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Chimeric antigen receptor T cells (CAR-T) therapy has shown
great potential in tumor treatment. However, many factors
impair the efficacy of CAR-T therapy, such as antigenic hetero-
geneity and loss, limited potency and persistence, poor infiltra-
tion capacity, and a suppressive tumor microenvironment. To
overcome these obstacles, recent studies have reported a new
generation of CAR-T cells expressing cytokines called armored
CAR-T, TRUCK-T, or the fourth-generation CAR-T. Here we
summarize the strategies of arming CAR-T cells with natural
or synthetic cytokine signals to enhance their anti-tumor ca-
pacity. Moreover, we summarize the advances in CAR-T cells
expressing non-cytokine proteins, such as membrane recep-
tors, antibodies, enzymes, co-stimulatory molecules, and tran-
scriptional factors. Furthermore, we discuss several prospective
strategies for armored CAR-T therapy development. Alto-
gether, these ideas may provide new insights for the innova-
tions of the next-generation CAR-T therapy.
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INTRODUCTION
Chimeric antigen receptor T (CAR-T) cell therapy has succeeded
dramatically in treating hematological malignancies. Adoptive trans-
fer of autologous CD19-targeted CAR-T cells has become the first
genetically modified cell-based therapy approved by the U.S. Food
and Drug Administration.1 The first-generation CAR molecule con-
sists of a single-chain variable fragment (scFv) derived from mono-
clonal antibodies that can specifically recognize antigens, a trans-
membrane domain, and an intracellular signaling domain of CD3.2

However, these CAR-T cells show low proliferative capacity and
anti-tumor activity.3 Next, the second-generation CAR integrates a
co-stimulating domain, CD28 or 4-1BB, to augment and prolong
the activation of CAR-T cells.4 Moreover, the third-generation
CARs simultaneously integrate two of the CD28, the 4-1BB, and
OX40 domains, which further enhances the anti-tumor capacity of
CAR-T cell therapy.5

In contrast with CAR-T cell therapy for hematological malignancies,
the efficacy of CAR-T therapy for solid tumors remains limited,
which is due to multiple factors, including tumor antigen heterogene-
ity, limited potency and persistence of T cells, poor infiltration capac-
ity, and a suppressive tumor microenvironment (TME).6,7 To get
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around these challenges, researchers have tried to improve CAR-T
cell function, enhance their infiltration, modify the TME to activate
bystander immune cells, and use combined therapy. Recently, ap-
proaches that arm CAR-T cells with cytokine expression to boost
their anti-tumor capacity have shown significant promise in over-
coming the challenges, which are called armored CAR-T, T cells re-
directed for universal cytokine-mediated killing (TRUCK-T), or the
fourth-generation CAR-T therapy.8,9 Moreover, the force-expressed
cytokines in armored CAR-T cells can be replaced by a series of secre-
tory or non-secretory functional proteins to further improve the effi-
cacy of CAR-T therapy. In this review, we summarize the strategies
for designing armored CAR-T cell therapies, mainly focusing on
CAR-T cells expressing natural or synthetic cytokines, antibodies, en-
zymes, and other secretory proteins. Additionally, we discuss the ad-
vances in CAR-T cells expressing non-secretory proteins, including
co-stimulatory molecules and transcriptional factors, which mainly
enhance the capacity of CAR-T cells through signaling transduction
and transcriptional regulation. Furthermore, potential strategies
that may be engaged in the future development of next-generation
CAR-T therapy are discussed.

TRUCK-T: REDIRECTED FOR NATURAL
CYTOKINE-MEDIATED KILLING
CAR-T cells remain ineffective in most solid tumors, mainly because
of poor infiltration, expansion and persistence of CAR-T cells in the
TME.10 These results could be explained by the timely limited activa-
tion of the first and the second T cell signals (i.e., TCR and co-stim-
ulatory signal).11 Therefore, cytokines are supplemented to CAR-T
cells to maintain a sustained T cell response by producing a third
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Table 1. Summary of CAR-T cells co-expressing cytokines in the treatment of tumors

Cytokine-based cargos Tumor Targeted antigen Model Reference

IL-15 Burkitt lymphoma CD19 immune-deficient tumor model Hoyos et al.15

IL-15 lung cancer, neuroblastoma, and glioblastoma GD2 immune-deficient tumor model
Reppel et al., Chen et al.
and Gargett et al.16–18

IL-2 pancreatic cancer and melanoma CD19 immune-deficient tumor model Allen et al.20

IL-2 B cell malignancies HER2 immune-deficient tumor model Li et al.21

IL-2, IL-15, IL-7, IL-21 hematological malignancies CD19 immune-deficient tumor model Markley and Sadelain24

IL-21 chronic lymphocytic leukemia CD19 immune-deficient tumor model �Stach et al.22

IL-15 and IL-21 HCC GPC3 immune-deficient tumor model Batra et al.26

IL-23 neuroblastoma GD2
immune-deficient/competent
tumor model

Ma et al.27

IL-23 prostate cancer PSMA immune-deficient tumor model Wang et al.28

IL-7 and CCL19 lung cancer, pancreatic ductal adenocarcinoma CD20, MSLN immune-competent tumor model Adachi et al.31

IL-12 B cell malignancies, non-Hodgkin lymphomas CD19 immune-competent tumor model Pegram et al.40

IL-12 colorectal tumors CEA immune-deficient tumor model Chmielewski et al.13

IL-18 leukemia CD19 immune-deficient tumor model Hu et al.44

IL-18
hematological malignancies and ovarian
carcinoma

CD19, MUC
immune-deficient/competent
tumor model

Avanzi et al.45

IL-18 pancreatic and lung tumors CEA immune-competent tumor model Chmielewski and Abken46

IL-36 lymphoma CD19 immune-competent tumor model Li et al.50

Flt3L mouse colon adenocarcinoma and sarcoma HER2 immune-competent tumor model Lai et al.54
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signal.12 The fourth-generation CAR-T therapymakes CAR-T cells as
biofactories or vehicles to produce transgenic cargo, like cytokines, to
generate a third signal or other additional signals. TRUCK-T cells
often produce one or two types of cytokines that improve the
CAR-T functions or modify the TME to combat malignancies.8,13

In the following part, we discuss the advances in TRUCK-T therapeu-
tics, mainly based on different structural and functional families of cy-
tokines used in CAR-T therapies (Table 1).

Enhance the potency and persistence of CAR-T cells

IL-2 and IL-15

Improving T cell activity with proliferative cytokines, such as IL-2 and
IL-15, has been thought to drive powerful anti-tumor functions.14 IL-
15 is crucial for T cell homeostasis and survival.15 A study reported
that CD19 CAR-T cells with antigen-induced IL-15 expression
showed superior survival, expansion, and anti-tumor activity
compared with controlled CAR-T cells in xenogeneic models of B
cell malignancies.15 Similarly, GD2 CAR-T cells expressing IL-15
show extraordinary abilities of infiltration and cytotoxicity in lung
cancer, neuroblastoma, and glioblastoma in xenograft models.16–18

A study conducted a comparative analysis of the activity and toxicity
in two phase 1 studies.19 One evaluated glypican-3 (GPC3) CAR-T
therapy (NCT02932956, NCT02905188), and the other examined
the same CAR combined with IL-15 expression (NCT04377932,
NCT05103631). Six patients were infused with 3 � 107 GPC3
CAR-T cells and six with 3 � 107 IL-15 GPC3 CAR-T cells. The
IL-15 GPC3 CAR-T cells showed higher peak expansion and compa-
rable effective tumor trafficking. The increased expansion was associ-
ated with a higher response rate. Three of the patients (3/6 [50%])
treated with IL-15 GPC3 CAR-T cells showed partial responses
(PR), including resolution of lung metastases, and the other three
(3/6 [50%]) had progressive disease (PD). In the comparative GPC3
CAR-T trials, two patients (2/6 [33.3%]) exhibited PD, and four (4/
6 [66.7%]) exhibited stable disease (SD). The responsive rate was
50% versus 0. However, increased expansion was also associated
with a higher incidence of adverse events. The patients in the IL-15
GPC3 CAR-T group had higher levels of cytokine release syndrome
(CRS): one patient with grade 2 and two with grade 4, versus one
grade 2 event in the comparative GPC3 CAR-T group. Another trial
of IL-15 GD2 CAR-T therapy for neuroblastoma and osteosarcoma
(NCT03721068) is underway.

IL-2 is commonly used in the in vivo culture of T cells,19 since it has a
canonical function on T cell activation and expansion. However, sys-
temic IL-2 treatment is extremely toxic and can lead to serious
adverse effects.20 Constructing CAR-T cells with conditionally ex-
pressed IL-2 using synthetic gene circuits is a strategy reported in
recent studies to overcome these obstacles.20,21 These cells showed a
better ability to proliferate and infiltrate, less expansive effect of
neighboring regulatory T cells (Tregs), and less toxicity compared
with CAR-T cells with IL-2 expression dependent on CAR or T cell
receptor (TCR) signals and systemic IL-2 treatment.20

IL-7 and IL-21

Enhancing the CAR-T cells’ potency and persistence in vivo is a vital
issue.22 IL-7 can promote the homeostatic expansion of native and
Molecular Therapy Vol. 31 No 11 November 2023 3147
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memory T cells, which also has been proven in early clinical trials.23

Moreover, compared with CD19-CAR-T cells expressing IL-2 or
IL-15, the constitutive expression of IL-7 in CD19-CAR-T cells
demonstrated enhanced anti-tumor activity, potentially attributed
to the sustained killing of target cells and T cell expansion in immu-
nodeficient mice.24 However, it should be noted that these IL-7-ex-
pressing CD19-CAR-T cells did not exhibit the long-term persistence
observed in IL-15-expressing CD19-CAR-T cells.24

Like IL-15, IL-21 overexpression supported long-term T cell persis-
tence in vivo.24 IL-21 is a pleiotropic cytokine that acts on a variety
of lymphocyte subsets, such as B cells, T cells, and natural killer
(NK) cells, which promotes the expansion and maintains the early
memory phenotype of T cells.25 �Stach et al. designed anti-CD19
CAR-T cells expressing IL-21 after antigen stimulation, demon-
strating enhanced potential to expand and sustain the early memory
phenotype in an immune-deficient chronic lymphocytic leukemia
model.22 Furthermore, to investigate whether the combinational
expression of IL-21 and IL-15 enhances the anti-tumor effect of
CAR-T cells against hepatocellular carcinoma (HCC), Batra et al.26 de-
signed GPC3 CAR-T cells co-expressing IL-15 and IL-21 upon the
activation of CAR, which exhibited robust expansion and sustained
persistence in HCC xenograft models, resulting in superior tumor
control and survival comparedwith non-armoredCAR-T or equipped
with either cytokine alone. These results provided a strong rationale
for evaluatingGPC3CAR-T cells co-expressing IL-15 and IL-21 in pa-
tients with liver cancers (NCT04715191, NCT02932956).26

IL-23

IL-23 is a heterodimer composed of IL-23a p19 and IL-12b p40 sub-
unit, which supports the proliferation and survival of T cells.27 Ma
et al.27 found that the activation of T cells induces the expression of
both IL-23a p19 subunit and IL-23R. Based on this finding, they de-
signed a type of T cell that produces IL-23 upon activation by forced
expression of IL-12b p40 submitted in T cells (named p40-Td cells).
These p40-expressing T cells couple the release and the activity of
IL-23 with T cell activation, which drives T cell proliferation and sur-
vival. Incorporating p40 in CAR- or TCR-engineered T cells further
enhanced their anti-tumor activity in xenograft and syngeneic mouse
models.27 However, IL-23 produced by p40-Td cells functions pre-
dominantly in an autocrine way, with limited effects on bystander
cells. Therefore, an IL-23-expressing PSMA CAR-T was designed,
which showed greater tumor clearance and faster weight recovery
in an immune-deficient model of prostate cancer.28

Improve CAR-T trafficking: IL-7 � CCL19

Inefficient homing and penetration of solid tumors impair the efficacy
of CAR-T therapy.7 Studies showed that IL-7 and CCL19 produced by
T zone fibroblastic reticular cells are essential for forming and main-
taining the T cell zone in lymphoid organs, where both T cells and
dendritic cells (DCs) are recruited from the periphery.29,30 To recruit
T cells and DCs into solid tumors, Adachi et al.31 designed a mesothe-
lin (MSLN)-targeting CAR-T expressing IL-7 and CCL19 under an-
tigen stimulating (7 � 19 CAR-T), imitating the characteristics of T
3148 Molecular Therapy Vol. 31 No 11 November 2023
zone fibroblastic reticular cells. Histopathological analyses showed
increased infiltration of DCs and T cells into tumor tissues following
7 � 19 CAR-T treatment in an immune-competent model.31 More-
over, BCMA-targeting 7 � 19 CAR-T cells preliminarily showed
promising safety and efficacy in a clinical trial treating refractory or
relapsed (R/R) multiple myeloma (NCT03778346). The first two
enrolled patients achieved a complete response (CR) and very good
PR with grade 1 CRS only 1 month after one dose of CAR-T cell infu-
sion, and the responses lasted more than 12months.32 Another multi-
center phase 1b trial of 7� 19 CAR-T in patients with R/R large B cell
lymphoma (NCT03929107, NCT04833504) showed that 7 � 19
CD19 CAR-T cells can induce durable responses with a median over-
all survival of greater than 2 years and has a manageable safety profile
in patients with R/R B cell lymphoma.33 Additionally, one trial of
CD19 7 � 19 CAR-T therapy in B cell lymphoma (NCT05659628)
is under way to evaluate the efficacy. Furthermore, a phase 1 trial
(NCT03198546) was conducted for GPC3- or MSLN-targeted
7 � 19 CAR-T therapy in advanced HCC/pancreatic carcinoma
(PC)/ovarian carcinoma patients. In the six-case preliminary cohort,
one PC patient (1/6 [16.7%]) achieved CR; one HCC patient (1/6
[16.7%]) achieved PR, and two (2/6 [33.3%]) achieved steady disease.
This result showed that 7 � 19 CAR-T cells had a great therapeutic
potential.34 These studies all demonstrated that incorporating IL-7
and CCL19 into CAR-T cells significantly enhanced their anti-tumor
capacity against hematological malignancies and solid tumors.

Reprogram T cell metabolism: IL-10

T cell exhaustion is one of themajor hurdles in cancer immunotherapy.
Studies showed that exhaustedT cells exhibit suppressedmitochondrial
respiration and/or glycolysis.35,36 Such poor metabolic fitness may
further reinforce T cell exhaustion, while maintaining mitochondrial
fitness can restore the proliferation and effector function of exhausted
T cells, leading to enhanced anti-tumor immunity.35,36 IL-10 is known
to enhance the mitochondrial oxidative phosphorylation of macro-
phages.37 Interestingly, Guo et al.38 found that IL-10 can also reprogram
T cell metabolism and restore the functions of exhausted T cells. They
produced a recombinant half-life-extended fusion protein of human
IL-10 and IgG1 Fc (IL-10-Fc). IL-10-Fc fusion protein directly and
potently enhanced the expansion and effector function of terminally ex-
hausted CD8+ tumor-infiltrating lymphocytes by promoting oxidative
phosphorylation. Moreover, CAR-T cells co-treated with IL-10-Fc
fusion protein showed enhanced oxygen consumption rate, prolifera-
tion, and killing efficiency. Although IL-10 is considered an immuno-
suppressive factor, these findings showed that IL-10 can also potentially
revitalize terminally exhausted T cells, which enhanced the efficacy of
adoptive T cell therapy unexpectedly.38 However, the above study
only examined the function of IL-10 onCAR-T therapy in a trans-deliv-
ered way. Whether cis-expressed IL-10 can enhance the efficacy of
CAR-T remains unknown.

Modify the immunosuppressive TME

IL-12

IL-12 is a pivotal proinflammatory cytokine derived from phagocytes
and DCs in response to pathogens, which has a strong antitumor
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effect on modulating the TME. IL-12 functions by improving activa-
tion of cytotoxic T cells and NK cells, promoting the response of Th1
cells to produce interferon-g (IFN-g) and tumor necrosis factor a
(TNF-a), and polarizing macrophages to M1 phenotype.13,39 Based
on these privileges, considerable efforts have been made to establish
IL-12 in tumor therapy. CD19 CAR-T cells constitutively secreting
IL-12 can eradicate systemic B cell lymphoma and stimulate T cells
to secrete IFN-g, which can resist Treg-mediated suppression in an
immune-competent model.40 However, the severe toxicity of IL-12
therapy limited its systemic administration in solid tumor.13,41 To
solve this problem, GD2 CAR-T cells with intratumoral injection of
IL-12 were proven to reshape TME in an immune-competent model
of glioblastoma, driving increased infiltration of proinflammatory
CD4+ T cells, decreased proportion of Treg cells, and activation of
myeloid compartment.42 Furthermore, researchers designed CAR-T
cells with induced IL-12 expression upon antigen stimulation of car-
cinoembryonic antigen (CEA) to enrich IL-12 in tumor lesions
locally. Tumors treated with inducible IL-12 CAR-T cells were infil-
trated with increased numbers of M1 polarized macrophages
compared with tumors treated with CAR-T cells without IL-12 in
NIH-III mice deficient in NK cells, B cells, and T cells. These M1
polarized macrophages can directly eliminate cancer cells, which
can help the inducible IL-12-secreting CAR-T cells to eliminate the
mixed tumor with a substantial number of cancer cells lacking
the targeted antigen.13 Moreover, a study incorporated IL-12 into
the exodomain of CAR, which reprogrammed CD8+ CAR-T cells to
a novel NK cell-like signature and a CD94+CD56+ CD62Lhigh pheno-
type, like cytokine-induced killer cells.26 This IL-12-inserted CAR-T
achieved antigen-independent, human leukocyte antigen E restricted
cytotoxicity, and gained the ability to eliminate antigen-negative
cancer cells in Rag�/�cg�/� immunodeficient mice.41 Because f the
pleiotropic effects on autocrine activation, antigen-independent
killing and TME modulation, IL-12 CAR-T therapy is expected to
be successful in solid tumor treatment.

However, the efficacy and safety of these IL-12 CAR-T therapies need
to be further evaluated. In a phase 1 clinical trial, the best response of
constitutive IL-12 secreting CAR-T was only SD (NCT02498912,
MUC6ecto CAR-T, ovarian, primary peritoneal, fallopian tube carci-
noma). Although no significant toxicity was found in patients treated
with this CAR-T alone without lymphodepletion, two-thirds of pa-
tients in the lymphodepleting cohorts showed dose-limited toxicity,43

revealing the safety issue of constitutive IL-12 expression. As for
inducible IL-12 CAR-T therapy, a clinical trial is still underway to
evaluate its efficacy and safety (NCT03542799) (epidermal growth
factor receptor [EGFR] CAR-T, metastatic colorectal cancer).

IL-18

IL-18 was initially characterized as an inducer of IFN-g expression in
T cells and can activate lymphocytes and monocytes.44 A recent study
reported that NSG mice bearing Nalm6 leukemia cells injected with
CD19 CAR-T cells secreting constitutively IL-18 can remain viable
for more than 185 days after T cell injection.44 Moreover, further
analysis revealed that the blood concentration of CAR-T cells
secreting constitutively IL-18 was nearly 35 times that of traditional
CAR-T cells during treatment.44 These results show that CAR-T cells
secreting constitutive IL-18 have a stronger proliferative ability than
traditional CAR-T cells.44 Another study reported constitutive IL-
18-secreting CD19 CAR-T cells were capable of modulating and acti-
vating endogenous immune cells residing in the bone marrow of
immunocompetent syngeneic mouse models of both hematologic
and metastatic solid tumor malignancies.45 Moreover, to fight against
solid tumors, Chmielewski et al.46 constructed CEA CAR-T cells with
inducible IL-18, which exhibited superior activity against large
pancreatic and lung tumors that are refractory to CAR-T cells
without cytokines. They demonstrated that the anti-tumor process
of inducible IL-18 CAR-T was accompanied by the overall change
of TME.46 These CAR-T cells in immune-competent models can
convert the tumor environment to acute inflammation and decrease
the number of immunosuppressive cells, such as Treg, suppressive
CD103+ DC, and M2 macrophage, whereas CD206+ M1 macro-
phages and NKG2D+ NK cells increase in number.46 Recently, a
phase 1 clinical trial (NCT04684563) on IL-18 CD19 CAR-T therapy
has been reported.47 In 11 patients, this CAR-T therapy-induced
overall response rate was 82%, and CR and PR rate were 55% and
27%, respectively. Disease progression occurred in 18% of patients,
and the median duration of response was not reached (NR) (range,
6.6 to NR). Additionally, the 12-month progression-free survival
rate was 54% (95% confidence interval, 15%–81%). At a median
follow-up of 12 months (range, 3–20 months), the 12-month overall
survival rate was 100%. Furthermore, CRS was observed in 58% pa-
tients: grade 1, 33%; grade 2, 17%; and grade 3, 8%. Seventeen percent
patients had immune effector cell-associated neurotoxicity syndrome:
grade 1, 8%; and grade 2m 8%. These results show the IL-18 CD19
CAR-T therapy have a manageable safety profile and induces lasting
remission.

IL-36

IL-36 is a newly discovered member of the IL-1 superfamily that has
shown potent anti-tumor activity in preclinical models.48 IL-36 can
transform the TME and promote type 1 lymphocyte-mediated anti-
tumor immune responses.49 A study reported that CD19 CAR-T cells
expressing constitutively IL-36 showed more extraordinary abilities
of expansion and persistence than control CAR-T cells in lympho-
blastic leukemia immune competent models.50 Moreover, CD19
CAR-T cells secreting IL-36 can enhance major histocompatibility
complex class II and CD86 expression on splenic macrophages and
DCs of tumor-bearing mice, suggesting the role of IL-36 in the matu-
ration of antigen-presenting cells and stimulation of endogenous im-
munity, which can promote the antigen presentation to activate
bystander T cells.50 Therefore, CAR-T cells expressing IL-36 might
be a viable treatment option for solid tumors with antigen heteroge-
neity or those with antigen loss.

Promote antigen epitope spreading: Flt3L

Enhancing endogenous supportive immunity to counteract the
heterogeneity of tumor antigens is an important way to improve
CAR-T efficacy against solid tumors.10,51,52 Strategies to boost
Molecular Therapy Vol. 31 No 11 November 2023 3149

http://www.moleculartherapy.org


www.moleculartherapy.org

Review
endogenous immunity include stimulating bystander immune cells,
reprogramming tumor-educated immunosuppressive cells, and, of
utmost importance, promoting APCs to spread epitopes.10,12,51,53

Flt3L can promote hematopoietic progenitor commitment to the
DC lineage as well as DC survival and proliferation in tissues.54,55

Lai et al.54 designed a novel CAR-T cell constitutively secreting
Flt3L, which was able to expand intratumoral conventional type 1
DCs. This Flt3L CAR-T substantially activates DCs and T cells
when combined with immune agonists poly (I:C) and anti-4-1BB
antibody in immune-competent models. Importantly, this led to
epitope spreading of antigens beyond those recognized by adoptively
transferred T cells in solid tumor models of TCR- and CAR-T treat-
ment, which suggests that enhancing the capabilities of endogenous
DCs is a promising strategy to improve the anti-tumor ability of
CAR-T cells.54 Other approaches for improving DC-based treatments
include DC vaccination, expression of chemokine CXCL4 or type I
IFNs (IFN-a/b), targeting the negative regulators of DC activation,
and delivering DNA/RNA-containing nanoparticles.56,57 In the
future, these approaches could be combined with CAR-T therapy,
further enhancing the capacity of both exogenous and endogenous
immunity.

FROM NATURAL TO ORTHOGONAL: SYNTHETIC
CYTOKINES AND RECEPTORS FOR CAR-T THERAPY
Although CAR-T cells co-expressing cytokines have great efficacy in
many murine models, the risk of severe adverse events including
neurotoxicity and CRS from the systemic accumulation of constitu-
tively secreted cytokine cannot be ignored.20 This strategy limits the
application of TRUCK-T cells and systemic cytokine accumulation
is not seen so far in inducible CAR-T therapy.13 To avoid the potential
risk of cytokine overproduction, engineering the downstream cyto-
kine receptors or signaling transduction proteins instead of the cyto-
kine itself might be an alternative option, although systemic cytokine
accumulation has not been seen in the ongoing trials of CAR-T
therapies with inducible cytokine expression yet. Moreover, a further
strategy to minimize the potential risk of transgenic cytokine is to
develop an orthogonal system that a certain engineered cytokine is
only active on its modified receptor, but not on the natural one.
Together, we discuss the recent advances in synthetic cytokine signals
that have already been or might have the potential to be used in
CAR-T therapy in the next part.

Constitutively active cytokine receptors

In an early attempt to decrease the systemic use of IL-2, researchers
developed adoptive T cells overexpressing cytokine receptors such
as IL-7R, which are responsive to IL-7 and might have fewer side ef-
fects.58 However, this design of IL-7R-overexpressed T cells did not
eliminate the need for an exogenous cytokine supply. Based on it,
Shum et al.59 constructed CAR-T cells expressing a constitutively
active IL-7 cytokine receptor (C7R). This C7R harbors activating mu-
tations derived from B cell precursor acute lymphoblastic leukemia
patients, with its native extracellular domain replaced by ectodomains
of CD34 to avoid additional activation by external ligands. The engi-
neered C7R can activate CAR-T cells without the requirement of an
3150 Molecular Therapy Vol. 31 No 11 November 2023
exogenous supply or transgenic expression of cytokines, which
avoids the overactivation of bystander immune cells and decreases
side effects. Meanwhile, the growth and survival of C7R-
expressing CAR-T cells remained antigen dependent, which demon-
strated superior anti-tumor activity in metastatic neuroblastoma
and orthotopic glioblastoma xenograft models.59 Two clinical trials
(NCT04099797, NCT03635632) of C7R-expressing GD2 CAR-T cells
against brain cancer and other cancers that express GD2 are under-
way to evaluate the safety and feasibility.

Chimeric cytokine receptors

Cytokine receptors are generally composed of several subunits, which
makes it possible to be engineered modularly. Chimeric cytokine re-
ceptors have been invented to treat inflammatory diseases or expand
hematopoietic progenitors in the last century.60,61 Recently, studies
proved that chimeric cytokine receptors could be effective on
CAR-T cells to convert inhibitory or neutral cytokine signals into
activating ones.62,63 For example, IL-4 is a type 2 cytokine that in-
hibits Th1 polarization and promotes tumor growth.64 Based on
this, chimeric IL-4 receptors were designed to combine an extracel-
lular domain from IL-4Rwith an intracellular domain from the recep-
tors of gc cytokines, such as IL-2R, IL-15R, and IL-7R, which invert
the immunosuppressive effect of IL-4 in tumor into an activating
signal.65,66 Unlike IL-4, which is secreted by tumors, granulocyte
macrophage colony stimulating factor (GM-CSF) is a cytokine
secreted by CAR-T cells upon activation.67 With a similar strategy,
chimeric GM-CSF/IL-18 receptor (GM18) was reported to combine
the extracellular domains of the GM-CSF receptor a/b chains with
the transmembrane domain and the intracellular signaling domain
of the IL-18 receptor a/b subunits. GM18 recognizes GM-CSF
secreted by CAR-T cells and activates MyD88 downstream signaling,
which sustains the effector function of CAR-T cells under chronic an-
tigen exposure in solid tumor xenograft models.63 GM18 proved that
an autocrine loop of cytokines secreted by CAR-T cells with their
corresponding chimeric cytokine receptors can keep CAR-T self-acti-
vating. Another classic example is the hybrid IL-7Ra/IL-2Rb
receptor.68 IL-2 can counteract the transforming growth factor b

(TGF-b) suppression on CD28-z CAR-T cells while activating
Treg cells that infiltrate tumors.23 Unlike IL-2, IL-7 can counteract
TGF-b suppression without stimulating Treg cells. However, the
IL-7 receptor is rapidly downregulated by effector and central mem-
ory T cells upon ligand binding, which would desensitize CD28-z
CAR-T cells to transgenic IL-7 in the long term and would lose
TGF-b resistance. To prolong the protective effect of IL-7 and avoid
IL-2 stimulation of Treg cells, Golumba-Nagy et al.68 engineered the
hybrid IL-7Ra/IL-2Rb receptor consisting of IL-7 receptor a chain in
the extracellular moiety and the IL-2 receptor b chain in the intracel-
lular moiety. The CAR-T cells with IL-7Ra/IL-2Rb receptor and
transgenic IL-7 can tolerate inhibitory signals from TGF-b in the
TME of Rag2�/�gc�/� mice.68 Chimeric cytokine receptors can inte-
grate the advantages of different cytokines/cytokine receptors and
avoid the disadvantages, such as pluripotency toxicity, and immuno-
suppression. The development of chimeric cytokine receptors has
greatly expanded the application scenarios of cytokines.
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Figure 1. The system of orthogonal IL-2

(A) Schematic of native IL-2R, orthogonal IL-2R, or gc

family chimeric orthogonal receptor. (B) Native IL-2 and

orthogonal IL-2 can only match their corresponding

receptors. (C) Orthogonal IL-2 acts on CAR-T cells armed

with orthogonal IL-2R, which promotes the activation and

proliferation of the CAR-T cells.
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Equipping CAR-T with JAK-STAT signaling domains

The gc family cytokines, such as IL-2, IL-7, IL-15, IL-21, and IL-23,
transmit signals via the JAK-STAT pathway. As summarized previ-
ously, these cytokines play an important role in activating and prolif-
erating T cells and NK cells.69 To enhance the downstream signal of
these cytokines, Kagoya et al.70 designed a novel CAR molecule con-
taining JAK-STAT signaling domains. This CD19-targeted CAR en-
codes a truncated cytoplasmic domain from the IL-2 receptor b-chain
(IL-2Rb) and a STAT3-binding tyrosine-X-X-glutamine (YXXQ)
motif, together with the CD28 co-stimulatory domain and the
CD3z TCR signaling domain (referred to as 28-DIL2RB-z(YXXQ)).
The 28-DIL2RBz(YXXQ) CAR-T cells showed antigen-dependent
activation of the JAK kinase and the STAT3 and STAT5 transcription
factors signaling pathways, promoting their proliferation and pre-
venting terminal differentiation in vitro.70 Similarly, Zhang et al.71 de-
signed a MUC1-targeted CAR with JAK-STAT signaling domains
and verified its enhanced efficacy in esophageal cancers in NSG
mice. These CAR-T cells transmit JAK-STAT signals in an antigen-
dependent way, which demonstrated superior anti-tumor effects
with minimal toxicity. This novel strategy suggests that more intracel-
lular signaling domains could be incorporated into a CARmolecule to
promote its function, and recent work on decoding the CAR-T cell
phenotype with machine learning has proved this concept
systemically.72

Pursuing orthogonal cytokine signaling

In addition to modifying cytokine receptors or CAR molecules, engi-
neering cytokine to narrow down its bioactive spectrums provides
another way to reduce its dose-related toxicities. A recent study re-
ported a strategy designing a two-component synthetic cytokine
that could independently target two surface markers but require co-
localization for activity. Typically, they constructed a neoleukin-2/
15 (Neo-2/15) that mimics a combination of IL-2 and IL-15, which
Molecula
can trans-activate immune cells surrounding tar-
geted tumor cells or directly cis-activate targeted
immune cells. Neo-2/15 could selectively expand
CD8T cells or promote CAR-T cell activation in a
CD25-independent way, resulting in enhanced
anti-tumor efficacy and decreased toxicity in
immunocompetent melanoma and lymphoma
models.73 Therefore, constructing CAR-T cells
expressing a couple of half cytokines might be a
novel way to limit the universal adverse effects
of cytokines.
Further studies proceeded to limit the effect of cytokines on orthog-
onal functions. In this way, a certain engineered cytokine could
only act on its modified receptor in correspondence (Figure 1). Sock-
olosky et al.74 designed a pair of orthogonal IL-2/IL-2Rb molecules
based on structural modifications. The modified ligand and receptor
bind to each other specifically and transmit IL-2 signals independent
from native cytokines and receptors. Next, they introduced the
orthogonal IL-2Rb into T cells and proved the orthogonal IL-2 acts
specifically on engineered T cells in vitro and in vivo, avoiding the ef-
fect of IL-2 on other immune cells.74 Based on this study, researchers
completed the humanization of orthogonal IL-2/IL-2Rb and com-
bined them with CAR-T therapy to limit the side effects of armored
CAR-T cells.75,76 A clinical trial (NCT05665062) of IL-2Rb CD19
CAR-T therapy for hematologic malignancies is underway. Further-
more, Kalbasi et al.77 designed a series of chimeric orthogonal recep-
tors that fuse the extracellular domain (ECD) of the orthogonal IL-2
receptor with the intracellular domain (ICD) of the common g chain
(gc) cytokine (IL-4, IL-7, IL-9, and IL-21) receptors, which allows
orthogonal IL-2/IL-2R interaction to initiate the downstream
signaling of different gc cytokines.77 Among them, the activation of
chimeric orthogonal IL-2Rb-ECD-IL-9R-ICD could significantly
promote the activation of stem cell-like memory T cells and conse-
quently improve the efficacy of adoptive cell therapy in immune-
competent models.77 So far, the main idea of orthogonal cytokine
design has gone from initially limiting the side effect of IL-2 to now
broadening the range of cytokine signals orthogonally, which makes
cytokine cargos not only safer, but also more flexible to be facilitated
in armored CAR-T therapy.

Systematic discovery on synthetic cytokines and receptors

Recently, synthetic cytokines and receptors have become emerging
tools to improve the design of CAR-T therapies.78 Therefore, the sys-
tematic discovery of synthetic cytokines and receptors is an area that
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Table 2. Summary of CAR-T cells co-expressing non-cytokines in the treatment of tumors

Non-cytokine based cargos Tumor Targeted antigen Model Reference

PD-1-blocking scFv ovarian carcinoma CD19, MUC16 immune-deficient/competent tumor model Rafiq et al.85

Anti-PD-L1 antibody renal cell carcinoma CAIX immune-deficient tumor model Suarez et al.86

HPSE neuroblastoma GD2 immune-deficient tumor model Caruana et al.89

Drug activating enzymes leukemia CD19 immune-deficient/competent tumor model Gardner et al.92

Neutrophil-activating
protein from Hp.

lymphoma and neuroblastoma CD19, GD2 immune-competent tumor model Jin et al.51

12 co-stimulatory receptors B cell lymphomas CD20 immune-deficient tumor model Zhang et al.99

Anti-CD38 CCR multiple myeloma BCMA, CD19 immune-deficient/competent tumor model Katsarou et al.100

Anti-B7-H3 CCR neuroblastoma GD2 immune-deficient tumor model Hirabayashi et al.101

PD-L1-specific CSR
chronic myeloid leukemia
and lung cancer

CD19, MSLN immune-deficient tumor model Qin et al.102

TBBR prostate cancer PSCA immune-deficient tumor model Sukumaran et al.103

Anti-PSMA CCR prostate cancer PSCA immune-deficient tumor model Kloss et al.105

c-Jun neuroblastoma GPC-2 immune-deficient tumor model Heitzeneder et al.111
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urgently needs further research. Usually, cytokine signals are induced
by natural biological stimuli, but recently designed synthetic cytokine
receptors have shown the ability to be responsive to non-physiolog-
ical ligands, even if they are not structurally cytokine-like.79 Engelow-
ski et al.79 engineered a series of synthetic cytokine receptors
(SyCyRs) sensitive to fluorescent fusion proteins like GFP and
mCherry, with their specific nanobodies as ECDs. The transmem-
brane and ICDs of these SyCyRs mimic the IL-23R, which phosphor-
ylates STAT3 upon ligand stimulation.79 This work proved the
concept that SyCyRs can be designed to sense almost any kind of pro-
tein signal, which provides an opportunity to program the third signal
of CAR-T cells at will. To further explore the relationship between
synthetic cytokines and downstream signals, Yen et al.80 developed
a high-throughput platform for the discovery of surrogate cytokine
agonists. They generated combinatorial matrices of single-chain bis-
pecific ligands using nanobodies and scFvs of natural cytokine recep-
tors, exhibiting diverse spectrums of functional activities.80 This work
provided a new framework to study the cellular effects of synthetic cy-
tokines, which may accelerate the systemic exploration of orthogonal
cytokines or other therapeutic cytokine-related signals. With these
systemic advances in synthetic immunology, armored CAR-T cell
therapy will embrace many opportunities in the next era.

BROADENING THE FIELD OF FOURTH-GENERATION
CAR-T THERAPY: NON-CYTOKINE PROTEINS
Classically, the fourth-generation CAR-T cells are defined as CAR-T
cells engineered with enhanced cytokine signals. However, similar
strategies to arm CAR-T cells with gene-edited non-cytokine proteins
could also be an emerging field of fourth-generation CAR-T thera-
peutics. In the next part, we discuss the functional proteins that
CAR-T cells were engineered to express to enhance their anti-tumor
efficacy. These proteins are secretory and non-secretory based on
their functional spaces (Table 2). The former usually acts on the
immunosuppressive TME, while the latter mainly focuses on
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improving CAR-T. Encouragingly, both of them have shown great
potential to treat hematological malignancies and solid tumors in
pre-clinical studies.

Secretory proteins: Enabling CAR-T cells with further functions

CAR-T cells have been engineered as vehicles to generate and secrete
antibodies, enzymes, or pathogen-derived immunomodulatory
proteins in situ. Based on the proliferation of CAR-T cells upon acti-
vation, these cargos can be enriched in the targeting microenviron-
ment, allowing CAR-T cells to have further therapeutic functions.
Here, we summarize the payloads that armored CAR-T cells could
be programmed to secrete in addition to cytokines (Figure 2).

Monoclonal antibodies and ScFvs

The immunosuppressive TME essentially limits the effect of CAR-T
cell therapy. Antibody-based therapy is now one of the most success-
ful strategies in tumor patients to improve the TME.81 Combining
with antibody-based therapy might overcome the challenges that
CAR-T therapy is facing in solid tumors.

Immune checkpoints are one of themain components of immunosup-
pressive TME. Engagement of programmed cell death 1 (PD-1) with
PD ligand 1 (PD-L1) leads to suppression of T cell immune re-
sponses.82 Some studies have shown that combining anti-PD-1 anti-
body andCAR-T can significantly improveCAR-T cells’ ability in syn-
geneic and xenogeneic mouse models.83,84 Based on these studies,
Rafiq et al.85 designed CAR-T cells secreting PD-1-blocking ScFv.
These CAR-T cells demonstrated enhanced survival of PD-L1+ tu-
mor-bearing mice in syngeneic and xenogeneic models.85 Similarly,
Suarez et al.86 designed CAR-T cells secreting anti-PD-L1 antibodies
and proved their effect on suppressing T cell exhaustion in xenogeneic
mouse models, which provided the renewed potential for CAR-T
cells.85,86 Moreover, four clinical trials of PD-1 antibodies secreting
CAR-T therapy and a clinical trial of anti-PD-L1 scFv CAR-T therapy
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Figure 2. Engineering CAR-T cells as vehicles to secrete antitumor proteins into TME

(A) Armored CAR-T cells engineered to release a variety of secretory proteins to enhance their antitumor capacity. (B) Representatives of antibodies and ScFvs that armored

CAR-T cells can generate, the functions of which include immunocheckpoint blockage (PD-1/PD-L1 antibody/ScFv). (C) Representative enzymes that armored CAR-T cells

secrete, which can degrade ECM to improve infiltration (HPSE) or convert prodrugs to cytotoxic agents in situ (drug-metabolic enzyme). (D) Representative pathogen-derived

immunomodulatory protein that CAR-T cells release (neutrophil-activating protein from H. pylori), which activates various innate immune cells in TME.
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are underway (NCT03615313 mesothelin CAR-T, mesothelin-posi-
tive advanced solid tumors; NCT03030001mesothelin CAR-T, meso-
thelin-positive advanced solid tumors; NCT02873390 EGFR CAR-T,
EGFR family member-positive advanced solid tumor; NCT02862028
EGFR CAR-T, Lung, Liver and Stomach) (NCT04556669 CD22
CAR-T cervical cancer, sarcoma, non-small cell lung cancer).
Meanwhile, several clinical trials (NCT03182816, NCT03182803,
NCT03179007) (EGFR CAR-T, EGFR-positive advanced solid tu-
mors; mesothelinCAR-T,mesothelin-positive advanced solid tumors;
MUC1 CAR-T, MUC1-positive advanced solid tumors) of CTLA-4,
and PD-1 antibody CAR-T therapy are underway to evaluate safety
and efficacy. Furthermore, CAR-T cells secreting antibodies targeting
other immune checkpoints are also worth studying, such as LAG3,
TIGIT, TIM3, B7H3, CD39, CD73, CD47, and adenosine A2A recep-
tor. Besides, other functional antibodies can also be taken into the
design of the fourth-generation CAR-T.

Enzymes

Dysregulation of the extracellular matrix (ECM) composition, struc-
ture, stiffness, and abundance contributes to tumor progression,87
while the remodeling of ECM can modulate TME.88 To regulate the
ECM of tumors, one strategy is designing CAR-T cells targeting can-
cer-associated fibroblasts,88 and another strategy is breaking down
ECM by proteases. For example, heparanase (HPSE) is a protease de-
grading heparan sulfate proteoglycans, the main components of
ECM.89 The CAR-T cells secreting HPSE can promote immune cell
infiltration and enhance the anti-tumor efficacy in an immune-defi-
cient model.89 Similar to HPSE, sulphatase was reported to alter the
properties of ECM.90 Designing CAR-T cells secreting sulphatase
might also achieve a great anti-tumor effect. Furthermore, other
enzymes that break down ECM can also be used to design
armored CAR-T cells, such as metalloproteinases, adamalysins, and
meprins.91

Researchers have been looking for other enzymes to provide CAR-T
cells access to new functions in light of the ECM enzyme-armored
CAR-T experiments discussed above. One such is drug-metabolizing
enzymes that in situ activate small-molecule prodrugs given orally.
Gardner et al.92 designed CAR-T cells expressing bacterium-derived
enzymes that convert inactive prodrugs into cytotoxic agents at the
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Figure 3. Equipping CAR-T cells with non-secretory

proteins

(A) CAR-T cells armed with an additional co-stimulatory

receptor, such as OX-40L, to enhance the co-stimulatory

signal. (B) CAR-T cells co-expressing CCR, which

recognizes a second antigen with an extracellular ScFv

and transmits co-stimulatory signals via intracellular CD28

and 4-1BB co-stimulatory domains. (C) CAR-T cells co-

expressing CSR, which switches an inhibitory signal (e.g.,

PD-1/PD-L1 signal) outside into an activating signal (e.g.,

CD28 signal) inside. (D) CAR-T cells overexpressing

transcription factors coming from vectors, such as c-Jun,

to enhance the persistence of CAR-T cells against

exhaustion upon activation.
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tumor site. This live cell-directed enzyme-prodrug therapy exhibited
enhanced anti-tumor activity both in vitro and in vivo in xenogeneic
and syngeneic mouse tumor models, which provide synergy with the
immune functions of CAR-T cells and enable far higher levels of drug
amplification, compared with antibody-drug conjugates and anti-
body-directed enzyme-prodrug therapy.92

Exogenous immunomodulatory proteins

Many pathogen-derived molecules have strong immunomodulatory
properties. For example, neutrophil-activating protein of Helico-
bacter pylori (HP-NAP) can promote the adhesion of neutrophils
to endothelial cells.93 Moreover, some studies reported that HP-
NAP could induce the secretion of the proinflammatory cytokines
TNF-a, IL-8, IL-6, IL-12, and IL-23.94 Furthermore, HP-NAP has
the potential to shift antigen-specific T cell responses from a pre-
dominant Th2 to a polarized Th1 cytotoxic phenotype and promote
the maturation of DC with Th1 polarization.95 Based on these re-
sults, Jin et al.51 designed CAR-T cells secreting HP-NAP to treat
solid tumors. They demonstrated that, in tumors with heteroge-
neous antigen expression, NAP secreted by CAR-T cells induced
DC maturation and bystander T cell responses, as indicated by
epitope spreading and infiltration of cytotoxic CD8+ T cells target-
ing tumor-associated antigens other than the CAR-targeted antigen
in syngeneic mouse models of lymphoma and neuroblastoma.51

This strategy effectively stimulates endogenous immunity against
tumors using exogenous proteins given by CAR-T cells, motivating
us to seek more immunostimulatory secretory proteins to develop
armored CAR-T therapy. However, further research into the safety
of these exogenous proteins is required to prevent severe CRS and
other pathogen-related illnesses.
3154 Molecular Therapy Vol. 31 No 11 November 2023
Adding non-secretory proteins to CAR-T:

Augmenting the efficiency and persistence

Insufficient stimulatory signals may affect the full
activation of CAR-T cells.96 However, contin-
uous antigen stimulation will contribute to the
exhaustion of CAR-T cells.96,97 Increasing the ef-
ficiency and persistence of CAR-T cells is thus an
essential issue. In addition to engineering the
cytokine signals discussed previously, modifying
non-secretory proteins is also a promising strategy, such as expressing
co-stimulatory molecules or transcriptional factors in CAR-T cells
(Figure 3).

Co-stimulatory molecules

Co-stimulatory molecules provide a second signal to T cells after TCR
activation, which enhances the proliferation, cytokine secretion, cyto-
toxic function, memory formation, and survival of T cells.98 In gen-
eral, co-stimulatory domains are incorporated into CAR molecules
in the second or third generation of CAR-T therapy.4,5 An alternative
strategy engineers CAR-T cells with an additional co-stimulatory
receptor, which is activated independent of tumor antigens to recapit-
ulate physiological stimulations. Zhang et al.99 screened 12 co-stimu-
latory receptors and identified OX40 as the most effective CAR-T
function enhancer in immune-deficient models. The CAR-T cells
with OX-40L showed a stronger capacity for proliferation, cytotox-
icity, and anti-tumor efficacy compared with controlled CAR-T
cells.99

Further studies engineered the ectodomain of co-stimulatory mole-
cules with scFvs to form chimeric co-stimulatory receptors (CCRs).
CCRs are able to deliver a co-stimulatory signal when recognizing a
second antigen, complementary to the first signal caused by CAR acti-
vation. Cooperating with CARs, these CCRs could serve as signal
amplifiers to boost the efficacy of CAR-T therapy under certain
conditions,100 or form logic gates to achieve precise control of
CAR-T activation. Katsarou et al.100 reported that the co-expression
of CD38-CCR with first- or second-generation BCMA-CAR could
significantly improve the cytotoxicity and the expansion of CAR-T
cells when both the antigens were provided. They found that
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co-expression of CD38-CCR enhanced the efficacy of BCMA CAR-T
when treating antigen-low variants of multiple myeloma under chal-
lenging conditions with low T cell dosing in a humanized mouse
model. This work proved that the dual-target strategy of a CAR+CCR
combination can enhance the sensitivity of CAR-T against low anti-
gen-density tumors.100 Furthermore, Hirabayashi et al.101 revealed
that dual-target CAR+CCR had a stronger capacity compared with
a combination of dual CARs. They proved that dual targeting of
GD2 and B7-H3, or MSLN and CSPG4, with split co-stimulation
and shared CD3z promoted the activation, expansion, and persis-
tence of CAR-T cells. Consequently, they had an enhanced efficacy
in preventing tumor escape because of antigen loss in immunodefi-
cient solid tumor models. The above studies showed that the co-
expression of CCRs in CAR-T cells with a dual-target strategy could
improve the efficacy of CAR-T therapy in both hematopoietic malig-
nancies and solid tumors under the conditions of low antigen density
or prevent antigen loss.101

Additionally, the ectodomain of CCR not only can be scFvs or nano-
bodies to recognize antigens, but also can be ligand binding motifs to
recognize various extracellular signals. Chimeric switch receptors
(CSRs) are designed to invert an inhibitory co-stimulating signal
into an activating one. Qin et al.102 designed CAR-T cells co-express-
ing a CSR that combines the ECD of PD-1 with the transmembrane
and cytoplasmic signaling domains of CD28. This PD-L1-specific
CSR could not only block the intrinsic PD-1 signal competitively,
but also convert the inhibitory signal from PD-L1 into an activating
signal downstream, which seemed to have greater effects than co-ex-
pressing native co-stimulatory molecules simply in mouse xenograft
models.102 Furthermore, Sukumaran et al.103 designed a novel CCR
named TBBR (TGFbR 4-1BB hybrid receptor), with its ECD derived
from TGFbRII and ICD from 4-1BB, which converts an inhibitory
cytokine signal into a co-stimulating signal.

In addition, CAR+CCR could also serve as AND or NOT logic gates
to avoid the on-target off-tumor toxicity (OTOT) caused by CAR-T
cells recognizing targets on normal tissue.104 Kloss et al.105 modified
T cells with both a CAR that provides suboptimal activation upon
binding of one antigen and a CCR that recognizes a second antigen
via ScFv and transmits co-stimulating signals via CD28 and 4-1BB.
These CAR-T cells cannot activate without simultaneous CCR recog-
nition of the second antigen.105 However, this CCR-based logic gate
along with other AND-gate CAR-T strategies, such as synNotch
ROR1 CAR-T,106 did not fully solve the problem of OTOT, since
leakage of toxicity still exists in these designs.107 Interestingly, a recent
study co-opted proximal signaling molecules LAT and SLP-76 to
form a rapid and reversible AND-gated CAR-T platform, which out-
performs CCR and other logic systems in terms of both efficacy and
prevention of on-target off-tumor toxicity.107

Transcription factor

T cell exhaustion plays an important role in the resistance of CAR-T
therapy in solid tumors, partially because of the transcriptional
dysregulation of CAR-T cells during exhaustion.108 The transcription
factor NFAT promotes the exhaustion of activated CD8+ T cells by
binding at sites that do not require cooperation with a master
transcription factor complex, activator protein-1 (AP-1).109 c-Jun is
a major component of AP-1, which functions downstream of the
TCR and CD8 co-stimulatory receptor.110 Constitutively overex-
pressing c-Jun on CAR-T cells rendered them resistant to exhaustion,
thereby enhancing their capacity to control tumor growth in
immune-deficient models.111 A further study demonstrated that
overexpression of c-Jun decreased the antigen density threshold of
GPC2-CAR, enabling potent and durable eradication of neuroblas-
toma expressing clinically relevant GPC2 antigen density without
toxicity in immune-competent models.111 These results showed
that overexpression of c-Jun in CAR-T cells is a promising way to
enhance their efficiency and persistence. Further studies on transcrip-
tional regulations of CAR-T cells in the progress of activation and
exhaustion are under investigation.

GENE CIRCUITS: IMPROVING THE ARMORED CAR-T
CELLS BY CONTROLLING THE EXPRESSION OF
PAYLOADS
Transgenic payloads provide CAR-T cells with greater anti-tumor
capacity, but the lack of control for payload expression can impair
the safety and efficacy of CAR-T therapy. For example, the constitu-
tive production of IL-2 can inhibit CAR-T proliferation through acti-
vation-induced cell death,20 which demonstrated the significance of
when and how cytokines were produced in CAR-T cells. Gene circuits
typically refer to artificially designed, self-regulating genetic devices,
which can turn on and off the expression of payloads under certain
circumstances. With the aid of gene circuits, we are able to further
improve the safety and the efficacy of armored CAR-T therapy.20,21

A gene circuit consists of three processes: input, biological circuits,
and output.112 Synthetic Notch receptor (synNotch) is a representa-
tive, which is activated when its exodomain recognizes a specific an-
tigen, then cuts itself to release an intracellular transcription factor,
and finally initiates the transcription of downstream genetic pay-
loads.113,114 A recent study reported a novel CAR-T armed with a
synNotch receptor that drives IL-2 production when recognizing
specific antigens.20 This armored CAR-T demonstrated great infil-
tration into immune-excluded tumors and strong efficacy compared
with CAR-T cells with constitutive IL-2 expression or TCR/CAR-
dependent IL-2 production.20 This circuit allows CAR-T cells to ex-
press cytokines timely. First, it enriches the expression of IL-2
around the tumor, which reduces the impact of IL-2 on systemic im-
mune cells, including nearby immune-suppressive Tregs. Mean-
while, the conditional expression of IL-2 avoids its continuous stim-
ulation on CAR-T itself, which decreases activation-induced cell
death. Moreover, the synNotch circuit can be activated indepen-
dently when CAR signaling is partially suppressed by the sinks
from the TME. Therefore, this synNotch-based antigen-dependent
cytokine release strategy allows for an efficient expansion of
CAR-T cells in immune-desert tumors and greatly improves the ef-
ficacy of armored CAR-T in solid tumors.20 Another recent work
created a set of drug-gated circuits to control the expression of
Molecular Therapy Vol. 31 No 11 November 2023 3155
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different payloads independently.21 This study designed a bundle of
synthetic zinc finger transcription regulators, which orthogonally
transcript different downstream genes under the management of
various small-molecule inducers. These gene circuits can instruct
the T cells to sequentially activate multiple cellular programs,
such as proliferation, CAR expression, and production of other pay-
loads.21 This strategy enables flexible and multidimensional control
of CAR-T activity and payload expression,21 which might prevent
the early exhaustion of T cells caused by continuous activation
and enhance the efficacy of CAR-T therapy. Additionally, the
drug-gated circuit could be timely discontinued by the withdrawal
of inducers when necessary, which might decrease the risk of severe
adverse effects caused by the sustained existence or unexpected acti-
vation of CAR-T cells in vivo.

Additionally, modular design is an important concept of gene cir-
cuits, which divides a circuit into modules with independent biolog-
ical functions to reduce the complexity of synthetic biological sys-
tems. Zhu et al.115 optimized the design of synNotch receptors by
dividing the synthetic intramembrane proteolysis receptors into
four modules, including the extracellular regulatory element, trans-
membrane domain, intracellular juxtamembrane domain, and
transcriptional regulator. Each module has different cores. The com-
bination of cores from different modules provides synNotch recep-
tors tunable sensing and transcriptional response abilities, which
will help us filter out the optimal combination.115 The modular
design also can promote CAR optimization. Daniels et al.72 con-
structed a library of CARs containing approximately 2,300 synthetic
co-stimulatory domains, built from combinations of 13 signaling
motifs. These CARs can promote different functions of cells due
to different motif components and conformational differences, un-
locking various functions corresponding to different CARs through
machine learning and other methods.72 The modular design strategy
allows for more precise tuning of CAR-T functions and gives
CAR-T therapy greater potential in the future.

Conclusions

CAR-T therapies have made significant advances in the treatment of
hematological malignancies. Nevertheless, achieving analogous re-
sponses in solid malignancies remains a formidable challenge.116

Antigenic heterogeneity, limited potency and persistence, poor infil-
tration capacity, and a suppressive TME are the primary obstacles.
The fourth-generation CAR-T cells can overcome a variety of obsta-
cles by both improving the functions of CAR-T itself and enhancing
the endogenous supportive immunity, as well as directly arming
CAR-T with tumor-killing payloads. We propose summarizing the
above designs of next-generation CAR-T therapies as a CAR+X strat-
egy, or Gen-X CAR-T—arming CAR-T cells with certain biological
payloads and carrying out corresponding functions. The X was cyto-
kines in the past decade, and more kinds of proteins have joined the
list. Expectedly, we think the X will include a broader range of bioac-
tive molecules in the future, such as small peptides, non-coding
RNAs, functional DNAs, and metabolites. Additionally, the X can
be a bundle of elements that cooperate together, forming biological
3156 Molecular Therapy Vol. 31 No 11 November 2023
circuits or microsystems that may fulfill the dreams of therapeutic
intelligent cells.117

However, arming with bioactive payloads could also bring new is-
sues to CAR-T therapeutics, such as systemic toxicity of constitu-
tively secreted proteins.39 This toxicity issue, as well as the remod-
eling effect of additional payloads on the TME and the immune
system, might not be presented in pre-clinical murine models,
particularly in immune-deficient xenografts for most cases. These
would be an important limitation of current pre-clinical studies
and need further investigations. Several clinical trials have released
early results of fourth-generation CAR-T therapy, while more
high-grade evidence is needed to further evaluate the safety and ef-
ficacy of armored CAR-T in clinics (Table 3). Therefore, in the
next era, the main focus of CAR+X development might move
from what to express, to when to express, where to express, how
to control the expression, and how much to express. Currently, ad-
vances in biomedical engineering and synthetic biology can further
promote the improvement of next-generation CAR-T ther-
apy.20,118 In addition, artificial intelligence has prompted us to un-
derstand the nature of CARs or other synthetic molecules,72 which
might also change our minds about the principles of therapeutic
cell design.

Above all, the X is now moving from constitutive to regulatable,
from monolithic to modular, from natural to orthogonal, from bulk
to compact, and immunogenic to humanized. Generally, the X is
becoming more and more programmable, bringing it closer to the
clinic with stronger capability and more safety.115,119 In summary,
armed with the CAR+X strategy, the fourth-generation CAR-T ther-
apy shows a promising future in treating human diseases.
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Table 3. Clinical trial summary of CAR-T cells with additional function proteins

NCT number
Target
antigen

Gene-delivery
proteins

Expression
pattern
of cargo Tumor

Clinical
stage Status Locations Result

NCT04377932 GPC3 IL-15 unknown liver cancer phase 1 recruiting
Texas Children’s Hospital, Houston,
Texas, USA

Steffin et al.19

NCT05103631 GPC3 IL-15 unknown liver cancer phase 1 recruiting
Houston Methodist Hospital, Houston,
Texas, United States

Steffin et al.19

NCT03721068 GD2 IL-15 unknown
neuroblastoma,
osteosarcoma

phase 1 recruiting

Emory Winship Cancer Institute, Atlanta,
Georgia, USA
Lineberger Comprehensive Cancer
Center at University of North Carolina
Chapel Hill, Chapel Hill, North
Carolina, USA

unknown

NCT04715191 GPC3 IL-15,IL-21 unknown liver cancer phase 1
not yet
recruiting

Texas Children’s Hospital,
Houston, Texas, USA

unknown

NCT02932956 GPC3 IL-15, IL-21 unknown liver cancer phase 1
active, not
recruiting

Texas Children’s Hospital,
Houston, Texas, USA

unknown

NCT03778346 BCMA IL-7 and CCL19 unknown
relapsed/refractory
multiple myeloma

phase 1 unknown
The Sixth Affiliated Hospital of Wenzhou
Medical University, Lishui, Zhejiang, China

Duan et al.32

NCT03929107 CD19 IL-7 and CCL19 unknown B cell lymphoma phase 2 unknown status
The first affiliated hospital of Zhejiang
University, Hangzhou, Zhejiang, China

Lei et al.33

NCT04833504 CD19 IL-7 and CCL19 unknown
relapsed/refractory
B cell lymphoma

completed
Second Affiliated Hospital, School of
Medicine, Zhejiang University

Lei et al.33

NCT05659628 CD19 IL-7 and CCL19 unknown
diffuse large B
cell lymphoma

phase 1 recruiting
The Second Affiliated Hospital of
Zhejiang University, Ningbo First
Hospital, Hangzhou, Zhejiang, China

unknown

NCT03198546 GPC3 IL-7 and CCL19 unknown liver cancer phase 1 recruiting

The First Affiliated Hospital of Sun
Yat-sen University Guangzhou,
Guangdong, China
The Second Affiliated Hospital of
Guangzhou Medical University
Guangzhou, Guangdong, China

Pang et al.34

NCT02498912 MUC6ecto IL-12 constitutive
ovarian, primary peritoneal,
fallopian tube carcinoma

phase 1
active, not
recruiting

Memorial Sloan Kettering Cancer
Center New York, New York, USA

O’Cearbhaill et al.43

NCT03542799 EGFR IL-12 inducible metastatic colorectal cancer phase 1 unknown
Shenzhen Second People’s Hospital,
Shenzhen, Guangdong, China

unknown

NCT04684563 CD19 IL-18 constitutive
non-Hodgkin lymphoma, chronic
lymphocytic leukemia, acute
lymphoblastic leukemia

phase 1 recruiting
University of Pennsylvania,
Philadelphia, Pennsylvania, USA

Svoboda et al.47

NCT04099797 GD2 C7R unknown

high-grade glioma, diffuse intrinsic
pontine glioma, medulloblastoma
or other rare brain cancer that
expresses GD2

phase 1 recruiting
Texas Children’s Hospital,
Houston, Texas, USA

unknown

NCT03635632 GD2 C7R unknown

neuroblastoma, sarcoma, uveal
melanoma, breast cancer, or another
cancer that expresses a substance
on the cancer cells called GD2

phase 1 recruiting

Houston Methodist Hospital,
Houston, Texas, USA
Texas Children’s Hospital,
Houston, Texas, USA

unknown

(Continued on next page)
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Table 3. Continued

NCT number
Target
antigen

Gene-delivery
proteins

Expression
pattern
of cargo Tumor

Clinical
stage Status Locations Result

NCT05665062 CD19
orthogonal
IL-2Rb

unknown hematological malignancies phase 1 recruiting

City of Hope, Duarte, California, USA
Roswell Park, Buffalo, New York, USA
Columbia University Irving Medical
Center, New York, New York, USA
Memorial Sloan Kettering Cancer
Center, New York, New York, USA
Cleveland Clinic, Cleveland, Ohio, USA

unknown

NCT04556669 CD22 anti-PD-L1 scFv unknown
cervical cancer, sarcoma,
non small cell lung cancer

phase 1 recruiting
Fourth Hospital of Hebei Medical
University, Shijiazhuang, Hebei, China

unknown

NCT03615313 MSLN PD-1 antibody unknown
mesothelin-positive advanced
solid tumors

phase 1/2 unknown
Shanghai Cell Therapy Research
Institute, Shanghai, China

unknown

NCT03030001 MSLN PD-1 antibody unknown
mesothelin-positive advanced
solid tumors

phase 1/2 unknown
Ningbo No.5 Hospital (Ningbo Cancer
Hospital), Ningbo, Zhejiang, China

unknown

NCT02873390 EGFR PD-1 antibody unknown
EGFR family member positive
advanced solid tumor

phase 1/2 unknown
Ningbo No.5 Hospital (Ningbo Cancer
Hospital), Ningbo, Zhejiang, China

unknown

NCT02862028 EGFR PD-1 antibody unknown lung, liver and stomach cancers phase 1/2 unknown
Shanghai International Medical Center,
Shanghai, Shanghai, China

unknown

NCT03182816 EGFR
CTLA-4 and PD-1
antibody

unknown
EGFR-positive advanced
solid tumors

phase 1/2 unknown
Ningbo No.5 Hospital (Ningbo Cancer
Hospital), Ningbo, Zhejiang, China

unknown

NCT03182803 MSLN
CTLA-4 and PD-1
antibody

unknown
mesothelin-positive advanced
solid tumors

phase 1/2 unknown
Ningbo No.5 Hospital (Ningbo Cancer
Hospital), Ningbo, Zhejiang, China

unknown

NCT03179007 MUC1
CTLA-4 and PD-1
antibody

unknown
MUC1-positive advanced
solid tumors

phase 1/2 unknown
Ningbo No.5 Hospital (Ningbo Cancer
Hospital), Ningbo, Zhejiang, China

unknown

All clinical trials were downloaded at www.clinicaltrials.gov (access date: August 10, 2023).
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