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ABSTRACT The advent of the T-cell engineering technology using chimeric antigen receptors (CARs) has rev-
olutionized the treatment of hematologic malignancies and reoriented the direction of research in the field 
of immune cell engineering and immunotherapy. Regrettably, the effectiveness of CAR T-cell therapy in spe-
cific instances of hematologic malignancies and solid tumors is limited by a number of factors. These include 
(1) an excessive or insufficient CAR T-cell response, possibly a result of both resistance within the tumor 
cells or the microenvironment and the suboptimal structural and functional organization of the chimeric re-
ceptor; (2) a less-than-optimal functional phenotype of the final CAR T-cell product, which is a direct con-
sequence of the manufacturing and expansion processes used to produce CAR T-cells; and (3) the lack of an 
adequate CAR T-cell control system post-administration to the patient. Consequently, current research ef-
forts focus on optimizing the CAR structure, improving production technologies, and further developing CAR 
T-cell modifications. Optimizing the CAR structure to enhance the function of modified cells is a primary 
strategy in improving the efficacy of CAR T-cell therapy. Since the emergence of the first CAR T-cells, five 
generations of CARs have been developed, employing both novel combinations of signaling and structural 
domains within a single molecule and new systems of multiple chimeric molecules presented simultaneously 
on the T-cell surface. A well thought-out combination of CAR components should ensure high receptor sen-
sitivity to the antigen, the formation of a stable immune synapse (IS), effective costimulation, and produc-
tive CAR T-cell activation. Integrating cutting-edge technologies – specifically machine learning that helps 
predict the structure and properties of a three-dimensional biopolymer, combined with high-throughput 
sequencing and omics approaches – offers new possibilities for the targeted modification of the CAR struc-
ture. Of crucial importance is the selection of specific modifications and combinations of costimulatory and 
signaling domains to enhance CAR T-cell cytotoxicity, proliferation, and persistence. This review provides 
insights into recent advancements in CAR optimization, with particular emphasis on modifications designed 
to enhance the therapeutic functionality of CAR T-cells. 
KEYWORDS CAR T-cell, costimulatory molecules, CD3, intracellular signaling, T-cell receptors.
ABBREVIATIONS CAR – chimeric antigen receptor; CAR T-cells – chimeric antigen receptor-modified T-cells; 
IS – immune synapse; TAA – tumor-associated antigen; FASL – Fas ligand; FAS – Fas receptor; ICD – in-
tracellular domain; scFv – single-chain variable fragment; VHH – variable domain of heavy-chain antibody; 
CD – cluster of differentiation; BCMA – B-cell maturation antigen; IgSF – immunoglobulin superfamily; 
TNFRSF – tumor necrosis factor receptor superfamily; TNFSF – tumor necrosis factor superfamily; APC – 
antigen-presenting cell; MHC I/II – major histocompatibility complex class I and II; TCR – T-cell receptor; 
α, β – T-cell receptor recognition chains; ζ, γ, δ, ε – CD3 proteins of the T-cell receptor; ITAM – immuno-
receptor tyrosine-based activation motif; AA – amino acid; Y – tyrosine; Tn cells – naïve T-cells; ICOSL – 
inducible T-cell costimulator ligand; IL – interleukin; IFN-γ – interferon gamma; TNF-α – tumor necrosis 
factor alpha; Treg cells – regulatory T-cells; FAP – fibroblast activation protein; Th cells – helper T-cells; 
Tm cells – memory T-cells; TRAF – TNF receptor-associated factor; Tcm cells – central memory T-cells; 
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INTRODUCTION
Today, conventional methods of treating tumors – 
chemotherapy and radiation therapy – are frequently 
integrated with comparatively novel immunothera-
peutic approaches. These include therapy with mon-
oclonal antibodies and bispecific T-cell engagers, as 
well as cell therapy, notably with CAR T-cells, which 
is the focus of this review. The growing interest in 
more specific, or so-called targeted, therapies has 
largely to do with the low effectiveness and severe 
adverse effects of conventional treatments (e.g., sys-
temic genotoxicity) [1], as well as the growing po-
tential shown by novel methods, as particularly well 
exemplified by the CAR T-cell technology, in treat-
ing hematologic diseases [2]. The mechanism of CAR 
T-cell therapy is based on the recognition of surface 
markers on tumor cells by cytotoxic CAR T-cells 
(Fig. 1). 

This capability is made possible by the CAR, which 
comprises three primary domains: an extracellular 
domain responsible for antigen recognition and the 
mobility of the recognition moiety, a transmembrane 
domain involved in immune synapse (IS) formation, 
and an intracellular domain containing costimulatory 

and signaling domains that determine the entire spec-
trum of CAR T-cell responses upon specific activa-
tion by antigen binding. Furthermore, the off-tumor 
toxicity of such immunotherapeutic agents is signifi-
cantly lower compared to conventional therapies [3]. 
Additionally, successful CAR T-cell therapy can lead 
to the formation of a specific memory cell population, 
ensuring long-term remission [4].

Unfortunately, despite individual successes with 
CAR T-cells, there remain patients for whom current 
CAR T-cell therapy provides only temporary relief 
due to insufficient effect duration or cytotoxicity of 
the highly personalized cell products. Therefore, re-
search is focused on enhancing the efficacy of CAR 
T-cell therapy. Some of the key factors in this endeav-
or are enhancing the efficiency of signal transduction 
from the membrane-bound CAR into the cell, which 
activates the transcriptional programs responsible for 
cytotoxicity, and ensuring the survival of activated 
cells, their proliferation, the secretion of cytokines and 
lytic granules, the metabolism, and other functions. 
This signal transduction is controlled by the intracel-
lular domains (ICDs) of the CAR, and the optimization 
of their structure is the subject of this review.

HVEM – herpesvirus entry mediator; Tem cells – effector memory T-cells; GITR – glucocorticoid-induced 
TNF receptor-related protein; BRS – basic residue-rich sequences (in some CD3 molecules); RK – recep-
tor kinase; PRS – proline-rich sequence of CD3ε; PKC – protein kinase C; bCAR – chimeric antigen re-
ceptors with signaling domains represented by parts of various intracellular signaling partners of the TCR; 
ZAP70KD – kinase domain of ZAP70.

Fig. 1. The mechanis-
tic basis of CAR T-cell 
therapy. The interaction 
between a CAR T-cell and 
a tumor cell is enabled by 
the specific recognition of 
a tumor-associated anti-
gen (TAA) by the chimer-
ic receptor. This leads to 
the activation of the cyto-
toxic functions of the CAR 
T-cell, mediated by the 
release of lytic granules 
containing granzymes and 
perforin, as well as by the 
interaction between the 
Fas ligand (FASL) and Fas 
receptor (FAS). Conse-
quently, apoptosis of the 
tumor cell is induced
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COSTIMULATION DOMAINS
In clinically approved CAR T-cell preparations, the 
function of costimulatory domains is executed by the 
intracellular components of well-characterized costim-
ulatory T-cell membrane molecules: CD28 and 4-1BB 
[5] (Fig. 2). 

These membrane proteins are classified into two 
superfamilies: the immunoglobulin superfamily (IgSF) 
and the tumor necrosis factor receptor superfami-
ly (TNFRSF). CARs incorporating other costimula-
tory domains from these same families, such as ICOS, 
OX40, CD27, and others, are currently at various stag-
es of development (Fig. 3).

Immunoglobulin superfamily
Among receptors related to the IgSF, CD28 and ICOS 
serve as T-cell stimulators. This is attributed to a con-
served YXXM motif (where X is any amino acid) 
which contains a tyrosine (Y) residue that undergoes 
phosphorylation during activation. This phosphoryla-
tion encourages interactions with intracellular signal-
ing partners, including various kinases.

CD28. CD28 was the first costimulatory molecule used 
to generate modified T-cells containing second-gen-
eration CARs [6]. These cells demonstrated capability 
in effect duration and cytokine secretion compared to 
first-generation cells containing only the CD3ζ signa-
ling domain [7]. CD28 signals are crucial for the acti-
vation of naïve T-cells (Tn), since they prevent anergy 
[8] and promote cytokine secretion, T-cell prolifer-
ation, and effector cell differentiation. CD28 is acti-
vated by interaction with several ligands, specifically 
CD80 (B7-1), CD86 (B7-2), and B7-H2 (ICOSL), the 
latter also an ICOS ligand. Functional motifs with-
in the intracellular part of CD28, proximal (YMNM, 
PRRP) and distal (PYAP) (Fig. 3), bind kinases with 
SH2 and/or SH3 domains (YMNM – SHIP1, SLP76, 
GRAP, CBL, PI3K, GRB2, and GADS; PRRP – ITK; 
PYAP – PDK1, PKCθ, GRB2, STS1/2, CIN85, CD2AP, 
LCK, and FLNA). The binding of kinases to the 
costimulator causes conformational changes, their ac-
tivation, and subsequent interactions with the down-
stream elements of signaling cascades. As a result, 
the transcription factors NFAT, AP-1, and NF-κB 

Fig. 2. Approved CAR T-cell preparations. Presented are the key domains that mediate recognition and signal trans-
duction to intracellular partners. scFv – single-chain variable fragment; VHH – heavy chain variable domain (nanobody); 
CD – cluster of differentiation; BCMA – B-cell maturation antigen 
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are activated, and they are associated with interleu-
kin-2 (IL-2) synthesis and the stimulation of Bcl-XL. 
Simultaneously, this stimulates T-cell metabolism, in-
creasing aerobic glycolysis, nutrient supply, and ana-
bolic processes [8–10].

 The CAR construct utilizes ICD CD28, which, upon 
antigen binding to the chimeric receptor, leads to the 
activation of the PI3K/AKT pathway, enhancing aero-
bic glycolysis, which positively affects effector T-cells 
[11]. At the same time, high levels of glycolysis pro-
voke cell exhaustion and reduce cell persistence [12]. 
To address these challenges, investigations into the 
consequences of CD28 functional motif mutations are 
underway. At the same time, mutations in each mo-

tif can have an impact on the characteristics of the 
resulting CAR T-cells. For example, in a pancreatic 
tumor xenograft model, substitution of the YMNM 
motif with YMFM in SS1 CAR T-cells targeting me-
sothelin and based on CD28 modulation decreased the 
level of CD28 interaction with GRB2. This resulted in 
reduced signaling through VAV1, diminished calcium 
current, and attenuated NFAT hyperactivation, there-
by decreasing T-cell depletion and dysfunction while 
increasing T-cell persistence and antitumor efficacy 
[12]. The substitution of ARRA and YFNM for the 
PRRP and YMNM motifs in CD28, respectively, aug-
ments cellular secretion of interferon-gamma (IFN-γ) 
and tumor necrosis factor-alpha (TNF-α), reduces 

Fig. 3. Key superfamilies of T-cell costimulatory receptors. Presented is a general scheme of T-cell activation requiring 
both the primary and costimulatory signals, with the latter provided by TCR engagement with the major histocompatibil-
ity complex and by activating receptors from the IgSF and TNFRSF superfamilies binding their respective ligands. Amino 
acid sequences that are labeled in the receptors identify the primary signaling motifs. APC – an antigen-presenting cell; 
MHC I/II – major histocompatibility complex class I/II; IgSF – immunoglobulin superfamily; TNFRSF – tumor necrosis 
factor receptor superfamily; TNFSF – tumor necrosis factor superfamily; TCR – T-cell receptor; α, β – TCR recognition 
chains; ζ, γ, δ, ε – CD3 proteins of the TCR complex; ITAM – immunoreceptor tyrosine-based activation motif
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the levels of depletion-associated transcription factor 
Nur77, and enhances CD19 CAR T-cell cytotoxicity, 
thereby facilitating persistent inhibition of tumor de-
velopment in mice [13]. Kofler et al. demonstrated that 
replacing the PYAPP segment in CD28 with AYAAA 
disrupts the interaction of the PYAP motif with LCK 
kinase. This disruption reduces IL-2 secretion and 
suppresses its dependent signaling while also weaken-
ing IL-2-dependent proliferation of intratumoral reg-
ulatory T-cells (Tregs), thereby enhancing the antitu-
mor activity of such CAR T-cells against solid tumors 
with a high Treg infiltration level [14]. Furthermore, 
this CD28 modification enhances CAR T-cell prolifera-
tion, metabolism, activation, and cytotoxicity targeting 
the fibroblast activation protein (FAP). In combination 
with immune checkpoint inhibitors, these cells dem-
onstrate efficacy in eliminating tumors and exhibit an 
ability to persist for a lengthy time in humanized xe-
nograft mice and patients with malignant pleural me-
sothelioma, suggesting a potentially high safety profile 
[15]. Given that the CD28 ICD is frequently integrated 
into CARs, alongside the transmembrane domain, it is 
important to note that this enables CARs to form het-
erodimers with native CD28 [16], leading to sustained 
signaling and augmented effector functions in the as-
sociated CAR T-cells.

ICOS. This receptor is expressed at low levels in Tn 
cells before T-cell receptor (TCR) activation, with in-
creased expression for several hours following activa-
tion [17]. The interaction between ICOS and its ligand, 
ICOSL, promotes T-cell viability through the stimula-
tion of proliferation and differentiation via pathways 
analogous to CD28. The effects of these receptors 
on cytokine synthesis and secretion can vary. While 
CD28 stimulates IL-2 production, ICOS stimulates 
IL-10, which is more characteristic of Treg cells [18]. 
In addition to IL-10, ICOS also promotes the release 
of IFN-γ, TNF-α, IL-5, IL-13, and IL-17, thereby en-
hancing the characteristics of effector T-cells and the 
development of naïve T helper cells (Th) into effec-
tor cells of the Th1, Th2, and Th17 subtypes [18, 19]. 
Analogous to CD28, ICOS induces Bcl-XL expression, 
leading to increased T-cell viability [20]. The function-
al tyrosine-containing ICOS YMFM motif (Fig. 3) in-
teracts with the PI3K regulatory subunit p50α, which 
induces a more significant PI3K activation when com-
pared to CD28 [21]. Consequently, the stimulation 
of ICOS results in the phosphorylation of the AKT, 
PDK1, ERK1/2, and p38 MAPK kinases, along with 
the activation of the transcription factors NFAT and 
NF-κB, which distinguishes ICOS from CD28. The lat-
ter also involves JNK kinase in the signaling cascade, 
and it activates the transcription factor c-Jun [17].

Shen et al. were the first to demonstrate the func-
tional activity of ICOS-based CAR T-cells in a mouse 
model of glioblastoma [22]. It has been suggested that 
it is the polarization of CD4+ CAR T-cells towards 
Th1 and Th17 due to the involvement of PI3K/AKT 
and p38 MAPK (and other mechanisms) that en-
hances their persistence [23], which increases the an-
titumor activity of CD8+ CAR T-cells as well [23]. 
Before administering CD4+ mesoCAR T-cells (tar-
geting mesothelin) to animals, Wyatt et al. performed 
low-intensity stimulation of these cells using magnetic 
beads coated with antibodies against CD3 and ICOS 
(bead-to-cell ratio = 1 : 10), simultaneously achieving 
Th17 polarization using a cytokine cocktail. This treat-
ment (compared to CD3 and CD28 stimulation) yield-
ed less differentiated CD4+ CAR T-cells and shifted 
their metabolism towards oxidative phosphorylation, 
which is characteristic of memory T-cells (Tm). These 
findings emphasize the advantage of ICOS-directed 
stimulation of CD4+ mesoCAR T-cells. In mesothe-
lioma mice, the combination of CD4+ Th17 mesoCAR 
T-cells and CD8+ mesoCAR T-cells [24] demonstrated 
more effective tumor elimination compared to stan-
dard activated CAR T-cells. These data underscore 
the differential involvement of costimulators contin-
gent on the CD4+ or CD8+ status of CAR T-cells. 
Optimal costimulation can be achieved by modifying 
CD4+ and CD8+ T-cells with CAR genes with dif-
ferent costimulatory domains, a fact to be taken into 
account when the most effective CAR T-cell product 
is needed . Analysis of CAR T-cell costimulation by 
ICOS revealed that substituting YMFM with FMFM 
leads to a reduction in CAR T-cell costimulation 
through ICOS. Consequently, the CAR T-cells exhibit 
diminished secretion levels of the cytokines in ques-
tion [25]. To date, modifications to the ICD ICOS that 
would improve its efficacy have not been documented. 

Tumor necrosis factor receptor superfamily
This expansive superfamily comprises approximate-
ly 30 receptors, classified into three primary groups: 
(1) tumor necrosis factor receptor-associated factor 
(TRAF) receptors, (2) death receptors, and (3) mol-
ecules with or without a non-functional ICD [26]. To 
date, only intracellular components from group (1) re-
ceptors have been used in the CAR structure, includ-
ing 4-1BB, OX40, CD27, HVEM, and TNFRSF18. The 
conserved receptor motifs of this group encompass 
TRAF-binding (P/A/S/T)X(E/Q)E and PXQQXXD, 
with X representing any amino acid (AA) [27]. 

4-1BB. 4-1BB is frequently integrated into CARs dur-
ing the process of CAR T-cell preparation. Four of the 
six approved CAR T-cell products have a CAR con-
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taining the 4-1BB domain [2]. This is not coincidental, 
as 4-1BB is a key marker of T-cell activation. Its in-
teraction with the 4-1BBL ligand and recruitment of 
various TRAF proteins initiates the p38 MAPK, AKT, 
and ERK signaling pathways. Consequently, tran-
scription is activated from NF-κB-dependent promot-
ers, increasing survivin, Bcl-XL, Bfl-1, and Bcl-2 pro-
duction while reducing Bim levels [28, 29]. Moreover, 
4-1BB signaling elevates the mitochondrial count and 
transmembrane potential, consequently improving 
aerobic processes in T-cells and augmenting their ef-
fector functions [30]. The 4-1BB TRAF-binding mo-
tifs, QEED and EEEE (Fig. 3), are involved in the in-
teraction with TRAF1, TRAF2, TRAF3, and TRAF5 
[31].

Incorporating 4-1BB into the CAR design im-
proves the CAR T-cell ability to stay active, resulting 
in a phenotype closely aligned with central memory 
T-cells (Tcm). They exhibit low surface expression of 
PD-1, which is one of the most characteristic markers 
of T-cell exhaustion [32, 33]. This phenomenon can be 
partly accounted for by the metabolic shift towards 
enhanced mitochondrial processes and increased mito-
chondrial biogenesis induced by 4-1BB costimulation. 
Additionally, cells with CARs containing 4-1BB show 
elevated antiapoptotic gene expression and diminished 
pro-apoptotic factors. However, the activation of CAR 
T-cells is less pronounced with 4-1BB costimulation 
relative to CD28 [34]. This is explained by the re-
cruitment of the THEMIS-SHP1 phosphatase tandem, 
which forms a complex with 4-1BB via a 10-AA motif 
at its C-terminus. Consequently, the resulting complex 
inhibits the phosphorylation of the CAR signaling do-
main: CD3ζ. Mutations in the QEED and EEEE mo-
tifs reduce cytokine secretion, the proportion of Tcm 
cells, and the antitumor activity of CAR T-cells [25, 
35]. However, the incorporation of 4-1BB into CARs 
has been reported to lead to increased aggregation 
of CAR T-cells, which reduces their viability [36]. It 
is worth mentioning that deletion of the above-men-
tioned 10 AAs from the C-terminus of 4-1BB in this 
case prevents aggregation and restores the function 
of CAR T-cells. Furthermore, 4-1BB has been ob-
served to elicit tonic signaling, resulting in CAR T-cell 
apoptosis [37]. Reducing the expression level of such 
CARs can enable the CAR T-cell activity to return to 
normal.

OX40. The OX40, a costimulatory receptor, is ex-
pressed on the surface of naïve T-cells (Tn) follow-
ing their activation. The binding of OX40 to its ligand 
OX40L promotes the recruitment of TRAF2, 3, and 5 
through the PIQEE motif (Fig. 3) [38, 39]. TRAF2, 3, 
and 5 adaptors induce the NF-κB signaling pathway, 

which promotes the synthesis of the antiapoptotic fac-
tors Bcl-XL and Bfl-1 in cells [40]. Also activated are 
the PI3K/AKT kinases involved in the synthesis of 
survivin and Aurora B kinase, inhibiting apoptosis 
and promoting T-cell proliferation [41, 42].

OX40 costimulation enhances the durability of sec-
ond-generation CAR T-cells when compared to cells 
where CD28 and 4-1BB mediate costimulation in CAR 
constructs. However, the in vivo antitumor activity 
of CAR T-cells is largely unaffected by the CAR co-
stimulatory domain. CAR T-cells with OX40-mediated 
costimulation exhibit enhanced target cell elimination 
in vitro [43]. Transcriptomic analysis of such CAR 
T-cells revealed upregulated expression of the genes 
responsible for DNA repair, oxidative phosphorylation, 
apoptosis inhibition, and memory differentiation and 
proliferation. According to existing data, the “special-
ization” of OX40 and 4-1BB implies that 4-1BB mainly 
enhances the development of CD8+ memory T-cells 
(Tm), while OX40 is biased towards CD4+ Tm cells 
[39]. Given that ICOS supports the differentiation of 
CD4+ T-cells into Th1, Th2, and Th17 effectors, the 
most effective costimulatory strategy for CD4+ CAR 
T-cells is likely to involve both ICOS and OX40. At 
the same time, the combination of CD28 and 4-1BB 
might be more suitable for the costimulation of CD8+ 
CAR T-cells.

 
CD27. CD27 is known to interact with the CD70 li-
gand, thereby facilitating T-cell proliferation and 
differentiation through the activation of the NF-κB, 
PI3K/AKT, and SAPK/JNK signaling pathways [44, 
45]. Given that ICOS supports the differentiation of 
CD4+ T-cells into Th1, Th2, and Th17 effectors, the 
most effective costimulatory strategy for CD4+ CAR 
T-cells likely involves both ICOS and OX40. Thus, 
CD27 promotes the proliferation and viability of ef-
fector T-cells, as well as the generation of a Tm cell 
pool throughout the primary activation of Tn cells, 
during clonal expansion and at the effector stage 
(for example, in tumors). CD27 uses the functional 
motif PIQED(YR) and, possibly, EEEG (Fig. 3) to in-
teract with TRAF2, TRAF3, and TRAF5 [45, 49]. A 
distinctive characteristic of CD27 compared to other 
TNFRSF family members is the formation of homod-
imers through disulfide bonds [49]. It is in this form 
that CD27 is present on the surface of resting T-cells, 
while their prolonged activation increases the propor-
tion of the monomeric form, which probably protects 
T-cells from turning on costimulators during sponta-
neous activation.

Studies on the costimulatory potential of CD27 
have shown that CD27 CAR T-cells can eradicate 
tumors more effectively than first-generation CAR 
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T-cells, similar to CAR T-cells with CD28 or the 
4-1BB costimulatory domain. The duration of CAR 
T-cell persistence, when costimulated with CD27, was 
found to be equivalent to that observed with 4-1BB 
costimulation [50, 51]. However, a direct comparison 
of the ability of second-generation CAR T-cells with 
either 4-1BB or CD27 to eliminate solid tumors in 
mice revealed superior antitumor activity for CD27 
CAR T-cells [52]. The most effective configuration 
was determined to be a combination of three costim-
ulatory domains, CD28, 4-1BB, and CD27, within the 
CAR. The enhanced proliferation, increased resistance 
to CAR loss, and reduced exhaustion were observed 
when compared to costimulation with one or two do-
mains [53, 54]. 

HVEM. The Herpes Virus Entry Mediator, or HVEM, 
was first discovered as a receptor for herpes simplex 
virus-1 [55]. HVEM, an atypical member of its super-
family, exhibits binding capabilities to TNFSF mole-
cules, specifically TNFSF14 and lymphotoxin-α, and to 
the immunoglobulin-like molecules CD272 and CD160 
[56]. HVEM costimulates T-cells via trans-interaction, 
while cis-interaction inhibits costimulation by forming 
an isolated complex of HVEM with CD272 or CD160 
[57]. Once activated, HVEM interacts with TRAF1, 
2, 3, and 5, which triggers signaling via the NF-κB, 
JNK/AP-1, and PI3K/AKT pathways, thus resulting 
in heightened synthesis of cytokines and Bcl-2 [58, 
59]. Consequently, effector properties, proliferation, 
and the viability of T-cells are enhanced. It is hypoth-
esized that TRAF molecules interact with HVEM via 
the VTTVAVEET motif (Fig. 3), which partially aligns 
with the conserved motif (P/A/S/T/T)X(E/Q)E [58].

It is relatively recently that the potential of HVEM-
dependent costimulation of CAR T-cells has been 
evaluated [60, 61]. HVEM has been shown to combine 
the receptor properties of the IgSF and TNFRSF su-
perfamilies. For instance, while CD28 facilitates the 
preferential differentiation of modified cells into ef-
fector memory T-cells (Tem), and 4-1BB into Tcm 
cells, HVEM leads to the development of a balanced 
population with almost identical proportions of both 
Tcm and Tem cells. Moreover, costimulation through 
CD28 primarily activates glycolytic metabolism, while 
4-1BB activates oxidative phosphorylation. In contrast, 
HVEM enhances both metabolic pathways, establish-
ing the most effective functional state of CAR T-cells. 
HVEM costimulation involvement, in comparison to 
CD28 and 4-1BB, likewise contributes to the mini-
mal depletion of CAR T-cells. The greatest efficacy 
in solid tumors was achieved in mice treated with 
CAR T-cells expressing HVEM [61]. Additionally, the 
concurrent generation of CAR and the HVEM ligand 

TNFSF14 was found to enhance CAR T-cell infiltra-
tion into tumors because of significant chemokine se-
cretion [62]. 

TNFRSF18. TNFRSF18, also known as GITR (gluco-
corticoid-induced TNFR-related protein), is constitu-
tively expressed at low levels on the membrane of 
quiescent T-cells. Upon activation, the level of GITR 
on the T-cell surface increases significantly. GITR lev-
els are found to be higher in Treg cells than in con-
ventional T-cells, even without stimulation [63]. The 
interaction of GITR with its ligand GITRL weakens 
the immunosuppressive actions of Treg cells, and in 
effector T-cells, it boosts proliferation, cytokine re-
lease, and it has an antiapoptotic impact [64, 65]. 
Intracellular signaling from GITR involves interaction 
with TRAF1, 2, 3, 5 through the STED and PEEE mo-
tifs (Fig. 3) [66]. Stimulation of T-cells with antibod-
ies targeting CD3, CD28, and GITR has been demon-
strated to trigger both parallel responses, facilitating 
signaling synergism during costimulation, and unique 
effects, such as enhanced IL-27 production following 
GITR stimulation [67]. Costimulation via GITR pri-
marily involves the NF-κB and MAPK signaling path-
ways [63].

In terms of tumor-killing efficacy, CAR T-cells co-
stimulated via GITR are comparable to those based 
on CD28 and 4-1BB [68, 69]. Moreover, increased 
GITRL production by CAR T-cells improves cyto-
kine secretion, tumor infiltration, and antitumor ef-
fects [70]. 

Some studies have focused on adding new costim-
ulatory receptor parts from TNFRSF members, like 
BAFF-R, CD30, and CD40, into CARs [35, 71, 72]. 
CD40-mediated costimulation has been demonstrat-
ed to elicit a more robust NF-κB pathway activation 
compared to 4-1BB costimulation, potentially pro-
moting enhanced in vivo persistence of CD40 CAR 
T-cells.

Other costimulatory domains
The focus on studying signaling pathways in diverse 
immune cells, such as natural killer cells and mac-
rophages, has raised interest in costimulatory mole-
cules that are not part of the immunoglobulin or TNF 
receptor superfamilies. Promising signaling molecules 
include Dap10 [73] and dectin-1 [74]. Contemporary 
genetic and cellular engineering methods seek to 
streamline the creation of CAR libraries featuring 
diverse combinations of costimulatory receptors or 
their components [71, 75]. Through the integration of 
high-throughput sequencing, a more detailed evalu-
ation of the effects of diverse costimulators can be 
achieved, expanding beyond the extensively studied 
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members of the IgSF and TNFRSF families, including 
the selection of specific combinations of costimulators 
for CD4+ or CD8+ T-cell populations. 

THE CD3ζ SIGNALING DOMAIN AND ITS ANALOGS
In the initial stages of development, the CD3ζ intra-
cellular domain was the sole signaling domain in-
corporated into the CAR structure [76, 77]. This was 
due to the concept of the receptor itself, which was 
based on the combination of B- and T-cell receptors 
to target antigen recognition and subsequent T-cell 
activation. Early research, for example, revealed that 
ICD CD3ζ is appropriate for T-cell activation, thus 
laying the groundwork for CAR development [78]. 
CD3ζ became firmly “entrenched” in the receptor 
structure and “migrated” from generation to genera-
tion, providing the primary activation signal for CAR 
T-cells [79].  The inclusion of CD3ζ in all the CAR 
T-cell drugs approved so far for clinical application 
(Fig. 1) underscores the significance of this domain 
for developers, and, until recently, the lack of alter-
native options [5].

Other CD3 group proteins
Over time, interest in this part of CAR has increased 
significantly. In 2018, Sadelain et al. demonstrated that 
for full functionality of the CAR, only one active im-
munoreceptor tyrosine-based activation motif (ITAM) 
out of the three in CD3ζ is sufficient [80]. Its loca-
tion and amino acid composition are both significant 
factors. The 1XX variant, with 1 indicating the posi-
tion of the active ITAM relative to the cell membrane 
and X indicating an inactive ITAM, demonstrated the 
highest functionality in tumor elimination, whereas 
XX3 provided moderate support for CAR T-cell per-
sistence. These data highlighted the necessity of re-
considering the role of the seemingly indispensable 
CD3ζ. 

 As a result, investigations were performed on 
possible analogs of CD3ζ; namely, other CD3 group 
representatives: ε, δ, and γ [81, 82]. In contrast to 
CD3ζ, the molecules within ICDs feature a single 
ITAM [83]. Although all ITAMs share the conserved 
YXXL/I-X6-8-YXXL/I sequence (X denotes any ami-
no acid), the unique amino acid composition of each 
ITAM influences the binding affinity of signaling mol-
ecules (Fig. 4) [84]. 

In total, the TKR-CD3 multisubunit complex con-
tains 10 ITAMs. Signal amplification likely results 
from a high concentration of tyrosine motifs, as a re-
duced number impairs TKR-CD3 complex function in 
mice [85]. Additionally, the variation between CD3 and 
the ITAMs within it is vital for signal transduction 
and the development of mature T-cells [86].

Beyond the unique amino acid sequences found in 
ITAM, the intracellular domains of each CD3 subunit 
exhibit distinctive characteristics (Fig. 4). The CD3ζ 
and CD3ε proteins feature segments rich in positively 
charged amino acids (basic-rich stretches), enabling 
their interaction with the inner membrane surface 
[87, 88]. The interaction of CD3ε with LCK kinase is 
mediated by ionic bonds between the BRS and acid-
ic residues in the unique domain of LCK, and also 
through a receptor kinase motif (RK) and the SH3 
domain of LCK [89, 90]. CD3ε also possesses a proline-
rich sequence (PRS) that interacts with the adaptor 
protein NCK and is crucial for IC maturation and 
T-cell activation [91]. A proximal serine-dependent 
dileucine (SDKQTLL) motif within CD3γ participates 
in the decreasing of the number of TCRs on the cell 
membrane via a protein kinase C (PKC)-dependent 
mechanism [92]. In addition to ITAM, CD3δ contains 
a similar motif (ADTQALL), which lacks the serine 
needed for PKC interaction. Therefore, CD3δ is con-
sidered less significant in regulating the number of 
TKRs on the membrane than CD3γ [93]. 

Distinctive motifs within the structure of each 
representative CD3 protein are critical in the context 
of CARs, notwithstanding the fact that each CD3 
variant alone may be sufficient for constructing a 
functional CAR structure. This fact has been illus-
trated by including CD3ε, δ, or γ into the CAR struc-
ture as a signaling domain instead of CD3ζ [81, 82]. 
In vivo, CD3δ, CD3ε, or CD3γ CAR T-cells demon-
strated superior tumor elimination efficacy compared 
to CD3ζ, this attributed to the distinct properties of 
specific CD3 group members. Thus, the binding of 
ICD CD3ε to CSK kinase suppresses LCK kinase ac-
tivation, reducing the depletion of CAR T-cells and 
enabling their sustained presence. The binding of 
SHP-1 phosphatase to CD3δ monophosphorylated by 
a second tyrosine ICD results in a reduction in cyto-
kine signaling and secretion intensity, presumably by 
mitigating the activation of the NF-κB pathway. The 
transcriptome analysis data demonstrated the Tm 
cell phenotype to be characterized by a reduction in 
glycolytic gene expression and an increase in mito-
chondrial metabolism gene expression. Additionally, 
TCF-1, known to be related to memory stem T-cells, 
is expressed at high levels in CD3δ [94]. Similar to 
Tn-cells, these cells can self-replicate most effec-
tively and can transform into all kinds of memory 
cells [95]. Due to its greater proportion of positively 
charged CARs compared to acidic ones, CD3ε may 
bind more tightly to membrane phospholipids than 
CD3ζ does, which would decrease the availability of 
CARs to intracellular signaling partners, as has been 
noted with TKR and other proteins [88, 96]. As a 
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result, the probability of both nonspecific and tonic 
signaling decreases. Incorporating a dimerizing CD8α 
hinge domain within the CAR structure revealed 
that dimeric CD3δ and CD3γ amplified cytokine re-
lease from CAR T-cells and elevated the surface ex-
pression of CD69 and 4-1BB, with the strongest ef-
fect observed upon mutation of the dileucine motifs 
(SDKQTAL and ADTQAAL) [81].

TCR signaling partners
A novel CAR format – designated bypassCARs 
(bCARs) – has been developed by investigating the 
distinct components of signaling cascades during 
TCR activation. Segments of the intracellular sig-
naling molecules associated with T-cell receptors 
were incorporated into the bCAR structure, instead 
of ITAM-containing domains. The first bCAR-like 
chimeric molecules were developed at the end of 
the previous century to determine the key kinases 
essential for T-cell activation [97]. The structure of 

these receptors involved CD16. in combination with 
LCK, FYN, SYK, or ZAP70. Only within the SYK 
domain did modified cells exhibit the ability to lyse 
target cells in response to stimulation. Replacing 
CD16 with an scFv specific to a target antigen pre-
served the unique ability of SYK to activate the 
bCAR T-cell, bypassing the TCR [98].

Next, antitumor bCARs were constructed, which 
included CSK, FYN, the kinase domain of ZAP70 
(ZAP70KD), LAT, SLP76, or PLCγ1, but lacked co-
stimulatory domains [99]. While both ZAP70KD- 
and PLCγ1-based bCARs activated modified T-cells, 
the PLCγ1 bCAR showed much weaker expression. 
ZAP70KD bCAR T-cells proved more efficient at re-
moving solid tumors than CD3ζ CAR T-cells with a 
4-1BB costimulatory domain in vivo. The ZAP70KD-
based bCAR activated T-cells with knocked-out TCR 
and LCK, but not in the absence of SLP76 or LAT, 
confirming the preservation of the TCR downstream 
signaling pathway structure. 

Fig. 4. Structure and func-
tional features of CD3 group 
proteins. Shown is the 
arrangement of intracellular 
CD3ε, δ, ζ, and γ domains, 
each possessing specific 
motifs for interacting with in-
tracellular signaling partners. 
ζ, γ, δ, and ε – the repre-
sentative members of the 
CD3 T-cell receptor family; 
ITAM – an immunoreceptor 
tyrosine-activating motif; 
BRS – a basic amino acid-rich 
site; PRS – a proline-rich site; 
RK – a receptor kinase motif; 
LL – a serine-dependent 
dileucine motif (* indicates 
the absence of serine up-
stream of LL, which reduces 
the involvement of LL in 
T-cell receptor regulation); 
TCR – a T-cell receptor; α, 
β – recognizing chains of the 
T-cell receptor; CM – cell 
membrane; Y – tyrosine; 
and pY – phosphorylated 
tyrosine
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The recently developed second-generation bCARs 
incorporate an adapter domain from LAT or SLP76, 
which is comparable to the costimulatory domains 
found in traditional CARs. However, T-cells modified 
with such constructs exhibited excessively high levels 
of tonic signaling [100]. In particular, incorporating a 
CD28 signaling domain upstream of the ZAP70 kinase 
domain resulted in prolonged remission of B-cell tu-
mors in mice treated with these bCAR T-cells, as op-
posed to conventional second-generation CAR T-cells 
with CD3ζ and a CD28 costimulatory domain.

CONCLUSION
The investigation of CAR costimulatory and signaling 
domain combinations is a rapidly evolving field with-
in CAR T-cell research, aiming to broaden the thera-
peutic application of these cells. The diversity across 
these domains opens a broad range of possibilities in 
the design of advanced CAR T-cells with enhanced 
functional attributes.

The analysis of the collected data suggests that se-
lecting specific costimulatory domains has a signif-
icant impact on CAR T-cell activation, cytotoxicity, 
metabolic activity, in vivo persistence, and resistance 
to functional exhaustion. Consequently, the combina-
tion of various domains or the establishment of mod-
ular structures may potentially circumvent the criti-
cal limitations of existing methodologies in generating 
therapeutic CAR T-cell products and their applica-

tions, including tumor antigen heterogeneity, the im-
munosuppressive microenvironment, and the toxicity 
associated with adoptive transfer.

Furthermore, it is imperative to reduce the size 
of the CAR while maintaining its functionality and 
to identify a structure of minimal receptor activity, 
which should enhance the success of the modification 
and support increased and stable CAR receptor pro-
duction by T-cells. Similar investigations are concur-
rently in progress [101]. 

Further optimization of CAR T-cell signal-
ing domains requires a deeper understanding of 
T-lymphocyte activation mechanisms, along with the 
use of advanced technologies such as CRISPR screen-
ing, transcriptomics, proteomics, and computational 
modeling [75, 102–105]. This will enable the creation 
of personalized cellular products precisely tailored to 
the biology of a specific tumor type. Alongside im-
provements in receptor generation and the develop-
ment of modular systems [106–108], research in this 
area could lead to groundbreaking therapeutic solu-
tions, expanding the applications of CAR T-cell tech-
nology and enhancing its effectiveness in treating 
both cancer and, potentially, autoimmune and infec-
tious diseases. 
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