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Abstract. Chimeric antigen receptor (CAR)‑T cell therapy is 
an innovative approach to immune cell therapy that works by 
modifying the T cells of a patient to express the CAR protein 
on their surface, and thus induce their recognition and destruc‑
tion of cancer cells. CAR‑T cell therapy has shown some 
success in treating hematological tumors, but it still faces a 
number of challenges in the treatment of solid tumors, such 
as antigen selection, tolerability and safety. In response to 
these issues, studies continue to improve the design of CAR‑T 
cells in pursuit of improved therapeutic efficacy and safety. 
In the future, CAR‑T cell therapy is expected to become an 
important cancer treatment, and may provide new ideas and 
strategies for individualized immunotherapy. The present 
review provides a comprehensive overview of the principles, 
clinical applications, therapeutic efficacy and challenges of 
CAR‑T cell therapy.
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1. Introduction

Cancer is a major challenge to human health worldwide, and, 
while making some progress, traditional cancer treatments, 
such as chemotherapy, radiotherapy and surgery, often have 
a series of limitations and side effects (1). However, in recent 
years, chimeric antigen receptor (CAR)‑T cell therapy, which 
is also known as the ‘living drug’, has emerged (2).

CAR‑T cell therapy has garnered interest in the field of 
cancer treatment as a personalized cancer immunotherapy 
strategy (2,3). It works by altering the immune system of a 
patient, allowing it to recognize, attack and remove cancer 
cells (4). Among the immune system, CAR‑T cells are a special 
subpopulation of T cells that are genetically engineered to 
express specific antigen receptors, and to effectively recognize 
and destroy cancer cells (5). However, this therapy also faces 
multifaceted challenges, such as antigen selection, treatment 
tolerance and safety (6,7). Tumor cells lacking specific anti‑
gens or displaying heterogeneity in antigen expression can 
impair the antigen selectivity of CAR‑T cells (8). Moreover, 
tumor cells can develop resistance by downregulating antigen 
expression and enhancing the activity of immune inhibitory 
factors in response to CAR‑T cell‑induced cytotoxicity (9). 
Additionally, cytokine release syndrome (CRS) induced by 
CAR‑T cell therapy, which manifests as fever and difficulty 
breathing, low blood pressure, nausea and vomiting, poses 
a notable safety challenge. Currently, progress has been 
made in addressing the aforementioned issues by examining 
multiple antigen targets, improving the design of CAR‑T cells, 
adjusting drug dosages and enhancing the activity of CAR‑T 
cells. However, these measures have not completely eliminated 
the challenges (9). Further research and efforts are required to 
solve these problems, and to improve the efficacy and safety 
of CAR‑T cell therapy (10). It is hypothesized that with the 
continuous progression of science and technology, CAR‑T cell 
therapy will serve an important role in the future and bring a 
revolutionary change in individualized cancer treatment.

Currently, the majority of review articles primarily focus 
on the side effects of CAR‑T cell therapy, targeted therapies 
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for solid tumors, current limitations and novel structural 
designs of CAR‑T, providing a detailed and in‑depth analysis 
and commentary on these aspects. However, there is a lack 
of comprehensive description of CAR‑T cell therapy as a 
whole (4,11‑13). Therefore, by summarizing the recent litera‑
ture on CAR‑T cell therapy, the present review provides a more 
comprehensive overview of the latest research status of CAR‑T 
cell therapy in terms of the basic structure of CAR‑T cells, 
the tumor‑killing mechanism, clinical treatment steps, an 
overview of the current stage of clinical use and overview of 
marketed drugs, with an aim to assist researchers in quickly 
and comprehensively understanding the latest advancements 
in this field.

2. CAR‑T cell structure

CAR‑T cells are genetically modified T cells that express 
the CAR protein on their surface (14). The CAR protein is 
composed of an external recognition region and an internal 
signaling region (6). The external recognition region usually 
consists of a single‑chain antibody (scFv) or antigen‑binding 
domain that recognizes and binds to specific antigens on the 
surface of the target cancer cells (15). This recognition region 
can be genetically engineered to ensure that it binds the target 
antigen efficiently (16). The internal signaling region typi‑
cally includes the signaling molecules and signaling modules 
required to activate T cells (6). When the CAR binds to the 
target antigen, the internal signaling region initiates signaling 
that prompts antigen‑specific activation and proliferation of 
the CAR‑T cell (17).

One of the specific components of CAR‑T cells, the antigen 
recognition domain (18), which is also known as the external 
recognition region, is usually composed of a scFv that recog‑
nizes and binds to the target antigen (19). The scFv consists of an 
antigen‑binding portion and structural domains connected to 
CD3ζ or other signaling domains (such as CD28, 4‑1BB, CD19 
and OX40 domains) (20). Single‑chain antibodies are made up 
of variable regions of heavy and light chains joined together 
with high specificity and affinity (21). The scFv introduces 
the antigen to T cells by binding to it, thereby activating the 
antitumor effect of T cells (22). Selecting the appropriate scFv 
can ensure the highly specific recognition and killing ability of 
CAR‑T cells for specific antigens (22). The transduction domain 
of CAR‑T cells, which is also known as the internal signaling 
region or activation domain (23), is located inside the CAR‑T 
cell, and helps transmit external antigen recognition signals 
to the inside of the cell to activate the T cell and trigger an 
immune response (23). The most commonly used transduction 
domain is the CD3ζ domain, which is involved in the signaling 
pathway for T‑cell activation (24). The co‑stimulatory domains 
are used to enhance the activation effect and proliferation of 
the CAR‑T cells (25). Common co‑stimulatory factors include 
CD28, 4‑1BB (CD137) and OX40, which provide additional 
signaling to increase CAR‑T‑cell survival, function and anti‑
tumor response (26,27). In addition, to introduce the gene for 
CAR into T cells, it can either be introduced via a viral vector, 
such as a retrovirus or lentivirus, or a non‑viral method, such 
as transfection (28).

First‑generation CARs typically contain an antigen recog‑
nition domain and a CD3ζ transduction domain (9). This simple 

structure provides only preliminary antigen recognition and 
T‑cell activation signals (29), but has a limited effect and poor 
therapeutic efficacy for antigens with low‑level expression 
and heterogeneous expression (30). To enhance the activation 
and persistence of CAR‑T cells (31), and to improve the thera‑
peutic efficacy, studies introduced second/third generation 
CARs (31,32). The second‑generation CARs have the addition 
of one or more co‑stimulatory factor domains, such as CD28 
or 4‑1BB, to the first generation in order to enhance T‑cell 
activation and to improve cell proliferation and survival (31). 
The third‑generation CARs have the addition of further 
co‑stimulatory factor domains to the second generation (32). 
The fourth‑generation CARs exhibit an improved CAR struc‑
ture via the introduction of one or more stimulatory secretion 
cassettes or polyclonal antibody secretion systems (33). These 
additional secretion elements can secrete specific cytokines, 
such as IL‑12 and IL‑18, upon the binding of CAR‑T cells to 
antigens, further enhancing T‑cell activation and promoting 
the immune response and antitumor effects  (34,35). To 
increase the initial activation state of CAR‑T cells, preactiva‑
tion domains, such as CD28 or CD137 preactivation domains, 
have been introduced in a number of CAR designs (36‑38). 
These domains enhance the activation of CAR‑T cells to a 
more favorable state prior to antigen binding (39). To avoid 
cross‑reactivity with similar antigenic structures present in 
normal tissues, studies have begun designing CAR‑T cells with 
narrower antigen recognition capabilities (39,40). Restricted 
antigen recognition domains are achieved by selecting specific 
fragile tumor‑specific antigens or tumor‑specific neoantigens 
to improve therapeutic efficacy and reduce adverse effects (40). 
These improved CAR designs aim to increase CAR‑T‑cell 
persistence, enhance cell‑killing capacity and antitumor 
response, avoid unwanted toxicity, and improve selective and 
specific recognition (41). Furthermore, the improved designs 
can enhance cell proliferation and survival signaling, attenuate 
activation‑induced inhibitory signaling and promote memory 
T‑cell formation (Fig. 1) (42).

3. Targeted killing mechanism of CAR‑T cells

The antigen used for CAR‑T cells is a primary design 
consideration  (43). Typically, CAR‑T cell therapies target 
tumor‑specific antigens or tumor‑associated antigens that 
are upregulated on the surface of cancer cells or only on 
tumor cells  (44). The CAR‑T cell recognizes and binds 
to the target antigen, which is usually a specific protein or 
glycoprotein upregulated on the surface of cancer cells (2), 
through a single‑chain variant antibody (scFv) on the CAR 
protein. The scFv is able to bind tightly to the target antigen, 
enabling specific recognition by the CAR‑T cell (45). Once 
CAR‑T cells recognize the target antigen, signaling domains 
within the CAR, such as CD3ζ, will be activated, triggering 
an intracellular signaling cascade (46). This process is similar 
to the activation of a normal T‑cell receptor upon binding to 
an antigen (47). The activated CAR‑T cells then target tumor 
cells expressing the target antigen for killing through a variety 
of mechanisms, including: i) Direct cytotoxin release where 
activated CAR‑T cells release cytotoxins, such as perforin 
and targeting enzymes, which directly lead to tumor cell 
lysis and apoptosis (18); ii) cytokine release where activated 
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CAR‑T cells secrete cytokines, such as interferon γ and tumor 
necrosis factor α, to further stimulate immune cell activa‑
tion and inflammatory response  (48,49); and iii)  immune 
cell alliance where activated CAR‑T cells can activate and 
recruit other immune cells, such as natural killer (NK) cells 
and macrophages, to form an immune cell alliance to jointly 
attack tumor cells (5,50).

4. CAR‑T cell therapy treatment process

First, doctors screen patients to determine if the patients are 
eligible to receive CAR‑T cell therapy (51). This typically 
includes evaluating the disease type, stage of disease, phys‑
ical health and immune system status of the patient (52). The 
peripheral blood of the patient is collected, and the T cells 
are isolated using centrifugation and immunomagnetic bead 
assay. In the laboratory, the T cells are genetically modi‑
fied to introduce the CAR gene, which enables the T cells 
to recognize and attack specific tumor cells. The modified 
T cells are expanded and cultured in vitro to increase their 
number, which allows a sufficient number of CAR‑T cells to 
be obtained for use in therapy (53). Before a patient receives 
CAR‑T cell therapy, they may need to undergo treatment 
preparation, such as lymphodepletion and bridging therapy. 
Lymphodepletion is the conditioning treatment required 
for CAR‑T cell therapy and the goal of this therapy is to 
reduce competing cell populations (including normal T 
cells, natural killer cells and macrophages) in the patient 
and increase the survival and therapeutic efficacy of the 
CAR‑T cells (54). The number of immune cells in the body 
is reduced using chemotherapy drugs or radiation therapy. 
However, this approach has certain side effects, including 
temporarily weakening the immune response of the patient 
and increasing the risk of infection. Therefore, it is neces‑
sary to administer antibiotics to prevent bacterial infections 
and to monitor and treat any potential signs of infection in 
the patient (53). Bridging therapy often refers to the use of 

other treatments such as chemotherapy, targeted therapy 
or radiation therapy before CAR‑T cell therapy, in order to 
control tumor progression or provide temporary therapeutic 
effects. The purpose of bridge therapy is to buy time for 
patients while waiting for the preparation and production of 
CAR‑T cell therapy (54). Once the CAR‑T cells are expanded 
to a sufficient number and the patient is prepared for treat‑
ment, the doctor injects the CAR‑T cells into the patient 
through an intravenous infusion (55). Patients are closely 
observed and monitored after receiving CAR‑T cell therapy; 
this includes monitoring for adverse reactions, evaluation 
of tumor response and monitoring CAR‑T cell activity and 
survival in the body (55).

During the CAR‑T therapy process, there are also a number 
of challenges in collecting T cells from the patient, and the 
key to manufacturing CAR‑T cells lies in appropriate T cell 
collection and engineering. However, there may be manufac‑
turing failures due to poor sample quality, low cell quantity or 
inadequate cell yield, and for certain patients with cancer, the 
suppression of their own immune system can lead to a reduc‑
tion in the quantity or to an impairment of the function of the 
T cells in the patient (56). During the process of cell collection, 
external contamination from microorganisms, bacteria, viruses 
and other contaminants may occur. These contaminants can 
have a negative impact on the survival and function of CAR‑T 
cells, leading to a decrease in their quality (54). Additionally, 
physical and chemical damage may be inflicted on the cells 
during separation, culture or transportation. Such damage can 
result in a decline in cell function or even cell death, ultimately 
affecting the therapeutic efficacy of the CAR‑T cells (57‑59). 
This can lead to delays in starting treatment and increase the 
difficulty and uncertainty of therapy. Manufacturing CAR‑T 
cells requires a certain amount of time to expand the cells 
and test their quality. Typically, patients need to undergo 
other forms of treatment during the waiting period, which can 
increase burdens, require further medical resources and incur 
additional costs (60).

Figure 1. CAR structures include an extracellular antigen binding domain, a hinge region, a transmembrane domain and one or more intracellular signaling 
domains. The first‑generation CAR consists of a CD3ζ signaling domain. Based on the understanding of the importance of co‑stimulatory domains for 
durable therapy, the second‑generation CAR was developed with an additional co‑stimulatory domain linked to the CD3ζ intracellular signaling domain. 
The third‑generation CAR includes two co‑stimulatory domains linked to the CD3ζ signaling domain. The fourth‑generation CAR introduces an additional 
intracellular domain that co‑expresses certain small molecules (such as IL‑12, IL‑18 and programmed cell death protein 1), which can trigger cytokine‑induced 
signaling or block signaling pathways that affect CAR‑T cell function, aiming to improve therapeutic effects. CAR, chimeric antigen receptor; scFv, single‑chain 
antibody.
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5. Clinical utilization of CAR‑T cell therapy

CAR‑T cell therapy has achieved notable application results in 
hematological tumors (61). For example, CAR‑T cells designed 
against the CD19 antigen have achieved therapeutic effects by 
targeting and killing CD19+ leukemia cells (62). In addition, 
CAR‑T cell therapy has shown notable efficacy in the treat‑
ment of relapsed/refractory B‑cell non‑Hodgkin's lymphoma 
(B‑NHL) (63), B‑cell acute lymphoblastic leukemia (B‑ALL) 
and chronic lymphocytic leukemia, with ~40‑60% of patients 
with B‑NHL obtaining durable remission and survival after 
receiving CAR‑T cell therapy, and ~80‑90% of patients with 
B‑ALL obtaining durable remission and survival or complete 
remission, after receiving CAR‑T cell therapy (55,64). The 
application of CAR‑T cell therapy in the treatment of solid 
tumors, as opposed to hematological tumors, continues to be 
investigated, and despite a number of challenges and limita‑
tions, positive advances have been made (65). CAR‑T cells have 
been designed and applied to target antigens on the cell surface 
of neuroblastoma cells, such as GD2 (66). Preliminary clinical 
trial data have shown that CAR‑T cells demonstrate some 
therapeutic efficacy in patients with high‑risk and refractory 
neuroblastoma (6). CAR‑T cells for prostate‑specific memory 
acid phosphatase have also demonstrated some anti‑prostate 
cancer efficacy, and clinical trials of CAR‑T cell therapy for 
soft‑tissue sarcoma have suggested some potential  (67,68). 
CAR‑T cell therapies in solid tumors face a number of chal‑
lenges, such as antigenic diversity, immune escape due to the 
tumor microenvironment and achieving sufficient proliferation 
and infiltration (32,65,69). These factors limit the application 
of CAR‑T cell therapy in the treatment of solid tumors (65).

6. Side effects and clinical challenges of CAR‑T cell therapy

Although CAR‑T cell therapy has shown notable efficacy in 
the treatment of hematological and solid tumors, it has also 
brought about a number of treatment‑associated side effects 
and safety issues, and still faces a number of challenges in 
clinical application that may limit its widespread use (65).

CRS is one of the most common side effects associated with 
CAR‑T cell therapy with an incidence of 20‑50% (70). When 
CAR‑T cells kill tumor cells, they release large amounts of 
cytokines, leading to the overactivation of the immune system 
and systemic inflammatory response (71,72). Mild CRS may 
manifest as symptoms such as fever, chills and headache, while 
severe CRS may lead to life‑threatening conditions, such as 
hypotension, respiratory distress and organ insufficiency (73). 
In addition, CAR‑T cells exhibit persistent cell proliferation, 
which can lead to organ function impairment, and CRS may 
also cause anemia, thrombocytopenia and leukopenia, which 
can induce spontaneous bleeding and increase the risk of 
infection (74). The release of cytokines can lead to a reduc‑
tion in the number of lymphocytes and other immune cells in 
the immune system (53). This lymphodepletion results in an 
overall decrease in immune cells, including T cells, B cells and 
NK cells, leading to cytopenia (75). Additionally, the depletion 
of precursor cells in the hematopoietic system can reduce the 
production of mature red blood cells, white blood cells and 
platelets (75). Headache, coma and neurological dysfunction 
are also possible side effects (76). Furthermore, CAR‑T cells 

may have on‑target off‑tumor effects when CAR‑T cells attack 
non‑tumor cells expressing the target antigen, but cells that do 
not express this antigen are spared (71). Non‑specific effects of 
CAR‑T cell therapy are likely due to inflammatory responses 
that can be activated by CAR‑T cell therapy (26).

The efficacy of CAR‑T cell therapy is limited by the selec‑
tion and heterogeneity of target tumor antigens (77). Antigen 
expression varies between tumor types and patients, and a 
number of tumors may even lack specific antigens (78). In addi‑
tion, intratumor heterogeneity can make it more difficult for 
CAR‑T cells to recognize and attack antigens (79). Although 
CAR‑T cell therapy has resulted in long‑term remission and 
survival in a number of patients, not all patients will consistently 
benefit from this type of therapy (80). Patients may experience 
relapse or drug resistance, resulting in a less durable efficacy 
after treatment (81). Solid tumors typically have a complex 
tumor microenvironment, including the production of immu‑
nosuppressive factors (such as cytokines) and the interaction 
of tumor cells with other cells (such as macrophages, regula‑
tory T cells and myeloid suppressor cells), so that the tumors 
may suppress the activity of CAR‑T cells 32). This makes the 
infiltration and killing ability of CAR‑T cells in solid tumors 
limited, with a higher chance of immune escape (42).

CAR‑T cell therapy faces challenges in dealing with tonic 
signaling, antigen loss and low antigen density (82). Tonic 
signaling refers to the state where CAR‑T cells remain active 
and release cytokines even in the absence of normal stimu‑
lation, potentially leading to cytotoxicity and unnecessary 
inflammation (83). Antigen loss occurs when tumor cells lose 
the antigens originally targeted by CAR‑T cells, rendering 
the CAR‑T cells unable to effectively kill these tumor cells, 
resulting in treatment failure or relapse  (84). Low antigen 
density is also a notable challenge, as it means that there are 
fewer antigens on the surface of target tumor cells. This low 
antigen density may prevent CAR‑T cells from accurately 
recognizing and attacking the target cells, thereby reducing 
treatment efficacy (85). It has been revealed that by improving 
the design of CAR‑T cells and introducing switchable activa‑
tion technology, they can remain silent or regulate their activity 
when lacking stimulation (22). To address the issues of antigen 
loss and low antigen density, multi‑antigen‑targeting CAR‑T 
cells are being designed to simultaneously attack multiple 
antigens, reducing the impact of losing a single antigen (82). 
Additionally, co‑stimulatory molecules are utilized to enhance 
CAR‑T cell recognition and cytotoxic activity against tumor 
cells (84). The phenotype and functional characteristics of 
CAR‑T cells is also affected by the selection of the co‑stim‑
ulatory domain (26). Through pre‑clinical investigations, the 
incorporation of a BBζ co‑stimulatory domain has been shown 
to preserve a greater frequency of central memory CAR‑T cells 
when compared with CD28ζ‑containing CAR‑T cells, which 
were enriched for effector memory phenotype cells (25,86). 
However, this mainly applies to the second and third generation 
CAR‑T structure design. In comparison with terminally differ‑
entiated effector cells, central memory CAR‑T cells that have 
been enriched with the BBζ co‑stimulatory structural domain 
are less differentiated and can give rise to daughter cells that 
perform cytotoxic functions, whilst continuing to replenish the 
population of memory cells for a longer response duration, thus 
eliciting improved tumor control (86). Activation of the BB 
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pathway has been shown to promote T cell proliferation through 
the regulation of cyclin‑dependent kinases and to sustain the 
survival of activated T cells. In trials involving patients with 
B cell lymphoma subsets and chronic lymphocytic leukemia, 
the median progression free survival of patients treated with 
CD28ζ CAR‑T cell products has in a number of cases spanned 
from 8‑36 months (84). Furthermore, there is strong evidence 
in support of both CD28ζ and BBζ CAR‑T cells, with subsets 
of treated patients remaining in ongoing remission 7‑10 years 
post‑treatment (25,87). Analogous to investigations into BBζ 
CAR‑T cells, the addition of TNF‑R superfamily molecules, 
such as CD27 and OX40, in CAR design has led to improved 
antigen‑dependent memory formation and enhanced T cell 
survival (88).

7. CAR‑T cell therapy representative drugs

Tisagenlecleucel  (89) (Novartis International AG) and 
axicabtagene ciloleucel  (89) (Kite Pharma; Gilead 
Sciences, Inc.) have been approved by the U.S. Food and 
Drug Administration (FDA) and the European Medicines 
Agency. They are used for the treatment of relapsed/refrac‑
tory B‑NHL in adults (90). In addition, Tecartus™ (91) is a 
CAR‑T cell therapy drug, developed by Gilead Sciences, 
Inc., for the treatment of relapsed/refractory B‑ALL in 
adults (Table I). Bristol‑Myers Squibb Company developed 
Breyanzi (lisocabtagene maraleucel) for the treatment of adult 
relapsed/refractory large B‑cell lymphoma (91). There are also 
a number of CAR‑T drugs in clinical trials including bb2121, 
which is a CAR‑T cell therapy that targets the B‑cell matura‑
tion antigen (BCMA) that has been used for the treatment of 
multiple myeloma (92,93). Furthermore, CD22‑CAR CAR‑T 
cell therapies, in which CD22 is the target antigen are used 
for the treatment of B‑ALL, HER2 CAR‑T cell therapy for 
metastatic colorectal cancer and IL13Rα2/EGFRvIII CAR‑T 
cell therapy for glioblastoma are all in clinical trials (94‑97).

Anti‑BCMA CAR‑T cell therapy is a targeted treatment 
approach for multiple myeloma, a cancer of the plasma cells 
in bone marrow (98). BCMA is an antigen expressed on the 
surface of multiple myeloma cells and is considered a critical 
therapeutic target for the disease (99). The therapy uses genetic 
engineering techniques to modify the T cells of a patient to 
express CARs that recognize and attack the BCMA (100). 
Currently, two anti‑BCMA CAR‑T cell therapies (ide‑cel 
and cilta‑cel) have been approved by the FDA for clinical 

treatment and have shown significant efficacy in treating 
multiple myeloma (100).

The dosage and fractionation of CAR‑T drugs are crucial 
factors that can influence key aspects such as drug efficacy and 
safety (98). The dosage of CAT‑T drugs is generally personal‑
ized based on factors such as the weight and physical condition 
of the patient  (98). Studies have revealed that anti‑CD19 
CAR‑T cells achieved optimal clinical efficacy at a dose of 
50‑100 million cells/kg body weight, while anti‑BCMA CAR‑T 
cells demonstrated optimal efficacy at a dose >100 million 
cells/kg body weight, within a certain dose range (100,101). 
Increasing the dose may lead to an increase in objective 
response rates (ORRs) until a threshold is reached  (98). 
However, when the ORR begins to stabilize, further dose 
escalation is unlikely to improve the ORR, but it may increase 
the incidence and/or severity of adverse events associated with 
the mechanism (98). Excessive dosage can potentially induce 
intense immune reactions and severe side effects, while inad‑
equate dosage may result in poor therapeutic outcomes (99). 
However, in a logistic regression analysis concerning B‑ALL, 
a higher CAR T‑cell dose was associated with a higher prob‑
ability of response, there was no increase in CRS incidence or 
severity across dose ranges and patients achieved comparable 
early response rates independently of dose, but, increasing the 
dose of CAR‑T cells may lead to an increased risk of CRS 
or neurotoxicity, which is a common concern (100). Further 
research is warranted to elucidate the association between 
threshold dosing and post‑CAR outcomes (100). Therefore, 
a comprehensive evaluation and personalized dosage adjust‑
ments are necessary to achieve optimal treatment effects. 
Additionally, dose fractionation is an important strategy for 
CAT‑T drugs  (100). Research has indicated that treatment 
efficacy is not adversely affected by dose fractionation. It has 
been suggested that, instead of a single dose infusion, dose 
fractions of CAR‑T cells administered over 2‑3 days may 
decrease the incidence and/or severity of CAR‑T cell toxicity 
including CRS and neurotoxicity, especially in patients with 
a high tumor burden and for patients that require CAR‑T cell 
therapy in higher doses for efficacy (101). The effects generated 
by a slow and continuous administration of drug often exhibit 
longer‑lasting and more stable outcomes compared with a 
single high dose (101). This approach involves dividing the 
drug into several equal parts and administering them gradually 
over different time periods with the aim to enhance treatment 
efficacy and reduce side effects (100). Dose stratification of 

Table I. Selected CAR‑T drugs targeting CD19.

Drug name	 Company	 Indications	 Objective response rate, %	 Time to market

Axicabtagene ciloleucel	 Kite Pharma; Gilead Sciences, Inc.	 DLBCL	 72	 January 2017
		  FL	 91	 March 2021
Tisagenlecleucel	 Novartis International AG	 ALL	 81	 August 2017
		  DLBCL	 52	 May 2018
Tecartus	 Gilead Sciences, Inc. 	 MCL	 87	 July 2020
Breyanzi	 Bristol‑Myers Squibb Company	 DLBCL	 73	 February 2021

DLCBL, diffuse large B‑cell lymphoma; FL, follicular lymphoma; MCL, mantle cell lymphoma; ALL, anaplastic large cell lymphoma.
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CAR T‑cell treatment based on specific product characteristics 
or disease burden, the use of phase I trial designs that incor‑
porate efficacy or pharmacokinetic data, and the development 
of CAR T‑cells with decreased potential for toxicity, could all 
aid clinicians and researchers to optimize CAR T‑cell dosing, 
expand the therapeutic window and improve the availability 
of this emerging cancer immunotherapy (99). These strategies 
could also minimize drug toxicity and resistance as well as 
reduce the frequency of adverse reactions during treatment.

8. Future development of CAR‑T cell therapy

At present, CAR‑T cell therapy is mainly applied in the treatment 
of certain hematological tumors. However, the future develop‑
ment direction aims to expand the range of applications, improve 
the therapeutic effects, reduce the serious side effects and lower 
the cost of treatment (69). Studies are currently working on 
further improvement measures to advance the effectiveness and 
safety of CAR‑T cell therapy (77,102). Potential measures include: 
i) Introducing an adjustable switching system in order to start or 
stop the activity of CAR‑T cells in a timely manner to mitigate 
the occurrence of adverse reactions (103); ii) exploring the use 
of multiple CAR structures to recognize multiple antigens (104) 
or the use of bispecific CARs to recognize two antigens at the 
same time to overcome immune escape (105); iii) and utilizing 
gene editing technology to precisely genetically modify CAR‑T 
cells in order to enhance their cellular activation, viability 
and antitumor effects to mitigate antitumor immune escape 
mechanisms (106). Switching to CAR‑NK cells, in addition to T 
cells, may also be beneficial, as there is a class of NK cells that 
also has antitumor effects (107). NK cells are one of the most 
important cells in the immune system; CAR‑NK cells, also 
known as enhanced NK cells, can activate NK cells by breaking 
through the limitations of killer immunoglobulin‑like receptors, 
which are a class of receptors expressed on the surface of NK 
cells that bind to HLA‑C‑like molecules, thereby inhibiting 
NK cell activity, in order to enhance the specific killing effect 
of NK cells on tumor cells (108). Several factors in the tumor 
microenvironment, such as immunosuppressive cells, cytokines 
and infiltrating cells, may affect the function and effectiveness 
of CAR‑T cells (109). Therefore, studies are aiming to enhance 
the survival and antitumor effects of CAR‑T cells in the tumor 
microenvironment using specific molecular targeting strate‑
gies, such as receptors or antibodies on the surface of CAR‑T 
cells (9,102). These further improvements and strategies are all 
aimed at further enhancing the efficacy, durability and safety of 
CAR‑T cell therapy. With in‑depth research on CAR‑T cells and 
continuous technological innovations, it is expected that CAR‑T 
cell therapy will serve a greater role in the field of cancer treat‑
ment in the future.

9. Summary and outlook

CAR‑T cell therapy is a revolutionary immunotherapy that has 
achieved notable success in treating a number of B cell‑associ‑
ated malignancies. By targeting specific antigens on the surface 
of tumors, CAR‑T cells are able to identify and destroy malig‑
nant cells, providing a new treatment option for those patients 
for whom conventional therapies have failed. However, CAR‑T 
cell therapy still faces a number of challenges and limitations. 

Serious adverse reactions, such as CRS and neurotoxicity, 
may occur during treatment. By contrast, immune escape 
mechanisms and suppression of the tumor microenvironment 
may limit the effectiveness and durability of CAR‑T cells. 
Therefore, further improving the safety, specificity and dura‑
bility of CAR‑T cell therapies is one of the current research 
priorities. In the future, further development and application 
of CAR‑T cell therapy is expected. Firstly, the design and 
construction of CAR‑T cells will be continuously optimized, 
such as the introduction of adjustable switch systems, bispecific 
CARs and genetically modified CAR‑T cells. Secondly, CAR‑T 
cell therapy may be expanded to a wider range of diseases, such 
as other types of cancer, autoimmune diseases and infectious 
diseases. With the continuous research on CAR‑T cell therapy 
and technological advancement, the authors of the present 
review are confident that CAR‑T cell therapy will continue to 
make progress in the future and serve an even greater role in 
the field of cancer treatment and immune disease therapy.
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