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Recent advances on CAR-T
signaling pave the way for
prolonged persistence and new
modalities in clinic
Sergei Smirnov*, Polina Mateikovich,
Konstantin Samochernykh and Evgeny Shlyakhto

Almazov National Medical Research Centre, Personalized Medicine Centre, Saint Petersburg, Russia
Chimeric antigen receptor T-cell (CAR-T) therapy has revolutionized the

treatment of hematological malignancies. The importance of the receptor

costimulatory domain for long-term CAR-T cell engraftment and therapeutic

efficacy was demonstrated with second-generation CAR-T cells. Fifth generation

CAR-T cells are currently in preclinical trials. At the same time, the processes that

orchestrate the activation and differentiation of CAR-T cells into a specific

phenotype that predisposes them to long-term persistence are not fully

understood. This review highlights ongoing research aimed at elucidating the

role of CAR domains and T-cell signaling molecules involved in these processes.
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1 Introduction

CARs provide the T-cell with a targeting system that enables it to recognize antigens on

the surface of a tumor cell in an HLA-unrestricted manner and to orchestrate its cytotoxic

functions. The functional properties of CAR-T cells are determined by the structure of the

chimeric antigen receptor, the components of which are not only responsible for

cytotoxicity against target cells, but also influence phenotype and persistence (1, 2).

The first generation (1G) of chimeric antigen receptors (CARs) consisted of an

extracellular antigen recognition domain (single-chain variable immunoglobulin

fragment) linked to an intracellular activation domain (CD3z) by a transmembrane

domain (Figure 1) (3, 4). However, first generation CARs had limited persistence (5).

The incorporation of a costimulatory domain into the CAR construct paved the way for

second-generation (2G) dual-signaling CARs (6). These have improved persistence and

anti-tumor functions in vivo. The most widely used costimulatory domains in 2G CAR-T

cells are CD28 (6–8) and 4-1BB (9, 10). We will refer to CD19-targeting 2G CAR-T cells

with these domains as 19-28z and 19-BBz.
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More recently, it has been recognized that these 19-28z and 19-

BBz differ in many aspects (discussed below) and researchers have

concluded that it is reasonable to combine both domains in one

CAR (11), that had led to the emerge of the third generation of

CAR-T (3G). Besides the above, 3G CAR-T cells used other

costimulatory domains (12, 13).

Fourth generation CAR-T cells are based on 2G CAR-T cells

with the addition of an NFAT (nuclear factor for activated T cells)

responsive cassette. This cassette regulates the expression of

transgenic proteins (IL-7, IL-12, IFN-g) that are inducible upon

CAR-T cell activation (14, 15). These 4G CAR-T cells are also

known as T-cells redirected for universal cytokine-mediated killing

(TRUCK). It is known that T cells need to receive three signals to be

fully activated: an activation signal via the CD3z molecule, a

costimulatory signal (from the costimulatory domain) and a third

signal of cytokine engagement. The expression of cytokines

promotes the activation of innate immunity (14) and may

contribute to the modulation of the tumor microenvironment (16).

Fifth generation (5G) CAR-T cells, also known as the next

generation, were generated by adding a truncated cytoplasmic

domain from the interleukin IL-2 receptor B chain IL-2RB (a

costimulatory domain associated with activation of the

transcription factor STAT5) between the cytoplasmic domains of

CD28 and CD3z, and a STAT-3 binding motif (YXXQ) at the C-

terminus of CD3z (17). Upon contact with the antigen, a cell with

such a receptor receives three activation signals simultaneously

from the CD3z domain, the costimulatory domain (CD28) and the

JAK-STAT 3/5 pathway, which promotes CAR-T cell proliferation

and persistence.
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While the 1G CARs have been generated empirically (18) and

the 2G has been successfully used in the clinic (19), intracellular

signaling in CAR-T cells is still not fully understood. On the one

hand, the degree of activation of CAR-T cells is crucial for the

successful eradication of malignant cells. On the other hand,

excessive activation of CAR-T cells can lead to uncontrolled

systemic inflammation, cytokine release syndrome (20) and the

rapid onset of the exhaustion phenotype of CAR-T cells (21).

Therefore, an important step for successful therapy is to

comprehensively control CAR activation and costimulation.

The plethora of clinical trials has shown that the durability of

clinical remissions in patients with chronic and acute lymphocytic

leukemia is strongly correlated with the persistence of CAR-T cells

(22, 23). The result of CAR-T therapy dramatically depends on the

quality of initial aphaeresis products. According to the results of at

least 100 CLL (chronic lymphocytic leukemia) and ALL (acute

lymphocytic leukemia) patients treated with CAR-T frequency of

naїve-like T-cells within the starting aphaeresis is the major factor

influencing outcome of the therapy (24). Notwithstanding this

limitation, there are several strategies to prolong the in vivo

persistence and efficacy of CAR-T cells. In particular, modulation

of the culture media or simply limiting the culture time has been

reported to improve engraftment and effector function by

maintaining higher levels of memory CAR-T cells (24). What’s

more, it is becoming increasingly apparent that modulation of CAR

signaling, together with other strategies to prolong the in vivo

persistence, has the potential to broaden the scope of

immunotherapy and pave the way for its application beyond

hematological malignancies.
FIGURE 1

Chimeric antigen receptor generations. scFv (single chain variable immunoglobulin fragment). TMD (Transmembrane domain (controls membrane
integration and expression level. Most often derived from CD8a or CD28). 1G CARs contain only the CD3z activating molecule in the intracellular
domain. 2G and 3G CARs contain one or two costimulatory domains (CD28 and 4-1BB) in addition to CD3z. 4G CARs have a costimulatory domain
paid with an NFAT responsive cassette that activates chemokine expression upon CAR activation (e.g. IL12 or IL18). 5G CARs are based on 2G with
the addition of a truncated intracellular interleukin 2B chain receptor providing a STAT3 binding motif and a STAT5 binding motif (not shown).
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Herein, we review recent advances in the research of CAR-T cell

singling that have the potential to overcome the limited persistence

and excessive activation of CAR-T cells. Engineered cytokine

singling in so-called ‘armored’ CARs (25) has been reviewed

elsewhere (26) and is not the focus of this review.
2 Proximal and distal CAR-T
cell signaling

T cell receptor is composed of an antigen recognition subunit -

TCRaB (Figure 2A) and signaling subunits: CD3zz, CD3ϵd and

CD3ϵg (30). The endogenous TCR complex mediates antigen-

induced signaling through 10 immunoreceptor tyrosine-based

activation motifs - ITAMS (31). Each CD3ϵd and CD3ϵg subunit

have 2 ITAMS, whereas dimer CD3zz have 6 ITAMS (32, 33).

CARs have only 3 ITAMS within CD3z domain or 6 if they form

dimers (Figure 2B). Downstream consequences of antigen

recognition by TCR or CAR is the phosphorylation of ITAMs

within CD3z (34) domains by the lymphocyte-specific protein

tyrosine kinase (LCK). Dual phosphorylation of ITAMS within

CD3z enables interaction with SH2 tandem domains of Zeta-chain-

associated protein kinase 70 (Zap70) with a consequent release of

the last from autoinhibited conformation and activation of the

downstream signaling cascade that predispose the effector functions
Frontiers in Immunology 03
of T-cells (35). Phosphorylation of only one ITAM within CD3z
causes minimal binding with Zap70 (36).

Two the most frequently used costimulatory domains for CARs

are CD28 and 4-1BB derive from CD28 family and the tumor

necrosis factor receptor (TNFR) family. Particularly the first two

FDA approved CAR-T Kymriah and Yescarta incorporates a 4-1BB

and CD28-derived costimulatory domains respectively while

sharing the same scFv that binds CD19.

Despite CD28 lacks ITAMs that disable its ability to recruit

ZAP-70 (37), it could functionally mimics LAT by recruiting

phosphatidylinositol 3-kinase (PI3K) (38) with subsequent AKT,

canonical NF-kB and mTOR signaling activation. Furthermore,

CD28 can recruits growth factor receptor-bound protein 2 (GRB2)

(39) that in turn activates Ras and ERK (40). Transcriptome

analysis showed up-regulation of PI3K/AKT and glycolysis

pathways in CD33 CAR-T bearing CD28 compared to control T

cells (41). The authors also pointed to an antigen-independent

constitutive activation of PI3K that reduced the in vivo persistence

of CAR T cells.

Downstream signaling molecules recruited by 4-1BB are tumor

necrosis factor receptor-associated factors (TRAFs) that activate

nuclear factor kappaB (NF-kB) (42). Gongo Li et al. demonstrated

that enhanced persistence of CD19-targeted CAR-T cells with 4-

1BB costimulatory domain is driven by NF-kB (43). In addition, 4-

1BB domain have the capacity to activate non-canonical nuclear

factor kB (ncNF-kB) pathway (44) that is known to promote T-cell
A B

FIGURE 2

(A) TCR signalosome: Phosphorylation of two ITAMS within CD3z domain by LSK provides scaffold for ZAP-70 that in activated state dissociates and
phosphorylates linker of activated T cells (LAT) (27). Phosphorylated LAT provides scaffold for growth-factor-receptor-bound protein (GRB2) that
associates with son of seven less homologue (SOS) with subsequent activation of RAS-ERK (extracellular-signal-regulated kinase) signaling, GRB2-
related adaptor protein (GADS) that binds with the adaptor protein SLP76, PLC-g1 and other proteins (28). Phosphorylated SLP76 and PLC-g1 via
several intermediates induces an increase in the cytoplasmic calcium concentration (29) and activation of nuclear factor of activated T cells (NFAT).
(B) General CAR signaling: Phosphorylated CD3z recruits Zap70 resulting in Ca influx and translocation of NFAT to the nucleus. CD28 costimulatory
domain recruits PI3K, additional Lsk and GRB2, resulting in AKT, NF-kB, AP-1 and mTOR signaling activation. 4-1BB recruits TRAFs with subsequent
activation of NF-kB AP-1 and ncNF-kB pathways.
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survival in diverse context (45, 46), thereby enhancing the

expansion and survival of CAR-T cells.
3 19-28z and 19-BBz cells in
preclinical studies

The kinetics of tumor elimination was studied in the NALM/6

ALL model (47) to compare the contribution of the CD28 and 4-

1BB domains to therapeutic efficacy (11). CAR-T cells with CD28

costimulatory domain were able to achieve faster tumor eradication

within the first 7 days when the dose was reduced to levels below the

therapeutic dose (4×105, 2×105 and 1×105 CAR-T cells). The

number of 19-BBz cells exceeded the number of 19-28z by day

14 after administration, indicating a higher proliferative capacity of

cells with this domain, but comparable elimination of tumor mass

was not achieved.

However, in a more recent study (21) in a xenograft mouse

model of lymphoma, 19-BBz showed to be more effective when

administered at low dose (8 × 105 cells). This disparity may be

explained by differences in CAR structure except for costimulatory

domain. Particularly in the work of A. Salter et al. a portion of CD28

was used as a hinge and transmembrane region (H/TM) in both

constructs, which has been shown (48) to result in higher levels of

CD19-specific CD3z phosphorylation and higher quantities of

released IFN-g, TNF-a and IL-2. In the context of increased

amplitude of activation, 19-BBz may have gained an advantage

over 19-28z. On the contrary, H/TM from the CD8a gene used in

the work of Z. Zhao et al. decreased the activation threshold (48)

and created certain advantages for 19-28z.
Phosphoproteomics analysis of 19-28z and 19-BBz CARs

signaling showed that more intense 19-28z CAR-mediated

signaling correlated with higher levels of PD-1 expression and the

exhausted phenotype (21). The increased signaling was partially

associated with constitutive LCK association with the CD28

domain. However, LCK was shown to be predominantly recruited

to CAR by the CD-8 and CD-4 co-receptors rather than the CD28

domain of CAR (49). Stimulation via CD28/CD3 or 4-1BB/CD3 led

to phosphorylation of almost identical proteins, but the main

differences were in the dynamics of this phosphorylation. Thus,

CD28/CD3 stimulation led to faster and more intense

phosphorylation of proteins involved in the T-cell activation

cascade and in the forming of effector phenotype. Differentially

expressed gene analysis showed increased expression of genes

associated with memory T-cell formation (KLF2 and IL7R) in 19-

BBz. Co-immunoprecipitation of CARs showed that there was a

stronger interaction between the THEMIS (thymocyte expressed

molecule involved in selection) phosphatase SHP1 complex and 19-

BBz, when compared to 19-28z. The knockdown of either THEMIS

or SHP1 in 19-BBz cells increased CD3z phosphorylation. Thereby
the authors arrived into the conclusion that the THEMIS-SHP1

phosphatase complex attenuates CD3z phosphorylation in 19-BBz.
More recently, 19-28z and 19-BBz cells have been shown to

differ in their antigen sensitivity (50). At a low dose (0.2 × 106 cells),

both types of CAR-T cells failed to prevent the growth of NALM6
Frontiers in Immunology 04
acute lymphoblastic leukemia (ALL) tumor cells in an

immunodeficient mouse. Moreover, at the time of relapse, 19-BBz
cells were markedly exhausted and 19-28z were undetectable. CD19
expression on the surface of NALM6 cells at the time of relapse was

unchanged in samples treated with 19-28z, but decreased

significantly (from 11,000 to 4,500 molecules) in samples treated

with 19-BBz. When target cells were co-cultured with T-cells or

with T-cells expressing non-functional CAR, there was no

reduction in CD19 expression. After co-culturing CAR-T cells

with target cells expressing a CD19 molecule cross-linked to the

fluorescent protein mCherry, both the fluorescent protein and the

CD19 molecule were detected on the CAR-T cells. Thereby, the

authors demonstrated that CD19 molecules are transferred from

the target cell to the CAR-T cell by CAR-mediated trogocytosis.

CAR-T cells expressing CD19 were susceptible to T-cell fratricidal

killing and expressed markers of depletion (PD-1, LAG-3 and TIM-

3). It is also worth noting that administration of a new dose of 19-

BBz cells to mice with recurrent tumor growth did not lead to

tumor reduction, in contrast to repeated infusions of 19-28z cells.

The latter showed that the number of CD19 molecules expressed on

target cells fell below the threshold required to activate 19-BBz. The
strategy of targeting 2 antigens and combining of 28z and BBz
costimulatory domains showed the best results. In particular,

treatment of mice with established NALM6med and NALM6low
with a low dose (0.2 × 106) of 19-28z and 22-BBz combination

prolonged response and survival in all mice.

Judith Feucht et al. sought to impede the phosphorylation of

tyrosine residues within CD3z by generating single ITAM

containing mutants (51). Ablation of N-terminal ITAMS in CARs

with CD28 costimulatory domain (XX3) had led to diminished

anti-tumor efficacy, whereas CAR-T cells with C-terminal mutated

tyrosine residues (1XX) outperformed the CARs without mutation.

These cells exhibited higher persistence and elevated levels of

central memory T cells (CD62L+CD45RA−). Gene set

enrichment analysis (GSEA) emphasized down-regulation of T

cell activation and effector-related genes in 1XX CARs relative to

CARs without mutations. Thereby, the authors showed that

number and position of ITAMS plays a crucial role in

CAR functions.

Apparently, mutations in the CD3z domain, that improve the

therapeutic effect of 19-28z by reducing the amplitude of activation

of such cells and subsequent exhaustion, would not play such a role

in 19-BBz. On the contrary, the sensitivity of such cells to antigen

and their activation and proliferation in response to antigen

stimulation would have been reduced by further dampening of

19-BBBz activation. Recent studies in a mouse model showed that

CAR-T cells with only one active membrane-proximal ITAM

(1BBz**) had reduced ability to inhibit CD19low NALM6 cell

growth (52). By adding an additional CD3z molecule (CD19-4-

1BBzz), the researchers sought to increase the intensity and

amplitude of activation of 19-BBz cells in response to lower

antigen densities (52). The increased levels of phosphorylated

CD3z and ERK molecules were indicative of an increased

amplitude of activation; at the same time, the authors did not

observe an increase in the expression of exhaustion markers (PD1,

TIM-3 or LAG3) on these cells. In vitro, CD19-4-1BBzz cells
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showed an ability to suppress the growth of tumor with a low CD19

density comparable to that of 19-28z and a significantly

higher persistence.

Among other CD3 domains within TCR the CD3ϵ ITAM has

the lowest affinity to Zap70 (53). This domain is mono-

phosphorylated by LCK upon TCR stimulation and recruits

inhibitory kinase Csk (54). In addition CD3ϵ utilizing the basic

residue rich sequence (BRS) can recruit p85, the regulatory subunit

of PI3 kinase (PI3K) that is an upstream regulator of AKT. It is

worth mentioning that AKT serine/threonine kinases are crucial

mediators of the proliferation and survival of T-cells (55, 56). In a

recent publication, CD3ϵ domain was incorporated in the second

generation CAR (57) N-terminal to CD28 costimulatory domain

(54). In a xenograft mouse model of lymphoma, the resulting

CD19.E28Z CAR-T cells, while producing significantly lower

levels of cytokines (IL-2, IFN-g, TNF-a), had an increased

proliferative capacity and a greater ability to suppress tumor

growth than cells with control CARs developed by James N.

Kochenderfer in his well-known work (57). Overall the authors

arrived at the conclusion that activation of TCR signaling by LCK

and its attenuation by Csk is a self-restrained signaling machinery

(54). In addition, the incorporation of CD3ϵ into CAR construct

enhances CAR-T cells persistence via accelerating AKT signaling on

one hand, and diminishing its proximal signaling cascade via

recruitment of inhibitory kinase on the other hand.

Another study investigated the differential persistence of CAR-

T cells (58). More specifically, the assessment of CD45RO and

CCR7 surface markers expression revealed the enrichment of stem-

like memory cell markers on 19-BBz. In contrast, 19-28z showed a

higher proportion of effector memory cell phenotype (CD45RO

+CCR7- cells). The development and persistence of naive and

memory T-cells rely on mitochondrial oxidation of fatty acids

(59), whereas effector T cells switch to glycolysis (60). The

authors speculated that signaling from the 4-1BB domain

supports mitochondrial biogenesis. Further experiments showed

increased levels of certain mitochondrial genes, confirming this

hypothesis. These were mitochondrial transcription factor A

(TFAM), mitochondrially encoded cytochrome c oxidase 1,

nuclear respiratory factor 1 (NRF1) and GA-binding

protein (NRF2).
4 19-28z and 19-BBz cells in
clinical studies

Despite differences in the activation of pathways, both

costimulatory domains have shown comparable efficacy (61, 62)

in achieving high rates of complete remission in patients with some

forms of B-cell malignancies.

However, relapses and frequent serious side effects such as

cytokine release syndrome have also been observed with both

costimulatory domains (63, 64). It is difficult to assess the effect

of these domains on therapeutic efficacy based on the results of

numerous studies using one or the other domain, due to structural

differences other than the costimulatory domains in the receptors
Frontiers in Immunology 05
used (hinge/transmembrane domain) and differences in the

production process of CAR-T cells (63, 64).

Clinical trials of 19-BBz in pediatric and young adults with

relapsed/refractory B-cell acute lymphoblastic leukemia (B-ALL)

revealed that durable remission is sustained when CAR-T cells

persists at least for several months (65) and 4-1BB costimulation

appeared to contribute to prolonged persistence (66).

The disparity between the therapeutic efficacy of 19-BBz
(Kymriah or CTL019) in patients with chronic lymphocytic

leukemia (durable response 26%) and relapsed or refractory acute

lymphoblastic leukemia (complete remission 90%) was highlighted

by Joseph A. Fraietta et al. The authors elaborate on T-cell intrinsic

mechanisms that predispose to durable anti-tumor effects (67).

Long-term remission was associated with the enrichment of the

CD27+CD45RO-CD8+ T cell memory phenotype among

adoptively transferred CAR-T cells. Transcriptomic profiling of

CAR-T cells from fully responding and non-responding patients

revealed up-regulation of memory-related genes (IL-6/STAT3

signatures) in the former and enhanced expression of genes

involved in effector differentiation, exhaustion and glycolysis in

the latter.

While the achievement of complete responses and prolonged

remissions with 19-BBz was clearly associated with prolonged

persistence (2-9 years) (65, 68), the use of 19-28z in the

treatment of diffuse large B-cell lymphoma and follicular

lymphoma showed efficacy with relatively low (compared to 19-

BBz) persistence (69). The highest number of CAR+ cells in the

blood was detected on days 6-35 and decreased to 0-1 cells per 1ml
by 3 months in all patients. At the same time, the authors noted the

association of complete and partial responses to therapy with higher

peak blood concentrations of CAR+ cells. In a more recent

publication reflecting the long-term follow-up results of this

clinical trial, it was noted that the achievement of a durable

response to therapy (>3 years) did not correlate with the

concentration of CAR+ cells in the blood of patients on days 28-

56, but did correlate with higher expansion and peak cell

concentration on days 6-17 (70). These data suggest that a

therapeutic window of 3 months with persisting 19-28z cells was

sufficient to achieve a complete response.
5 Dual costimulation of CAR-T cells

Since the CD28 and 4-1BB domains signal via different

pathways, a number of researchers have sought to clarify whether

combining the two costimulatory domains in a single CAR might

provide synergistic costimulation, resulting in increased expansion

and elimination of tumor mass (characteristic of 19-28z), and
increased durability (characteristic of 19-28z) (11). However,

clinical trials are still controversial. In particular, a direct

comparison was made between 2G and 3G CD19-specific CAR-T

cells in the treatment of active lymphoma patients. The authors

showed that the degree of expansion and persistence was increased

by the inclusion of the 4-1BB domain in 19-28z (71). The effect was
more pronounced in five patients with a low burden of disease and a

low number of circulating normal B cells: 2G CAR-T cells had a
frontiersin.org
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limited expansion and persistence, whereas 3D CAR-T cells had a

superior persistence.

However, the efficacy of 3G CARs has been shown to be inferior

in a number of clinical studies. Namely, Abate-Daga D. et al.

generated prostate stem cell antigen (PSCA)-directed CARs

containing one or two costimulatory elements (72). In this study,

the incorporation of the 4-1BB endodomain at the distal position to

the cell membrane resulted in a reduction of the anti-tumor effect

induced by CAR containing only the CD28 costimulatory domain.

The phase I/IIa study of CD-19-targeted 3G CARs with the

proximal CD28 domain and the distal 4-1BB domain in patients

with B-cell lymphoma and leukemia (73), showed similar or even

inferior results compared to 2G CARs (e.g. ZUMA-1, ref (63).).

Complete responses were seen in 6 of 15 patients, with no apparent

difference in durability compared to 2G CARs. The authors arrived

into conclusion that the combination of CD28 and 4-1BB in the

CAR may not lead to improve in vivo activity. It was not clear why

there was no obvious synergy when two costimulatory receptors

were combined in a single CAR.

The work of Muliaditan T. et al. provided some clarity in this

matter (74). The authors designed a CAR construct in which CD28

and 4-1BB are positioned in trans within two separate receptors (2G

(2G (CD28+CD3z) CAR was co-expressed with CAR consisting of

antigen recognition domain and 4-1BB endodomain). This placed

each of the costimulatory receptors in a more natural position -

adjacent to the cell membrane. These CAR-T cells exhibited

significantly greater target-dependent toxicity and proliferation

after multiple cycles of re-stimulation (75) compared to 2G or 3G

CARs with the same costimulatory domains. This CAR also showed

superior anti-tumor activity (compared with 2G and 3G CARs) on a

lymphoma xenograft mouse model, with markedly extended

survival. Thereby, the researchers demonstrated that the

synergetic effect of co-expressing CD28 and 41BB endodomains is

achieved when both receptors are in a proximal position to the cell

membrane. Clinical translation will be required to demonstrate the

superiority of this approach over the 2G and 3G (with fused CD28

and 41BB endodomains) CAR-T cells in the treatment of both

hematological malignancies and solid tumors.
6 Impact of CD4/8 cell balance and
co-stimulation on CAR-T
cell persistence

To date, CAR-T cells have mainly been administered at an

undefined CD4/8 ratio. Nevertheless, there is clear evidence that

costimulatory signals can affect CD4+ cells differently from CD8+

cells (76). For example, ICOS (inducible T cell co-stimulator (77))

costimulation plays an essential role in CD4+ T cell function (69).

4-1BB signaling is known to preferentially promote the survival of

CD8+ T cells (70). However, recent work by Goodman D. et al.

using polled CAR domains screening showed that under 4-1BB

costimulation, CD4+ CAR-T cells expanded more than twice as

much as CD8 CAR-T cells (78). In addition, CD4+ CAR-T cells

with CD28 were shown to have a lower proliferation capacity than
Frontiers in Immunology 06
those with the 4-1BB domain in an in vitro repetitive stimulation

assay. The role of costimulatory domains was investigated in

separately cultured CD4+ and CD8+ T cells (79). The authors

redirected them using CARs with different costimulatory domains

(only activation with CD3z, CD28, 4-1BB, ICOS). CD4+ CAR-T

cells with the ICOS costimulatory significantly increased the

persistence of CD8+ (CD28 or 4-1BB) 2G CAR-T cells. The

authors suggest that the combination of CD4+ CAR T cells with

the ICOS costimulatory domain and CD8+ CAR T cells with the 4-

1BB costimulatory domain is the best combination to increase the

persistence of the CAR-T cell product.

In a recent report by Joseph Melenhorst, long-lasting CD19

redirected CAR-T cells with a 4-1BB costimulatory domain

(CTL019) were studied in two patients with chronic lymphocytic

leukemia (68). Using flow cytometry, the authors characterize CAR-

T cells at different time points. Although CD8+ cells represent a

prominent population at early time points (29.3% of CAR-T cells in

patient 1 at month 1.8), CD4+ cells were the predominant CAR-T

cell population at later time points (97.5% at year 1.4 and 99.6%

from 3.4 to 9.3 years). A similar trend was observed in patient 2,

with the exception of a prominent CD4- CD8- double negative

CAR-T cell population (33.4% at month 2.5). By months 2.8 and 7.2

this population had decreased to 12.9% and 0.5% respectively. The

CD4+ CAR-T cells had highly proliferative phenotype, with high

expression of proliferation marker - Ki67, activation markers

(CD38, CD95, HLA-D), memory markers (CD27, CCR7), as well

as markers associated with bough activated and exhausted state

(PD-1, TIM-3, LAG-3). Compared to their CAR- counterparts,

CAR+CD4+ showed a strong up-regulation of the cytotoxic

enzymes GZMK and GZMA. The authors concluded that

although the initial response to CAR-T therapy is predominantly

mediated by the CD8+ and double negative (CD4-CD8-Helioshi)

population, at later time points a distinct population of CD4+ CAR-

T cells is responsible for cytotoxicity against leukemia cells.

Taken together, the data from these studies highlight the key

role of CD4+ cells in 19-BBz persistence and suggest that separation
of CD4+ and CD8+ cells and subsequent transduction of these cells

with CARs bearing distinct costimulatory domains may enable

longer persistence and improved effector function in the clinic.
7 Tonic signaling

As well as non-activated T-cells, CAR-T cells exhibit

constitutive tonic signaling that can be defined as sustained

activation in ligand independent manner (80, 81). Adrienne H.

Long et al. demonstrated that a primary factor limiting the anti-

tumor efficacy of CAR T cells is exhaustion, which is predicted by

the structure and clustering of CAR receptors. Structure

characteristics of extracellular antigen recognition domain appear

to influence the magnitude of this signaling. For instance CAR

targeting disialoganglioside GD2 exhibit strong tonic signaling and

increases in exhaustion markers ex vivo (82). On the contrary, the

most widely used CAR with scFv targeting CD19 based on FMC63

is not prone to significant tonic signaling (81). The authors showed

that replacing the 19-28z scFv antigen-binding domain framework
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regions (regions that determine the structure of variable domain)

with framework regions from the GD2 antigen recognition domain

resulted in increased tonic signaling, which in turn led to rapid

exhaustion of such cells (82). In addition, 4-1BB costimulatory

receptors were reported to have the capacity to ameliorate 19-28z
exhaustion (82).

Indeed, in the absence of structural support from IgG constant

regions, the stability of scFv may be altered, rendering this domain

susceptible to unfolding and aggregation (24). Furthermore, in a

recent study of tonic signaling by 10 CARs differing only in the

antigen recognition domain, the surface charge distribution was

characterized. It was shown that CARs prone to tonic signaling had

more positively charged residues on the surface of the antigen

binding domain. These positively charged residues were the

mediators of CAR clustering (83). This suggests that scFvs are

key players in clustering and tonic signaling of CARs.

An immunoproteomic approach to characterize the CAR

signalosome made by Maria C Ramello (84) identified that

second generation CARs with CD28 costimulatory domain

associated with an additional CD3z-containing protein that can

be spontaneously phosphorylated. This observation provides

additional possible reasons for tonic signaling and enhanced

magnitude of activation in CD28 bearing CARs with consequent

exhaustion at early stages of patient treatment.
8 Continuous stimulation of CARs
under different co-
stimulation conditions

Continuous stimulation with antigen or high level of CAR

expression could cause the dysfunction of CAR-T cells that

manifests as limited persistence, poor expansion and low

cytotoxicity against tumor cells.

Persistent activation of T-cell leads to nuclear localization of

NFAT with subsequent promotion of TOX and NR4A (NR4A1,

NR4A2, NR4A3) expression that plays a central role in exhausted

T-cell program commitment (85). CAR-T cells with triple knockout

of three NR4A transcription factors prolonged the survival of

tumor-bearing mice (86). Another work devoted to the

investigation of exhausted CAR-T cells the with CD28 signaling

domain, found the increased expression of AP-1/bZIP and bZIP/

IRF transcription factors that have been implicated in regulation of

exhaustion-related genes (87). Furthermore, the authors sought to

investigate the role of the balance between activating and

immunoregulatory functions of AP-1/IRF complexes in the onset

of exhaustion states. In particular, over-expression of the AP-1

family transcription factor, which is linked to productive T-cell

activation, c-Jun, enhanced homeostatic expansion and reduced the

expression of exhaustion markers of CAR T-cells containing both

the CD28 and 4-1BB costimulatory domains.

Chronic activation of CAR-T with either 4-1BB or CD28

domain by CD19+ acute lymphoblastic leukemia (ALL) cells was

modeled by Selli et al. At day 15 both CAR-T cell products lost their

ability to kill antigen-positive targets and could no longer make
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cytokines (88). 19-28z exhibited classical markers of T-cell

exhaustion (PD-1, TIGIT, LAG3, TIM3, CTLA4). On the

contrary, they didn’t observe classic exhaustion markers on 19-

BBz, which expressed higher levels of CD62L and CD25. Single-cell

RNA sequencing revealed a high enrichment of exhaustion-

associated genes in 19-28z, whereas 19-BBz dysfunctional CAR-T

cells were depleted of classical exhaustion signatures. The authors

show that 19-BBz reactivate the transcription factor FOXO3 in the

exhausted state and that silencing FOXO3 reduces the onset of

exhaustion in these cells by several days (88).
9 Additional stimulation with
notch ligands

A variety of reports demonstrate that the sustained remission in

patients with CLL correlates with the enrichment of memory related

genes and enhanced quantities of stem cell–like memory T (TSCM)

CAR-T cells (67, 89). Taisuke Kondo et al. managed to convert

CAR-T cells into TSCM-like CAR-T via additional co-stimulation

with NOTCH ligand dll1, expressed on OP9 cell line (90).

The CAR-T cells showed surface markers of a stem cell-like

memory phenotype (CD45RA+CCR7+) and increased levels of

memory-associated molecules (CD27, CD28 and CD62L) after the

additional step of co-culturing with the OP9-hDLL1 cells. TSCM-like

CAR-T cells were shown to almost completely eradicate leukemia

cells in NSG mice, whereas leukemia cells persisted at high levels in

mice treated with conventional CAR-T cells. Gene set enrichment

analysis revealed that forkhead box protein M1 (FOXM1) underlies

NOTCH-mediated iTSCM formation. The authors noted that

FOXM1 regulates stemness, mitochondrial function and redox

networks in various tumor cells (91, 92). The mitochondrial mass

induced by co-culture with OP9-hDLL1 TSCM cells was decreased in

FOXM1 deficient cells and increased in cells with FOXM1 over

expression. Collectively, these data suggest a critical role for NOTCH-

FOXM1 in mitochondrial biogenesis and induction of stem cell

memory-like phenotypes in CAR-T cells, providing another

modality to improve CAR-T cell persistence.
10 Discussion

CAR-T cells with both most frequently used costimulatory

domains (19-28z or 19-BBz) were shown to be effective in

treating hematological malignancies using high doses of CAR-T

products. However, in terms of activation amplitude and

persistence, this efficacy is achieved in different ways. Clear

differences in tumor elimination dynamics and persistence in a

xenogeneic ALL model were only observed with reduced 19-28z
and 19-BBz doses. These findings are consistent with

phosphoproteinomics data showing more intense phosphorylation

of key proteins involved in T cell activation in 19-28z, and with

clinical trials data showing more rapid expansion and clearance of

tumor mass by 19-28z, and delayed onset of expansion (vs. 19-28z)
but longer persistence of 19-BBz.
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In the context of low antigen expression on target cells and low

dose of CAR-T cells, a stronger activating capacity and a lower

activation threshold, achieved either by incorporating CD28 as a

costimulatory domain or by incorporating part of CD28 as an H/

TM domain with a 4-1BB costimulatory domain, seems to be

advantageous. However, the use of 19-BBz cells seems preferable

from the point of view of potential off-target events when

considering the targeting of antigens other than CD19, which are

expressed both on cancer cells and, to a lesser extent, on

healthy tissues.

Overall, the need to establish an appropriate balance between

the amplitude of activation and persistence of CAR-T cells is

strongly suggested by the data from preclinical and clinical

studies using both CARs (19-28z and 19-BBz). This balance

could be achieved through the use of several strategies that have

been shown to have the potential for modulation of CAR-T cell

signaling in recent preclinical studies.

Indeed, it is possible to attenuate the activation of 19-28z by

introducing mutations in ITEM within the CD3z moiety (1XX

CAR), thereby increasing the persistence of 19-28z. On the other

hand, increasing the number of ITAMs by adding an extra CD3z
molecule to 19-BBz (CD19-4-1BBzz) increases its amplitude of

activation, that enables eradication of tumors with low antigen

densities. Finally, the combination of both costimulatory receptors

in a single CAR-T product at their native site near the cell

membrane has been shown to have synergistic effects. When two

different antigen recognition domains with different costimulatory

domains (e.g. 19-28z and 22-BBz) are used, the strategy of dual

costimulation seems particularly attractive. This approach allows us

to combine the strengths of both costimulatory domains and reduce

the likelihood of potential tumor recurrence due to loss of

antigen expression.

In addition to new CAR designs, other strategies have been

developed to increase the persistence of CAR-T cells. These include

costimulation with NOTCH ligands during cultivation and genetic

modifications such as triple knockout of NR4A transcription factors.

Additional endurance and activation capacity can be achieved by

combining these strategies with new CAR designs discussed below.

To address this issue, however, further preclinical studies are required.
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The novel strategies to modulate CAR-T signaling, which have

shown excellent results in preclinical studies, are expected to offer

new clinical modalities and contribute to extending the success of

2G CAR-T therapies in hematological malignancies to solid tumors.

The 1XX CAR is currently in clinical trials.
Author contributions

SS: Conceptualization, Writing – original draft, Writing –

review & editing. PM: Writing – original draft. KS: Writing –

original draft. ES: Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This work

was financially supported by the Ministry of Science and Higher

Education of the Russian Federation, agreement No. 075-15-2022-

301 dated by 20.04.2024.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
References
1. Sadelain M, Brentjens R, Rivière I. The promise and potential pitfalls of chimeric
antigen receptors. Curr Opin Immunol. (2009) 21:215–23. doi: 10.1016/j.coi.2009.02.009

2. Sadelain M, Brentjens R, Rivière I. The basic principles of chimeric antigen receptor
design. Cancer Discovery. (2013) 3:388–98. doi: 10.1158/2159-8290.CD-12-0548

3. Kuwana Y, Asakura Y, Utsunomiya N, Nakanishi M, Arata Y, Itoh S, et al.
Expression of chimeric receptor composed of immunoglobulin-derived V regions and
T-cell receptor-derived C regions. Biochem Biophys Res Commun. (1987) 149:960–8.
doi: 10.1016/0006-291X(87)90502-X

4. Eshhar Z, Waks T, Gross G, Schindler DG. Specific activation and targeting of
cytotoxic lymphocytes through chimeric single chains consisting of antibody-binding
domains and the gamma or zeta subunits of the immunoglobulin and T-cell receptors.
Proc Natl Acad Sci U.S.A. (1993) 90:720–4. doi: 10.1073/pnas.90.2.720

5. Brocker T, Karjalainen K. Signals through T cell receptor-zeta chain alone are
insufficient to prime resting T lymphocytes. J Exp Med. (1995) 181:1653–9. doi:
10.1084/jem.181.5.1653
6. Maher J, Brentjens RJ, Gunset G, Rivière I, Sadelain M. Human T-lymphocyte
cytotoxicity and proliferation directed by a single chimeric TCRzeta/CD28 receptor. Nat
Biotechnol. (2002) 20:70–5. doi: 10.1038/nbt0102-70

7. Krause A, Guo HF, Latouche JB, Tan C, Cheung NK, Sadelain M. Antigen-
dependent CD28 signaling selectively enhances survival and proliferation in genetically
modified activated human primary T lymphocytes. J Exp Med. (1998) 188:619–26. doi:
10.1084/jem.188.4.619

8. Finney OC, Brakke HM, Rawlings-Rhea S, Hicks R, Doolittle D, Lopez M, et al.
CD19 CAR T cell product and disease attributes predict leukemia remission durability.
J Clin Invest. (2019) 129:2123–32. doi: 10.1172/JCI125423

9. Imai C, Mihara K, Andreansky M, Nicholson IC, Pui CH, Geiger TL, et al.
Chimeric receptors with 4-1BB signaling capacity provoke potent cytotoxicity against
acute lymphoblastic leukemia. Leukemia. (2004) 18:676–84. doi: 10.1038/sj.leu.2403302

10. Campana D, Schwarz H, Imai C. 4-1BB chimeric antigen receptors. Cancer J.
(2014) 20:134–40. doi: 10.1097/PPO.0000000000000028
frontiersin.org

https://doi.org/10.1016/j.coi.2009.02.009
https://doi.org/10.1158/2159-8290.CD-12-0548
https://doi.org/10.1016/0006-291X(87)90502-X
https://doi.org/10.1073/pnas.90.2.720
https://doi.org/10.1084/jem.181.5.1653
https://doi.org/10.1038/nbt0102-70
https://doi.org/10.1084/jem.188.4.619
https://doi.org/10.1172/JCI125423
https://doi.org/10.1038/sj.leu.2403302
https://doi.org/10.1097/PPO.0000000000000028
https://doi.org/10.3389/fimmu.2024.1335424
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Smirnov et al. 10.3389/fimmu.2024.1335424
11. Zhao Z, Condomines M, van der Stegen SJC, Perna F, Kloss CC, Gunset G, et al.
Structural design of engineered costimulation determines tumor rejection kinetics and
persistence of CAR T cells. Cancer Cell. (2015) 28:415–28. doi: 10.1016/j.ccell.2015.09.004

12. Abate-Daga D, Davila ML. CAR models: next-generation CAR modifications for
enhanced T-cell function. Mol Ther Oncolytics. (2016) 3:16014. doi: 10.1038/
mto.2016.14

13. Zhang C, Liu J, Zhong JF, Zhang X. Engineering CAR-T cells. biomark Res.
(2017) 5:22. doi: 10.1186/s40364-017-0102-y

14. Chmielewski M, Abken H. TRUCKs: the fourth generation of CARs. Expert Opin
Biol Ther. (2015) 15:1145–54. doi: 10.1517/14712598.2015.1046430

15. Kueberuwa G, Kalaitsidou M, Cheadle E, Hawkins RE, Gilham DE. CD19 CAR
T cells expressing IL-12 eradicate lymphoma in fully lymphoreplete mice through
induction of host immunity. Mol Ther Oncolytics. (2018) 8:41–51. doi: 10.1016/
j.omto.2017.12.003

16. Li J, Li W, Huang K, Zhang Y, Kupfer G, Zhao Q. Chimeric antigen receptor T cell
(CAR-T) immunotherapy for solid tumors: lessons learned and strategies for moving
forward. J Hematol Oncol. (2018) 11:22. doi: 10.1186/s13045-018-0568-6

17. Kagoya Y, Tanaka S, Guo T, Anczurowski M, Wang CH, Saso K, et al. A novel
chimeric antigen receptor containing a JAK-STAT signaling domain mediates superior
antitumor effects. Nat Med. (2018) 24:352–9. doi: 10.1038/nm.4478

18. Eshhar Z, Bach N, Fitzer-Attas CJ, Gross G, Lustgarten J, Waks T, et al. The T-
body approach: potential for cancer immunotherapy. Springer Semin Immunopathol.
(1996) 18:199–209. doi: 10.1007/BF00820666

19. Kochenderfer JN, Rosenberg SA. Treating B-cell cancer with T cells expressing
anti-CD19 chimeric antigen receptors. Nat Rev Clin Oncol. (2013) 10:267–76. doi:
10.1038/nrclinonc.2013.46

20. Lee DW, Gardner R, Porter DL, Louis CU, Ahmed N, Jensen M, et al. Current
concepts in the diagnosis and management of cytokine release syndrome. Blood. (2014)
124:188–95. doi: 10.1182/blood-2014-05-552729

21. Salter AI, Ivey RG, Kennedy JJ, Voillet V, Rajan A, Alderman EJ, et al.
Phosphoproteomic analysis of chimeric antigen receptor signaling reveals kinetic and
quantitative differences that affect cell function. Sci Signal. (2018) 11(544). doi: 10.1126/
scisignal.aat6753

22. Porter DL, Hwang WT, Frey NV, Lacey SF, Shaw PA, Loren AW, et al. Chimeric
antigen receptor T cells persist and induce sustained remissions in relapsed refractory
chronic lymphocytic leukemia. Sci Transl Med. (2015) 7:303ra139. doi: 10.1126/
scitranslmed.aac5415

23. Maude SL, Laetsch TW, Buechner J, Rives S, Boyer M, Bittencourt H, et al.
Tisagenlecleucel in children and young adults with B-cell lymphoblastic leukemia. N
Engl J Med. (2018) 378:439–48. doi: 10.1056/NEJMoa1709866

24. Gil D, Schrum AG. Strategies to stabilize compact folding and minimize
aggregation of antibody-based fragments. Adv Biosci Biotechnol. (2013) 4(4a):73–84.
doi: 10.4236/abb.2013.44A011

25. Yeku OO, Purdon TJ, Koneru M, Spriggs D, Brentjens RJ. Armored CAR T cells
enhance antitumor efficacy and overcome the tumor microenvironment. Sci Rep. (2017)
7:10541. doi: 10.1038/s41598-017-10940-8

26. Bell M, Gottschalk S. Engineered cytokine signaling to improve CAR T cell
effector function. Front Immunol. (2021) 12. doi: 10.3389/fimmu.2021.684642

27. Zhang W, Sloan-Lancaster J, Kitchen J, Trible RP, Samelson LE. LAT: the ZAP-
70 tyrosine kinase substrate that links T cell receptor to cellular activation. Cell. (1998)
92:83–92. doi: 10.1016/S0092-8674(00)80901-0

28. Wu L, Wei Q, Brzostek J, Gascoigne NRJ. Signaling from T cell receptors (TCRs)
and chimeric antigen receptors (CARs) on T cells. Cell Mol Immunol. (2020) 17:600–
12. doi: 10.1038/s41423-020-0470-3

29. Macian F. NFAT proteins: key regulators of T-cell development and function.
Nat Rev Immunol. (2005) 5:472–84. doi: 10.1038/nri1632

30. Alcover A, Alarcón B, Di Bartolo V. Cell biology of T cell receptor expression
and regulation. Annu Rev Immunol. (2018) 36:103–25. doi: 10.1146/annurev-
immunol-042617-053429

31. Nika K, Soldani C, Salek M, Paster W, Gray A, Etzensperger R, et al.
Constitutively active Lck kinase in T cells drives antigen receptor signal
transduction. Immunity. (2010) 32:766–77. doi: 10.1016/j.immuni.2010.05.011

32. Chang VT, Fernandes RA, Ganzinger KA, Lee SF, Siebold C, McColl J, et al.
Initiation of T cell signaling by CD45 segregation at ‘close contacts’. Nat Immunol.
(2016) 17:574–82. doi: 10.1038/ni.3392

33. Shah NH, Löbel M, Weiss A, Kuriyan J. Fine-tuning of substrate preferences of
the Src-family kinase Lck revealed through a high-throughput specificity screen. Elife.
(2018) 7. doi: 10.7554/eLife.35190

34. Love PE, Hayes SM. ITAM-mediated signaling by the T-cell antigen receptor.
Cold Spring Harb Perspect Biol. (2010) 2:a002485. doi: 10.1101/cshperspect.a002485

35. Au-Yeung BB, Shah NH, Shen L, Weiss A. ZAP-70 in signaling, biology, and
disease. Annu Rev Immunol. (2018) 36:127–56. doi: 10.1146/annurev-immunol-
042617-053335

36. Isakov N, Wange RL, Burgess WH, Watts JD, Aebersold R, Samelson LE. ZAP-
70 binding specificity to T cell receptor tyrosine-based activation motifs: the tandem
SH2 domains of ZAP-70 bind distinct tyrosine-based activation motifs with varying
affinity. J Exp Med. (1995) 181:375–80. doi: 10.1084/jem.181.1.375
Frontiers in Immunology 09
37. June CH, Ledbetter JA, Linsley PS, Thompson CB. Role of the CD28 receptor in T-
cell activation. Immunol Today. (1990) 11:211–6. doi: 10.1016/0167-5699(90)90085-N

38. Prasad KV, Cai YC, Raab M, Duckworth B, Cantley L, Shoelson SE, et al. T-cell
antigen CD28 interacts with the lipid kinase phosphatidylinositol 3-kinase by a
cytoplasmic Tyr(P)-Met-Xaa-Met motif. Proc Natl Acad Sci U.S.A. (1994) 91:2834–8.
doi: 10.1073/pnas.91.7.2834

39. Schneider H, Cai YC, Prasad KV, Shoelson SE, Rudd CE. T cell antigen CD28
binds to the GRB-2/SOS complex, regulators of p21ras. Eur J Immunol. (1995)
25:1044–50. doi: 10.1002/eji.1830250428

40. Boomer JS, Green JM. An enigmatic tail of CD28 signaling. Cold Spring Harb
Perspect Biol. (2010) 2:a002436. doi: 10.1101/cshperspect.a002436

41. Zheng W, O'Hear CE, Alli R, Basham JH, Abdelsamed HA, Palmer LE, et al.
PI3K orchestration of the in vivo persistence of chimeric antigen receptor-modified T
cells. Leukemia. (2018) 32:1157–67. doi: 10.1038/s41375-017-0008-6

42. Arch RH, Thompson CB. 4-1BB and Ox40 are members of a tumor necrosis
factor (TNF)-nerve growth factor receptor subfamily that bind TNF receptor-
associated factors and activate nuclear factor kappaB. Mol Cell Biol. (1998) 18:558–
65. doi: 10.1128/MCB.18.1.558

43. Li G, Boucher JC, Kotani H, Park K, Zhang Y, Shrestha B, et al. 4-1BB
enhancement of CAR T function requires NF-kB and TRAFs. JCI Insight. (2018) 3
(18). doi: 10.1172/jci.insight.121322

44. Philipson BI, O'Connor RS, May MJ, June CH, Albelda SM, Milone MC. 4-1BB
costimulation promotes CAR T cell survival through noncanonical NF-kB signaling.
Sci Signal. (2020) 13(625). doi: 10.1126/scisignal.aay8248

45. Eliopoulos AG, Caamano JH, Flavell J, Reynolds GM, Murray PG, Poyet JL, et al.
Epstein-Barr virus-encoded latent infection membrane protein 1 regulates the
processing of p100 NF-kappaB2 to p52 via an IKKgamma/NEMO-independent
signaling pathway. Oncogene. (2003) 22:7557–69. doi: 10.1038/sj.onc.1207120

46. Wharry CE, Haines KM, Carroll RG, May MJ. Constitutive non-canonical
NFkappaB signaling in pancreatic cancer cells. Cancer Biol Ther. (2009) 8:1567–76.
doi: 10.4161/cbt.8.16.8961

47. BrentjensRJ, Latouche JB, SantosE,Marti F,GongMC, LyddaneC, et al. Eradication
of systemic B-cell tumors by genetically targeted human T lymphocytes co-stimulated by
CD80 and interleukin-15. Nat Med. (2003) 9:279–86. doi: 10.1038/nm827

48. Alabanza L, Pegues M, Geldres C, Shi V, Wiltzius JJW, Sievers SA, et al. Function
of novel anti-CD19 chimeric antigen receptors with human variable regions is affected
by hinge and transmembrane domains. Mol Ther. (2017) 25:2452–65. doi: 10.1016/
j.ymthe.2017.07.013

49. Sun C, Shou P, Du H, Hirabayashi K, Chen Y, Herring LE, et al. THEMIS-SHP1
recruitment by 4-1BB tunes LCK-mediated priming of chimeric antigen receptor-
redirected T cells. Cancer Cell. (2020) 37:216–225.e6. doi: 10.1016/j.ccell.2019.12.014

50. Hamieh M, Dobrin A, Cabriolu A, van der Stegen SJC, Giavridis T, Mansilla-
Soto J, et al. CAR T cell trogocytosis and cooperative killing regulate tumor antigen
escape. Nature. (2019) 568:112–6. doi: 10.1038/s41586-019-1054-1

51. Feucht J, Sun J, Eyquem J, Ho Y-J, Zhao Z, Leibold J, et al. Calibration of CAR
activation potential directs alternative T cell fates and therapeutic potency. Nat Med.
(2019) 25:82–8. doi: 10.1038/s41591-018-0290-5

52. Majzner RG, Rietberg SP, Sotillo E, Dong R, Vachharajani VT, Labanieh L, et al.
Tuning the antigen density requirement for CAR T-cell activity. Cancer Discovery.
(2020) 10:702–23. doi: 10.1158/2159-8290.CD-19-0945

53. Osman N, Turner H, Lucas S, Reif K, Cantrell DA. The protein interactions of
the immunoglobulin receptor family tyrosine-based activation motifs present in the T
cell receptor zeta subunits and the CD3 gamma, delta and epsilon chains. Eur J
Immunol. (1996) 26:1063–8. doi: 10.1002/eji.1830260516

54. WuW, Zhou Q, Masubuchi T, Shi X, Li H, Xu X, et al. Multiple signaling roles of
CD3e and its application in CAR-T cell therapy. Cell. (2020) 182:855–871.e23. doi:
10.1016/j.cell.2020.07.018

55. Kane LP, Weiss A. The PI-3 kinase/Akt pathway and T cell activation:
pleiotropic pathways downstream of PIP3. Immunol Rev. (2003) 192:7–20. doi:
10.1034/j.1600-065X.2003.00008.x

56. Fruman DA. Phosphoinositide 3-kinase and its targets in B-cell and T-cell
signaling. Curr Opin Immunol. (2004) 16:314–20. doi: 10.1016/j.coi.2004.03.014

57. Kochenderfer JN, Wilson WH, Janik JE, Dudley ME, Stetler-Stevenson M,
Feldman SA, et al. Eradication of B-lineage cells and regression of lymphoma in a
patient treated with autologous T cells genetically engineered to recognize CD19. Blood.
(2010) 116:4099–102. doi: 10.1182/blood-2010-04-281931

58. Kawalekar OU, O’Connor RS, Fraietta JA, Guo L, McGettigan SE, Posey AD,
et al. Distinct signaling of coreceptors regulates specific metabolism pathways and
impacts memory development in CAR T cells. Immunity. (2016) 44:380–90. doi:
10.1016/j.immuni.2016.01.021

59. Pearce EL, Pearce EJ. Metabolic pathways in immune cell activation and
quiescence. Immunity. (2013) 38:633–43. doi: 10.1016/j.immuni.2013.04.005

60. van der Windt GJ, Everts B, Chang CH, Curtis JD, Freitas TC, Amiel E, et al.
Mitochondrial respiratory capacity is a critical regulator of CD8+ T cell memory
development. Immunity. (2012) 36:68–78. doi: 10.1016/j.immuni.2011.12.007

61. Sesques P, Ferrant E, Safar V,Wallet F, Tordo J, Dhomps A, et al. Commercial anti-
CD19 CART cell therapy for patients with relapsed/refractory aggressive B cell lymphoma
in a European center. Am J Hematol. (2020) 95:1324–33. doi: 10.1002/ajh.25951
frontiersin.org

https://doi.org/10.1016/j.ccell.2015.09.004
https://doi.org/10.1038/mto.2016.14
https://doi.org/10.1038/mto.2016.14
https://doi.org/10.1186/s40364-017-0102-y
https://doi.org/10.1517/14712598.2015.1046430
https://doi.org/10.1016/j.omto.2017.12.003
https://doi.org/10.1016/j.omto.2017.12.003
https://doi.org/10.1186/s13045-018-0568-6
https://doi.org/10.1038/nm.4478
https://doi.org/10.1007/BF00820666
https://doi.org/10.1038/nrclinonc.2013.46
https://doi.org/10.1182/blood-2014-05-552729
https://doi.org/10.1126/scisignal.aat6753
https://doi.org/10.1126/scisignal.aat6753
https://doi.org/10.1126/scitranslmed.aac5415
https://doi.org/10.1126/scitranslmed.aac5415
https://doi.org/10.1056/NEJMoa1709866
https://doi.org/10.4236/abb.2013.44A011
https://doi.org/10.1038/s41598-017-10940-8
https://doi.org/10.3389/fimmu.2021.684642
https://doi.org/10.1016/S0092-8674(00)80901-0
https://doi.org/10.1038/s41423-020-0470-3
https://doi.org/10.1038/nri1632
https://doi.org/10.1146/annurev-immunol-042617-053429
https://doi.org/10.1146/annurev-immunol-042617-053429
https://doi.org/10.1016/j.immuni.2010.05.011
https://doi.org/10.1038/ni.3392
https://doi.org/10.7554/eLife.35190
https://doi.org/10.1101/cshperspect.a002485
https://doi.org/10.1146/annurev-immunol-042617-053335
https://doi.org/10.1146/annurev-immunol-042617-053335
https://doi.org/10.1084/jem.181.1.375
https://doi.org/10.1016/0167-5699(90)90085-N
https://doi.org/10.1073/pnas.91.7.2834
https://doi.org/10.1002/eji.1830250428
https://doi.org/10.1101/cshperspect.a002436
https://doi.org/10.1038/s41375-017-0008-6
https://doi.org/10.1128/MCB.18.1.558
https://doi.org/10.1172/jci.insight.121322
https://doi.org/10.1126/scisignal.aay8248
https://doi.org/10.1038/sj.onc.1207120
https://doi.org/10.4161/cbt.8.16.8961
https://doi.org/10.1038/nm827
https://doi.org/10.1016/j.ymthe.2017.07.013
https://doi.org/10.1016/j.ymthe.2017.07.013
https://doi.org/10.1016/j.ccell.2019.12.014
https://doi.org/10.1038/s41586-019-1054-1
https://doi.org/10.1038/s41591-018-0290-5
https://doi.org/10.1158/2159-8290.CD-19-0945
https://doi.org/10.1002/eji.1830260516
https://doi.org/10.1016/j.cell.2020.07.018
https://doi.org/10.1034/j.1600-065X.2003.00008.x
https://doi.org/10.1016/j.coi.2004.03.014
https://doi.org/10.1182/blood-2010-04-281931
https://doi.org/10.1016/j.immuni.2016.01.021
https://doi.org/10.1016/j.immuni.2013.04.005
https://doi.org/10.1016/j.immuni.2011.12.007
https://doi.org/10.1002/ajh.25951
https://doi.org/10.3389/fimmu.2024.1335424
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Smirnov et al. 10.3389/fimmu.2024.1335424
62. Cappell KM, Kochenderfer JN. A comparison of chimeric antigen receptors
containing CD28 versus 4-1BB costimulatory domains. Nat Rev Clin Oncol. (2021)
18:715–27. doi: 10.1038/s41571-021-00530-z

63. Neelapu SS, Locke FL, Bartlett NL, Lekakis LJ, Miklos DB, Jacobson CA, et al.
Axicabtagene ciloleucel CAR T-cell therapy in refractory large B-cell lymphoma.N Engl
J Med. (2017) 377:2531–44. doi: 10.1056/NEJMoa1707447

64. Schuster SJ, Bishop MR, Tam CS, Waller EK, Borchmann P, McGuirk JP, et al.
Tisagenlecleucel in adult relapsed or refractory diffuse large B-cell lymphoma.New Engl
J Med. (2018) 380:45–56. doi: 10.1056/NEJMoa1804980

65. Mueller KT, Waldron E, Grupp SA, Levine JE, Laetsch TW, Pulsipher MA, et al.
Clinical pharmacology of tisagenlecleucel in B-cell acute lymphoblastic leukemia. Clin
Cancer Res. (2018) 24:6175–84. doi: 10.1158/1078-0432.CCR-18-0758

66. Majzner RG, Mackall CL. Clinical lessons learned from the first leg of the CAR T
cell journey. Nat Med. (2019) 25:1341–55. doi: 10.1038/s41591-019-0564-6

67. Fraietta JA, Lacey SF, Orlando EJ, Pruteanu-Malinici I, Gohil M, Lundh S, et al.
Determinants of response and resistance to CD19 chimeric antigen receptor (CAR) T
cell therapy of chronic lymphocytic leukemia.NatMed. (2018) 24:563–71. doi: 10.1038/
s41591-018-0010-1

68. Melenhorst JJ, Chen GM, Wang M, Porter DL, Chen C, Collins MA, et al.
Decade-long leukaemia remissions with persistence of CD4+ CAR T cells. Nature.
(2022) 602:503–9. doi: 10.1038/s41586-021-04390-6

69. Kochenderfer JN, Somerville RPT, Lu T, Shi V, Bot A, Rossi J, et al. Lymphoma
remissions caused by anti-CD19 chimeric antigen receptor T cells are associated with
high serum interleukin-15 levels. J Clin Oncol. (2017) 35:1803–13. doi: 10.1200/
JCO.2016.71.3024

70. Cappell KM, Sherry RM, Yang JC, Goff SL, Vanasse DA, McIntyre L, et al. Long-
term follow-up of anti-CD19 chimeric antigen receptor T-cell therapy. J Clin Oncol.
(2020) 38:3805–15. doi: 10.1200/JCO.20.01467

71. Ramos CA, Bilgi M, Gerken CP, Dakhova O, Mei Z, Grilley BJ, et al. CD30-
chimeric antigen receptor (CAR) T cells for therapy of hodgkin lymphoma (HL). Blood.
(2018) 132:680–0. doi: 10.1182/blood-2018-99-111202

72. Abate-Daga D, Lagisetty KH, Tran E, Zheng Z, Gattinoni L, Yu Z, et al. A novel
chimeric antigen receptor against prostate stem cell antigen mediates tumor
destruction in a humanized mouse model of pancreatic cancer. Hum Gene Ther.
(2014) 25:1003–12. doi: 10.1089/hum.2013.209

73. Enblad G, Karlsson H, Gammelgård G, Wenthe J, Lövgren T, Amini RM, et al. A
phase I/IIa trial using CD19-targeted third-generation CAR T cells for lymphoma and
leukemia. Clin Cancer Res. (2018) 24:6185–94. doi: 10.1158/1078-0432.CCR-18-0426

74. Muliaditan T, Halim L, Whilding LM, Draper B, Achkova DY, Kausar F, et al.
Synergistic T cell signaling by 41BB and CD28 is optimally achieved by membrane
proximal positioning within parallel chimeric antigen receptors. Cell Rep Med. (2021)
2:100457. doi: 10.1016/j.xcrm.2021.100457

75. Vardhana SA, Hwee MA, Berisa M, Wells DK, Yost KE, King B, et al. Impaired
mitochondrial oxidative phosphorylation limits the self-renewal of T cells exposed to
persistent antigen. Nat Immunol. (2020) 21:1022–33. doi: 10.1038/s41590-020-0725-2

76. Abe R, Vandenberghe P, Craighead N, Smoot DS, Lee KP, June CH. Distinct
signal transduction in mouse CD4+ and CD8+ splenic T cells after CD28 receptor
ligation. J Immunol. (1995) 154:985–97. doi: 10.4049/jimmunol.154.3.985

77. Hutloff A, Dittrich AM, Beier KC, Eljaschewitsch B, Kraft R, Anagnostopoulos I,
et al. ICOS is an inducible T-cell co-stimulator structurally and functionally related to
CD28. Nature. (1999) 397:263–6. doi: 10.1038/16717
Frontiers in Immunology 10
78. Goodman DB, Azimi CS, Kearns K, Talbot A, Garakani K, Garcia J, et al. Pooled
screening of CAR T cells identifies diverse immune signaling domains for next-
generation immunotherapies. Sci Transl Med. (2022) 14:eabm1463. doi: 10.1126/
scitranslmed.abm1463

79. Guedan S, Posey AD Jr, Shaw C, Wing A, Da T, Patel PR, et al. Enhancing CAR
T cell persistence through ICOS and 4-1BB costimulation. JCI Insight. (2018) 3(1). doi:
10.1172/jci.insight.96976

80. Garbi N, Hämmerling GJ, Probst HC, van den Broek M. Tonic T cell signaling
and T cell tolerance as opposite effects of self-recognition on dendritic cells. Curr Opin
Immunol. (2010) 22:601–8. doi: 10.1016/j.coi.2010.08.007

81. Ajina A, Maher J. Strategies to address chimeric antigen receptor tonic signaling.
Mol Cancer Ther. (2018) 17:1795–815. doi: 10.1158/1535-7163.MCT-17-1097

82. Long AH, Haso WM, Shern JF, Wanhainen KM, Murgai M, Ingaramo
M, et al. 4-1BB costimulation ameliorates T cell exhaustion induced by tonic
signaling of chimeric antigen receptors. Nat Med. (2015) 21:581–90. doi: 10.1038/
nm.3838

83. Chen J, Qiu S, Li W, Wang K, Zhang Y, Yang H, et al. Tuning charge density of
chimeric antigen receptor optimizes tonic signaling and CAR-T cell fitness. Cell Res.
(2023) 33:341–54. doi: 10.1038/s41422-023-00789-0

84. Ramello MC, Benzaïd I, Kuenzi BM, Lienlaf-Moreno M, Kandell WM,
Santiago DN, et al. An immunoproteomic approach to characterize the
CAR interactome and signalosome. Sci Signal. (2019) 12(568). doi: 10.1126/
scisignal.aap9777
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