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a b s t r a c t

Adoptive immunotherapy expressing synthetic chimeric antigen receptors (CAR) on T cells through in

vitro modifications represents a new and innovative strategy in cancer treatment. This new approach

enables T cells to recognize and bind tumor antigens via a single-chain variable fragment recognition

domain, circumventing the restriction of major histocompatibility complex. This review summarized the

structure/design of CAR-T cells and the evolution process this technology went through, displaying the

theoretical foundation for CAR-T therapy, the marketed products and the latest preclinical and clinical re-

search progress. Finally, we provided perspectives on this technology’s development and potential future

applications, especially for treating hematological malignant and solid tumors.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

The incidence of malignant tumors is increasing worldwide,

posing a threat to public health [1–3]. Numerous breakthroughs in

tumor immunology and biotechnology have been reached recently

using various strategies such as nanotechnology, gene therapy and

combined formulations [4–8]. These advances have provided pro-

found knowledge reserves and technical guidance for tumor im-

mune research and development, allowing tumor immunother-

apy to be widely recognized. Immune anti-cancer therapy has

shown a fantastic medical breakthrough [9]. Immunotherapy has

become the fourth most effective tumor treatment strategy, follow-

ing surgery, chemotherapy and radiotherapy [10]. Several cancer

immunotherapies exhibit encouraging potential against cancer. Cell

therapy is an immune treatment approach applying culture tech-

nology in vitro to increase immune cells or using genetic modifi-

cation to enhance the virulence of immune cells and then infusing

them back into the human body to fight against diseases [11]. The

therapy utilizes the patient’s cells to attack tumor cells and en-

able the immune system to act like an "anti-cancer drug" [12], e.g.,

certain cell groups are isolated, genetically tailored, initiated and

increased to the cell number required for treatment. Several im-

mune cells, such as T cells, NK cells, dendritic cells and regulatory

T cells (Tregs), can be redirected to outbreak tumors or boost local
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immune reply [13]. CAR-T cell therapy has shown promising poten-

tial for cancer treatment. CAR-T cell therapy involves transferring

genetic material with specific antigen recognition domains and T

cell activation signals into T cells through in vitro modification. The

CAR-T enables T cells not to be limited to major histocompatibility

complex (MHC) [14], but to independently recognize tumor anti-

gens and directly associate with specific antigens on the surface

of tumor cells [15], elevating the ability of the immune system to

kill tumor cells. CAR-T cells are widely used in hematological can-

cer treatment, such as B-cell acute lymphoblastic leukemia (B-ALL)

[16], B-cell non-Hodgkin lymphoma (B-NHL), B-cell chronic lym-

phoblastic leukemia (B-CLL) [17] and multiple myeloma (MM) [18].

CAR-T cell therapy has been proven to have excellent results, erad-

icating very advanced leukemia and lymphoma and suppressing

cancer cells long term. Meanwhile, CAR-T cells targeting CD19 and

BCMA antigens have been clinically accepted worldwide. Cell ther-

apy has gradually become one of the routine cancer treatments.

Despite these advances, CAR-T cells still face certain significant

challenges. CAR-T cells demonstrate compromised efficacy against

solid tumors due to the complex interaction between various im-

mune cell subsets, such as inhibition of the tumor microenviron-

ment (TME), heterogeneity of tumor antigens or evasion mecha-

nisms, and many other drug-resistant mechanisms [19]. Therefore,

in the relevant indications of hematology and oncology, T cells are

modified to regulate the immune response or kill the infected cells

or cancer cells. For instance, CAR-T therapy is designed to improve

the efficacy and reduce the toxicity associated with T cell therapy,

while increasing patients’ compliance to promote the production of
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Fig. 1. The schematic illustration of preparing CAR-T cell therapy.

CAR-T cells, making CAR-T cell therapy universally applicable and

a potentially effective treatment method in cancer. In this review,

we summarize the basic structure and evolution process of CAR-

T cells. We pay more attention to the difficulties faced by CAR-T

therapy and the current progress in designing more effective and

CAR-T technology. In addition, we discuss the marketed products

and the advance, while introducing the latest approach to break

through and overcome the disadvantages of CAR-T cells. Finally, we

provide perspectives and insights into CAR-T cell technology in the

treatment of hematological malignant tumors and solid tumors.

2. CAR-T cell structure and evolution

CAR is a chimeric antigen receptor that gives immune cells a

new ability to target specific antigen proteins; T is the T cells that

kill tumor cells. CAR-T is a tailored T cell having unique receptors

termed CARs on their surface, obtained by delivering chimeric anti-

gen receptor genes into the cells using various carriers such as li-

posomes and lipid nanoparticles[20,21]. Such CAR-T cells are ex-

panded and finally infused back into the patient. This therapy re-

leases a large number of effector factors through immunity. It will

effectively kill tumor cells in a non-MHC-restricted way, treating

malignant tumors (Fig. 1).

2.1. CAR-T development

CAR consists of an extracellular binding domain, a transmem-

brane domain, and an intracellular domain [22]. The critical CAR

structure contains an artificial extracellular recognition domain

(typically a single-stranded antibody that recognizes tumor-specific

surface antigens) and an intracellular signal domain (Fig. 2).

The extracellular domain is the part of cell membrane pro-

teins located outside the cytoplasm and exposed to the extracel-

lular space. The extracellular domain consists of signal peptides,

tumor-associated antigen recognition regions, and spacers. The role

of signal peptides is to guide nascent proteins into the endoplas-

mic reticulum. Single-chain variable fragments (scFv) are fused

from immunoglobulins’ heavy and light chains through a flexi-

ble connector [23]. It would be used as a signal peptide in the

outer domain of CAR, and its function is to recognize specific anti-

gens directly without any MHC [10]. The antigen recognition re-

gion is usually a single-stranded antibody with many simple for-

eign recognition components. When it binds to the high affinity of

the target, it could be used to identify any antigen.

The spacer region, also known as the hinge region, typically

maintains the stability required for robust CAR expression and ac-

Fig. 2. Schematic diagram of the CAR structure.

tivity in effector cells [24] and is a necessary structure for connect-

ing the antigen recognition region and transmembrane structure

region [23]. The hinge region based on IgG is often used to build

most CAR-T cells [23].

The transmembrane domain connects the extracellular anti-

gen binding domain and the intracellular activation signal domain

within the cell membrane. This region comprises homologous or

heterologous dimer membrane proteins with an α spiral structure

[25]. Frequently, the stability of the receptor is related to the trans-

membrane domain [23]. Changing the design of the transmem-

brane region will regulate the degree of expression of the CAR

gene.

The intracellular domain is the functional end of the receptor

and normally includes activation and co-stimulation signaling re-

gions [26]. When an antigen recognition domain interacts with an

antigen, an activation signal is transmitted to T cells, and the most

common activation signal is CD3ζ . In addition, efficient T-cell ac-

tivation requires co-stimulation signals [26]. These signals signifi-

cantly drive the persistence and proliferation of antigen-stimulated

T cells.

2.2. CAR-T structural development

Depending on the structure of the intracellular region, CAR-T

cells have been divided into four generations (Fig. 3). The first-

generation CAR only provides signals through CD3ζ . Because no

costimulatory molecules could transduce the value-added signals

and induce cytokine production, the first generation of CAR-T cells

cannot proliferate continuously, leading to a poor tumor-killing ef-

fect. A single CD3ζ signal cannot induce an effective T-cell re-

sponse or produce enough cytokines [26].
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Fig. 3. The evolution process of CAR structure.

The second generation of CAR adds costimulatory molecules

or inducible costimulatory molecules in tandem with CD3ζ
[27] based on the first generation. In addition to T cell receptor

(TCR) and cytokine receptor antigen stimulation, T cell activation

also requires costimulatory molecular signals [28], such as CD27,

CD28, 4–1BB, OX40 [29]. The second-generation CAR provides two

signals that meet the needs of T cell proliferation and activation,

promote the synthesis of cytokines, complete the activation of T

cells and avoid apoptosis. It is the most widely used CAR.

The third-generation CAR enhances the antitumor ability of

CAR-T cells by combining multiple costimulatory domains, like

CD28–41BB [30]. It could significantly prolong the antitumor ac-

tivity, proliferation activity and survival cycle of T cells, as well as

promote the secretion of cytokines, such as IL-2, TNF-α and IFN-γ .

The fourth-generation CAR inserts additional molecular ele-

ments into the CAR to express functional transgenic proteins,

such as the interleukin gene or other cytokines [31]. The fourth-

generation CAR aims to facilitate CAR-T cells to remodel the im-

mune suppression in the TME by secreting anti-cancer cytokines

[32]. This type of CAR can enhance the activation ability of T cells

and attract and activate innate immune cells, thereby eliminat-

ing antigen-negative cancer cells. Besides, improving the expansion

and persistence of CAR-T cells could make them resistant to the

immunosuppressive tumor environment. These T cells are defined

as CAR-T cells with immune-stimulating cytokines [31], also known

as universal cytokine-mediated killing redirected T cells (TRUCKs)

[23].

3. Strategies to overcome the drawbacks of CAR-T therapy

CAR-T cell dysfunction is caused by several factors, including

limited poor persistence, T-cell depletion, limited migration of T

cells, TME, and antigen escape [33]. To improve the effectiveness

and persistence of CAR-T cells and reduce the related toxic side

effects, the researchers have proposed many improvement tech-

niques.

3.1. Technologies to enhance the efficacy

T-cell dysfunction is one cause that limits tumor treatment us-

ing CAR-T cells [34], manifested by loss of proliferative capacity

and decreased release of cytokines. The T-cell effectiveness can

be boosted by increasing cytokines release and the expression of

chemokine receptors and downregulating inhibitory signals. As it is

well known, cytokines are potent in modulating the immune sys-

tem [3]. Promoting cytokine production is an effective strategy to

enhance efficacy and is designed to improve the ability of CAR-T

cells to actively modulate the cytokine environment in the TME.

Tumor cells shape the TME by producing and secreting cytokines.

These cytokines can inhibit T-cell function by recruiting immuno-

suppressive cells directly or indirectly [35]. Interleukin 15 (IL-15)

belongs to the common family of γ -chain cytokines and plays a

vital role in the survival and expansion of T cells [36]. Modify-

ing CAR-T cells to produce IL-15 [37], IL-36γ [38], or/and IL-23

[39] through autocrine mechanisms could expand the persistence

and antitumor ability of CAR-T cells [40]. Similarly, CAR-T cells

combined with oncolytic adenoviruses expressing TNF-α and IL-2

also showed the effect of enhancing and prolonging T cell function

[41].

The TME usually contains chemokines [42]. Tumor cells up-

regulate or down-regulate chemokine or regulate chemokine ex-

pression in tumor-associated cells. Chemokine levels influence T-

cell migration. The mismatches of chemokine receptors on CAR-T

cells and abnormal expression of chemokines in tumors may lead

to the decrease of T cells migration to tumor sites [34]. Thus, CAR-T

cells were engineered to express chemokine receptors that match

the chemokine of a specific tumor, targeting tumors and chang-

ing the defense mechanism of tumor cells. Studies have found that

CAR-T cells expressing chemokine receptors (CXCR1 or CXCR2) ex-

hibited an enhanced migration to tumor sites expressing IL-8 in

the model of invasive tumor cells, such as glioblastoma, ovarian

cancer and pancreatic cancer, inhibiting tumor growth and produc-

ing lasting immune memory [43]. Therefore, chemokine receptor-

modified CAR could significantly heighten the migration and per-

sistence of T cells in tumors.

A stable cell microenvironment is essential to ensure cells’ nor-

mal metabolism and functional activities. In TME, many inhibitors

may hinder the function of CAR-T cells [34]. At the same time,

tumor cells could produce and enhance immunosuppression by

adapting the TME, leading to tumor resistance and affecting the

therapeutic effect [44]. For instance, inhibitory signaling pathways

are intrinsic receptors that regulate extracellular and intracellular

signals, including PD-1, CTLA-4, TIM-3 and LAG-3 [45]. They could

physiologically inhibit T-cell function and increase the expression

of inhibitory receptors in a depleted T-cell environment. Also, the

expression level of the inhibitory receptor would be increased in

the depleted T-cell environment [46]. Generally, immune check-

point blockers are used to develop immunotherapy strategies to

enhance the efficacy of T cells in tumors. PD-1/PD-L1 signaling

in the tumor microenvironment is vital in limiting T cell activa-

tion, promoting cell depletion and cytokine production [47], thus

contributing to tumor escape. Blocking the interaction of PD-1/PD-

L1 is usually beneficial in restoring and maintaining the sustained

lethality of T cells [45]. The antitumor activity of CAR-T cells and

bystander tumor-specific T cells will be improved by making CAR-

T cells produce anti-PD-1 single-stranded antibodies and acting in

paracrine and autocrine ways [48]. As a negative regulator, TGF-

β could reduce the proliferation and cytotoxicity of T cells in vivo
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[49]. TGF-β affects the differentiation and function of T cells by

inducing Treg transformation. Knocking out endogenous TGF-β re-

ceptors in CAR-T cells has been proven to reduce the induced Treg

transformation and prevent CAR-T cell failure [50]. Furthermore,

modifying CAR-T cells to counter these inhibitory ligands and sol-

uble factors [51] would effectively enhance the tumor clearance

ability of CAR-T cells.

3.2. Strategies to reduce the toxicity

Significant toxicity is directly associated with inducing a strong

immune-effector response in CAR-T cell therapy. The most com-

mon immune-mediated toxicity is cytokine release syndrome (CRS)

and immune effector cell-associated neurotoxicity syndrome [52].

CRS is a systemic inflammatory response [53], and the factors that

affect its incidence and severity are related to tumor load, lympho-

cyte failure and CAR-T cell dose [54].

Cytokines IL-6 and IL-1 play an essential role in the patho-

physiology of CRS [52]. IL-6 is a pluripotent cytokine with pro-

inflammatory and anti-inflammatory effects [55,56]. IL-6 is primar-

ily produced by macrophages and other myeloid cells and acts

in an autocrine manner, binding to other inflammatory signals

to promote macrophage maturation and activation [57,58]. IL-1

is a multi-functional pluripotent cytokine produced primarily by

monocytes and macrophages [59]. The use of IL-6 receptor an-

tagonists (IL-6RA) has been found to prevent the development of

overt CRS, but has not prevented neurotoxicity [60]. Treatment

with IL-1 receptor antagonists (IL-1RA) controls CRS and prevents

fatal neurotoxicity [60]. Activated CAR-T cells are able to produce

a granulocyte-macrophage colony-stimulating factor (GM-CSF). The

release of this factor will lead to macrophage activation to produce

IL-6 and IL-1 in vitro [61]. Therefore, blocking this pathway could

eliminate the production of IL-6 and other cytokines by mono-

cytes in vitro [62]. Studies have shown that a xenograft mouse

model was established in CD19 CAR-T treatment, and the combined

administration of the anti-GM-CSF antibody Lenzilumab enhanced

the antitumor activity of CAR-T cells and reduced CRS and neuroin-

flammation [63].

The investigators found that treatment with Dasatinib not only

stopped the cytolytic activity, cytokine production and proliferation

of CAR-T cells in vivo and in vitro, but also partially or entirely in-

hibited the function of CAR-T cells. After the cessation of Dasatinib,

the inhibitory effect is rapidly and completely reversed, and CAR-T

cells regain their antitumor function [64]. This provides an oppor-

tunity for acute and transient control of CRS without terminating

the action of CAR-T cells.

Second-generation genetically modified CAR-T cell products

have been designed to efficiently destroy tumor cells. However,

additional modifications also create safety and toxicity concerns

while improving the capabilities of CAR-T cells against cancer. Us-

ing synthetic notch (SynNotch) receptors may solve related prob-

lems. This receptor contains an extracellular antigen recognition

domain for specific targets. Its principle of action is that it leads to

the release of intracellular transcription factors by connecting with

the targets, then migrating to the nucleus to induce the expression

of secondary CAR genes [65]. Because the SynNotch receptor is en-

tirely independent of the T cell signaling mechanisms, the activa-

tion of T cells is not observed before CAR expression. Until Syn-

Notch receptors are activated by antigens in the local TME [66],

therapeutic T cells will remain completely inert (non-cytotoxic).

CAR expression will only be induced when recognizing the second

tumor-associated antigen. Consequently, SynNotch-CAR-T cells can

be used as a universal platform to identify and reshape the local

microenvironment associated with tumors, improve the selectivity

of tumor cells, and reduce related toxic side effects.

Some CAR-T cells may cause off-target cytotoxicity by recog-

nizing target cells expressed in normal tissues [67]. Therefore, an-

other approach to improve safety is to enhance the ability of CAR

to recognize tumor-associated antigens (TAAs) and to strictly con-

trol the expression level of CAR in normal and diseased tissues. It

has been found that T cells expressing CAR transiently can be de-

signed by mRNA electroporation to effectively migrate to primary

and metastatic tumor sites [68], or CRISPR/Cas9 technology can be

used as well to integrate transgenes into limited genetic loci ca-

pable of controlling expression levels for precise sequence-specific

intervention [69].

4. Approved CAR-T and clinical advancement

4.1. Marked products

The Food and Drug Administration (FDA) has approved seven

CAR-T cell therapy products for marketing to treat many types of

hematologic malignancies (Table 1), including five CAR-T cell ther-

apies targeting CD19 and two therapies targeting BCMA. Two prod-

ucts were approved by the National Medical Products Administra-

tion (NMPA), Axicabtagene Ciloleucel (Yescarta) produced by FO-

SUN Kite and Relmacabtagene Autoleucel (Carteyva) fabricated by

JW Therapeutics.

In August 2017, Kymriah, the world’s first CAR-T cell therapy

product, was approved for the treatment of recurrent/refractory

(r/r) acute lymphoblastic leukemia (ALL) [70] or diffuse large B-

cell lymphoma (DLBCL) [71]. In an ELIANA trial (No. NCT02435849),

the results showed that 81% of patients treated with Kymriah al-

lowed overall remission within three months, with 60% of pa-

tients achieving complete remission(CR) 12 months after treat-

ment [72], 47% of the patient experiencing grade 3 or more cy-

tokine release syndrome, indicating safety and efficacy. In Octo-

ber of the same year, Yescarta became the second gene therapy

approved by FDA. It is also the first CAR-T cell therapy prod-

uct approved for treating adult patients with certain types of re-

current/refractory large B-cell lymphoma after receiving two or

Table 1

Global listed CAR-T cell therapy products.

Target Product Company Indication Time to market Ref.

CD19 Kymriah Novartis Acute lymphoblastic leukemia (ALL) 2017.08 [70]

Large B-cell lymphoma (DLBCL) 2018.05 [71]

Yescarta Gilead-Kite/FOSUN Kite Large B-cell lymphoma (DLBCL) 2017.10 (FDA)/

2021.06(NMPA)

[73]

Primary mediastinal B-cell lymphoma (PMBCL) [74]

Follicular lymphoma (FL) 2021.03 [75]

Tecartus Gilead-Kite Mantle cell lymphoma (MCL) 2020.07 [76]

Breyanzi BMS-Juno Large B-cell lymphoma (DLBCL) 2021.02 [77]

Carteyva JW Therapeutics Large B-cell lymphoma (DLBCL) 2021.09(NMPA) [78]

BCMA Abecma BMS-Bluebird Multiple myeloma (MM) 2021.03 [82]

Carvykti Legend Biotech Multiple myeloma (MM) 2022.02 [83]

4



Y. Xie, X. Li, J. Wu et al. Chinese Chemical Letters 34 (2023) 108202

Fig. 4. Global sales of listed CAR-T products from 2017 to 2021 (US$100 million).

more systems. These types include unspecified diffuse large B-

cell lymphoma (DLBCL) [73], primary mediastinal B-cell lymphoma

(PMBCL) [74] and follicular lymphoma (FL) [75]. A clinical trial

ZUMA-1 (No. NCT02348216) displayed that 72% of patients at-

tained objective response after receiving Yescarta treatment, and

51% reached CR [76]. The results proved the clinical significance

of Yescarta. Subsequently, Tecartus and Breyanzi products for the

treatment of adult recurrent/refractory mantle cell lymphoma (r/r

MCL) [77] and recurrent/refractory diffuse large B-cell lymphoma

(r/r DLBCL) [78] were launched between 2020 and 2021. Tecartus

had already accomplished positive results in a clinical trial called

ZUMA-2 (No. NCT02601313). The data showed that for adult pa-

tients with recurrent/refractory mantle cell lymphoma who had

previously been treated with chemotherapy, anti-CD20 antibodies

and Bruton tyrosine kinase (BTK) inhibitors [79], the objective re-

mission rate (ORR) was 92% at a median follow-up of 17.5 months.

The complete remission rate (CRR) was 67% [80]. In addition, side-

effect determination showed that 15% of patients developed grade

three or more CRS, and 31% had grade three or above neurotoxicity

[81]. Overall, Tecartus displayed a long-lasting response and good

safety in treatment.

In March 2021, Abecma, the first CAR-T cell therapy product

targeting BCMA, was approved for treating adult patients with re-

current/refractory multiple myeloma (r/r MM) after receiving four

or more pre-treatment therapies [82]. This is a milestone break-

through in CAR-T cell therapy and marks the official opening of

the commercial production mode of BCMA-CAR-T. On February 28,

2022, the FDA officially approved another CAR-T therapy for BCMA,

Carvykti. This product treats patients with recurrent/refractory

multiple myeloma (r/r MM) [83], inducing early and lasting reac-

tions and controllable side effects. Its clinical value of indications

is superior to that of Abecma.

Currently, there are two products approved by NMPA in China.

Yescarta injection is the first CAR-T cell therapy approved for mar-

keting in China. FOSUN Kite conducted a technology transfer of

Kite’s Yescarta products in China in early 2017 and was authorized

to localize production, opening a new future of tumor cell ther-

apy in China and another important milestone in the company’s

global innovative R & D cooperation. The second approved autolo-

gous CAR-T product in China, Carteyva, is mainly aimed at recur-

rent/refractory large B-cell lymphoma (r/r DLBCL) in adult patients

after second-line or above systemic treatment [84]. It is also the

first CAR-T product in China to be approved as a Class 1 biologi-

cal product. With the approval of CAR-T products on the market,

sales of various products, mainly Yescarta, have increased year by

year (Fig. 4). Increasing patients received CAR-T cell therapy. Yet,

researchers still need to investigate the progression of CAR-T cells

in these patients on a larger scale in the years and decades af-

ter treatment to draw more appropriate conclusions. Overall, CAR-

T cell therapy has gained increasing attention, and the competition

will intensify.

4.2. CAR-T cell products under clinical trial

CAR-T cell immunotherapy is currently being studied in several

hematological and solid tumor types. The use of CAR-T cells as a

cancer treatment has been widely studied in patients with B-cell

malignancies, and outstanding achievements have been made in

treating acute lymphoblastic leukemia, lymphoma and other blood

tumors. Nowadays, a primary CAR-T concern is how to efficiently

and effectively expand CAR-T cell production.

Many CAR-T cell therapies are currently being evaluated world-

wide. We use the keyword CAR or chimeric antigen receptor to

search from the clinical trial website of Clinicaltrials.gov. Accord-

ing to the website, more than 800 clinical trials of CAR-T cells for

cancer are currently underway worldwide. Among them, 371 clin-

ical trials have been directed in China, 258 trials are being man-

aged in the United States and 68 studies have been conducted in

Europe [85]. Because of the large number of clinical trials involved,

we take acute lymphoblastic leukemia as a typical case and list the

latest recruiting CAR-T clinical trials registered worldwide in 2022

(Table 2).

In March 2022, FOSUN Kite announced that its second CAR-T

cell therapy product, FKC889, got approval from NMPA to conduct

clinical trials and was expected to be marketed shortly. FKC889 is

the second CAR-T cell therapy in the field of hematological oncol-

ogy localized by FOSUN Kite through technology transfer, accord-

ing to Kite’s Tecartus. It targets adult recurrent/refractory mantle

cell lymphoma (r/r MCL). At the same time, the company also per-

formed clinical trials on other CAR-T products with potential tar-

gets, such as CD4, CD20, CD19/CD20, etc. Multi-target CAR-T cell

therapy is expected to be applied further in the future.

Arcellx in the United States planned to advance the develop-

ment of CAR-T cell therapy CART-ddBCMA in 2022. The product is

the first candidate based on the ddCAR platform and is undergo-

ing a Phase I clinical study to treat recurrent/refractory multiple

myeloma (r/r MM) [86]. The candidate therapy has received fast-

track qualification, advanced regenerative medicine therapy certi-

fication and orphan drug qualification granted by FDA [87]. Cur-

rently, most existing cell therapy schemes use the biology-based

single-strand variable fragment (scFv) binding domain. It is often

beneficial to a limited number of patients, frequently leads to high

toxicity, and has narrow applicability in treatable indications [88].

Arcellx overcomes these limitations by designing a new class of

D-Domain-driven autologous and allogeneic CAR-T cells, including

classic single-infusion CAR-T (called ddCAR) and dose-controllable

universal CAR-T (called ARC-SparX). D-Domain is a small, stable,

fully synthetic bond with hydrophobic nuclei [86]. Its unique struc-

ture may enable higher transduction efficiency, higher cell surface

expression, and lower rigid signaling when used in CAR-T cells.

ddCAR consists of an intracellular T-cell signaling domain simi-

lar to conventional CAR with D-Domain and acts as an extracel-

lular antigen-binding region [89]. This design improved the target-

ing ability and enhanced the binding affinity by using a new syn-

thetic binding skeleton D-Domain to replace the scFv in CAR-T as

the antigen binding domain.

5. CAR-T cell development

5.1. CAR-T cells targets

The accumulated clinical data have confirmed that CAR-T ther-

apy has significantly affected the treatment of hematological tu-

mors. CAR-T therapy has a mature CAR structure, preparation and

5



Y. Xie, X. Li, J. Wu et al. Chinese Chemical Letters 34 (2023) 108202

Table 2

Globally registered CAR-T clinical trials in 2022.

Locations Study title Condition Target NCT ID Phase

China CD7 CAR-T cell treatment of

relapsed/refractory CD7+ T -acute

lymphoblastic leukemia/lymphoma

Relapsed/refractory, high-risk hematologic

malignancies; T-ALL/lymphoma

CD7 NCT05212584 Phase 1

CAR-T-19 cells for patients with CD19+
relapsed/refractory B-ALL

Relapsed/refractory B-ALL CD19 NCT05270772 Phase 1

Anti-CD7 CAR-T cell therapy for relapsed and

refractory CD7 positive T cell malignancies

T lymphoblastic leukemia/lymphoma;

peripheral T cell lymphoma;

angioimmunoblastic T-cell lymphoma;

anaplastic large cell lymphoma

CD7 NCT05290155 Phase 1

A triple-targeted cell preparation targeting

CD19/CD20/CD22 in patients with

relapsed/refractory B-cell acute lymphoblastic

leukemia

Acute lymphocytic leukemia CD19/CD20/CD22 NCT05292898 Phase 1

A study of pCAR-19B in the treatment of

CD19-positive relapsed/refractory B-ALL in

children and adolescents

Acute lymphoblastic leukemia; relapsed

pediatric ALL; refractory acute lymphoblastic

leukemia

CD19 NCT05334823 Phase 2

Natural killer (NK) cell therapy for B-Cell

malignancies

B-cell lymphoma; B-cell acute lymphoblastic

leukemia

CD19 NCT05379647 Phase 1

CD19 chimeric antigen receptors and CD19

positive feeder T cells as a leukemia

consolidation treatment

Acute lymphoblastic leukemia in remission CD19 NCT05381662 Phase 1

Phase 2

Anti-CD19 CAR-engineered NK cells in the

treatment of relapsed/refractory B-cell

malignancies

Acute lymphocytic leukemia; chronic

lymphocytic leukemia; non-Hodgkin

lymphoma

CD19 NCT05410041 Phase 1

CD22/CD19 CAR-T and auto-HSCT sandwich

strategy as consolidation therapy for B-ALL

B-cell acute lymphoblastic leukemia CD22/CD19 NCT05470777 Phase 1

Phase 2

Donor-derived CD5 CAR T (CT125B) cells for

relapsed or refractory T- Cell acute

lymphoblastic leukemia/lymphoma

T-Cell acute lymphoblastic;

leukemia/lymphoma

CD5 NCT05487495 Phase 1

Novel CAR-T cell therapy in the treatment of

hematopoietic and lymphoid malignancies

Acute myeloid leukemia; B-cell non-Hodgkin’s

lymphoma; multiple myeloma; T-Cell

leukemia/lymphoma, adult; B-cell acute

lymphoblastic leukemia

CD19/BCMA/CD123/CD7 NCT05513612 Phase 1

Dasatinib plus anti-CD19/CD22 bispecific

CAR-T cell therapy for elderly pH-positive ALL

patients

pH-positive ALL CD19/CD22 NCT05523661 Phase 1

Chimeric antigen receptor T-Cell (CAR-T) cells

in patients with R/R T-LBL

T Cell lymphoblastic leukemia CD7 NCT05554575 Phase 1

Anti-CD19 CAR-engineered NK cells in the

treatment of relapsed/refractory acute

lymphoblastic leukemia

Acute lymphoblastic leukemia CD19 NCT05563545 Phase 1

Anti-CD19 universal CAR-T cells (lstCAR019)

for r/r CD19+ B-ALL

B-cell acute lymphoblastic leukemia CD19 NCT05571540 Phase 1

Phase 2

United

States

Autologous huCART19 T cells manufactured

using the cliniMACS prodigy platform for

pediatric B-ALL (huCART19 prodigy)

B Cell acute lymphoblastic leukemia CD19 NCT05480449 Phase 1

Phase 2

Genetically engineered cells

(anti-CD19/CD20/CD22 CAR T-cells) for the

treatment of relapsed or refractory lymphoid

malignancies

Recurrent acute lymphoblastic leukemia CD19/CD20/CD22 NCT05418088 Phase 1

Singapore

Dual anti-CD22/CD19 chimeric antigen

receptor-directed T cells (CART2219.1) for

relapsed refractory B-lineage leukaemia

Lymphoblastic leukemia CD22/CD19 NCT05429905 Phase 1

Phase 2

Korea Clinical study of hospital-manufactured CD19

CAR-T in children and adolescents with acute

lymphoblastic leukemia

B-cell acute lymphoblastic leukemia CD19 NCT05210907 Phase 1

Belarus Pilot CAR-T cells therapy for children/young

adults with CD19+ R/R leukemia/lymphoma

B-cell acute lymphoblastic leukemia CD19 NCT05333302 Phase 1

clinical scheme. During the research of other indications in hema-

tology and oncology, further efforts will be made to study and ver-

ify CAR-T cells’ new targets and find the best antigen combination

and treatment plan. Selecting and utilizing the target is the key to

determining CAR-T therapy’s potential.

CAR-T cells targeting CD19 antigen in B-cell leukemia [90] and

lymphoma [91] have achieved a better antitumor effect with good

coverage and specificity. For the treatment of solid tumors, it is

difficult to obtain an ideal target like CD19. Therefore, the role of

CAR-T therapy should not be limited to killing cancer cells directly,

but can kill cancer cells indirectly by activating endogenous tumor

immune response and destroying the tumor growth environment.

The identification of suitable surface antigens in solid tumors is

more complicated. Here, we focus on CAR-T cell targets explored

in solid tumor clinical trials using colorectal cancer (CRC) as an

example.

CRC is the second most fatal cancer and the third most preva-

lent malignant tumor globally [92]. Various pathways mediat-

ing the initiation, multiplication, and migration of CRC, such as

EGF/EGFR, VEGF/VEGFR and TGF-β/SMAD [93], contain ideal tar-

gets for CAR-T therapy. Epidermal growth factor receptor 2 (HER2),

a tyrosine kinase receptor family member, is highly expressed in

many cancer cells [94]. Its overexpression is associated with an

increased risk of cancer recurrence and poor prognosis. In pre-

clinical studies, relevant trials have developed anti-HER2 CAR-T

cells and validated their efficiency against HER2-positive cancers
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Table 3

Comparison of autologous and universal CAR-T cell therapies.

Autologous CAR-T cell therapy Universal CAR-T cell therapy

Similarity Killing mechanism Recognition and killing of tumor cells by non-MHC restriction

Preparation process T lymphocytes were isolated by viral vector, transduced with specific CAR, amplified and delivered

to patients.

Differences Cell source Patients themselves Healthy donor

Additional gene editing to

avoid GvHD and rejection

No need Need

Cost Expensive Lower than autologous CAR-T

Usability A delay between obtaining T cells and using

CAR-T therapy

Available immediately

Main risk CRS, CRES CRS, CRES, GvHD

Limitation Limited by the quantity and quality of T cells

in patients

T cells have less expansion and short

persistence in vivo

(NCT02713984). In the phase I clinical trial, investigators com-

bined HER2-specific CAR-T cells with oncolytic adenovirus (CAd-

VEC) to treat CRC (NC03740256). CAdVEC can transmit multiple

transgenes in vivo, stimulate different immune axes, and pro-

duce additive antitumor effects [95]. CAdVEC responds to tumors

by creating a pro-inflammatory microenvironment after receiving

HER2-specific CAR-T cells [96]. Studies have also shown that CAd-

VEC activates endogenous NK-cell antitumor activity in a human-

ized mouse model [97]. Epidermal growth factor receptor (EGFR)

regulates cell proliferation, survival and differentiation [98]. In-

hibition of EGFR is a primary therapeutic goal in cancer treat-

ment. Phases I and II clinical trials have evaluated the safety and

feasibility of EGFR and EGFR IL-12 CAR-T cells for treating CRC

(NCT03542799, NCT02959151). Carcinoembryonic antigen (CEA) is

a common biomarker in gastrointestinal cancer tumors [99], and it

is widely expressed in colorectal cancer tissues and serum [100].

A preclinical study has proved that anti-CEA CAR-T cells can effec-

tively kill CEA target cells (NCT02349724). The study also proved

that CEA-CAR-T cell therapy is well tolerated and safe in CEA-

positive CRC patients [100]. The selection criteria of targets are not

unique. CAR-T products for other targets are also under active re-

search and development, such as CD133 CAR-T cells [101], tumor-

associated glycoprotein 72 (TAG-72) CAR-T cells [102], Mucin-1

(MUC1) CAR-T cells [103], epithelial cell adhesion molecules (Ep-

CAM) CAR-T cells [104], etc.

Target selection is a fundamental and crucial determinant of

CAR-T therapy efficacy and always aims to find target cells that

are homogeneously and stably expressed in cancer cells. Strategies

to optimize the function of CAR-T cells in solid tumors, including

identifying more vital and more potential targets to help eradicate

tumors, remain one of the key goals in the current development of

CAR-T cells.

5.2. Universal CAR-T cell therapy

CAR-T products that have been marketed worldwide are autol-

ogous therapies. Each cancer patient’s T cells need to be improved

during preparation and re-injected into the patient after expan-

sion. However, some patients have compromised immune systems

due to pre-treatment, and their T cells may not be available for

CAR-T preparation. Meanwhile, CAR-T products of autologous ther-

apy have shortcomings, such as higher production costs and longer

preparation cycles. Therefore, many research institutions and phar-

maceutical companies at home and abroad have promoted the

development of allogeneic or universal CAR-T (UCAR-T) therapies.

UCAR-T contains two broad categories, universal CAR design and

universal T cells. The former is based on a specially designed CAR,

so CAR-T cells can target a variety of tumor antigens without fur-

ther genetic modification. And the latter uses CRISPR gene edit-

ing and other means to edit the genes of allogenic CAR-T cells

[105], killing specific tumor cells while eliminating immune rejec-

Fig. 5. Gene and non-gene editing of universal CAR-T cell.

tion. The most prominent feature of UCAR-T cells is that T cells are

not derived from the patient itself but are extracted from healthy

donor populations. Thus, the activity of these T cells is more uni-

form, and it is also convenient for the early production of CAR-

T products for the timely treatment of different patients. Despite

sharing the exact killing mechanism, UCAR-T cells have different

manufacturing processes, costs, safety, and suitability (Table 3).

Enhancing the function of universal CAR-T cells based on gene

editing is a type of UCAR-T cell therapy that has been widely

studied, and some related products have already entered clini-

cal research. Allogeneic CAR-T cells can be edited by gene edit-

ing techniques such as zinc-finger nucleases (ZFN) [106], tran-

scription activator-like nucleases (TALENS) [107] and CRISPR/Cas9

[108] (Fig. 5). After knocking out T cell receptor (TCR) and human

leukocyte antigen (HLA), immune rejection and Graft-versus-host

disease (GvHD) [105] will be significantly weakened. For exam-

ple, UCART19, developed by Allogene, uses gene editing to knock

out genes that express the CD52 protein, making cells resistant to

Alemtuzumab. At the same time, CRISPR/Cas9 gene editing used to

generate universal CAR-T has begun to combine with other trans-

genic techniques to allow effective DNA modification of human T

cells. This technology will further promote the development of cur-

rently available gene manipulation strategies and is expected to

produce a powerful antitumor effect. On the other hand, the FDA

approved Celyad’s CYAD-101 investigational new drug (IND) appli-

cation in July 2018. This is the world’s first non-gene editing UCAR-

T clinical project, marking the entry of generic CAR-T cells that are

not based on gene editing into the market competition queue. This

product reduces GvHD by expressing the TCR inhibitory molecule
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(TIM peptide), tampering with or eliminating the TCR signals (Fig.

5) [105].

UCAR-T cell therapy has apparent advantages over standard

CAR-T cell therapy but also has higher safety and specificity re-

quirements. Long-term observation is still needed for the persis-

tence and evaluation of the side effects of the treatment. As more

and more companies and researchers invest in it, this field will

usher in subsequent developments.

5.3. Other CAR cells

Although CAR-T cell immunotherapy is developing rapidly, clin-

ical applications still have shortcomings. The interaction between

the TME and immune cells would affect the clinical results of im-

munotherapy [109]. For instance, it shows low efficacy in treat-

ing solid tumors and related side effects in immunotherapy. Im-

mune cell infiltration and excessive cytokines production could

lead to a heterogeneous inflammatory TME [109], promoting the

growth and metastasis of tumor cells in an inflammatory environ-

ment. Immune cells have various functions and complex compo-

nents. The functions and components of immune cells are diverse

and complex [110]. Usually, the central immune cells involved in

killing tumors include T lymphocytes, B lymphocytes, NK cells,

macrophages, and dendritic cells. They may overcome the defects

of CAR-T cells and show significant antitumor efficacy.

Scientists pay increasing attention to NK-cell tumor im-

munotherapy. NK cells are antitumor effector cells. They account

for 15 percent of all circulating lymphocytes and have functions

not limited by MHC, cytotoxicity, cytokine generation, and im-

mune memory [111]. Studies have found that mature NK cells can

quickly recognize differences between autologous and allogeneic

cells [112]. In contrast to T lymphocytes, NK cells do not induce

GvHD and, in most cases, play a regulatory role [113]. Besides, the

types of cytokines produced by NK cells differ from those pro-

duced by T lymphocytes. Active NK cells usually secrete IFN-γ to

further inhibit the growth of cancer cells [114], while CAR-T cells

generally release pro-inflammatory cytokines such as TNF-α, IL-1

and IL-6 [115], resulting in adverse reactions of cytokine release

syndrome. With the development of gene modification techniques,

NK cells can be further edited, including the introduction of CARs

and knockout inhibition genes, while maintaining high cell viabil-

ity and negligible off-target effects [116]. Since NK cells can rec-

ognize and kill tumor cells, increasing the penetration of NK cells

into tumors will be a possible strategy to enhance the antitumor

activity.

Regulatory T cells (Tregs) are a small subset of immune cells

specifically designed to suppress excessive immune activation and

maintain immune homeostasis in vivo [117]. Generally, Treg cells

also play an immunomodulatory role in many inflammatory and

autoimmune diseases by modulating anti-inflammatory cytokines

secretion [28].

With the continuous improvement of Treg manufacturing tech-

nology and widespread applications of synthetic biology and gene

editing technology, CAR-Treg cell therapy will play an increasingly

important role. CAR-Treg cells are primarily used directly for GvHD

and organ transplant rejection [118]. Unlike most autoimmune dis-

eases, there is an obvious target in transplantation: the human

leukocyte antigen (HLA) molecule [119]. These CARs-expressing T

cells bypass HLA restrictions when activated and increase speci-

ficity through co-receptor signals [120], as well as the targeting

flexibility of CARs. In other words, CAR-Treg cells could recog-

nize cell surface molecules without the help of HLA expression

[121] and avoid immune escape.

The unique advantages of CAR-NK and CAR-Treg cells show

great potential and broad prospects in tumor immunotherapy and

are very likely to bring breakthroughs to tumor treatment under

CAR modification.

6. Conclusions and perspectives

CAR-T cell therapy has rapidly moved from the initial stage to

the rapid development stage. In August 2017, Novartis’ Kymriah

was approved for marketing in the US as the world’s first CAR-T

drug, thus kicking off the global era of CAR-T therapy. Increasing

preclinical and clinical trial results have revealed new efficacy, drug

resistance mechanisms and so on. Scientists have further promoted

the screening for new targets, elucidated new signaling mech-

anisms and applied new cellular techniques. Several techniques

have been established to enhance the efficacy of CAR T cells. By

modifying CAR-T cells, they could self-regulate the production of

cytokines, express chemokine receptors and reduce the expres-

sion level of inhibitory receptors [122,123]. Regarding safety, for

cytokine release syndrome, it is proposed to use combined drugs

to reduce neurotoxicity or to use SynNotch-CAR-T cells to improve

the selectivity of tumor cells. In addition, scientists have designed

universal CAR-T cells, CAR-NK cells, CAR-Treg cells and other novel

CAR-T cells by applying gene editing technologies [124,125]. Differ-

ent types of CAR-T cells provide multiple options for tumor cellular

immunotherapy.

When naturally occurring T cells are ineffective in control-

ling disease, improved T cells may be a better choice. Compared

with traditional tumor treatment methods, cellular immunother-

apy has six advantages [126]: safety, individualization, persistence,

thoroughness, universality, and little drug resistance. Unlike tra-

ditional chemical and biological drugs, CAR-T therapy is to re-

inject chimeric receptor T cells genetically modified to express spe-

cific antigens into the patient to produce immunity. It belongs to

the category of cell therapy. CAR-T cell immunotherapy combines

T cells’ dynamics with antibodies’ antigen specificity as a break-

through treatment. Since T-cell recognition of antigens does not

depend on the MHC, the limitations of the T-cell receptor (TCR)-

induced immunity could be mitigated and immune escape could

be targeted to overcome [127]. Immunotherapy has become a hot

topic in tumor research, and the immune mechanism centered on

T cells has gradually been revealed. While conducting an in-depth

study on how cancer cells behave, we must insist on combining

standard and innovative treatments. New approaches will open and

improve inherent cognition, break through the limitations of the

original method and promote the development of new technolo-

gies.

On the other hand, cell therapy has highly specialized require-

ments from research to production. The high production cost,

lengthy process and the inability to form a standardized pro-

cess have contributed to the high price of cellular immunother-

apy, making it universally applicable to most patients. Meanwhile,

problems in tumor cells, such as cytokine release syndrome, ner-

vous system toxicity, TME challenges and other issues, remain to

be solved, impairing the use of CAR-T products to a certain extent.

Therefore, we need to continuously improve CAR-T technology, de-

velop effective targeted therapy, and reduce toxicity without affect-

ing antitumor activity so that CAR-T cell therapy can be used for

different tumor entities and more patients.

Thus far, although there is still a gap between the popularity

of cell therapy and traditional methods, it has gradually shown

the trend of catching up. Cell gene therapy has become one of

the cutting-edge pharmaceutical fields with tremendous develop-

ment potential. As CAR-T cell therapy continues to obtain break-

throughs, we will consciously and creatively utilize the immune

system to fight against cancer and other diseases. Compared with

other immunotherapies, such as immune checkpoint inhibitors and

cytokine therapy [128], CAR-T cell therapy has elevated target
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ability and could target multiple pathways. Notably, CAR-T cell

therapy demonstrates practical efficacy against several poor prog-

noses and rare tumors. Moreover, CAR-T can target carbohydrates

and lipids besides protein receptors and polypeptide antigens, indi-

cating its potential to combat other diseases, such as inflammation

and infection. CAR-T therapy has become a hot spot in the field

of tumor immunotherapy. Many enterprises at home and abroad

compete for the layout, and the market scale will be expanded step

by step. It is necessary not only to strengthen technological inno-

vation and continue to deepen technological study and develop-

ment but also to combine the technologies of companies in various

countries to jointly promote industrial development. CAR-T prod-

ucts are expected to grow rapidly in the near future, occupying

a large part of the global market share. It is believed that CAR-

T technology, as an emerging treatment method, will benefit more

patients under the updated iteration of technology and the support

of national policies because of its unique efficacy and advantage.
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