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ABSTRACT: The paradigm of cancer treatment has been reshaped by chimeric antigen receptor (CAR) αβ T cell
therapy, yet its full potential remains constrained by fundamental limitations. While conventional CAR αβ T cells have
achieved notable success in hematological malignancies, their broader application is hindered by the high cost and
delays of autologous manufacturing, as well as the critical risk of graft-vs-host disease (GvHD). In addition, their efficacy
against solid tumors is often compromised by the immunosuppressive tumor microenvironment (TME). As a promising
solution, γδ T cells are being developed as an alternative CAR platform. Their intrinsic ability to recognize transformed
cells in a major histocompatibility complex (MHC)-independent manner minimizes the risk of GvHD and supports
the creation of safe, effective allogeneic therapies. Building on this unique biology, the therapeutic efficacy of CAR γδ
T cells is being enhanced through advanced engineering strategies. Key innovations include “armoring” technologies,
such as cytokine secretion, checkpoint blockade, and metabolic rewiring, to overcome local immunosuppression and
improve persistence, as well as the use of induced pluripotent stem cells (iPSCs) to generate standardized products from
a renewable and consistent source. This expanding technological toolbox is also enabling novel applications beyond
oncology. For example, chimeric autoantibody receptor (CAAR) constructs built on γδ T cells integrate both classical
and emerging insights into CAR γδ T cell therapy, highlighting innovations that are driving the field toward safer,
more versatile, and longer-lasting treatments for cancer and autoimmunity. In light of these advancements, this review
provides an overview of the current understanding of γδ T cell biology and highlights emerging engineering strategies
that enhance the efficacy and durability of CAR γδ T cells across oncologic and autoimmune contexts.

KEYWORDS: Chimeric antigen receptor (CAR) T cells; γδ T cells; cancer immunotherapy; autoimmune and
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1 Introduction
Chimeric antigen receptor (CAR) αβ T cell therapy has established a new paradigm in oncology,

achieving remarkable remission rates against B-cell malignancies by targeting the CD19 antigen [1]. This
success is rooted in the ability to reprogram patient-derived autologous αβ T cells to recognize and eliminate
tumor cells with high specificity. Beyond oncology, CAR T cell therapy has recently shown promise in severe
autoimmune diseases, where early clinical studies have reported sustained remissions in refractory systemic
lupus erythematosus (SLE), including pediatric cases [2]. These findings highlight that CAR-mediated
immune reset can extend beyond cancer eradication to restoring self-tolerance in autoimmunity.
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Despite these transformative outcomes, the full therapeutic potential of CAR T cell therapy remains
constrained by fundamental hurdles. Allogeneic therapies, which could address the complexities of patient-
specific manufacturing, are severely limited by the risks of life-threatening graft-vs-host disease (GvHD) and
cytokine release syndrome (CRS) [3]. Furthermore, extending success to solid tumors has been challenging,
as T cell function is often suppressed by immunosuppressive mediators such as transforming growth factor-β
(TGF-β) and inhibitory immune populations within the tumor microenvironment (TME) [3].

An ideal CAR T cell platform must combine two key attributes: (1) minimal alloreactivity to ensure
safety in allogeneic contexts, and (2) robust functionality within the immunosuppressive TME. γδ T cells
have emerged as a compelling solution that naturally fulfills these criteria. A defining characteristic of γδ T
cells is their ability to recognize stressed or transformed cells independently of the major histocompatibility
complex (MHC). This unique recognition system-driven by their γδ TCR and co-expression of natural killer
cell (NK) receptors recognizing ligands like MHC class I chain-related protein A (MICA) and B (MICB),
bypasses the primary mechanism underlying GvHD. This makes γδ T cells an attractive foundation for
universal allogeneic therapies.

These therapies can be manufactured from allogeneic healthy donor cells, cryopreserved, and delivered
as “off-the-shelf ” products without HLA matching. This addresses critical logistical and safety barriers while
enabling broader patient access. Beyond safety, γδ T cells also display functional plasticity that bridges innate
and adaptive immunity. They exert direct cytotoxicity via cytokines such as interferon-γ (IFN-γ) and tumor
necrosis factor-α (TNF-α) [4], while also functioning as antigen-presenting cells (APCs) capable of cross-
priming adaptive T cell response [5]. Their natural ability to traffic to peripheral tissues and recognize stressed
cells provides a foundation that CARs can redirect toward antigen-specific tumor elimination.

Clinical translation, however, has faced challenges such as limited persistence, exhaustion, and strong
immunosuppressive pressures within the TME [6,7]. To address these obstacles, advanced engineering
strategies are being developed. These include selective enrichment of specific γδ T cell subsets, armoring
cells with dominant-negative TGF-β receptor to resist suppression, and optimizing trafficking for deeper
tumor infiltration [8–10]. Such approaches are producing more durable responses in preclinical models and
broadening the applicability of CAR γδ T cells to both hematologic and solid tumors [11].

The utility of this platform extends beyond cancer. Autoimmune diseases, driven by persistent
autoantibody-producing B cells and plasma cells, represent a new frontier for CAR T cell therapy. By
repurposing CAR constructs to target antigens such as B-cell maturation antigen (BCMA), pathogenic
cells can be selectively eliminated. Importantly, γδ T cells contribute additional therapeutic dimensions
beyond CAR-directed cytotoxicity. Their capacity for immunoregulation through secretion of cytokines,
such as interleukin-10 (IL-10) and TGF-β, may restore immune homeostasis and dampen chronic inflam-
mation [12]. For autoimmune diseases requiring long-term management, a universal allogeneic γδ T cell
platform offers the advantage of standardized, repeatable dosing regimens. The combination of targeted
depletion and intrinsic regulatory potential positions γδ T cells as an exceptionally promising platform for
autoimmune therapy.

The convergence of fundamental γδ T cell biology with advanced cellular engineering is rapidly
expanding the therapeutic landscape from oncology to autoimmune and inflammatory diseases. This review
will (1) define the biological attributes of γδ T cells that make them a versatile foundation for cellular
immunotherapy; (2) critically evaluate preclinical and emerging clinical evidence for CAR γδ T cells across
cancers, highlighting key engineering strategies; and (3) explore novel applications in autoimmunity, charting
a roadmap for translation into safe, effective, and accessible therapies. Accordingly, the objective of this
review is to synthesize current knowledge of γδ T cell biology and recent advances in CAR γδ T cell
engineering, highlighting their potential applications in cancer and autoimmune diseases.
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2 Biology of γδ T Cells
γδ T cells, first recognized as a distinct lineage in the mid-1980s, arise from the same thymic progenitors

as conventional αβ T cells but are defined by their unique T cell receptors (TCRs) composed of γ and δ
chains [13]. Their TCR diversity is generated through V(D)J recombination: the δ chain is assembled from
variable (V), diversity (D), and joining (J) segments, while the γ chain derives from V and J segments
only [3]. This combinatorial process theoretically enables an enormous repertoire of up to 1018 different TCR
sequences [14].

In practice, however, this diversity is funneled into a few dominant functional subsets. The most
prominent in humans are Vδ1, Vδ2, and Vδ3 T cells [14]. These subsets arise in distinct developmental
waves. Vδ2 T cells emerge early during fetal life (liver at weeks 5–6, thymus at weeks 8–15), while Vδ1 cells
expand significantly after birth, around 4–6 months of age [15]. Vδ3 cells are less frequent but contribute
to specialized functions, particularly in mucosal and hepatic compartments. This staggered development
underpins their distribution across tissues and circulation and shapes their unique immunological roles.
This age-dependent shift in the T cell repertoire is a critical consideration for therapeutic manufacturing,
as different cell sources, such as adult peripheral blood (Vδ2 dominant), pediatric peripheral blood, and
umbilical cord blood (Vδ1 dominant), yield fundamentally different proportions of Vδ1 and Vδ2 T cells,
thus influencing the final product’s characteristics and potential applications in cancer, autoimmune and
inflammatory diseases.

Unlike αβ T cells, γδ T cells can mount rapid responses without prior antigen priming. This innate-like
reactivity positions them as a crucial bridge between innate and adaptive immunity [4]. Understanding the
biology and division of labor among Vδ1, Vδ2, and Vδ3 subsets is therefore central to harnessing γδ T cells
for therapeutic applications.

2.1 Subset-Specific Differences
Following TCR development, human γδ T cells are classified by Vδ chain usage into three major groups:

Vδ1 (tissue-resident, adaptive-like), Vδ2 (blood-dominant, innate-like), and Vδ3 (minor, functionally
similar to Vδ1) [5,12]. Collectively, these subsets demonstrate remarkable flexibility, bridging innate and
adaptive immunity through diverse receptor-ligand interactions [16–18].

Vδ1 T cells account for roughly one-third of circulating γδ T cells and are enriched in barrier tissues such
as the liver, dermis, gut, and epithelium. They can recognize sulfatides presented by CD1d, a non-classical
antigen-presenting molecule frequently expressed in cancers [19]. In addition, Vδ1 T cells express activating
receptors including natural killer group 2D (NKG2D), NKp30, and NKp44 (Fig. 1). Through NKG2D,
they detect stress-induced ligands such as MICA, MICB, and ULBPs, triggering perforin- and granzyme-
mediated cytotoxicity [20–22]. NKp30 and NKp44 enable recognition of B7-H6 expressed on tumor
cells [23–25]. Developmentally, newborns possess a broad, polyclonal Vδ1 TCR repertoire, whereas adults
exhibit “TCR privacy”, where expansion of individual-specific clones leads to unique repertoires [26,27].

Vδ2, also known as Vγ9Vδ2 T cells, are predominantly found in the adult peripheral blood, comprising
60%–95% of circulating γδ T cells. Their recognition system is highly specialized. The Vγ9Vδ2 TCR detects
stress-derived phosphoantigens such as isopentenyl phosphoantigen (IPP) presented by butyrophilins
(butyrophilin subfamily 3 member [BTN3]A1/2A) [28–30]. Binding of phosphoantigens to the B30.2 domain
of BTN3A1 induces conformational changes that permit BTN2A1 to interact with the Vγ9 chain, forming
a recognizable complex [29]. Because the mevalonate pathway, responsible for cholesterol synthesis, is fre-
quently hyperactive in cancer cells, intracellular phosphoantigens (like IPP) accumulate, thereby amplifying
BTN3A1-mediated signaling and enhancing γδ TCR activation [31]. In an alternative pathway, Vγ9Vδ2
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TCRs recognize surface-expressed F1-ATPase, which complexes with apolipoprotein A I (Apo AI) on tumor
cells [32,33] (Fig. 1).

Figure 1: Subset-specific recognition of γδ T cells in anti-tumor immunity. Vδ1 T cells, enriched in tissues, recognize
CD1d-presented sulfatides and engage NK receptors such as NKG2D, NKp30, NKp44, and DNAM-1 to induce
cytotoxicity. Vδ2 T cells, dominant in blood, sense phosphoantigen–BTN3A1/BTN2A1 complexes and F1-ATPase/Apo
A1, activating cytotoxic programs via perforin, granzymes, Fas/FasL, and TRAIL. All schematics were created in
Microsoft PowerPoint. Abbreviations: CD1d, cluster of differentiation 1 D polypeptide; BTN3, butyrophilin subfamily 3
members; DNAM-1, DNAX accessory molecule-1; FasL, Fas ligand; MICA/B: Major Histocompatibility Complex Class
I-Related Chain A/B; NK, natural killer; NKG2D, natural killer group 2, member D; NKR, natural killer receptor; PVR,
poliovirus receptor; TCR, T-cell receptor; TRAIL-R, TNF-related apoptosis-inducing ligand receptor; ULBP: UL16
Binding Protein

Beyond TCR-mediated recognition, Vδ2 T cells express NK receptors (NKG2D, DNAX accessory
molecule-1 [DNAM-1]), CD39, and 4-1BB. NKG2D and DNAM-1 enhance tumor recognition by binding
to stress ligands. DNAM-1, in particular, strengthens cytotoxicity by engaging CD155 (poliovirus receptor
[PVR] and CD112 (Nectin-2) on tumor cells, promoting immune synapse formation, degranulation, and
cytokine release [23]. Upon activation, Vδ2 T cells also upregulate CD16 (FcγRIII), enabling antibody-
dependent cellular cytotoxicity (ADCC) against opsonized tumor cells [34]. Functionally, Vδ2 T cells can
even cross-present exogenous antigens on MHC class I to CD8+ αβ T cells, further amplifying adaptive
responses [34–36]. Complementary molecules such as CD39 and 4-1BB additionally boost secretion of
perforin, IFN-γ, and granzymes [37] (Fig. 1).

Vδ3 T cells, although far less frequent in circulation, contribute a distinct functional repertoire. These
cells recognize non-peptide antigens presented by CD1d, as well as stress-associated molecules such as
Annexin A2, and are particularly enriched in the liver and gut [38–40]. Despite their unique biology, their
rarity in peripheral blood, the typical source for clinical manufacturing, has limited their use in therapeutic
engineering. Consequently, most translational efforts have centered on the more accessible Vδ1 and Vδ2
subsets, which are easier to expand ex vivo and harness for adoptive cell therapy [41–43].
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2.2 Anti-Tumor Effects of γδ T Cells
γδ T cells exert potent anti-tumor activity through both direct and indirect mechanisms, setting them

apart from conventional αβ T cells [44–46]. Direct mechanisms primarily involve two pathways. First, γδ T
cells release perforin and granzymes stored in cytotoxic granules, inducing apoptosis in tumor targets upon
TCR or activating receptor engagement (Fig. 1) [47,48]. Second, they trigger death receptor signaling: Fas
ligand (FasL) and TNF-related apoptosis-inducing ligand (TRAIL) expressed on γδ T cells engage Fas and
TRAIL receptors on tumor cells, activating caspase-dependent apoptosis [49–51].

Indirect mechanisms extend their anti-tumor reach by mobilizing other immune cells (Fig. 2). Acting
as APCs, γδ T cells activate naïve CD8+ T cells and drive their differentiation into cytotoxic T lymphocytes
(CTLs) [52]. This process is reinforced by secreted cytokines such as TNF-α and IFN-γ, which enhance CTL
effector function [53]. In addition, γδ T cells provide B cell help, promoting differentiation into antibody-
secreting plasma cells. These antibodies not only mediate tumor opsonization but also facilitate ADCC, as
activated γδ T cells can upregulate FcγRIII (CD16) and can directly kill antibody-coated tumor cells [34].
γδ T cells also augment NK cell cytotoxicity through co-stimulatory interactions (e.g., 4-1BB Ligand-4-1BB)
and cytokine release, further amplifying tumor clearance [37] (Fig. 2).

Figure 2: Cooperative immune interactions of γδ T cells in anti-tumor immunity. γδ T cells enhance anti-tumor
immunity by synergizing with NK, B, and αβ T cells. Through NKG2D, DNAM-1, and 4-1BB/4-1BBL signaling, they
amplify NK and T-cell cytotoxicity, while cytokines (IFN-γ, TNF-α) further strengthen responses. Vδ2 subsets can
also mediate ADCC through CD16 and cross-present tumor antigens to CD8+ T cells, linking innate recognition
to adaptive immunity. All schematics were created in Microsoft PowerPoint. Abbreviations: 4-1BB ligand (CD137
ligand, tumor necrosis factor receptor superfamily member 9 ligand); ADCC, antibody-dependent cellular cytotox-
icity; IFN-γ, interferon-gamma; TNF-α, tumor necrosis factor-alpha; FcγRIII, Fc gamma receptor III; MHC, major
histocompatibility complex; T-cell receptor
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The therapeutic potential of these mechanisms is magnified when γδ T cells are engineered with CARs.
CAR-modified γδ T cells combine MHC-independent innate recognition with CAR-directed specificity,
thereby preventing antigen escape while minimizing the risks of GvHD and CRS associated with CAR αβ T
cells [54].

Together, these anti-tumor mechanisms highlight the versatility of γδ T cells. They not only deliver
direct cytotoxicity but also orchestrate broad immune responses. However, the same functional plasticity
that empowers anti-tumor activity can shift toward protective regulation or pathogenic inflammation in
autoimmune settings. This dual role positions γδ T cells as a double-edged sword in immunity, a theme
explored in the next section.

2.3 Anti-Autoimmune Effects of γδ T Cells
The role of γδ T cells in autoimmunity exemplifies their immunological duality as they can act either

as potent regulators or pathogenic drivers depending on their subset identity, tissue localization, and the
surrounding cytokine environment [55–57]. This plasticity creates both challenges and opportunities for
therapeutic exploitation. On the regulatory side, Vδ1 T cells and FOXP3+ γδ regulatory T cells (γδ-Tregs)
contribute to the maintenance of tolerance by secreting IL-10 and TGF-β, which suppress autoreactive Th1
and Th17 responses, and by directly eliminating pathogenic lymphocytes through perforin and granzyme
release or Fas–FasL–mediated apoptosis [55,56,58]. In addition to suppressing inflammation, these subsets
play crucial roles in promoting tissue repair and maintaining barrier homeostasis, highlighting their
protective contribution during the resolution phase of autoimmune injury.

Conversely, on the pathogenic edge, Vδ2 T cells exposed to pro-inflammatory cytokines such as IL-23
and IL-1β can differentiate into γδ17 cells, which rapidly produce IL-17A, IL-17F, and IL-22 within hours,
well before conventional Th17 cells [59,60]. The secretion of these cytokines recruits neutrophils, damages
tissue, and amplifies Th17 responses, thereby establishing a self-sustaining pro-inflammatory loop that drives
chronic disease. Such γδ17 activity has been implicated in a range of autoimmune disorders, including
rheumatoid arthritis (RA), multiple sclerosis (MS), psoriasis, and osteoarthritis (OA) [59,61,62].

This duality highlights the delicate balance that defines γδ T cell biology in autoimmunity and
underscores the need for precise therapeutic steering [63]. CAR γδ T cells can be designed to favor regulatory
functions, for instance, by targeting CD19+ autoantibody-producing B cells in systemic lupus erythematosus
(SLE) and anti-synthetase syndrome. Such approaches combine two complementary benefits: the selective
elimination of autoreactive clones and localized suppression of inflammation through IL-10 and TGF-β
release [64–66]. The central challenge remains the enrichment of regulatory-prone subsets while minimizing
their conversion into pro-inflammatory γδ17 cells.

Other unconventional T cell subsets also contribute to immune regulation and may intersect with γδ
T cell biology in autoimmune contexts. Natural killer T (NKT) cells, a subset of αβ T cells that recognize
glycolipid antigens presented by CD1d, rapidly secrete both IFN-γ and IL-4 and can either promote or
restrain inflammation depending on the cytokine milieu. Altered NKT cell frequencies and function have
been associated with loss of tolerance in rheumatic and autoimmune diseases such as primary Sjögren’s
syndrome, SS, SLE, and type 1 diabetes [67]. Double-negative T (DNT) cells, defined as CD3+CD4−CD8−
lymphocytes, represent another unconventional subset with emerging regulatory functions. These cells
suppress autoreactive B and T cells, and their depletion correlates with heightened disease activity in pediatric
and adult autoimmune disorders [68]. Together with γδ T cells, these innate-like lymphocytes form an
integrated regulatory axis that bridges adaptive and innate immunity, collectively maintaining immune
homeostasis in health and disease.
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Building on this foundation, the next section turns to the role of CAR γδ T cells in cancer immunother-
apy, where their unique biological features are being actively translated into therapeutic applications.

3 CAR γδ T Cells in Cancer

3.1 Engineering and Expansion Methods
The manufacturing process for CAR γδ T cells begins with a critical strategic decision: selecting the

starting population from the two major γδ T cell subsets, Vδ1 and Vδ2 [69,70]. This choice dictates the
entire downstream process, from the expansion methodology to the expected in vivo behavior of the final
product. For therapies where long-term persistence and durable function within tissue microenvironments
are essential, the tissue-resident Vδ1 subset offers distinct advantages. These cells are intrinsically resistant
to activation-induced cell death (AICD) and exhaustion [71]. To expand these typically rare cells, specialized
protocols have been developed that begin with the depletion of αβ T cells and NK cells to enrich the Vδ1 pop-
ulation. The purified Vδ1 cells are then stimulated with anti-CD3 and IL-15 to drive proliferation [6,70,72].
This approach, often referred to as a Delta One T (DOT) protocol, yields a high-purity Vδ1 product with
potent anti-tumor activity, characterized by high expression of activating receptors such as NKG2D and
DNAM-1 and low expression of exhaustion markers, including programmed cell death protein 1 (PD-1) and
T-cell immunoglobulin and mucin-containing protein 3 (TIM-3) [23,70,73].

In contrast, when rapid, scalable, and cost-effective manufacturing is the priority, the peripheral blood-
dominant Vδ2 subset presents a more practical option. Unlike Vδ1 cells, Vδ2 TCRs can be directly and
potently activated by small phosphoantigens such as 2M3B1PP or nitrogen-containing bisphosphonates like
zoledronate [69,71,74]. This unique feature makes their expansion relatively straightforward and typically
involves stimulating total peripheral blood mononuclear cells with these agents in the presence of IL-2
and IL-15. To support more robust and large-scale expansion for clinical applications, engineered artificial
antigen-presenting cells (aAPC) have also been employed. These cells, often derived from the K562 line, are
modified to express multiple co-stimulatory ligands that drive sustained proliferation of γδ T cells [75].

Once sufficient expansion has been achieved, the next critical step is genetic engineering to equip γδ T
cells with a CAR, thereby redirecting their specificity toward a defined tumor antigen [75]. The design of the
CAR construct is central to achieving a robust and sustained anti-tumor response. Effective CAR signaling
required the integration of a primary activation signal, provided by the CD3ζ domain, with a co-stimulatory
signal that supports survival and proliferation [76]. For this reason, most current clinical candidates employ
second-generation CARs that combine CD3ζ with either CD28 or 4-1BB co-stimulatory domains [77]. The
choice of co-stimulatory domain has significant functional consequences. CARs containing CD28 drive
immediate and potent effect responses, including high levels of IFN-γ secretion, while CARs incorporating
4-1BB promote greater persistence and long-term memory formation [77].

The method for transferring the CAR gene is another critical consideration, as the desired duration of
expression determines the most appropriate delivery strategy. When safety is the primary concern, or when
exploring new targets, transient expression is advantageous. mRNA electroporation is the leading approach
in this context and yields high levels of CAR expression that gradually decline within three to five days,
providing a built-in safety switch [78]. For applications requiring durable responses and long-term remission,
stable integration of the CAR gene is necessary. Viral vectors remain the most established tools for this
purpose. γ-retroviral vectors, though effective, are limited to transducing dividing cells and therefore require
cell activation [69,71,74]. Lentiviral vectors, by contrast, can efficiently transduce both dividing and non-
dividing cells, making them a more versatile option [79,80]. Beyond viral systems, non-viral platforms such
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as DNA transposons, including Sleeping Beauty, are also being developed to provide stable integration with
potentially lower costs and reduced regulatory hurdles [75].

Ultimately, the optimal combination of γδ T cell subset, expansion platform, CAR design, and gene
delivery method must be chosen to balance therapeutic potency, persistence, and safety. This careful
orchestration of engineering and manufacturing strategies is central to realizing the full clinical potential of
CAR γδ T cells in cancer therapy.

3.2 Applications in Hematologic Malignancies and CAR Targets
The therapeutic application of CAR γδ T cells in hematologic malignancies is guided by the expression

of lineage-specific surface antigens on malignant cells. B-cell cancers have provided the prototypical disease
model, building on the remarkable success of CD19 as a CAR T target [75]. Preclinical studies confirmed
that CAR γδ T cells can be engineered to target CD19 effectively, establishing a foundation for further
development [75]. However, tumor relapse due to antigen loss or downregulation remains a major challenge
in CAR therapies. To address this, CD20, a B-cell-restricted antigen and long-standing target of monoclonal
antibodies such as rituximab, has emerged as an alternative[74,81]. CD22 is also under investigation,
particularly in patients relapsing after CD19-directed therapies [82].

Expanding beyond lymphoid malignancies, acute myeloid leukemia (AML) presents a more complex
challenge due to its heterogeneity and the overlap of antigen expression between leukemic and normal
hematopoietic stem cells. The goal in AML is to identify antigens expressed on leukemia stem cells but absent
from vital progenitors. CD123, the α chain of the IL-3 receptor, has been validated as one such target [70].
Preclinical studies with allogeneic Vδ1 CAR γδ T cells against CD123 demonstrated robust anti-leukemic
activity without evidence of immunogenicity in xenograft models [70]. Another promising target is c-kit
(CD117), a receptor crucial for AML cell survival, where an innovative CAR design utilized the natural c-kit
ligand (stem cell factor) in place of the traditional antibody fragment (Table 1) [83].

Table 1: Overview of γδ T cell chimeric antigen receptor (CAR) modifications in cancer immunotherapy: antigens,
subsets, and models

Target antigen Tumor type γδ T cell subset Key CAR
components Key findings/Main results Study phase Reference

CD19 B-cell Lymphoma Polyclonal γδ N/A (TCR
fusion)

Showed comparable in vivo
efficacy (tumor control) to

4-1BB CARs.

Preclinical
(in vitro, in

vivo)
[84]

CD19 Leukemia
/Lymphoma Polyclonal γδ CD28, CD3ζ

Showed dual-targeting via the
introduced CD19-CAR and

the endogenous TCR.

Preclinical
(in vitro, in

vivo)
[75]

CD19 Leukemia Polyclonal γδ N/A (TCR
fusion)

The novel TRuC construct
demonstrated potent

cytotoxicity comparable to
4-1BB CARs.

Preclinical
(in vitro, in

vivo)
[85]

CD19 B-cell
Malignancies Vγ9Vδ2

CD28 or 4-1BB,
CD3ζ (mRNA
transfection)

Induced stronger and more
sustained anti-tumor effects

compared to mRNA-secreted
BiTEs.

Preclinical
(in vitro, in

vivo)
[86]

CD19 Leukemia Vγ9Vδ2 CD28, CD3ζ

Demonstrated dual
cytotoxicity via both the

CD19-CAR and the innate,
CAR-independent TCR

pathway.

Preclinical
(in vitro, in

vivo)
[87]

CD19 B-cell
Malignancies Vγ9Vδ2 4-1BB, CD3ζ

No severe adverse events (e.g.,
Grade 3 CRS or ICANS) were

reported.
Phase I NCT02656147

(Continued)
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Table 1 (continued)

Target antigen Tumor type γδ T cell subset Key CAR
components Key findings/Main results Study phase Reference

CD20 B-cell Lymphoma Vδ1 CD28, CD3ζ

Potent dual anti-tumor
activity mediated by both the

CD20-CAR and the innate
TCR.

Preclinical
(in vivo) [74]

CD20 B-cell Lymphoma Polyclonal γδ 4-1BB, CD3ζ

Mixed Vδ1/Vδ2 product
(from αβ depletion) showed

superior anti-leukemic
activity.

Preclinical
(in vitro, in

vivo)
[81]

CD20

B-cell
Non-Hodgkin’s

Lymphoma
(NHL)

Vδ1 4-1BB, CD3ζ
78% Complete Remission

rate. Mild CRS (Grades 1–2)
and no GvHD.

Phase I NCT04735471

CD22 B-cell
Malignancies Polyclonal γδ 4-1BB, CD3ζ

Mixed Vδ1/Vδ2 product
(from αβ depletion)

outperformed the pure Vδ2
product in tumor control.

Preclinical
(in vitro, in

vivo)
[82]

c-Kit (CD117) Acute Myeloid
Leukemia (AML) Vγ9Vδ2 CD28, CD3ζ

The CAR using SCF
demonstrated potent AML

killing while selectively
sparing healthy c-Kit+

hematopoietic stem cells.

Preclinical
(in vitro, in

vivo)
[83]

CD123 Acute Myeloid
Leukemia (AML) Vδ1 4-1BB, CD3ζ

Enhanced the innate Vδ1
cytotoxicity against AML in

vitro and in vivo.

Preclinical
(in vitro, in

vivo)
[70]

CD70
Solid tumors,
Hematologic
Malignancies

Vδ1
CD27,

DN-TGFβRII,
IL-15

The “armored” construct
demonstrated resistance to

TGFβ suppression and
enhanced anti-tumor

persistence.

Preclinical
(in vitro, in

vivo)
[10]

GPC-3
Hepatocellular

Carcinoma
(HCC)

Vδ1 4-1BB, CD3ζ ,
sIL-15

Co-expression of soluble
IL-15 provided an autocrine
survival signal, enhancing
persistence and anti-tumor

efficacy.

Preclinical
(in vivo) [71]

claudin18.2
Gastric Cancer,

Pancreatic
Cancer

Polyclonal γδ 4-1BB, CD3ζ

Showed superior anti-tumor
activity over CAR T cells due

to dual recognition by the
CAR and endogenous TCR.

Preclinical
(in vitro, in

vivo)
[88]

mesothelin Pancreatic
Cancer Vγ9Vδ2 4-1BB, CD3ζ

CAR T cells demonstrated
superior anti-tumor efficacy

compared to CAR-NKT cells.

Preclinical
(in vivo) [89]

Folate
receptor-α

Triple-Negative
Breast Cancer Vγ9Vδ2

4-1BB, CD3ζ ,
7 × 19

co-stimulatory
switch CAR

The 7 × 19 CAR switch system
provided potent Folate

receptor-α specific tumor
killing.

Preclinical
(in vivo) [90]

MUC1-Tn
Breast, Ovarian,

Pancreatic
Cancer

Vγ9Vδ2 CD28, CD3ζ

Demonstrated dual
anti-tumor activity mediated
by both the MUC1-Tn CAR
and the endogenous TCR.

Preclinical
(in vitro, in

vivo)
[91]

EpCAM Solid Tumors Polyclonal γδ N/A (TCR-Ig
fusion)

The TCR-Ig fusion construct
mediated potent cytotoxicity

without requiring a
co-stimulatory domain.

Preclinical
(in vitro, in

vivo)
[92]

PSCA

Metastatic
Castrate

Resistant Prostate
Cancer

Vδ1 CD28, 4-1BB,
CD3ζ

Potentially safer cytokine
profile (significantly lower

IL-6 secretion).

Preclinical
(in vitro, in

vivo)
[77]

(Continued)
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Table 1 (continued)

Target antigen Tumor type γδ T cell subset Key CAR
components Key findings/Main results Study phase Reference

Non-
engineered

Acute Myeloid
Leukemia (AML) Vδ1 N/A

No DLTs, GvHD, or Grade 3
CRS/ICANS reported;

preliminary anti-leukemic
activity (MRD conversion).

Phase I NCT05001451

Non-
engineered

Glioblastoma
(GBM) Vδ2 N/A

No DLTs, CRS, or ICANS
observed (even with
concurrent TMZ).

Phase I NCT04165941

Note: Abbreviations: AML, acute myeloid leukemia; BiTE: bispecific T-cell engager; CAR, chimeric antigen receptor;
CD3ζ, CD3 zeta signaling chain; CRS, cytokine release syndrome; DLT, dose-limiting toxicity; DN-TGFβRII,
dominant-negative transforming growth factor-beta receptor II; EpCAM, epithelial cell adhesion molecule; GPC-3,
glypican-3; GvHD, graft-vs-host disease; HCC, hepatocellular carcinoma; ICANS, immune effector cell-associated
neurotoxicity syndrome; IL-15, interleukin-15; MRD, minimal residual disease; MUC1-Tn, mucin 1 Thomsen-nouveau
antigen; N/A, not applicable; NKT, natural killer T cell; PSCA, prostate stem cell antigen; TCR, T-cell receptor; TMZ,
temozolomide; TruC, T cell receptor fusion construct; Vδ1, variable δ1 T-cell receptor subset; Vδ2, variable δ2 T-cell
receptor subset; Vγ9Vδ2, γδ T-cell subset expressing vγ9 and vδ2 chains.

Encouraging preclinical data have paved the way for early-phase clinical trials. A Phase I trial of Vδ1
CAR γδ T cells targeting CD20 in relapsed or refractory B-cell non-Hodgkin lymphoma (NCT04735471)
reported a 78% complete remission rate with only mild CRS (Grades 1–2) [6]. Similarly, an early clinical trial
of CD19-directed CAR γδ T cells (NCT02656147) confirmed the fundamental safety of the platform, with
no severe adverse events and initial signals of efficacy [87].

3.3 Applications in Solid Tumor Therapy
While CAR αβ T cells have revolutionized the treatment of hematologic malignancies, their efficacy in

solid tumors has been limited. Solid tumors pose multiple barriers, including dense stromal architecture that
restricts infiltration and highly immunosuppressive microenvironments that promote T cell exhaustion. γδ
T cells are particularly well suited to address these challenges because of their innate tissue-homing capacity
and their ability to recognize stressed cells independently of MHC presentation.

Building on these advantages, CAR γδ T cells are being engineered against a wide range of solid
tumor antigens. Preclinical studies demonstrate that these cells often outperform CAR αβ T cells because of
their dual-recognition capacity, combining CAR specificity with intrinsic recognition of stress ligands [93].
For example, CAR γδ T cells directed against claudin18.2 showed superior cytotoxicity compared with
CAR αβ T cells, likely due to synergistic recognition of both the CAR antigen and stress-associated
molecules [88]. Similar strategies are now being extended to diverse antigens, including glypican-3 (GPC-3)
in hepatocellular carcinoma [71,94], folate receptor-α in triple-negative breast cancer [90], CD44v6 in head
and neck squamous cell carcinoma [95], and the aberrant glycoform MUC1-Tn in adenocarcinomas [91]
(Table 1).

γδ T cells are also being deployed against particularly difficult-to-treat malignancies such as glioblas-
toma. This tumor is protected by the blood-brain barrier and an intensely suppressive TME, making it highly
resistant to conventional therapies. To overcome these defenses, researchers are combining CAR γδ T cells
with oncolytic viruses, using the virus to inflame the tumor and convert a “cold” microenvironment into one
more permissive for T-cell activity [89,96,97].
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3.4 Interactions with Immunosuppressive TME
The long-term success of CAR γδ T cells in solid tumors depends on their ability to withstand and

remodel the immunosuppressive TME. The TME deprives T cells of essential survival signals while delivering
inhibitory cues that induce dysfunction. One major limitation is the scarcity of homeostatic cytokines such as
IL-15, which leads to poor persistence. To overcome this, CAR γδ T cells have been engineered to co-express
the IL-15/IL-15Rα complex, creating an autocrine survival loop that sustains their function [70,71].

Resistant to suppressive signaling is equally important. “Armoring” strategies have been introduced to
protect engineered cells from inhibitory pathways and enhance their activity [10]. For example, CAR γδ T
cells can be designed to secrete anti-PD-1 antibodies locally, neutral PD-L1-mediated suppression. Similarly,
expression of a dominant-negative TGF-β receptor (dnTGFβRII) renders them insensitive to one of the
TME’s most potent inhibitory cytokines [10].

Armoring also expands therapeutic breadth by equipping cells to counter tumor heterogeneity. An
innovative approach is to engineer CAR γδ T cells to secrete Bispecific T-cell Engagers (BiTEs), which recruit
bystander αβ T cells by binding both CD3 and a secondary tumor antigen [98,99]. This transforms the
suppressive TME into a cooperative anti-tumor environment, broadening the scope of tumor cell elimination
and reducing the risk of antigen escape. Early clinical studies are now beginning to test such multifunctional
CAR γδ T cells against targets including NKG2D ligands or GPC3 [100].

3.5 New Advancements and Future Directions in CAR γδ T Cells
A persistent challenge for CAR therapies is tumor relapse driven by antigen escape, in which cancer cells

downregulate or lose the targeted antigen. To address this, γδ T cells are being equipped with novel receptor
designs that enhance recognition breadth. One such innovation is the dual-specificity γδ TCR (DS-TCR),
which combines a high-affinity Vγ9 TCR domain targeting tumor-associated antigens such as MAGE-A4
with a Vδ2 domain [101]. This hybrid design enables simultaneous recognition of the primary antigen and
stress-associated ligands, thereby reducing the likelihood of antigen escape. Another novel construct is the
TCR-Ig receptor, in which a short-chain variable fragment (scFV) is fused directly to the constant region of
the TCR γ chain. This design achieved robust signaling without requiring a separate co-stimulatory domain
and may help mitigate toxicities associated with chronic CAR activation [92].

Progress is also being made in overcoming manufacturing barriers. A major limitation for Vδ1 T cells
has been their resistance to viral transduction. This obstacle has largely been resolved through lentiviral
vectors pseudo-typed with a baboon envelope (BaEV-LV), which achieved up to 80% transduction efficiency
in these difficult-to-engineer cells [102]. mRNA electroporation offers a complementary strategy by providing
transient CAR expression with a built-in safety switch, as the effect naturally wanes after several days [86].
Expansion protocols are being further optimized; for instance, a novel bisphosphonate prodrug ThP enables
highly selective Vδ2 expansion to >90% purity with over 1000-fold proliferation [8].

Ultimately, the field aims to eliminate donor dependence by generating universal, standardized
cell products. Induced pluripotent stem cells (iPSCs) offer a transformative solution by providing an
unlimited source of CAR γδ T cells that are genetically uniform, quality-controlled, and truly “off-the-
shelf ” [9,103]. Combination therapies represent another exciting frontier. A guiding principle here is
chemo-immunotherapy, in which chemotherapy is not only cytotoxic but also sensitizes tumors to immune
attack. The pegylated liposomal alendronate-doxorubicin (PLAD) nanomedicine platform exemplifies this
approach, co-delivering doxorubicin and the γδ T cell activator alendronate in a single liposome. Doxoru-
bicin induces immunogenic cell death, while alendronate sensitizes tumor cells to γδ T cell killing, producing
complete tumor regression in preclinical models [104].
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Together, these innovations highlight the rapid evolution of CAR γδ T cell therapy. By combining
advances in receptor design, gene transfer technologies, manufacturing platforms, and combination strate-
gies, the field is moving steadily toward safe, durable, and broadly accessible treatments for both hematologic
and solid malignancies.

4 CAR γδ T Cells in Autoimmune and Inflammatory Diseases
Autoimmune and inflammatory diseases (AIDs) arise from dysregulated immune tolerance, resulting

in persistent autoreactive B and T cell activity. Classical examples include SLE, MS, RA, and type 1 diabetes
(T1D) (Fig. 3). Current therapies, such as immunosuppressants, biologics including anti-CD20 or anti-TNF
antibodies, and hematopoietic stem cell transplantation, can reduce disease activity but remain limited by
incomplete efficacy, frequent relapses, and significant toxicity. Inspired by the success of CAR T cell therapies
in cancer, researchers are now exploring engineered immune cell strategies to reset immune balance and
restore tolerance [11,105].

Figure 3: The pathogenic cycle of AIDs. Viral or environmental triggers activate autoreactive B cells and Th17 T cells,
resulting in autoantibody production, pro-inflammatory cytokine release (IL-17, TNF-α), and neutrophil recruitment.
Neutrophils intensify tissue destruction by releasing reactive oxygen species (ROS), reinforcing a chronic feedback
loop of inflammation, immune cell activation, and progressive tissue injury. Abbreviations: AIDs, autoimmune and
inflammatory diseases; IL-17, interleukin-17; ROS, reactive oxygen species; Th17, T helper 17 cell

Although most studies to date have centered on cancer, the biology of γδ T cells uniquely positions
them as candidates for autoimmune therapy. Their combination of MHC-independent recognition, potent
cytotoxicity, and intrinsic regulatory capacity allows them not only to eliminate autoreactive clones but
also to promote tissue repair and restore homeostasis [53,55,56] (Fig. 4). Early clinical trials with CD19-
directed CAR αβ T cells in lupus and other autoantibody-driven diseases, such as systemic sclerosis (SSc)
and myositis, have already demonstrated that targeted B cell depletion can induce remissions [64,106,107].
However, conventional CAR αβ T strategies remain constrained by reliance on autologous products,
prolonged B cell aplasia, and risks of toxicities such as CRS and immune effector cell-associated neurotoxicity
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syndrome (ICANS) [108–110]. In this setting, CAR γδ T cells may offer a safer and more versatile alternative,
combining targeted cytotoxicity with immunoregulatory effects while minimizing alloreactivity and targeted
toxicity [53,55,56].

Figure 4: Therapeutic intervention with CAR γδ T cells in AIDs. Engineered CAR γδ T cells interrupt this cycle by
selectively eliminating autoreactive B and T cells while secreting anti-inflammatory cytokines (IL-10, TGF-β). Through
this combined cytotoxic and regulatory activity, CAR γδ T cells not only suppress chronic inflammation but also
re-establish immune tolerance and promote long-term tissue repair and functional recovery. Abbreviations: AIDs,
autoimmune and inflammatory diseases; CAR, chimeric antigen receptor

4.1 Engineering and Expansion Strategies of CAR γδ T Cells in AIDs
While many of the same platforms used to engineer γδ T cells for cancer therapy are technically

applicable to autoimmunity [69,72], their therapeutic purpose differs substantially. In oncology, persistence
and high-level cytotoxicity are desirable, whereas in autoimmunity, the aim is to selectively eliminate
autoreactive clones and re-establish tolerance without inducing chronic immunosuppression [11,63]. For this
reason, transient CAR expression is especially attractive. Short-lived CAR γδ T cells can provide controlled
clearance of autoreactive cells while preserving protective immunity; in T1D, for example, transient therapy
may conserve residual β-cell function [11,111]. When longer-term control is required, stable CAR integration
can be combined with tolerogenic programming, such as IL-10 or TGF-β knock-ins, pushing engineered γδ
T cells toward regulatory phenotypes [11,63]. These approaches provide flexible platforms for disease-specific
applications, summarized in Table 2.

Advanced genome editing adds another layer of precision. CRISPR-Cas9 can be used to delete inhibitory
checkpoints, such as PD-1, or to insert immunoregulatory cytokine genes, reinforcing tolerance. Logic-gated
CARs, designed to restrict activation to inflammatory contexts, offer an additional safeguard [112,113]. In
parallel, armoring strategies such as IL-15 co-expression or dnTGF-β receptors can enhance persistence and
stability in chronically inflamed tissues [63,114]. Manufacturing considerations are also particularly relevant,
since autoimmune patients may require repeat dosing or broad access. iPSC-derived γδ T cells represent
a scalable, renewable source of “off-the-shelf ” products, enabling standardized treatment at the population
scale [9,103].
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Table 2: Proposed applications of CAR γδ T cells in AIDs

Disease Pathogenic driver Proposed CAR γδ strategy Expected effect Reference

SLE Autoreactive B cells;
immune-complex nephritis

CD19/BCMA CAR γδ;
IL-10–armored γδ

B-cell depletion; restore
tolerance; reverse nephritis [65]

SS Autoantibody-producing B
cells; fibrosis

CD19 CAR γδ;
TGF-β–aware γδ

Reset autoreactive B cells;
reduce fibrosis [106]

PV DSG3 autoantibody B cells DSG3-CAAR γδ
Selective removal of

pathogenic B cells; preserve
humoral immunity

[115]

Myositis/MG
Anti-MuSK/anti-

synthetase
antibodies

MuSK-CAAR γδ
Target pathogenic clones;
prevent neuromuscular

damage
[116]

RA Th17/IL-17–driven synovial
inflammation

Logic-gated IL-17–sensing
CAR γδ

Suppress inflammatory
Th17/γδ17 loops [61]

MS Autoreactive T cells; IL-17
axis

Tolerogenic CAR γδ
(IL-10/TGF-β modules)

Reduce CNS inflammation;
restore tolerance [62]

T1D β-cell autoimmunity CAR γδ ± tolerogenic
programming

Eliminate autoreactive
lymphocytes; preserve β-cell

function
[112]

IBD
(Crohn’s/UC)

Dysregulated γδ17/Th17
circuits

IL-10/TGF-β–secreting
CAR γδ

Restore mucosal tolerance;
reduce flares [11]

Psoriasis IL-17–driven γδ17
expansion Logic-gated CAR γδ Inhibit IL-17 loops; restore

tissue balance [61]

OA IL-17 and senescent-cell
loops

Stress-ligand–targeting
CAR γδ

Slow tissue destruction;
enhance repair [61]

Note: Abbreviations: AIDs, autoimmune and inflammatory diseases; BCMA, B-cell maturation antigen; CAR,
chimeric antigen receptor; CAAR, chimeric autoantibody receptor; DSG3, desmoglein-3; IBD, inflammatory bowel
disease; MG, myasthenia gravis; MS, multiple sclerosis; MuSK, muscle-specific kinase; OA, osteoarthritis; PV,
pemphigus vulgaris; RA, rheumatoid arthritis; SLE, systemic lupus erythematosus; SS, Sjögren’s syndrome; T1D, type
1 diabetes; Th17, T helper 17 cell; UC, ulcerative colitis; γδ, gamma-delta.

4.2 Precision Targeting Approaches
Autoreactive B cells are central drivers of many autoimmune disorders, and clinical evidence in SLE

and SS shows that anti-CD19 CAR T therapy can induce long-term remission [65,106,107]. These results
support extending CAR γδ approaches to CD19, CD20, and BCMA, where MHC-independent recognition
may provide additional safety and efficacy [112]. Beyond broad depletion, precision strategies are emerging to
preserve protective immunity. Chimeric autoantibody receptor (CAAR) T cells, which display autoantigen
domains, have already shown success in pemphigus vulgaris (PV) with desmoglein-3 (DSG3)-CAAR and in
myasthenia gravis (MG) with muscle-specific kinase (MuSK)-CAAR. Applying CAAR designs to γδ T cells
could merge antigen-level precision with the reduced risk of GvHD inherent to this lineage [115,116].

γδ T cells may also be engineered to mimic tolerogenic regulatory cells. Designs that program IL-10 or
TGF-β secretion parallel the approach of CAR Tregs, which have shown promise in restoring tolerance in
transplantation and autoimmunity [117–119]. The stability of these regulatory phenotypes, however, remains
a challenge, as regulatory cells can convert into effector-like states under inflammatory pressure. In addition
to B cells, autoreactive T cells remain key drivers in conditions such as MS, RA, and T1D. The tissue-
tropic nature of Vδ1 subsets could be exploited to engineer CAR γδ T cells with organ-specific homing
properties, such as to the central nervous system (CNS) or pancreatic islets, where they could exert localized
immunoregulation while minimizing systemic immunosuppression.
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Synthetic biology provides further precision. Switchable CARs controlled by small molecules allow
temporal regulation of therapeutic activity, while SynNotch or dual-input CARs restrict activation to
inflamed tissues by requiring both antigen recognition and inflammatory signals [54,108,120]. Integrating
such systems into γδ T cells may yield highly localized control of autoimmunity, balancing elimination of
pathogenic clones with preservation of protective immunity.

4.3 Applications across Autoimmune Indications
Different autoimmune diseases present distinct therapeutic opportunities for CAR γδ T cells. In SLE,

where autoreactive B cells drive pathology, γδ T cells engineered to target CD19 or BCMA and to co-
secrete IL-10 could reduce autoantibody production while simultaneously restoring tolerance [64,106,117].
In RA and MS, where γδ17–Th17 loops sustain inflammation, logic-gated CAR γδ T cells responsive to IL-
17 signals could disrupt pathogenic feedback circuits without broadly suppressing immunity [59,112,121].
Organ-specific antibody-mediated diseases represent natural candidates for CAAR strategies, such as DSG3-
CAAR T cells in PV or MuSK-CAAR γδ T cells in MG, which could precisely eliminate autoreactive clones
while preserving protective immunity [117,118].

In T1D, CAR γδ T cells could selectively clear autoreactive lymphocytes while preserving β-cell
function. The natural epithelial-homing properties of Vδ1 subsets may provide an additional advantage by
directing engineered cells to pancreatic islets [53,111]. Chronic inflammatory conditions may also benefit. In
psoriasis or inflammatory bowel disease, designs that suppress γδ17 activity while enhancing IL-10 and TGF-
β responses could restore tissue tolerance [56,57,59]. In OA, where IL-17 and senescent cells accelerate joint
damage, CAR γδ T cells targeting stress ligands may protect cartilage and slow disease progression [57,61].
These disease-specific applications illustrate the potential of γδ CARs to provide tailored interventions that
combine cytotoxic and regulatory functions according to the context (Table 2).

4.4 Safety, Toxicity, and Control Mechanisms
Safety remains a central concern in adoptive immunotherapy. Conventional αβ CAR T cells often induce

CRS, neurotoxicity, and prolonged B-cell aplasia [108,110,113]. In contrast, CAR γδ T cells may offer intrinsic
safety advantages due to their MHC-independent recognition, lower alloreactivity, and ability to secrete IL-
10 and TGF-β, which can dampen excessive inflammation. Subset choice may influence risk, since Vδ1 T
cells with tissue-homing potential could drive localized inflammation if dysregulated, while Vδ2 T cells, as
strong cytokine producers, may increase the risk of excessive IL-17 or IFN-γ release.

To mitigate risks, multiple control strategies are being developed. Suicide switches such as inducible
caspase-9 allow emergency ablation of infused cells [93,122]. Transient CAR expression via mRNA electro-
poration can provide short-term clearance of autoreactive clones during acute flares without long-lasting
immunosuppression [79,113,123]. Long-gated or dual-input CARs further refine control by restricting activity
to the inflamed environment [115,116]. Yet each approach has limitations, such as delayed action of suicide
switches, repeated dosing requirement for transient CARs, and experimental status for logic-gated systems.
Achieving the right balance between efficacy and safety will require matching control mechanisms to clinical
context, such as transient interventions for acute relapses versus durable tolerogenic reprogramming for
chronic disease.

4.5 Clinical Translation and Future Directions
Collectively, preclinical investigations of CAR γδ T cells across autoimmune and inflammatory indica-

tions (Table 2) highlight their versatility as next-generation immune modulators and lay the groundwork for
translation into clinical studies. Although direct clinical evidence for CAR γδ T cells in autoimmunity is not
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yet available, the success of αβ CAR T cells in SLE, SS, and anti-synthetase syndrome provides compelling
proof of principle (Table 3) [65,106,107]. Extending this to γδ T cells offers additional benefits, including
reduced GvHD risk, intrinsic cytokine-mediated immunoregulation, and the feasibility of allogeneic man-
ufacturing [11,63]. Advances in iPSC technology now allow standardized γδ T cell sources, and automated
closed system processes are improving scalability. Gene delivery options such as mRNA electroporation
provide transient expression for flares, while viral integration can provide durable effects when paired with
tolerogenic modifications such as IL-10 or TGF-β knock-ins [63,78,86,103].

Table 3: Clinical and translational studies relevant to CAR γδ T cells in autoimmune diseases

Target/Approach Indication Clinical status Relevance for CAR γδ T
cells Reference

CD19 CAR T SLE, SSc, myositis Phase I/II; case
reports

Demonstrates that B-cell
depletion resets immune
balance; CAR γδ T cells

could achieve this with lower
GvHD and off-the-shelf

scalability.

[65]

BCMA CAR T
Lupus nephritis;

refractory
myasthenia gravis

Early phase

Targets plasma cells and
long-lived autoantibody

production; CAR γδ T cells
may improve persistence in

inflamed tissue

[63]

CAAR T
(DSG3, MuSK)

PV; myasthenia
gravis

Phase I ongoing
(Cabaletta Bio)

Clone-specific elimination of
pathogenic B cells; CAAR γδ

T cells may combine
precision with lower risk of

GvHD

[116]

CAR-Tregs
Transplant

tolerance (HLA-A2
mismatch)

Phase I/II

Validates tolerance-inducing
approach; γδ regulatory

subsets could provide dual
cytotoxic + regulatory effects

[98]

Note: Several reported cases include adolescent patients with refractory SLE achieving remission after CD19 CAR
T therapy [65]. Age-specific design considerations for future γδ CAR T applications are discussed in Section 4.5.
Abbreviations: BCMA, B-cell maturation antigen; CAAR, chimeric autoantibody receptor; CAR, chimeric antigen
receptor; DSG3, desmoglein-3; GvHD, graft-vs-host disease; HLA, human leukocyte antigen; PV, pemphigus
vulgaris; SLE, systemic lupus erythematosus; SSc, systemic sclerosis; Treg, regulatory T cell.

Age-specific immune considerations present both challenges and opportunities for translating CAR
γδ T cell therapies into autoimmune diseases. γδ T cell ontogeny also varies with age: neonates and
children are dominated by highly reactive Vγ9Vδ2 cells with potent innate-like cytotoxicity, whereas adults
harbor greater proportions of tissue-resident Vδ1 cells with adaptive-like or regulatory traits [124,125].
Pediatric cases, particularly childhood-onset SLE and T1D, often display greater disease activity, earlier
organ involvement, and stronger interferon and IL-17-driven inflammation than adult-onset forms [11,65].
Recent reports have documented complete remission of refractory pediatric lupus nephritis following CD19-
CAR T therapy, including a 15-year-old patient who achieved rapid renal recovery and sustained B-cell
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depletion [11,116]. These findings demonstrate that immune-reset therapy is feasible and effective even
within developing immune systems, supporting cautious extension to younger patients. These age-specific
developmental distinctions have direct engineering implications: transient, mRNA-based CAR γδ products
or reduced-intensity conditioning may best suit pediatric use to avoid prolonged immunosuppression and
preserve vaccine responsiveness, whereas durable, tolerogenic CAR γδ cells incorporating IL-10 or TGF-
β modules may benefit adults with chronic, fibrosis-prone inflammation. Age-tailored dosing, persistence
control, and long-term follow-up for growth and revaccination should therefore accompany future γδ CAR
T cell trials.

The potential skewing of γδ T cells toward pathogenic γδ17 phenotypes in inflammatory environments
must be addressed through optimized culture, checkpoint editing, or logic-gated designs [59,60,101].
Target identification beyond bulk B cell depletion will be necessary, with CAAR-based strategies against
autoantigen-specific clones offering one promising avenue [115,116]. Looking ahead, CAR γδ T cells may
emerge as dual-function therapies that combine targeted cytotoxicity with active restoration of tolerance.
Advances in antigen discovery, synthetic biology circuits, and microbiome modulation are opening new
horizons for precision design [28,29,113,122].

For early clinical translation, initial studies will likely focus on well-defined patient groups with clear
biomarkers of autoreactivity, such as high autoantibody titers in SLE or DSG3-specific B cells in PV. Safety-
first designs incorporating suicide switches, transient expression, or logic-gated systems should guide these
trials. Over time, combination strategies may broaden their application. Pairing CAR γδ T cells with
tolerogenic vaccines or low-dose IL-2 could reinforce regulatory networks, while integration with checkpoint
blockade or anti-fibrotic therapies may overcome resistance in refractory settings [114,120]. These early and
ongoing studies are summarized in Table 3, which outlines how foundational preclinical advances are now
transitioning toward clinical translation.

5 Conclusion
CAR γδ T cells have progressed from an intriguing idea to a rapidly advancing therapeutic platform

with the potential to reshape cellular immunotherapy across cancer and autoimmunity. They are not simply
an alternative to CAR αβ T cells but a biologically distinct and versatile system that merges innate stress
sensing with adaptive precision. Their defining features, like the MHC-independent recognition, innate
stress sensing, and the feasibility of universal “off-the-shelf ” manufacturing, position them as a superior
foundation for next-generation therapies. Preclinical studies in hematologic malignancies and solid tumors
have demonstrated potent antitumor activity, while emerging data in autoimmune models highlight their
ability to eliminate autoreactive clones, restore immune tolerance, and promote tissue homeostasis. Together,
these findings suggest that CAR γδ T cells bridge two historically separate domains, offering a unified
framework for both immune activation and immune regulation.

The field now faces the pivotal task of answering the question of whether CAR γδ therapies can fully
deliver this promise. Key translational challenges persist: achieving subset-specific expansion, maintaining
persistence without exhaustion, and preventing cytokine-driven toxicities. Yet rapid advances in single-
cell multi-omics, artificial intelligence (AI)-driven antigen discovery, and iPSC-derived manufacturing are
converging to address these limitations by enhancing precision, safety, and scalability. Simultaneously,
synthetic biology tools-including logic gates, switchable circuits, and cytokine armoring-are transforming
γδ T cells into programmable immune agents that can be tailored to disease-specific demands.

Clinically, success will depend on integrating engineering advances with patient-specific biology. Pedi-
atric and adult experiences with CAR T therapy in lupus illustrate the feasibility of immune-reset approaches
and highlight the need for age-tailored dosing, persistence control, and long-term safety monitoring. Early
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trials combining CAR γδ T cells with checkpoint blockade, TGF-β inhibition, or tolerogenic modules will
test whether this balance can be achieved.

If these efforts succeed, CAR γδ T cells could inaugurate a new therapeutic paradigm: a single, flexible
platform that bridges tumor eradication and immune restoration, transforming immune reprogramming
from disease-specific intervention into a broadly accessible form of precision medicine that no other
immunotherapy has been able to achieve so far.
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Abbreviations
aAPCs Artificial antigen-presenting cells
ADCC Antibody-dependent cellular cytotoxicity
AI Artificial intelligence
AICD Activation-induced cell death
AIDs Autoimmune and inflammatory diseases
ALL Acute lymphoblastic leukemia
AML Acute myeloid leukemia
APCs Antigen-presenting cells
Apo AI Apolipoprotein AI
BaEV-LV Baboon envelope–pseudotyped lentiviral vector
BCMA B-cell maturation antigen
BiTE Bispecific T-cell engager
BTN2A1 Butyrophilin subfamily 2 member A1
BTN3A1 Butyrophilin subfamily 3 member A1
CAR Chimeric antigen receptor
CAR αβ T cells Chimeric antigen receptor alpha beta T cells
CAR γδ T cells Chimeric antigen receptor gamma delta T cells
CAR-Tregs Chimeric antigen receptor regulatory T cells
CAAR Chimeric autoantibody receptor
CRISPR-Cas9 Clustered regularly interspaced short palindromic repeats–Cas9
CRS Cytokine release syndrome
CTLs Cytotoxic T lymphocytes
DCs Dendritic cells
DLBCL Diffuse large B-cell lymphoma
DLT Dose-limiting toxicity
DNAM-1 DNAX accessory molecule-1 (CD226)
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dnTGFβRII Dominant-negative transforming growth factor-β receptor II
DOT Delta One T protocol
DSG3-CAAR Desmoglein-3 chimeric autoantibody receptor
DS-TCR Dual-specificity T cell receptor
EAE Experimental autoimmune encephalomyelitis
EpCAM Epithelial cell adhesion molecule
FasL Fas ligand
F1-ATPase F1 adenosine triphosphatase
GPC2 Glypican-2
GPC3 Glypican-3
GvHD Graft-vs-host disease
HLA-E Human leukocyte antigen-E
ICANS Immune effector cell–associated neurotoxicity syndrome
IFN-γ Interferon-γ
IL-2/-7/-10/-12/-15/-17/-18/-21 Interleukins 2, 7, 10, 12, 15, 17, 18, and 21
IL-1β Interleukin-1 beta
IPP Isopentenyl pyrophosphate
iPSC Induced pluripotent stem cell
ITAMs Immunoreceptor tyrosine-based activation motifs
MAGE-A4 Melanoma-associated antigen A4
MHC Major histocompatibility complex
MHC-independent Major histocompatibility complex–independent
MICA MHC class I chain-related protein A
MICB MHC class I chain-related protein B
MDSCs Myeloid-derived suppressor cells
MRS Minimal residual disease
MS Multiple sclerosis
MuSK-CAAR Muscle-specific tyrosine kinase chimeric autoantibody receptor
MUC1-Tn Mucin 1-Thomsen nouveau glycoform
NCRs Natural cytotoxicity receptors (NKp30, NKp44)
NK Natural killer
NKG2D Natural killer group 2, member D
NKR Natural killer receptor
NKp30 Natural cytotoxicity receptor p30
NKp44 Natural cytotoxicity receptor p44
NKT Natural killer T cell
OA Osteoarthritis
PD-1 Programmed cell death protein 1
PLAD Phosphoantigen–loaded alendronate–doxorubicin platform
PVR Poliovirus receptor (CD155)
RA Rheumatoid arthritis
scFv Single-chain variable fragment
SLE Systemic lupus erythematosus
SS Sjögren’s syndrome
SSc Systemic sclerosis
T1D Type 1 diabetes
TCR T cell receptor
TGF-β Transforming growth factor-β
Th17 T helper 17 cell
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TIM-3 T cell immunoglobulin and mucin-domain–containing protein 3
TME Tumor microenvironment
TMZ Temozolomide
TNF-α Tumor necrosis factor-α
TruC T cell receptor fusion construct
Vδ1/Vδ2 Variable delta 1/variable delta 2 T-cell receptor subsets
Vγ9Vδ2 Gamma delta T-cell subset expressing Vγ9 and Vδ2 chains
ZOL Zoledronate
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