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Signaling from T cell receptors (TCRs) and chimeric antigen
receptors (CARs) on T cells
Ling Wu1, Qianru Wei 1, Joanna Brzostek1 and Nicholas R. J. Gascoigne 1,2

T cells react to foreign or self-antigens through T cell receptor (TCR) signaling. Several decades of research have delineated the
mechanism of TCR signal transduction and its impact on T cell performance. This knowledge provides the foundation for chimeric
antigen receptor T cell (CAR-T cell) technology, by which T cells are redirected in a major histocompatibility complex-unrestricted
manner. TCR and CAR signaling plays a critical role in determining the T cell state, including exhaustion and memory. Given its
artificial nature, CARs might affect or rewire signaling differently than TCRs. A better understanding of CAR signal transduction
would greatly facilitate improvements to CAR-T cell technology and advance its usefulness in clinical practice. Herein, we
systematically review the knowns and unknowns of TCR and CAR signaling, from the contact of receptors and antigens, proximal
signaling, immunological synapse formation, and late signaling outcomes. Signaling through different T cell subtypes and how
signaling is translated into practice are also discussed.
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INTRODUCTION
T cells play critical roles in the defense against cancer.1 Among T
cell subsets, cytotoxic CD8+ T cells can directly kill tumor cells by
the exocytosis of perforin and granzyme B.2 In addition, CD4+
helper T cells are involved in indirect antitumor responses through
the secretion of proinflammatory cytokines, including interleukin
(IL-2), tumor necrosis factor (TNF), and interferon (IFN)γ, which
enhance T cell activation, cytotoxic T lymphocyte (CTL) cytotoxi-
city and innate immune responses.3–5 Cancer cells expressing
highly immunogenic antigens can be recognized and eliminated
by T cells during the early stages of cancer development,6 but less
immunogenic mutants may escape immune surveillance and
acquire an immune-resistant phenotype.7 Recently, various
methods have been developed to enhance antitumor T cell
responses, including chimeric antigen receptors (CARs).
T cell activation relies on T cell receptor (TCR) recognition of

antigenic peptides presented on major histocompatibility com-
plex (MHC) molecules, and cancer cells may express very few
mutant potentially antigenic peptides. The MHC locus shows
extreme polymorphism, and as a result, it is very difficult to
generate a universal TCR for immunotherapy. To overcome these
problems, CARs were developed to take advantage of antibody
recognition specificities. In the first CARs, the variable domains in
the TCR-α and/or -β chains were replaced with those of
immunoglobulin heavy or light chains from hapten-specific
antibodies.8–10 These CARs were expressed on T cells as cell
surface proteins and associated with the other endogenous TCR
chains and CD3 (Fig. 1).10 The studies of these CARs followed work
on chimeric antibodies expressing TCR variable regions11 or other
recognition or functional domains,12–14 work that in turn was

informed by experiments on switching variable and constant
domains of immunoglobulins.15

T cells expressing these prototype CARs showed effects, such as
IL-2 production and cytotoxicity induction, when they met a non-
MHC antigen.8–10 However, these CARs were difficult to design and
modify (Fig. 1). The discoveries that a single chain variable fragment
(scFv), in which the variable regions of the antibody were linked with
a flexible linker, had the same recognition ability as the full-length
antibody16,17 and that a single CD3ζ subunit was sufficient to
activate T cells18 provided fundamental ways to streamline the CAR
design. This modification was consolidated into a single chain
version of the CAR design, the basis of CARs used today.19

The early success in redirecting T cells in a non-MHC-restricted
manner did not necessarily lead to augmented in vivo efficacy,
especially in the clinic. The 1st generation CARs did not show any
significant in vivo efficacy (reviewed in ref. 20) Efficient T cell responses
in vivo require not only the activation signal but also the
costimulatory signal. Therefore, the 2nd generation CARs were
generated to incorporate intracellular signaling motifs based on
costimulatory receptors such as CD28 and 4-1BB (also called CD137
and TNFRSF9) to allow delivery of costimulatory signals upon CAR-T
cell stimulation. Although 1st generation CAR-T cells and 2nd
generation CAR-T cells show similar cytotoxicity in vitro,21 the 2nd
generation CARs outperform the 1st generation CARs in the clinic.
The first clinical advance in CAR-T cell technology was observed in

the treatment of patients with lymphoma and chronic lymphocytic
leukemia (CLL) by using 2nd generation CAR-T cells with CD28 and 4-
1BB costimulatory domains, respectively.22,23 Some patients showed a
complete response and the elimination of cancer. A larger-scale clinical
trial based on CD19-scFv-4-1BBζ CAR-T cells showed unprecedented
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results, with an overall survival rate among 75 patients of 90% at
6 months and 76% at 12 months.24 Several other immediate clinical
trials also showed dramatic improvements in patients with non-
Hodgkin’s lymphoma, CLL, and adult and pediatric acute lymphoblastic
lymphoma (ALL).25 In 2017, two CAR-T cell products, tisagenlecleucel
(Kymria™) and axicabtagene ciloleucel (Yescarta™), became commer-
cially available for ALL and diffuse large B-cell lymphoma patients.
However, CAR-T cell technology faces various challenges, including
cytokine release syndrome (CRS) and low efficacy against solid tumors.
The emergence of these challenges is related, at least in part, to our
inadequate understanding of CAR signaling in T cells. In this review, we
focus on the current research progress on the effects and significance
of TCR and CAR signaling in T cells.

T CELL RECEPTORS, CARS AND THEIR LIGANDS
TCR and its ligands
The TCR is a heterodimer of two highly variable chains, either α
and β chains or γ and δ chains. The structure of the TCR molecule
is remarkably similar to that of the Fab region of immunoglobulin

(Ig).26,27 Each TCR α or β chain consists of a variable (V) and a
constant (C) domain. Each V domain of the TCR α and β chains
contains three highly variable complementary determining region
loops at the most distal ends that interact directly with the
peptide-MHC complex (pMHC).27 The γδ TCR structure is similar to
the αβ TCR structure, but the γδ TCR binds to antigens presented
by unconventional MHCs or not presented by an MHC.28

Because of the abundance of T cells bearing the αβ TCR structure
(95%), this paper focuses on the αβ TCR, henceforth referred to
as TCR.
Conventional T cells expressing αβ TCR recognize the complex

consisting of a peptide presented by major histocompatibility
complex class I (MHC-I) or class II (MHC-II) (certain glycolipids
and metabolites are presented by nonclassical MHCs to
nonconventional T cells, but they are not the focus of this
review).27 TCR recognition of its cognate pMHC for interaction is
enhanced by the binding of CD4 or CD8 coreceptors to this
pMHC.29,30 During TCR stimulation with a low concentration of
antigenic pMHC, CD8 binding to a nonantigenic pMHC can also
enhance TCR signaling.31,32 The coreceptors enhance T cell

Fig. 1 Generation of the chimeric antigen receptor (CAR) and various designs. The prototype of CAR used the variable region (V) of the heavy
(H) and light (L) chains from an antibody. The whole complex was assembled as a TCR complex with other CD3 subunits. The 1st generation
CAR was streamlined to became the single-chain version. To date, the 2nd generation and 3rd generation CARs have been most commonly
used. These proteins contain additional costimulatory signaling domains from CD28 and 4-1BB. All of the designs are based on CD3ζ being
the T cell-signaling initiator, which requires phosphorylation by a Src family kinase

Fig. 2 Percentage of targets in the 2019 global CAR-T cell pipeline. The top 5 CAR-T cell targets were selected, and a pie chart was plotted
based on data from the Cancer Research Institute
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activation not only through binding with pMHC but also through
their association with lymphocyte-specific protein tyrosine
kinase (Lck), the key Src family kinase involved in the initiation
of TCR signaling.33

CARs and their ligands
Currently, a CAR is designed by adopting a recognition domain,
typically an scFv encompassing variable regions from heavy and
light chains, followed by a hinge region. This extracellular domain
is followed by a transmembrane region and intracellular signaling
sequences from one (for 2nd generation CARs) or two (for 3rd
generation CARs) costimulatory receptors, followed by the
intracellular region of CD3ζ. This modular design allows large
variations in CAR sequences, differing in antigen recognition
domains and costimulatory motifs.
In contrast to the MHC-restricted conventional T cells, CARs are

typically designed to recognize non-MHC cell surface proteins.
Among the 147 targets in the global CAR-T cell pipeline in 2019,
CD19 was the most common target for CAR-T cell therapy
(~29%),34 followed by B cell mature antigen (~8%) and CD20
(~4%) (Fig. 2).

TCR AND CAR SIGNALING PATHWAYS
TCR and CAR signal triggering
The TCR/CD3 complex and CAR share the CD3ζ intracellular
region but differ dramatically in their extracellular antigen
recognition domains and in their overall architecture, with a
single CAR protein playing the role of TCRαβ, CD3ζζ, CD3εδ, and
CD3εγ. Given these differences, do TCR/CD3 and CARs use the
same mechanism to convey information about ligand binding
across the cell membrane to imitate intracellular signaling
events? The mechanism of TCR triggering is still incompletely
understood, with three main, not necessarily mutually exclusive,
mechanisms proposed: receptor clustering, mechanosensing
that causes conformational changes within TCR/CD3, and size-
dependent protein segregation that leads to changes in the
local kinase/phosphatase balance. As activation of conventional
T cells does not require pMHC multimers,35 TCR clustering is
unlikely to be the main mechanism of TCR triggering; however,
it is more likely to be the mechanism for CAR-T cells, as CAR
oligomerization is an important step in the initiation of CAR
signaling.36,37 There is increasing evidence that TCR acts as a
mechanosensor, with the TCR/CD3 complex undergoing force-
dependent structural transitions upon ligand binding.38

Whether this mechanism is applicable to CARs has not been
determined. However, it is plausible that CAR molecular
architecture allows force-dependent intramolecular structural
transitions, as CARs have been reported to have a proofreading
mechanism similar to that of TCRs, whereby TCRs and CARs
respond only when they bind to a ligand with sufficient strength
to ensure that the time in contact with an antigen is sufficient.39

This possibility has important implications for optimizing CAR
design for sensitivity and specificity. A TCR and its pMHC ligand
are relatively small molecules, and TCR ligation leads to size-
dependent protein segregation at the T cell–antigen presenting
cell (APC) interface, with the formation of “close contact zones”
that exclude larger proteins, such as phosphatase CD45.40 This
size-dependent exclusion alters the kinase:phosphatase balance
in the proximity of TCR/CD3, leading to CD3 phosphorylation.
There is evidence supporting the importance of molecular size
in conventional T cell signaling, as experimental elongation of
pMHC ligands41,42 or a reduction in CD45 ectodomain size43

severely suppressed T cell activation. As with the TCR–APC
interface, CD45 is excluded from the interface of CAR-expressing
cells and target cells, thereby facilitating signal initiation; hence,
size-dependent protein segregation mechanisms might also be
important for CAR signaling.44

Proximal TCR and CAR signaling
After TCR-pMHC recognition, TCR signaling is initiated by the Src
family kinases Lck and Fyn. Populations of preactivated Lck and
Fyn exist prior to TCR-pMHC recognition45 and phosphorylate
CD3, zeta-chain-associated protein kinase 70 (Zap-70) and Tec
kinases upon TCR ligation. The CD3 chains contain immunor-
eceptor tyrosine-based activation motifs (ITAM), with CD3γ, δ, and
ε having one ITAM each and the ζ chains each having three
ITAMs.46 Each ITAM can be phosphorylated by Lck and/or Fyn at
two tyrosine residues, and a biphosphorylated ITAM recruits and
binds Zap-70.33,47,48

Among the Lck molecules, both coreceptor-bound and
coreceptor-unbound Lck can initiate CD3 phosphorylation upon
TCR activation, but the coreceptor-unbound Lck can be recruited
to trigger TCR signaling earlier than can the coreceptor-bound
Lck.49 Therefore, TCR activation is thought to have two distinct
stages: active Lck that is not bound to coreceptors is first recruited
to a TCR and phosphorylates the CD3 ITAMs; then, a secondary
group of coreceptor-bound Lck proteins is recruited, enhancing
TCR-pMHC binding at the coreceptor, with the stronger signaling
modulated by Lck.49–51 Then, the ITAM-attached Zap-70 molecules
are phosphorylated and activated by Lck, resulting in the
recruitment of additional Zap-70 molecules and the activation of
IL- 2-induced tyrosine kinase (Itk).46

After the initial activation of these tyrosine kinases, two linker
molecules, the linker of activated T cells (LAT) and the SH2
domain-containing leukocyte phosphoprotein of 76 kDa (SLP-76),
are recruited to modulate downstream signaling.52 LAT phosphor-
ylation can be induced by Zap-70, and the LAT-Zap-70 association
is established by through the Lck SH2 domain binding to LAT.53

Furthermore, phosphorylated LAT recruits phospholipase C-
gamma (PLCγ), growth factor receptor-bound protein 2 (GRB2)
and the GRB2-related adaptor downstream of Shc (Gads).54 GRB2
binds to thymus-expressed molecules involved in selection
(Themis),55–57 and Themis interacts with and regulates the activity
of Src homology region 2 domain-containing phosphatase-1
(SHP1).57–59 After TCR activation, both SHP1 and Themis are
associated with the LAT signalosome.57,60 After LAT phosphoryla-
tion, SLP-76 is indirectly associated with LAT through Gads.61,62 Itk
molecules are phosphorylated by Lck, and activated Itk is recruited
to the LAT signalosome through its association with SLP-76;63 it
then activates LAT-associated PLCγ.54

As CARs are designed to utilize CD3ζ to activate T cell effector
functions, CARs and TCR are expected to share a similar signaling
transduction mechanism. The CAR and TCR use similar molecular
machinery to transduce signaling, including PLCγ, Zap-70, LAT,
and Src family kinases.64 Nevertheless, further studies on 2nd- and
3rd-generation CARs imply that the CAR has a signal transduction
mechanism that differs from that of the TCR. One signal
transduction model of TCR and CAR indicates that there might
be an unknown mechanism of proximal signaling that makes their
activation patterns significantly different.65 In addition, the
sensitivity of the CAR and TCR is different, where one TCR can
react to as little as one pMHC, each CAR protein requires at least
hundreds of antigens, even though CARs have significantly higher
affinity for antigens than do TCRs.66 This disparate sensitivity may
imply a different intrinsic signal transduction mechanism, which is
demonstrated to be associated with sensitivity.67 For example, the
recognition of weak (positive selecting) versus strong (negative
selecting) ligands by developing thymocytes results in the
activation of different mitogen-activated protein kinase (MAPK)
pathways in disparate subcellular locations.68

Several studies have investigated phosphorylation events
downstream of CAR to decipher its signal transduction mechan-
ism.64,69,70 The results indicate differences in the magnitude
and kinetics of the phosphorylation events of CAR-T and TCR-T
cells, but not the emergence of new pathways in CAR-T cells.
Signalosome and interactome studies identified several
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novel protein interactions, such as capsule synthesis 1 domain
containing 1 (CASD1) with CD28-4-1BB-CAR, butyrophilin-like 3
(BTNL3) with CD28-CAR, and an additional form of CD3ζ, p21,
specifically interacting with a 2nd-generation CAR. However, the
impact of these molecules on signal transduction is not yet
understood.70

Altered signal transduction by 2nd- and 3rd-generation CARs
may be caused by the signaling motifs in costimulatory proteins.
For example, the CD28 costimulatory domain directly increases
the phosphorylation rate of CD3ζ.71 The efficacy of CAR can be
fine-tuned by manipulating the CD28-binding domain, similar to
the binding motif for Lck.72 Because of the distinct biochemical
properties of costimulatory domains, their relative position within
the intracellular region in a CAR can affect CAR-T cell activity. The
membrane-proximal domain has a stronger influence on cytokine
expression than does a more distal domain.73 An inducible T-cell
costimulator (ICOS) expressed at a membrane-proximal position in
the ICOS‐4-1BB‐CD3ζ construct produced a cytokine profile
comparable to that of the ICOS‐CD3ζ construct, whereas the 4-
1BB‐ICOS‐CD3ζ construct resulted in a cytokine expression profile
similar to that of 4-1BB‐CD3ζ. Tonic signaling from the 4-1BB
domain was ameliorated by positioning the 4-1BB domain
downstream of CD28.74 This change may have been caused by
the 4-1BB domain becoming less accessible to its downstream
signal partners, tumor necrosis TNF receptor-associated factors
(TRAFs), which are localized at the membrane.
Second-generation CARs with either CD28 or 4-1BB domains

recruit coreceptors and bind Lck to amplify the signaling at both
the resting state and upon activation. Moreover, 4-1BB-CAR, but
not CD28-CAR, has been shown to bind the Themis-SHP1
complex, and this interaction reduces downstream phosphoryla-
tion events.75 This ability of 4-1BB-CAR to recruit negative
regulators of signal transduction can help to explain why 4-1BB-
CAR has reduced in vitro efficacy and lower sensitivity than CD28-
CAR.76 Moreover, the presence of different costimulatory motifs in
CARs can also alter CAR-T cell sensitivity to negative signaling
through inhibitory receptors. As the PD-1-SHP2 complex prefer-
entially targets CD28,77 PD-1 inhibitory signaling is predicted to
have a greater effect on CD28 CAR T cells than on 4-1BB CAR
T cells. Therefore, anti-PD-1 therapy is predicted to work better
with CD28-CAR-T cells in the clinic.78,79 Importantly, even a slight
change in the CAR structure can cause dysregulated downstream
signaling pathways. For example, the introduction of the ICOS
transmembrane domain into the CAR construct upregulated the
downstream signaling of 4-1BB-CAR through an enhanced
association with Lck.73,80

TCRs and CARs and the immune synapse
T cell activation requires cell–cell contact with the accumulation of
receptor–ligand pairs between the T cell and the APC. These
cell–cell contacts include the “immunological kinapse”—transient
contacts during the migration and search for antigenic pMHC, and
the “immunological synapse” (IS)—stable contacts formed upon
TCR recognition of its agonist pMHC.81 The IS comprises three
different classes of receptors, including TCRs, adhesion receptors
and costimulatory or coinhibitory receptors, as well as their
associated signal-transduction molecules. During TCR and pMHC
recognition, an ~15 nm gap forms between the T cell and the
APC,82 which provides space for the receptors and ligands to form
an IS.83 Adhesion molecules support the IS by joining cell
membranes together tightly and are essential for sustained
antigen recognition.82 Finally, the costimulatory or coinhibitory
receptors recruited to the IS can substantially tune T cell
activation.84,85

Cytotoxic T cell IS formation follows three steps: IS initiation,
including the recognition of the TCR-pMHC; the effector stage,
including cumulative F-actin, polarization of the microtubule-
organizing center and the release of cytolytic granules into the

target cell; and the termination stage, when apoptosis is initiated
in the target cell.86 The “bull’s eye” structure of the mature IS was
named the “supramolecular activation cluster” (SMAC), which has
three compartments: the central SMAC (cSMAC), peripheral SMAC
(pSMAC), and distal SMAC (dSMAC).81,87 The cSMAC mainly
contains TCR-pMHC complexes that formed initially as micro-
clusters (MC), assembling first in the dSMAC and moving through
the pSMAC to the cSMAC.88,89 The TCR MC with coreceptors
recruits the Src family kinase Lck to initiate TCR signaling, and
downstream TCR signaling molecules are then concentrated at the
IS. The costimulatory receptor CD28 and coinhibitory receptor PD-
1 are also located in the cSMAC.90,91

cSMAC can be split into the TCR-low, CD28-high endo-cSMAC
region and the TCR-high, CD28-low, and PD-1-enriched exo-
cSMAC region.83 TCR signaling continues in the endo-cSMAC
region but is terminated in the exo-cSMAC region. The pSMAC
contains adhesion molecules such as lymphocyte function-
associated antigen 1 (LFA-1), integrins, and talin. F-actin and
filament decorations change dramatically in pSMACs.92The
activation and spatial distribution of the actin-binding protein L-
plastin was shown to regulate the maturation and stability of the
IS.93 The dSMAC is defined by the enrichment of the transmem-
brane tyrosine phosphatase CD45.94 Although the IS structure can
be maintained for hours, the pSMAC and dSMAC structures are
renewed rapidly (>1 cycle per minute) to form and bring new TCR
MCs to the cSMAC.95

Similar to TCR-T cell IS formation, CAR-T cell IS formation also
follows three steps: IS initiation, effector stage, and termina-
tion.86 However, the IS pattern formed by CAR-T cells was found
to be significantly different from that of TCR-T cells.44,96 The
membrane at the interface of the CAR-T cell and target cell was
found to be extensively convoluted at first, and the CAR-T cell IS
was disorganized and did not form a classical “bull’s eye”
structure. Instead, multiple Lck MCs were observed in the
contact region, in contrast to the TCR-T cell IS, which is
characterized by extensive Lck clustering at the cSMAC region.
F-actin was found to be clustered at the CAR-T cell IS, but it did
not form a classical ring structure surrounding the cSMAC.96,97

LFA-1, which is located at the pSMAC and stabilizes the IS,98 and
an LFA-1-blocking antibody greatly suppressed TCR-T cell and
target cell conjugation. However, LFA-1 was disorganized at the
CAR-T cell IS. Although the LFA-1 blocking antibody reduced
effector CAR-T cell and target cell conjugation, this effect was
not as strong as that on the TCR-T cell and target cell
conjugation.96 In addition, the lytic granules of the CAR-T cells
were observed to be translocated or were recruited faster to the
IS than were those of the TCR-T cells. The disorganized CAR-T
cell IS and faster granule recruitment potentially explain the
rapid killing activity of CAR-T cells compared to that of TCR-T
cells.99,100

IS formation in CAR-T cells is still incompletely understood, with
several key questions remaining to be answered. For instance,
what molecular factors contribute to the disorganized IS structure
in CAR-T cells? Although CARs and TCRs differ in many ways, the
disorganized IS structure may not be attributed to the high affinity
of CAR for antigens or because of its non-MHC restricted nature,
since constructs with high-affinity recognition domains fused or
bound to a natural TCR showed a classical and organized
synapse.101–103 Therefore, it is important to know how the CAR
structure relates to synapse formation and quality. It is believed
that proper IS formation is essential for enhanced CAR-T cell
activity. An imaging system based on a glass-supported planar
lipid bilayer system has been used to predict and demonstrate the
association of the quality of ISs with CAR-T cell functions.97

Additionally, overexpressing the IS molecule TG2, which enhances
the function of LFA-1, enhanced CAR-T cell activity and led to the
attenuation of the immune inhibition of CAR-T cell effects on
tumors.104 Immunomodulatory drugs such as lenalidomide can
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also improve CAR-T cell efficacy by increasing actin accumulation
in CAR synapses.105

Downstream TCR signaling pathways
The molecular rearrangements and phosphorylation events at the
TCR-T cell IS initiate three main signaling pathways: calcium flux,
NF-κB (nuclear factor kappa-light chain enhancer of activated B
cells) and Ras-MAPK activation. The calcium concentration is
approximately 1 mM in the blood but is maintained at only
50–100 nM in resting T cells.106 After T cell activation, the
intracellular calcium concentration increases to approximately 1
µM.107 This calcium flux is induced by the phosphorylation of
PLCγ. After its activation, PLCγ breaks down phosphatidylinositol
4,5-bisphosphate (PIP2) into diacylglycerol (DAG) and inositol
1,4,5-trisphosphate (IP3).106,107 DAG actuates PKCθ and Ras-MAPK
signaling, leading to the expression of transcription factor AP-1
(activator protein 1), which synergizes with nuclear factor of
activated T-cells (NFAT) for cytokine gene transcription.108,109 IP3
binds to IP3 receptors on the endoplasmic reticulum (ER)
membrane to release calcium stores from the ER into the
cytosol.106 The release of ER calcium stores then triggers the
opening of calcium release-activated calcium channels (CRAC) in
the plasma membrane, allowing an abrupt influx of calcium across
the plasma membrane.107 Calcium is critical for NFAT and NF-κB
transcription pathways, which both control the expression of
cytokine IL-2.108,109 DAG activates PKCζ, which then phosphor-
ylates caspase recruitment domain-containing membrane-asso-
ciated guanylate kinase protein-1 (CARMA1).110 The
phosphorylated CARMA1 then recruits the proteins B-cell lym-
phoma 10 (BCL10), mucosa-associated lymphoid tissue lymphoma
translocation gene 1 (MALT1), and tumor necrosis TNF receptor-
associated factor 6 (TRAF6) to form a protein complex that
activates the IκB kinase (IKK) complex. The activated IKK complex
then triggers the phosphorylation and ubiquitination of IκB,
leading to the translocation of NF-κB to the nucleus.111 NF-κB
translocation is critical for the regulation of T cell survival,
proliferation, differentiation, and cytokine production.112 Ras is
activated by two Ras guanine nucleotide exchange factors: Ras
guanyl nucleotide-releasing protein (RasGRP) and son of sevenless
(SOS). RasGRP can be recruited to the cell membrane by
associating with TCR-induced DAG. SOS is bound to GRB2
constitutively and is also recruited to the membrane upon TCR-
induced GRB2 and LAT association.54 RasGRP and SOS then
activate Ras.113 Activated Ras phosphorylates the serine-threonine
kinase Raf-1 to trigger the activation of the MAP kinase (MAPK)
chain, including extracellular signal-regulated kinase 1 (Erk1) and
Erk2.54 Activated Erk1 and Erk2 then translocate into the cell
nucleus and trigger the synthesis of transcription factors that are
involved in the cell cycle, cytokine production and cell apoptosis
(e.g., AP1 and Bcl-2).114

Downstream CAR signaling pathways
TCRs and CARs share many similar downstream signaling events
upon activation. They both secrete perforin and granzyme B to
initiate apoptosis of the target cells, upregulate inhibition
molecules on the surface or the Fas ligand (FasL) to eliminate
bystander tumor cells, and express cytokines and chemokines to
boost the immune function or direct proinflammatory
responses.115 However, studies have reported significantly differ-
ent outcomes as discovered in clinical settings, such as CRS, which
can be induced by heightened CAR T cell function. CAR-T cells
with high affinity for a target and costimulatory signaling enhance
killing the effects through increased granzyme B and perforin
secretion on target cells, resulting in GASDERMIN-E-induced
pyroptosis of the target cells. This cell death leads to macrophage
activation by damage-associated molecular patterns secreted
from tumor cells and finally causes aberrant cytokine release,
i.e., CRS.116 Although not fully understood, these disparate

outcomes are believed to be associated with unique CAR designs
with different costimulatory domains resulting in distinct down-
stream signaling.

CD28 family signaling motifs. B7-CD28 signaling is the best-
defined costimulatory mechanism. CD28 is constitutively
expressed on the T cell membrane, and its ligands, B7-1 and B7-
2 (or CD80 and CD86), are expressed on professional APCs (DCs,
macrophages, and B cells).117 Upon CD28 cross-linking, the CD28
cytoplasmic domain binds to phosphatidylinositol 3-kinase (PI3K)
after it has been phosphorylated on its tyrosine by Lck.117 PI3K can
transform phosphatidylinositol4,5 trisphosphate (PIP2) into phos-
phatidylinositol3–5 trisphosphate (PIP3) at the cell membrane. PIP3
recruits 3-phosphoinositide-dependent protein kinase 1 (PDK1)
and Akt to the cell membrane.54 Akt is then activated by PDK1 and
phosphorylates multiple targets. Activated Akt enhances signaling
pathways, including NF-κB, NFAT, and AP1, that mediate T cell
survival, proliferation, cytokine production, cell apoptosis, and
differentiation.54,108 Another CD28 family member, the inducible
T-cell costimulator (ICOS or CD278), binds exclusively to ICOSL118

and causes increased PI3K recruitment, enhanced PIP3 production,
and higher AKT phosphorylation than does CD28 after its
activation.119,120

Two costimulatory molecules from the CD28 family have been
adopted to generate CAR-T cells, the widely used CD28 and ICOS.
CD28 plays an essential role in initiating T cell activity and is
present in resting T cells, in contrast to other costimulatory
molecules, which are expressed upon activation.121 The integra-
tion of CD28 into CARs confers a higher response than do other
costimulatory domains; for example, 4-1BB induces Th1 cytokine
secretion (IL-2, TNF, and IFNγ) via the upregulation of the PI3K/AKT
signaling pathway.122 This elevated Akt activity prevents CAR-T
cells from triggering activation-induced cell death and attenuates
the inhibition induced by Treg cells, although enhanced IL-2
production was also shown to increase Treg cell inhibition in some
models.123–125 Nevertheless, many reports have indicated that the
increased activation of the PI3K/AKT pathway by CD28 results in a
more differentiated memory phenotype and a reduction in
mitochondrial biogenesis.126,127 The constant suboptimal activa-
tion stimulated by CD28—that is, tonic signaling—induces CAR-T
cell exhaustion by upregulation of exhaustion-associated tran-
scription factors, such as T-bet, eomesodermin (EOMES), Blimp-1,
and Helios.128 Both the differentiated memory phenotype and
increased exhaustion lead to a reduced in vivo efficacy. Transient
costimulatory signals from CD28 primed mitochondrial biogenesis
and led to memory T cell differentiation.129 Moreover, CD28-CAR-T
cells became persistent central memory T cells when the CAR
expression level was lowered by targeting a CD28-CAR construct
to the TCR α-chain C-region (TRAC) locus.130 Therefore, the timing,
degree, and duration of CD28 signaling may be crucial for driving
CD28 CAR T cell metabolism and differentiation.
ICOS is upregulated upon T cell activation and boosts activity

via PI3K signaling in a manner similar to CD28. However, its
transmembrane domain is critical and sufficient to recruit Lck to
augment CAR-T cell signaling.80 In addition, the ICOS intracellular
domain has a different structure than the CD28 domain, leading to
reduced IL-2 production, possibly due to the inability to recruit
Grb2.131 In contrast to CD28, the ICOS costimulatory domain
induces CAR-T cells toward Th1/Th17 polarization, with increased
expression of IL-17A, IL-17F, IL-22, IFNγ, and T-bet. Because of this
Th1/Th17 polarization, ICOS-based CAR-T cells had a significantly
higher subpopulation of persistent CD4+ CAR-T cells in vivo than
either CD28- or 4-1BB-based CAR-T cells.132

TNF receptor superfamily signaling motifs. The TNF receptor
superfamily (TNFRSF) on T cells provides costimulatory or
coinhibitory signals in T cell responses. For example, the TNF
receptor TNFR2 on activated T cells induces a costimulatory signal
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for T cell proliferation and differentiation.133 In addition, 4-1BB
(CD137, TNFRSF9) is transiently expressed on T cells upon TCR
stimulation and provides a costimulatory signal for T cell
proliferation,134 survival,135 effector function, and differentiation
into memory T cells.136 Another member in this family, Herpes
virus entry mediator (HVEM), is both a costimulatory receptor for
TNF-like molecule LIGHT137 and a ligand for the inhibitory receptor
BTLA.133

As the most commonly used TNF-receptor-related costimu-
latory domain in CARs, 4-1BB exploits TNFR-associated factor
family members (TRAFs) to form the signalosome and
promotes the nuclear translocation and transcriptional activity
of NF-κB via the activation of the IκB kinase complex (IKKα/β).
Although 4-1BB-CAR-T cells increase IL-2 and IFNγ secretion,
not to the same extent as CD28 CARs.138 In addition, 4-1BB-
CARs induce the upregulation of anti-apoptotic protein Bcl-xL,
and most importantly, 4-1BB-CAR induces proliferation, Tcm cell
differentiation, and increased fatty acid oxidation through
increased mitochondrial biogenesis to a greater extent than is
induced by CD28-CARs.127 Because of these characteristics, 4-
1BB-CAR-T cells showed great potency in clinical settings.24

Nevertheless, long-term exposure to resistant cancer cells
induces dysfunction-associated gene expression in 4-1BB-CAR-
T cells. In fact, 4-1BB-CAR-T cells show enhanced promoter
accessibility to several key immunosuppressive transcription
factors (TOX2, IRF8, and PRDM1).139 In addition, the over-
expression of 4-1BB-CAR in T cells can lead to a negative effect
through the induction of apoptosis via the upregulation of
ICAM-1 and Fas/FasL.140,141 This fratricide was observed during
the ex vivo expansion of 4-1BB-CAR-T cells when CD5 was
targeted.
Other TNFRSF molecules have also been tested as costimulatory

domains, although their impact and downstream signaling after
integration into CARs have not yet been systematically studied.
HVEM belongs to the TNFRSF family. It has been shown to increase
T cell functions such as IL-2 production, oxidative phosphorylation,
and glycolysis, although it is also involved in the coinhibitory
network described above. HVEM, as a costimulatory domain in
CAR, attenuated the exhaustion of CAR-T cells and induced a
balanced central memory (Tcm) and effector memory (Tem) cell
population.142 OX40 is another TNFRSF protein used as a
costimulatory domain in constructed CARs. OX40 activates both
the PI3K/AKT and NF-κB signaling pathways. Interestingly, the
addition of OX40 after the CD28 and CD3ζ domains diminished
the production of IL-10 in the CD28-CAR-T cells, although the
detailed mechanism is not well understood.143

Cytokine receptor protein domains in CARs. The purpose of
costimulatory domain integration is to provide signal 2 for T cell
activation. However, full T cell activation can be achieved when
signal 3 from the cytokine receptor is also triggered. The
importance of the cytokine signaling pathway in CAR-T cells is
indicated by a biomarker study in which CAR-T cells from patients
with complete or partial responses showed upregulated activation
of the STAT3 pathway.144 Retrospectively, this outcome is perhaps
unsurprising, since signaling through STAT3 is involved in the
generation and maintenance of memory T cells, which is
beneficial for expansion and long-term survival in vivo.145 There-
fore, activation of cytokine signaling pathways by adding cytokine
receptor signaling motifs to 2nd generation CARs has considerable
therapeutic potential. Currently, only one such CAR design has
been reported, with IL-2Rβ and a STAT3-binding motif inserted
into CD28-CAR to activate STAT5 and STAT3 signaling, respec-
tively. The proliferation and survival of these CAR-T cells were
augmented, and CAR-T cells with cytokine receptor signaling
motifs had a less differentiated phenotype. All these factors
resulted in greatly improved in vivo efficacy for both liquid and
solid tumors.146Ta
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These examples illustrate that a better understanding of how
CAR T cells initiate and regulate signaling pathways can lead to
improved CAR design and therapeutic strategies. The remaining
part of the review therefore focuses on the role of CAR ligands and
recognition domains, CAR signaling in different T cell subsets, and
how CAR signaling can be modulated to increase CAR T cell
functionality.

IMPACT OF CAR LIGAND AND LIGAND RECOGNITION
DOMAINS ON CAR-T CELL ACTIVATION
CAR ligands and CAR-T cell activation thresholds
The diversity and unique characteristics of each target affect CAR-T
cell signaling significantly in several ways (Table 1). In contrast to the
intrinsic fixed size of pMHC-TCR, the size of ligand-CAR can vary.
Early research on the hinge/spacer region of CAR and the response
of CAR to antigens of different sizes indicated that the receptor and
ligand dimensions are critical for CAR-T cell activation.147,148 It has
been shown that membrane-proximal CAR epitopes can induce
higher levels of CAR-T cell activation.149,150 The results of several
studies suggest that the more proximal the target epitope to the
membrane (e.g., CD20), the longer the length of the hinge/spacer
required to optimize the receptor–ligand size. The converse is true
for longer target epitopes to achieve correct immunological synapse
formation and optimal activation.149–152

TCR-T cells can respond to very low amounts of antigenic
pMHC, with reports of T cell activation by a single-antigenic
pMHC.153 In contrast, the density of the target antigen plays an
important role in the modulation of CAR-T cell signaling. In the
clinic, this criterion may be of critical importance during responses
to cancer escape variants, where recurrent cancer cells bear
reduced antigen density, leading to reduced CAR-T cell activation
in vitro and in vivo.154,155 A threshold of antigen density exists
such that CAR-T cells are activated only after it reaches a threshold
amount. It is also noteworthy that the threshold required for
cytokine secretion is significantly higher than that for cytolytic
activity; therefore, the killing of target cells can be triggered
without cytokine secretion.34,156,157

CAR-T cell targets have distinct molecular properties that can
influence CAR signaling. For example, glypican-3 (GPC3) is a
surface proteoglycan expressed on the majority of hepatocellular
carcinoma (HCC) cells. GPC3-specific CAR-T cells face signal
inhibition by soluble GPC3 secreted by HCC cells.158 TCR-like
CAR-T cells with an scFv recognizing a specific pMHC complex
have an affinity threshold such that CAR-T cells lose some peptide
specificity when the scFv affinity is too high.159 Additionally,
coreceptors may be involved in CAR signaling when pMHC is
targeted.

CAR ligand recognition domains and CAR-T cell activation
thresholds
The extracellular recognition domains of CARs have been
demonstrated to critically affect downstream signals. Theoreti-
cally, any protein that has the capacity to bind with its specific
partner can be utilized as a recognition domain in CAR. To date,
various forms of extracellular domains have been tested, including
scFv, single domain antibodies, natural ligands, synthetic peptide
ligands, and designed ankyrin repeat proteins.160 However, much
of our knowledge of how the recognition domain affects CAR
signaling was obtained from scFv, easily the most commonly used
module. One of the most important questions is the influence of
the affinity of the recognition domain for a target on downstream
CAR signals.
The binding affinity determines the T cell activation threshold,

where CAR-T cells start to respond when the amount of a targeted
antigen reaches a threshold level, and the magnitude and type of
the response is determined by the costimulatory signaling domain
(s).161 This action suggests that there is an optimal affinity window
for CAR-T cells (Fig. 3a). Within this window, CAR-T cells have
selective effects on tumor cells expressing high amounts of target
antigen but spare normal cells expressing the same antigen at a
lower level.162–164 Outside this window, CAR-T cells can show
either an inability to distinguish between high- and low-antigen
expressing cells or an inability to respond effectively.165 In other
words, CARs with lower affinity do not respond to even high
amounts of antigen, and CARs with higher affinity do not

Fig. 3 The influence of binding affinity of the CAR recognition domain and the antigen load on CAR-T signal and function. a The activation
threshold of CAR-T cells is mediated by their binding affinity. Within the tuning window (a < affinity < a′), the antigen load required to activate
CAR-T cells is inversely related to the affinity such that the CAR-T cell can discriminate between tumor and normal cells because of their
different antigen loads. The CAR-T cell will not be activated regardless of how high the antigen load is when its affinity < a, whereas the CAR-T
cell will be activated by even a very low antigen load when affinity > a′. b The affinity can be tuned to selectively control CAR-T cell responses.
The activation threshold of cytokine secretion is several-fold higher than that of cytolytic function; hence, the tuning windows of cytotoxicity
and cytokine secretion are distinct. These discrepant windows result in a selective activation zone, colored purple, where the cytotoxic
function can be activated without activating the cytokine secretion function
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distinguish between target cells bearing low and high antigen
loads.165

Importantly, different T cell effector functions have distinct
activation thresholds. For example, cytotoxicity has a lower
activation threshold than cytokine secretion.157,166 Therefore, it
is feasible to fine-tune the affinity of the recognition domains to
selectively control the CAR-T cell responses such that the cytolytic
capacity is retained, but cytokine secretion levels are reduced
(Fig. 3b).167

In addition to affinity, the molecular characteristics of CAR
extracellular domains can affect signaling. Screening of a series of
scFvs showed that a particular scFv induced significantly higher
tonic signaling, thus affecting the in vitro and in vivo efficacy of
CAR-T cells.168 This outcome may be due to constitutive CAR
clustering related to the increased probability of scFv oligomer-
ization.169 In addition, a tandem CAR (TanCAR), in which two
recognition domains are tethered through a linker and integrated
into a single CAR structure, had dramatically enhanced signaling
and CAR-T cell function because of this bivalent recognition
compared with that of CAR-T cells simultaneously expressing two
CARs with the same specificities.170

TCR AND CAR SIGNALING IN DIFFERENT T CELL SUBTYPES
Because of the heterogeneity of T cell subsets, the distinct
signaling networks and functional properties of these subsets of
T cells can modulate CAR-T cell functions.

CD4+ and CD8+ αβ T cells
The major subsets of αβ T cells, CD4+ and CD8+, exhibit dramatic
differences in signaling and function as CAR-T cells. CD8-CAR-T
cells have a higher intracellular content of granzyme B and
perforin and show faster killing kinetics than do CD4-CAR-T cells
when both undertake sequential killing.171 However, CD4-CAR-T
cells have significantly higher capacity to secrete effector
cytokines such as IFNγ, TNF, and IL-2 and higher persistence
in vivo than do CD8-CAR-T cells.172

The effects of endogenous TCR of CD4 and CD8 T cells also
make a difference in CAR-T cell activity. Endogenous TCR
activation of CD8-CAR-T cells makes them more prone to
exhaustion and apoptosis, thus reducing the efficacy of TCRs
and CARs concomitantly activated.173 However, longer exposure
to activated CD4-CAR-T cells increases the risk of toxicity by
inducing the constant release of Th2-type cytokines, such as IL-4,

IL-6, IL-10, and IL-13.174 In addition, the differential influence of the
costimulatory signaling by CAR on these two types of T cells can
be inferred from early studies showing that CD28 costimulation
preferentially expanded CD4+ T cells but resulted in CD8+ T cell
exhaustion or anergy in the long term.175 Although 4‐1BB
costimulation enhances the proliferation of both CD8+ and
CD4+ T cells, it also supports memory CD8+ T cell expansion, in
contrast to CD28 costimulation.176 Therefore, the costimulatory
domains, i.e., CD28 or 4-1BB, in CARs might play different roles in
CD4+ and CD8+ CAR-T cells.
Numerous studies have implied that the induction of memory

CAR-T cells, particularly those with a central memory phenotype,
may have greater in vivo efficacy than effector CAR-T cells.127,130

Hence, preselecting memory CD45RA−-CAR-T cells before injec-
tion significantly increased the in vivo antitumor effects compared
to those of CD45RA+-CAR-T cells.177 The secretion of the cytokines
IFNγ, TNF, and IL-2 from both CD4+ and CD8+ CAR-T
cells in different memory subsets followed the trend of Tnaive (n)

> Tcentral memory (cm) > Teffector memory (em) cells.172 The in vivo
persistence and efficacy of CD4+ CAR-T cells followed this trend,
whereas CD8+ CAR-T cells followed a trend of Tcm > Tn > Tem cells.
Importantly, CD8+ CAR-Tcm cells administered with CD4+ CAR-Tn
or -Tcm cells had a synergistic effect in vivo, as the antitumor
efficacy was dramatically enhanced compared with that of
individual injections of CD4+ or CD8+ cells.

Treg cells
CARs are not only powerful tools to boost immune function but
are also great potential treatments for autoimmune conditions,
such as CAR-Treg cells. The impacts of CARs on Treg function are
largely dictated by the costimulatory signaling of CAR. CD28-CAR
seems to confer Treg cells with a specific proinflammatory property
in addition to their regulatory function, as CD28-CAR-Treg cells
secrete cytokines such as IFNγ and TNF, which were not observed
in the 4-1BB-CAR-Treg cells.178,179 However, 4-1BB-CAR increased
the secretion of the anti-inflammatory cytokine IL-10. Never-
theless, CD28-CAR, but not 4-1BB-CAR, boosted the anti-effector T
cell function of CAR-Treg cells both in vivo and in vitro.180 Hence,
CD28-CAR might play a more important role than 4-1BB-CAR in
controlling Treg cell function.

γδ T cells
In contrast to αβ T cells, γδ T cells recognize not only classical
pMHC181 but also diverse molecules, such as phosphoantigens,

Fig. 4 Summary of the extrinsic and intrinsic approaches to regulate CAR-T cells through signaling
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lipopeptides, microorganism-derived proteins, stress-associated
proteins, and nonclassical MHC.181,182 Because of their antitumor
and proinflammatory functions, γδ T cells have drawn high levels
of attention as CAR-T cells. Additionally, some types of γδ TCRs,
e.g., Vγ9Vδ2 T cells, naturally recognize stressed cells, such as
tumor cells.183 By taking advantage of a tumor cell-recognizing
TCR, an AND-gate CAR-T cell was designed using a combination of
a Vγ9Vδ2 TCR and a CAR with a DAP10 intracellular domain,
Therefore, on-target, off-tumor effects were minimized since the
CAR-T cells were activated only when the CAR-T cells meet two
antigens, i.e., antigens for Vγ9Vδ2 TCR and CAR, respectively,
expressed on tumor cells.184 γδ CAR-T cells with a less
differentiated cell phenotype retained cytotoxicity to a greater
extent than did αβ CAR-T cells, and they also serve as APCs when
directed to cancer cells, presenting neoantigens for αβ T cells in
the tumor environment.185 Moreover, γδ CAR-T cells potentially
have a lower risk of mediating unwanted side effects, including
CRS.186

APPLICATIONS: MODULATING CAR SIGNALING TO CONTROL
CAR-T CELL FUNCTIONS
CAR-T cell signaling and functions can be tuned through extrinsic
and intrinsic methods (Fig. 4). Extrinsic methods use external
molecules, such as chemicals, cytokines, or antibodies, to boost
CAR-T cell functions during ex vivo culture and in vivo therapy.
Intrinsic methods include engineering CAR-T cells and bestowing
them with additional signaling capacity.

Extrinsic regulation of CAR-T cell function
Various chemicals have been developed to suppress cancer
progression. It is thus intriguing to combine CAR-T cell therapy
with traditional chemotherapy to synergistically enhance antic-
ancer effects. A screen of approximately 500 drugs revealed that
the second mitochondria-derived activator of caspase (smac)-
mimetics (SMs) are leading candidates to sensitize CAR-T cell
killing in B cell malignancies.187 SMs antagonize inhibitor of
apoptosis protein (IAP), thereby inducing cancer cell death, but
they also have a distinct effect on T cells, increasing NF-κB
signaling and thus leading to enhanced T cell function.188

Therefore, synergistic therapeutic effects of SMs were observed
when they were administered in combination with CAR-T cell
therapy.189 An inhibitor of phosphatase 2A (PP2A), LB-100,
enhanced CAR-T cell activity by enhancing mTORC1 signaling, T
cell activation, and proliferation.190 Chemicals can also be used to
alter the CAR-T cell differentiation state by modulating signaling in
ex vivo culture. Treatment with an AKT inhibitor during ex vivo
expansion significantly increased the memory T cell percentage in
the population, thus significantly increasing the efficacy of CAR-T
cells in vivo.191 Beyond the efficacy enhancement, chemicals can
also be applied to regulate CAR-T cell activity in vivo. For example,
the use of Src family kinase inhibitors reduced side effects
associated with CAR-T cell therapy by preventing excessive
activation of CAR-T cells.192,193

Cytokines provide CAR-T cells with signal 3, which is critical to
modulate T cell functions and its differentiation state. Culturing
CAR-T cells with IL-7 and IL-15, IL-21, or TGFβ induced a less
differentiated memory state, such as stem cell-like memory T
(Tscm) cells or central memory T cells (Tcm).

194–196 Memory CAR-T
cells exhibited prolonged survival and expansion in vivo and
enhanced antitumor efficacy. On the other hand, CAR-T cell
antitumor efficacy can also be boosted with additional cytokine
injections, such as engineered orthogonal IL-2, after CAR-T cell
transfusion.197

Antibodies can induce specific costimulatory signaling to
promote CAR-T cell function in the absence of ligands for
costimulatory receptors in the tumor environment. For
example, antibodies were used to coactivate 4-1BB expressed in

CD28-CAR-T cells, leading to enhanced CAR-T cell antitumor
function and survival in vivo.198 Moreover, CAR-T cell function can
also be enhanced by releasing inhibitory factors via the immune
checkpoint blockade.199,200

CAR-T cell signaling can be modulated through cellular
interactions. CAR-T cells cocultured with a Notch ligand-
expressing cell line, OP9-hDLL1, were reprogrammed into Tscm,
promoting anticancer efficacy by increasing the survival of CAR-T
cells in vivo.201 DCs provide a variety of costimulatory signals for
T cells, and the use of modified DCs or vaccinations can induce
interactions between CAR-T cells and DCs, resulting in better CAR-
T cell responses.202,203

Intrinsic regulation of CAR-T cell functions
The most common intrinsic method used to modify the CAR
construct involves adjusting its signaling. Each part of the CAR
design, from the recognition domain to the ITAMs of CD3ζ can be
optimized to enhance downstream signaling. For example,
increasing the affinity of scFv within the therapeutic optimal
affinity window (Fig. 3) improves the activity of CAR-T cells.66

Blocking the second and third ITAM in CD3ζ was found to make
CAR-T cells more memory-like compared to those generated by
CD3ζ with the full complement of ITAMs.204 The optimal solution
is to create a rational design or screening of CAR costimulatory
domains to ensure that they can both highly discriminate
between low and high antigen expression and boost CAR-T cell
activity.
With the advent of synthetic biology and cell engineering,

researchers were equipped with versatile tools to manipulate CAR-
T cells to optimize their anticancer efficacy. Numerous studies
have been performed to intrinsically modify CAR-T cell signaling.
These studies can be summarized as pursuits of activity
enhancement and inhibition reversal. To enhance the activity of
CAR-T cells by boosting signaling, it is critical to increase CAR-T cell
proliferation and survival in vivo, which are usually accompanied
by a sustained T cell memory phenotype. This outcome can be
achieved by integrating other costimulatory signaling domains in
CAR-T cells along with 4-1BB or CD28, for example, with MyD88,
CD40, and a Notch signaling sequence to promote proliferation
and survival and induce a Tscm phenotype, respectively.201,205 CAR-
T cells can also be engineered to constantly receive stimulation
required for optimal functioning, such as stimulation by cytokines
such as IL-7,206 IL-12,207 IL-15,208 IL-18,209 IL-23,37 or Epo.210 These
modifications prevent the risk caused by systematically injecting
stimulants and promote the survival and persistence of the CAR-T
cells. Another approach to engineering CAR-T cells is to reverse
inhibitory signaling received from the tumor microenvironment
(TME) or intracellularly upon activation. The TME is notorious for
presenting multiple immune inhibition molecules, such as PD-L1
on cancer cells or suppressive cytokines IL-4 and TGFβ .211 These
inhibitions can be reversed by constructing chimeric cytokine
receptors to divert IL-4 and TGFβ signaling to be IL-7 or 4-1BB
signaling, respectively, or by conferring CAR-T cells with the ability
to secrete anti-PD-1 scFv.212–214 Upregulation of basic leucine
zipper (bZIP) and interferon regulatory factor (IRF) family
transcription factors led to an exhausted gene signature in CAR-
T cells.215 Overexpression of the AP-1 transcription factor c-JUN
blocked these proteins and reversed the state of CAR-T cell
exhaustion, resulting in the expansion and survival of the CAR-T
cells and their increased in vivo antitumor efficacy.

CONCLUDING REMARKS
In this review, we analyzed TCR and CAR signaling starting from
the engagement of the antigen and receptor to downstream
signaling. We also reviewed the interaction between different cell
subtypes and CAR signaling and ways to modulate TCR-T and
CAR-T cells through extrinsic or intrinsic signaling. Because of the
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artificial nature of CARs, it is meaningful to dissect the
fundamental differences between TCR and CAR signaling to apply
these receptors in different situations. The cumulative under-
standing of CAR signaling conferred by each part of the CAR and
its role in different T cell subtypes will help researchers rationally
design proper CAR-T cell therapies to address diverse challenges
posed by various diseases. It is important that different CAR
designs show disparate efficacy and patient responses toward
different kinds of cancers. It has been observed that CD28-CAR-T
cell therapy might be better for patients with a heavy cancer
burden, whereas 4-1BB-CAR-T cell therapy may be more effective
for patients with chronic cancer. Given the range of tools and
approaches now available, there is great promise that CAR-T cell
functions can be tuned by all kinds of methods, including
costimulatory selection, scFv modulation, and cytokine induction
during ex vivo expansion, to ultimately produce optimal CAR-
based therapy for a particular disease.
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