FDA-approved products;
(vii) amenable to sophisticated CAR designs including bispecific
targeting and logic-gated activation; and (viii) extensive clinical
experience enabling sophisticated toxicity management and out-
come prediction (Fig. 1, Table 1) [40].

Collectively, these features establish a8 T cells as the primary
and preferred platform for CAR engineering, combining robust bi-
ological functionality with well-validated clinical performance.

Source and manufacturing of CAR-a8 T
cells

CAR-aB8 T manufacturing typically begins with peripheral blood
collection from patients via leukapheresis, followed by T-cell en-
richment through positive or negative selection achieving >95%
CD3* populations. Although numerous methods are available to
activate T cells, anti-CD3/CD28 beads remain the most commonly
used approach for GMP-compliant T-cell manufacturing [41]. Fol-
lowing activation, T cells undergo transduction using viral or non-
viral methods. All the seven U.S. FDA-approved CAR-T cell ther-
apies utilize either retroviral or lentiviral vectors for CAR deliv-
ery [42]. However, viral vector-based approaches carry a poten-
tial risk of insertional mutagenesis due to random genomic in-

tegration, and cases of malignant transformation have been re-
ported in some CAR-T cell treatments [43-46]. Additionally, viral
production is technically demanding and costly [47]. Therefore, re-
searchers are actively exploring alternative strategies such as site-
specific integration mediated by gene-editing tools, mRNA-based
approaches, lipid nanoparticle (LNP)-mediated ex vivo CAR engi-
neering [48, 49], and transposon-based electroporation to achieve
faster and safer CAR-T cell manufacturing [50, 51]. Moreover, some
studies have suggested that non-viral CAR-T cells may exhibit su-
perior function compared with virally engineered counterparts
[52-55].

Upon successful CAR gene delivery, T cells undergo ex vivo ex-
pansion over 2-4 weeks to generate clinical-scale CART T cells,
typically achieving 50%-70% CAR expression in the final prod-
uct. Quality control assessments include confirmation of CAR ex-
pression, T cell viability, sterility and endotoxin testing, and po-
tency assays measuring CAR-T cell-mediated tumor cell lysis. De-
spite robust manufacturing processes, CAR-T cell therapy faces
substantial practical limitations. Manufacturing timelines of 2-
4 weeks permit disease progression or clinical deterioration in
patients awaiting treatment. Moreover, high therapy cost (typi-
cally $300 000-$500 000 per patient in the USA) limits accessibil-
ity. Autologous manufacturing isinherently variable, as the quality
and quantity of collected T cells depend on disease burden, prior
chemotherapy, and individual differences in T-cell function. In pa-
tients with heavily pretreated disease, such as those who have
received prior chemotherapy or radiotherapy, autologous T-cell
quality may be compromised, furtherimpacting the feasibility and
efficacy of CAR-T cell therapy [56].

To address these limitations, substantial research efforts have
focused on developing allogeneic “off-the-shelf” CAR-T cell prod-
ucts. Allogeneic CAR-T cells, derived from healthy donors or stem
cell-derived T cells [11], theoretically offer advantages of standard-
ized manufacturing, faster availability, and reduced cost through
economies of scale. The primary barriers to generating allogeneic
CAR-T cells from healthy donors are the risk of GvHD and host-
versus-graft rejection (HVGR) [57]. GvHD arises when infused al-
logeneic T cells recognize and attack host tissues, whereas HVGR
occurs when the host immune system eliminates the infused allo-
geneic cells. To mitigate these risks, researchers have employed
gene-editing approaches, most notably CRISPR/Cas9-mediated
knockout of the endogenous TCR (TRAC or TRBC) and the B2-
microglobulin genes. TCR-knockout allogeneic CAR-T cells suc-
cessfully eliminate endogenous TCR alloreactivity while preserv-
ing the CAR-mediated antitumor response. Multiple clinical trials
have demonstrated that TCR-knockout allogeneic CAR-T cells can
be safely administered without causing severe GvHD while main-
taining antitumor activity [58-60], highlighting their promise as
a broadly applicable platform with potential utility in both onco-
logic and autoimmune disease settings [14], as well as their capac-
ity to overcome the manufacturing limitations of autologous CAR-
T cell therapy, thereby markedly expanding patient access.

An alternative approach to generate allogeneic CAR-T cells in-
volves deriving CAR-T cells from hematopoietic stem cells (HSCs)
and induced pluripotent stem cells (iPSCs). iPSC-derived CAR-T
cells offer potential advantages of unlimited scalability, standard-
ized manufacturing processes, and potential for cryopreservation
and thawing without loss of function. Preclinical studies have
demonstrated that iPSC-derived CAR-T cells bearing &8 TCR can
achieve robust in vivo expansion and antitumor activity compara-
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ble to conventional CAR-T cells [61, 62], although clinical evidence
remains limited. In parallel, Carrillo et al. developed anti-HIV CAR-
T cells from HSCs, which exhibited superior persistence and antivi-
ral effect compared with ex vivo transduced CAR-T cells [63]. Col-
lectively, HSCs and iPSCs may represent promising sources for en-
gineered T-cells.

Another feasible source comprises T cells derived from HLA-
matched allogeneic hematopoietic cell transplantation (HCT)
donors. Geyer et al. reported that CAR-T cells generated from
allo-HCT recipients—manufactured from post-transplant recip-
ient leukapheresis products but largely donor-derived due to
hematopoietic chimerism—demonstrated in vivo expansion and
antitumor activity without inducing significant GvHD [64].

Given the challenges associated with ex vivo manufacturing,
and in pursuit of truly “off-the-shelf” or universal solutions, many
researchers have recently focused on developing in vivo CAR-T cell
generation strategies [65]. These approaches aim to directly engi-
neer T cells within the patient’s body using viral or non-viral de-
livery systems [16, 66], thereby eliminating the need for labor-
intensive ex vivo expansion. Mechanistically, in vivo CAR-T cell ther-
apies rely on targeted delivery platforms such as lentiviral vec-
tors, adeno-associated viruses (AAVs), or LNP engineered to se-
lectively transduce circulating or tissue-resident T cells in vivo.
Advanced designs often incorporate cell type-specific promoters,
transient expression systems, or gene-editing components to en-
hance specificity, minimize off-target effects, and control CAR ex-
pression levels [65]. Notably, several preclinical and early clinical
studies have already demonstrated the feasibility and therapeu-
tic potential of in vivo CAR-T cell generation [65, 67]. For exam-
ple, Kelonia Therapeutics recently reported early clinical results
for KLN-1010, a fully human anti-B-cell maturation antigen (BCMA)
invivo-generated CAR-T cell therapy (lentiviral vector-based deliv-
ery system targeting CD3), in patients with relapsed or refractory
multiple myeloma. KLN-1010 eliminates the need for leukaphere-
sis, individualized ex vivo cell manufacturing, and lymphodeplet-
ing chemotherapy, thereby potentially broadening access to CAR-
T cell therapies. By day 15 post-infusion, CAR-positive cells com-
prised ~22%-72% of CD3™* lymphocytes in treated patients. Im-
portantly, all three evaluable patients achieved minimal residual
disease (MRD) negativity at month 1, highlighting the therapy’s
early clinical promise [68].

Progress of CAR-o5 T cells

CAR technology was first conceptualized at the end of the 1980s by
linking the antigen binding portion of an antibody to intracellular
signaling domains of the TCR to transfer the specificity of an anti-
body to T cells [69]. CAR structural design has evolved across mul-
tiple generations, from first-generation constructs containing only
a CD3¢ signaling domain to second- and third-generation CARs
incorporating one or more costimulatory molecules to enhance
T-cell expansion, persistence, and antitumor activity [70]. Clini-
cal translation began with early proof-of-concept studies, most
notably the 2011 report by June and colleagues in the New Eng-
land Journal of Medicine demonstrating sustained remissions in
leukemia [71]. Subsequently, U.S. FDA approval of the first CD19-
directed CAR-T cell product in 2017 for B-cell acute lymphoblastic
leukemia marked a major regulatory milestone, firmly establish-
ing CAR-T cell therapy as a transformative modality and accelerat-
ing its application in the clinic (Table 2).

CAR-af8 T cell therapy has achieved unprecedented clinical
efficacy in B-cell and plasma cell hematologic malignancies.
In B-cell acute lymphoblastic leukemia (B-ALL), CD19 CAR-T
cell therapy achieves complete remission (CR) rates of 40%-
85% in relapsed/refractory patients [72-74]. In B-cell non-
Hodgkin lymphoma (NHL), CR rates of 50%-80% are achieved
in relapsed/refractory populations with durable remission in
40%-60% at 2-3 years follow-up [75]. In multiple myeloma,
BCMA-directed CAR-T cells achieve response rates >80% with
very good partial response or better in 75%-85% of treated
patients [76].

Beyond hematologic malignancies, the exploration of CAR-
T cell therapy continues in solid tumors and autoimmune dis-
eases. In solid tumors, the overall objective response rate re-
mains modest (typically <30% in most studies) and is lower than
that observed in hematologic malignancies [77]. Meanwhile, in
autoimmune diseases, early clinical data are highly encourag-
ing: in systemic lupus erythematosus (SLE), autologous BCMA-
CD19 compound CAR-T cell therapy has induced symptom- and
medication-free remission in some patients, with no severe CAR-T
cell-associated toxicities reported in small cohorts (Tables 1 and 2)
[78].

Challenges and optimization of CAR-a8 T
cells

CRS

The most common serious adverse event occurring in 30%-90% of
CAR-T cell-treated patients [79] arises from robust CAR-T cell acti-
vation upon tumor encounter, resulting in massive inflammatory
cytokine release (e.g. IL-6, TNF-a, IL-2, IFN-y), with peak serum IL-
6 levels exceeding physiologic levels by 100-1000-fold in severe
cases [35, 80]. Mild CRS (grade 1-2) manifests as fever and fatigue,
typically resolving within 1-3 days [81]. Severe CRS (grade 3-4)
presents with high-grade fevers, hypotension requiring vasopres-
sor support, and potential progression to multi-organ failure if un-
treated [82]. Tocilizumab (anti-IL-6 receptor monoclonal antibody)
provides rapid CRS resolution in 80%-90% of cases, enabling CAR-
T cells continued expansion and disease control [83]. Corticos-
teroids represent alternative CRS management for tocilizumab-
refractory cases but may reduce CAR-T cell expansion [82]. Given
that severe CRS can be life-threatening, some researchers have
attempted to reduce its incidence by blocking IL-1 signaling [84],
knocking out cytokines such as granulocyte-macrophage colony-
stimulating factor (GM-CSF), IL6 and IFN-y [85-87].

Neurotoxicity

ICANS affects 20%-50% of CAR-T cell-treated patients, manifest-
ing as acute encephalopathy with confusion, seizures, and poten-
tial cerebral edema [88]. Dexamethasone provides effective first-
line ICANS management for mild-to-moderate cases [88]. Man-
agement of ICANS remains difficult because of its variable clini-
cal presentation and the requirement for continuous neurologi-
cal assessment. Mechanistic studies indicate that ICANS is linked
to endothelial dysfunction, cytokine-driven blood-brain barrier
permeability, and neuroinflammation involving IL-1, GM-CSF, IL-
6, and myeloid cell activation within the central nervous system
(CNS) [89].
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Manufacturing limitations

Autologous manufacturing requires complex GMP facilities, spe-
cialized expertise, typically takes 3-4 week timelines, and fails
in 5%-10% of cases [56]. Costs exceed $300 000 per patient in
many contexts, severely restricting global access [90]. Develop-
ment of allogeneic CAR-a8 T cells derived from HSCs or iPSCs,
in vivo CAR-T cell approaches, and other universal CAR-T cells
strategies holds considerable promise for significantly reducing
manufacturing costs and improving accessibility (Fig. 2A, Table 1)
[3,57].

Lymphodepletion

Chemotherapy conditioning enhances CAR-T cell expansion
but causes toxicity [91]. Major hematologic toxicities include
cytopenias such as neutropenia, leukopenia, anemia, and throm-
bocytopenia, which can be managed with administration of
hematopoietic growth factors [92]. Recent studies indicate
that hematologic toxicity is not solely from lymphodepleting
chemotherapy but may also result from CAR-T cell infiltration
into bone marrow, inducing inflammation and depleting the
HSC pool [2]. Therefore, limiting CAR-T cell infiltration into the
bone marrow may help reduce this toxicity. Additionally, CD19-
targeted CAR-T cells induce profound B cell aplasia necessitating
long-term immunoglobulin replacement (monthly intravenous
immunoglobulin) and antimicrobial prophylaxis, contributing
substantially to infectious complications occurring in 10%-30%
of CAR-T-treated patients [93]. In vivo CAR-T cell therapy offers the
advantage of bypassing lymphodepletion; although challenges
remain, it holds considerable potential [65].

Efficacy improvement in hematologic and solid
tumors

Disease relapse occurs in 20%-60% of initially responding pa-
tients, particularly in hematologic malignancies, with antigen-loss
escape representing the predominant CAR-T resistance mecha-
nism. Dual-CAR designs simultaneously targeting two antigens
may reduce relapse rate [94]. Researchers are developing multi-
target CAR-T cell therapies that simultaneously target multiple
antigens, combine different CAR-T cell populations, or incorpo-
rate logic-gated designs to enhance safety [95]. In solid tumors,
major barriers include antigen heterogeneity, poor trafficking to
tumor sites, limited persistence, and immune suppression within
the TME (Fig. 1). To date, CAR structures have evolved from the
first to fifth generation to optimize efficacy, and the optimization
strategies focus on multi-antigen targeting or new target devel-
oping [96], armored CARs secreting cytokines or checkpoint in-
hibitors, affinity-tuned and logic-gated CAR designs, and combi-
nation regimens with immune checkpoint blockade or cytokine
modulation [97]. For example, armored CAR-T cells can be engi-
neered either to secrete cytokines, such as IL-7, IL-21, IL-18, or IL-
23, to enhance T-cell expansion, persistence, and effector function
[97], or to express tumor microenvironment-modulating factors,
including a dominant-negative TGF-8 receptor Il (TGFBR2-DN) or
TNFSF14 (LIGHT), which enhance antitumor efficacy by reshaping
the tumor microenvironment [77, 98, 99]. To increase CAR-T cells
infiltration into cold tumors, researchers have engineered CAR-T
cells to overexpress various chemokines or chemokine receptors
such as CCL19, CCL21, CXCR2, or CXCR6 to improve trafficking and
extravasation [100-103]. Additionally, targeting the tumor vascu-

lature and stroma, and combining CAR-based therapy with other
treatment modalities such as oncolytic virus, may further enhance
tumor infiltration [104-107].

Exhaustion

CAR-T cell exhaustion arises from persistent antigen stimu-
lation, tonic CAR signaling, immunosuppressive TME, and
manufacturing-related factors [108], leading to reduced cyto-
toxicity and proliferation. Exhaustion is associated with poor
clinical responses and is characterized by upregulation of in-
hibitory receptors (e.g. programmed cell death protein 1 (PD-1),
TIM3, CD39) and exhaustion-related transcription factors (e.g.
TOX, NR4A) [109]. Recent studies show that T cells in solid tumors
can lose function rapidly, as early as 6 h after tumor cells con-
tact [110]. Multiple strategies have been developed to alleviate
exhaustion and enhance T-cell persistence. Structural CAR opti-
mization can reduce tonic signaling and delay exhaustion [111].
Additionally, overexpression of beneficial molecules or deletion
of inhibitory ones—such as cytokines or transcription factors
like c-Jun—can improve CAR-T cell expansion and persistence
[112]. Approaches involving T cell stemness regulation, pharma-
cologic modulation, and metabolic reprogramming have also
shown potential to enhance CAR-T cell efficacy [111]. Combined
application of these strategies may further improve therapeutic
outcomes and expand clinical possibilities for CAR-T cell therapy
[113].

Safety improvement in hematologic and solid tumors

On-target, off-tumor toxicity represents a major concern in the
use of CAR-T cells against malignancies. Although CD19 is an ex-
cellent target for hematologic malignancies and certain autoim-
mune diseases, it is not a true tumor-specific antigen (TSA). CD19
is physiologically expressed on normal B cells and has also been
detected in mural cells of the brain [114]. Despite this, CD19-
directed therapies exhibit potent antitumor activity with gener-
ally manageable on-target, off-tumor toxicity. In contrast, iden-
tifying ideal antigens for solid tumors is far more challenging.
Very few antigens are exclusively expressed on tumor cells; most
are tumor-associated antigens (TAAs) such as CEA, HER2, EGFR,
GD2, mesothelin (MSLN), and MUC1 [115]. Although TAAs often ex-
hibit differential expression between malignant and normal tis-
sues, even low-level expression in healthy organs can lead to
severe toxicities, exemplified by a fatal case in which a patient
with metastatic colorectal cancer died after receiving HER2-CAR-T
cells due to low-level HER2 expression on pulmonary epithelium
[116]. To enhance CAR-T cell therapy safety, multiple strategies
have been developed (Fig. 2B). One approach involves modifying
CAR constructs to improve tumor cell recognition while minimiz-
ing damage to non-malignant cells. Another strategy is the use of
logic-gated CAR-T cells, which employ logical gates such as “OR”,
“IF/THEN”, “NOT”, and “AND” to regulate CAR-T cell activation. Ad-
ditionally, clinically approved drugs can trigger suicide switches,
rapidly inducing CAR-T cell self-elimination to control their ac-
tivity. Acoustic or optogenetic switches, which use ultrasound or
light to regulate CAR expression or assembly, provide precise tem-
poral and spatial control. Local CAR-T cell administration is also
being explored to overcome challenges associated with systemic
delivery [117].

920z 11dy /| uo 1senb Aq y£8Y618/2006€qd/|/6/al0Ne/Wod/woo"dno-olwepese//:sdny Wwoly papeojumoq



Precision Clinical Medicine, 2026, Volume 9, Issue 1
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Figure 2 Strategic roadmap for the optimization and functional diversification of CAR-based platforms. Progress in CAR technology is characterized by a
multidimensional evolution across manufacturing, molecular design, and clinical application. (A) Manufacturing optimization: evolution from
individualized autologous workflows to standardized, allogeneic “off-the-shelf” production using iPSCs or HSCs sources, ensuring high scalability and
consistency, with emerging in vivo CAR engineering enabling direct modification of endogenous cells in the body. (B) CAR design optimization: strategies
include rational target antigen selection, implementation of cell type-specific co-stimulation domains, logic-gated circuits, reduction of exhaustion,
enhancement of persistence and tumor infiltration, and improvement of target specificity, all aimed at maximizing the efficacy of cell therapies while
minimizing off-tumor toxicities. (C) Combination optimization: exploiting the complementary biological attributes of diverse treatment methods (e.g.
living drugs and non-living drugs) to overcome systemic resistance across various diseases. (D) Disease expansion: translation of the CAR paradigm
beyond oncology into autoimmune, infectious, and other disease contexts, facilitated by the selection of disease-appropriate cellular chassis.

CAR-y4 T cells

Properties and advantages of CAR-y§ T
cells

Gamma-delta (y3) T cells, comprising 1%-5% of peripheral lym-
phocytes, are characterized by expression of TCRs composed of y
and § chains (in contrast to the conventional a8 TCR expressed
by 95%+ of circulating T cells) [118]. y§ T cells occupy an evo-
lutionary position between adaptive and innate immunity, com-
bining elements of TCR-based antigen recognition with innate-like

features including NK receptor expression and rapid, non-MHC-
restricted cytokine production (Table 1). Human y§ T cells con-
stitute a heterogeneous lymphocyte population that utilizes a di-
verse repertoire of Vy (2-5, 8, and 9) and V§ (1-8) chains to form
the heterodimeric 8 TCR [119]. 8 T cells are broadly catego-
rized based on their TCR V3-chain usage: Vy9Vé2 T cells, which
dominate peripheral blood, are activated by phosphoantigens
through a butyrophilin-dependent pathway involving BTN3A1 and
BTN2AL, and can be selectively expanded in vitro and in vivo us-
ing zoledronate (ZOL), an aminobisphosphonate routinely used in
clinical practice [120]. Besides their TCR signals, V62 T cells also ex-
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press Toll-like receptors (TLRs) and natural killer receptors (NKRs,
e.g. NKG2D and DNAM-1). TLRs can respond to pathogen/damage-
associated molecular patterns, while NKG2D mediates recogni-
tion of transformation-associated stress ligands such as MICA/B
and ULBPs [121]. In addition to potent innate cytotoxicity, Vy9V§2
T cells possess antigen-presenting capabilities and can cross-
present antigens to conventional a8 T cells [122]. V81 T cells,
by contrast, are primarily enriched in epithelial and mucosal tis-
sues and respond to stress-induced or tumor-associated ligands
such as MICA/B, ULBPs, and CD1-presented lipids via NKG2D and
their TCR [123]. They typically display a more naive-like or stem
cell memory-ike phenotype with lower expression of exhaustion
markers compared with V82 cells [124]. Additional subsets, includ-
ing V83 T cells, are found predominantly in the liver and contribute
to antiviral immunity and local immune regulation, though they
remain less explored for cell-therapy applications [118, 125]. To
date, CAR-engineering efforts have focused mainly on the V51 and
V82 subsets due to their abundance, accessibility, and favorable
functional profiles.

CAR-y 8 T cells offer several potential advantages compared to
CAR-a8 T cells (Table 1). First, 8 T cells demonstrate an intrin-
sic ability to infiltrate solid tumors and epithelial tissues, which
may enhance access to the TME [126]. Second, y§ T cells display
substantially reduced alloreactivity compared with a8 T cells, a
property related reduced capacity for MHC-restricted recognition
of allogeneic tissues. This reduced alloreactivity suggests poten-
tial for allogeneic “off-the-shelf” CAR-y3 T cell products without
TCR-knockout necessity. Third, y 8 T cells demonstrate innate-like
tumor recognition capabilities through expression of NK receptors
and ligand recognition patterns, potentially reducing dependency
on CAR targeting of single antigens [127].

Source and manufacturing of CAR-y§ T
cells

CAR-y§ T manufacturing involves isolating y 8 T cells from periph-
eral blood via positive selection using 8 TCR-specific antibodies
(anti-TCR y8) or negative selection targeting non-y§ populations,
often achieving 8 T enrichment to >80% purity. Following isola-
tion, distinct expansion strategies are applied depending on 8 T
cell subset. For V82 y 8 T cells, ZOL is the most widely used and ro-
bust method. ZOL-induced phosphoantigen accumulation drives
potent and selective Vy9V§2 activation, enabling highly efficient
and clinically scalable expansion—making V§2 cells the most ac-
cessible y 8 T subset foradoptive cell therapy. ForVé1y§ T cells, se-
lective expansion remains more challenging because no cognate
V§1-specific TCR ligand has been identified. Nonetheless, emerg-
ing clinical-grade protocols reported by Almeida and Ferry—using
anti-CD3 antibody plus cytokines stimulation, or «8 T cell de-
pletion followed by cytokine-driven expansion—support reliable
large-scale V81 manufacturing from peripheral blood and have
facilitated the entry of V§1-based CAR-y§ T products into early-
phase clinical development [128, 129].

More general y38 T cell expansion protocols also exist. Anti-
y§ TCR stimulation combined with IL-2 (100-500 U/ml routinely
yields 100-2000-fold expansion within 2-3 weeks [130]. Artifi-
cial antigen-presenting cell (aAPC) feeder systems can further
enhance yield [131]. Recent studies from our group and others
have additionally shown that mitogen-based activation (e.g. cn-

canavalin A) can drive potent V81 T cell proliferation at scale [5,
131, 132].

In addition to peripheral blood, y§ T cells can also be isolated
and expanded from umbilical cord blood (UCB) [133]. Although the
baseline frequency of y§ T cellsin UCBis low, over half of y§ T cells
in UCB are of the V81 subset, making UCB a source enriched in less
differentiated yé T cells compared with peripheral blood [134].
With optimized in vitro expansion protocols, even these initially
rare UCB y§ T cell populations can be robustly expanded, demon-
strating the feasibility of generating clinically relevant numbers of
CAR-y & T cells from cord blood [134, 135].

For genetic engineering, lentiviral vectors remain standard,
generating 50%-80% CAR expression efficiency, and the overall
manufacturing workflow is highly compatible with established
CAR-T cell processes, as y§ T cells tolerate activation, transduc-
tion, and expansion conditions similar to those used for a8 T cells.
Similarly, analogous to a8 T cell manufacturing protocols, non-
viral CAR delivery approaches—such as mRNA electroporation and
transposon-based methods—are increasingly explored in CAR-y§
T cell production [124, 136, 137], providing greater manufacturing
flexibility and potential reductions in production timelines. Over-
all, current manufacturing workflows can routinely produce clini-
cally relevant doses of CAR-y§ T cells within 2-3 weeks, supporting
their feasibility for translational and therapeutic applications.

Progress of CAR-y§ T cells

Development of CAR-y§ T cell therapy has progressed signifi-
cantly across both hematologic malignancies and solid tumors.
In B-cell leukemia, preclinical studies using CD19-directed CAR-
y$8 T cells demonstrated potent in vitro and in vivo cytotoxicity
even in antigen-loss settings: donor-derived y§ T cells engineered
with a CD19 CAR showed robust cytokine production (IFN-y, TNF-
«a), expansion, and leukemia clearance in xenograft models [138].
Adicet Bio is a leading innovator in CAR-y§ T cell therapy. In their
phase | study evaluating ADI-001 for the treatment of B-cell ma-
lignancies, the therapy achieved a 78% overall and complete re-
sponse rate, with no reported cases of GvHD or severe CRS or
ICANS [139]. In solid tumors, CAR-y§ T cell engineering has also
shown substantial promise. Owing to their intrinsic capacity for
tissue infiltration, CAR-y8 T cells are particularly well suited for
solid tumor treatment [126]. They can potentially overcome the
barriers of tumor evasion through multiple cytotoxic mechanisms.
These include CAR and their native TCR signals [129], FasL/TRAIL-
mediated apoptosis, and NKG2D-mediated recognition of stress
ligands [127, 137]. Furthermore, they can remodel the immuno-
suppressive TME through the secretion of pro-inflammatory cy-
tokines, and even function as antigen-presenting cells to initi-
ate endogenous antitumor immune responses [132]. For exam-
ple, in hepatocellular carcinoma, glypican-3 (GPC3) specific CAR
V§1-T cells co-expressing IL-15 demonstrated enhanced expan-
sion and antitumor efficacy in preclinical models [140]. Moreover,
recent translational efforts have proposed dual-target CAR-y§ T
cells for neuroblastoma, such as PTK7/GD2 CAR-y§ T cells, aim-
ing to improve tumor-homing and persistence; this strategy is un-
der development for pediatric patients [141]. In addition, numer-
ous studies show that CAR-y§ T cells exhibit strong efficacy and
favorable safety profiles across multiple solid tumors, including
renal cell carcinoma, prostate cancer, colorectal cancer, lung can-
cer, oral cancer, and breast cancer [125]. In a phase | clinical trial of
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CAR-y 8 T cells targeting B7H3 for the treatment of glioblastoma, Li
et al. demonstrated that among 7 subjects, the objective response
rate was 42.9%, with no severe CRS, ICANS, and GvHD observed
[142]. Numerous clinical trials investigating CAR-y§ T cell ther-
apy are currently underway, including hematologic malignancies,
solid tumors, and autoimmune diseases [143]. Although research
on CAR-y§ T cells in autoimmune diseases remains limited, early
findings indicate promising “off-the-shelf” therapeutic potential.
Notably, a clinical trial is currently evaluating CD19-directed uni-
versal CAR-y8 T cells for the SLE treatment (NCT06106893) (Ta-
ble 2).

Challenges and optimization of CAR-y6 T
cells

One of the major challenges for 3 T cell therapies is the difficulty
in obtaining sufficient ¥ T cells for therapy. In addition to opti-
mizing expansion protocols [144], using iPSC-derived y§ T cells,
as demonstrated by Wallet et al. [145], represents an alternative
approach. CAR-y8 T cell persistence remains incompletely char-
acterized across preclinical and clinical trials, and emerging evi-
dence suggests that limited persistence may also represent a po-
tential challenge for this platform [124, 146]. To further enhance
the persistence and functionality of 8 T cells, cytokine engineer-
ing strategies—such as IL-2 or IL-15 expression—have been em-
ployed to improve their long-term antitumor efficacy [140, 147]. In
terms of efficacy, in addition to some armored CAR designs [148],
current studies have shown that combining CAR-y§ T cells with
T-cell engagers (TCEs) or immune checkpoint inhibitors can aug-
ment their antitumor activity [149]. Regarding safety, the devel-
opment of logic-gated CAR-y§ T cells represents a promising ap-
proach to modulate their activity through the simultaneous tar-
geting of multiple tumor antigens, thereby reducing off-tumor tox-
icity and overcoming immune evasion [146]. Building on some
overlapping challenges, many of the enhanced engineering strate-
gies originally developed for ¢ T cells can likewise be adapted
and applied to CAR-y8 T cells (Fig. 2B) [150]. Notably, tumor-
infiltrating 8 T cells have been reported to acquire immunosup-
pressive properties in specific tumor contexts, including suppres-
sion of T cell and dendritic cell function via a TLR-controlled sig-
naling pathway, which may limit antitumor efficacy and warrants
careful consideration in the design of CAR-y§ T cell therapies [151].

CAR-Tregs

Properties and advantages of CAR-Tregs

Tregs, predominantly characterized by CD4*CD25"FOXP3* phe-
notype and comprising 5%-10% of peripheral CD4* T cells (pri-
marily «B T cells), maintain immune tolerance through mul-
tiple immunosuppressive mechanisms including immunosup-
pressive cytokines (particularly IL-10 and TGF-8) and inhibitory
molecules expression (e.g. CD39, CD73, cytotoxic T-lymphocyte-
associated protein 4 (CTLA-4) and PD-1), and contact-dependent
effector T cell suppression (Fig. 1). Tregs employ multiple com-
plementary mechanisms to restrain effector T cell (Teff) activa-
tion, proliferation, and cytokine production, thereby maintain-
ing peripheral immune tolerance. First, Tregs secrete suppres-
sive cytokines—including IL-10, TGF-8, and IL-35—that inhibit Teff
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function and dampen antigen-presenting cells (APCs) activation
(Fig. 1, Table 1). Second, they exert contact-dependent suppres-
sion through inhibitory receptors such as CTLA-4, LAG-3, TIGIT,
and PD-1/Programmed death-ligand 1 (PD-L1), which directly sup-
press Teffsignaling and downregulate costimulatory molecules on
APCs. Third, Tregs impose metabolic disruption, most notably by
high-affinity IL-2 consumption via CD25, thereby limiting IL-2 avail-
ability to Teff. They also generate immunosuppressive adenosine
through CD39/CD73 and transfer cAMP to Teff to inhibit NF-«B-
dependent activation [152]. In addition, Tregs can directly elimi-
nate Teff or APCs through granzyme- and perforin-mediated cytol-
ysis, and they modulate APC function by inducing tolerogenic pro-
gramming, including Indoleamine 2,3-dioxygenase (IDO) expres-
sion [153, 154].

Engineering Tregs with CAR leverages these intrinsic suppres-
sive pathways while providing antigen-specificity, enabling tar-
geted modulation of pathogenic immune responses. Unlike con-
ventional CAR-T cells designed to eliminate pathogenic cells
through potent cytotoxicity, which often results in profound cy-
topenia and a subsequent reliance on IVIG support to prevent
infections [155], CAR-Tregs represent a fundamentally distinct
immunotherapeutic platform [21, 156]. Rather than mediating
tumor-killing, they exert precise immunosuppression, functioning
as a “programmable tolerance inducer” to selectively restrain au-
toreactive or alloimmune responses while preserving global im-
mune competence [157]. As demonstrated in islet transplanta-
tion models, A2-CAR-Tregs induced linked suppression and infec-
tious tolerance, maintaining transplant tolerance even after the
CAR-Tregs were no longer detectable [158]. Recently, Moorman et
al. developed conventional DC1 (cDC1)-targeted anti-XCR1 CAR-
T cells and CAR-Tregs and evaluated their efficacy in the experi-
mental autoimmune encephalomyelitis (EAE) model. Findings in-
dicate that depletion of cDC1 (via CAR-T cells) orimmune suppres-
sion (via CAR-Tregs) can modestly suppress Th1-driven EAE [159].
These studies reveal a key functional distinction between the two
platforms: CAR-T cells are better suited for the efficient elimination
of defined pathogenic immune populations, whereas CAR-Tregs
appear to be more effective in disease settings where antigen ex-
pression is spatially restricted to inflamed tissues, enabling local-
ized immunoregulation and restoration of immune homeostasis.

CAR-Tregs engineering offers theoretical advantages for au-
toimmune disease therapy: (i) selective targeting of disease-
driving cells, enabling localized immunosuppression [160]; (ii)
CAR-Tregs preserve their target population, and the antigen ex-
posure could further promote their persistence, expansion, and
suppressive activity [161]; (iii) suppression rather than elimina-
tion of pathogenic lymphocytes, with the potential to induce
long-term tolerance even in the absence of CAR-Treg persistence
[158, 162]; and (iv) secretion of predominantly anti-inflammatory,
rather than pro-inflammatory cytokines, thereby conferring a fa-
vorable safety profile with a reduced risk of CRS [163].

Source and manufacturing of CAR-Tregs

Tregs are broadly classified into thymus-derived or natural Tregs
(tTregs/nTregs) and peripherally induced Tregs (pTregs), reflect-
ing their distinct developmental origins [164]. Notably, Tregs from
different sources require tailored expansion strategies. In CAR-
Tregs manufacturing, tTregs—which naturally express FOXP3—are
most commonly used and are typically isolated from peripheral
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blood via CD4+CD257CD127"°% selection achieving 80%-95%
purity [165]. These isolated tTregs are subsequently expanded us-
ing anti-CD3/CD28 co-stimulation combined with high-dose IL-2
(500-1000 U/ml) and rapamycin (mTOR inhibitor) supplementa-
tion preferentially promoting Treg expansion while suppressing
Teff growth, achieving 100-500-fold expansion in 2-5 weeks [166,
167]. CAR expression is generally introduced via lentiviral trans-
duction during or after the activation phase, ensuring stable inte-
gration and functional CAR expression in Tregs [168, 169].

By contrast, pTregs—generated from naive CD4™" T cells un-
der TGF-B and IL-2 conditions—require additional measures such
as retinoic acid or rapamycin to sustain stable suppressive phe-
notype and prevent reversion to effector phenotypes [170]. Be-
sides naturally occurring Treg subtypes, in vitro induced Tregs
(iTregs) have also been explored for CAR-Tregs generation. Stud-
ies by Fransson et al. and Martin et al. demonstrated that FOXP3
overexpression in conventional CD4™ T cells reliably confers a reg-
ulatory T cell phenotype, enabling these cells to effectively sup-
press autoimmune disease progression [171, 172]. These differ-
ences between tTregs and pTregs/iTregs hold significant implica-
tions for adoptive immunotherapies, as tTregs generally exhibit
greater lineage stability and are preferred for clinical-scale expan-
sion [6, 173].

Progress of CAR-Tregs

CAR-Tregs have been investigated in a wide range of disease
contexts, spanning both alloimmune and autoimmune disor-
ders, including GvHD, diabetes, rheumatoid arthritis, multiple
sclerosis (MS), inflammatory bowel disease, asthma, vitiligo,
hemophilia, and SLE (Table 1) [6, 168]. Preclinical studies have
provided strong proof-of-concept for the use of CAR-Tregs in
GvHD [174]. Early work by MacDonald et al. demonstrated that
aAPC expanded Tregs transduced with a CAR specific for HLA-
A2 (A2-CAR) maintain their regulatory phenotype and suppres-
sive function in vitro, and, when infused into immunodeficient
NOD.Cg-Prkdcscidll2rgtm1Wjl (NSG) mice together with HLA-A2*
peripheral blood mononuclear cells (PBMCs), significantly pro-
tect against xenogeneic GvHD compared with control CAR-Tregs
[175]. On the clinical side (Table 2), the strong preclinical ef-
ficacy has spurred translation: anti-HLA-A2 CAR-Tregs are be-
ing tested in clinical trials, including the “STEADFAST” trial
(NCT04817774), for kidney transplant recipients and the “LIBER-
ATE” trial (NCT05234190) for liver transplant recipients [176]. CAR-
Tregs have also demonstrated considerable therapeutic poten-
tial in autoimmune diseases. For example, Doglio et al. demon-
strated that FOXP3-overexpressing, CD19-targeted CAR-Tregs ef-
fectively reshaped the B cell compartment and reduced inflamma-
tion in SLE models, resulting in improved survival and favorable
safety [168]. Recently, Sonoma Biotherapeutics reported that their
CAR-Tregs product SBT777101 was well tolerated following infu-
sion in rheumatoid arthritis patients, with no cytokine release syn-
drome, neurotoxicity, or other immune-mediated adverse events
observed [177].

Challenges and optimization of CAR-Tregs

Purification and expansion of Tregs remain significantly challeng-
ing due to their very low frequency in peripheral blood. On one
hand, autologous CAR-Tregs manufacturing requires isolation of
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highly purified Tregs using magnetic bead-based selection or flow
cytometric sorting. These procedures substantially increase pro-
duction costs, potentially making the financial burden of CAR-
Tregs therapy comparable to that of currently approved autol-
ogous CAR-T cell therapies [178]. On the other hand, it is criti-
cal during manufacturing to preserve Treg lineage identity and
maintain stable FOXP3 expression, as Tregs are prone to losing
FOXP3 expression, and acquiring pro-inflammatory effector fea-
tures under inflammatory or suboptimal culture conditions [179].
Therefore, further optimization of CAR-Tregs production strate-
gies and therapeutic efficacy remains necessary. Developing al-
logeneic CAR-Tregs or generating Tregs from iPSCs represents a
promising alternative. Notably, Yano et al. successfully differenti-
ated iPSCsinto CAR-expressing CD4™ Treg-like cells that effectively
mitigated GVHD in preclinical models [180]. Another key limitation
is to select proper targets for CAR-Tregs. If target antigens are also
expressed in healthy tissues, CAR-Tregs may become broadly ac-
tivated, reducing precision and risking nonspecific systemic im-
munosuppression. To overcome this, several modified CAR-Tregs
designs have been proposed to improve specificity and safety
[164]. Although CAR-Treg therapy has shown promising suppres-
sion of alloimmunity and extended graft survival in various pre-
clinical models, its in vivo stability and long-term efficacy remain
suboptimal [181]. Recently, Lamarthee et al. conducted a com-
parative study on the use of CD28 versus 4-1BB signaling do-
mains in CAR-Tregs. They found that 4-1BB tonic signaling lim-
ited the in vivo expansion and persistence of CAR-Tregs [182], indi-
cating that appropriate co-stimulatory signal choice can enhance
Treg suppressive function [173]. Additionally, several potential en-
hancement strategies could be explored to further boost the sup-
pressive activity of CAR-Tregs, such as cytokines overexpression
[156].

CAR-NKT cells

Properties and advantages of CAR-NKT
cells

NKT cells represent a unique subset of a8 T lymphocytes that
co-express NK lineage markers. NKT cells can be subdivided into
three major functional subsets, NKT1, NKT2, and NKT17, analo-
gous to Th1/Th2/Th17 polarization observed in conventional T
cells [183]. These subsets are defined by differential expression of
lineage-defining transcription factors and characteristic cytokine
profiles. Human type | NKT cells (also known as invariant NKT,
iNKT) characteristically use the Va24-Ja18 TCR « chain (TRAV10-
TRAJ18), paired with a limited TCRS repertoire (V811 in humans),
whereas mice express the analogous Va14-Ja18 chain (TRAV11-
TRAJ18). Despite bearing an invariant « 8 TCR, type | NKT cells rec-
ognizes self- and microbial-derived glycolipids presented by the
monomorphic MHC class I-like molecule CD1d (82M-associated)
[184], which means CD1d gene-directed type | NKT cells have lim-
ited toxicity when used as autologous or allogeneic products [185],
preserving antitumor activity without promoting GvHD. Type |
NKT cells are best characterized and predominantly produce IFN-
y. Type Il NKT cells, in contrast, possess diverse TCR repertoires
and recognize a broader array of lipid antigens, typically ex-
hibiting IL-4-skewed responses and substantial functional hetero-
geneity [186]. The NKT17 subset, marked by RORyt expression
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and robust IL-17A secretion, represents an additional functionally
distinct arm of the NKT lineage and contributes to tissue inflam-
mation, TME modulation, and mucosal immunity [187].

NKT cells have characteristics intermediate between NK and
T cells [188], thereby integrating functional features of both lin-
eages (Table 1 and 2) [189]. This hybrid phenotype allows CAR-
NKT cells to retain the potent cytotoxic and antigen-responsive
functions characteristic of CAR-T cells, while also exhibiting “off-
the-shelf” applicability and favorable safety profiles typically as-
sociated with CAR-NK cells [190]. CAR-NKT cells can destroy target
cells via direct and indirect mechanisms; upon TCR stimulation,
they rapidly produce IFN-y, promoting Th1l polarization and ac-
tivating macrophages and NK cells, while their NK-associated re-
ceptors (e.g. NKG2D, DNAM-1, NKp30) enable direct, innate-like tu-
mor killing independent of CAR signaling [189]. The CAR further
increases tumor specificity and allows CAR-NKT cells to modulate
the immune system by licensing dendritic cells, enhancing con-
ventional T cell priming through CD40L and cytokine crosstalk,
and inhibiting immunosuppressive cells, thereby amplifying an-
titumor immunity [191]. Their CD1d-TCR-dependent and innate-
like activation programs provide an additional layer of antitumor
activity, enabling them to overcome tumor immune evasion even
when CAR signaling alone is insufficient. The comparative study
by Rotolo et al. demonstrated that, in the presence of CD1d ex-
pression, CAR-NKT cells exhibit significantly stronger antitumor
activity than conventional CAR-T cells [192]. CAR-NKT cells show
promising efficacy in hematologic malignancies and, due to high
infiltration and low anergy in the TME, exhibit particular poten-
tial against solid tumors [193]. In a solid tumor study, Zhou et
al. reported that CAR-NKT cells displayed superior in vivo antitu-
mor activity compared with CAR-T cells, driven by CD1d-mediated
remodeling of the TME and enhanced endogenous immune ac-
tivation in mouse models [194]. Moreover, CD1d-mediated tar-
geting and depletion of CRS-associated macrophages can re-
duce systemic CRS while preserving strong antitumor activity
[189, 195].

Source and manufacturing of CAR-NKT
cells

CAR-NKT cell manufacturing begins with isolation of NKT cells
from peripheral blood by apheresis. NKT cells can be isolated
by CD1d/«-galactosylceramide (eGalCer) sorting or by anti-iNKT
microbeads selection [196, 197]. CD1d-tetramer sorting achieves
high purity for invariant NKT cells. Anti-iINKT microbeads selec-
tion can achieve higher NKT yield but includes NKT cell subsets
with diverse characteristics. Isolated NKT cells are subsequently
expanded using anti-CD3/CD28 costimulation with IL-2 supple-
mentation. The manufacturing timeline typically spans 2-3 weeks,
yielding expansion kinetics comparable to those of conventional T
cells [184]. Alternative approaches utilize CD1d-presenting autol-
ogous or engineered cells loaded with aGalCer, providing NKT cell-
specific TCR stimulation [197]. Given the extremely low frequency
of iNKT cells in human blood (0.001%-1%), CAR-iINKT cells from
HSCs were developed. Using a feeder-free differentiation proto-
col, a 10%-fold expansion within 6 weeks was achieved [198]. In
addition to anti-CD3/CD28 stimulation and «GalCer-loaded PBMC-
based expansion methods, irradiated K562 aAPC systems can ef-
fectively support expansion of HSC-derived CAR-iNKT cells [195].
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Progress of CAR-NKT cells

Several CAR-NKT cell products targeting both hematologic ma-
lignancies and solid tumors have been developed, with antigen
specificities including CD19, BCMA, GD2, and prostate stem cell
antigen (PSCA) [199, 200], In hematologic malignancies, CD19-
directed CAR-NKT cells represent the most extensively studied
constructs [143]. Rotolo et al. demonstrated that CAR19-iNKT cells
exhibited higher cytotoxicity than conventional CAR-T cells in pre-
clinical models, and early clinical observations indicated that CAR-
NKT treatment did not induce severe adverse events [201]. In solid
tumors, GD2-targeted CAR-NKT cells have demonstrated notable
antitumor activity, particularly in neuroblastoma. These cells pos-
sess intrinsic tumor-homing capacity and have been shown to in-
filtrate tumor tissues more effectively than conventional CAR-T
cells. Moreover, CAR-NKT cells can also target tumor-associated
macrophages through CD1d recognition, contributing to broader
TME remodeling [184, 199]. Based on these favorable preclinical
effects in solid tumors, Heczey et al. advanced anti-GD2 CAR-NKT
cellsinto a phase I clinical trial for neuroblastoma, where the ther-
apy was shown to be safe and capable of inducing objective clini-
calresponses [202]. Compared with conventional CAR-T cells, CAR-
NKT cells may exhibit similar or lower toxicity under comparable
conditions [202]. In our recent study, we found that PSCA-targeted
CAR-NKT cells exhibited antitumor activity against pancreatic can-
cer. They achieved cytotoxic effects comparable to conventional
PSCA CAR-T cells without inducing GvHD [197]. Beyond these es-
tablished targets, a growing array of tumor-associated antigens—
including HER2 [203], MSLN [204], GPC3 [205, 206], CD70 [207],
EGFR[208], and B7-H3 [209]—is being evaluated for CAR-NKT redi-
rection, reflecting increasing interest in harnessing NKT cells as a
versatile and potentially safer alternative to conventional CAR-T
cell therapies (Table 2).

Challenges and optimization of CAR-NKT
cells

CAR-NKT cell manufacturing faces challenges due to NKT cell rar-
ity in peripheral blood, requiring selective enrichment and ex-
pansion. Manufacturing consistency may be impacted by variable
baseline NKT frequencies in different donors and variable expan-
sion kinetics. Consequently, in vitro expansion protocols for NKT
cells are still under active investigation in both preclinical and clin-
ical settings. To further enhance the expansion, persistence, and
antitumor functionality of CAR-NKT cells, some groups have engi-
neered CAR-NKT cells to overexpress IL-15 [210], which could sig-
nificantly promote NKT cell persistence and function [211, 212].
To achieve high-yield NKT cells for clinical use, researchers are ex-
ploring stem cell-derived sources, including iPSCs and HSCs. Ozaki
et al. recently demonstrated that NKT cell-derived iPSCs can be
differentiated into NKT cells; however, their system relies on stro-
mal cells [213], and generation of CAR-engineered NKT cells from
iPSCs remains poorly studied [203]. As an alternative source, Li
et al. generated CAR-NKT cells from HSCs using a feeder-free sys-
tem, achieving ~108-fold expansion [195]. Although these HSC-
derived CAR-NKT cells broadly resembled PBMC-derived CAR-NKT
cells, they exhibited a predominantly CD8* single-positive phe-
notype with a marked paucity of CD4* single-positive cells. Op-
timizing culture conditions to preserve a balanced Th1/Th2 func-
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tional profile—while avoiding skewing toward either extreme—
may further improve the functional quality of CAR-NKT cells func-
tion [214]. Another key challenge for allogeneic CAR-NKT cell ther-
apy is that these cells can still be eliminated by host T cells due to
mismatched HLA molecules, despite their non-alloreactive nature
[199]. However, simply knocking down or knocking out HLA class
I would provoke host NK-cell-mediated rejection [215]. To prevent
allogeneic cells from being eliminated by NK cells and other im-
mune cells such as macrophages, strategies such as HLA-E or CD47
overexpression have been reported. These approaches can effec-
tively protect the cells and extend their survival in vivo [57].

CAR-NK cells
Properties and advantages of CAR-NK cells

NK cells represent a distinct population of innate lymphoid cells
characterized by the ability to recognize and kill target cells with-
out prior sensitization or TCR engagement. NK cells constitute
~5%-15% of peripheral blood lymphocytes in healthy individuals.
NK cell killing is regulated by a balance between activating signals
(through NK cell activating receptors including NKG2D, DNAM-1,
and natural cytotoxicity receptors) and inhibitory signals (through
killer immunoglobulin-like receptors that recognize MHC class |
molecules). This “missing self” recognition pattern—wherein NK
cells preferentially kill cells that lack MHC class | expression—
provides a mechanistic basis for NK cell recognition of cancer cells,
which frequently downregulate MHC to evade CD8* T cell recogni-
tion. NK cells can also mediate antibody-dependent cellular cyto-
toxicity (ADCC) through their Fc receptor (CD16), enabling them to
kill antibody-opsonized target cells [216, 217].

CAR-NK cells offer several potential advantages compared to
CAR-T cells (Fig. 1, Table 1): First, CAR-NK cells demonstrate re-
duced alloreactivity, which makes CAR-NK cells particularly at-
tractive for allogeneic “off-the-shelf” manufacturing from healthy
donor sources [218-220]. Second, CAR-NK cells demonstrate
rapid, potent cytotoxicity against target cells through both CAR-
mediated and intrinsic NK mechanisms, potentially offering supe-
rior killing kinetics compared to CAR-T cells. Third, CAR-NK cells
demonstrate reduced potential for CRS, ICANS, and GvHD com-
pared with CAR-T cells. Fourth, CAR-NK cells demonstrate tran-
sient expansion and shorter persistence compared with CAR-T
cells [221], which can be viewed as a safety advantage (reduced
risk of long-term toxicity and loss of CAR specificity through out-
growth of non-CAR populations) or a disadvantage (potentially re-
quiring repeated dosing to maintain therapeutic effect). Fifth, as
already mentioned, CAR-NK cells can be manufactured from mul-
tiple sources including peripheral blood, UCB, the NK92 cell line,
HSC- and iPSC-derived sources [222], potentially offering greater
manufacturing flexibility compared with CAR-T cell approaches.
NK cell expansion from peripheral blood can be achieved through
stimulation with cytokines (particularly IL-2, IL-15,and IL-21) or co-
culture with irradiated feeder cells, and does not require the same
level of individual optimization as CAR-T cell manufacturing [58].

Source and manufacturing of CAR-NK cells

Manufacturing of -NK cells can employ multiple cellular sources,
providing flexibility not available with current CAR-T cell ap-
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proaches [223]. Primary NK cells can be derived from periph-
eral blood through leukapheresis, selective expansion through cy-
tokine stimulation, or feeder cell co-culture, followed by CAR en-
gineering and further expansion [223]. Alternatively, UCB repre-
sents a rich source of NK cells with potentially superior expan-
sion characteristics compared with adult peripheral blood NK cells
[224]. iPSC-derived NK cells offer potential advantages of unlim-
ited scalability and standardized manufacturing [225], with pre-
clinical studies demonstrating that iPSC-NK cells can achieve com-
parable transcriptional signature and antitumor function compa-
rable to primary NK cells [226]. The commercial clonal NK92 cell
line has also been used in several clinical trials (Table 1) [227, 228].

The choice of genetic engineering method for CAR-NK cells dif-
fers somewhat from standard CAR-T cell approaches. Primary hu-
man NK cells are intrinsically difficult to transduce with conven-
tional VSV-G-pseudotyped lentiviral vectors, often yielding only
low efficiencies [229], whereas retroviral platforms or alternative
pseudotypes such as RD114-TR or baboon envelope consistently
achieve markedly higher gene-transfer rates [230, 231]. Although
retroviral transduction remains the mainstream method for gen-
erating CAR-NK cells, efforts to simplify manufacturing and reduce
costs have driven interest in non-viral approaches such as electro-
poration and LNP delivery [216]. Recently, Andorko et al. reported
that in vivo generation of CAR-NK cells using targeted virus parti-
cles achieved ~9% CAR-positive NK cells detectable in the spleen
[232]. In vivo generation of CAR-NK cells provides several key ad-
vantages and demonstrates substantial promise for future clinical
applications [233].

Progress of CAR-NK cells

CAR-NK cell development has progressed from preclinical proof-
of-concept studies to ongoing clinical trials (Table 2) [234, 235].
Multiple reviews and studies indicate that CAR-NK cells exhibit a
lower risk of CRS, neurotoxicity, and GvHD compared with CAR-T
cells [236-238]. In a recent comparative study of CAR-NK and CAR-
T cells, SLAMF7-directed CAR-NK cells exhibit lower on-target, off-
tumor effects on healthy cells compared to CAR-T cells, as their ac-
tivity could be modulated by inhibitory receptors [239]. In terms
of cytotoxicity and persistence, Egli et al. demonstrated that, com-
pared with autologous CAR-T cells, allogeneic CAR-NK cells exhib-
ited lower but quicker killing capacity and reduced persistence
both in vitro and in vivo [221]. Consequently, preclinical studies
have focused on engineering CAR-NK cells to enhance their tumor-
targeting ability, cytotoxic activity, and in vivo persistence, achiev-
ing antitumor responses in multiple models including hemato-
logic malignancies and solid tumors [237]. Beyond oncology, CAR-
NK cells have also been investigated in autoimmune disease and
anti-infectious contexts [240]. In one of our studies, we demon-
strated that CAR-NK cells targeting the SARS-CoV-2 spike protein
could effectively eliminate infected cells, leading to prolonged sur-
vival in murine models [15].

Clinical trials of CAR-NK cells have been initiated in multi-
ple hematologic and solid malignancies [227]. Clinical data sug-
gest that CD19-targeted CAR-NK cell products can be adminis-
tered safely and exhibit favorable toxicity profiles, with markedly
lower rates of severe CRS than CAR-T cell therapy and no re-
ported cases of ICANS or GvHD [241-243]. Prior to this, safety had
been first proven in relapsed acute myeloid leukemia patients in
the clinic using CAR-NK92 cells [244]. Response rates in early tri-
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als appear lower than historical controls of CAR-T cell therapy,
though direct comparisons are complicated by differences in pa-
tient populations, disease burden, and prior treatment exposure
[245].

In solid tumors, multiple clinical trials are currently underway
targeting a variety of antigens, including CD70, GPC3, HER2, MSLN,
PD-L1, PSMA, ROBO1, and NKG2DL [227]. However, to date, pub-
licly available clinical results remain scarce, as most of these stud-
ies are still ongoing [246]. In a recent clinical study, Wang et al.
demonstrated that NKG2D-based CAR-NK cells engineered to ex-
press membrane-bound IL-15 were safe and well tolerated in pa-
tients with colorectal cancer [247]. Among the six treated patients,
one achieved stable disease while the remaining five experienced
progressive; importantly, no severe CRS or other significant ad-
verse events were observed [247]. Given the encouraging out-
comes of CAR-NK cell therapy in hematologic malignancies and
its favorable safety profile, researchers are increasingly explor-
ing the potential application of CAR-NK cells for the treatment
of autoimmune diseases [240]. Recently, Wang et al. reported a
clinical trial using iPSC-derived, CD19/BCMA dual-targeting CAR-
NK cells for systemic sclerosis. The treatment achieved robust B-
cell depletion, and no CRS, ICANS, or GvHD was observed [248].
Notably, CAR-NK cells may represent a highly promising “off-the-
shelf” therapeutic platform with broad applications both in cancer
and in non-malignant diseases.

Challenges and optimizations of CAR-NK
cells

Despite the theoretical advantages of CAR-NK cells, several chal-
lenges limit their current clinical application [249]. A key mecha-
nistic distinction between CAR-NK cells and CAR-T cells involves
their functional persistence and expansion patterns. While CAR-T
cells, particularly those expressing memory transcription factors,
can persist for years and establish long-lived memory responsesin
some patients [31, 32], CAR-NK cells demonstrate more transient
expansion and persistence, with non-engineered NK cells typically
persisting for ~2 weeks [249], necessitating repeated infusions to
maintain therapeutic activity [227]. This transience may reflect the
inherent biology of NK cells, which exist as “primary” effector cells
without establishing long-lived memory compartments in the way
that T cells do. Strategies being investigated to enhance CAR-NK
cell persistence include: (i) the generation of cytokine-induced
memory-like (CIML) NK cells through preactivation with a com-
bination of IL-12, IL-15 and IL-18. These CAR-engineered CIML NK
cells have exhibited longer persistence than conventional CAR-NK
cells [250]; (ii) checkpoint inhibitor combinations; (iii) lymphode-
pletion prior to CAR-NK cell infusion [251]; and (iv engineering of
CAR-NK cells to express cytokines such as IL-2, IL-7, or IL-15 [223,
252], as we found CAR-NK cells engineered to express membrane-
bound IL-15 demonstrate enhanced persistence and increased an-
titumor activity in vivo [197, 227].

Similar to CAR-T cells, the application of CAR-NK cells in solid
tumors faces multiple challenges, including an immunosuppres-
sive TME, limited antigen selection, poor tumor infiltration, and
rapid functional impairment [253]. Similar to strategies developed
for CAR-T cells (Fig. 2B), safety-enhancing methods such as trun-
cated EGFR and inducible caspase-9 suicide switches have already
been evaluated in clinical settings [227, 248], and synNotch-based
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CAR-NK cell systems have been tested for colorectal cancer [254].
To improve CAR-NK cell infiltration into solid tumors, many of the
optimization strategies explored in CAR-T cells are also applicable
to NK cells [255], e.g. preclinical studies have demonstrated that
forced expression of CCL19, CCR2B, or high-affinity CD16 can en-
hance NK cell function and accumulation within tumors [256]. NK
cells rapidly lose their functional capacity within 24 h after infiltrat-
ing the tumor site [257]. Thus, modifying CAR-NK cells to address
the immunosuppressive TME presents a promising approach. For
example, knockout of TGFBR2 or overexpression of TGFBR2-DN in
CAR-NK cells can increase resistance to TGF-B-mediated suppres-
sion [258].

As with CAR-T cells, enhancing the efficacy of CAR-NK cells
remains a major priority not only in hematologic malignancies
and solid tumors but also in autoimmune and other disease set-
tings [248]. Currently, multiple strategies are being explored to im-
prove CAR-NK functionality, including optimization of CAR struc-
ture [259]; engineering high-affinity, non-cleavable CD16 [260];
high-throughput CRISPR-based screening to identify novel targets
for gene knock-in or knockout [261, 262]; multi-antigens-targeting
CAR-NK cells [263]; metabolic reprogramming [264]; combination
therapies [251]; and disruption of endogenous checkpoint path-
ways [265].

Another major challenge for CAR-NK cells is their susceptibility
to rapid clearance by host immunity, especially when used in al-
logeneic settings [266]. Although CAR-NK cells have been shown
not to induce GvHD, they can still be recognized and eliminated
by the host immune system, leading to allorejection. To address
this issue, several effective strategies have already been explored
in the development of allogeneic CAR-T cells [57]. Recently, Liu et
al. demonstrated that selectively knocking down HLA-ABC using
shRNA, together with overexpression of HLA-E and PD-L1, could
effectively reduce allorejection [266].

CAR-M
Properties and advantages of CAR-M

Macrophages represent a diverse population of myeloid cells
with critical roles in tissue homeostasis, inflammation, infec-
tion control, and tumor surveillance [267]. Tumor-associated
macrophages (TAMs) exist in diverse functional states, with
the classical pro-inflammatory (activation) phenotype contrast-
ing with the anti-inflammatory (immunosuppressive) phenotype
[268]. In contrast to T cells and NK cells, which infiltrate solid
tumors inefficiently and rapidly undergo exhaustion or dysfunc-
tion within the hostile TME, solid tumors naturally harbor abun-
dant macrophages, which can constitute up to 50% of the im-
mune cell population [269]. These cells are continuously re-
cruited by tumor- and stroma-derived chemokines, yet most
become skewed toward anti-inflammatory or immunosuppres-
sive phenotypes that facilitate immune evasion, tumor progres-
sion, and metastatic dissemination [268, 270]. Despite this pre-
dominant anti-inflammatory polarization, TAMs retain substan-
tial phenotypic plasticity and can be reprogrammed toward pro-
inflammatory, tumoricidal states when exposed to appropriate
cues, including pattern-recognition receptor signaling, cytokine
stimulation, or therapeutic genetic re-engineering [267, 271]. No-
tably, TAMs are relatively long-lived compared with infiltrating
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lymphocytes; they can persist for several weeks within tumors and
may include self-renewing tissue-resident macrophage lineages
[272, 273]. This inherent high penetration and long-term intratu-
mor persistence highlight their unique potential as a vehicle for
next-generation immunotherapies in solid tumors.

Engineering macrophages with CARs offers a mechanistically
distinct approach to cancer immunotherapy compared to CAR-T
or CAR-NK cells [274]. Rather than acting primarily through direct
cytolysis, CAR-M mediate antitumor effects through phagocyto-
sis, ADCC, and trogocytosis, and production of pro-inflammatory
cytokines, reactive oxygen species (ROS), and nitric oxide [275].
These distinct mechanisms confer additional advantages (Fig. 1,
Table 1). On one hand, phagocytosis allows CAR-M to eliminate
tumor cells through pathways different from direct cytolysis, po-
tentially overcoming certain resistance mechanisms. Moreover,
by presenting phagocytosed tumor antigens to T cells (antigen
cross-presentation), they can facilitate the generation of adap-
tive immune responses [276]. On the other hand, CAR-M can re-
model the immunosuppressive TME through the secretion of pro-
inflammatory cytokines (IL-12, TNF-«, IL-6) and the expression of
costimulatory molecules, potentially shifting the immune balance
toward a pro-inflammatory state [277]. Together, these features
make CAR-M particularly promising for solid tumors, where their
combination of superior infiltration and TME-modulating capacity
provides advantages not as readily achieved with CAR-T or CAR-NK
cells [278].

Source and manufacturing of CAR-M

CAR-M generation requires initial procurement of macrophage
sources followed by CAR transduction. Viable macrophage
sources include: peripheral blood-derived monocytes, peritoneal
macrophages [279], cord blood-derived monocytes, commer-
cial macrophage cell lines, and increasingly, iPSCs-derived
macrophages (Table 1) [275]. Peripheral blood monocyte-derived
macrophages represent the most accessible source currently
employed in early CAR-M development [280]. Monocytes isolated
via apheresis undergo differentiation into macrophages in cul-
ture over 5-7 days with macrophage colony-stimulating factor
(M-CSF) or GM-CSF supplementation, generating macrophages
with varying pro-inflammatory and anti-inflammatory phe-
notypes depending on differentiation cytokine selection and
culture conditions [280, 281]. Current manufacturing protocols
preferentially employ M-CSF differentiation to promote pro-
inflammatory macrophage generation [280, 282], followed by
engineering of the cells to express the CAR construct. However,
primary macrophages possess intrinsic resistance mechanisms to
lentiviral transduction [280], resulting in generally low transduc-
tion efficiencies (Table 2) [283]. Alternatively, adenoviral-based
vectors such as Ad5f35 have been reported to achieve ~80% posi-
tivity. Furthermore, non-viral approaches such as LNP delivery can
also be used to engineer macrophages [284]. Notably, Wang et al.
successfully generated CAR-M directly in vivo using LNP [285]. This
strategy offers a safer and more cost-effective alternative, with the
potential to enable truly “off-the-shelf” CAR-M products. Recently,
Zhou et al. employed enucleated mesenchymal stem cells to
deliver CAR-expressing plasmids specifically to macrophages
within gliomas. Compared with LNP-based approaches, this
strategy achieved higher CAR positivity and enhanced antitumor
activity [286]. Compared with primary monocytes, macrophage
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cell lines and iPSCs are much easier to transduce and genetically
modify. We and others have successfully generated CAR-M cells
from engineered iPSCs [287-290], and we found that iPSC-derived
CAR-M cells phenotypically closely resemble their counterparts
from PBMC-derived macrophages. iPSC-derived macrophages
represent a potentially transformative manufacturing approach,
enabling standardized, “off-the-shelf” production from banked
iPSCs with standardized differentiation (2-4 week iPSCs to
macrophages differentiation) and minimal batch-to-batch vari-
ability [289]. However, iPSCs manufacturing may face regulatory
hurdles requiring further validation demonstrating functional
equivalence to monocyte-derived macrophages.

Progress of CAR-M

To enable CAR-M-mediated antigen-specific phagocytosis, Mor-
rissey et al. first developed murine anti-CD19 CAR-M incorporat-
ing a panel of distinct cytoplasmic signaling domains, and iden-
tified Megf10, FcRy, and CD3¢ as intracellular modules capa-
ble of effectively triggering CAR-dependent phagocytosis for tu-
mor cells [282]. This pioneering study established the foundation
of macrophage-based CAR cell therapy. Building on this work,
Klichinsky et al. validated the feasibility of CAR-M in both the
human THP-1 macrophage cell line and primary macrophages,
demonstrating robust antitumor activity in solid tumors. Human
HER2-targeted CAR-M were shown to efficiently infiltrate tumor tis-
sue, present antigens, and remodel the TME [280]. More recently,
they further demonstrated that CAR-M cells can potently activate
endogenous T cells within solid tumors, and that combining CAR-
M therapy with PD-1 blockade significantly augments antitumor
efficacy [291].

To further enhance CAR-M polarization toward a pro-
inflammatory phenotype and improve cytotoxic function, Lei
et al. engineered CAR-M incorporating the intracellular TIR do-
main of TLR4, resulting in markedly enhanced antitumor activity
[290]. In parallel, Shen et al. systematically optimized CAR ar-
chitectures for iPSCs-derived CAR-M and similarly demonstrated
their strong therapeutic potential [289]. In our own work, we
engineered iPSCs to express a PSCA-targeting CAR together with
truncated EGFR (tEGFR) and membrane-bound IL-15, and subse-
quently differentiated them into CAR-M cells [287]. The inclusion
of the tEGFR safety switch enables rapid abrogation of effector
function, thereby improving the controllability and overall safety
profile of the product [218]. Importantly, neither our studies nor
those of others have reported CRS or other severe toxicities in
preclinical mouse models [287, 290]. Collectively, these studies
establish CAR-M as a highly promising modality for the treatment
of both solid tumors and hematologic malignancies [292].

Encouraged by these preclinical data, CAR-M therapies are en-
tering early clinical testing (Table 2) [275, 292]. In the first-in-
human phase | trial of CAR-M (Carisma Therapeutics, CT-0508,
NCT04660929), CAR-M were shown to infiltrate the TME, remodel
the TME, and enhance adaptive immune responses. Among the
14 treated patients, 3 achieved stable disease as a best over-
all response. Importantly, no dose-limiting toxicities and no se-
vere CRS or ICANS were observed, thereby supporting the accept-
able safety profile and emerging therapeutic potential of CAR-
M therapy [293]. Beyond the CT-0508 first-in-human study, sev-
eral additional clinical programs are actively evaluating CAR-M
and related myeloid-engineered cell therapies to further establish
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their safety and efficacy. These include CT-0525 (NCT06254807),
an autologous CAR-monocyte product currently in phase | test-
ing; MT-101 (NCT05138458), an mRNA-engineered CAR-myeloid
therapy under phase I/Il evaluation in CD5" T cell lymphoma;
and MCY-M11 (NCT03608618), an earlier phase | study exploring
mesothelin-targeted CAR-myeloid cells. Collectively, these ongo-
ing clinical trials highlight the growing momentum of CAR-M-
based immunotherapies and continue to generate important ev-
idence supporting their clinical safety and therapeutic potential
[292].

Beyond cancer treatment, CAR-M therapies have also shown
considerable potential in cardiovascular diseases [294], autoim-
mune disorders [295], inflammatory diseases [296], liver fibro-
sis [297], and even anti-aging applications [298, 299]. Recently,
Zhou et al. reported that CAR-M can modulate intervertebral disc
homeostasis. By using a microneed|e array to deliver CAR-M into
the deep layers of intervertebral discs, they were able to elimi-
nate apoptotic nucleus pulposus cells, ameliorate the inflamma-
tory microenvironment, and promote disc repair [300]. These find-
ings remain at the preclinical stage, and further investigation is re-
quired to translate them into clinical applications [301].

Challenges and of CAR-M

A critical challenge in CAR-M development involves maintaining
a pro-inflammatory macrophage throughout manufacturing and
in vivo persistence [302], with potential for phenotypic skewing
toward anti-inflammatory phenotypes under certain conditions.
TME factors (e.g. IL-10, TGF-8) may promote this functional re-
programming in vivo, thereby attenuating CAR-M antitumor ac-
tivity. Optimization strategies include manufacturing conditions
maintaining pro-inflammatory phenotype [280, 303], CAR designs
promoting sustained pro-inflammatory signaling [290], and co-
infusion with cytokines that support inflammatory effector func-
tions (such as IFN-y) [289].

A key issue limiting the clinical translation of CAR-M therapy is
their limited in vivo persistence, with early clinical data suggesting
CAR-M-mediated antitumor effect was transient and patients pro-
gressed within months [293]. Optimal persistence characteristics
are required for sustained antitumor function, particularly in solid
tumor contexts requiring long-term disease control. Mechanistic
studies of factors influencing CAR-M persistence, optimization of
CAR designs, and repeated CAR-M administration to enhance per-
sistence represent important future directions [293, 304]. How-
ever, unlike lymphocytes, macrophages exhibit minimal prolifer-
ative capacity in vivo or ex vivo [293, 305], making large-scale ex-
pansion difficult and necessitating the administration of high cell
doses to achieve therapeutic efficacy. In this context, iPSC-derived
CAR-M offer substantial advantages by enabling scalable, stan-
dardized manufacturing and the generation of sufficient cell num-
bers. Nevertheless, iPSC-based products carry an inherent tumori-
genicity risk [306], which can be mitigated by incorporating safety
switches—such as tEGFR or inducible caspase-9—to enable selec-
tive elimination of the infused cells and further enhance clinical
safety [287, 307]. In addition, recent studies have reported a TME
responsive CAR-M platform in which CAR expression is driven by
the arginase 1 promoter that targets CD47, providing an alterna-
tive and feasible strategy to further improve the safety profile by
restricting CAR activity to the TME [308].
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Similar to the challenges encountered with CAR-T cell ther-
apy, CAR-M also faces obstacles such as suboptimal tumor infil-
tration, an immunosuppressive TME, and antigen heterogeneity
(Fig. 1 and Fig. 2B). To enhance CAR-M antitumor efficacy, sev-
eral combination strategies have been explored. For example, co-
administration of CAR-M with CD47-blocking antibodies or PD-1
checkpoint inhibitors has been shown to significantly augment
antitumor activity [291, 309]. Moreover, combination therapy with
CAR-T cells has been reported to produce synergistic antitumor ef-
fects (Fig. 2C). Notably, this synergy appears to be bidirectional:
CAR-M can enhance CAR-T cell activation, while cytokines pro-
duced by activated CAR-T cells promote CAR-M polarization to-
ward a pro-inflammatory phenotype, thereby further strengthen-
ing antitumor responses [310]. In addition, CRISPR/Cas9-based
functional screening has also been leveraged to optimize CAR-M
performance. Using this approach, Wang et al. identified aconi-
tate decarboxylase 1 (ACOD1) as a key target whose modulation
markedly enhanced the antitumor activity of CAR-M cells [311].
In parallel, a variety of potential enhancement strategies are cur-
rently under active investigation and development to further im-
prove the safety, efficacy, and durability of CAR-M-based therapies
[312].

Other CAR cells: CAR-MAIT cells,
CAR-double negative T cells, CAR-T9
cells, CAR-neutrophils,
CAR-dendritic cells, CAR-stem cells,
and CAR-MSCs

CAR-MAIT cells

MAIT cells, comprising 1%-10% of peripheral blood lymphocytes
(up to 30%-50% in mucosal tissues like the lungs and gut), ex-
press a semi-invariant TCR (Va7.2-J&33 in humans) recogniz-
ing vitamin B metabolites presented by MHC-related protein 1
(MR1) [313]. Similar to NK and NKT cells, MAIT cells can be
activated through both TCR-dependent and cytokine-mediated,
TCR-independent mechanisms, highlighting their therapeutic po-
tential in both malignant and non-malignant diseases (Table 1)
[313]. MAIT cells can be isolated using Vo 7.2-based magnetic se-
lection or MR1 tetramer-based sorting, followed by ex vivo ex-
pansion with cytokine supplementation and the MR1 ligand 5-
(2-oxopropylideneamino)-6-D-ribitylaminouracil (5-OP-RU) [313,
314]. Expanded MAIT cells can then be genetically modified using
lentiviral vectors in amanneranalogous to conventional CAR-T cell
engineering. Preclinical studies have demonstrated that CAR-MAIT
cells exhibit potent antitumor activity, mediate MHC-independent
killing, and secrete lower levels of cytotoxic factors compared with
conventional T cells, supporting their potential as a safe and allo-
geneic platform for CAR-based immunotherapy [314]. Compared
with conventional CAR-T cells, MAIT cells uniquely express high
levels of chemokine receptors, endowing them with enhanced
tissue-homing and infiltration capacities and rendering them par-
ticularly attractive for solid tumor immunotherapy [315]. Despite
these advantages, CAR-MAIT therapies have not yet advanced to
clinical evaluation (Table 2), and challenges related to their lim-
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ited peripheral abundance and functional optimization remain to
be addressed [316].

CAR-DNT cells

DNT (CD3TCD4~CD8™) cells, comprising 2%-8% of peripheral
blood, exhibit rapid activation, intrinsic NK-like killing, and re-
duced GvHD potential [317]. DNT cells express a diverse TCR reper-
toire (comprising both o8 and y§ TCRs, with 8 TCR-expressing
cells representing the predominant population) [318]. Notably,
DNT cells can be efficiently expanded ex vivo using standard T cell
expansion protocols. Importantly, adoptive transfer of DNT cells
neither induces GvHD nor mediates cytotoxicity against normal
allogeneic PBMCs or hematopoietic stem cells in murine models
[319], highlighting their favorable safety profile. Owing to these
properties, DNT cells represent an attractive platform for the de-
velopment of “off-the-shelf” cellularimmunotherapies. Neverthe-
less, a potential concern remains regarding their lineage stabil-
ity [320]. As DNT cells have been reported to regain CD8 expres-
sion in vivo in murine models [320], such phenotypic conversion
could theoretically trigger GvHD. Further investigation is required
to clarify their clinical relevance and ensure safety. Preclinical
studies have demonstrated robust antitumor activity of DNT cells
across multiple hematologic malignancy models, including acute
myeloid leukemia [319], B-cell malignancies [318, 321, 322], and
T-cell malignancies [323]. Clinically, a first-in-human phase I study
evaluating CD19-CAR-DNT therapy (RJMty19) reported encourag-
ing safety and preliminary efficacy. In the high-dose cohort, pa-
tients in the dose level 4 group (n = 3) achieved an overall re-
sponse rate of 100%, with a complete remission rate of 33%. Im-
portantly, no >grade 3 CRS or ICANS were observed, and nei-
ther dose-limiting toxicities nor GvHD were reported [324]. Despite
these encouraging results in hematologic malignancies, the ther-
apeutic potential of DNT cells in solid tumors and other disease
settings remains largely unexplored (Table 2). Notably, a clinical
case report has suggested that DNT cells may interfere with the
therapeutic efficacy of CAR-T cells [325], and DNT cells have also
been reported to suppress T cell function [322, 326]. While such
immunomodulatory properties may be advantageous in reducing
host-mediated rejection of DNT cells, their broader impact on dif-
ferent disease and combination therapies warrants further inves-
tigation [322].

CAR-T9 cells

Accumulating evidence suggests that IL-9 and IL-9-producing cells
exert various roles in antitumor immunity [327]. IL-9 can be pro-
duced by various T cell subsets, including T helper 2 (Th2), Th17,
V82 T cells, NKT cells, Tregs, CD4* Th9, and IL-9 secreting cyto-
toxic CD8™ T (Tc9) cells [327, 328]. Among these, substantial evi-
denceindicates that Th9 and Tc9 cells possess potentimmunoreg-
ulatory and antitumor activities [8, 329]. IL-9 secreting T cells (T9)
could be differentiated from naive T cells under IL-4 and TGF-8/IL-
18 stimulation [330], with transcription factors including PU.1 and
IRF4, among others, contributing to the regulation of IL-9 produc-
tion [331]. It has been reported that TCR- or CAR-engineered Th9
cells exhibit superior antitumor efficacy in murine tumor models
compared with Thl, type-l cytotoxic T cell (Tcl)/cytotoxic T lym-
phocyte (CTL), or Th17 cells [8]. Similarly, Tc9 cells demonstrate
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reduced exhaustion and enhanced effector function relative to
Tcl cells [332]. Consistent with these findings, recent studies have
shown that IL-9 signaling possesses strong pro-inflammatory ac-
tivity, and that enforced expression of the IL-9 receptor in CAR-
T cells markedly improves their expansion, persistence, and tu-
mor infiltration [333, 334]. In addition, CAR-T cells polarized under
Th9-culture conditions display increased memory potential and
reduced exhaustion [7]. In our recent work, we further identified
that ablation of the mRNA reader YTHDF2 promotes Th9 differen-
tiation. Moreover, YTHDF2 depletion in CAR-Th9 cells enhances im-
mune activation, limits terminal differentiation, and augments an-
titumor efficacy [9]. Although CAR-T9 cell therapies have not yet
been evaluated in clinical settings, accumulating evidence indi-
cates that T9 cells possess several advantageous properties, in-
cluding enhanced persistence, immunomodulatory capacity, im-
proved infiltration into solid tumors, and increased resistance to
exhaustion (Tables 1 and 2). Collectively, these features support
T9 cells as a promising cellular platform for next-generation can-
cerimmunotherapy [327].

CAR-neutrophils

Neutrophils, the most abundant circulating leukocytes, rep-
resent a potentially valuable population for cell-based thera-
pies [335]. They exhibit tumor-homing properties reminiscent of
macrophages and are capable of traversing physiological barriers
such as the blood-brain barriers and blood-testis barriers (BBB
and BTB), as well as infiltrating hypoxic regions of tumors, making
them particularly suitable for drug delivery [336]. Within the tumor
microenvironment, infiltrating neutrophils can polarize into dis-
tinct functional phenotypes: N1 neutrophils, characterized by high
expression of pro-inflammatory cytokines and ligands (e.g. TNF-
a, CD86, FAS), exhibit antitumor activity through mechanisms in-
cluding phagocytosis, production of ROS, release of granule con-
tents such as proteases and antimicrobial peptides, and forma-
tion of neutrophil extracellular traps (NETS). In contrast, N2 neu-
trophils express immunosuppressive molecules such as arginase
and PD-L1, thereby inhibiting T cell function (Table 2) [335, 337].
Building on this understanding, Chang et al. explored the develop-
ment of CAR-modified neutrophils [338]. A key challenge in neu-
trophil engineering has been their short lifespan (typically 6-8
h in circulation) and the difficulty of sustaining ex vivo culture
and genetic modification [339, 340]. To overcome these limita-
tions, they utilized iPSC-derived neutrophils and demonstrated
that CAR-neutrophils could specifically target solid tumor cells via
multiple effector mechanisms, including phagocytosis, ROS pro-
duction, and NET formation [338, 341, 342]. In addition, the cy-
totoxic activity of CAR-neutrophils may be less pronounced than
that of CAR-T cells, which is at least partly attributable to the inher-
ently short lifespan of neutrophils. Current studies indicate that
even with repeated infusions, CAR-neutrophils have not consis-
tently achieved complete tumor eradication in murine models (Ta-
ble 2) [338]. Moreover, their tumor-infiltrating capacity, in vivo per-
sistence, and overall safety profile remain to be fully character-
ized. Notably, CAR-neutrophils could produce more IL-6 after tu-
mor stimulation, raising concerns regarding a potential risk of CRS
[338]. In parallel, neutrophil-mediated effector functions may in-
troduce additional risks of toxicity, underscoring the need for fur-
ther investigation [343].
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CAR-dendritic cells

Dendritic cells (DCs), professional antigen-presenting cells com-
prising 0.1%-1% of peripheral blood, efficiently capture and
present tumor antigens via both MHC class | and Il pathways, se-
crete immunomodulatory cytokines, express high levels of cos-
timulatory molecules, and bridge innate-adaptive immunity. DCs
comprise developmentally distinct populations encompassing
monocyte-derived DCs (moDCs), conventional DCs (cDCs), and
plasmacytoid DCs (pDCs). cDCs can be further resolved into ¢cDC1
and cDC2 subsets. Among these, cDC1 exhibit superior cross-
presentation and cross-priming capabilities and are increasingly
implicated in orchestrating antitumor immunity by priming both
CD8* cytotoxic T cells and CD4™" helper T cells [344, 345], whereas
cDC2 primarily present antigens to CD4* T cells and preferen-
tially promote Th2 immune responses [346]. Therefore, harness-
ing DCs to activate the immune system represents an effective im-
munotherapeutic strategy. DC vaccines generated by loading de-
fined TAAs or tumor lysates have been shown to efficiently in-
duce antigen-specific immune responses in vivo and mediate an-
titumor activity [347]. In addition, various vaccines encoding TAAs
or peptides, including DC vaccines, have been shown to further
potentiate CAR-T cell activation and enhance antitumor efficacy
[348]. Several studies have demonstrated that CAR-T cells can be
effectively activated and expanded upon stimulation with tumor
related antigen-pulsed or antigen-loaded DCs [349, 350], high-
lighting the strong synergistic potential of DC vaccines in combi-
nation with CAR-T cell therapy (Fig. 2C). Vaccine-boosted CAR-T
cell therapy promoted the activation of DCs and endogenous im-
mune responses, enabling the elimination of heterogeneous tu-
mor cell populations and enhancing immune infiltration within
solid tumors [350-352]. Clinically, a nanoparticulate RNA vaccine
(CARVac) administered in combination with CLDN6-targeted CAR-
T cells has shown encouraging therapeutic activity in patients with
solid tumors [353]. Similarly, in hematologic malignancies, this
vaccination strategy has been reported to enhance the persistence
and antitumor efficacy of CD19-directed CAR-T cells [354]. Build-
ing on these advances, engineering DCs with a CAR represents a
promising strategy to enable DCs to directly capture tumor anti-
gens while simultaneously processing and presenting these anti-
gens to T cells. In this way, CAR-engineered DCs may combine di-
rect tumor recognition with the coordinated activation of adap-
tive T cell responses. Recently, Duan et al. demonstrated that CAR
and TNF-« engineered DCs can induce the death of cancer cells
in the presence of an inhibitor of apoptosis protein (IAP) antago-
nist [355]. In parallel, the development of an extracellular vesicle-
internalizing receptor has been shown to enhance DC uptake and
presentation of tumor antigens [356, 357]; however, these strate-
gies do not incorporate intracellular signaling domains required
for active DC activation. More recently, Mohammadzadeh et al.
have systematically screened CAR signaling modules capable of
activating DCs and identified a synthetic immunoreceptor (iCAR)
composed of a CD40 activation domain combined with an FcRy
immunoreceptor tyrosine-based activation motif (ITAM), which ef-
fectively promotes tumor antigen recognition and initiates robust
T cell immune responses [358]. In the context of solid tumors,
DC engineering therefore represents a potentially powerful ap-
proach to reshape and reprogram antitumor immunity [359]. At
present, a representative EphA2-targeting CAR-DC vaccine loaded
with a KRAS mutant peptide (KRAS-EphA2-CAR-DCs) is undergo-
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ing clinical evaluation in both solid and hematologic malignan-
cies (NCT05631899 and NCT05631886) [360]. Nevertheless, this
approach continues to face practical challenges, particularly with
respect to scalable manufacturing, and further investigation is
therefore warranted (Table 2) [361]. In this regard, iPSC-derived
DCs may represent a promising future direction to enable stan-
dardized and scalable DC-based immunotherapies [362].

CAR-stem cells

Stem cells possess several advantageous properties, including
self-renewal capacity, multilineage differentiation potential, and
amenability to genetic manipulation, which together enable them
to overcome some key limitations associated with primary im-
mune cells [363]. Importantly, stem cell-based platforms allow for
clinical-grade and standardized manufacturing, with the poten-
tial to substantially reduce the cost of current cell therapies [364].
Leveraging these advantages (Table 1), CAR-engineered immune
cells derived from HSCs, including CAR-T [63], CAR-NK [365], and
CAR-NKT cells [195], are actively being explored and evaluated
preclinically; however, to date, these approaches have not yet ad-
vanced into clinical testing [366].

Another major stem cell source is iPSCs, which provide an es-
sentially unlimited reservoir for the generation of allogeneic, “off-
the-shelf” CAR-engineered cell products [306]. Although differen-
tiation strategies vary considerably among immune lineages and
the developmental programs for certain cell types remain incom-
pletely defined [306], iPSCs are capable of generating a broad
spectrum of immune as well as non-immune cell types [367]. Be-
yond approaches that focus on differentiating CAR-HSCs into a
single immune effector population, recent studies have also ex-
plored the direct therapeutic use of CAR-HSCs [368-370]. In these
settings, infused CAR-HSCs were shown to give rise in vivo to
multiple CAR-expressing immune cell lineages that significantly
elicited antitumor activity [370]. Beyond cancer, researchers have
demonstrated that CAR-modified hematopoietic stem/progenitor
cells (HSPCs) can differentiate into multilineage CAR-expressing
immune cells capable of conferring protection against HIV infec-
tion and suppressing viral replication in vivo [371, 372]. Neverthe-
less, this strategy may be associated with potential risks. For ex-
ample, the generation of CAR-expressing B cells could lead to anti-
gen masking or resistance to immune-mediated killing, thereby
compromising therapeutic efficacy [373]. In addition, the differen-
tiation of CAR-Tregs or anti-inflammatory CAR-M populations may
suppress antitumor immune responses. Furthermore, the use of
stem cells raises concerns regarding tumorigenicity, necessitating
careful genomic assessment, such as next-generation sequencing,
to exclude oncogenic alterations (Table 2). Accordingly, the incor-
poration of safety switches remains an essential component to
enable timely control or elimination of engineered cells when re-
quired [374].

CAR-MSCs

MSCs are emerging as a unique platform that bridges regenerative
medicine and cancer immunotherapy. MSCs represent a hetero-
geneous population of multipotent stromal cells that constitute
~0.001%-0.01% of bone marrow mononuclear cells and can be
isolated from diverse tissues, including adipose tissue and umbil-
ical cord [375, 376]. Beyond their multipotent differentiation and
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self-renewal capacities, MSCs exhibit low immunogenicity and in-
trinsic immunomodulatory properties, rendering them particu-
larly suitable for allogeneic “off-the-shelf” cell therapy applica-
tions and drug delivery platforms (Table 1). Owing to their abil-
ity to suppress both innate and adaptive immune responses, the
clinicalindications of MSCs have been expanded to GvHD, autoim-
mune disorders, and other immune-mediated conditions, with
several MSC-based products already approved for clinical use in
certain countries [377].

Another key function of MSCs is their capacity to promote
hematopoietic reconstitution. Recent studies have shown that
MSC administration can facilitate HSC recovery and alleviate CAR-
T-associated cytopenias without compromising CAR-T cell activ-
ity or antitumor efficacy [378]. In addition, MSCs possess intrin-
sictumor-homing properties; within solid tumor settings, they can
be actively recruited by chemokines secreted by the TME. Lever-
aging this feature, MSCs have been explored as targeted deliv-
ery vehicles for therapeutic proteins, such as IFN-8, enabling lo-
calized modulation of the TME [379]. Moreover, MSCs can be en-
gineered to deliver oncolytic or immunomodulatory payloads to
the TME, thereby enhancing CAR-T cell-mediated antitumor re-
sponses [380]. Collectively, these attributes position MSCs as a ver-
satile biological vehicle for CAR-based strategies.

Recently, it was reported that genetic modification of MSCs with
CD28-costimulated CAR enhances their antigen-specificimmuno-
suppressive activity. The E-cadherin-targeted CAR-MSCs more ef-
fectively inhibited T cell responses and preferentially localized to
E-cadherin-positive colonic epithelial cells, resulting in improved
clinical symptoms and prolonged survival in animal models [17].
Although CAR-MSCs have demonstrated a favorable safety profile
and show promise in the treatment of various immune-mediated
and degenerative diseases, this field remains at an early develop-
mental stage [377]. Significant challenges persist regarding their
use as monotherapy or in combination with CAR-T cells and other
immune-based therapies [22], underscoring the need for further
mechanistic studies and translational investigation (Fig. 2C).

Comparative considerations for
different CAR cell platforms in
distinct disease contexts

The expansion of CAR technology beyond conventional « 8 T cells
has given rise to a diverse set of cellular platforms with distinct
biological features, manufacturing requirements, and clinical per-
formance profiles. These platforms differ not only in cytotoxic
potency and persistence, but also in safety profiles, manufac-
turability, scalability, and cost, precluding straightforward cross-
platform comparisons (Fig. 1, Tables 1 and 2). Rigorous evaluation
would ideally rely on head-to-head clinical studies conducted in
matched disease settings; however, such data remain limited [159,
192, 239]. Nonetheless, emerging clinical and preclinical evidence
supports context-dependent platform selection guided by disease
biology and therapeutic objectives [161]. In hematologic malig-
nancies, CAR-a8 T cells continue to represent the most effective
modality for achieving deep and durable responses, whereas allo-
geneic alternatives, including CAR-y§ T, CAR-DNT, CAR-MAIT, CAR-
NKT, and CAR-NK cells, offer favorable safety profiles and logisti-
cal advantages for patients requiring rapid treatment. In solid tu-
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mors, where inadequate trafficking and immunosuppressive TME
limit T cell efficacy, CAR-M, CAR-T9, CAR-neutrophils, CAR-DCs,
CAR-NKT, and CAR-y§ T cells exhibit enhanced tissue infiltration
or microenvironmental modulation. Autoimmune diseases ben-
efit from diverse CAR-based strategies that either eliminate or
suppress pathogenic cells. While B cell-depleting CAR-a8 T cells
have demonstrated remarkable efficacy in achieving clinical re-
mission by eliminating pathogenic B cell clones, immunoregula-
tory platforms, such as CAR-Tregs and CAR-MSCs, enable antigen-
specificimmune suppression with reduced systemic toxicity [160].
Regarding manufacturing optimization and large-scale produc-
tion, CAR-HSC and CAR-iPSC platforms provide transformative
advantages. These sources enable the generation of standard-
ized, clinical-grade “off-the-shelf” products, particularly for effec-
tor cell types that are rare or difficult to isolate from peripheral
blood (Fig. 2A). Importantly, increasing attention is being directed
toward multi-platform combination strategies that exploit com-
plementary mechanisms, highlighting the need for rational in-
tegration rather than singular platform optimization (Fig. 2C, D)
[381].

Platform-specific optimization
strategies and future directions

Manufacturing innovations

To reduce manufacturing complexity and cost while improving
production safety, continued innovation in CAR cell manufactur-
ing is essential. Distinct CAR-engineered cell types exhibit funda-
mentally different biological properties and expansion require-
ments, necessitating cell type-specific optimization of manufac-
turing workflows. The development of universal, allogeneic CAR
cell products represents a major future direction, as it enables
standardized production, improved scalability, and broader clin-
ical accessibility. In this context, stem cell-derived platforms, par-
ticularly iPSC-based CAR products, offer unique advantages, as
banked iPSCs can serve as an essentially unlimited and renew-
able cell source capable of differentiation into multiple effector
lineages. As manufacturing processes mature and “off-the-shelf”
products replace autologous approaches, the cost of CAR-based
cell therapies is expected to decline substantially, thereby facili-
tating wider clinical adoption (Fig. 2A). To date, all approved CAR-T
cell products are manufactured ex vivo. This process requires iso-
lation of patient-derived immune cells, genetic modification, and
ex vivo expansion under controlled laboratory conditions. Con-
sequently, it is associated with prolonged manufacturing time-
lines, the need for lymphodepleting conditioning, and substantial
cost. Direct in vivo engineering of immune cells has emerged as a
compelling alternative strategy that may overcome these limita-
tions (Fig. 2A). Direct in vivo gene transfer using viral or non-viral
platforms enables CAR expression in endogenous immune cells,
thereby bypassing complex ex vivo manufacturing steps. Beyond T
cells, in vivo CAR engineering approaches have also been explored
in otherimmune cell types [65]. Notably, these strategies are being
investigated across a broad range of indications, encompassing
both malignant and non-malignant diseases [382]. Nevertheless,
in vivo CAR engineering remains in its early stages. The efficiency
of in situ cellular reprogramming, along with subsequent expan-
sion and long-term persistence, requires substantial optimization.
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Moreover, the risks of off-target transduction and infusion-related
toxicities must be rigorously assessed to ensure safety and clinical
feasibility [65].

CAR design innovations

Because activation and signaling requirements differ substantially
across immune cell types, next-generation CAR designs should
incorporate costimulatory modules optimized for specific cellu-
lar contexts, thereby tailoring effector functions toward either en-
hanced cytotoxicity orimmunosuppression depending on disease
indications. Target selection is central to the success of CAR ther-
apies, as it fundamentally influences both efficacy and safety.
Conventional CAR-T cells require tumor-restricted targets because
their potent, long-lived cytotoxicity can cause severe on-target,
off-tumor toxicity. In contrast, CAR-Tregs are designed to promote
immune suppression and tolerance by targeting autoantigens or
alloantigens and therefore do not require strict specificity. One
example is CAR-Tregs targeting an alloantigen, such as HLA-A2,
which is broadly expressed in various tissues and cells [175]. CAR-
NK cells, which exhibit shorter persistence and rapid killing, may
safely target shared tumor antigens that would be too risky for
conventional CAR-T cells. Similarly, CAR-M preferentially engage
antigens within the TME, leveraging phagocytosis and antigen
cross—presentation [309]. Collectively, these examples illustrate
that optimal antigen selection must be tailored to each cell type’s
functional profile and therapeutic objective, highlighting the im-
portance of matching CAR design to both cellular biology and dis-
ease context (Fig. 2B). Nevertheless, like CAR-T cells, CAR engineer-
ing across diverse platforms faces several shared limitations, in-
cluding insufficient persistence, restricted tissue infiltration, anti-
gen heterogeneity, and safety concerns. Addressing these chal-
lenges requires cell type-specific optimization strategies that align
CAR architecture with intrinsic cellular biology. For example, the
incorporation of synthetic receptor systems (such as synNotch),
multi-antigen targeting strategies, light- or ultra-sensitive CARs
[383, 384], and logic-gated CAR designs can improve specificity
and safety by restricting activation to defined antigen combina-
tions. In parallel, engineering approaches involving chemokine re-
ceptors or cytokine expression can enhance CAR cell persistence,
functional fitness, and infiltration into target tissues [385]. To-
gether, these design innovations provide a versatile framework for
refining CAR performance across distinct cellular platforms and
disease contexts (Fig. 2B).

Combination strategies

The diverse CAR cell platforms and therapeutic modalities pos-
sess distinct properties, and their combination holds significant
potential to enhance immunotherapy efficacy. Beyond integrating
CAR cell therapy with oncolytic viruses [107], bacteria [386], vac-
cines, chemotherapy or radiotherapy, small-molecule inhibitors,
and immune checkpoint inhibitors [105], combinatorial strategies
increasingly include multiple CAR platforms or CAR cells paired
with other cell-based therapies (Fig. 2C). In this review, we high-
light combinations such as CAR-T with CAR-DCs or CAR-MSCs, as
well as the complex interactions arising from CAR-HSC-derived
multilineage CAR cells in vivo. Such combinatorial approaches
have the potential to elicit stronger and more effective antitumor
or disease-modifying responses.
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Disease expansion

CAR-T cell therapy has already demonstrated encouraging efficacy
in hematologic malignancies and certain autoimmune diseases,
driving the expansion of CAR approaches into non-cancer indica-
tions. CAR engineering now extends beyond conventional T cells,
enabling treatment of a broader range of diseases and expanding
therapeutic applications. Different diseases present variable bur-
den and treatment windows, and multiple CAR cell platforms of-
fer the flexibility to identify the most suitable cellular modality for
each disease context (Fig. 2D).

Conclusions

This review provides an overview of current CAR cell therapy
platforms, encompassing their properties, advantages, sources,
manufacturing processes, progress, challenges, and optimization
strategies. Additionally, a comparative analysis of 13 CAR cell ther-
apy platforms at both preclinical and clinical stages highlights
theirrespective strengths and limitations. Although CAR-T cells re-
main the gold standard, their inherent limitations restrict applica-
tions in certain solid tumors and other disease contexts. This has
catalyzed the expansion into 12 other diverse CAR-engineered cell
types described in this review, which offer the potential for im-
proved safety profiles without compromising efficacy, as well as
the feasibility of “off-the-shelf” CAR-engineered therapeutics tai-
lored to specific diseases.

In this review, we discuss 13 carrier cell types as living thera-
peutics; however, the CAR paradigm is not limited to these cells or
even to living cells. Emerging platforms, such as CAR-engineered
exosomes, represent a promising therapeutic modality [387], and
emerging universal in vivo CAR technologies are poised to fur-
ther revolutionize the future of cell therapy [67]. Additionally, CAR-
engineered B cells and innate lymphoid cells are under early-stage
development [388, 389], highlighting the potential for future ex-
pansion of CAR technologies to an even broader spectrum of cel-
lular chassis. Collectively, these advances suggest that the CAR
concept could extend far beyond its current scope, encompass-
ing diverse cell types and modalities to address a wide range of
diseases.

However, this expanding landscape of CAR technologies also in-
troduces increasing complexity in how these platforms are eval-
uated and translated clinically. Different CAR cell platforms are
typically evaluated under distinct disease contexts, making direct
comparisons of therapeutic efficacy across cell types inherently
challenging [390]. Although CAR-T cell therapy provides the most
mature clinical framework and informs the development of other
modalities, alternative CAR-engineered cell types possess lineage-
specific biological properties that may shape their persistence,
toxicity profiles, and functional behavior in vivo. With the excep-
tion of CAR-T cell therapy, although most platforms have under-
gone clinical testing, they remain in early stages of development
and have not yet received approval from the U.S. FDA, resulting in
substantial uncertainty and limited long-term follow-up data, de-
spite the centralimportance of longitudinal monitoring for assess-
ing memory effects, unintended toxicities, and immune persis-
tence [42]. Accordingly, cross-platform CAR cell development re-
quires lineage-specific preclinical and clinical evaluation, coupled
with systematic long-term surveillance. Ethical assessment must
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likewise remain adaptive to platform-specific risks [391]. For ex-
ample, CAR-engineered iPSCs raise concerns regarding long-term
genomic stability and off-target gene editing [225], whereas in vivo
CAR cell generation, despite its potential to improve accessibility
and streamline manufacturing, introduces distinct translational
risks, including unintended cell targeting, off-target transduction,
and insertional mutagenesis [65].

At the same time, these challenges are shaping the next phase
of innovation in CAR technologies. Increasing efforts are focused
on developing more precisely controlled and programmable sys-
tems to enhance safety, functionality, and equitable access to
therapy [392]. Moreover, the integration of multi-gene editing
and cutting-edge technologies can construct sophisticated cellu-
lar programming systems to overcome current challenges in cell
therapy, yielding novel optimization strategies for next-generation
CAR therapeutics [393, 394]. These optimized CAR therapies can
also be combined or used synergistically with other approaches
to more effectively harness collective immune responses, thereby
enhancing therapeutic efficacy against solid tumors and other dis-
eases.
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