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Gamma delta (yd) T cells exhibit unique antiviral, antibacterial, and antitumor
properties. Advancing the fundamental understanding of ¥d T cell immunobiology
and unlocking their full therapeutic potential requires detailed immunophenotypic
profiling alongside optimized strategies for ex vivo activation and expansion. In this
review, we synthesize current knowledge of ¥3 T cell immunobiology, emphasizing
(i) comprehensive phenotypic characterization using flow cytometry and (ii)
emerging approaches for their therapeutic implementation, with a focus on
activation and ex vivo expansion methods. By integrating insights from phenotypic
analysis with a comparative evaluation of expansion techniques, we provide an
overview of y8 T cell immunobiology and their translational potential
in immunotherapy.
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1 Introduction

The immune system comprises a highly diverse array of immune cells, each playing a
specific role in mediating immune responses (1). At the intersection of adaptive and innate
immunity are gamma delta (Y3) T cells, whose unique features are both biologically
fascinating and therapeutically intriguing (2). Discovered in the mid-1980s, Y0 T cells are
T lymphocytes whose TCR consists of ¥ rather than of3 chains (3-5). They exhibit unique
properties, such as antiviral, antibacterial, and antitumor activity (6). ¥ T cells combine
functionalities of T cells, NK cells, and antigen-presenting cells, and show tissue tropism
specific to certain subtypes (6). They are a heterogeneous population with complex TCR
repertoires, recognizing various antigens, including proteins and lipids (7). VyoV62 T cells,
the predominant subset in peripheral blood (6, 8), recognize small, phosphorylated
metabolites called phosphoantigens (pAgs) through their semi-invariant TCRs (6). pAgs

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2026.1829178/full
https://www.frontiersin.org/articles/10.3389/fimmu.2026.1829178/full
https://www.frontiersin.org/articles/10.3389/fimmu.2026.1829178/full
https://www.frontiersin.org/articles/10.3389/fimmu.2026.1829178/full
https://www.frontiersin.org/articles/10.3389/fimmu.2026.1829178/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2026.1829178&domain=pdf&date_stamp=2026-07-31
mailto:jelka.pohar@nib.si
mailto:anze.smole@nib.si
https://doi.org/10.3389/fimmu.2026.1829178
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2026.1829178
https://www.frontiersin.org/journals/immunology

Rupnik et al.

are upregulated under stress conditions including malignant trans-
formations and infections (9). Another two major subsets of Y0 T
cells characterized by adaptive-like immunobiology and more
diverse TCR repertoires are V31 and V83 T cells. Due to their
unique properties, including the capacity of some Y3 T cell products
to take up and cross present the processed tumor-derived antigens
in experimental setting (10), Y0 T cells have proven to be a highly
promising modality for cancer immunotherapy in the context of Yo
CAR (chimeric antigen receptor)-T cells (10-14). Given their semi-
invariant TCR repertoire and MHC-independent antitumor activ-
ity, they hold potential for allogeneic “off-the-shelf” cellular prod-
ucts (12).

Beyond cancer and infection, y8 T cells contribute to immune
homeostasis and tissue integrity and can participate in immune
dysregulation when their effector programs become imbalanced.
Across inflammatory and immune-mediated conditions, distinct Y&
subsets may adopt pro-inflammatory (e.g., IL-17/IL-22) or immuno-
regulatory (e.g., IL-10/TGF-B) programs, with outcomes that are
context dependent and shaped by local cues (15, 16). In disorders
such as rheumatoid arthritis and multiple sclerosis, IL-17-producing
YO T cell subsets are frequently associated with chronic inflammation,
synovial activation, and tissue injury (16, 17). These cells can
enhance macrophage activation, fibroblast proliferation, and
osteoclastogenesis, contributing to structural damage. At the same
time, regulatory Y0 T cells secreting IL-10 and TGF-B may counter-
balance excessive autoimmune responses, reflecting the functional
plasticity of this immune population (16). In inborn errors of
immunity, quantitative and qualitative alterations of Y0 T cells have
been described. In this setting, Y0 T cells may serve as an auxiliary
defense mechanism when adaptive immunity is compromised, con-
tributing to early antimicrobial responses through rapid effector
functions, including IFN-y and IL-17 production (18).
Dysfunctional ¥3 T cell development or signaling may increase
susceptibility to recurrent infections and impair immune surveillance.
Studies on innate-like lymphocytes suggest that Y3 T cell deficiency
may correlate with more severe clinical phenotypes in selected inborn
errors of immunity conditions (18). Barrier diseases represent an-
other major functional domain of y8 T cells. In asthma, 8 T cells
participate in airway immune regulation by modulating Th2 and
Th17 responses. IL-17-producing subsets may promote neutrophilic
inflammation and bronchial hyperresponsiveness, particularly in
severe or steroid-resistant asthma phenotypes. Similarly, in inflam-
matory bowel disease, especially Crohn’s disease, intraepithelial yd T
cells contribute to mucosal barrier integrity, microbial homeostasis,
and epithelial repair. Loss of functional intraepithelial Y0 T cells may
exacerbate chronic intestinal inflammation (19-21). The role of yd T
cells is well studied in atopic dermatitis where they participate in both
acute and chronic inflammation by producing cytokines such as IL-
17, IL-22, and IFN-y, which regulate keratinocyte proliferation,
antimicrobial defense, and immune activation. While these cytokines
support barrier protection, excessive or prolonged activity may
promote chronic inflammation. Y3 T cells also contribute to epithelial
repair and microbiota regulation. Imbalance between pro-inflamma-
tory and reparative functions may influence atopic dermatitis severity
and recurrence (22, 23). The diverse roles of ¥ T cells across these
disease settings highlight their value as biomarkers in immune-
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mediated diseases. In addition to providing biological context, these
settings illustrate why the study of y8 T cells is relevant both for
fundamental and translational research and for clinical application,
including the analysis of patient samples to support diagnosis, disease
monitoring, and treatment-related decision-making.

Beyond these disease-oriented applications, continued research
in Y0 T cell immunobiology is also essential for unlocking their
therapeutic potential. In this context, an in-depth understanding of
Y0 T cell biology, together with detailed phenotypic and functional
characterization and advanced ex vivo manipulation approaches
including activation, expansion, and genetic engineering is critical
for the development of Y3 T cell-based cellular immunotherapy
strategies and for generating defined, functional cell products.

In this mini-review, we synthesize existing knowledge across
two interconnected and complementary aspects of Y0 T cell re-
search: (i) a framework for flow-cytometric immunophenotyping,
including the selection and interpretation of relevant markers,
sample-type considerations, gating logic, and technical controls;
and (ii) a comparative synthesis of ex vivo activation and expansion
strategies, with emphasis on how protocol choices influence subset
selectivity, differentiation trajectories, and suitability for down-
stream genetic engineering. By bringing these perspectives together,
we highlight practical links between flow-cytometric readouts,
manipulation strategies, and the desired properties of the final yd
T cell product, thereby providing a clearer framework for both
biological investigation and translational application.

2 Immunobiology and
immunoprofiling of v T cells via flow
cytometry

Y0 T cells are a rare T cell subtype comprising 1-10% of
peripheral blood CD3" T cell population in healthy humans (15,
24). They are predominately (>70%) CD4 CD8" (double negative),
some (30%) are CD8"CD4~ and very few (<1%) are CD4"CD8~
(25). These diverse populations differ in tissue homing as well as
function (26). Human Y3 T cells are a heterogenous population of
subsets that express a combination of one of the 7 different Vy TCR
chains paired with one of the 4 V& TCR chains (27). V32 is almost
exclusively paired with VY9 and the resulting Vy9V32 T subtype
represents the predominant subset (60-95%) in peripheral blood
and lymphoid organs. This subtype participates in defense against
malignant cells and has the ability to function as an antigen
presenting cell (APC) (6, 8). V1 cells are enriched in barrier tissues
such as the gut mucosa, skin, and lungs, where they contribute to
local immune defense by promoting recruitment of Th17 cells and
neutrophils and by supporting epithelial antimicrobial responses
(17). V33 subtype is mainly found in the liver and intestines (28).
The entire repertoire of yd T cells is still unknown (17). Compared
to conventional off T cells, that require recognition via TCR,
engagement of costimulatory molecules and cytokine signaling for
successful activation, the activation of Y3 T cells is less understood.
YO T cells also express TCR that is required for antigen recognition,
but they do not engage MHC-antigen complexes (29).
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2.1 Characteristics and functions of Y0 T
cells

Bridging innate and adaptive immune systems, Y0 T cells are
endowed with antitumor mechanisms characteristic of o T cells,
mediated by TCR and co-stimulatory signals, and NK cells, medi-
ated by activating NK cell receptors (2). This diverse array of
functions is the reason Y0 T cells play fascinating and context
—dependent roles in the immune response (17). Depending on the
immunological context, Y3 T cells can promote inflammation and
recruitment of immune cells to site of infection or help in tissue
repair and regulation of immune response. Most 8 T cells have
antitumor activity, but some subsets also have pro-tumor properties
in specific context (6).yd0 T cells interact with other innate and
adaptive immune cells, recruiting them to sites of infection and
modulating their function through cytokine and chemokine secre-
tion as well as antigen presentation. In this way, distinct Yo T-cell
subsets can either promote inflammatory myeloid responses or
support regulatory, tissue-repair-associated programs, depending
on the local microenvironment (16). All these functionalities make
characterizing the intrinsic features that distinguish specific subsets
challenging (28).

The TCR of Y3 T cells is composed of ¥ and & chains, arranged
through somatic recombination within the thymus similar to oy T
cells (28) and encoded by variable (V), diversity (D; only within
delta chains) and joining (J) fragments (30). Although yd T cells
have the potential for extensive diversity, many mature subsets
show biased VY/Vd usage, leading to subset—specific repertoire
patterns (16, 31). Although their genetic TCR profile is similar in
principle to that of oy TCRs, the recognition of activating ligands
by ¥ T cells is diverse and different from oy TCRs. Particularly, yd
TCRs do not require MHC-mediated antigen presentation (32).

YO T cells express some molecules related to NK cells like NK
cell receptor NKG2D and other molecules that participate in
enhanced tumor recognition such as FcyRIIla (CD16a),
DNAM-1, NKp46, NKp44 and NKp30 (6, 27). While yd T cells
do not recognize MHC class I-antigen complexes, they recognize
MHC class I related molecules, MICA and MICB, stimulatory
ligands of NKG2D (29). While some molecules like ¥d TCR and
NKG2D are characteristically expressed by all Y3 T cells, some are
subtype specific. Depending on inflammatory signals present in the
tissue microenvironment yd T cells can display a Th1, Th2, Th17 or
Treg-like phenotype (17). Certain subsets have the ability to secrete
interferon y (IFN-y), tumor necrosis factor oo (TNF-o), proinflam-
matory chemokines CCL5 and CXCL10, and interleukins including
IL-2 IL-4, IL-5, IL-13, IL-15 and IL-17. Interestingly, IL-17 pro-
duction by Y3 T cells has a distinct advantage over IL-17 production
by o T cells as its activation in Y8 T cells does not require antigen
presentation by MHC I and results in more potent IL-17 concen-
tration earlier in the immune response. When activated, 0 T cells
exhibit strong cytotoxic activity through the release of granzyme B
and perforin, by membrane bound TRAIL and Fas ligands and
production of IFN-y and TNF-a. (33). Y8 T cells located in the skin
(mostly VO1) constitutively express the chemokine receptor CCR6
and the transcription factor RORYS (17, 28). Based on their
phenotype, ¥ T cells are divided into four main differentiation
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subsets (naive, central-memory, effector-memory or terminally
differentiated) based on the expression of CD45RO or CD45RA
in a combination with CD27, CCR7 or CD62L similarly to off T
cells (34).

2.2 Characterization of 0 T cells via flow
cytometry

In research and diagnostic settings, comprehensive
immunophenotypic characterization encompassing subset compo-
sition, activation and differentiation states, functional and dysfunc-
tional signatures, migratory and tissue—resident programs, and
effector capacities is essential for resolving the complexity of
immune responses (35). This requirement is particularly pro-
nounced for Y8 T cells, whose unconventional antigen—recognition
modalities, tissue—restricted subset distributions, and context—de-
pendent effector programs necessitate high—resolution profiling.
Figure 1 provides a schematic representation that captures certain
elements of Y0 T cell immunobiology, highlighting major surface
markers and selected intracellular marker reflecting phenotypic/
differentiation status, subset identity/lineage, activation/prolifera-
tion, homing/tissue residency, cytotoxic activity, dysfunction/ex-
haustion and tumor recognition as well as secreted cytokines. These
markers delineate lineage identity and differentiation trajectories,
govern activation thresholds and cytotoxic mechanisms, and con-
tribute to recognition of malignant or stressed cells (6, 7, 28). In
parallel, the cytokines released upon stimulation illustrate the
integration of ¥ T cells into broader immune-signaling networks
and their roles in shaping effector responses. Collectively, such
marker—level insights enable precise delineation of Yo T cell
behavior across physiological and pathological contexts.

This information can provide insight into the characteristics
and course of the disease and contribute to the development of
better diagnostic methods and treatment strategies. Flow cytometry
(FC) is an indispensable technology that allows us to characterize
and evaluate individual cells or particles in a solution/suspension
(36). The advancement of spectral FC allows for the detection of
numerous factors in a sample, as well as deep immune profiling and
characterization of various immune cells in mixed populations
(37-39).

Depending on the type of FC available and the characteristics of
the starting material, there is a plethora of possible Optimized
Multicolor Immunophenotyping Panels (OMIPs) that can help
select the necessary markers for the desired characterization of Y0
T cells. Cossarizza et al. (2021) provide a detailed and effective
starting point for the analysis of y& T cells, starting with the
preparation of peripheral blood sample, followed by FC using the
BD LSRFortessa " X-20 Cell Analyzer, with 12-color surface and
intracellular marker staining. Their gating strategy includes the
gating of lymphocytes, singlets, CD3+ cells, and TCRYd+ T cells.
This approach further enables the differentiation of Y3 T cell subsets
based on the expression of distinct y and & chains, enabling a more
detailed phenotypic analysis (35). A comprehensive review of
original articles and OMIPs reveals several notable advances in
multicolor flow cytometry panels. Hammerich et al. (40) utilized a
31-color panel on a 3-laser Cytek® Aurora cytometer to analyze
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Schematic representation of a ¥8 T cell displaying key markers and cytokine secretion. The depicted markers are grouped into the analytical
categories that capture certain elements of Y8 T cell immunobiology, highlighting major surface markers and selected intracellular marker reflecting
phenotypic/differentiation status, subset identity/lineage, activation/proliferation, homing/tissue residency, cytotoxic activity, dysfunction/exhaustion
and tumor recognition. Upon stimulation, ¥ T cells can release a range of cytokines representing common effector programs and mediating
broader immune cross-talk. For clarity, markers are assigned to color-coded categories, although several markers have context-dependent
functions and may belong to more than one analytical module. Created with BioRender. https://BioRender.com/xczkkhh.

human peripheral blood mononuclear cells (PBMCs). Although
their panel was not specifically designed for yo T cells, it is well
suited for analyzing various T cell subtypes in human blood
samples. Similarly, Liechti et al. (41) provided a comprehensive
30-parameter panel for immunophenotyping on a 5-laser
FACSymphony A5, which enables comprehensive characterization
of conventional and unconventional CD3+ T cell populations,
including iNKT, MAIT and y8 T cells among others. Hertoghs
et al. (42) presented a 27-color panel using a 5-laser FACSymphony
AS5 to detect multiple lymphoid cell subsets, including MAIT and Yo
T cells. Park et al. (43) introduced a 40-color flow cytometry panel
for immunophenotyping of all major cell subsets in human periph-
eral blood samples, utilizing a 5-laser Aurora Full Spectrum
Cytometer. Finally, Anderson et al. (44) developed a 27-color
flow cytometry panel on the same cytometer platform focusing
on the phenotypic and functional characterization of both conven-
tional and unconventional T cell populations. Focusing on T cell
populations, Swanson et al. (45) described a 28-color FC panel that
includes ofy and ¥8 T cell subsets, regulatory T cells (Tregs), T
follicular helper cells (Tth), and recent thymic emigrants (RTEs),
with additional markers to measure cell surface activation mole-
cules using a 5-laser FACSymphony A5. Similarly, Wang et al. (46)
presented a 31-parameter panel for profiling T cell subsets based on
surface markers, including iNKT, y8 T, MAIT, and Th cell subsets,
as well as Tth and Th cells with specific homing capabilities, also
using a 5-laser FACSymphony A5. Finally, Barros-Martins et al.
(47) provided a comprehensive 28-color flow cytometry analysis of
the development and dynamics of ¥§ T cells in a clinical cohort.

Frontiers in Immunology

This full-spectrum panel, using a 5-laser Cytek® Aurora system also
included surface receptors to distinguish different stages of cell
maturation, activating receptors, chemokine receptors, and NK-
associated markers. Various OMIPs employ commonly used anti-
bodies to define Y0 T cell lineages by flow cytometry. These typically
include pan yd TCR antibodies and, more specifically, reagents for
identifying the major Y3 T cell subsets V81 and V&2, whereas V83
specific antibodies are rarely incorporated into flow cytometry
panels. Among 7y chain specific reagents, TCR VY9 is the most
frequently used, while TCR V7.2 is routinely included when
panels also profile the of T cell compartment. In the absence of
specific antibodies characterization of ¥3 T-cell subtypes expressing
alternative y and & chains has largely relied on single-cell
transcriptomic analysis using RNA sequencing (48-51).

Effective and accurate identification of Y8 T cells within complex
samples, along with robust functional and phenotypic characteri-
zation, is essential for translating their unique immunobiology into
therapeutic applications. This is particularly relevant in the context
of cellular immunotherapy, where recent advances in the isolation,
culturing, activation, and engineering of y0 T cells continue to
expand their clinical potential (12).

2.2.1 Practical workflow for o T cell flow
cytometry

A y8-focused analysis benefits from a structured workflow that

separates (i) lineage identification, (ii) subset resolution, and (iii)
functional-state readouts. Independent of instrument class, a typical
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pipeline includes sample selection and preprocessing, doublet
exclusion, viability, hierarchical gating to define yd T cells, and
marker-based subsetting and functional interpretation.

Sample type also needs to be considered. Whole blood, espe-
cially in clinical protocols, enables rapid assessment with minimal
manipulation and prevents loss of target population (e.g. blasts,
granulocytes, some activated lymphocytes which can be lost upon
gradient centrifugation) but requires careful red blood cell lysis and
is less suited for extensive intracellular readouts. Although not
impossible, incubation times in fixation and permeabilization
buffers must be followed strictly (39, 40). Wang et al. observed
differences in the distribution of innate-like T-cell subsets between
whole-blood and PBMC staining, reporting a higher frequency of Y3
T cells in PBMC-derived samples (46). Preprocessing whole blood
using gradient centrifugation is commonly used to enrich for
PBMCs, which enable standardized stimulation assays and intra-
cellular staining but may underrepresent tissue-resident programs
and are sensitive to cryopreservation effects (39). While cryopre-
served PBMC samples are widely used in flow cytometry studies
(41, 42, 44, 45, 47, 51) and offer the logistical advantage of enabling
batched analysis of samples collected from multiple participants,
cryopreservation can affect the expression of certain surface mark-
ers, including CD62L and various chemokine receptors (39, 46). In
addition, cryopreservation has been reported to slightly reduce the
resolution of TCRYS detection, potentially impacting the accurate
identification of yd T-cell populations (46). Tissue-derived single-
cell suspensions capture local Y3 biology but introduce additional
variables such as enzymatic digestion artifacts, increased
autofluorescence, and lower cell yields, necessitating stringent
viability control and panel optimization (52).

Regarding core gating logic, we recommend sequential gating
on lymphocytes (FSC/SSC), singlets (FSC-A vs FSC-H and SSC-A
vs SSC-H), live cells (fixable viability dye), CD45+ leukocytes, CD3+
T cells, and then TCRYS+ events (40, 43, 45, 46). Subset resolution
can then be performed using V&1 and V&2 (and VY9 where
relevant) (41, 42, 47). During panel optimization, Hertoghs et al.
observed a population of V82" cells that lacked staining for the pan-
Y0 TCR marker, suggesting potential epitope competition between
the V&2 and TCRYd antibodies. Matrix titration experiments
indicated that a lower concentration of the V32 antibody combined
with a higher concentration of the TCRYS antibody yielded the
highest proportion of V&2*TCRY3" cells (42). Park et al. observed
that sequential staining of TCRYd, in which the anti-TCRYS
antibody (clone B1.1) was added separately rather than as part of
the full staining cocktail, improved staining quality and resolution,
thereby enabling more reliable identification of TCRYS+ T
cells (43).

Controls and QC are a foundation for robust and reliable FC
analysis. High-dimensional panels require appropriate compensa-
tion or spectral unmixing controls, fluorescence-minus-one con-
trols for low-density markers, and batch-aware normalization when
comparing donors or longitudinal samples. Reporting should spec-
ify sample type (fresh vs thawed), stimulation conditions, and the
minimal gating and control set used to support each conclusion.
The design of a comprehensive multiparametric flow cytometry
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panel for 8 T cell analysis should be guided by the underlying
biological question and accompanied by rigorous assay optimiza-
tion. This process should include appropriate controls as well as
evaluation of fluorochrome combinations (41, 42, 44, 47, 53),
antibody clones and reagent suppliers (43-47), and antibody
concentrations (41, 43-46) to ensure optimal signal resolution
and accurate population identification. While surface staining
enables rapid sample processing and preserves cell viability for
downstream applications (39), the inclusion of intracellular staining
substantially expands the scope of phenotypic and functional
characterization. Intracellular markers can be used to assess cyto-
kine production (45, 54, 55), costimulatory molecules (e.g. CD40L
(45)), transcription factors (54, 55), proliferation markers such as
Ki-67 (42), adaptor proteins (e.g., FceRy (42)), and cytotoxic
effector molecules including granzymes and perforin (44).
Collectively, these approaches enable a more comprehensive char-
acterization of Y0 T cell differentiation, activation, and effector
function, while also helping to define their role within the broader
immune landscape.

The number of fluorophores included in a flow cytometry panel
should be determined by the capabilities of the available platform,
whether conventional or spectral. Spectral flow cytometers and
other high-parameter analyzers support larger fluorophore panels,
enabling simultaneous characterization of multiple cell types (41-
43, 45, 46) or detailed analysis of multiple markers within a single
population of interest. For ¥d T cells, this allows high-resolution
assessment of phenotypic, functional, and differentiation heteroge-
neity (47, 51, 53). Additionally, high-parameter approaches reduce
sample requirements, an important advantage when working with
patient material, while also lowering experimental complexity and
enabling detailed immune profiling.

Comprehensive full-spectrum flow cytometry panels for
analyzing human Y8 T-cell subsets have been described by
Barros-Martins et al. (47) and Tan et al. (51) as validated tools
for detailed phenotypic and functional characterization of these
cells, advancing understanding of their roles in immunity and
disease. A key strength of these panels is their ability to capture
the phenotypic and functional diversity of human Y3 T-cell
subsets identified by single-cell RNA sequencing and TCR
sequencing (51). They are also well suited for longitudinal and
exploratory studies of human ¥d T cells in blood and cord blood
from clinical cohorts (47). This panel combines TCR-specific
antibodies with surface markers for lineage, activation, differen-
tiation, memory, and trafficking to enable detailed characteriza-
tion of yd T-cell subsets, including Vy97V32*, V817, and V3™
populations, while also identifies MAIT cells through TCR
Va7.2. It supports analysis of maturation states ranging from
naive and central memory to effector memory and terminally
differentiated cells, using differentiation markers such as
CD45RA, CD27, CD28, CD127, CD57, and CD16; activation
and effector markers including CD69, CD161, CD56, NKG2A,
NKG2D, PD-1, CD38, and CD25; and chemokine receptors such
as CXCR6, CCR5, CCR6, and CX3CRI1. These features facilitate
high-dimensional phenotypic mapping using dimensionality
reduction tools such as UMAP and t-SNE (47).
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2.2.2 Marker framework for o T cell
immunophenotyping

For interpretability and cross-study comparability, markers can
be grouped by analytical purpose into subset identity/lineage,
phenotype/differentiation, activation and proliferation, dysfunc-
tion/exhaustion, homing and tissue residency, and cytotoxicity/
tumor-recognition modules (Table 1; a surface-marker subset is
illustrated in Figure 1). This organization supports panel design
aligned with the biological question and helps translate phenotypes
into expectations for ex vivo expansion and final product properties.

2.2.3 Suitability of high-dimensional panels for
yo-focused questions

High-parameter panels developed for broad immunomonitoring
often include yd T cells only as a minor component and may lack yo
subset reagents or modules that are critical for Y-centric interpretation
(e.g., V81/V§2 discrimination, NK-receptor modules, or tissue-resi-
dency markers). We therefore summarize key design considerations
and highlight representative panels in terms of their strengths and
limitations for Y0 T cell-focused analysis (Table 2).

In the next section, we focus on ex vivo manipulation of Y8 T cells
for immunotherapy. Flow-cytometric readouts can serve as practical
decision points when selecting or interpreting Y0 T cell expansion
protocols. For example, phosphoantigen/bisphosphonate-based stim-
ulation is expected to preferentially expand Vy9V32 cells, whereas
anti-CD3-based or lectin-based activation can yield broader products
that may include V31 populations. Monitoring differentiation state
(e.g., CD27/CCR7 with CD45RA/RO) informs expected persistence
potential, while activation/proliferation and dysfunction markers
help distinguish productive expansion from overstimulation.
Cytotoxicity modules (granzyme B/perforin/CD107a and NK-asso-
ciated receptors such as NKG2D or CD16) provide product-level
readouts of effector competence that can be compared across proto-
cols and assessed before and after genetic modification.

TABLE 1 Marker framework for y3 T cell immunophenotyping.

Analytical category Representative markers

10.3389/fimmu.2026.1829178

3 Ex vivo manipulation of o T cells for
immunotherapy: activation,
expansion, and genetic engineering

3.1 Immunotherapy with v T cells

It has been shown that ¥ T cells primarily induce antitumor
responses, but also protumor responses depending on the specific
context. In tumor-promoting yd T cell responses, there is usually a
potentiation of IL-17 production and its secretion, which not only
promotes the proliferation of tumor cells, but also their migration
(56). However, generally ¥d T cell infiltrates present a favorable
prognostic value in cancer patients (57). ¥ T cells can induce direct
tumor cell killing or indirect antitumor functions by releasing
specific molecules or engaging certain receptors with which they
support other immune cells (e.g. NKs, B cells, o T cells, DCs) in
antitumor activities (58). Due to their unique properties, Y8 T cells
have proven to be a highly promising modality for cancer immu-
notherapy. Early therapeutic approaches relied on antibody-based
therapeutics to selectively engage Y0 T cells. One example is an
antibody that engages a protein on tumor cells in an agonistic
fashion and thus sensitizes them to attack via Y0 T cells (59) that are
currently being tested in clinical trials (27). Another approach
involves Bi-specific T cell Engagers (BiTEs) that have been exten-
sively used in o} T cells where they usually bind CD3 on T cells and
tumor antigen on target cells. In yd T cells, such constructs are
designed to engage VY9 on yd T cells, and tumor antigen, such as
HER2, CD123 or EGFR on tumor cells. Efficacy was demonstrated
in preclinical models and now these approaches are being intro-
duced into clinical trials (6).

The success of the CAR-T cells focused on o T cells made it a
logical step to also endow Y3 T cells with an additional tumor-
specificity via CAR. Such genetically engineered Y0 CAR-T cells
have been explored in the context of adoptive transfer (6). Early
study showed feasibility of yd CAR-T cells targeting CD19 or GD2

Typical interpretation/use

Subset identity/lineage CD3, TCRYd, V41, V82, (Vy9)

Phenotype/Differentiation CD45RA/RO, CD27, CCR7, CD62L, CD127, CD28

Define Y3 T cells and resolve major circulating subsets; interpret expected
responsiveness to phosphoantigen/bisphosphonate stimulation.

Estimate naive/central-memory/effector-memory/terminal differentiation; informs
persistence potential and culture-induced differentiation drift.

Activation/proliferation CD69, CD25, HLA-DR, CD11¢, CD38, Ki-67

Quantify activation state and recent proliferation; supports monitoring of
stimulation intensity during ex vivo manipulations.

PD-1 (CD279), TIM-3 (CD366), LAG-3 (CD223),
TIGIT, CD39 (panel dependent)

Dysfunction/exhaustion

Detect chronic stimulation signatures; supports assessment of product quality and
need for protocol adjustment. Need to be careful with interpretation and
distinction between exhaustion/dysfunction and activation

Homing/tissue residency CCR6, CXCR3, CCR5, CXCR6, 04B7, CLA, CD103,

Infer trafficking programs and tissue residency; relevant when comparing PBMC
vs tissue-derived y8 T cells and for therapeutic targeting.

CD49a, CD69
Cytotoxicity/tumor Granzyme B, Perforin, CD107a, NKG2D, DNAM-1,
recognition NKp30/44/46, CD16

Evaluate effector competence; key for benchmarking expanded cells and post-

engineering function.

Marker choice should be adapted to sample type and biological question.
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TABLE 2 Representative high-parameter panels and their suitability for 8 T cell-focused analysis.

Panel/reference (as
cited)

Cossarizza et al. (35) guidelines
example

Platform/size

Conventional FC; 12-colors

Y0 subset resolution

Pan-yd + V-chain subsetting

Strengths for yo
EREIWVA

Accessible starting point; clear
gating; suitable for routine

phenotyping

10.3389/fimmu.2026.1829178

Limitations/cautions

Limited depth for dysfunction/
cytotoxicity modules

Liechti et al. (41) OMIP-058

High-parameter conventional
FC
30 colors

¥0 included in broader T cell
set

Rich context for
unconventional T cell
comparisons

Lacks yd-centric subset/
functional modules

Hertoghs et al. (42) OMIP-064

High-parameter conventional
EC
27 colors

Y8 + MAIT/iINKT coverage

Good innate-like lymphocyte
coverage

Not designed specifically for yd
biology; subset resolution
depends on included reagents

Barros-Martins et al. (47)
OMIP-084

Spectral FC
28 colors

Strong ¥0 module

Comprehensive y3-focused
phenotypic coverage incl.
maturation and receptor

Requires spectral platform;
tissue autofluorescence and
unmixing require careful QC

Suitability depends on panel intent and included Y8 modules.

(14). Later, bispecific T cells expressing polyclonal repertoire of
endogenous Y0 T cell receptors and introduced CD19-specific CAR
demonstrated decreased leukemia burden in preclinical models
(60). Another study demonstrated enhanced cytotoxicity upon
engineering of V81 and V&2 with a GD-2 targeting CAR.
Intriguingly, expanded V&2 CAR-T cells retained the ability to
take up tumor antigens and cross presented the processed peptide to
responder oy T cells, which demonstrates unique features of 8 T
cells, highly relevant for cancer immunotherapy (10). Vy9V32
CAR-T cells directed against MUCI1-Tn antigen were expanded
from peripheral blood mononuclear cells of healthy volunteers with
zoledronic acid and interleukin-2 (IL-2). CAR was introduced by
lentiviral delivery. The ability to lyse tumor cells in an antigen-
specific manner was demonstrated on several cell lines, with similar
or stronger effects than o CAR-T cells. However, these yd CAR-T
cells exhibited shorter persistence and reduced cytotoxic activity,
which could only be improved with the addition of IL-2, limiting
their translational potential (61). In addition to V&2, specific
protocols were developed to generate Vo1 CAR-T cells and
robust tumor control was observed in preclinical studies (62-64)
which was the basis for the first in human clinical trial with an anti-
CD20 allogeneic V81 CAR-T cells in patients with B cell malig-
nancies (NCT04735471). The partially invariant TCR repertoire
and MHC-independent antitumor activity, activation via TCR as
well as NK signaling make ¥d T cells an attractive candidate for
allogeneic use and preparation of “off-the-shelf” cellular products
for cancer treatment and show their great potential as an effector
cell for cancer immunotherapy. Clear role of yd T cells was
demonstrated in animal models, where mice lacking yd T cells
became highly susceptible to multiple regimens of cutaneous
carcinogenesis (65).

To prepare a suitable cell product, a well-defined knowledge of &
T cell activation and cultivation is necessary (17, 66). Below we
summarize methods of ex vivo activation and expansion of ¥ T cells.

3.2 Methods of activation and expansion

The complete repertoire of antigens recognized by Y3 T cells and
the specificity of each yd T subset are far from being fully
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understood (27). Not only proteins but also other types of molecules
such as lipids can be involved in recognition by ¥d T cells, making
their identification a challenge (7). Some of the ligands and their
activation mechanisms are depicted in Figure 2. Some subsets of
V31 and V&3 can recognize glycolipids presented by CD1d via their
TCR (67). VYOVS2 T cells recognize small phosphorylated metab-
olites called phosphoantigens (pAgs), albeit they do not bind
directly to yd TCRs. pAgs are generated during mevalonate pathway
in mammalian cells (prototypical molecule is isopentenyl pyro-
phosphate; IPP) or by the non-mevalonate isoprenoid synthesis
pathway in pathogens [prototypical molecule is (E)-4-hydroxy-3-
methyl-but-2-enyl-pyrophosphate (HMBPP)] (6). The accumula-
tion of HMBPP due to infection with Mycobacterium tuberculosis or
malaria for example, triggers the same responses in Y0 T cells as the
accumulation of IPP (68). Intracellular pAg levels are therefore
elevated under stress conditions such as infection or malignant
transformation. Biphosphonates, a class of chemical compounds
with two phosphonate groups, commonly used to treat osteoporosis
and bone diseases, can be used to indirectly stimulate VyoV2 vd T
cells by blocking the enzyme farnesyl pyrophosphate synthase
(FPPS) in the isoprenoid biosynthesis pathway in target cells or
antigen presenting cells. This leads to an accumulation of IPP and
its metabolites, which react with the cytoplasmic tail of
butyrophilin-3 molecules namely butyrophilin 3 Al (BTN3Al)
and induce a change in other butyrophilins detectable by the ¥
TCR. BTN3AL is essential for y0 TCR-mediated phosphoantigen
recognition. The current hypothesis supported by experiments is
that pAgs bind intracellularly to the B30.2 domain of BTN3Al
leading to conformational changes in the extracellular domain of
BTN3A1, which are recognized by Vy9V 82+ TCRs, albeit indirectly.
Karunakaran et al. (69) and Rigau et al. (70) identified BTN2A1,
another member of the butyrophilins, belonging to the B7 receptor
family-like proteins, as the missing link. BTN2A1 therefore acts as a
ligand and binds to the Vy9-chain of 3 TCR via germline-encoded
regions and without major involvement of the complementarity-
determining regions (CDRs). Recapping this complex mechanism,
foreign or self pAgs bind to intracellular domain of BTN3A1 in
tumor cell, infected cell or antigen-presenting cell. This causes
conformational changes in the extracellular domain of BTN3A1l
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INFECTED, TUMOR OR
ANTIGEN-PRESENTING CELL

STRESSED (E.G. HEAT-SHOCK),
INFECTED OR TUMOR CELL,

BTN3A1

y8 TCR

FIGURE 2

that enable association with the BTN2A1 molecules on the cell
surface of tumor, infected or antigen-presenting cell. It is in this
state that yd TCR can now react with BTN2A1, causing activation of
Y8 T cells (70). Zoledronate, which triggers this complex signaling,
is one of the most potent bisphosphonates that has been widely used
for in vitro and in vivo expansion of V32 yd T cells (68).

Since the ligands of yd TCRs represent a broad spectrum of
molecules, many of which originate from the host, and are thought
to be signals of cellular stress, 0 T cells are endowed with the ability
to discriminate normal homeostatic conditions from pathological
ones (7). Activation of the Y& TCR must be regulated at different
levels, to prevent autoimmune reactions. Co-stimulation by e.g.
CD27, up- or down- regulation of ligand expression, possible
conformational changes or multimerization of the ligand could all
be involved in mechanisms for the discrimination of health and
stress conditions via the Y8 TCR (7). Mamedov et al. (71) showed
that ligand abundance is not the only factor controlling the strength
of ¥8 T cell and target cell interaction. In the case of VY9V62 T cells
they revealed that BIN2A1 and BTN3A levels at the cell surface are
themselves regulated by pathways that sense the cellular metabolic
state, and signal to the surveilling Vy9V2 T cells that the target cell
may be transformed or stressed. The regulation of BTN3A is
complex and multilayered, modulated by both conventional inter-
feron-responsive signaling pathways as well as by metabolic stress
signals (71). When cells undergo an energy crisis, AMP-activated
protein kinase (AMPK) acts as a key regulator of BTN2A1 and
BTN3A expression. Transformed tumor cells exhibit a combination
of a hyperactive mevalonate pathway and decreased oxidative
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Ligands and mechanisms involved in activation of yd T cells. Various mechanisms can activate yd T cells, some are depicted here. Receptors NKG2D
(natural killer group 2 member D) recognize MICA or MICB proteins (MHC class | chain-related protein A or B) present on cells under stress due to
infection, tumor, hypoxia, heat shock etc. Certain subsets can recognize ligands presented by MHC class I-like molecules Cluster of Differentiation 1
(CD1) which present glycolipids and MHC class I-related molecule 1 (MR1) presenting microbial metabolites. Powerful mitogens such as
Concanavalin A derived from Jack bean (Canavalia ensiformis) bind to glycoproteins on y8 T cells’ surface causing their activation and expansion.
Elevated levels of phosphoantigens due to dysregulated metabolic pathway by stress or addition of zoledronate (ZOL) bind to intracellular domain of
protein butyrophilin 3 A1 (BTN3A1) in tumor cell, infected cell or antigen-presenting cell. This causes conformational changes in the extracellular
domain of BTN3AL that enable association with the BTN2AL molecules on the cell surface. It is in this state that yd TCR can now react with BTN2A1,
causing activation of y8 T cell. Created with BioRender. https://BioRender.com/1(2josj.

phosphorylation activity leading to cell surface upregulation of
BTN2A1 and BTN3A, which, if accompanied by excess levels of
pAgs, enables productive Vy9V52 TCR engagement. This mecha-
nism allows for successful triggering of cytotoxic Y0 T cells by
stressed cells. Productive engagement of Vy9V32 TCRs requires
both an excess level of the mevalonate pathway pAgs and sufficient
expression of the BIN2A1-3A1 complex, enabled by decreased
oxidative phosphorylation activity. yd T cell surveillance allows
them to detect infected or transformed cells through this combi-
nation (71).

Extensive research is being conducted to study isolation, acti-
vation, genetic engineering and expansion protocols of Y T cells.
Researchers are developing and testing different approaches for
activation, including bisphosphonates that increase levels of pAgs,
lectins, feeder cells or antibodies with various combinations of
supporting cytokines. The protocols for successful expansion also
vary in terms of possible preselection of Y3 T cells or their growth in
bulk with the desired cell types dominating in the end. The data is
summarized in Table 3. Expansion fold, included in the table, is
calculated by dividing final number of expanded y8 T cells (or the
specific subtype) with their starting number. Current efforts are
focused on finding a feasible formula, that is xeno-free and easily
adaptable for an upgrade via genetic engineering such as generation
of ¥8 CAR-T cells. Using xeno-free medium, where components are
derived from the same organism without foreign species, is impor-
tant for therapeutic applications, as using animal-derived compo-
nents can pose additional safety risks including immune reactions
towards foreign compounds. In many methods (10, 11, 34, 72-76),
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TABLE 3 Comparison of different methods for expansion of ¥3 T cells.

‘e 12 xjiudny
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640°UISI9NUOIY

Source material Starting Cytokines and Duration of 3 T cell Expansion Final purity  Final Enrichment Reference
population reagents expansion subtype fold viability strategy
(days) selectivity

PBMC from whole blood, PBMC anti-CD2, anti-CD3, | RPMI-1640 with 10% 14 Vy9Va2 NR More than 95% More than | immunomagnetic Liu et al., 2005

healthy donors IFN-y, IL-2, IL-12 fetal bovine serum 90% separation post (78)

expansion

MNC of patients with MNC anti-CD3, BrHPP, RPMI-1640 with 9% 14 Vyova2 1000 more than 70% 82% No enrichment Salot et al., 2007

metastatic renal cell carcinoma 1L-2 FCS mentioned (80)

PBMC of healthy donors and PBMC IL-2, ZOL AlyS203-gd and 10% 14 Vy9vVa2 4798 + 654 65.4% (healthy NR No enrichment Kondo et al,,

cancer patients autologous serum (healthy donors) donors) mentioned 2008 (72)

PBMC of healthy donors Vyove2 anti-CD3, BrHPP, RPMI-1640 with 9% 10 Vy9Ve2 ~ 93.8% 90.9% MACS, pre Salot et al., 2009

feeder cells, IL-2 FCS 180 (inferred expansion (81)
from data
available)

PBMC of healthy donors PBMC IL-2, IL-18, ZOL AlyS505N-O with 5% 14 YO T cells 1000-5000 Over 95% NR MACS Li et al,, 2010
AB serum (74)

PBMC from whole blood PBMC IL-2, ZOL ALyS203 or 14 Vyo 13750 93.8% NR No enrichment Kondo et al.,
OpTmizer; autologous mentioned 2011 (73)
plasma, pooled human
AB sera, or FCS (10%)

PBMC of healthy donors and Untouched 0 T IL-2, IL-15, ZOL RPMI-1640 with 10% 14 YO T cells Almost 1000 More than 70% NR Enrichment of Van Acker et al,,

acute myeloid leukemia cells heat inactivated untouched ¥§ T 2016 (75)

patients human AB serum cells pre expansion

PBMC of healthy donors PBMC 1L-2, ZOL RPMI-1640 with 10% 13-15 YO T cells 185 (transduced); | More than 97% NR off TCR+ cell Rozenbaum
FBS 363 depletion using et al., 2020 (11)

(untransduced) MACS post
expansion

PBMC of healthy donors PBMC IL-2, ZOL RPMI-1640 with 10% 13 Vy9ve2 75 More than 70% NR FACS post Capsomidis et al.,
FCS expansion 2018 (10)

PBMC of healthy donors PBMC ConA, IL-2, IL-4 RPMI-1640 with 10% 13 V81 and V&2 | 50 (V31); 75 Less than 10% NR FACS post Capsomidis et al.,
FCS (Vé2) (V81); around expansion 2018 (10)

20% (Vo2)

PBMC of patients with acute PBMC IL-2, ZOL RPMI-1640 with 5% 10-15 Vy9va2 NR More than 90% NR No enrichment Airoldi et al.,

leukemia pooled human AB mentioned 2015 (34)
serum

PBMC from buffy coats of V31 and V&2 feeder cells, IL-2, IL- | IMDM with 5% heat 14 V31 and V&2 380 (VO1); 1248 More than 99% NR Pre expansion Verkerk et al.,

healthy donors 7, IL-15, PHA inactivated human (Vé2) MACS and FACS 2024 (84)
serum and 5% FCS isolation of V31

and V&2
PBMC from healthy donors PBMC IL-2, IL-15, vitC, RPMI-1640 with 10% 12-14 Vy9ve2 ~500 (total cell More than 90% NR No enrichment Xu et al,, 2021
ZOL FBS count) mentioned (76)
(Continued)
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TABLE 3 Continued

Source material

Starting

population

Cytokines and
reagents

Medium

Duration of
expansion
(days)

Y T cell
subtype
selectivity

Expansion
fold

Final purity

Final
viability

Enrichment
strategy

Reference

leucocyte cones

10% synthetic serum
replacement

expansion depletion
of o TCR- and
CD56

Tumour tissue from ovarian Tumour tissue IL-2, MICA RPMI-1640 with 15% 21 Vo1 NR 62% NR No enrichment Qi et al,, 2003
epithelial carcinoma and FBS mentioned (87)
colonic carcinoma
PBMC from healthy donors or | V31 IL-7, PHA RPMI-1640 with 10% 14-21 Va1 over 100 80% NR Pre-expansion Wu et al,, 2015
colon cancer patients FBS MACS enrichment (85)
and, FACS sorting
of V81

PBMC from whole blood or Vol anti-CD3, IL-1p, IL- CTS-OpTmizer with 21 A% up to 2,000 More than 65% NR MACS, pre- Almeida et al.,
buffy coats of healthy donors 4, IL-21, IL-15, IFN- | 5% autologous plasma expansion depletion | 2016 (77)
or patients with chronic Y of o T cells, FACS
lymphocytic leukemia sorting of V&1
PBMC from whole blood of YO T cells ConA, feeder cells, AIM-V with 5% 21 Va1 More than 30 70.5 + 4.7% NR Pre expansion Siegers et al.,
healthy donors 1L-2, IL-4, PHA human AB serum, MACS, FACS 2011 (86)

followed by RPMI-

1640 with 10% human

AB serum
PBMC of healthy donors PBMC IL-7, IL-15, PTA YM-AB 13 VY9Va2 ~100 (inferred More than 95% NR No enrichment Wang et al,, 2023

from data mentioned (88)
available)

PBMC of lymphoma patients PBMC anti-yd TCR, IL-2 RPMI-1640 with 10% 14-21 V3l and V&2 | ~600 ~90% NR No enrichment Zhou et al.,, 2012

FCS mentioned (82)
PBMC from blood of lung PBMC anti-yd TCR, IL-2 RPMI-1640 with 5% 14 Y8 T cells 934 72% NR No enrichment Kang et al., 2009
cancer patients pooled human AB mentioned (83)

plasma
PBMC from healthy donor Vol anti-CD3, IL-15 CTS-OpTmizer with 20 Vol >1000-fold 77% NR MACS, pre- Ferry et al,, 2022

(64)

anti-CD2, anti-CD2 antibody; anti-CD3, anti-CD3 antibody; anti-yd TCR, anti-y TCR antibody; BrHPP, bromohydrin pyrophosphate; ConA, concanavalin A; FACS, fluorescence-activated cell sorting; FBS, fetal bovine serum; FCS, fetal calf serum; IFN-v, interferon ; IL,
interleukin; MACS, magnetic-activated cell sorting; MICA, MHC class I polypeptide-related sequence A; NR, not reported; PHA, phytohemagglutinin; PTA, prodrug tetrakis-pivaloyloxymethyl 2-(thiazole-2-ylamino)ethylidene-1,1-bisphosphonate; vitC, vitamin C; ZOL,

zoledronate. Expansion fold is calculated by dividing final number of expanded Y3 T cells (or the specific subtype) with their starting number.
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zoledronate, the most commonly used bisphosphonate, is utilized to
increase the levels of pAgs such as IPP to activate 0 T cells.
Focusing on zoledronate as an activating molecule lead to the
expansion of mostly one subtype, the VYOV&2 T cells (10, 11, 34,
72-76). While zoledronate is widely used, not all donors respond
equally well to zoledronate stimulation, and some do not respond at
all. This has been observed in samples from healthy donors and
cancer patients (72). Other methods resulted in a more heteroge-
nous cell product. Using anti-CD3 antibodies not only V32 but also
V&1 T cells can be expanded (64, 77-81), however many of them
rely on additional enrichment strategies to acquire a specific
subtype V81 and V&2 T cells can both be expanded by anti-yd
TCR antibody (82-84), plant lectins such as phytohemagglutinin
(84, 85) or concanavalin A (10, 86) or proteins such as MICA (87),
which are ligands of NKG2D. The latter approaches often focus on
V381 subtype with the help of additional enrichment strategies.
Activation can also be performed with a specific anti-V81 or V52
antibody, resulting in a more homogenous cell product (84).
Activation methods directly influence the properties of the final
cell product, namely its composition. Growth factors on the other
hand support the expansion process to lead to higher yield rather
than to affect specific subtypes. Interleukin 2 (IL-2) is a prototypical
T cell growth factor, and is therefore used in most expansion
procedures (10, 11, 34, 80, 82, 83), but some reports conclude
that other cytokine combinations provide better results. Wu et al.
(85) achieved better results with the addition of interleukin 7 (IL-7)
to a protocol containing phytohemagglutinin than with the addition
of IL-2. Extensive research by Almeida et al. (77) testing 58 different
activating molecules in 2488 different combinations and concen-
trations concluded that the highest expansion can be achieved by
anti-CD3 mAb activation in the presence of IL-4 and IFN-y,
however these cells exhibited low cytotoxicity. Therefore, they
developed a more complex two-step method using different cyto-
kines without IL-2. They used IL-4, IFN-y, IL-21, IL-1P and IL-15.
Wang et al. (88) also found that IL-2 was inferior to other cytokine
combinations, in their case IL-7 and IL-15. Ferry et al. (64) also
obtained better results using IL-15 and anti-CD3, rather than IL-2
and anti-CD3. Cytokines and other additional growth factors
present an expansion aspect worth investigating, especially when
different combinations report not only higher yields but also higher
cytotoxicity (77).

High purity of the final product is key for its quality, efficacy
and safety. Some report purities of 90% (34), 95% (72) or even 98%
(84). For clinical use of 0 T cellular products applies the point of
view, that high purity is key, whereas connection between homo-
geneity of composition and therapeutic efficacy is not yet clearly
determined. Ferry et al. (64) debate that a V81 product does not
necessarily have better antitumor properties. They allow the
possibility of synergistic functions of heterogeneous subtypes in
the product. While heterogeneous composition could have posi-
tive effects, some researchers show potential advantages of subtype
V&1 over V82, namely longer-term preservation of functionality,
greater presence in tissues and better ability to migrate into the
tumor environment (10, 28, 68). V&2 however is known to aid in
defense against malignant cells (6, 8) and is thus a logical goal of
the final cell product.
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Culture duration ranges between 10 (81) and 21 days (77, 82,
86, 87), with most of the protocols falling in the 14-day mark (75,
78, 80, 84, 89). Duration between 10 and 21 days leads to expected
differentiation state, namely effector memory phenotype as the most
common one. Articles like Zhou et al. (82) report no apparent
function loss with antibody stimulated expansion taking place over
three weeks, showing that even the longer span of tested duration
has no negative effect on differentiation and function.

Genetically modified expanded cells maintain their functional
capability. VY9V52 subtype modified with CAR successfully recog-
nized and lyzed tumor target cells in vitro (14), similar reportings
being made on polyclonal ¥d T cells modified with CAR (60).
Comparing off and Y0 CAR T cells shows similar cytotoxicity in
vitro, while Y0 CAR-T cells currently still fall behind in vivo (11).
Not only Vy9V82, but also V81 subtype retains functional compe-
tence after genetic modification with CAR and IL-15 construct in
mouse model of human liver carcinoma, where they were able to
control tumor growth (13).

Vitamin C and D’s effects on yd T cell expansion, proliferation
and cytokine production are also being investigated. Vitamin C
enhances the cytokine production (notably IFN-y), proliferative
expansion and cytotoxic activity of pAg-reactive human ¥ T cells
(90). Xu et al. (76) found that the cells expanded with a formula
including vitamin C possessed significantly improved immune
effector functions, including proliferation, differentiation, and
cancer cell killing, both in vitro and in the humanized mouse
model. Vitamin D also modulates the IFN-y secretion, proliferation
and cytotoxic activity of human ¥ T cells, but the reported effects
are controversial (90). Several researchers have observed inhibition
of proliferation, IFN-y production and cytotoxicity (91, 92) but
some studies in human cytotoxic T cells (rather than specifically in
YO T cells) report that vitamin D can reverse features of exhaustion
and enhance antitumor immunity, highlighting a potentially rele-
vant but still indirect line of evidence for Y3 T cell-focused protocols
(89). An interesting retrospective analysis of seasonal fluctuation of
Y8 T cell frequency revealed higher proportions of ¥8 T cells in
winter compared with summer in 2625 samples of random blood
donors. Investigating the correlation of taking oral vitamin Dj
supplementation and levels of 8 T cells showed higher proportions
of Y0 T cells present in donors without oral vitamin Dj uptake,
particularly in spring. However, 3 T cell frequency in blood did not
directly correlate with serum levels of D3 metabolite (92).

4 Concluding remarks

YO T cells represent a distinct and heterogeneous T cell popu-
lation with subset-dependent degrees of TCR invariance and
predominantly MHC-independent modes of antigen recognition
and activation. They are involved in antiviral, antibacterial, antitu-
mor, tissue-associated, and immunomodulatory responses. This
diverse array of functions also suggests a role in the pathogenesis
of immune-related conditions if Y3 T cells are dysregulated, as they
can act as either pro-inflammatory effectors or immunoregulatory
cells in several systemic autoimmune diseases. Due to their
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distinctive properties, ¥ T cells have great potential for cellular
immunotherapy. Therefore, it is crucial to understand their
immunobiology, phenotypic and functional characterization, and
approaches for their ex vivo manipulation. In this review, we
comprehensively summarize existing knowledge of y8 T cell
immunobiology, specifying key surface markers and cytokines to
evaluate their subset heterogeneity, activation states, functional and
dysfunctional profiles, trafficking patterns, effector functions, and
tissue-associated phenotypes. We further comprehensively inte-
grate ex vivo activation, expansion, and genetic manipulation
strategies, linking them to the endogenous stress-induced activation
pathways that Y3 T cells respond to. These biological principles
underpin phosphoantigen-based stimulation, bisphosphonate-
driven activation, and additional cytokine-based, antibody-based,
and feeder-free methods that support the development of ¥d T cell-
based cellular immunotherapies. The entire repertoire of ¥ T cells
and their activation remains incompletely understood, and further
research dedicated to advancing knowledge of their immunobiology
and generating cellular products based on Y8 T cells is required.
This synthesis is relevant for studies of ¥ T cell immunobiology
and function, and for identifying phenotypes of interest in trans-
lational research aiming to inform both fundamental ¥d T cell
biology and the development of y§ T cell-based cellu-
lar immunotherapies.

Author contributions

UR: Conceptualization, Validation, Visualization, Writing - original
draft, Writing - review & editing, Investigation. PB: Conceptualization,
Validation, Visualization, Writing — original draft, Writing — review &
editing, Investigation. KLZ: Conceptualization, Validation, Writing —
original draft, Writing — review & editing, Project administration,
Supervision, Investigation. GM: Conceptualization, Project administra-
tion, Supervision, Writing — original draft, Writing — review & editing,
Funding acquisition, Investigation. TVT: Conceptualization,
Supervision, Writing - original draft, Writing — review & editing,
Investigation. NS: Writing — original draft, Writing — review & editing,
Investigation. TA: Conceptualization, Writing — original draft, Writing —
review & editing, Funding acquisition, Project administration,
Supervision, Validation, Investigation. JP: Conceptualization,
Supervision, Writing - original draft, Writing - review & editing,
Funding acquisition, Project administration, Validation, Visualization,
Investigation. AS: Conceptualization, Funding acquisition, Project
administration, Supervision, Validation, Writing - original draft,
Writing - review & editing, Visualization, Investigation.

Funding

The author(s) declared that financial support was received for
this work and/or its publication. AS received funding from
Slovenian Research and Innovation Agency (ARIS) for Projects
J3-50109, J3-3084, J3-4516, and Program P1-0245 and funds from
the development pillar of stable financing of the National Institute

Frontiers in Immunology

12

10.3389/fimmu.2026.1829178

of Biology for Project GD-Tools. JP Received funding from
Slovenian Research and Innovation Agency (ARIS), Ministry of
Higher Education, Science and Innovation and The National
Recovery and Resilience Plan for project MN-0013-105, funds
from the development pillar of stable financing of the National
Institute of Biology for projects INTREGing and PureTreg, and
funding from National Multiple Sclerosis Society for project RFA-
2508-45132. GM, NS and TA received funding from Slovenian
Research and Innovation Agency (ARIS) for grant P3-0458 and
University Medical Center Ljubljana for research grant 20230168.

Acknowledgments

Authors thank Larisa Ortl for providing valuable feedback on
the manuscript. Figures created with Bio-Render.com

Conflict of interest

AS is a co-inventor on PCT international patent applications by
The Trustees of the University of Pennsylvania, which include
discoveries and inventions related to cellular immunotherapies
involving CAR- and TCR-engineered T cells, partially licensed to
Tmunity Therapeutics/Kite Pharma/Gilead Sciences, from which
AS received royalties.

The remaining author(s) declared that this work was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

The author TA declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Generative Al statement

The author(s) declared that generative Al was not used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organiza-
tions, or those of the publisher, the editors and the reviewers. Any
product that may be evaluated in this article, or claim that may be
made by its manufacturer, is not guaranteed or endorsed by
the publisher.

frontiersin.org


https://doi.org/10.3389/fimmu.2026.1829178
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Rupnik et al.

References

1. Abbas AK, Lichtman AH, Pillai S. Cellular and Molecular Immunology. 7th ed.
Philadelphia: Elsevier/Saunders (2012). Available online at: http://www.ncbi.nlm.nih.
gov/nlmcatalog/101552179 (Accessed December 15, 2025).

2. Adams EJ, Gu S, Luoma AM. Human gamma delta T cells: Evolution and ligand
recognition. Cell Immunol. (2015) 296:31-40. doi: 10.1016/j.cellimm.2015.04.008

3. Hayday AC, Saito H, Gillies SD, Kranz DM, Tanigawa G, Eisen HN, et al. Structure,
organization, and somatic rearrangement of T cell gamma genes. Cell. (1985) 40:259—
69. doi: 10.1016/0092-8674(85)90140-0

4. Brenner MB, McLean ], Dialynas DP, Strominger JL, Smith JA, Owen FL, et al.
Identification of a putative second T-cell receptor. Nature. (1986) 322:145-9.
doi: 10.1038/322145a0

5. Bank I, Depinho RA, Brenner MB, Cassimeris J, Alt FW, Chess L. A functional T3
molecule associated with a novel heterodimer on the surface of immature human
thymocytes. Nature. (1986) 322:179-81. doi: 10.1038/322179a0

6. Mensurado S, Blanco-Dominguez R, Silva-Santos B. The emerging roles of ¥ T cells
in cancer immunotherapy. Nat Rev Clin Oncol. (2023) 20:178-91. doi: 10.1038/s41571-
022-00722-1

7. Deseke M, Prinz I. Ligand recognition by the ¥d TCR and discrimination between
homeostasis and stress conditions. Cell Mol Immunol. (2020) 17:914-24. doi: 10.1038/
541423-020-0503-y

8. Willcox CR, Davey MS, Willcox BE. Development and selection of the human
VY9V &2+ T-cell repertoire. Front Immunol. (2018) 9. doi: 10.3389/fimmu.2018.01501

9. Benzaid I, Ménkkonen H, Stresing V, Bonnelye E, Green J, Ménkkénen J, et al. High
phosphoantigen levels in bisphosphonate-treated human breast tumors promote
VY9VE2 T-cell chemotaxis and cytotoxicity in vivo. Cancer Res. (2011) 71:4562-72.
doi: 10.1158/0008-5472.CAN-10-3862

10. Capsomidis A, Benthall G, Van Acker HH, Fisher ], Kramer AM, Abeln Z, et al.
Chimeric antigen receptor-engineered human gamma delta T cells: Enhanced
cytotoxicity with retention of cross presentation. Mol Ther. (2018) 26:354-65.
doi: 10.1016/j.ymthe.2017.12.001

11. Rozenbaum M, Meir A, Aharony Y, Itzhaki O, Schachter J, Bank I, et al. Gamma-
delta CAR-T cells show CAR-directed and independent activity against leukemia. Front
Immunol. (2020) 11. doi: 10.3389/fimmu.2020.01347

12. Yuan M, Wang W, Hawes I, Han ], Yao Z, Bertaina A. Advancements in Y3T cell
engineering: Paving the way for enhanced cancer immunotherapy. Front Immunol.
(2024) 15. doi: 10.3389/FIMMU.2024.1360237

13. Makkouk A, Yang XC, Barca T, Lucas A, Turkoz M, Wong J TS, et al. Off-the-shelf V3
1 gamma delta T cells engineered with glypican-3 (GPC-3)-specific chimeric antigen
receptor (CAR) and soluble IL-15 display robust antitumor efficacy against hepatocellular
carcinoma. J Immunother Cancer. (2021) 9:1-12. doi: 10.1136/jitc-2021-003441

14. Rischer M, Pscherer S, Duwe S, Vormoor J, Jiirgens H, Rossig C. Human Y3 T cells
as mediators of chimaeric-receptor redirected anti-tumour immunity. Br | Haematol.
(2004) 126:583-92. doi: 10.1111/j.1365-2141.2004.05077.x

15. Ribot JC, Lopes N, Silva-Santos B. ¥3 T cells in tissue physiology and surveillance.
Nat Rev Immunol. (2021) 21:221-32. doi: 10.1038/s41577-020-00452-4

16. HuY,HuQ Li Y, Lu L, Xiang Z, Yin Z, et al. Y0 T cells: Origin and fate, subsets, diseases
and immunotherapy. Signal Transduct Target Ther. (2023) 8. doi: 10.1038/s41392-023-01653-8

17. Chojnacka-Purpurowicz J, Owczarczyk-Saczonek A, Nedoszytko B. The role of
gamma delta T lymphocytes in physiological and pathological condition—focus on
psoriasis, atopic dermatitis, autoimmune disorders, cancer and lymphomas. Int ] Mol
Sci. (2024) 25:1-18. doi: 10.3390/ijms25147960

18. Sagar, Ehl S. y8 T cells and inborn errors of immunity. Eur ] Immunol. (2025) 55:1-
8. doi: 10.1002/¢ji.202451457

19. McCarthy NE, Eberl M. Human 8 T-cell control of mucosal immunity and
inflammation. Front Immunol. (2018) 9. doi: 10.3389/fimmu.2018.00985

20. Xu B, Ji ], Ma L, Wang C, Pang L, Song QC, et al. Y3T cells in IBD: Beneficial or
detrimental? Immunology. (2025) 176:337-48. doi: 10.1111/imm.70012

21. Munera-Rodriguez AM, Leiva-Castro C, Chacon P, Palomares F, Lopez-Enriquez
S. Chapter three - Unraveling the role of ¥8 T cells in inflammatory bowel disease:
Development and prevention strategies. In: Jimenez-Cortegana C, Galassi C, Galluzzi L,
editors. I'0 T Cells in Health and Disease - Part a. Cambridge, MA, USA: Academic
Press (2025). p. 47-71. doi: 10.1016/bs.ircmb.2025.03.006

22. Espeleta I, Gorgon RA, Sanchez-Madrid F, Cibrian D. Chapter three - Deciphering
the role of 3 T cells in skin inflammatory diseases: Insights from psoriasis, atopic
dermatitis, and alopecia areata. In: Jiménez-Cortegana C, Galassi C, Galluzzi L, editors.
I'S T Cells in Health and Disease - Part B. Cambridge, MA, USA: Academic Press
(2025). p. 75-98. doi: 10.1016/bs.ircmb.2025.08.010

23. PanY, Wang Y, Xu M, Zhong M, Peng X, Zeng K, et al. The roles of innate immune
cells in atopic dermatitis. J Innate Immun. (2024) 16:385-96. doi: 10.1159/000539534

24. Pistoia V, Tumino N, Vacca P, Veneziani [, Moretta A, Locatelli F, et al. Human Y0
T-cells: From surface receptors to the therapy of high-risk leukemias. Front Immunol.
(2018) 9. doi: 10.3389/fimmu.2018.00984

Frontiers in Immunology

13

10.3389/fimmu.2026.1829178

25. Garcillan B, Marin AVM, Jiménez-Reinoso A, Briones AC, Mufoz-Ruiz M,
Garcia-Leon MJ, et al. ¥ T lymphocytes in the diagnosis of human T cell receptor
immunodeficiencies. Front Immunol. (2015) 6. doi: 10.3389/fimmu.2015.00020

26. Itohara S, Farr AG, Lafaille JJ, Bonneville M, Takagaki Y, Haas W, et al. Homing of
a gamma delta thymocyte subset with homogeneous T-cell receptors to mucosal
epithelia. Nature. (1990) 343:754-7. doi: 10.1038/343754A0

27. Saura-Esteller J, de Jong M, King LA, Ensing E, Winograd B, de Gruijl TD, et al.
Gamma delta T-cell based cancer immunotherapy: Past-present-future. Front
Immunol. (2022) 13. doi: 10.3389/fimmu.2022.915837

28. Sanz M, Mann BT, Ryan PL, Bosque A, Pennington DJ, Hackstein H, et al. Deep
characterization of human Y3 T cell subsets defines shared and lineage-specific traits.
Front Immunol. (2023) 14. doi: 10.3389/fimmu.2023.1148988

29. Sutton CE, Mielke LA, Mills KHG. IL-17-producing Y0 T cells and innate lymphoid
cells. Eur ] Immunol. (2012) 42:2221-31. doi: 10.1002/EJ1.201242569

30. Chiei YH, Iwashima M, Wettstein DA, Kaplan KB, Elliott JF, Born W, et al. T-cell
receptor § gene rearrangements in early thymocytes. Nature. (1987) 330:722-7.
doi: 10.1038/330722a0

31. Fichtner AS, Ravens S, Prinz I. Human Y3 TCR repertoires in health and disease.
Cells. (2020) 9:1-14. doi: 10.3390/cells9040800

32. Chien YH, Meyer C, Bonneville M. Y3 T cells: First line of defense and beyond.
Annu Rev Immunol. (2014) 32:121-55. doi: 10.1146/annurev-immunol-032713-120216

33. Tosolini M, Pont F, Poupot M, Vergez F, Vermijlen D, Sarry J-E, et al. Assessment
of tumor-infiltrating TCRV ¥ 9V § 2 8 lymphocyte abundance by deconvolution of
human cancers microarrays. Oncoimmunology. (2017) 6:1-10. doi: 10.1080/
2162402X.2017.1284723

34. Airoldi I, Bertaina A, Prigione I, Zorzoli A, Pagliara D, Cocco C, et al. Y3 T-cell
reconstitution after HLA-haploidentical hematopoietic transplantation depleted of
TCR-0f+/CD19+ lymphocytes. Blood. (2015) 125:2349-58. doi: 10.1182/BLOOD-
2014-09-599423

35. Cossarizza A, Chang HD, Radbruch A, Abrignani S, Addo R, Akdis M, et al.
Guidelines for the use of flow cytometry and cell sorting in immunological studies
(third edition). Eur ] Immunol. (2021) 51:2708-3145. doi: 10.1002/eji.202170126

36. McKinnon KM. Flow cytometry: An overview. Curr Protoc Immunol. (2018)
120:5.1.1. doi: 10.1002/CPIM.40

37. Sahir F, Mateo JM, Steinhoff M, Siveen KS. Development of a 43 color panel for the
characterization of conventional and unconventional T-cell subsets, B cells, NK cells,
monocytes, dendritic cells, and innate lymphoid cells using spectral flow cytometry.
Cytometry A. (2020) 105(5):404-10. doi: 10.1002/cyto.a.24288

38. Schmutz S, Valente M, Cumano A, Novault S. Spectral cytometry has unique
properties allowing multicolor analysis of cell suspensions isolated from solid tissues.
PloS One. (2016) 11:1-15. doi: 10.1371/journal.pone.0159961

39. Cossarizza A, Chang H, Radbruch A, Acs A, Adam D, Adam-Klages S, et al.
Guidelines for the use of flow cytometry and cell sorting in immunological studies
(second edition). Eur ] Immunol. (2019) 49:1457-973. doi: 10.1002/¢ji.201970107

40. Hammerich L, Shevchenko Y, Knorr J, Werner W, Bruneau A, Tacke F. Resolving
31 colors on a standard 3-laser full spectrum flow cytometer for immune monitoring of
human blood samples. Cytometry B Clin Cytom. (2023) 104:367-73. doi: 10.1002/
cyto.b.22126

41. Liechti T, Roederer M. OMIP-058: 30-parameter flow cytometry panel to charac-
terize iNKT, NK, unconventional and conventional T cells. Cytometry Part A. (2019)
95:946-51. doi: 10.1002/cyto0.a.23850

42. Hertoghs N, Schwedhelm KV, Stuart KD, McElrath MJ, De Rosa SC. OMIP-064: A
27-color flow cytometry panel to detect and characterize human NK cells and other
innate lymphoid cell subsets, MAIT cells, and Y3 T cells. Cytometry Part A. (2020)
97:1019-23. doi: 10.1002/cyto.a.24031

43. Park LM, Lannigan J, Jaimes MC. OMIP-069: Forty-color full spectrum flow
cytometry panel for deep immunophenotyping of major cell subsets in human
peripheral blood. Cytometry Part A. (2020) 97:1044-51. doi: 10.1002/cyto.a.24213

44, Anderson J, Jalali S, Licciardi PV, Pellicci DG. OMIP-91: A 27-color flow
cytometry panel to evaluate the phenotype and function of human conventional
and unconventional T-cells. Cytometry Part A. (2023) 103:543-7. doi: 10.1002/
cyto.a.24738

45. Swanson PA, Seder RA. OMIP-067: 28-color flow cytometry panel to evaluate
human T-cell phenotype and function. Cytometry Part A. (2020) 97:1032-6.
doi: 10.1002/cyto.a.24189

46. Wang S, Zhong N, Zhang X, Zhao Z, Balderas R, Li L, et al. OMIP 071: A 31-
parameter flow cytometry panel for in-depth immunophenotyping of human T-cell
subsets using surface markers. Cytometry Part A. (2021) 99:273-7. doi: 10.1002/
cyto.a.24272

47. Barros-Martins J, Bruni E, Fichtner AS, Cornberg M, Prinz I. OMIP-084: 28-color
full spectrum flow cytometry panel for the comprehensive analysis of human Y3 T cells.
Cytometry Part A. (2022) 101:856-61. doi: 10.1002/cyto.a.24564

frontiersin.org


http://www.ncbi.nlm.nih.gov/nlmcatalog/101552179
http://www.ncbi.nlm.nih.gov/nlmcatalog/101552179
https://doi.org/10.1016/j.cellimm.2015.04.008
https://doi.org/10.1016/0092-8674(85)90140-0
https://doi.org/10.1038/322145a0
https://doi.org/10.1038/322179a0
https://doi.org/10.1038/s41571-022-00722-1
https://doi.org/10.1038/s41571-022-00722-1
https://doi.org/10.1038/s41423-020-0503-y
https://doi.org/10.1038/s41423-020-0503-y
https://doi.org/10.3389/fimmu.2018.01501
https://doi.org/10.1158/0008-5472.CAN-10-3862
https://doi.org/10.1016/j.ymthe.2017.12.001
https://doi.org/10.3389/fimmu.2020.01347
https://doi.org/10.3389/FIMMU.2024.1360237
https://doi.org/10.1136/jitc-2021-003441
https://doi.org/10.1111/j.1365-2141.2004.05077.x
https://doi.org/10.1038/s41577-020-00452-4
https://doi.org/10.1038/s41392-023-01653-8
https://doi.org/10.3390/ijms25147960
https://doi.org/10.1002/eji.202451457
https://doi.org/10.3389/fimmu.2018.00985
https://doi.org/10.1111/imm.70012
https://doi.org/10.1016/bs.ircmb.2025.03.006
https://doi.org/10.1016/bs.ircmb.2025.08.010
https://doi.org/10.1159/000539534
https://doi.org/10.3389/fimmu.2018.00984
https://doi.org/10.3389/fimmu.2015.00020
https://doi.org/10.1038/343754A0
https://doi.org/10.3389/fimmu.2022.915837
https://doi.org/10.3389/fimmu.2023.1148988
https://doi.org/10.1002/EJI.201242569
https://doi.org/10.1038/330722a0
https://doi.org/10.3390/cells9040800
https://doi.org/10.1146/annurev-immunol-032713-120216
https://doi.org/10.1080/2162402X.2017.1284723
https://doi.org/10.1080/2162402X.2017.1284723
https://doi.org/10.1182/BLOOD-2014-09-599423
https://doi.org/10.1182/BLOOD-2014-09-599423
https://doi.org/10.1002/eji.202170126
https://doi.org/10.1002/CPIM.40
https://doi.org/10.1002/cyto.a.24288
https://doi.org/10.1371/journal.pone.0159961
https://doi.org/10.1002/eji.201970107
https://doi.org/10.1002/cyto.b.22126
https://doi.org/10.1002/cyto.b.22126
https://doi.org/10.1002/cyto.a.23850
https://doi.org/10.1002/cyto.a.24031
https://doi.org/10.1002/cyto.a.24213
https://doi.org/10.1002/cyto.a.24738
https://doi.org/10.1002/cyto.a.24738
https://doi.org/10.1002/cyto.a.24189
https://doi.org/10.1002/cyto.a.24272
https://doi.org/10.1002/cyto.a.24272
https://doi.org/10.1002/cyto.a.24564
https://doi.org/10.3389/fimmu.2026.1829178
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Rupnik et al.

48. Lee M, Lee E, Han SK, Choi YH, Kwon D, Choi H, et al. Single-cell RNA
sequencing identifies shared differentiation paths of mouse thymic innate T cells. Nat
Commun. (2020) 11. doi: 10.1038/s41467-020-18155-8

49. Mimitou EP, Cheng A, Montalbano A, Hao S, Stoeckius M, Legut M, et al.
Multiplexed detection of proteins, transcriptomes, clonotypes and CRISPR perturba-
tions in single cells. Nat Methods. (2019) 16:409-12. doi: 10.1038/s41592-019-0392-0

50. Gherardin NA, Waldeck K, Caneborg A, Martelotto LG, Balachander S, Zethoven M,
et al. Y8 T cells in Merkel cell carcinomas have a proinflammatory profile prognostic of
patient survival. Cancer Immunol Res. (2021) 9:612-23. doi: 10.1158/2326-6066.CIR-20-0817

51. Tan L, Fichtner AS, Bruni E, Odak I, Sandrock I, Bubke A, et al. A fetal wave of
human type 3 effector Y3 cells with restricted TCR diversity persists into adulthood. Sci
Immunol. (2021) 6:eabf0125. doi: 10.1126/sciimmunol.abf0125

52. Hamed M, Moreno-Vicencio D, Arsovski D, Farhat M, Sanders R, Mann E, et al.
38-marker full-spectrum flow cytometry panel for the comprehensive profiling of Y8 T
cells in human blood and lymphoid tissues. Eur J Immunol. (2026) 56:1-4. doi: 10.1002/
€ji.70155

53. Wistuba-Hamprecht K, Pawelec G, Derhovanessian E. OMIP-020: Phenotypic
characterization of human Y8 T-cells by multicolor flow cytometry. Cytometry Part A.
(2014) 85:522-4. doi: 10.1002/cyto.a.22470

54. McMurray JL, von Borstel A, Taher TE, Syrimi E, Taylor GS, Sharif M, et al.
Transcriptional profiling of human V81 T cells reveals a pathogen-driven adaptive
differentiation program. Cell Rep. (2022) 39:110858. doi: 10.1016/j.celrep.2022.110858

55. Chang K-M, Traum D, Park J-J, Ho S, Ojiro K, Wong DK, et al. Distinct phenotype
and function of circulating V81+ and V32+ ¥3T-cells in acute and chronic hepatitis B.
PloS Pathog. (2019) 15:¢1007715. doi: 10.1371/journal.ppat.1007715

56. Park JH, Lee HK. Function of ¥y T cells in tumor immunology and their
application to cancer therapy. Exp Mol Med. (2021) 53:318-27. doi: 10.1038/s12276-
021-00576-0

57. Gentles AJ, Newman AM, Liu CL, Bratman SV, Feng W, Kim D, et al. The
prognostic landscape of genes and infiltrating immune cells across human cancers. Nat
Med. (2015) 21:938-45. doi: 10.1038/nm.3909

58. Silva-Santos B, Mensurado S, Coffelt SB. y8 T cells: pleiotropic immune effectors
with therapeutic potential in cancer. Nat Rev Cancer. (2019) 19:392-404. doi: 10.1038/
s41568-019-0153-5

59. Harly C, Guillaume Y, Nedellec S, Peigne CM, Monkkénen H, Monkkénen J, et al.
Key implication of CD277/butyrophilin-3 (BTN3A) in cellular stress sensing by a major
human 8 T-cell subset. Blood. (2012) 120:2269-79. doi: 10.1182/blood-2012-05-430470

60. Deniger DC, Switzer K, Mi T, Maiti S, Hurton L, Singh H, et al. Bispecific T-cells
expressing polyclonal repertoire of endogenous Y8 T-cell receptors and introduced
CD19-specific chimeric antigen receptor. Mol Ther. (2013) 21:638-47. doi: 10.1038/
mt.2012.267

61. Zhai X, You F, Xiang S, Jiang L, Chen D, Li Y, et al. MUC1-Tn-targeting chimeric
antigen receptor-modified Vy9V82 T cells with enhanced antigen-specific anti-tumor
activity. Am J Cancer Res. (2021) 11:79-91.

62. Martinez DS, Tirado N, Mensurado S, Martinez-Moreno A, Romecin P, Agiiera
FG, et al. Generation and proof-of-concept for allogeneic CD123 CAR-Delta One T
(DOT) cells in acute myeloid leukemia. J Immunother Cancer. (2022) 10:1-13.
doi: 10.1136/jitc-2022-005400

63. Nishimoto KP, Barca T, Azameera A, Makkouk A, Romero JM, Bai L, et al.
Allogeneic CD20-targeted Y T cells exhibit innate and adaptive antitumor activities in
preclinical B-cell lymphoma models. Clin Transl Immunol. (2022) 11:1-23.
doi: 10.1002/cti2.1373

64. Ferry GM, Agbuduwe C, Forrester M, Dunlop S, Chester K, Fisher J, et al. A simple
and robust single-step method for CAR-V81 3T cell expansion and transduction for
cancer immunotherapy. Front Immunol. (2022) 13. doi: 10.3389/fimmu.2022.863155

65. Girardi M, Oppenheim DE, Steele CR, Lewis JM, Glusac E, Filler R, et al
Regulation of cutaneous Malignancy by vy T cells. Sci (1979). (2001) 294:605-9.
doi: 10.1126/science.1063916

66. Rao A, Agrawal A, Borthakur G, Battula VL, Maiti A. Gamma delta T cells in acute
myeloid leukemia: biology and emerging therapeutic strategies. ] Immunother Cancer.
(2024) 12:1-11. doi: 10.1136/JITC-2023-007981

67. Luoma AM, Castro CD, Mayassi T, Bembinster LA, Bai L, Picard D, et al. Crystal
structure of VO1T cell receptor in complex with CD1d-sulfatide shows MHC-like
recognition of a self-lipid by human Y3 T cells. Immunity. (2013) 39:1032-42.
doi: 10.1016/j.immuni.2013.11.001

68. Yazdanifar M, Barbarito G, Bertaina A, Airoldi I. Y8 T cells: The ideal tool for
cancer immunotherapy. Cells. (2020) 9:1-26. doi: 10.3390/cells9051305

69. Karunakaran MM, Willcox CR, Salim M, Paletta D, Fichtner AS, Noll A, et al.
Butyrophilin-2A1 directly binds germline-encoded regions of the Vy9V82 TCR and is
essential for phosphoantigen sensing. Immunity. (2020) 52:487-498.e6. doi: 10.1016/
j-immuni.2020.02.014

70. Rigau M, Ostrouska S, Fulford TS, Johnson DN, Woods K, Ruan Z, et al.
Butyrophilin 2A1 is essential for phosphoantigen reactivity by gd T cells. Sci (1979).
(2020) 367:1-13. doi: 10.1126/science.aay5516

Frontiers in Immunology

14

10.3389/fimmu.2026.1829178

71. Mamedov MR, Vedova S, Freimer JW, Sahu AD, Ramesh A, Arce MM, et al.
CRISPR screens decode cancer cell pathways that trigger Y3 T cell detection. Nature.
(2023) 621:188-95. doi: 10.1038/s41586-023-06482-x

72. Kondo M, Sakuta K, Noguchi A, Ariyoshi N, Sato K, Sato S, et al. Zoledronate
facilitates large-scale ex vivo expansion of functional y3 T cells from cancer patients for
use in adoptive immunotherapy. Cytotherapy. (2008) 10:842-56. doi: 10.1080/
14653240802419328

73. Kondo M, Izumi T, Fujieda N, Kondo A, Morishita T, Matsushita H, et al.
Expansion of human peripheral blood Y3 T cells using zoledronate. ] Visualized Exp.
(2011) (55):e3182. doi: 10.3791/3182

74. Li W, Kubo S, Okuda A, Yamamoto H, Ueda H, Tanaka T, et al. Effect of IL-18 on
expansion of gammadelta T cells stimulated by zoledronate and IL-2. ] Immunother.
(2010) 33:287-96. doi: 10.1097/CJ1.0b013e3181c80ffa

75. Van Acker HH, Anguille S, Willemen Y, Van Den Bergh JM, Berneman ZN, Lion
E, et al. Interleukin-15 enhances the proliferation, stimulatory phenotype, and
antitumor effector functions of human gamma delta T cells. ] Hematol Oncol. (2016)
9:1-13. doi: 10.1186/s13045-016-0329-3

76. Xu Y, Xiang Z, Alnaggar M, Kouakanou L, Li ], He J, et al. Allogeneic Vy9V&2 T-
cell immunotherapy exhibits promising clinical safety and prolongs the survival of
patients with late-stage lung or liver cancer. Cell Mol Immunol. (2021) 18:427-39.
doi: 10.1038/s41423-020-0515-7

77. Almeida AR, Correia DV, Fernandes-Platzgummer A, Da Silva CL, Da Silva MG,
Anjos DR, et al. Delta one T cells for immunotherapy of chronic lymphocytic leukemia:
Clinical-grade expansion/differentiation and preclinical proof of concept. Clin Cancer
Res. (2016) 22:5795-804. doi: 10.1158/1078-0432.CCR-16-0597

78. Liu Z, Guo BL, Gehrs BC, Nan L, Lopez RD. Ex vivo expanded human
Vgamma9Vdelta2+ gammadelta-T cells mediate innate antitumor activity against
human prostate cancer cells in vitro. J Urol. (2005) 173:1552-6. doi: 10.1097/
01.ju.0000154355.45816.0b

79. Dokouhaki P, Han M, Joe B, Li M, Johnston MR, Tsao M-S, et al. Adoptive
immunotherapy of cancer using ex vivo expanded human gammadelta T cells: A new
approach. Cancer Lett. (2010) 297:126-36. doi: 10.1016/j.canlet.2010.05.005

80. Salot S, Laplace C, Saiagh S, Bercegeay S, Tenaud I, Cassidanius A, et al. Large scale
expansion of gamma 9 delta 2 T lymphocytes: Innacell gamma delta cell therapy
product. J Immunol Methods. (2007) 326:63-75. doi: 10.1016/j.jim.2007.07.010

81. Salot S, Bercegeay S, Dreno B, Saiagh S, Scaglione V, Bonnafous C, et al. Large scale
expansion of Vy9V82 T lymphocytes from human peripheral blood mononuclear cells
after a positive selection using MACS “TCR /8 + T cell isolation kit. J Immunol
Methods. (2009) 347:12-8. doi: 10.1016/j.jim.2009.05.006

82. Zhou ], Kang N, Cui L, Ba D, He W. Anti-yd TCR antibody-expanded y3 T cells: A
better choice for the adoptive immunotherapy of lymphoid Malignancies. Cell Mol
Immunol. (2012) 9:34-44. doi: 10.1038/cmi.2011.16

83. Kang N, Zhou J, Zhang T, Wang L, Lu F, Cui Y, et al. Adoptive immunotherapy of
lung cancer with immobilized anti- TCRYS antibody-expanded human ¥3 T cells in
peripheral blood. Cancer Biol Ther. (2009) 8:1540-9. doi: 10.4161/cbt.8.16.8950

84. Verkerk T, Pappot AT, Jorritsma T, King LA, Duurland MC, Spaapen RM, et al.
Isolation and expansion of pure and functional 8 T cells. Front Immunol. (2024) 15.
doi: 10.3389/fimmu.2024.1336870

85. Wu D, Wu P, Wu X, Ye J, Wang Z, Zhao S, et al. Ex vivo expanded human
circulating v81 y3T cells exhibit favorable therapeutic potential for colon cancer.
Oncoimmunology. (2015) 4:1-13. doi: 10.4161/2162402X.2014.992749

86. Siegers GM, Dhamko H, Wang XH, Mathieson AM, Kosaka Y, Felizardo TC, et al.
Human V81 y8 T cells expanded from peripheral blood exhibit specific cytotoxicity
against B-cell chronic lymphocytic leukemia-derived cells. Cytotherapy. (2011) 13:753-
64. doi: 10.3109/14653249.2011.553595

87. QiJ, Zhang], Zhang S, Cui L, He W. Immobilized MICA could expand human V31
YO T cells in vitro that displayed major histocompatibility complex class I chain-related
a-dependent cytotoxicity to human epithelial carcinomas. Scand ] Immunol. (2003)
58:211-20. doi: 10.1046/j.1365-3083.2003.01288.x

88. Wang Y, Wang L, Seo N, Okumura S, Hayashi T, Akahori Y, et al. CAR-modified
VY9V32 T cells propagated using a novel bisphosphonate prodrug for allogeneic
adoptive immunotherapy. Int ] Mol Sci. (2023) 24:1-15. doi: 10.3390/ijms241310873

89. LiP, Zhu X, Cao G, Wu R, Li K, Yuan W, et al. 10,,25(OH)2D3reverses exhaustion
and enhances antitumor immunity of human cytotoxic T cells. ] Immunother Cancer.
(2022) 10:1-18. doi: 10.1136/jitc-2021-003477

90. Peters C, Klein K, Kabelitz D. Vitamin C and vitamin D—friends or foes in
modulating yd T-cell differentiation? Cell Mol Immunol. (2022) 19:1198-200.
doi: 10.1038/s41423-022-00895-w

91. Chen L, Cencioni MT, Angelini DF, Borsellino G, Battistini L, Brosnan CF.
Transcriptional profiling of Y3 T cells identifies a role for vitamin D in the immuno-
regulation of the VY9V82 response to phosphate-containing ligands. J Immunol. (2005)
174:6144-52. doi: 10.4049/jimmunol.174.10.6144

92. Bernicke B, Engelbogen N, Klein K, Franzenburg J, Borzikowsky C, Peters C, et al.
Analysis of the seasonal fluctuation of Y3 T cells and its potential relation with vitamin
D3. Cells. (2022) 11:1-20. doi: 10.3390/cells11091460

frontiersin.org


https://doi.org/10.1038/s41467-020-18155-8
https://doi.org/10.1038/s41592-019-0392-0
https://doi.org/10.1158/2326-6066.CIR-20-0817
https://doi.org/10.1126/sciimmunol.abf0125
https://doi.org/10.1002/eji.70155
https://doi.org/10.1002/eji.70155
https://doi.org/10.1002/cyto.a.22470
https://doi.org/10.1016/j.celrep.2022.110858
https://doi.org/10.1371/journal.ppat.1007715
https://doi.org/10.1038/s12276-021-00576-0
https://doi.org/10.1038/s12276-021-00576-0
https://doi.org/10.1038/nm.3909
https://doi.org/10.1038/s41568-019-0153-5
https://doi.org/10.1038/s41568-019-0153-5
https://doi.org/10.1182/blood-2012-05-430470
https://doi.org/10.1038/mt.2012.267
https://doi.org/10.1038/mt.2012.267
https://doi.org/10.1136/jitc-2022-005400
https://doi.org/10.1002/cti2.1373
https://doi.org/10.3389/fimmu.2022.863155
https://doi.org/10.1126/science.1063916
https://doi.org/10.1136/JITC-2023-007981
https://doi.org/10.1016/j.immuni.2013.11.001
https://doi.org/10.3390/cells9051305
https://doi.org/10.1016/j.immuni.2020.02.014
https://doi.org/10.1016/j.immuni.2020.02.014
https://doi.org/10.1126/science.aay5516
https://doi.org/10.1038/s41586-023-06482-x
https://doi.org/10.1080/14653240802419328
https://doi.org/10.1080/14653240802419328
https://doi.org/10.3791/3182
https://doi.org/10.1097/CJI.0b013e3181c80ffa
https://doi.org/10.1186/s13045-016-0329-3
https://doi.org/10.1038/s41423-020-0515-7
https://doi.org/10.1158/1078-0432.CCR-16-0597
https://doi.org/10.1097/01.ju.0000154355.45816.0b
https://doi.org/10.1097/01.ju.0000154355.45816.0b
https://doi.org/10.1016/j.canlet.2010.05.005
https://doi.org/10.1016/j.jim.2007.07.010
https://doi.org/10.1016/j.jim.2009.05.006
https://doi.org/10.1038/cmi.2011.16
https://doi.org/10.4161/cbt.8.16.8950
https://doi.org/10.3389/fimmu.2024.1336870
https://doi.org/10.4161/2162402X.2014.992749
https://doi.org/10.3109/14653249.2011.553595
https://doi.org/10.1046/j.1365-3083.2003.01288.x
https://doi.org/10.3390/ijms241310873
https://doi.org/10.1136/jitc-2021-003477
https://doi.org/10.1038/s41423-022-00895-w
https://doi.org/10.4049/jimmunol.174.10.6144
https://doi.org/10.3390/cells11091460
https://doi.org/10.3389/fimmu.2026.1829178
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Immunophenotyping, activation, and expansion of gamma delta T cells: flow cytometry profiling and ex vivo manipulation strategies
	1 Introduction
	2 Immunobiology and immunoprofiling of &gamma;&delta; T cells via flow cytometry
	2.1 Characteristics and functions of &gamma;&delta; T cells
	2.2 Characterization of &gamma;&delta; T cells via flow cytometry
	2.2.1 Practical workflow for &gamma;&delta; T cell flow cytometry
	2.2.2 Marker framework for &gamma;&delta; T cell immunophenotyping
	2.2.3 Suitability of high-dimensional panels for &gamma;&delta;-focused questions


	3 Ex vivo manipulation of &gamma;&delta; T cells for immunotherapy: activation, expansion, and genetic engineering
	3.1 Immunotherapy with &gamma;&delta; T cells
	3.2 Methods of activation and expansion

	4 Concluding remarks
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


