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Abstract
Invariant natural killer T (iNKT), mucosal-associated invariant T (MAIT), and γδ T cells couple potent
effector functions with unconventional antigen and stress recognition, making them promising platforms
for cancer immunotherapy. Yet the signaling principles governing their antitumor activity and therapeutic
engineering remain poorly defined. In this Review, we examine T-cell receptor (TCR) signaling as a
spatiotemporally organized process and highlight how advanced microscopy and live-cell biosensors
reveal signaling dynamics and cellular heterogeneity, which is inaccessible to conventional endpoint
measurements. We then discuss how iNKT, MAIT, and γδ T cells retain a conserved T-cell signaling core
while integrating distinct lineage-specific receptor, cytokine, metabolic, and stress-associated inputs.
This signaling context may determine how synthetic receptors are interpreted, arguing that chimeric
antigen receptor (CAR) architecture should be optimized for the intended cellular chassis rather than
transferred directly from conventional αβ T cells. Finally, we envision integrating quantitative signaling
fingerprints with synthetic signaling motifs, functional profiling, and machine learning to enable
mechanism-guided design of next-generation CAR-iNKT, CAR-MAIT, and CAR-γδ T-cell therapies.

1. Introduction
Cancer immunotherapy has established T lymphocytes as powerful therapeutic agents, yet durable
tumor control remains constrained by antigen heterogeneity and antigen escape, immunosuppressive
tumor microenvironments, limited cellular persistence, and progressive functional exhaustion [1–4].
These limitations have stimulated growing interest in lymphocyte populations that combine T-cell
effector functions with innate-like modes of recognition. Among them, invariant natural killer T (iNKT)
cells, mucosal-associated invariant T (MAIT) cells, and γδ T cells have emerged as particularly attractive
platforms because they recognize non-conventional antigenic or stress-associated signals, can rapidly
execute cytotoxic and cytokine responses, and can influence neighboring innate and adaptive immune
populations [5–8]. These properties are particularly important for understanding how innate-like T cells
interact with the tumor microenvironment and for optimizing their persistence, metabolism, and
antitumor function in next-generation cell therapies.

T-cell-based cancer immunotherapy ultimately depends on two linked processes: recognition of a
malignant cell and intracellular interpretation of that recognition event [9, 10]. Considerable effort has
therefore focused on identifying tumor antigens and engineering synthetic receptors that improve the
specificity and efficiency of target recognition [10, 11]. Yet receptor engagement alone does not
determine therapeutic outcome. Changes in CAR signaling strength, ITAM organization, or costimulatory
architecture can redirect differentiation, metabolism, persistence, and exhaustion even when antigen
specificity is unchanged [12–15]. Live-cell studies further show that receptors with similar proximal
activation can generate different downstream Ca²⁺, ERK, and spatial ZAP70 responses, indicating that
cellular outcome depends on how signaling is initiated, propagated, spatially organized, and terminated
over time [16–18]. This principle is particularly evident in CAR-T cells, where stronger receptor signaling
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does not necessarily produce superior therapeutic activity: tonic signaling can accelerate exhaustion,
whereas calibrated CD3ζ ITAM signaling can improve persistence and antitumor function [12, 13].

Understanding these relationships requires methods capable of resolving signaling as a dynamic cellular
process [19]. Conventional biochemical approaches such as immunoblotting, phosphoproteomics, and
phospho-flow cytometry remain essential for identifying pathway components and phosphorylation
events, but most provide snapshots averaged across cells or cellular compartments [20–23].
Microscopy has revealed a fundamentally more organized picture, in which TCR signaling emerges
through receptor microclusters, nanoscale membrane organization, and spatially restricted
signalosomes [24–27]. Thus, pathway identity alone cannot fully describe T-cell signaling; information is
also encoded by where signaling occurs and how it evolves over time. The main text develops this
progression from canonical biochemistry to spatially organized signaling in detail.

Genetically encoded biosensors provide a particularly powerful means to access this missing
dimension. FRET-based kinase activity reporters have enabled direct visualization of ZAP70 and Lck
activity in living T cells, revealing signaling at the immunological synapse and other subcellular regions
that cannot be readily distinguished by bulk phosphoprotein measurements [28, 29]. Improved ZAP70
and Fyn reporters have further demonstrated that TCRs and CARs can organize proximal kinase activity
differently despite engaging overlapping signaling machinery [16]. Complementary approaches such as
kinase translocation reporters provide single-fluorophore measurements of kinase dynamics and have
recently revealed that antigen affinity can be encoded through ERK pulse frequency during T-cell
activation [30, 31]. Newer cpEGFP- and cpHaloTag-based reporters further expand sensitivity, spectral
flexibility, and opportunities for multiplexed imaging [32–34].

Signaling activity can also be followed beyond kinases. Genetically encoded Ca²⁺ indicators have
resolved transient, oscillatory, and sustained Ca²⁺ responses during T-cell–APC interactions [35, 36],
whereas fluorescent reporters for DAG and PIP₃ reveal the spatial organization of lipid second-
messenger signaling [37–40]. Together with live-cell measurements of ERK and NFAT dynamics [41],
these tools make it increasingly possible to follow how receptor triggering is transformed through
successive levels of kinase activity, second messengers, transcriptional regulation, and metabolic
adaptation. Label-free approaches such as autofluorescence lifetime imaging and Raman spectroscopy
can further connect these signaling events to broader metabolic and biochemical cell states [42, 43]. The
emerging opportunity is therefore not simply to visualize whether a T cell is activated, but to construct a
multidimensional signaling trajectory describing activation amplitude, timing, localization, pathway
coupling, heterogeneity, and recovery.

These capabilities are particularly relevant to innate-like T cells, including invariant natural killer T (iNKT),
mucosal-associated invariant T (MAIT), and γδ T cells. These populations retain substantial elements of
conventional TCR signaling but connect them to unconventional recognition systems [44]. iNKT cells
recognize lipid antigens presented by CD1d [45], MAIT cells recognize microbial vitamin-metabolite
derivatives presented by MR1 [46, 47], and human Vγ9Vδ2 T cells sense intracellular phosphoantigen
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accumulation through BTN3A1/BTN2A1-dependent recognition [48–50]. Their TCR signals are
additionally integrated with lineage- and context-specific inputs, including SLAM–SAP–Fyn signaling,
inflammatory cytokines, and stress receptors [51–54]. Their distinctive biology may therefore arise less
from unique kinase inventories than from how conserved pathways are dynamically combined with
unconventional receptor inputs.

Whether innate-like T cells interpret synthetic receptor signals in the same way as conventional αβ T
cells has direct implications for cancer immunotherapy. CAR-engineered iNKT cells have already entered
clinical testing [55], whereas CAR-MAIT and CAR-γδ platforms are advancing preclinically [56, 57].
However, most principles used to design CAR intracellular domains were established in conventional αβ
T cells. Whether the same signaling architecture produces equivalent pathway dynamics in an iNKT,
MAIT, or γδ T-cell chassis remains largely unresolved. Emerging biosensor studies in CAR-T cells already
show that receptors with similar proximal activation can produce different downstream Ca²⁺, ERK, and
spatial ZAP70 responses [16–18], suggesting that endpoint cytotoxicity alone may obscure important
mechanistic differences.

In this Review, we first examine how advanced microscopy and genetically encoded activity reporters
have reshaped understanding of the spatiotemporal architecture of TCR signaling. We then consider how
this conserved signaling framework is adapted to the distinct recognition and regulatory environments
of iNKT, MAIT, and γδ T cells. Finally, we discuss how live-cell signaling measurements could be
integrated with synthetic signaling motifs, functional screening, and machine learning to define cell-
chassis-specific signaling fingerprints for therapeutic design. Rather than seeking the strongest receptor
signal, we propose that the more relevant objective may be to identify the dynamic signaling state that
best supports cytotoxicity, persistence, metabolic fitness, and repeated tumor-cell killing.

2 Illuminating TCR signaling: live-cell imaging approaches reveal its
spatiotemporal activity architecture

2.1 The canonical TCR signaling network
The conventional αβ TCR provides a useful biochemical framework for understanding both innate-like T-
cell signaling and synthetic CAR signaling (Fig. 1). The TCR itself lacks intrinsic enzymatic activity and
instead signals through the 10 immunoreceptor tyrosine-based activation motifs (ITAMs) distributed
across the CD3γ, CD3δ, CD3ε, and CD3ζ cytoplasmic domains [58]. Following peptide–MHC recognition,
the Src-family kinase Lck phosphorylates these ITAMs, creating docking sites for the tandem SH2
domains of ZAP70, which is rapidly recruited to the activated receptor complex [59, 60]. Activated ZAP70
then phosphorylates key adaptor proteins, most prominently linker for activation of T cells (LAT), thereby
converting receptor-proximal phosphorylation into the assembly of a larger signaling network (Fig. 1) [61,
62]. Phosphorylated LAT acts as a membrane-associated scaffold that recruits PLCγ1, Grb2, and Gads;
Gads in turn bridges LAT to SLP-76, enabling formation of the LAT–Gads–SLP-76 signalosome and
recruitment of additional effectors including SOS, Itk, and Vav [63, 64]. Through this multiprotein

Page 4/42



signaling hub, a relatively localized receptor-triggering event is amplified and distributed into multiple
downstream pathways controlling Ca²⁺ mobilization, Ras–ERK signaling, cytoskeletal remodeling, and
transcriptional activation [9, 65].

Downstream of the LAT–SLP-76 signalosome, activated PLCγ1 hydrolyzes membrane
phosphatidylinositol-4,5-bisphosphate (PIP₂) to generate the second messengers inositol-1,4,5-
trisphosphate (IP₃) and diacylglycerol (DAG) [66]. IP₃ engages IP₃ receptors on the endoplasmic
reticulum to initiate intracellular Ca²⁺ release, while sustained Ca²⁺ signaling activates the calmodulin–
calcineurin pathway, leading to NFAT dephosphorylation and nuclear translocation from cytosol (Fig. 1)
[67, 68]. In parallel, membrane-retained DAG recruits RasGRP1 and promotes Ras–RAF–MEK–ERK
signaling, thereby contributing to AP-1 activation [69, 70]. DAG-dependent activation of PKCθ provides
another branch that is required for efficient TCR/CD28-induced NF-κB signaling [71, 72]. In parallel, PI3K-
generated phosphatidylinositol 3,4,5-trisphosphate (PIP₃) recruits Akt and other PH-domain-containing
effectors, linking antigen and costimulatory signals to mTOR-dependent programs controlling
biosynthesis, metabolism, proliferation, and differentiation [73, 74]. Thus, TCR signaling rapidly branches
from a receptor-proximal phosphorylation cascade into interconnected Ca²⁺-, MAPK-, NF-κB-, and
metabolic signaling networks (Fig. 1).

Equally important are the mechanisms that set signaling thresholds, terminate individual pathways, and
reshape information as it propagates through the network. CD45 illustrates this dual regulatory logic: by
opposing Csk-dependent inhibitory phosphorylation, it maintains a regulatable pool of active Lck, yet it
can also suppress TCR ζ-chain phosphorylation generated by weak or antigen-independent stimuli,
thereby functioning as a signaling gatekeeper [75]. Antigen discrimination is further sharpened by
competing feedback loops. Weak ligands preferentially recruit the phosphatase SHP-1, promoting Lck
inactivation and receptor desensitization, whereas stronger ligands activate an ERK-dependent positive-
feedback circuit that limits SHP-1 recruitment and sustains productive signaling [76]. Lipid second
messengers are similarly regulated: DGKα and DGKζ convert DAG to phosphatidic acid, thereby
restricting DAG-dependent RasGRP1 and PKCθ signaling; manipulation of these enzymes
correspondingly alters Ras–ERK activation and T-cell responsiveness [77–79].

CD45, SHP-1, ERK feedback, and DAG metabolism regulate TCR signaling at different points in the
pathway. Together, they set the threshold for activation and shape how long and where signals persist.
The response therefore depends on the balance between amplification and attenuation across
interconnected pathways, as well as on which molecules are activated.

2.2 From biochemical pathways to spatially
compartmentalized TCR signaling
Conventional biochemical approaches, including immunoblotting, phospho-flow cytometry, and
biochemical pulldown assays, remain the gold standard for defining pathway components and
quantifying phosphorylation or protein interactions. However, these methods generally average signals
across large cell populations or entire cells and therefore provide limited information about where and
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when signaling events occur. Microscopy complements these approaches by resolving signaling with
spatial and temporal precision at the single-cell and, increasingly, single-molecule level. Early three-
dimensional imaging of T cell–antigen-presenting-cell interfaces revealed the formation of spatially
segregated supramolecular activation clusters at the immunological synapse [80]. Subsequent live-cell
imaging showed that signaling begins before formation of a mature central synapse: newly generated
peripheral TCR microclusters recruit ZAP70 and SLP-76, coincide with tyrosine phosphorylation and Ca²⁺
signaling, and continue to form as activation proceeds [24].

Super-resolution microscopy further revealed that this organization extends below the diffraction limit.
High-speed photoactivated localization microscopy (PALM) demonstrated that, in resting T cells, TCR
and LAT occupy distinct nanoscale membrane “protein islands” that concatenate following activation
[25]. Two-color PALM subsequently resolved the nanoscale architecture of downstream signaling
complexes, showing that ZAP70 colocalizes closely with TCRζ, whereas LAT forms nanoscale clusters
with SLP-76 preferentially positioned at their periphery [81]. Super-resolution imaging in intact lymph
nodes further showed that TCRs are organized into nanometer-scale protein islands within larger
membrane territories and that in vivo activation causes these territories to contract and form stable
microclusters [82].

Nanoscale organization is functionally linked to TCR signal initiation. Single-molecule localization
microscopy showed that only sufficiently dense TCR–CD3 nanoclusters were efficiently phosphorylated
and associated with downstream ZAP70 and LAT, while cluster density varied with both peptide–MHC
concentration and TCR affinity [27]. These observations suggest that receptor clustering itself
contributes to antigen discrimination and signal amplification rather than simply representing a
morphological consequence of activation.

Single-molecule imaging has also clarified where amplification occurs within the pathway. Tracking
individual agonist peptide–MHC:TCR complexes together with ZAP70 recruitment revealed an
approximately 1:1 relationship between productive receptor engagement and proximal ZAP70 triggering,
suggesting that substantial amplification occurs downstream of the initial receptor event [83]. LAT-
centered signaling assemblies provide one mechanism for this amplification: multivalent interactions
among LAT-associated proteins can drive phase-separated signaling condensates that enrich signaling
components and enhance downstream output [26].

Imaging studies place receptor nanoclusters, kinase recruitment, adaptor organization, and signalosome
formation at distinct locations and times. These assemblies link antigen recognition to downstream
transcriptional and metabolic responses. Whether innate-like T cells differ from conventional αβ T cells
in receptor organization, signalosome assembly, integration with parallel receptors, or downstream
decoding remains an open question.

2.3 Fluorescent kinase activity reporters resolve TCR
signaling dynamics in living cells

Page 6/42



The development of genetically encoded kinase activity reporters (KARs) has enabled kinase signaling to
be monitored directly in living cells with temporal and, depending on reporter architecture, subcellular
resolution. In contrast to biochemical measurements that quantify phosphorylation at selected
endpoints in cell lysates or fixed samples, KARs continuously translate kinase-dependent
phosphorylation into an optical readout, allowing signaling amplitude, kinetics, localization, and cell-to-
cell heterogeneity to be followed in real time. Over decades of bioengineering efforts, KARs now
comprise several distinct design strategies to accommodate spatiotemporal signaling dissection
requirement in immunology.

The classical KAR design is based on Förster resonance energy transfer (FRET) (Fig. 2A). In a typical
unimolecular FRET reporter, a kinase-responsive substrate sequence and a phosphoamino-acid-binding
domain are sandwiched between donor and acceptor fluorescent proteins. Kinase-dependent
phosphorylation induces a conformational rearrangement that alters FRET efficiency, thereby converting
kinase activity into a ratiometric optical readout. Because these reporters can also be targeted to defined
subcellular compartments, they are particularly useful for resolving the spatial organization of kinase
activity.

An early example of FRET-based KARs in T cells was ROZA (Reporter of ZAP-70 Activity), a ZAP70-
dependent FRET biosensor incorporating a LAT-derived phosphorylation sequence. ROZA enabled real-
time visualization of the kinetics and subcellular distribution of ZAP70-dependent activity following TCR
engagement (Table 1) [28]. Unexpectedly, ZAP70-dependent signaling was detected not only at the
immunological synapse but also at the opposite cellular pole, termed the “antisynapse,” demonstrating
that proximal TCR signaling is not necessarily confined to the visible T-cell–target-cell interface [28].
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Table 1
Fluorescent reporters for spatiotemporal analysis of TCR signaling.

Signaling
level

Target / process Reporter / approach
mentioned

Sensor principle References

Proximal
kinase

Lck ZapLck FRET-based kinase
activity reporter

[29]

Proximal
kinase

Fyn High-throughput-
engineered Fyn FRET
biosensor

Optimized
phosphorylation-
dependent FRET
reporter

[16]

Proximal
kinase

ZAP70 ROZA LAT-derived ZAP70
substrate
incorporated into a
unimolecular FRET
reporter

[28]

Proximal
kinase

ZAP70 ROZA-XL Optimized second-
generation ROZA
FRET reporter

[84–86]

Proximal
kinase

ZAP70 High-throughput-
engineered ZAP70
FRET biosensor

Sequence-
optimized
phosphorylation-
responsive FRET
reporter

[16]

Second
messenger

Ca²⁺ mCameleon FRET-based
genetically encoded
Ca²⁺ indicator using
CaM–M13
interaction

[35]

Second
messenger

Ca²⁺ Yellow Cameleon 3.60
(YC3.60)

FRET-based GECI [36]

Second
messenger

Ca²⁺ TN-XXL / Twitch-
family sensors

Genetically
encoded FRET Ca²⁺
indicators

[87, 88]

Second
messenger

DAG GFP–C1-domain
translocation
reporters derived
from RasGRP1, PKCθ,
and other DAG-
binding proteins

DAG-binding C1
domain
translocates to
DAG-enriched
membranes

[37]

Second
messenger

DAG Daglas FRET-based
genetically encoded
DAG biosensor

[38]

Second
messenger

PIP₃ / 3′-
phosphoinositides

GFP–Akt-PH PH-domain
translocation
reporter

[39]
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Signaling
level

Target / process Reporter / approach
mentioned

Sensor principle References

Second
messenger

PIP₃ GFP–PH-domain
reporter(s)

PH-domain lipid-
binding
translocation

[89]

Second
messenger

PIP₃ GFP–Grp1PH Grp1 PH-domain
PIP₃ translocation
probe

[40]

Downstream
kinase

ERK ERK-KTR Kinase
translocation
reporter containing
ERK substrate plus
engineered
NLS/NES

[30, 31]

Downstream
kinase

JNK JNK-KTR Kinase
translocation
reporter

[30]

Downstream
kinase

p38 p38-KTR Kinase
translocation
reporter

[30]

Downstream
kinase

PKA ExRai-AKAR cpEGFP-based
single-fluorophore
excitation-
ratiometric KAR

[32]

Downstream
kinase /
platform

Multiple kinases cpEGFP-based KARs Circularly permuted
EGFP embedded in
phosphorylation-
responsive
molecular switch

[32]

Downstream
kinase /
platform

Multiple kinases cpHaloTag-based
KARs

Phosphorylation-
responsive
circularly permuted
HaloTag coupled to
synthetic dye

[33, 34]

Cellular
metabolic
state

NAD(P)H / FAD
metabolism

Autofluorescence
FLIM

Endogenous
fluorescence
lifetime
measurement

[42]

Biochemical
cell state

Global molecular
composition

Raman spectroscopy Label-free
molecular
vibrational
spectroscopy

[43, 90]

Receptor
organization
/ morphology

TCR/CD8
membrane
organization and
scanning

Lattice light-sheet
microscopy

Rapid volumetric
fluorescence
imaging with low
phototoxicity

[91]
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The original ROZA reporter was subsequently optimized into a second-generation sensor, ROZA-XL,
which displayed an approximately three- to fourfold greater dynamic range and a more robust baseline
FRET signal in Jurkat T cells, enabling more sensitive single-cell measurements of TCR-induced ZAP70
activity (Table 1) [84]. ROZA-XL was later used to show that CCR7 stimulation itself can recruit and
activate ZAP70, whereas combined CCR7 and TCR stimulation enhances and prolongs ZAP70 kinase
activity, revealing direct signaling crosstalk between chemokine and antigen receptors [85]. ROZA-XL
was also used to show that cyclophilin A associates with ZAP70 and negatively regulates its catalytic
activity during early TCR/CD3 signaling [86]. These applications identify distinct receptor inputs and
molecular interactions that shape proximal ZAP70 activity.

FRET biosensors have subsequently been extended to Src-family kinases. The ZapLck biosensor enabled
visualization of dynamic Lck activity and demonstrated a substantial basal pool of preactivated Lck in
the experimental T-cell system, while also revealing changes in Lck interaction and mobility following
receptor aggregation (Table 1) [29]. Such probes are particularly valuable because conventional
phospho-specific measurements cannot easily distinguish spatially separated pools of kinase activity.

A further methodological advance combined high-throughput FRET screening with sequencing to
engineer improved Fyn and ZAP70 biosensors [16]. These sensors were applied to both TCR and CAR
signaling and revealed a highly organized subcellular pattern of ZAP70 activity following TCR
engagement that was not reproduced in the same manner following CAR activation. The ZAP70 reporter
was also used to interrogate how CAR ITAM organization influenced ZAP70 activation and CAR function
[16]. This study provides particularly strong proof of principle for the central argument of this review:
synthetic receptors that ultimately use many of the same signaling proteins can nevertheless organize
those signals differently in space and time.

However, FRET represents only one strategy for converting kinase activity into a measurable optical
signal. Kinase translocation reporters (KTRs) provide an alternative strategy for monitoring kinase
activity through phosphorylation-dependent changes in nucleocytoplasmic localization (Fig. 2B). KTRs
combine a kinase-responsive substrate with engineered nuclear localization and export sequences, such
that phosphorylation shifts the reporter from the nucleus to the cytoplasm. Because each KTR requires
only a single fluorescent protein, this architecture is particularly attractive for multiplexed
measurements. The original KTR platform developed by Regot and colleagues enabled simultaneous
measurement of ERK, JNK, and p38 activities in individual living cells (Table 1) [30]. More recently,
Dunlock and Regot applied real-time ERK activity imaging to antigen-stimulated T cells and
demonstrated that TCR signaling is encoded through pulsatile ERK dynamics [31]. Intermediate-affinity
antigens generated ERK pulses of different frequencies, and cumulative ERK activity correlated with T-
cell activation. Mechanistically, LCK activity regulated ERK pulse frequency, whereas MEK primarily
controlled pulse amplitude, demonstrating that distinct levels of the TCR–MAPK cascade independently
encode temporal features of the signaling response [31].
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A complementary approach of modern KAR design uses single fluorescent proteins or self-labeling
enzyme tags whose optical properties are directly altered by phosphorylation-dependent conformational
changes (Fig. 2C). Excitation-ratiometric reporters based on circularly permuted EGFP (cpEGFP),
exemplified by ExRai-AKAR, position cpEGFP within a phosphorylation-responsive molecular switch
(Table 1) [32]. Phosphorylation changes the excitation properties of the fluorescent protein, generating a
ratiometric signal without requiring a donor–acceptor FRET pair. This architecture has been adapted to
reporters for several kinases and offers high sensitivity while preserving spectral space for multiplexed
measurements [32]. More recently, chemigenetic reporters based on circularly permuted HaloTag
(cpHaloTag) have further expanded the available spectral and photophysical properties of KARs (Fig. 2D)
[33, 34]. In these sensors, phosphorylation-dependent conformational changes modulate the
fluorescence of a synthetic HaloTag-bound dye (Table 1). The use of bright and photostable synthetic
fluorophores can facilitate far-red imaging, multiplexing, and potentially super-resolution analysis,
providing a complementary strategy to fluorescent-protein-based reporters.

To date, these newer conformational cpEGFP- and cpHaloTag-based KAR desgins have not, to our
knowledge, been systematically adapted to proximal TCR signaling or extensively applied in primary
immune cells. Their high sensitivity, compact spectral footprint, and compatibility with multiplexed
imaging nevertheless make them particularly attractive for immunological applications. Future
development of single-fluorophore and chemigenetic reporters for TCR-associated kinases such as Lck,
Fyn, and ZAP70, together with existing reporters for downstream pathways such as ERK and Akt, could
enable simultaneous visualization of multiple signaling nodes within the same T cell. Such approaches
may reveal previously inaccessible relationships between signaling amplitude, spatial organization,
pathway coupling, and cellular fate, and be especially informative for iNKT, MAIT, and γδ T cells, in which
unconventional TCR recognition is integrated with cytokine, costimulatory, and stress-receptor signaling
[52–54]. Defining these dynamic signaling patterns could reveal whether innate-like T cells possess
characteristic signaling fingerprints distinct from conventional αβ T cells and, ultimately, provide a
mechanistic foundation for the rational design of cancer immunotherapies with optimal TCR signaling
responses.

2.4 Beyond kinases: visualizing second messengers and
transcriptional dynamics
TCR signaling is propagated not only through sequential kinase activation but also through rapidly
changing second messengers that connect receptor-proximal phosphorylation to downstream effector
programs. Among these, Ca²⁺, diacylglycerol (DAG), and phosphatidylinositol-3,4,5-trisphosphate (PIP₃)
are particularly important because they regulate complementary branches of T-cell activation and can be
monitored dynamically in living cells using genetically encoded or fluorescent translocation-based
reporters.

Following TCR engagement, PLCγ1 hydrolyzes membrane phosphatidylinositol-4,5-bisphosphate (PIP₂)
to generate IP₃ and DAG. IP₃ initiates release of Ca²⁺ from intracellular stores, followed by store-operated
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Ca²⁺ entry, ultimately coupling TCR activation to calcineurin–NFAT signaling. Intracellular Ca²⁺ dynamics
can be visualized using genetically encoded calcium indicators (GECIs) (Table 1). A particularly
informative example in T cells is the Cameleon family of FRET-based reporters, in which Ca²⁺-dependent
binding of calmodulin to an M13 peptide induces a conformational change that alters FRET between
fluorescent proteins. Le Borgne and colleagues generated an inducible knock-in mouse expressing a
modified Cameleon (mCameleon) and directly visualized transient, oscillatory, and sustained Ca²⁺
responses during naïve T-cell interactions with antigen-presenting cells in vitro and in lymphoid tissue
(Table 1) [35]. A complementary conditional mouse model expressing Yellow Cameleon 3.60 (YC3.60) in
CD4-lineage T cells enabled intravital analysis of T-cell Ca²⁺ signaling and revealed enhanced Ca²⁺ flux in
an autoimmune-prone setting [36]. Related FRET-based Ca²⁺ reporters from the TN-XXL/Twitch family
have also been used to track antigen-specific T-cell activation and migration in lymph nodes and the
central nervous system in vivo (Table 1) [87, 88]. These studies resolved Ca²⁺ responses during T-cell
interactions in vitro and in tissues, across time and locations that are difficult to access with
conventional Ca²⁺ dyes.

The second product of PLCγ1 activity, DAG, remains within cellular membranes and recruits C1-domain-
containing signaling proteins including RasGRP1 and PKCθ, thereby coupling TCR activation to Ras–ERK
and NF-κB pathways. DAG can be visualized using several genetically encoded reporter strategies. In
living Jurkat T cells, GFP-tagged C1 domains derived from RasGRP1, PKCθ, and other DAG-binding
proteins were used as translocation reporters to reveal distinct intracellular DAG pools following TCR
stimulation [37]. Because DAG binding drives redistribution of these probes, local lipid accumulation is
inferred from changes in fluorescence localization rather than from a conformational optical response.
Complementing this approach, Sato and colleagues developed Daglas, a FRET-based DAG biosensor that
can be targeted to defined membrane compartments and directly reports local DAG dynamics through
changes in FRET efficiency [38]. Daglas revealed that DAG concentrations are dynamically regulated not
only at the plasma membrane but also at endomembranes and the mitochondrial outer membrane,
highlighting the spatial compartmentalization of lipid second-messenger signaling.

A second major lipid-signaling branch in TCR signaling is generated by PI3K, which converts PIP₂ into
PIP₃. PIP₃ recruits proteins containing appropriate pleckstrin-homology (PH) domains and links receptor
activation to Akt signaling, cytoskeletal remodeling, metabolism, proliferation, and survival. PIP₃ has
been visualized directly in T cells using PH-domain-based fluorescent translocation probes. Harriague
and Bismuth expressed a GFP fusion containing the Akt/PKB PH domain (GFP–Akt-PH) in T cells;
because the PH domain binds 3′-phosphoinositides, antigen-induced PIP₃ production caused
redistribution of the fluorescent probe from the cytosol to the plasma membrane. Live cell imaging
demonstrated sustained PIP₃ generation following T cell–APC conjugation, including accumulation at
the immunological synapse, and showed that PIP₃ accumulation preceded the intracellular Ca²⁺ increase
[39]. A contemporaneous study using GFP–PH-domain probes likewise demonstrated that PIP₃ signaling
can remain dynamically elevated for hours and occurs both within the T cell–APC contact zone and at
the antipodal pole [89].
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More spatially resolved imaging has subsequently linked PIP₃ dynamics directly to cytotoxic function. In
antigen-stimulated cytotoxic T lymphocytes, a PIP₃ reporter consisting of the Grp1 PH domain fused to
GFP (GFP–Grp1PH) revealed an annular pattern of PIP₃ accumulation surrounding the immunological
synapse [40]. This lipid distribution recruited Dock2 and organized Rac-dependent actin polymerization,
and perturbation of the pathway markedly altered T-cell cytotoxicity [40]. Fluorescent lipid-binding
domains provide a technical advantage to visualize not only whether PI3K signaling occurs, but also
where lipid signaling is positioned relative to the cytoskeletal machinery that executes target-cell killing.

The importance of TCR signaling dynamics becomes even more apparent at the level of transcriptional
decoding. Information generated at the receptor is progressively amplified through multiple regulatory
layers, including kinase cascades, LAT-centered signaling assemblies, second-messenger generation,
and the coordinated activation of transcription factors such as NFAT, AP-1, and NF-κB [9, 23, 26]. These
pathways do not operate independently; their relative amplitude, duration, and temporal overlap
determine how upstream TCR inputs are converted into distinct transcriptional programs. Simultaneous
live-cell measurements of ERK and NFAT demonstrated that T cells encode information about peptide–
MHC stimulation over unexpectedly long timescales [41]. Although different antigen conditions can
produce broadly similar early pathway activation, ERK and NFAT signaling subsequently diverges, with
later pulsatile dynamics carrying information about antigen affinity and dose [41]. Apparently similar
early receptor activation can be progressively reshaped through signaling amplification, feedback
regulation, transcription-factor cooperation, and chromatin-level control, ultimately producing markedly
different cellular states and functional outcomes.

For tumor immunology, this distinction between upstream signaling propagation and downstream
functional signaling output is particularly important. Most studies of engineered lymphocytes quantify
CD69 expression, cytokine production, phosphoproteins, or cytotoxicity at isolated endpoints. Yet
therapeutic cells undergo repeated cycles of tumor recognition, signaling, killing, disengagement, and
reactivation. Combining kinase activity reporters with Ca²⁺ sensors and DAG- and PIP₃-sensitive lipid
probes could therefore reveal how proximal phosphorylation is converted into downstream second-
messenger dynamics during each encounter. The kinetics of signal initiation, pathway coupling, spatial
redistribution, termination, and resetting may ultimately be as important for therapeutic fitness as the
maximal activity reached by any individual signaling component.

2.5 Advanced optical imaging connects T-cell signaling to
cellular state and organization
Beyond direct measurements of kinase and second-messenger activity, advanced optical approaches
can capture how signaling is translated into broader cellular states. Autofluorescence lifetime imaging
microscopy (FLIM) provides one such example by exploiting endogenous metabolic cofactors as label-
free reporters [42]. Walsh and colleagues showed that NAD(P)H- and FAD-associated lifetime features
could distinguish quiescent from activated human T cells and further resolve activation state together
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with CD4/CD8 identity [42]. Although FLIM does not directly report proximal TCR signaling, it provides a
functional readout of the metabolic reprogramming that emerges downstream of activation.

This concept of non-invasive imaging can be extended beyond metabolism. Raman spectroscopy
interrogates intrinsic molecular vibrational signatures and therefore provides a complementary label-free
view of biochemical cell state. Single-cell Raman profiling distinguished T from B cells and separated
naïve from anti-CD3/CD28-activated T cells [43]. Raman spectra also evolved during T-cell differentiation
over several days [90], suggesting that optical fingerprints can capture not only acute activation but also
longer-term remodeling of immune-cell identity.

At a different scale, advanced microscopy can reveal how these molecular states are organized in space
during immune surveillance. Lattice light-sheet microscopy enables rapid three-dimensional imaging of
cell-surface dynamics with minimal phototoxicity. In CD8⁺ T cells, this approach revealed dynamic
microvillar scanning and preorganized TCR- and CD8-containing membrane patches that converge
during antigen recognition [91]. These observations highlight how receptor organization and cell
morphology add another layer of regulation that cannot be inferred from bulk biochemical
measurements alone.

FLIM, Raman spectroscopy, and high-speed volumetric imaging provide complementary views of
immune cells: metabolic state, biochemical composition, and the spatial organization of receptors and
cell–cell interactions. Used alongside activity reporters, they may help relate signaling dynamics to later
changes in cell state.

3 Distinct signaling logic of innate-like T cells: from unconventional
recognition to antitumor function

3.1 A shared signaling core with distinct input
architectures
Although iNKT, MAIT, and γδ T cells exhibit markedly different recognition biology from conventional
CD4⁺ and CD8⁺ T cells, current evidence does not support the existence of an entirely separate
intracellular signaling network in each lineage. Rather, these cells retain much of the canonical TCR
signaling machinery while connecting it to distinct antigen-recognition systems and parallel activating
inputs. iNKT TCRs recognize glycolipid–CD1d complexes [45], whereas MAIT TCRs recognize microbial
metabolite antigens presented by MR1 [46, 92]. Human Vγ9Vδ2 T cells employ an even more
unconventional recognition system in which intracellular phosphoantigens are sensed through BTN3A1
and translated into TCR recognition involving BTN2A1 [48–50]. Their signaling distinctiveness therefore
arises less from a unique set of kinases than from how conserved TCR machinery is engaged and
combined with lineage-specific receptor inputs.
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These additional inputs give each lineage more than one route to activation. iNKT cells can be activated
through IL-12/IL-18 even without direct TCR engagement [93, 94], while MAIT cells integrate MR1-
dependent TCR signals with IL-12/IL-18-driven activation [53, 95]. Vγ9Vδ2 T cells can combine TCR
recognition with stress-receptor signals such as NKG2D [54]. Signaling requirements also vary by
developmental stage and subset: TCR signal strength influences iNKT lineage differentiation [96],
whereas Syk–PI3K signaling has a specific role in murine γδT17 development [97]. The contribution of
any pathway must therefore be considered in the context of the lineage, subset, and activation state
being studied.

3.2 iNKT cells: TCR–SLAM integration and lineage-specific
signaling
iNKT cells recognize lipid antigens presented by the non-polymorphic molecule CD1d through a highly
restricted TCR repertoire and can respond rapidly through both TCR-dependent and cytokine-mediated
pathways [98, 99]. Their signaling therefore builds on the conventional TCR network but is shaped by
lineage-specific developmental and costimulatory inputs.

During thymic development, iNKT precursors display stronger and more sustained TCR-induced
Egr1/Egr2 expression than conventional T-cell precursors [100]. Egr2 directly binds and activates the
Zbtb16 promoter, inducing PLZF, the lineage-defining transcription factor that establishes the innate-like
effector program of iNKT cells. In parallel, Egr2 promotes Il2rb expression, encoding the IL-2/IL-15
receptor β-chain (CD122), thereby increasing responsiveness to IL-15, which supports later iNKT
maturation and survival [100, 101]. TCR signal strength further influences iNKT subset differentiation.
Stronger signaling sustains Egr2 expression and PLZF induction, favoring iNKT2 and iNKT17
development, whereas reduced ZAP70-dependent signaling diminishes these programs [96].
Consistently, iNKT2-specific regulatory elements are enriched for NFAT- and Egr-binding motifs and
become less accessible when TCR signaling is weakened, linking quantitative TCR input to chromatin
remodeling and lineage fate.

A distinctive feature of iNKT signaling is its integration with the SLAM–SAP–Fyn axis. During thymic
development, homotypic interactions between SLAMF1 and SLAMF6 on neighboring thymocytes provide
signals required for efficient iNKT lineage expansion and differentiation [102]. Their cytoplasmic ITSM
motifs recruit the adaptor SAP, which couples SLAM-family receptors to the Src-family kinase Fyn,
thereby providing a signaling module that operates alongside TCR signaling [51]. This pathway remains
functionally relevant after development: in mature mouse and human iNKT cells, disruption of SAP or
Fyn impairs TCR-induced cytotoxicity, target-cell conjugation, and microtubule-organizing-center
polarization toward the immunological synapse [103]. The SLAM–SAP–Fyn axis helps translate TCR
recognition into an efficiently organized lytic response rather than merely adding another proximal
phosphorylation signal.

iNKT cells also integrate inflammatory cytokine signals, particularly IL-12 and IL-18, which can activate
iNKT cells independently of direct TCR engagement and drive robust IFN-γ production and effector
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function [93, 104]. The route and history of activation can in turn shape subsequent cellular state: α-
galactosylceramide-mediated TCR stimulation and IL-12/IL-18-driven activation produce distinct
expansion kinetics and phenotypic programs [52], while repeated α-galactosylceramide stimulation can
induce prolonged hyporesponsiveness associated with sustained PD-1 expression [105]. Thus, iNKT
behavior reflects the integrated strength, duration, and combination of TCR, SLAM–SAP–Fyn, and
cytokine signaling, rather than the output of any single pathway [51, 52, 103], providing a rationale for
directly visualizing these signaling dynamics in mature therapeutic iNKT cells.

3.3 MAIT cells: signal integration at the interface of
antigen and inflammation
MAIT cells provide a particularly clear example of an innate-like T cell functioning as a multimodal signal
integrator. Their semi-invariant TCR recognizes microbial vitamin B₂–derived metabolites presented by
the monomorphic MHC class I-related molecule MR1 [46]. The most potent MAIT-cell antigens, 5-OP-RU
and 5-OE-RU, originate from the riboflavin (vitamin B₂) biosynthetic pathway used by many bacteria and
yeasts but absent in mammals [46, 106]. The microbial intermediate 5-A-RU reacts non-enzymatically
with the glycolytic by-products methylglyoxal or glyoxal, which can be produced by either microbial or
host metabolism, to generate 5-OP-RU or 5-OE-RU, respectively [47]. These highly unstable intermediates
are stabilized upon binding within MR1 and form potent ligands for MAIT TCR recognition [47]. Unlike
conventional peptide-reactive T cells, MAIT cells couple a largely conserved TCR signaling apparatus to
direct surveillance of microbial metabolism.

MAIT-cell function is not determined by TCR engagement alone. IL-12 and IL-18 can activate human
MAIT cells independently of the TCR, providing a mechanism for responses to inflammatory
environments even when cognate MR1 antigen is absent [95]. Direct comparison of activation routes
showed that TCR stimulation induces a rapid and broad program involving cytokines, chemokines,
cytotoxic molecules, transcription factors, and costimulatory receptors, whereas IL-12/IL-18-driven
activation develops more slowly and produces a more restricted response [53]. More recent single-cell
analysis further resolved these pathways: NFATC1, EGR1, and NFKB1 were preferentially associated with
the TCR-driven trajectory, whereas STAT4, STAT1, and IRF1 were more prominent during cytokine-driven
activation [107]. These findings provide a mechanistic basis for how MAIT cells can translate distinct
upstream inputs into different effector programs.

These two activation modes: MR1–TCR-dependent antigen recognition and IL-12/IL-18-driven cytokine
activation, can cooperate rather than functioning independently. MAIT cells show relatively high
responsiveness to inflammatory signals, while simultaneous TCR and inflammatory stimulation
synergistically enhances IFN-γ and granzyme B responses [108]. Multi-omics profiling similarly showed
that anti-CD3/CD28 and IL-12/IL-18 stimulation generate distinct molecular states, whereas their
combination produces a more complete activation program resembling bacterial stimulation and
induces feedback regulators including TWIST1 and LAG3 [109]. Other inflammatory signals can further
tune this response; for example, type I interferons directly enhance IFN-γ and granzyme B production
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during TCR-mediated MAIT activation [110]. MAIT-cell function is better understood as the product of
integrated MR1–TCR and inflammatory signaling, rather than as the output of a single TCR-driven
pathway.

Tissue adaptation can alter the baseline state upon which subsequent TCR and cytokine signals act.
These two activation routes themselves drive overlapping but distinct transcriptional programs, with TCR
engagement preferentially inducing genes associated with tissue repair and homeostasis [111]. This
distinction becomes particularly relevant in tissue-resident MAIT cells, where local transcriptional and
metabolic adaptation can further modify how these signals are interpreted [112, 113]. Human liver MAIT
cells are metabolically and transcriptionally distinct from circulating MAIT cells and respond more
polyfunctionally to cytokine stimulation; TCR stimulation of liver MAIT cells similarly enriches a tissue-
repair program, whereas resting liver MAIT cells show enhanced IL-12 signaling and fatty-acid
metabolism [112]. Even similar TCR inputs can be decoded differently depending on the pre-existing
tissue-conditioned state of the cell.

This adaptive plasticity may help explain the apparently opposing roles of MAIT cells in cancer. In mouse
tumor models, MAIT cells promoted tumor growth and metastasis through a mechanism requiring tumor
MR1 and involving suppression of NK-cell activity, partially through IL-17A [114]. Conversely, deliberate
MAIT activation with antigen enhanced antitumor immunity in other models and strengthened NK-cell
responses; activated human MAIT cells similarly enhanced the function of NK cells isolated from patient
tumors [115]. Rather than being contradictory, these studies suggest that activation state determines
whether MAIT-mediated immune regulation becomes tumor-promoting or tumor-restraining.

MAIT-cell function depends on the timing and combination of TCR, cytokine, costimulatory, and tissue-
derived inputs. Measuring proximal TCR activity, ERK, Ca²⁺–NFAT, PI3K–AKT, and metabolism under
defined combinations of MR1 antigen and inflammatory cytokines could help distinguish signaling
patterns associated with cytotoxic, tissue-repair, immunoregulatory, and dysfunctional states.

3.4 γδ T cells: unconventional TCR recognition coupled to
metabolic and stress sensing
γδ T cells require particularly careful interpretation because they comprise multiple biologically distinct
populations with different TCR repertoires, tissue distributions, and recognition mechanisms [116, 117].
Findings from one γδ subset, developmental stage, or species therefore should not be generalized to the
entire lineage. Nevertheless, γδ T cells provide a striking example of how a broadly conserved T-cell
signaling backbone can be coupled to highly unconventional modes of target recognition [118, 119].

Early studies demonstrated that even the composition of the γδ TCR complex can differ from that of
conventional αβ T cells. In mice, most ex vivo γδ TCR complexes examined lacked CD3δ and generated
greater Ca²⁺ mobilization, ERK activation, and proliferation than αβ TCRs under matched experimental
conditions [120]. These observations established that receptor architecture can influence signaling
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potential, although they do not imply that every mature human γδ T-cell subset intrinsically signals more
strongly than conventional αβ T cells.

Human Vγ9Vδ2 T cells provide a particularly distinctive example because their TCR detects changes in
intracellular isoprenoid metabolism rather than conventional peptide–MHC complexes [121, 122].
Microbial HMBPP, generated through the non-mevalonate/MEP isoprenoid pathway, is a highly potent
phosphoantigen, whereas the host-derived metabolite IPP can accumulate when the mevalonate
pathway is dysregulated in transformed cells or pharmacologically perturbed [122]. Metabolic
disturbance within a target cell can ultimately be translated into γδ TCR activation. Earlier signaling
studies already suggested that this mode of recognition is kinetically unusual: phosphoantigen
stimulation produced early Lck activation but comparatively delayed and sustained downstream
signaling relative to anti-CD3 crosslinking [122].

How these intracellular phosphoantigens are converted into a TCR-recognizable surface signal is now
understood to involve the coordinated actions of BTN3A1 and BTN2A1 [49, 50, 122]. Phosphoantigens
bind the intracellular B30.2 domain of BTN3A1, initiating an “inside-out” signaling process required for
Vγ9Vδ2 activation [48, 123]. BTN2A1 acts as an essential partner that directly engages germline-
encoded regions of the Vγ9 TCR and cooperates with BTN3A1 to form the recognition interface [49, 50].
More recent structural studies showed that phosphoantigens can function as molecular “glues”
promoting intracellular BTN3A1–BTN2A1 association, thereby coupling intracellular metabolite sensing
to extracellular TCR engagement [124].

This recognition system therefore differs fundamentally from classical peptide–MHC recognition: the γδ
TCR does not simply bind the phosphoantigen itself at the cell surface. Instead, changes in intracellular
metabolite abundance are sensed by butyrophilins and converted into a cell-surface configuration
recognized by the Vγ9Vδ2 TCR, which provides a direct mechanistic link between infection- or
transformation-associated metabolism and immune surveillance [48, 124].

γδ T-cell activation is further shaped by stress-sensing receptors. NKG2D, for example, can provide
potent costimulatory signals and, under some conditions, directly activate human Vγ9Vδ2 T cells,
inducing cytotoxic granule release and TNF production in response to stress-induced ligands such as
MICA [54]. γδ T-cell tumor recognition can therefore integrate TCR-dependent metabolic sensing with
NK-like recognition of cellular stress, potentially broadening target recognition beyond any single
antigenic pathway [125].

Distinct proximal kinase requirements have also been identified, although in a more restricted
developmental context. During murine thymic differentiation of IL-17-producing γδ T cells, Syk, rather
than ZAP70, was required to efficiently activate PI3K–AKT signaling and generate the γδT17 lineage;
ZAP70 could not functionally substitute for Syk in this setting [97]. This provides strong evidence that γδ
TCR signaling can acquire lineage-specific proximal wiring, but the finding specifically concerns murine
γδT17 development and should not be extrapolated to mature human antitumor γδ T cells.
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γδ T cells retain a shared T-cell signaling backbone, but the inputs vary by subset and context: TCR
architecture, butyrophilin-mediated metabolic sensing, stress receptors, and, in selected developmental
programs, proximal kinase usage. Live-cell studies in defined mature therapeutic γδ T-cell populations
are needed to determine how these inputs combine over time.

3.5 From signaling architecture to tumor killing,
amplification, and exhaustion
Collectively, these aforementioned studies indicate that the functional output of innate-like T cells is
shaped not only by which signaling pathways are engaged, but also by how strongly, how long, and
where within the cell those signals are generated. Signal amplitude is particularly important because
stronger receptor engagement does not necessarily translate into superior therapeutic activity. T-cell
signaling networks contain both amplification and negative-feedback mechanisms that sharpen antigen
discrimination and constrain inappropriate activation [9, 76]. When stimulation becomes excessive or
persistent, these same signaling networks can drive altered differentiation or dysfunctional states,
including NFAT-associated exhaustion and tonic-signaling-induced CAR-T dysfunction [12, 126]. This
principle is well established in engineered αβ T cells, where tonic CAR signaling can promote exhaustion
and calibrated reduction of CD3ζ ITAM signaling can improve persistence and antitumor activity [12, 13].

The duration of signaling further influences how receptor engagement is decoded into transcriptional
programs and long-term functional states. iNKT and MAIT studies show that TCR-dependent and
cytokine-driven activation can generate distinct subsequent phenotypes and transcriptional states [52,
53]. In conventional CD8⁺ T cells, persistent NFAT activity in the absence of balanced AP-1 cooperation
can induce transcriptional programs associated with anergy and exhaustion [126]. Although this
mechanism has not been established as a universal pathway in iNKT, MAIT, or γδ T cells, it provides a
useful framework for considering how repeated or sustained stimulation may progressively reshape
innate-like T-cell function.

Where signaling occurs within the cell is also an important determinant of how receptor engagement is
amplified and translated into downstream responses. TCR microclusters, LAT-centered signaling
assemblies, and synaptic versus extrasynaptic kinase activity demonstrate that receptor signaling is
highly compartmentalized [24, 26]. Moreover, live-cell biosensor studies have shown that TCRs and CARs
can generate distinct spatial patterns of ZAP70 activity despite using overlapping proximal signaling
machinery [16]. Such observations suggest that signaling topology may influence downstream output by
controlling local kinase–substrate encounters, adaptor assembly, and exposure to positive or negative
regulators.

The amplitude, duration, spatial organization, and convergence of TCR-associated signals provide a
mechanistic basis for how relatively limited receptor-proximal events are amplified into large functional
responses. Single-molecule measurements indicate an approximately 1:1 relationship between
productive pMHC:TCR engagement and ZAP70 recruitment, arguing that substantial signal amplification
occurs downstream of the initial triggering event rather than through repeated amplification at the
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receptor itself [83]. Downstream amplification can emerge at several levels: LAT-centered assemblies
concentrate kinases and adaptor proteins while excluding phosphatases [26], kinase cascades and
second messengers propagate the signal across multiple pathways, and transcriptional networks
integrate these inputs over longer timescales [26]. In innate-like T cells, this amplification is further
shaped by convergence with non-TCR inputs. For example, inflammatory cytokines can synergize with
MAIT TCR signaling to enhance effector responses [108], while iNKT and γδ T cells similarly integrate
cytokine- or stress-receptor signals with TCR activation [52, 54].

We propose that the combination of recognition inputs generates a signaling trajectory defined by
pathway amplitude, duration, location, and convergence. Transcriptional and metabolic responses to that
trajectory may help determine whether an innate-like T cell becomes cytotoxic, immune-amplifying,
regulatory, or dysfunctional. These states may also depend on the signaling history created by repeated
tumor encounters, inflammatory cues, and tissue-specific inputs. Direct measurements across these
contexts are needed to test why similar receptor engagement can lead to different antitumor outcomes.

4 From signaling fingerprints to synthetic design: activity imaging-
guided engineering of innate-like T-cell therapies

4.1 The optimal CAR signal is not necessarily the strongest
CAR signal
CAR engineering provides an unusually tractable system in which receptor signaling architecture can be
deliberately manipulated and linked to therapeutic phenotype. Evidence from conventional αβ CAR-T
cells increasingly argues against a simple “stronger is better” model. Antigen-independent CAR
clustering, for example, can drive tonic CD3ζ phosphorylation and premature exhaustion; in one
extensively characterized system, CD28 costimulation augmented this phenotype, whereas 4-1BB
reduced the consequences of persistent tonic signaling [12]. Conversely, very weak tonic signaling can
also compromise CAR-T-cell fitness, and tuning surface charge within the antigen-binding domain toward
an intermediate level improved persistence and function [127]. Both insufficient and excessive signaling
can be detrimental, suggesting that therapeutic performance depends on signal calibration rather than
signal maximization.

The same principle is evident at the level of CD3ζ ITAM organization. Reducing the three functional
ITAMs of a CD28–CD3ζ CAR to a single appropriately positioned ITAM generated a more balanced
effector–memory state and improved therapeutic activity in the tested models [13]. Replacement of a
single residue within the CD28 intracellular domain reduced differentiation and exhaustion while
improving CAR-T-cell persistence and antitumor durability [15]. Costimulatory domains also impose
distinct metabolic programs, with CD28 favoring glycolytic effector differentiation and 4-1BB promoting
mitochondrial biogenesis and central-memory characteristics [14]. These examples show that CAR
sequence affects how activation is routed into differentiation, metabolism, and persistence, as well as
the magnitude of the initial signal.
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4.2 Biosensor-enabled activity imaging directly connect
CAR architecture to signaling dynamics
The functional consequences of CAR modification have traditionally been evaluated through endpoint
phenotypes such as cytokine production, proliferation, differentiation, persistence, and tumor control [12,
13]. Live-cell biosensors provide a complementary mechanistic layer by directly resolving how changes
in CAR architecture alter the kinetics and spatial organization of intracellular signaling before these
downstream phenotypes emerge [16, 18]. FRET imaging of TSHR-specific CAR-T cells, for example,
demonstrated rapid ZAP70 and ERK activation following target-cell engagement and revealed
differences in downstream ERK signaling between CD28- and 4-1BB-containing CARs [17]. CD28- and 4-
1BB-containing CARs generated similar proximal ZAP70 activation in this system, yet CD28 CARs
produced somewhat greater ERK activity [17], indicating that differences between costimulatory
domains can emerge downstream even when proximal kinase activation appears similar.

An even clearer example comes from comparison of conventional CD3ζ and single-ITAM 1XX CARs [18].
Despite having fewer functional ITAMs, 1XX CARs generated broadly similar ZAP70 activation but
greater Ca²⁺ elevation and more rapid ERK activation, together with enhanced persistence and antitumor
activity in the tested models [18]. Reducing receptor-proximal signaling capacity does not necessarily
attenuate the entire signaling network proportionally; instead, it can rebalance signaling between
downstream branches. Consistent with this concept, FRET-Seq-derived biosensors revealed that TCR and
CAR engagement generate different spatial patterns of ZAP70 activity despite using overlapping
proximal machinery [16]. These findings argue that CAR optimization should consider the kinetics,
branching, and spatial organization of signaling rather than relying on a single measure of proximal
activation.

4.3 CAR signaling domains should be optimized within the
innate-like T-cell chassis
The importance of signaling architecture becomes even greater when CARs developed in conventional
αβ T cells are transferred into iNKT, MAIT, or γδ T cells. Because these lineages differ in endogenous
receptor inputs, adaptor usage, transcriptional state, and metabolic programming, the same CAR
signaling domain may not be interpreted identically by each cellular chassis.

CAR-iNKT studies provide an early indication that costimulatory domains cannot be ranked
independently of the cellular context in which they operate. In GD2-CAR iNKT cells, 4-1BB signaling
altered polarization, whereas incorporating both CD28 and 4-1BB improved in vivo persistence in the
tested system [128]. Subsequent optimization, however, showed that 4-1BB-containing CARs were more
susceptible to activation-induced cell death and expanded less efficiently than CD28-based constructs,
while provision of IL-15 to CD28 CAR-iNKT cells enhanced persistence, serial killing, and tumor control
[129]. Rather than establishing a universal advantage of CD28 or 4-1BB, these studies suggest that the
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functional consequence of a costimulatory module emerges from its interaction with CAR architecture,
cytokine support, and the intrinsic signaling program of the iNKT cell.

This principle has now gained increasing clinical relevance. In a phase I study of GD2-CAR.15 iNKT cells
in relapsed or refractory neuroblastoma, objective responses were observed, and a higher frequency of
CD62L⁺ cells in the infused product was associated with greater subsequent CAR-iNKT expansion [55].
Because CD62L marks a less differentiated iNKT population with greater proliferative potential, this
association suggests that therapeutic efficacy depends not only on the strength of acute CAR-mediated
killing but also on whether receptor and cytokine signaling preserve a cellular state capable of expansion
and persistence. The same study implicated BTG1 in iNKT hyporesponsiveness, further emphasizing
that intracellular cell-state programs can constrain the output of an otherwise active CAR [55].

Evidence in MAIT and γδ T cells remains more limited, but similarly suggests that CAR signals are
interpreted within a lineage-specific cellular context. Anti-CD19 and anti-HER2 CAR-MAIT cells efficiently
killed antigen-positive targets while retaining MR1-dependent recognition, yet produced a cytokine profile
distinct from conventional CAR-CD8⁺ T cells, including lower IFN-γ production in the reported system
[56]. This suggests that CAR engagement does not replace the underlying MAIT program but is
integrated with it, allowing synthetic and native recognition pathways to coexist within the same cell [56].
More recently, BCMA CAR-γδ T cells showed antigen-induced activation comparable to CAR-αβ T cells
but exhibited reduced proliferation and less durable cytotoxicity, while intracellular-domain composition
substantially influenced their performance [57]. Given the distinct recognition and effector biology of γδ
T cells [130], these findings support the view that similar CAR inputs can be translated into different
downstream functional programs depending on the cellular chassis.

A 2026 phosphoproteomic comparison provides more direct evidence that CAR signals can be
processed differently by γδ and αβ T cells [131]. CAR-γδ cells displayed extensive differences in
phosphorylation networks, reduced metabolic capacity, and weaker AP-1 activation; engineering an
additional costimulatory receptor enhanced AP-1 activity and persistence [131]. Because this study is
currently a preprint, these findings should be considered preliminary, but they provide a mechanistic
rationale for chassis-specific CAR signaling design rather than simply transferring architectures
optimized in αβ T cells.

4.4 From intact costimulatory domains to programmable
signaling motifs
Most CAR designs treat intracellular signaling domains such as CD28, 4-1BB, ICOS, OX40, and CD3ζ as
intact modules, even though these domains engage distinct downstream signaling partners [10, 132]. At
the biochemical level, however, these receptor tails are composed of smaller sequence motifs that
recruit specific signaling proteins. For example, phosphorylation of the YMXM/YMNM motif in CD28
creates a docking site for the p85 regulatory subunit of PI3K [133, 134], whereas the corresponding
YMFM motif in ICOS preferentially recruits PI3K but not Grb2 [135]. Members of the TNFR superfamily
use different motif logic: 4-1BB and OX40 recruit TRAF-family adaptors through their cytoplasmic tails,

Page 22/42



thereby engaging pathways including NF-κB [136–138]. In parallel, phosphorylation of CD3ζ ITAMs
creates high-affinity docking sites for the tandem SH2 domains of ZAP70, coupling receptor triggering to
the proximal TCR kinase cascade [139, 140]. Receptor tails can therefore be viewed as collections of
phosphorylation, kinase-, adaptor-, and effector-recruitment instructions, whose identity, number, and
position determine how downstream signaling is assembled [141, 142].

This modular view opens the possibility of moving beyond naturally occurring costimulatory domains by
recombining individual signaling motifs to selectively tune pathway recruitment and downstream cellular
state. Daniels and colleagues constructed approximately 2,300 CAR costimulatory domains from
combinations of 13 signaling motifs and showed that motif identity, combination, and position generated
markedly different T-cell phenotypes [142]. Neural-network analysis extracted design rules from this
library and identified non-natural combinations of TRAF- and PLCγ1-recruiting motifs that promoted both
cytotoxicity and stem-like features. Adding PLCγ1-recruiting motifs improved 4-1BB-like CARs but
provided little benefit in the CD28 context, consistent with PLCγ1 signaling being complementary to
TRAF signaling but more redundant with pathways already engaged by CD28 [142]. Synthetic receptor
design can move from selecting intact costimulatory domains toward programming specific signaling
interactions and pathway combinations.

The next challenge is to connect these synthetic motifs to the signaling dynamics that generate
therapeutic phenotype. Current motif libraries are largely optimized using terminal outputs such as
cytotoxicity, proliferation, or memory state, but these endpoints do not reveal how a given motif reshapes
signaling between receptor engagement and cell fate. Incorporating intermediate measurements of
kinase activity, Ca²⁺, ERK, and transcription-factor dynamics could reveal whether a favorable motif acts
by altering signal strength, duration, pathway coupling, or signal termination. Comparing these
responses across iNKT, MAIT, and γδ T cells could then determine which signaling rules are broadly
transferable and which require chassis-specific optimization.

4.5 Defining the dynamic signaling fingerprint of an
effective therapeutic cell
A logical extension of this framework is to characterize engineered receptors not only by their sequence
or terminal phenotype, but by the dynamic signaling state that they generate during tumor recognition. A
multiplexed biosensor panel could resolve proximal Lck/Fyn and ZAP70/Syk activity together with Ca²⁺,
ERK, NFAT, PI3K–AKT, and metabolic responses, thereby capturing how receptor architecture is
translated into coordinated pathway activity. Measurements during the first target-cell encounter,
repeated rounds of tumor recognition, and post-killing disengagement would be particularly informative,
because receptors that produce similar endpoint phenotypes may differ substantially in how rapidly they
activate, how long signaling persists, and how efficiently they reset between encounters.

A dynamic signaling fingerprint could include activation latency, peak amplitude, signal duration, pulse
frequency, spatial polarization, cell-to-cell heterogeneity, and return-to-baseline kinetics. Comparing
these measurements with serial killing, proliferation, differentiation, metabolic fitness, persistence, and
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exhaustion-associated phenotypes could link receptor architecture and intracellular signaling to
therapeutic function. Such comparisons could identify signaling features associated with a receptor’s
functional advantage.

One particularly relevant but poorly defined parameter is signal resetting. CAR-T cells can sequentially
kill multiple tumor targets, requiring repeated cycles of synapse formation, cytotoxicity, disengagement,
migration, and reactivation [143]. A receptor that generates strong activation during the first encounter
but fails to terminate efficiently could therefore be disadvantaged during subsequent encounters or
progressively accumulate maladaptive signaling. Directly measuring the rate and completeness with
which kinase, Ca²⁺, ERK, and NFAT signals return toward baseline after target disengagement may reveal
whether efficient resetting contributes to sustained serial killing.

Drawing on conventional αβ CAR-T literature, one testable model is that effective signaling combines
sufficient but transient activation with efficient downstream propagation and recovery, rather than
maximizing every pathway. Excessive tonic signaling promotes dysfunction [12, 127], whereas calibrated
ITAM signaling can improve persistence [13]; persistent, unbalanced NFAT activity has likewise been
linked to dysfunctional transcriptional programs in conventional T cells [126]. Whether analogous
dynamic signatures predict function in CAR-iNKT, CAR-MAIT, or CAR-γδ cells remains unknown and
should therefore be treated as a hypothesis for experimental testing rather than an established design
rule.

The signaling pattern associated with effective function may depend on the therapeutic cell. iNKT cells
integrate TCR signaling with SAP–Fyn and cytokine pathways, MAIT cells combine MR1–TCR and
inflammatory inputs, and Vγ9Vδ2 cells integrate butyrophilin-dependent metabolic recognition with
stress-receptor signaling. CAR designs may therefore need to generate different signaling dynamics in
each lineage.

4.6 Toward an activity imaging- and AI-guided closed-loop
platform for CAR optimization
Machine learning provides a natural framework for navigating this multidimensional design space [144].
Synthetic signaling-domain libraries have already shown that neural networks can learn relationships
between motif composition and T-cell phenotype [142]. Complementary approaches are beginning to
address tonic signaling at the antigen-binding domain itself. CAR-Toner, for example, uses a protein-
language model to predict and optimize positively charged surface patches associated with CAR
clustering and tonic signaling [145], building on experimental evidence that tuning these charge features
can alter CAR-T-cell fitness [127].

A logical extension of this framework is to incorporate dynamic signaling measurements as an
intermediate mechanistic layer linking receptor architecture to therapeutic outcome. In this model,
receptor sequence and motif composition would be related to cell-chassis-specific signaling dynamics,
summarized as a quantitative signaling fingerprint, and then connected to cellular phenotype and in vivo

Page 24/42



performance. These relationships could subsequently inform predictive modeling and rational design of
next-generation receptors (Fig. 3).

The key advantage of such a framework is mechanistic interpretability. Rather than learning only that
one CAR sequence produces greater cytotoxicity than another, a model could identify whether a
particular motif combination changes ZAP70 activation, ERK propagation, Ca²⁺–NFAT persistence,
metabolic adaptation, or signal resetting, and then relate those intermediate states to serial killing and
persistence. This would allow subsequent receptor designs to be modified on the basis of a defined
signaling defect rather than selected solely through empirical screening (Fig. 3).

Dynamic measurements could be combined with phosphoproteomics, single-cell transcriptomics,
chromatin accessibility, metabolomics, and spatial profiling. Omics approaches provide molecular
breadth; live-cell biosensors add temporal and spatial information that is largely lost at discrete
endpoints. Models developed separately in CAR-iNKT, CAR-MAIT, and CAR-γδ T cells could then test
which relationships between receptor architecture, signaling, and function are shared across lineages
and which depend on the cell type.

5 Outstanding questions and limitations
An immediate limitation lies in the performance and validation of the biosensors themselves. For kinase
activity reporters, greater sensitivity and dynamic range will be important for resolving low-amplitude or
highly localized TCR signaling; indeed, systematic optimization of substrate sequences can substantially
improve Fyn and ZAP70 reporter performance [16, 146]. Equally important is substrate selectivity,
because kinase activity reporters function as surrogate substrates and related kinases can have
overlapping sequence preferences. Reporter substrates should therefore be systematically evaluated
against relevant kinase families and validated using kinase perturbation and phosphorylation-site
controls to ensure that the measured signal faithfully reflects the intended kinase [146, 147]. For second-
messenger sensors, a different constraint is response kinetics. Ca²⁺ and lipid-derived messengers can
change on very rapid timescales, making fast sensor association and dissociation kinetics essential for
accurately capturing signal onset, peak amplitude, oscillations, and return to baseline [148, 149].
Improving these properties will therefore be essential before quantitative signaling fingerprints can be
interpreted as faithful representations of endogenous T-cell signaling.

Despite rapid progress, several limitations currently constrain how confidently signaling principles can be
transferred from conventional T cells to innate-like T-cell therapies. Most mechanistic live-cell imaging
studies of proximal TCR and CAR signaling have been performed in conventional αβ T cells, whereas
comparable measurements in mature human iNKT, MAIT, and γδ T cells remain relatively sparse [16, 18].
Consequently, some of the signaling relationships proposed here necessarily combine lineage-specific
functional observations with mechanistic frameworks established in αβ T cells. These comparisons are
useful for generating hypotheses, but should not be interpreted as evidence that identical signaling
dynamics operate in every innate-like T-cell lineage.
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A related issue is the distinction between developmental signaling and mature effector signaling. Strong
and sustained TCR–Egr–PLZF signaling clearly shapes iNKT development [96, 100], while Syk–PI3K
signaling has a specific requirement during murine γδT17 differentiation [97]. These studies establish
that signaling strength and pathway usage can determine lineage fate, but they do not necessarily
predict how mature human iNKT or γδ T cells process native-TCR or CAR stimulation in tumors. Direct
comparison of developmental, resting mature, activated, and repeatedly stimulated states will therefore
be important for distinguishing lineage-establishing pathways from those that control therapeutic
function.

The experimental context also strongly influences the signaling state being measured. Antibody-
mediated CD3 crosslinking, supported lipid bilayers, antigen-presenting cells, and tumor-cell conjugates
differ in ligand mobility, receptor density, mechanical coupling, synapse geometry, and duration of cell–
cell contact. Live-cell imaging has already shown that TCR signaling is dynamically reorganized through
microclusters and nanoscale receptor assemblies rather than occurring uniformly across the membrane
[24, 25, 27]. Signaling kinetics obtained from one stimulation format should therefore not automatically
be treated as fixed physiological properties of a given receptor.

Biosensor measurements themselves introduce additional constraints. Genetically encoded reporters
can perturb the system if expressed at excessive levels, while most current reporters visualize only a
limited number of pathways simultaneously. FRET-based approaches also consume substantial spectral
bandwidth, although single-fluorophore KTR, cpEGFP, and chemigenetic sensor architectures may
increasingly alleviate this limitation [30, 32, 33]. Conversely, label-free approaches such as NAD(P)H/FAD
FLIM provide valuable information about metabolic state but do not identify which upstream receptor or
signaling pathway produced that state [42]. A major methodological challenge is therefore to increase
multiplexing without sacrificing temporal resolution or substantially perturbing endogenous signaling.

Most importantly, an informative signaling fingerprint must ultimately predict in vivo therapeutic
behavior. Tumor cells are encountered within environments shaped by antigen heterogeneity, hypoxia,
nutrient limitation, suppressive myeloid populations, stromal interactions, and repeated target
recognition, all of which may alter signaling trajectories that appear favorable under simplified in vitro
conditions. Measurements obtained during a single tumor-cell encounter should therefore be extended
to repeated killing, tissue infiltration, persistence, biodistribution, and toxicity. The most useful signaling
features will be those that remain associated with therapeutic performance across these increasingly
complex settings.

Finally, predictive modeling will be limited by the quality and diversity of the underlying data. Neural-
network approaches have already demonstrated that CAR signaling-motif composition can be related to
cellular phenotype [142], and sequence-based models can predict features associated with tonic CAR
signaling [145]. However, small datasets derived from limited donors, receptor architectures, or
experimental conditions may capture batch-specific correlations rather than general biological rules.
Future platforms will therefore require standardized perturbations, longitudinal measurements, multiple
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donors and cell states, independent validation, and, most importantly, prospective testing of model-
predicted receptor designs.

Before signaling fingerprints can guide the design of iNKT-, MAIT-, and γδ T-cell therapies, experiments
must establish which dynamic features are causal, reproducible, and predictive across donors and
physiological contexts.

6 Conclusions
A central theme emerging from this Review is that the signaling distinctiveness of iNKT, MAIT, and γδ T
cells does not generally arise from possession of completely different intracellular pathways. Instead,
these lineages largely retain the canonical T-cell signaling framework but connect it to different
recognition systems, accessory receptors, developmental programs, and tissue-derived inputs. iNKT
cells combine TCR signaling with SLAM–SAP–Fyn and cytokine pathways; MAIT cells integrate MR1-
dependent antigen recognition with inflammatory cytokines and tissue adaptation; and Vγ9Vδ2 cells
translate alterations in intracellular isoprenoid metabolism into TCR recognition through BTN3A1 and
BTN2A1 while also responding to cellular stress [53, 54, 103, 112, 124]. The relevant question is
therefore less whether these cells possess a unique kinase and more how a shared signaling network is
configured and dynamically integrated within each lineage.

This distinction becomes apparent when TCR signaling is considered as a dynamic process rather than a
static pathway diagram. Microscopy has shown that receptor triggering is organized through
microclusters, nanoscale receptor domains, and LAT-centered signaling assemblies [24–26]. At the
same time, kinase and second-messenger reporters reveal substantial temporal structure, including
spatially separated ZAP70 activity, sustained or pulsatile ERK responses, and oscillatory Ca²⁺ signals [28,
31, 35, 41]. These observations indicate that signaling information can be encoded through several
interdependent dimensions: magnitude, persistence, localization, pathway coupling, and signal
termination, rather than through phosphorylation magnitude alone.

Differences in signaling amplitude, duration, localization, and pathway integration may help explain why
the same innate-like T-cell lineage can adopt markedly different functional states. MAIT cells, for
example, can generate different molecular programs following TCR-dependent versus IL-12/IL-18-
dependent activation, while simultaneous stimulation produces yet another integrated response [53, 108,
109]. iNKT cells likewise acquire different subsequent phenotypes depending on whether activation
occurs through the TCR or inflammatory cytokines [52]. These findings suggest that cytotoxic,
immunoregulatory, tissue-repair, or dysfunctional phenotypes need not represent fixed properties of a
lineage. Instead, they may emerge from different signaling trajectories imposed on a shared cellular
program. The same reasoning may explain why repeated or persistent signaling can ultimately produce
outcomes very different from those generated by acute activation, as illustrated by NFAT-driven
dysfunctional programs in conventional T cells [126].
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This concept has direct implications for synthetic receptor engineering (Fig. 3). CAR design has
historically been organized around modular receptor components, including an antigen-binding domain,
hinge/transmembrane region, one or more costimulatory domains, and a CD3ζ signaling module [10, 11].
Increasing evidence, however, shows that relatively subtle changes within these modules can
substantially alter downstream signaling and cell fate. Repositioning or reducing individual CD3ζ ITAMs
can redirect differentiation and therapeutic potency [13], while modification of a single residue within the
CD28 cytoplasmic domain can reduce exhaustion and improve CAR-T-cell persistence and antitumor
durability [15]. Tonic signaling, ITAM number and position, individual residues within CD28, and
costimulatory-domain identity can alter differentiation, metabolism, persistence, and exhaustion [12–15].
Live-cell measurements show that these effects cannot always be predicted from proximal activation
alone: CARs with similar ZAP70 activity can generate different Ca²⁺ or ERK responses, and TCRs and
CARs can organize ZAP70 activity differently in space [16–18]. The therapeutic objective should
therefore not be to maximize one signaling node, but to generate a coordinated signaling trajectory
appropriate for the desired cellular state.

Innate-like T cells add an additional layer to this design problem because CAR signaling is superimposed
on lineage-specific endogenous networks, including SAP–Fyn signaling in iNKT cells, TCR–cytokine
integration in MAIT cells, and stress-receptor signaling in γδ T cells [53, 54, 103]. CAR-iNKT studies
already show that the effects of CD28, 4-1BB, and IL-15 depend strongly on cellular context [128, 129],
while CAR-MAIT and CAR-γδ studies suggest that apparently comparable synthetic receptor engagement
can be translated into different cytokine, proliferative, and cytotoxic programs [56, 57]. Accordingly, there
may be no universally optimal CAR signaling architecture. An intracellular domain optimized in an αβ T
cell may therefore be suboptimal in a cell whose native signaling network is simultaneously shaped by
SAP–Fyn signaling in iNKT cells, MR1–TCR and cytokine integration in MAIT cells, or butyrophilin- and
stress-receptor-dependent pathways in γδ T cells [48, 49, 53, 54, 103]. Cellular chassis should therefore
be considered a design variable rather than merely a vehicle for receptor expression.

The emerging ability to construct signaling domains from individual biochemical motifs provides a route
toward testing this idea directly. Synthetic combinations of TRAF-, PLCγ1-, and other signaling motifs
can generate phenotypes not readily achieved by intact natural costimulatory domains, and machine-
learning models can already extract relationships between motif composition and cellular phenotype
[142]. The next conceptual step is to place a mechanistically interpretable layer between sequence and
phenotype. Rather than learning only that one receptor sequence performs better than another, models
could incorporate dynamic signaling fingerprints describing ZAP70 activation, Ca²⁺ and ERK propagation,
NFAT persistence, metabolic adaptation, spatial polarization, and signal resetting. Such an approach
could shift receptor optimization from empirical screening toward mechanism-guided design by
revealing which signaling features underlie therapeutic performance.

Realizing this framework will require advances in both measurement technology and experimental
design. Kinase reporters will need improved dynamic range, sensitivity, and rigorously validated
substrate selectivity, whereas second-messenger reporters must respond sufficiently rapidly to
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reproduce fast endogenous kinetics. Multiplexing remains limited, and signaling patterns measured
under antibody crosslinking or simplified in vitro stimulation may not reproduce those generated within a
tumor microenvironment. These limitations are particularly important because direct activity imaging in
mature human iNKT, MAIT, and γδ T cells remains sparse. The signaling fingerprints proposed here
should therefore be regarded as testable mechanistic hypotheses, not yet as established engineering
rules.

Live-cell activity imaging, synthetic receptor engineering, single-cell and spatial omics, and machine
learning could be combined to test how receptor architecture affects signaling, cellular state, and
therapeutic performance. Comparisons across iNKT, MAIT, and γδ T cells would show which signaling
relationships hold across lineages and which require a different receptor design. The critical next step is
to test whether these measured dynamics predict sustained antitumor function more reliably than
terminal phenotypes alone.

Declarations

Clinical trial number
not applicable.

Ethics approval and consent to participate

Not applicable.

Consent for publication

Not applicable.

Competing interests

The authors declare no competing interests.

Funding
This research received no specific grant from any funding agency in the public, commercial, or not-for-
profit sectors.

Author Contribution
Zhengyao Shao conceived and designed the review. Zixing Zhang and Zhengyao Shao performed the
literature search and drafted the manuscript. Zhengyao Shao conducted figure preparation and the

Page 29/42



manuscript proofreading. Both authors reviewed and approved the final version of the manuscript.

Acknowledgement
The authors acknowledge the use of ChatGPT (OpenAI) to assist with language refinement and the use
of Biorender for schematic illustrations. All scientific content, interpretations, and final figures were
reviewed and approved by the authors.

Data availability
No datasets were generated or analyzed during the current study.

References
1. Liu L, et al. Engineering chimeric antigen receptor T cells for solid tumour therapy. Clin Transl Med.

2022;12(12):e1141.

2. Wang S, et al. Antigen escape in CAR-T therapy: A tumor microenvironment perspective from
hematological to solid tumors. Int J Cancer. 2026;158(4):835–46.

3. Gumber D, Wang LD. Improving CAR-T immunotherapy: Overcoming the challenges of T cell
exhaustion. EBioMedicine. 2022;77:103941.

4. Li YR, et al. Engineering an in vivo charging station for CAR-redirected invariant natural killer T cells
to enhance cancer therapy. Nat Biomed Eng; 2026.

5. Li YR, et al. Stem cell mitochondrial transfer rejuvenates CAR-NKT cell metabolism and antitumor
activity. Res Sq; 2026.

6. Li Y-R, et al. Abstract 4316: An in vivo MAIT cell activation and rejuvenation systemfor liver cancer
therapy. Cancer Res. 2026;86(7Supplement):4316–4316.

7. Li YR, et al. The clinical landscape of CAR-engineered unconventional T cells. Trends Cancer.
2025;11(6):520–39.

8. Li YR, et al. Breaking the mold: Unconventional T cells in cancer therapy. Cancer Cell.
2025;43(3):317–22.

9. Courtney AH, Lo WL, Weiss A. TCR Signaling: Mechanisms of Initiation and Propagation. Trends
Biochem Sci. 2018;43(2):108–23.

10. Weinkove R, et al. Selecting costimulatory domains for chimeric antigen receptors: functional and
clinical considerations. Clin Transl Immunol. 2019;8(5):e1049.

11. Feucht J, Sadelain M. Function and evolution of the prototypic CD28ζ and 4-1BBζ chimeric antigen
receptors. Immunooncol Technol. 2020;8:2–11.

12. Long AH, et al. 4-1BB costimulation ameliorates T cell exhaustion induced by tonic signaling of
chimeric antigen receptors. Nat Med. 2015;21(6):581–90.

Page 30/42



13. Feucht J, et al. Calibration of CAR activation potential directs alternative T cell fates and therapeutic
potency. Nat Med. 2019;25(1):82–8.

14. Kawalekar OU, et al. Distinct Signaling of Coreceptors Regulates Specific Metabolism Pathways and
Impacts Memory Development in CAR T Cells. Immunity. 2016;44(2):380–90.

15. Guedan S, et al. Single residue in CD28-costimulated CAR-T cells limits long-term persistence and
antitumor durability. J Clin Invest. 2020;130(6):3087–97.

16. Liu L, et al. Integration of FRET and sequencing to engineer kinase biosensors from mammalian cell
libraries. Nat Commun. 2021;12(1):5031.

17. Zhou J, et al. Signaling Dynamics of TSHR-Specific CAR-T Cells Revealed by FRET-Based
Biosensors. Front Cell Dev Biol. 2022;10:845319.

18. Duan Y, et al. Balancing activation and co-stimulation of CAR tunes signaling dynamics and
enhances therapeutic potency. Mol Ther. 2023;31(1):35–47.

19. Rochussen AM, Lippert AH, Griffiths GM. Imaging the T-cell receptor: new approaches, new insights.
Curr Opin Immunol. 2023;82:102309.

20. Krutzik PO, Nolan GP. Intracellular phospho-protein staining techniques for flow cytometry:
monitoring single cell signaling events. Cytometry A. 2003;55(2):61–70.

21. Shao Z, et al. Phosphorylation status of Bβ subunit acts as a switch to regulate the function of
phosphatase PP2A in ethylene-mediated root growth inhibition. New Phytol. 2022;236(5):1762–78.

22. Shao Z, Qiao H. Protocol to investigate bivalent histone modification dynamics via chromatin
immunoprecipitation followed by re-chromatin immunoprecipitation. STAR Protoc.
2025;6(2):103804.

23. Shao Z, et al. Nuclear pyruvate dehydrogenase complex regulates histone acetylation and
transcriptional regulation in the ethylene response. Sci Adv. 2024;10(30):eado2825.

24. Yokosuka T, et al. Newly generated T cell receptor microclusters initiate and sustain T cell activation
by recruitment of Zap70 and SLP-76. Nat Immunol. 2005;6(12):1253–62.

25. Lillemeier BF, et al. TCR and Lat are expressed on separate protein islands on T cell membranes and
concatenate during activation. Nat Immunol. 2010;11(1):90–6.

26. Su X, et al. Phase separation of signaling molecules promotes T cell receptor signal transduction.
Science. 2016;352(6285):595–9.

27. Pageon SV, et al. Functional role of T-cell receptor nanoclusters in signal initiation and antigen
discrimination. Proc Natl Acad Sci U S A. 2016;113(37):E5454–63.

28. Randriamampita C, et al. A novel ZAP-70 dependent FRET based biosensor reveals kinase activity at
both the immunological synapse and the antisynapse. PLoS ONE. 2008;3(1):e1521.

29. Wan R et al. Biophysical basis underlying dynamic Lck activation visualized by ZapLck FRET biosensor.
Sci Adv, 2019. 5(6): p. eaau2001.

30. Regot S, et al. High-sensitivity measurements of multiple kinase activities in live single cells. Cell.
2014;157(7):1724–34.

Page 31/42



31. Dunlock VE, Regot S. Antigen affinity modulates ERK pulsing frequency during T cell activation. Sci
Signal. 2026;19(920):eadw3709.

32. Mehta S, et al. Single-fluorophore biosensors for sensitive and multiplexed detection of signalling
activities. Nat Cell Biol. 2018;20(10):1215–25.

33. Frei MS, et al. Far-red chemigenetic kinase biosensors enable multiplexed and super-resolved
imaging of signaling networks. Nat Biotechnol. 2026;44(3):444–53.

34. He X et al. Highly Sensitive Chemigenetic FRET-Based Kinase Biosensors. bioRxiv, 2026.

35. Le Borgne M, et al. Real-Time Analysis of Calcium Signals during the Early Phase of T Cell Activation
Using a Genetically Encoded Calcium Biosensor. J Immunol. 2016;196(4):1471–9.

36. Yoshikawa S, et al. Intravital imaging of Ca(2+) signals in lymphocytes of Ca(2+) biosensor
transgenic mice: indication of autoimmune diseases before the pathological onset. Sci Rep.
2016;6:18738.

37. Carrasco S, Merida I. Diacylglycerol-dependent binding recruits PKCtheta and RasGRP1 C1 domains
to specific subcellular localizations in living T lymphocytes. Mol Biol Cell. 2004;15(6):2932–42.

38. Sato M, Ueda Y, Umezawa Y. Imaging diacylglycerol dynamics at organelle membranes. Nat
Methods. 2006;3(10):797–9.

39. Harriague J, Bismuth G. Imaging antigen-induced PI3K activation in T cells. Nat Immunol.
2002;3(11):1090–6.

40. Le Floc'h A, et al. Annular PIP3 accumulation controls actin architecture and modulates cytotoxicity
at the immunological synapse. J Exp Med. 2013;210(12):2721–37.

41. Wither MJ, et al. Antigen perception in T cells by long-term Erk and NFAT signaling dynamics. Proc
Natl Acad Sci U S A. 2023;120(52):e2308366120.

42. Walsh AJ, et al. Classification of T-cell activation via autofluorescence lifetime imaging. Nat Biomed
Eng. 2021;5(1):77–88.

43. Ichimura T, et al. Non-label immune cell state prediction using Raman spectroscopy. Sci Rep.
2016;6:37562.

44. Li Y-R, et al. Abstract 4316: An in vivo MAIT cell activation and rejuvenation systemfor liver cancer
therapy. Cancer Res. 2026;86:4316–4316.

45. Pellicci DG, et al. Differential recognition of CD1d-alpha-galactosyl ceramide by the V beta 8.2 and V
beta 7 semi-invariant NKT T cell receptors. Immunity. 2009;31(1):47–59.

46. Kjer-Nielsen L, et al. MR1 presents microbial vitamin B metabolites to MAIT cells. Nature.
2012;491(7426):717–23.

47. Corbett AJ, et al. T-cell activation by transitory neo-antigens derived from distinct microbial
pathways. Nature. 2014;509(7500):361–5.

48. Sandstrom A, et al. The intracellular B30.2 domain of butyrophilin 3A1 binds phosphoantigens to
mediate activation of human Vγ9Vδ2 T cells. Immunity. 2014;40(4):490–500.

Page 32/42



49. Rigau M et al. Butyrophilin 2A1 is essential for phosphoantigen reactivity by γδ T cells. Science,
2020. 367(6478).

50. Karunakaran MM, et al. Butyrophilin-2A1 Directly Binds Germline-Encoded Regions of the Vγ9Vδ2
TCR and Is Essential for Phosphoantigen Sensing. Immunity. 2020;52(3):487–e4986.

51. Chan B, et al. SAP couples Fyn to SLAM immune receptors. Nat Cell Biol. 2003;5(2):155–60.

52. Subleski JJ, et al. TCR-dependent and -independent activation underlie liver-specific regulation of
NKT cells. J Immunol. 2011;186(2):838–47.

53. Lamichhane R, et al. TCR- or Cytokine-Activated CD8. Cell Rep. 2019;28(12):3061–e30765.

54. Rincon-Orozco B, et al. Activation of V gamma 9V delta 2 T cells by NKG2D. J Immunol.
2005;175(4):2144–51.

55. Heczey A, et al. Anti-GD2 CAR-NKT cells in relapsed or refractory neuroblastoma: updated phase 1
trial interim results. Nat Med. 2023;29(6):1379–88.

56. Dogan M, et al. Engineering Human MAIT Cells with Chimeric Antigen Receptors for Cancer
Immunotherapy. J Immunol. 2022;209(8):1523–31.

57. Hong Y, et al. The development of novel chimeric antigen receptor gamma-delta T cells against
multiple myeloma and single-cell RNA sequencing analysis. Br J Haematol. 2026;209(3):998–1009.

58. Love PE, Hayes SM. ITAM-mediated signaling by the T-cell antigen receptor. Cold Spring Harb
Perspect Biol. 2010;2(6):a002485.

59. Chan AC, et al. ZAP-70: a 70 kd protein-tyrosine kinase that associates with the TCR zeta chain. Cell.
1992;71(4):649–62.

60. Au-Yeung BB, et al. ZAP-70 in Signaling, Biology, and Disease. Annu Rev Immunol. 2018;36:127–56.

61. Zhang W, et al. LAT: the ZAP-70 tyrosine kinase substrate that links T cell receptor to cellular
activation. Cell. 1998;92(1):83–92.

62. Paz PE, et al. Mapping the Zap-70 phosphorylation sites on LAT (linker for activation of T cells)
required for recruitment and activation of signalling proteins in T cells. Biochem J. 2001;356(Pt
2):461–71.

63. Liu SK, et al. The hematopoietic-specific adaptor protein gads functions in T-cell signaling via
interactions with the SLP-76 and LAT adaptors. Curr Biol. 1999;9(2):67–75.

64. Wange RL. LAT, the linker for activation of T cells: a bridge between T cell-specific and general
signaling pathways. Sci STKE. 2000;2000(63):re1.

65. Yablonski D, Kadlecek T, Weiss A. Identification of a phospholipase C-gamma1 (PLC-gamma1) SH3
domain-binding site in SLP-76 required for T-cell receptor-mediated activation of PLC-gamma1 and
NFAT. Mol Cell Biol. 2001;21(13):4208–18.

66. Granja C, et al. PLC gamma 1, a possible mediator of T cell receptor function. J Biol Chem.
1991;266(25):16277–80.

67. Jayaraman T, et al. The inositol 1,4,5-trisphosphate receptor is essential for T-cell receptor signaling.
Proc Natl Acad Sci U S A. 1995;92(13):6007–11.

Page 33/42



68. Loh C, et al. T-cell receptor stimulation elicits an early phase of activation and a later phase of
deactivation of the transcription factor NFAT1. Mol Cell Biol. 1996;16(7):3945–54.

69. Ebinu JO, et al. RasGRP links T-cell receptor signaling to Ras. Blood. 2000;95(10):3199–203.

70. Roose JP, et al. A diacylglycerol-protein kinase C-RasGRP1 pathway directs Ras activation upon
antigen receptor stimulation of T cells. Mol Cell Biol. 2005;25(11):4426–41.

71. Sun Z, et al. PKC-theta is required for TCR-induced NF-kappaB activation in mature but not immature
T lymphocytes. Nature. 2000;404(6776):402–7.

72. Coudronniere N, et al. NF-kappa B activation induced by T cell receptor/CD28 costimulation is
mediated by protein kinase C-theta. Proc Natl Acad Sci U S A. 2000;97(7):3394–9.

73. Gamper CJ, Powell JD. All PI3Kinase signaling is not mTOR: dissecting mTOR-dependent and
independent signaling pathways in T cells. Front Immunol. 2012;3:312.

74. Marelli-Berg FM, Fu H, Mauro C. Molecular mechanisms of metabolic reprogramming in proliferating
cells: implications for T-cell-mediated immunity. Immunology. 2012;136(4):363–9.

75. Courtney AH et al. CD45 functions as a signaling gatekeeper in T cells. Sci Signal, 2019. 12(604).

76. Stefanová I, et al. TCR ligand discrimination is enforced by competing ERK positive and SHP-1
negative feedback pathways. Nat Immunol. 2003;4(3):248–54.

77. Sanjuán MA, et al. Role of diacylglycerol kinase alpha in the attenuation of receptor signaling. J Cell
Biol. 2001;153(1):207–20.

78. Zhong XP, et al. Regulation of T cell receptor-induced activation of the Ras-ERK pathway by
diacylglycerol kinase zeta. J Biol Chem. 2002;277(34):31089–98.

79. Olenchock BA, et al. Disruption of diacylglycerol metabolism impairs the induction of T cell anergy.
Nat Immunol. 2006;7(11):1174–81.

80. Monks CR, et al. Three-dimensional segregation of supramolecular activation clusters in T cells.
Nature. 1998;395(6697):82–6.

81. Sherman E, et al. Functional nanoscale organization of signaling molecules downstream of the T
cell antigen receptor. Immunity. 2011;35(5):705–20.

82. Hu YS, Cang H, Lillemeier BF. Superresolution imaging reveals nanometer- and micrometer-scale
spatial distributions of T-cell receptors in lymph nodes. Proc Natl Acad Sci U S A.
2016;113(26):7201–6.

83. O'Donoghue GP, et al. Direct single molecule measurement of TCR triggering by agonist pMHC in
living primary T cells. Elife. 2013;2:e00778.

84. Cadra S, et al. ROZA-XL, an improved FRET based biosensor with an increased dynamic range for
visualizing zeta associated protein 70 kD (ZAP-70) tyrosine kinase activity in live T cells. Biochem
Biophys Res Commun. 2015;459(3):405–10.

85. Laufer JM, et al. CCR7 Is Recruited to the Immunological Synapse, Acts as Co-stimulatory Molecule
and Drives LFA-1 Clustering for Efficient T Cell Adhesion Through ZAP70. Front Immunol.
2018;9:3115.

Page 34/42



86. Anto NP, et al. Cyclophilin A associates with and regulates the activity of ZAP70 in TCR/CD3-
stimulated T cells. Cell Mol Life Sci. 2022;80(1):7.

87. Mues M, et al. Real-time in vivo analysis of T cell activation in the central nervous system using a
genetically encoded calcium indicator. Nat Med. 2013;19(6):778–83.

88. Thestrup T, et al. Optimized ratiometric calcium sensors for functional in vivo imaging of neurons
and T lymphocytes. Nat Methods. 2014;11(2):175–82.

89. Costello PS, Gallagher M, Cantrell DA. Sustained and dynamic inositol lipid metabolism inside and
outside the immunological synapse. Nat Immunol. 2002;3(11):1082–9.

90. Pavillon N, Smith NI. Non-invasive monitoring of T cell differentiation through Raman spectroscopy.
Sci Rep. 2023;13(1):3129.

91. Cai E, et al. T cells use distinct topographical and membrane receptor scanning strategies that
individually coalesce during receptor recognition. Proc Natl Acad Sci U S A.
2022;119(32):e2203247119.

92. Patel O, et al. Recognition of vitamin B metabolites by mucosal-associated invariant T cells. Nat
Commun. 2013;4:2142.

93. Leite-De-Moraes MC, et al. A distinct IL-18-induced pathway to fully activate NK T lymphocytes
independently from TCR engagement. J Immunol. 1999;163(11):5871–6.

94. Hou R, et al. Interleukin-12 and interleukin-2-induced invariant natural killer T-cell cytokine secretion
and perforin expression independent of T-cell receptor activation. Immunology. 2003;110(1):30–7.

95. Ussher JE, et al. CD161 + + CD8 + T cells, including the MAIT cell subset, are specifically activated by
IL-12 + IL-18 in a TCR-independent manner. Eur J Immunol. 2014;44(1):195–203.

96. Tuttle KD, et al. TCR signal strength controls thymic differentiation of iNKT cell subsets. Nat
Commun. 2018;9(1):2650.

97. Muro R, et al. γδTCR recruits the Syk/PI3K axis to drive proinflammatory differentiation program. J
Clin Invest. 2018;128(1):415–26.

98. Zajonc DM, et al. Crystal structures of mouse CD1d-iGb3 complex and its cognate Valpha14 T cell
receptor suggest a model for dual recognition of foreign and self glycolipids. J Mol Biol.
2008;377(4):1104–16.

99. King LA, et al. CD1d-Invariant Natural Killer T Cell-Based Cancer Immunotherapy: α-
Galactosylceramide and Beyond. Front Immunol. 2018;9:1519.

100. Seiler MP, et al. Elevated and sustained expression of the transcription factors Egr1 and Egr2
controls NKT lineage differentiation in response to TCR signaling. Nat Immunol. 2012;13(3):264–71.

101. Mao AP, et al. Multiple layers of transcriptional regulation by PLZF in NKT-cell development. Proc
Natl Acad Sci U S A. 2016;113(27):7602–7.

102. Griewank K, et al. Homotypic interactions mediated by Slamf1 and Slamf6 receptors control NKT
cell lineage development. Immunity. 2007;27(5):751–62.

Page 35/42



103. Das R, et al. The adaptor molecule SAP plays essential roles during invariant NKT cell cytotoxicity
and lytic synapse formation. Blood. 2013;121(17):3386–95.

104. Anderson CK, Reilly SP, Brossay L. The Invariant NKT Cell Response Has Differential Signaling
Requirements during Antigen-Dependent and Antigen-Independent Activation. J Immunol.
2021;206(1):132–40.

105. Parekh VV, et al. PD-1/PD-L blockade prevents anergy induction and enhances the anti-tumor
activities of glycolipid-activated invariant NKT cells. J Immunol. 2009;182(5):2816–26.

106. Franciszkiewicz K, et al. MHC class I-related molecule, MR1, and mucosal-associated invariant T
cells. Immunol Rev. 2016;272(1):120–38.

107. Garner LC, et al. Single-cell analysis of human MAIT cell transcriptional, functional and clonal
diversity. Nat Immunol. 2023;24(9):1565–78.

108. Slichter CK et al. Distinct activation thresholds of human conventional and innate-like memory T
cells. JCI Insight, 2016. 1(8).

109. Schubert K, et al. A Multi-Omics Analysis of Mucosal-Associated-Invariant T Cells Reveals Key
Drivers of Distinct Modes of Activation. Front Immunol. 2021;12:616967.

110. Lamichhane R, et al. Type I interferons are important co-stimulatory signals during T cell receptor
mediated human MAIT cell activation. Eur J Immunol. 2020;50(2):178–91.

111. Leng T, et al. TCR and Inflammatory Signals Tune Human MAIT Cells to Exert Specific Tissue Repair
and Effector Functions. Cell Rep. 2019;28(12):3077–e30915.

112. Lamichhane R, et al. Human liver-derived MAIT cells differ from blood MAIT cells in their
metabolism and response to TCR-independent activation. Eur J Immunol. 2021;51(4):879–92.

113. Kammann T, et al. MAIT cell heterogeneity across paired human tissues reveals specialization of
distinct regulatory and enhanced effector profiles. Sci Immunol. 2024;9(99):eadn2362.

114. Yan J, et al. MAIT Cells Promote Tumor Initiation, Growth, and Metastases via Tumor MR1. Cancer
Discov. 2020;10(1):124–41.

115. Petley EV, et al. MAIT cells regulate NK cell-mediated tumor immunity. Nat Commun.
2021;12(1):4746.

116. Castro CD, et al. Diversity in recognition and function of human γδ T cells. Immunol Rev.
2020;298(1):134–52.

117. Lee HW, Chung YS, Kim TJ. Heterogeneity of Human γδ T Cells and Their Role in Cancer Immunity.
Immune Netw. 2020;20(1):e5.

118. Zarin P, et al. Gamma delta T-cell differentiation and effector function programming, TCR signal
strength, when and how much? Cell Immunol. 2015;296(1):70–5.

119. Uldrich AP, Rigau M, Godfrey DI. Immune recognition of phosphoantigen-butyrophilin molecular
complexes by γδ T cells. Immunol Rev. 2020;298(1):74–83.

120. Hayes SM, Love PE. Distinct structure and signaling potential of the gamma delta TCR complex.
Immunity. 2002;16(6):827–38.

Page 36/42



121. Bonneville M, Fournié JJ. Sensing cell stress and transformation through Vgamma9Vdelta2 T cell-
mediated recognition of the isoprenoid pathway metabolites. Microbes Infect. 2005;7(3):503–9.

122. Herrmann T, Fichtner AS, Karunakaran MM. An Update on the Molecular Basis of Phosphoantigen
Recognition by Vγ9Vδ2 T Cells. Cells, 2020. 9(6).

123. Yang Y, et al. A Structural Change in Butyrophilin upon Phosphoantigen Binding Underlies
Phosphoantigen-Mediated Vγ9Vδ2 T Cell Activation. Immunity. 2019;50(4):1043–e10535.

124. Yuan L, et al. Phosphoantigens glue butyrophilin 3A1 and 2A1 to activate Vγ9Vδ2 T cells. Nature.
2023;621(7980):840–8.

125. Pistoia V, et al. Human γδ T-Cells: From Surface Receptors to the Therapy of High-Risk Leukemias.
Front Immunol. 2018;9:984.

126. Martinez GJ, et al. The transcription factor NFAT promotes exhaustion of activated CD8⁺ T cells.
Immunity. 2015;42(2):265–78.

127. Chen J, et al. Tuning charge density of chimeric antigen receptor optimizes tonic signaling and CAR-
T cell fitness. Cell Res. 2023;33(5):341–54.

128. Heczey A, et al. Invariant NKT cells with chimeric antigen receptor provide a novel platform for safe
and effective cancer immunotherapy. Blood. 2014;124(18):2824–33.

129. Xu X, et al. NKT Cells Coexpressing a GD2-Specific Chimeric Antigen Receptor and IL15 Show
Enhanced. Clin Cancer Res. 2019;25(23):7126–38.

130. Cherry ABC, Gherardin NA, Sikder HI. Intracellular radar: Understanding γδ T cell immune
surveillance and implications for clinical strategies in oncology. Front Oncol. 2022;12:1011081.

131. Perez XB, et al. CAR Signaling Informs Mechanisms to EnhanceMetabolism and Function in γδ T
Cells. Res Sq; 2026.

132. van der Stegen SJ, Hamieh M, Sadelain M. The pharmacology of second-generation chimeric
antigen receptors. Nat Rev Drug Discov. 2015;14(7):499–509.

133. Prasad KV, et al. T-cell antigen CD28 interacts with the lipid kinase phosphatidylinositol 3-kinase by a
cytoplasmic Tyr(P)-Met-Xaa-Met motif. Proc Natl Acad Sci U S A. 1994;91(7):2834–8.

134. Lu Y, et al. CD28 signal transduction: tyrosine phosphorylation and receptor association of
phosphoinositide-3 kinase correlate with Ca(2+)-independent costimulatory activity. Eur J Immunol.
1994;24(11):2732–9.

135. Harada Y, et al. A single amino acid alteration in cytoplasmic domain determines IL-2 promoter
activation by ligation of CD28 but not inducible costimulator (ICOS). J Exp Med. 2003;197(2):257–
62.

136. Jang IK, et al. Human 4-1BB (CD137) signals are mediated by TRAF2 and activate nuclear factor-
kappa B. Biochem Biophys Res Commun. 1998;242(3):613–20.

137. Arch RH, Thompson CB. 4-1BB and Ox40 are members of a tumor necrosis factor (TNF)-nerve
growth factor receptor subfamily that bind TNF receptor-associated factors and activate nuclear
factor kappaB. Mol Cell Biol. 1998;18(1):558–65.

Page 37/42



138. Kawamata S, et al. Activation of OX40 signal transduction pathways leads to tumor necrosis factor
receptor-associated factor (TRAF) 2- and TRAF5-mediated NF-kappaB activation. J Biol Chem.
1998;273(10):5808–14.

139. Wange RL, et al. Tandem SH2 domains of ZAP-70 bind to T cell antigen receptor zeta and CD3
epsilon from activated Jurkat T cells. J Biol Chem. 1993;268(26):19797–801.

140. Isakov N, et al. ZAP-70 binding specificity to T cell receptor tyrosine-based activation motifs: the
tandem SH2 domains of ZAP-70 bind distinct tyrosine-based activation motifs with varying affinity. J
Exp Med. 1995;181(1):375–80.

141. Osman N, et al. The protein interactions of the immunoglobulin receptor family tyrosine-based
activation motifs present in the T cell receptor zeta subunits and the CD3 gamma, delta and epsilon
chains. Eur J Immunol. 1996;26(5):1063–8.

142. Daniels KG, et al. Decoding CAR T cell phenotype using combinatorial signaling motif libraries and
machine learning. Science. 2022;378(6625):1194–200.

143. Davenport AJ, et al. CAR-T Cells Inflict Sequential Killing of Multiple Tumor Target Cells. Cancer
Immunol Res. 2015;3(5):483–94.

144. Li YR, Shao Z, Nan H. Emerging artificial intelligence advances in oncology: latest updates from the
2026 AACR annual meeting. J Hematol Oncol, 2026. 19(1).

145. Qiu S, et al. CAR-Toner: an AI-driven approach for CAR tonic signaling prediction and optimization.
Cell Res. 2024;34(5):386–8.

146. Oldach L, Zhang J. Genetically encoded fluorescent biosensors for live-cell visualization of protein
phosphorylation. Chem Biol. 2014;21(2):186–97.

147. Yaron-Barir TM, et al. The intrinsic substrate specificity of the human tyrosine kinome. Nature.
2024;629(8014):1174–81.

148. Tang S, et al. Fast kinetics of calcium signaling and sensor design. Curr Opin Chem Biol.
2015;27:90–7.

149. Bolbat A, Schultz C. Recent developments of genetically encoded optical sensors for cell biology.
Biol Cell. 2017;109(1):1–23.

Figures

Page 38/42



Figure 1

Canonical T-cell receptor signaling network and major downstream branches.

TCR engagement promotes Lck-dependent phosphorylation of CD3 ITAMs and recruitment of ZAP-70,
which phosphorylates LAT and drives assembly of the LAT–Gads–SLP-76 signalosome. Activated PLCγ1
hydrolyzes PI(4,5)P₂ into IP₃ and DAG. IP₃ induces ER Ca²⁺ release and calcineurin–NFAT signaling,
whereas DAG activates PKCθ–NF-κB and RasGRP1–Ras–RAF–MEK–ERK–AP-1 pathways. In parallel,
CD28–PI3K signaling generates PIP₃ to activate Akt–mTOR. Together, these branches illustrate how
proximal TCR signaling is distributed into Ca²⁺, MAPK, NF-κB, and metabolic programs that can be
resolved by live-cell imaging.

Page 39/42



Figure 2

Design strategies of genetically encoded kinase activity reporters.

(A) FRET-based KARs contain a kinase-responsive Ser/Thr substrate and a phosphoamino-acid-binding
domain (PAABD) positioned between donor and acceptor fluorescent proteins. Phosphorylation induces
intramolecular binding and a conformational change that alters FRET efficiency. (B) Kinase translocation
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reporters (KTRs) couple phosphorylation to changes in nucleocytoplasmic localization through a kinase-
responsive module containing a bipartite nuclear localization signal (bNLS) and nuclear export signal
(NES). Phosphorylation weakens nuclear import and/or promotes export, shifting the fluorescent
reporter from the nucleus to the cytosol; dephosphorylation reverses this redistribution. (C) cpGFP-based
KARs use phosphorylation-dependent intramolecular binding to alter the conformation and optical
properties of circularly permuted GFP. (D) cpHaloTag-based chemigenetic KARs similarly translate
phosphorylation-dependent conformational changes into altered fluorescence of a HaloTag-bound
synthetic dye. In each design, phosphatase activity reverses the phosphorylation-dependent response,
enabling dynamic monitoring of kinase activity in living cells.

Figure 3

Activity imaging- and AI-guided closed-loop framework for CAR optimization.

CAR sequence and architecture are first evaluated across distinct immune-cell chassis, including CAR-
iNKT, CAR-MAIT, and CAR-γδ T cells. Controlled stimulation and live-cell biosensor imaging are then used
to extract dynamic signaling fingerprints defined by features such as amplitude, duration, pulsatility,
localization, heterogeneity, and signal resetting. These signaling features are integrated with functional
and therapeutic outcomes together with multi-omic profiling to train predictive and interpretable
machine-learning models. AI and ML model-derived relationships between receptor architecture, cell
chassis, signaling dynamics, molecular state, and therapeutic performance can then guide mechanism-
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based CAR redesign. Iterative repetition of this design–measure–learn–redesign cycle provides a
conceptual closed-loop strategy for rational optimization of next-generation CARs.
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