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It is well recognized now that the development of drug resistance is one of the leading causes of treatment failure

in conventional therapies. In comparison, improvements in immunotherapy showed promising results in eradicating

cancer. Chimeric antigen receptor (CAR)-T-cell therapy is one of the cancer immunotherapies that uses patient’s T

cells and genetically modifies them to target cancer cells. Although CAR-T-cell therapy has shown remarkable

success in treating blood cancer, it has proven far more limited in the treatment of solid tumors in different organs. 
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1. Introduction

Cancer is the primary health concern and leading cause of death worldwide. The American Cancer Society

estimated that 1,958,310 new cancer cases and 609,820 cancer deaths occurred in the year 2022 in the United

States . Although there has been enormous progress in different types of conventional therapies for treating

cancer, the development of drug resistance and drug-related toxicity makes these therapies much less effective.

On the other hand, immunotherapy relies on using patients’ immune systems to identify cancer cells as foreign

bodies and eradicate them via various mechanisms. Various immunotherapies have been developed for cancer,

primarily by potentiating the body’s immune cells by releasing their immune suppression or empowering them to

more effectively perform their immune functions. Chimeric antigen receptor (CAR)-T-cell therapy is one of the

approaches of adoptive T-cell transfer (ACT) used in immunotherapy, which recently showed enormous success in

terms of effectiveness and durable clinical response . In this approach, T cells have been genetically altered by

expressing the chimeric antigen receptor (CAR) to recognize tumor-specific antigens without the involvement of

major histocompatibility complex (MHC), resulting in vigorous T-cell activation and robust anti-tumor responses .

CAR-T cells mediate anti-tumor effects through granzyme release, cytokine release, and other immune effectors

(Figure 1).
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Figure 1. Cartoon diagram representing a typical interaction mechanism of CAR-T cells with targeted cancer cells:

CAR-T cells can recognize tumor cells by binding with specific tumor-associated antigens (TAA) independent of

TCR-MHC/peptide interactions. As a result, T cells are activated. CAR-T cells can induce apoptosis via the

secretion of perforin, granzymes, and different pro-inflammatory cytokines, as well as the expression of the Fas

ligand (FasL) and tumor necrosis factor-related apoptosis-inducing ligand (TRAIL).

Growing and evolving research has utilized sophisticated ex vivo culture and cellular engineering approaches to

improve CAR-T-cell therapy, with long-life therapeutic responses. As a consequence of unparalleled clinical

efficacy in particular B-cell malignancies, the US Food and Drug Administration (FDA) approved many CAR-T-cell

therapies for treating hematological malignancy. CAR-T-cell therapy showed remarkable efficacy and profound

therapeutic potencies in treating a subset of hematological malignancies by targeting lineage-restricted surface

molecules . In contrast, CAR-T-cell therapy hits roadblocks in treating solid tumors, mainly due to lack

of high-quality antigen targets and poor tumor infiltration . So far, most antigens targeted in solid tumors via

CAR-T cells are mainly tumor-associated antigens rather than tumor-specific ones, which means that these

antigens express higher levels in tumors and lower levels in some of the normal healthy tissues. These low antigen

expression in normal tissue often leads to severe on-target/off-tumor toxicities. A case report showed severe side

effects on a patient’s lungs after the infusion of CAR-T cells targeting HER2 antigen, which finally leads to death

after a few days . CAR-T cells’ clinical success also depends on CAR-T cells’ persistence; in this regard, CAR-T

cells that exhibit a long-lived memory phenotype have shown much more antitumor responses than terminal

effector-like CAR-T cells . Antigen-independent tonic signaling is one of the main factors affecting CAR-T cells’

phenotype and longevity, there by its therapeutic response . Many studies have tested innovative techniques to

overcome these limitations, including targeting dual antigens, post-translational modified tumor-associated

antigens, combination therapies to reduce immunosuppressive TME, and improved penetrations to the tumor site.

[4][5][6][7][8][9]
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2. Biology of CAR-T Cells in Cancer

Chimeric antigen receptors (CARs) are engineered to repurpose them to recognize specific antigens on the cancer

cell’s surface. CAR contains a binding moiety in the extracellular part that recognizes and binds to target antigens

in cancer cells and signaling domain(s) in the intracellular part that activates the T cells to proliferate and attack

cancer cells (Figure 2). The binding moiety has a specific region called a single-chain variable fragment (scFv) that

identifies specific antigens. This scFv region is derived from variable heavy (VH) and light (VL) chains of

monoclonal antibodies connected via a flexible linker, as shown in Figure 2A. In comparison, the intracellular

domain of CAR consists of several parts, which include a CD3ζ signaling domain (that activates the T cell) and co-

stimulatory domains (that provide additional signals) . Between the extra- and intra-cellular domains,

there is a hinge region that provides flexibility to the extracellular domains (ECD) to help them to better recognize

antigens and the transmembrane domain that anchors the CAR in the T-cell membrane.

Figure 2. Schematic representation of the basic principle of CAR architecture. (A) Cartoon diagram showing the

binding moiety of CAR, where scFv comes from a TAA-specific monoclonal antibody and the signaling domain(s)

comes from activating and co-stimulatory immune receptors. (B) Cartoon diagram showing the progressive

evolution of CAR-T cells from first generation to fifth generation: first-generation CAR contains a single-chain

variable fragment (scFv) and CD3ζ for signal transduction; an additional co-stimulatory domain (co-stimulatory

domain 1: CSD 1) was added on first-generation CAR to make a second generation, whereas two additional co-

stimulatory domains (CSD1 and CSD 2) were added on first-generation CAR to make third-generation CAR; one

additional domain for cytokine-expression (cytokine inducer: CI) was added on second-generation CAR to make

fourth-generation CAR; fifth-generation CAR contains a co-stimulatory domain (co-stimulatory domain 1) and an

additional domain that activates signaling pathways such as STATE3/5. (C) Cartoon diagram showing the basic

structure of a typical CAR with the functions of individual domains.

The first generation of CAR mainly consists of scFv in the ECD and the CD3ζ chain of the T-cell receptor in the

intracellular domain (Figure 2B). Although the first generation of CARs has been shown to activate T cells and

[14][15][16][17][18]
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induce cytokine release, they have less potency and persistency . After that, the second generation of CAR was

developed, with additional co-stimulatory domains to overcome these limitations of the first generations of CARs.

One more co-stimulatory domain was added to the intracellular domain to develop the third generation of CARs 

. This fourth generation of CARs is based on second-generation CARs, which contain an additional transgene

for cytokine release. This fourth generation of CARs can activate T cells and release specific cytokines like IL-2 or

IL-18, which is required to activate other immune cells and neutralize the immunosuppressive cytokines released

by tumors . After that, the fifth generation of CARs emerged to perform tasks such as targeting cancer

cells, reducing inflammation, and recruiting other immune cells to fight cancer. In the fifth generation of CAR, a

truncated intracellular domain of interleukin-2 receptor (IL-2R) was added, with a binding motif for transcription

factors like STAT-3/5. In addition to activating CAR-T cells and promoting the generation of memory T-cells, the fifth

generation of CARs reactivates and stimulates the immune system . In addition to intracellular domains, other

parts of this CAR (including the transmembrane domain and hinge region) have been modified for better

recognition and binding with target antigen (Figure 2C) . Due to the high antitumoral activity, potency, and

persistence of the fifth generation of CARs, they have become a promising area of research in cancer immunology.

3. Generation of CAR-T Cells

The first step in CAR-T-cell therapy is to collect T cells from the patient (autologous) or a donor (allogenic). Then,

these T cells need to be purified and genetically engineered to express artificially generated CARs, as shown in

Figure 3 . An engineered CAR gene is transduced in T cells via different methods, which include viral

(lenti/retrovirus), non-viral (transposon or CRISPR/Cas9), and electroporation methods . Next, to

produce a large quantity of engineered CAR-T cells, these cells were expanded in vitro. After achieving the desired

quantity and quality, they were infused back into the patient’s bloodstream. Generally, patients undergo

chemotherapy before the infusion of CAR-T cells into the blood stream, which allow engineered T-cells to grow and

kill cancer cells. When CAR-T cells enter the patient’s bloodstream, they reach the cancer site, recognize specific

antigens via CAR, and start performing their function, as detailed in the subsequent paragraphs and illustrated in

Figure 1 .
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Figure 3. Cartoon diagram showing different stages of autologous CAR-T-cell production: The generation of

autologous CAR-T cells started with the leukapheresis of a patient (A), followed by the separation of T cells (B);

then, T cells were transduced to permanently integrate CAR transgene (C). After that, these genetically modified

CAR-T cells expanded (D) and infused back into the patient (E).

4. CAR-T-Cell Therapy: From Scientific Discovery to Cures

Although CAR-T-cell therapy has recently gained much attention due to its revolutionary success in treating blood

cancer, the idea has existed for several decades. It was repurposing the T-cell via genetically engineered T-cell

receptors (TCRs) to kill cancer cells for the first time that was proposed in the 1980s. This approach had limitations

because, at that time, it was challenging to identify specific antigens specific to cancer and make TCR specific to

that antigen. This approach was even more challenging since TCR recognizes antigens in the major

histocompatibility complex (MHC) setting, which may vary from patient to patient. To overcome these challenges, in

1989, it was proposed to combine the antigen-binding domain (derived from a monoclonal antibody) with the

signaling domains of TCRs. This was the first generation of CAR-T cells; this approach allows the T cells to

recognize the specific antigen present in cancer cells independently of MHC . Although this first-generation

CAR-T-cell therapy approach is more versatile than TCR, these cells have limited tumor-killing capacity because

they do not grow and persist near tumors . These limitations make the first generation of CAR-T cells less out of

reach to the expectations of treating cancer. In the mid-1990s, the second generation of CAR-T cells was

developed by adding the co-stimulatory domain to the CAR, which helps these cells to expand and survive. This

approach has shown to be more efficient in preclinical models and paved the way for clinical trials. In 2002, the first

effective CAR-T cells were developed by adding CD28 as a co-stimulatory domain . In 2003, a study showed the

complete abolition of B-cell lymphoma in a mouse model via CAR-T cells targeting the B-cell antigen CD19 . In

2006, the first clinical trial was conducted with CAR targeting the tumor antigen carbonic anhydrase IX in patients

[31]
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with metastatic renal cell carcinoma . Although this therapeutic strategy was reported to be safe for the patients,

it did not yield any clinical benefits for the patients. After this step, in 2011, another clinical trial was conducted at

the University of Pennsylvania, where they found clinical success in treating advanced chronic lymphocytic

leukemia (CLL) using CAR-T-cell therapy . This group used autologous T-cells engineered to express a CAR

targeting the B-cell antigen CD19, and all patients were found to achieve complete remission after this therapy.

This success led to many clinical trials with CAR-T-cell therapies, and they found various degrees of success. In

2013, a clinical trial with CAR-T-cell therapy found profound antitumor effects in patients with relapsed or refractory

acute lymphoblastic leukemia (ALL) . After that, in 2014, a group developed CAR-T-cell therapy for solid tumors

to recognize antigen mesothelin . Shortly after that, in 2015, the fourth generation of CAR-T cells was developed

by adding a transgene with the second generation of CAR.

After the CRISPR system was developed, this gene-editing tool was used to make CAR-T cells in 2017 . Seeing

the unprecedented success of CAR-T-cell therapy, in the year 2017, the US Food and Drug Administration (FDA)

approved the CAR-T-cell therapy tisagenlecleucel (Kymriah) for the treatment of relapsed or refractory ALL .

Consequently, the FDA approved axicabtagene ciloleucel (Yescarta), another CAR-T-cell therapy for treating

relapsed or refractory diffuse large B-cell lymphoma (DLBCL) in adults . After that, one by one, several CAR-T-

cell therapies were approved for treating different types of cancer. Some important CAR-T-cell therapies include

Abecma (idecabtagene vicleucel) for the treatment of relapsed or refractory multiple myeloma , Lisocabtagene

maraleucel (Breyanzi) for the treatment of relapsed or refractory large B-cell lymphoma , Brexucabtagene

autoleucel (Tecartus) for the treatment of relapsed or refractory mantle cell lymphoma , and Liso-cel (liso-cel) for

the treatment of relapsed or refractory large B-cell lymphoma .

The FDA approval of CAR-T-cell therapy also expanded to other types of cancer beyond leukemia and lymphoma,

and there have been many ongoing clinical trials, with some being completed, which are summarized in Table 1.

Table 1. Important clinical trials for CAR-T-cell therapy in cancer that are currently ongoing or completed.
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NCT Number CAR-T
Strategy Conditions Type of Tumor Phase Current

Status Enrollment

Estimated/Actual
Completion Date

(DD Month
YYYY)

Sponsor

NCT02348216
CD19-
specific

CAR-T cells

Diffuse large B-cell
lymphoma

(DLBCL), primary
mediastinal large
B-cell lymphoma

(PMBCL),
transformation

follicular lymphoma
(TFL), high-grade
B-cell lymphoma

(HGBCL)

Hematological
malignancy

Phase
1

Phase
2

Completed 307 27 July 2023

Kite, A Gilead
Company, Santa

Monica, CA,
USA
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NCT Number CAR-T
Strategy Conditions Type of Tumor Phase Current

Status Enrollment

Estimated/Actual
Completion Date

(DD Month
YYYY)

Sponsor

NCT02445248
CD19-
specific

CAR-T cells

Relapsed or
refractory DLBCL

Phase
2

Completed 115
22 December

2022

Novartis
Pharmaceuticals,

Basel
Switzerland

NCT02601313
CD19-
specific

CAR-T cells

Relapsed/refractory
mantle cell
lymphoma

Phase
2

Active, not
recruiting

105 July 2025
Kite, A Gilead

Company

NCT02614066
CD19-
specific

CAR-T cells

Relapsed/refractory
B-precursor acute

lymphoblastic
leukemia

Phase
1

Phase
2

Active, not
recruiting

125 November 2034
Kite, A Gilead

Company

NCT02631044
CD19-
specific

CAR-T cells

Non-Hodgkin
lymphoma, diffuse

large B cell
lymphoma,

follicular
lymphoma, mantle-

cell lymphoma,
primary mediastinal

B-cell lymphoma

Phase
1

Active, not
recruiting

385 10 May 2024

Juno
Therapeutics, a

Subsidiary of
Celgene, Seattle,

WA, USA

NCT02926833

CD19-
specific

CAR-T cells
in

combination
with PD-1
antibodies

DLBCL

Phase
1

Phase
2

Completed 37 12 January 2023
Kite, A Gilead

Company

NCT03105336
CD19-
specific

CAR-T cells

Refractory/relapse
large B cell
lymphoma

Phase
2

Active, not
recruiting

159 Spetember 2036
Kite, A Gilead

Company

NCT03287817

CD19- and
CD22-
specific

CAR-T cells,
followed by

anti-PD1
antibody

DLBCL

Phase
1

Phase
2

Active, not
recruiting

73 November 2024
Autolus Limited,

London, UK

NCT03310619 CD19-
specific

CAR-T cells

Aggressive B-NHL Phase
1

Completed 62 15 February
2023

Celgene,
Summit, NJ,

USA
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